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José Barroso de Aguiar

University of Minho

Portugal

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Materials (ISSN 1996-1944) (available at: https://www.mdpi.com/journal/materials/special issues/

Innovative Materials for Construction).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0166-6 (Hbk)

ISBN 978-3-0365-0167-3 (PDF)

Cover image courtesy of Mariaenrica Frigione and José Barroso de Aguiar.
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Antonella Sarcinella, José Luı̀s Barroso De Aguiar, Mariateresa Lettieri, Sandra Cunha and

Mariaenrica Frigione

Thermal Performance of Mortars Based on Different Binders and Containing a Novel
Sustainable Phase Change Material (PCM)
Reprinted from: Materials 2020, 13, 2055, doi:10.3390/ma13092055 . . . . . . . . . . . . . . . . . . 93

Dongmin Lee, Dongyoun Lee, Myungdo Lee, Minju Kim and Taehoon Kim

Analytic Hierarchy Process-Based Construction Material Selection for Performance
Improvement of Building Construction: The Case of a Concrete System Form
Reprinted from: Materials 2020, 13, 1738, doi:10.3390/ma13071738 . . . . . . . . . . . . . . . . . . 109

Won Jong Chin, Young Hwan Park, Jeong-Rae Cho, Jin-Young Lee and Young-Soo Yoon

Flexural Behavior of a Precast Concrete Deck Connected with Headed GFRP Rebars and UHPC
Reprinted from: Materials 2020, 13, 604, doi:10.3390/ma13030604 . . . . . . . . . . . . . . . . . . . 131

Mariaenrica Frigione, Mariateresa Lettieri, Antonella Sarcinella 
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Academic and industrial efforts around the world are continuously engaged to develop new smart
materials that can provide efficient alternatives to conventional construction materials and improve
the energy-efficiency in buildings or are able to upgrade, repair, and protect existing infrastructures.
This new generation of materials, before an actual market entry, needs to be analyzed, validated,
tested on in the field, and, possibly, modeled to enable predictions as to their long-term behavior and
performance. To this regard, the valuable contributions in the Special Issue “Innovative Materials
for Construction” provide a collection of original research and new trends in the field of innovative
materials and technologies proposed for the construction sector, with a special focus on sustainable
materials for the building industry of the future, keeping attention on innovative solutions suitable for
ancient constructions and cultural heritage.

The first stage of any construction design relies on the selection of the best-performing materials
able to satisfy the project goal. Although this is a very important task in the design of a construction
project, since mechanical, functional, and physical properties of construction materials greatly affect
the overall project performance, there are currently no systematic methods to guide designers in this
selection. The work by Lee and co-workers [1] would propose an original approach to fill this gap
based on an analytic hierarchy process (AHP) method. The authors validated the AHP method in the
design of a composite system form (CSF) panel, proving the efficacy of the proposed model able to
identify the best combination of materials and ensuring the greatest performance.

In concrete technology, the shrinkage occurring during the cure of concrete represents a major
problem, hampering appropriate performance and limiting durability of concrete structures. To address
this issue, Masanaga et al. [2] investigated the introduction of a new shrinkage-reducing agent (SRA)
to a concrete mix based on Portland cement, comparing its properties and performance with those of a
conventional SRA. The superiority of the new shrinkage-reducing agent was confirmed in terms of
improved durability of concrete towards freeze-thaw cycles. Additionally, the authors of the study
analyzed the mechanism, through which the proposed SRA was able to reduce shrinkage in concrete.

The incorporation of industrial by-products in construction materials is a sustainable and
convenient way to exploit waste to produce new materials, eliminating the problem of waste treatment
and, at the same time, avoiding the use and depletion of new natural resources. To this regard,
the research presented by Terrones-Saeta et al. [3] proposed the incorporation of ladle furnace slag
in reclaimed asphalt pavements (RAPs) in the cold in-place recycling, with the bitumen emulsion
manufacturing technique. The authors demonstrated that, with a proper selection of the asphalt
mix components (RAP, ladle furnace slag, water, and emulsion), it is possible to manufacture road
pavements characterized by good mechanical properties and durability.

The development of interior mortars, based on different binders (aerial and hydraulic lime, gypsum
and cement), containing an original sustainable phase change material (PCM) able to improve the
energy efficiency of buildings, was the object of two publications resulting from an Italian–Portuguese
scientific collaboration [4,5]. Since PCMs have the ability to change their physical state according to
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the environmental temperature, the incorporation of a suitable PCM in mortars can reduce indoor
temperature fluctuations, leading to improvement in human comfort and reductions in energetic
consumption. The selection of the components to produce a “green” composite PCM system was based
on the use of non-toxic, low environmental impact materials, and waste materials/by-products from
other industries. The authors of this study demonstrated that it was possible to obtain mortars with
suitable mechanical properties with an optimization of their composition, depending on the kind of
binder [4]. Subsequently, the measurements of thermal performance of the best-performing mortars,
i.e., those based on cement and gypsum, confirmed that the addition of the experimented PCM in
mortars leads to a decrease of the maximum achievable temperatures in the hot season and an increase
of the minimum temperatures in the cold season, with a reduction of heating and cooling indoor needs,
thus confirming the capability of this new PCM material to achieve energy savings.

The microbial-induced calcium carbonate precipitation (MICP) has received great attention for
its potential in construction applications. This technique has been used in biocementation of sand,
consolidation of soil, production of self-healing concrete or mortar, and removal of heavy metal ions
from water. The self-healing ability is very important for repair of concrete structures. The presence
of bacteria is essential for MICP to occur. To this regard, the paper presented by Chuo et al. [6]
reviews the bacteria used for MICP in some of the most recent studies. Several factors that affect
MICP performance are bacterial strain, bacterial concentration, nutrient concentration, calcium source
concentration, addition of other substances, and methods to distribute bacteria. The paper presented
by Imran et al. [7] proposed the addition of plant-based natural jute fibers to MICP-treated sand.
The results of this study showed that the added jute fibers improved the engineering properties
(ductility, toughness, and brittleness behavior) of the biocemented sand using the MICP method.
The fibers facilitated the MICP process by bridging the pores in the calcareous sand, reduced the
brittleness of the treated samples, and increased the mechanical properties of the biocemented sand.
The results of this study could significantly contribute to further improvement of fiber-reinforced
biocemented sand in geotechnical engineering field applications.

The study of materials that can influence the cement hydration is very significant. These admixtures
modify the hydration behavior, contributing to the adaptation of the cementitious materials to the
site conditions. Madej [8] showed that the substitution of Sr2+ for Ca2+ in the Ca7ZrAl6O18 lattice
decreased the reactivity of Sr-substituted Ca7ZrAl6O18 in the presence of water. Therefore, strontium
can be considered an inhibition agent for cement hydration. The techniques NMR, XRD, and SEM-EDS
were employed for the justification of this behavior. The authors studied calcium zirconium aluminate
cement pastes and detected important changes during the first 24 h or 7 days of hydration.

The use of fiber reinforced polymer (FRP) technologies is gaining great success worldwide as
an efficient alternative to steel reinforcements to improve load-bearing and performance of modern
constructions, as well as ancient buildings. The complete study of these materials should include
experimental and numerical analysis.

Chin and co-workers [9] developed rebars with headed ends with the aim to improve their
anchorage to concrete. The authors of this study systematically evaluated the mechanical properties of
FRP rebars and the bond strength developed with concrete, and these parameters were fundamental in
the design of FRP structural members. Pull-out tests were performed by changing the GFRP rebar
diameter, the concrete strength, and the head type; precast concrete decks connected with different
headed GFRP rebars were also tested in flexural mode to estimate the flexural behavior of the connected
decks. The results confirmed the effectiveness of the headed GFRP rebars, evidencing the effects of the
different parameters analyzed.

Kopecki et al. [10] used a non-linear numerical analysis of the examined structures by comparing
them with the results of the model experiment. The study contains the results of the experimental
research using models made of glass epoxy composites. The results of the research allowed the
creation of the concept of an adequate numerical model in terms of the finite element method,
allowing to determine the distribution of stress and strain in the components of the studied structures.
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The presented research allows to determine the nature of the deformation of composite thin-walled
structures, in which local loss of stability of the covering is acceptable in the area of post-critical loads.

The mechanical behavior (in flexural, tensile, and compressive modes and the energy fracture)
of lime-based mortars reinforced by randomly oriented short glass fibers, with different contents and
aspect ratios, was investigated by Angiolilli et al. [11]. The aim of their research was the assessment of
the effect of the introduction of various types/amounts of fibers in binders, reproducing the compositions
of historical lime-based mortars. The obtained results highlighted that the fiber reinforced mortar
composites ensures increased strength and excellent ductility capacity, thus making them a promising
alternative to traditional fiber reinforcement systems, even for ancient constructions.
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Bitumen Emulsion

Juan María Terrones-Saeta *, Francisco Javier Iglesias-Godino, Francisco Antonio Corpas-Iglesias

and Carmen Martínez-García

Department of Chemical, Environmental, and Materials Engineering, Higher Polytechnic School of Linares,
University of Jaen, Scientific and Technological Campus of Linares, 23700 Linares, Spain;
figodino@ujaen.es (F.J.I.-G.); facorpas@ujaen.es (F.A.C.-I.); cmartin@ujaen.es (C.M.-G.)
* Correspondence: terrones@ujaen.es; Tel.: +034-675-201-939

Received: 30 August 2020; Accepted: 23 October 2020; Published: 26 October 2020

Abstract: Cold in-place recycling with bitumen emulsion is a good environmental option for road
conservation. The technique produces lower CO2 emissions because the product is manufactured
and spread in the same location as the previous infrastructure, and its mixing with bitumen emulsion
occurs at room temperature. Adding materials with cementitious characteristics gives the final
mixture greater resistance and durability, and incorporating an industrial by-product such as ladle
furnace slag (of which cementitious characteristics have been corroborated by various authors)
enables the creation of sustainable, resistant pavement. This paper describes the incorporation of ladle
furnace slag in reclaimed asphalt pavements (RAP) to execute in-place asphalt pavement recycling
with bitumen emulsion. Various test groups of samples with increasing percentages of emulsion
were created to study both the density of the mixtures obtained, and their dry and post-immersion
compressive strength. To determine these characteristics, the physical and chemical properties of
the ladle furnace slag and the reclaimed asphalt pavements were analyzed, as well as compatibility
with the bitumen emulsion. The aforementioned tests define an optimal combination of RAP (90%),
ladle furnace slag (10%), water (2.6%), and emulsion (3.3%), which demonstrated maximum values
for compressive strength of the dry and post-immersion bituminous mixture. These tests therefore
demonstrate the suitability of ladle furnace slag for cold in-place recycling with bitumen emulsion.

Keywords: ladle furnace slag; reclaimed asphalt pavements; cold in-place recycling; simple
compressive strength; bitumen emulsion; waste; circular economy

1. Introduction

The construction industry is one of the sectors with the greatest environmental impact [1], as well
as being crucial for the development of a region’s social welfare and economy. Civil constructions
contribute to the progress of a population and the economic development of a nation. Building
such constructions is therefore essential, even if large amounts of materials are consumed and the
environment is affected [2,3].

A high proportion of the materials consumed by the construction of civil infrastructure projects
are natural aggregates from nearby quarries. Taken together, the stages of extracting these natural
aggregates and the binder used, transporting them to the factory, and designing the asphalt mix,
generate a significant emission of greenhouse gases and a high environmental cost. Given the
critical importance of roads and the current need to build them, the main countries involved in such
infrastructure development stipulate regulations to mitigate environmental impacts throughout a
road’s life cycle [4,5].

Materials 2020, 13, 4765; doi:10.3390/ma13214765 www.mdpi.com/journal/materials5
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The ideal solution—building high-quality structures while reducing environmental
impact—requires techniques that are less damaging to the environment, including designing
less-polluting processes for mixing the asphalt, and using waste from other industries in the
development of road infrastructure [6]. All of these ideas are inherent in the so-called “circular
economy,” a strategy to reduce consumption of virgin materials, optimize industrial processes,
and ultimately reduce waste. The circular economy enables industries to close economic and ecological
flows of resources.

Based on the above, and following the principles of the circular economy, a trend toward
less-polluting techniques with a similar quality of results is essential for preserving road infrastructure.
One of the best solutions is the recycling of asphalt pavement with bitumen emulsion.

Road pavement made with an asphalt mix has good strength, adhesion, and comfort for drivers,
but these characteristics can decrease significantly at the end of its useful life. However, the aggregates’
standardized and binding characteristics give the aged material quality for use in new asphalt mixes.
Pavement aging is characterized by the formation of cracks of irregular shape and the loss of macroscopic
adhesion for vehicles. Merely disposing of the aged pavement into landfill without any reuse wastes
significant amounts of material, which is a strong negative environmental impact [7,8]. Ideally, mixtures
would be developed that use this aged material to achieve the qualities required in the construction of
the new infrastructure, reducing the use of new virgin materials in the construction of infrastructure,
and of fossil fuels to produce and transport the new mixture [9,10]—in short, a lower emission of
greenhouse gases and lower environmental impact. Some authors call this result sustainable pavement,
thanks to the increase in the useful life of the infrastructure, and savings in terms of economic and
environmental costs [11–13].

Lack of sustainability is a problem in the construction sector, albeit one which may slightly be
mitigated through the reclamation of aged pavement to create a new asphalt mix. Disposing of the
aged layer in landfill and producing a new asphalt mix should be rejected as an idea, due to its high
impact on the environment and the contemporary imperative to optimize resources.

Various techniques have been used in this process. Every technique has its advantages and
disadvantages, but each use all or part of the milled and aged road material.

These techniques are classified into two main types: hot and cold, depending on whether or not
the asphalt mix is heated. In hot in-plant recycling, the road’s aged asphalt mix is milled, transported
to the manufacturing plant, mixed with virgin material, and manufactured at temperatures of 180 ◦C.
It is then transported to the site of the infrastructure construction project, spread, and compacted.
Unlike hot recycling, cold recycling is performed at room temperature, reducing the consumption
of fossil fuels and the emission of CO2 required in the heating of the mixture. Cold central plant
pavement recycling-based processes follow implementation stages similar to those of hot recycling.
One difference is the much lower temperature, cold in-place recycling does not require transportation
of the milled mixture to a manufacturing plant, and the new mix is manufactured with 100% of the
aged pavement reused in the new infrastructure [14].

Cold in-place recycling, on which this study is based, has a number of obvious advantages over
other techniques. Environmental advantages include the reduced transport by heavy vehicles, lower
CO2 emissions, and a lower consumption of fossil fuels. Operational advantages include [15,16]
low traffic influence, the maintenance of road geometry, a high pace of construction, and safety.
These advantages stem mainly from the efficient practices involved in the execution of all pavement
manufacturing operations, from milling and mixing with emulsion, water, and other additives to
spreading and compaction.

Based on the above, cold in-place recycling with bitumen emulsion decreases the environmental
impact, mainly due to a reduced extraction of virgin materials, and less use of machinery in the
transport and manufacture of the asphalt mix. These improvements significantly reduce the emission
of greenhouse gases such as CO2 and NOX [17].
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Recycling pavement also has some disadvantages that must be taken into account during design.
Firstly, not all pavements can be recycled; some pavements have suffered plastic deformation and are
not recommended for regeneration, as the problems are likely to re-impact the new pavement created.
Furthermore, since the new recycled pavement with bitumen emulsion is manufactured, curing time is
required to achieve optimal mechanical properties. Therefore, even if it is permissible to open the road
to traffic after the reclamation of the pavement, sufficient time is required before the final mechanical
characteristics are obtained [18]. It is therefore essential to choose a bitumen emulsion compatible with
both the material to be treated, and the expected breaking and curing times.

Secondly, the difficulty of reproducing the final characteristics of the projected pavement in the
laboratory [19,20], variability of materials, and the dependence on proper execution make it difficult to
determine the final behavior of the cold in-place recycling mix in advance, thus limiting its use to low
traffic-volume roads [21].

In several cases, however, proper laboratory study and accurate execution of the technique has led
to the creation of pavement with characteristics notably better than expected, producing a sustainable
mix with good mechanical characteristics, even for high traffic [22–24]. Additives such as cement [25],
and even industrial by-products such as fly ash from coal-fired thermal plants [26], have been used
with good results.

Based on the preceding research, obtaining optimal mechanical characteristics in cold in-place
recycling with bitumen emulsion requires the incorporation of an additive with cementitious
characteristics to achieve three goals: proper pavement strength during the curing time; granulometric
adjustment of the reclaimed asphalt pavement; and material that maximizes final resistance of the
mix. This project therefore uses ladle furnace slag as a grading corrector and additive to improve
mechanical qualities in the short and long term.

The ladle furnace slag comes from the steel industry. It is a by-product of the process of
obtaining quality steel from scrap steel—more specifically, from the refining stage. In the first stage
of meltdown performed in an electric arc furnace, oxidation eliminates manganese and silicon and
achieves dephosphorization, creating a foamed slag in which all the dross accumulates. These slags
are called electric arc furnace slags. The subsequent refining stage is for the removal of metal oxides,
desulfurization, and decarbonization of the steel [27]. The main purpose of the refining stage is to
obtain steel with a low oxygen and sulfur content, so the refining furnace or ladle furnace is fed with
melted liquid from the previous stage and then covered with a reduction slag that is formed of lime,
fluorspar, coke or graphite in appropriate amounts. Deoxidation is achieved by simple contact of
the molten liquid with the slag. Full deoxidation occurs, however, through the addition of silicon
and manganese ferroalloys, leading to liquid particles retained in the slag forming in the metal bath.
Desulfurization minimizes the amount of sulfur in steel thanks to the presence of calcium oxide and
carbon. This process produced the ladle furnace slag used in this project in a portion of 20–30 kg per
final ton of steel. Although the proportion is lower than that obtained in the production of electric
arc furnace slag, the landfill of ladle furnace slag produces serious environmental problems due to its
chemical composition and small particle size.

Unlike electric arc furnace slags, with resistant characteristics, angularity, and hardness making
them ideal substitutes for virgin aggregate in road infrastructure diversity (mainly in asphalt mix), ladle
furnace slag has not been reused abundantly in the creation of new materials [28–31]. Ladle furnace
slags have a fine grading which is suitable for various purposes [32,33]—among them, the addition
to reclaimed asphalt pavements for the execution of cold in-place recycling with bitumen emulsion,
the focus of this project. The presence of some metal oxides can cause volumetric expansion of the
material when hydrated, however, and laboratory monitoring was required during the study [34,35].

Among the few applications of ladle furnace slag is its addition to cement [36,37], as a substitute
for sand in cement mortars [38–41], as a replacement in concrete [42], and as a stabilizer of clayey
materials due either to its high lime content [43] or its treatment of water [44,45]. Its appropriateness
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as a material with cementitious characteristics has been confirmed by the success stories involving its
addition to cements, mortars, and concretes.

On the other hand, the use of ladle furnace slag in pavements has been limited, and only practiced
at the research level. In the incorporation of the slags into low quality soils for its stabilization [46],
acceptable results were obtained, with no problems of expansiveness in the treated material, and an
improved quality of the soil. In turn, ladle furnace slags were used for the manufacture of concrete
pavements [47], reflecting adequate strengths after testing, and even used as road bases, or subbases [48].
In the field of hot mix asphalt, research has been carried out in which the filler was replaced by ladle
furnace slag [49], obtaining good properties of rigidity, tensile splitting strength and resistance to
repeated loads. At the same time, the substitution of a high proportion of calcareous aggregates
by slags in warm mix asphalt [50] showed a considerable improvement in mechanical properties
compared with a traditional bituminous mix. Finally, the development of porous asphalt with ladle
furnace slag and bitumen [51] showed excellent adhesion of the bitumen with the slag, resulting in
good mechanical properties. However, there is no research referring to the use of ladle furnace slag in
bituminous mixtures with bitumen emulsion and reclaimed asphalt pavements (RAP), the process
developed in this research.

Based on the above, this study analyzed cold in-place recycling with bitumen emulsion and
the incorporation of ladle furnace slag as an additive to improve grading and to provide special
characteristics of resistance. The study therefore explored the use of industrial by-products as a
substitute for virgin material, and also to lengthen the life cycle of a pavement. In addition to
reducing the use of virgin materials in the formation of the asphalt mix, use of cold in-place techniques
significantly decrease greenhouse gas emissions and fossil fuel consumption. This project sought
to optimize the use of resources and manufacturing techniques, while reducing industrial waste.
The study was therefore performed within the framework of a circular economy.

Regulations for studying the suitability of cold in-place recycling not only vary by country, but are
somewhat inaccurate and depend on the empirical conditions of sampling, compaction, and testing [52].
Given the proliferation of such techniques in Spain for over 30 years, and the success achieved in
their implementation, this study follows the Spanish regulations outlined in Circular 8/2001 [53],
which provides a series of warnings concerning the treatment of materials and a series of standardized
tests to be performed to achieve results that conform to the various minimum values established.

This regulation was applied for the in-place implementation of a bituminous mixture with
bitumen emulsion, ladle furnace slag and milled pavement as the most superficial layer. Subsequently,
a bituminous mixture reduced in thickness was applied on this pavement, which would improve the
friction of a tyre with the road and provide a comfortable and safe wearing layer.

2. Materials and Methods

This section details the starting materials and the methodology used to study the suitability of
in-place recycling of asphalt pavement with bitumen emulsion, using ladle furnace slag as an additive.

2.1. Materials

The following subsections detail the materials used in this study, highlighting their nature and
origin, as well as specific noteworthy characteristics.

2.1.1. Reclaimed Asphalt Pavements

The reclaimed asphalt pavement came from the surface layer of the road joining the towns of
Linares and Jabalquinto, located in Spanish territory. The road on which the pavement was located
had a medium volume of heavy-vehicle traffic, and the surface layer was cracked with an irregular
shape. This cracking reflected structural depletion of the layer due to aging of the bitumen. The layer
did not, however, show significant deformation due to poor design of the initial mix or poor execution
of the subgrade. The pavement composed of hot mix asphalt was milled with machinery similar to
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that which would be used on-site, to obtain an appropriate sample for study. The tests performed to
confirm the pavement’s suitability for recycling are detailed in the methodology.

2.1.2. Bitumen Emulsion

Bitumen emulsion plays a key role in achieving the mechanical and durability characteristics of
the final asphalt mix. As an element to bond the various particles of the reclaimed asphalt pavements
and the ladle furnace slag, bitumen emulsion can provide the asphalt mix with both tensile strength
and durability.

Choosing the right bitumen emulsion was essential for a variety of reasons, including achieving
adequate adhesivity between the aggregates and the bitumen emulsion, and breaking and coating
times suitable for execution on-site. To achieve these properties, a slow-breaking bitumen emulsion
must be used, since longer breaking time favors coating of the reclaimed asphalt pavements particles.
To achieve chemical compatibility between aggregates, reclaimed asphalt pavements, and ladle furnace
slag, a cationic emulsion with characteristics appropriate to the nature of ladle furnace slag was chosen;
this emulsion did not cause problems in the coating of the reclaimed asphalt pavements. European
regulations label this emulsion C60B5 REC. Table 1 lists its technical characteristics.

Table 1. Technical details of the bitumen emulsion C60B5 REC.

Characteristics Unit Standard Min. Max.

Original Emulsion

Particle polarity - UNE EN 1430 [54] Positive
Breaking value g UNE EN 13075-1 [55] 170

Binder content (per water content) % UNE EN 12846-1 [56] 58 62
Efflux time (2 mm, 40 ◦C) s UNE EN 12,846 [57] 15 70

Residue on sieving (0.5 mm) % UNE EN 1429 [58] - 0.10
Setting tendency (7 days storage) % UNE EN 12,847 [59] - 10
Water effect of binder adhesion % UNE EN 13,614 [60] 90 -

Binder after Distillation (UNE EN 1431 [61])

Penetration (25 ◦C; 100 g; 5 s) 0.1mm UNE EN 1426 [62] - 270
Softening point ◦C UNE EN 1427 [63] 35 -

Evaporation Residue (UNE EN 13074-1 [64])

Penetration (25 ◦C; 100 g; 5 s) 0.1mm UNE EN 1426 [62] - 330
Softening point ◦C UNE EN 1427 [63] 35 -

Stabilizing Residue (UNE EN 13074-2 [65])

Penetration (25 ◦C; 100 g; 5 s) 0.1mm UNE EN 1426 [62] - 270
Softening point ◦C UNE EN 1427 [63] 35 -

2.1.3. Ladle Furnace Slag

The ladle furnace slag used in this study came from the steel manufacturing industry. As mentioned
above, ladle furnace slag is found in steel refining or ladle furnaces. The sample was taken
representatively, such that it contained all particle sizes typical of the unaltered by-product.
The following sections detail the tests performed to characterize and study the by-product.

2.2. Methodology

A clear, objective methodology was used to confirm the suitability of the mechanical and
resistance-related characteristics produced by cold in-place recycling with bitumen emulsion and ladle
furnace slag.

Firstly, both of the starting materials, reclaimed asphalt pavement and ladle furnace slag,
were analyzed to determine their physical, chemical, and mechanical characteristics. Consideration
was given to differences in the materials, as well as to the role each played in the final asphalt mix.
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Individualized study best determined the critical characteristics that could pose problems in executing
the job.

After analyzing the properties of the various materials and their suitability for
use in asphalt pavement recycling, the different specimen families were manufactured.
Firstly, however, the percentages of each material to be added—reclaimed asphalt pavement, bitumen
emulsion, ladle furnace slag, and water—was determined.

It should be noted that the mixing sequence was as follows: first, the pavement was milled
and added to the ladle furnace slag; secondly, the appropriate percentage of precoating water was
incorporated to facilitate the mixing process; and finally, the bitumen emulsion was added by re-mixing
to achieve a homogeneous mix of materials.

According to Spanish Circular 8/2001 [53], these percentages were determined through a series
of steps outlined in the NLT-389/00 [66] standard. This regulation primarily describes the grading
envelope for in-place recycling with bitumen emulsion. The grading curve obtained by combining
different percentages of the recycled asphalt pavement and ladle furnace slag must be contained in the
grading envelope. After defining the percentages of each material, the percentages of fluids (bitumen
emulsion and pre-coating water) required for the final mix were identified. NLT-389/00 [66] establishes
the margins for both materials, and the addition of fluids varied based on these margins. These margins
are determined by the UNE 103,501 [67] Modified Proctor Compaction Test and the NLT-196/84 [68]
test for bitumen coating. Only in this way could a final mix with the greatest resistance be created,
due to the higher density determined by the Modified Proctor Compaction Test. Good mechanical
characteristics depend on the coating and adhesion of the aggregates with the emulsion, which was
quantified by the Coating Test.

After determining the percentage of each material to be added to obtain the different families, the
same tests were performed: simple compression strength NLT-161/98 [69] and immersion-compression
NLT-162/00 [70].

With the data obtained from dry and post-immersion resistance, as well as preserved resistance,
the optimal formula for the job was calculated mathematically, providing a glimpse of the mechanical
characteristics of this job mix formula to be verified later.

The following defines the steps detailed in each section.

2.2.1. Analysis of Starting Materials

Industrial by-products have an environmental advantage over virgin materials, as using the
former reduces the environmental impact by decreasing the extraction rate of other materials.
These by-products must be studied in detail, however, as most have special characteristics that
could cause revalorization to fail.

Among the by-products used in this study, reclaimed asphalt pavement was studied to determine
its physical, chemical, and mechanical characteristics. Firstly, particle size was analyzed using the
test UNE-EN 933-1 [71], to assess suitability for the grading envelope stipulated by this standard,
as well as the percentage of ladle furnace slag to be added. After analyzing particle size, the binder and
coarse and fine aggregates were separated according to UNE-EN 12697-1 [72]. The aged binder was
then studied through the UNE-EN 1426 [62] penetration and UNE-EN 1427 [63] softening point tests,
to evaluate the aging point of the binder. Next, since the coarse aggregate of the reclaimed asphalt
pavement is responsible for providing mineral skeleton to the mix, the following tests are compulsory:
determination of resistance to fragmentation, UNE-EN 1097-2 [73]; determination of percentage of
crushed and broken surfaces in coarse aggregate particles, UNE-EN 933-5 [74]; and flakiness index,
UNE-EN 933-3 [75]. The fine aggregate was tested using the sand equivalent test UNE-EN 933-8 [76]
and the plasticity index (UNE 103,103 [77] and UNE 103,104 [78]) to identify the presence of clay
elements that could impair the mix.

Next, the ladle furnace slag was studied chemically and physically. An X-ray fluorescence test
provided the elemental composition of the sample, enabling evaluation of its chemical aptitude for the
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final mix and expected cement characteristics, as well as chemical elements that could pose problems
in the mixture once the road is finished.

The physical properties were then evaluated through particle size analysis, UNE-EN 933-1 [71],
a determination of particle density, UNE-EN 1097-7 [79], and the bulk density of filler in kerosene,
UNE-EN 1097-3 [80]. These typical civil engineering tests are essential in the study of waste,
because variation from the density of the usual virgin material necessitates appropriate volumetric
corrections. As with the fine aggregate, the material’s plasticity was analyzed (UNE 103,103 [77] and
103,104 [78]) to prevent it from impairing the final mix due to expansivity problems.

2.2.2. Manufacture of the Different Sample Families and Tests

After analyzing the starting materials and evaluating their suitability for cold in-place recycling
with bitumen emulsion, the corresponding grading curve was adjusted by adding the ladle furnace slag
to the reclaimed asphalt pavement. The grading curve obtained by combining the two materials must
conform to the grading envelope defined by Circular 8/2001 [53], more specifically RE2. The type of mix
(RE2) was chosen for its reduced layer thickness, and thus its more suitable mechanical characteristics.

Once the combination percentage of reclaimed asphalt pavement and ladle furnace slag was
determined, the percentages for the addition of fluids (bitumen emulsion and precoating water) were
studied. Following the NLT-389/00 [66] standard, we first calculated the Theoretical Content of Fluids
(TCF), that is, the percentage of optimal humidity obtained from the Modified Proctor Compaction test
UNE 103,501 [67] for combining reclaimed asphalt pavement and ladle furnace slag. The value is the
reference for the percentage of precoating water, plus the percentage of bitumen emulsion that must be
added to the aggregates to achieve maximum density and approximate highest resistance.

The definitive percentage, termed Optimal Fluid Content (OFC), was determined by performing
several coating tests with different percentages of precoating water, while keeping the emulsion
percentage constant. This procedure should produce a total fluid content (water plus emulsion) ranging
from TCF–2% to TCF. The coating test was performed in accordance with NLT-196/84 [68], adding no
calcium carbonate and only the combined reclaimed asphalt pavement and ladle furnace slag, as well
as the emulsion and precoating water stipulated. A coating test then evaluated the suitability of the
emulsion in combination with the aggregates, enabling selection of the percentage corresponding to
the Optimal Fluid Content (OFC). This value had to be between TCF–1% and TCF%.

Following the determination of the Optimal Fluid Content (OFC), the percentages of precoating
water and bitumen emulsion for the different families were determined, based on the knowledge that
the emulsion percentage should be within a range of 2.5–4%. Three families were created with different
percentages of bitumen emulsion-to-aggregate (recovered asphalt pavement plus ladle kiln slag) of 3%,
3.5% and 4%. Each percentage of emulsion corresponded to a percentage of precoating water equal to
the difference between the Optimum Fluid Content (OFC) and the percentages of emulsion.

After determining the composition of the different families, 12 samples were manufactured for
each family, designed according to the norm, NLT-161/98 [69]. The compaction process according to
the detailed standard consisted of: first, pouring the bituminous mixture into standardized molds;
next, an initial load of 1 MPa was then applied; finally, a load of 21 MPa was applied over a time of 2 to
3 min at constant speed. After manufacturing, these samples had to be cured in a forced air oven at
50 ± 2 ◦C until they reached constant mass, for no less than 3 days and not more than 7 days.

Upon completion of this process, maximum density, UNE-EN 12697-5 [81], and bulk density of
the specimens, UNE-EN 12697-6 [82], as well as the void content, UNE-EN 12697-8 [83], of the different
families was determined. The goal was to divide each family into two groups to study the effect
of water on cohesion of the compacted asphalt mix (immersion-compression test NLT-162/00 [70]).
A group from each family was subjected to the action of water to study cohesion. The samples were
submerged in a water bath regulated at 49 ± 1 ◦C for 4 days and then tested following NLT-161/98 [69]
to evaluate the difference in resistance between the sample subjected to the action of the water and the
sample kept dry.
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2.2.3. Determination of the Optimal Job Mix Formula

Once the results for densities, dry resistance, post-immersion resistance, and preserved resistance
were obtained for the different families, they were evaluated mathematically and graphically to obtain
maximum dry and post-immersion resistance results. These values had to be higher than the minimums
stipulated in Circular 8/2001 [53]—a dry resistance value of 3 MPa and post-immersion resistance
of 2.5 MPa. Once the maximum and expected resistance values were calculated by mathematical
correlation, the specimen family was created with the optimal job mix formula in order to corroborate
the approximate values. Ultimately, once resistance was confirmed, this step yielded the ideal
combination of reclaimed asphalt pavement, ladle furnace slag, bitumen emulsion, and water to
manufacture cold in-place recycled pavement.

It should be noted that the optimum combination of materials was obtained through the dry
resistance test because it is the test that is most limited by the regulations, and which also best
characterizes the bituminous mixture, as it provides the resistance of this structural course.

3. Results and Discussions

The following subsections present the results of the methodology described above.

3.1. Results of the Analysis of the Starting Materials

Particle size of the reclaimed asphalt pavement was analyzed to study its grading curve.
This analysis enabled the adjustment of the percentage of ladle furnace slag added, to comply
with the grading envelope established in the regulations. Figure 1 displays the results of the particle
size analysis and the correspondence of the particle size distribution obtained for the reclaimed asphalt
pavement to the RE2 grading envelope stipulated by Circular 8/2001 [53].

Figure 1. Graph of the grading curve of reclaimed asphalt pavement referenced to the RE2 grading
envelope of Circular 8/2001 [53].

As Figure 1 shows, the grading curve of the reclaimed asphalt pavement reflects a majority
composition of coarse aggregate, with a maximum size of less than 20 mm. Furthermore, the low
proportion of fine aggregate led to the addition of ladle furnace slag adjusting the grading curve to the
established grading envelope, as well as to reveal its cementitious characteristics.
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Once the binder was extracted from the reclaimed asphalt pavement, separation of the aggregate
enabled determination of the existing amount of the binder in the aggregate as 4.3%. This percentage
is common in semi-dense asphalt mix and continuous grading used for medium- or low-traffic roads.
The extracted bitumen binder was then analyzed (see Table 2 for results).

Table 2. Tests of binder extracted from reclaimed asphalt pavement.

Test Standard Value/Unit

Penetration (25 ◦C; 100 g; 5 s) UNE-EN 1426 [62] 7 ± 0 (1/10) mm
Softening point UNE-EN 1427 [63] 88 ± 2 ◦C

The results for penetration and softening point confirmed expectations. The pavement had aged
by exhaustion, causing the binder to mostly lose its elasticity and become excessively hard. It should be
noted that the hardness values were also influenced by the type of bitumen used in the area from which
the pavement was reclaimed, where very hard bitumen (type B 40/50) is used due to the warm climate.

Moreover, the aggregate extracted from the pavement, unmilled to avoid alteration, was analyzed
to confirm its suitability. The results of the tests are detailed in Table 3.

Table 3. Tests of the coarse aggregate and fine aggregate of the reclaimed asphalt pavement.

Coarse Aggregate

Test Standard Value/Unit

Determination of percentage of crushed and broken surfaces UNE-EN 933-5 [74] 93 ± 2%
Flakiness index UNE-EN 933-3 [75] 88 ± 2 ◦C

Los Angeles Test method UNE-EN 1097-2 [73] 19 ± 1%

Fine Aggregate

Test Standard Value/Unit

Plasticity index UNE 103103/UNE
103,104 [77,78]

2.9 ± 0.1%

Sand equivalent UNE-EN 933-8 [76] 79 ± 2%

The results shown in Table 3 reflect a coarse aggregate of acceptable mechanical resistance and
particle shape, more than adequate for use as aggregate in an asphalt mix for roads with intermediate
traffic volume. The low plasticity index and sand equivalent value greater than 75 rule out the possible
presence of clay particles that could cause problems due to expansiveness.

In line with the previous assumptions, reclaimed asphalt pavement can be classified as suitable
for use in cold in-place recycling, but not without first correcting the grading through the addition of
ladle furnace slag, and studying its compatibility with bitumen emulsion.

The ladle furnace slag was then analyzed elementally to detect its composition and to identify
elements that could cause problems. Table 4 presents the results of the X-ray fluorescence.

The results show that the ladle furnace slag’s composition derives directly from its nature and the
production process, highlighting the percentages of calcium oxide so necessary for achieving primary
resistance of the shaped mixture, and thus its suitability for supporting traffic. Percentages of silicon
oxides are also necessary to achieve good cementitious characteristics over time.

The grading of the ladle furnace slag obtained in the physical tests is presented in Figure 2.
The results show a significant percentage of fine aggregates and a lower proportion of coarse

aggregates, with a maximum aggregate size of 12.5 mm.
The remaining physical tests of density and plasticity for the fine portion of the ladle furnace slag

are detailed in Table 5.
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Table 4. Results of the X-ray fluorescence of ladle furnace slag.

Compound wt,% Est. Error

CaO 40.19 0.25
MgO 19.38 0.20
SiO2 12.49 0.17

Al2O3 7.29 0.13
Fe2O3 2.38 0.08
MnO 0.936 0.047

S 0.548 0.027
TiO2 0.486 0.024
BaO 0.240 0.012

Na2O 0.118 0.042
Cr2O3 0.1100 0.0055

Cl 0.0833 0.0042
SrO 0.0733 0.0037
ZnO 0.0681 0.0034
K2O 0.0506 0.0025
ZrO2 0.0425 0.0021
V2O5 0.0179 0.0017

P 0.0138 0.0012
CuO 0.0117 0.0010
NiO 0.0082 0.0011
PbO 0.0048 0.0010

Nb2O5 0.0046 0.0006
MoO3 0.0028 0.0009
Co3O4 0.0021 0.0009
SeO2 0.0012 0.0005

Figure 2. Graph of the grading curve of ladle furnace slag referenced to the RE2 grading envelope of
Circular 8/2001 [53].
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Table 5. Density and plasticity tests for the fine portion of ladle furnace slag.

Test Standard Value/Unit

Particle density UNE-EN 1097-7 [79] 2.71 ± 0.07 t/m3

Bulk density UNE-EN 1097-3 [80] 0.75 ± 0.01 t/m3

Plasticity index UNE 103,103/UNE 103,104 [77,78] No plasticity

Density values did not vary from those of typical virgin material filler; they showed a bulk density
value of less than 0.8 t/m3, indicating non-pulverulent behavior that would not impair operability.
Plasticity is clearly zero, as this material had a significant percentage of calcium oxide and silicon oxide.

Therefore, after the study of both materials, reclaimed asphalt pavement and ladle furnace slag,
it can be concluded that both are suitable for use in new bituminous mixtures. The reclaimed asphalt
pavement had aged bitumen, albeit with an acceptable quality of aggregate for its reuse, while the ladle
furnace slag had a chemical composition suitable for the development of the expected cementitious
characteristics, and a fine grain size ideal for combination with the reclaimed asphalt pavement.

3.2. Test Results of the Different Sample Families

Based on the particle size analysis of the reclaimed asphalt pavement and ladle furnace slag,
the percentage of each element to be added was calculated to confirm achievement of the grading
envelope stipulated in Circular 8/2001 [53], and to incorporate an adequate percentage of ladle furnace
slag to produce the cementitious characteristics that make the pavement resistant. The proportion
of elements in the combination was 90% reclaimed asphalt pavement and 10% ladle furnace slag,
a percentage chosen based on detailed adjustments. Figure 3 displays the corresponding grading curve
for the mixture of the two materials. In the following sections, aggregate will be used to indicate the
combination of these materials in the percentages specified, with the bitumen emulsion and water
percentages referring to the mass of the two together.

Figure 3. Graph of the grading curve for the combination of 90% reclaimed asphalt pavement and 10%
ladle furnace slag, referenced to the RE2 grading envelope of Circular 8/2001 [53].

Once the percentage of the combined materials was determined, the Modified Proctor Compaction
Test UNE 103,501 [67] was performed to determine the optimal humidity to obtain maximum compaction
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density. Optimal humidity, also termed the Theoretical Content of Fluids (TCF), corresponds to
precoating water plus emulsion.

The Modified Proctor Compaction Test was performed for water percentages of 0%, 2.5%, 5%,
7.5%, and 10% in the mixture, establishing a clear maximum density value (1.72 t/m3) with a humidity
of 5.9%. The results of the Proctor Test can be seen in Figure 4.

Figure 4. Graph of the Modified Proctor Compaction Test UNE 103,501 [67] for the combination of 90%
reclaimed asphalt pavement and 10% ladle furnace slag.

After determining the Theoretical Content of Fluids (TCF) (5.9% to aggregate), Optimal Fluid
Content (OFC) was calculated, starting with an essential test, the coating test NLT-196/84 [68].
An emulsion percentage of 3% to aggregate (reclaimed asphalt pavement plus ladle furnace slag) was
established, as well as increasing percentages of precoating water from TCF–2% to TCF—that is, 0.9%,
1.9%, and 2.9% water-to-aggregate. Figure 5 presents images of adhesion of the emulsion with different
percentages of precoating water.

Figure 5. Coating Test NLT-196/84 [68] for reclaimed asphalt pavement, ladle furnace slag, and 3%
emulsion with different percentages of precoating water. (a) 0.9% water-to-aggregate. (b) 1.9%
water-to-aggregate. (c) 2.9% water-to-aggregate.

16



Materials 2020, 13, 4765

Examination of the Coating Tests identified the best adhesion and coating of the emulsion,
which occurred in the mix with 2.9% precoating water and 3% emulsion-to-aggregate, and was
classified as good. This material’s good dry behavior was easily observable, as it coincided in this case
with the Theoretical Content of Fluids (TCF). It should be noted that the wrapping times were less
than 60 s, and the breaking times of the emulsion were less than 300 s, reliable proof of compatibility of
the emulsion with the aggregate.

Once Optimal Fluid Content (OFC) was determined, the different families of samples were
manufactured with increasing percentages of emulsion. Circular 8/2001 [53] establishes a percentage
of emulsion for cold in-place recycling of 2.5–4% to aggregate. To cover the entire possible range
of combinations, therefore, three families were made, with increasing percentages of emulsion in
increments of 0.5%, from 3% to 4% emulsion-to-aggregate. The 2.5% emulsion family was eliminated
based on the assumption that this percentage of emulsion would be insufficient due to the large
quantity of fine particles present. The precoating water for each family was calculated as the difference
between Optimal Fluid Content (OFC) and the corresponding emulsion percentage. The percentage
additions of precoating water and emulsion for each family are displayed in Table 6.

Table 6. Group of specimens manufactured with different percentages of emulsion and
precoating water-to-aggregate.

Group 1 2 3

Precoating water-to-aggregate, % 2.9 2.4 1.9
Emulsion-to-aggregate, % 3 3.5 4

In total, 12 specimens were manufactured for each group following the standard NLT-161/98 [69].
After curing to a constant mass at a temperature of 50 ± 2 ◦C in a forced air stove, the specimens from
each family were subdivided into two groups, which were subjected to different conditions. One group
was immersed in water and the other kept dry, to assess the effect of water on the cohesion of the
bituminous mixture. Table 7 shows the average values of particle density, bulk density, void content,
dry compressive strength, post-immersion compressive strength, and preserved resistance.

Table 7. Test of maximum density, bulk density, void content, dry compressive strength, post-immersion
compressive strength, and preserved resistance for the different groups of specimens.

Test Standard 1 2 3

Maximum density, t/m3 UNE-EN 12697-5 [81] 2.34 ± 0.04 2.31 ± 0.03 2.31 ± 0.08
Apparent density, t/m3 UNE-EN 12697-6 [82] 2.14 ± 0.08 2.15 ± 0.07 2.14 ± 0.04

Void content, % UNE-EN 12697-8 [83] 8.37 ± 0.31 6.81 ± 0.15 7.04 ± 0.25
Dry compressive strength, MPa NLT-162/00 [70] 3.22 ± 0.12 3.51 ± 0.12 2.81 ± 0.09

Immersion compressive strength, MPa NLT-162/00 [70] 2.90 ± 0.04 2.63 ± 0.03 1.99 ± 0.03
Preserved Resistance Index, % NLT-162/00 [70] 90 ± 2 75 ± 2 71 ± 1

Based on the minimum values set forth in the Spanish regulations (3 MPa for dry resistance and
2.5 MPa for post-immersion compressive resistance), the values of 3% emulsion and 2.9% precoating
water were acceptable in principle, as were 3.5% emulsion and 2.4% of precoating water-to-aggregate.
The values obtained showed a clear decrease in the index of voids in the mixture with a higher percentage
of emulsion, due to the compactability conditions provided by the emulsion. Based on dry compressive
strength, the results identified an optimum point of 3–3.5% of emulsion-to-aggregate, as well as a
decrease in post-immersion resistance with higher percentages of emulsion. The mathematically
calculated optimal job mix formula provided maximum strength based on the results analyzed,
showing the optimum combination of reclaimed asphalt pavement, ladle furnace slag, bitumen
emulsion and water.
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3.3. Optimal Job Mix Formula

Once the different specimen families were evaluated, the percentage of emulsion to obtain
maximum resistance was studied mathematically. This percentage depended on the dry resistance and
the points obtained from the different families. The maximum of this function, illustrated in Figure 6,
coincided with 3.3% emulsion-to-aggregate and 2.6% precoating water.

Figure 6. Test of dry compressive strength, NLT-162/00 [70], for the different emulsion percentages of
each family of specimens.

Using the maximum obtained mathematically, and the percentages of the different materials to
be added, 12 specimens were manufactured to confirm the optimal properties obtained with this job
mix formula.

The process of manufacturing, curing, and studying the effect of water was similar to that
performed on the other families. Table 8 presents the results of the trial for this optimal job mix formula.

Table 8. Tests for family of specimens made with the optimal job mix formula: 3.3% emulsion and 2.6%
precoating water-to-aggregate.

Optimal job mix formula

Test Standard Value/Unit

Precoating water, % of aggregate - 2.6
Emulsion, % of aggregate - 3.3
Maximum density, t/m3 UNE-EN 12697-5 [81] 2.32 ± 0.07

Bulk density, t/m3 UNE-EN 12697-6 [82] 2.15 ± 0.04
Void content, % UNE-EN 12697-8 [83] 7.30 ± 0.27

Dry compressive strength, MPa NLT-162/00 [70] 3.65 ± 0.06
Immersion compressive strength, MPa NLT-162/00 [70] 2.91 ± 0.08

Preserved Resistance Index, % NLT-162/00 [70] 80 ± 2

The combination of 90% reclaimed asphalt pavement to 10% ladle furnace slag, plus 2.6% precoating
water and 3.3% emulsion, produced results superior to those of the other families. The values for dry
compressive strength, post-immersion compressive strength, and preserved resistance were higher than
those required by the relevant regulations. The minimum values established by Circular 8/2001 [53]
are 3 MPa for dry compressive strength and 2.5 MPa for post-immersion compressive strength, with a
Preserved Resistance Index maintained as greater than 75%.
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The following should be highlighted: a high percentage of RAP was utilized. This percentage
of 90% RAP would have been unacceptable in other techniques that do not use bitumen emulsion
and just use bitumen (e.g., hot mixes asphalt). This percentage of RAP was adequate, as reflected
in the compressive strength tests. These results were obtained thanks to its cementitious properties
and by the addition of ladle furnace slag. Finally, it should be pointed out that the same milling
equipment was used for the laboratory tests as would later be used in the execution of the bituminous
mix, since otherwise the particle size distribution could vary.

4. Conclusions

The following summarizes the partial conclusions that can be drawn from the results of the tests
described in the methodology:

• Elementary composition of the ladle furnace slag studied showed a majority percentage of calcium
oxide and a lower percentage of silicon oxide. Both compounds are essential for developing the
desired cementitious characteristics of the ladle furnace slag and providing the strength of the
asphalt mix manufactured with them.

• The ladle furnace slag had a maximum aggregate size of less than 12.5 mm, with primarily fine
grading. Its particle and bulk density were comparable to those of a conventional aggregate and
did not show plasticity.

• The slow-breaking cationic bitumen emulsion C60B5 REC showed good compatibility with the
combination of ladle furnace slag and reclaimed asphalt pavement, as shown by the coating
test. Both the adhesion of the emulsion to the aggregate and its cohesion and breaking times
are suitable for use with ladle furnace slag and reclaimed asphalt pavement, with maximum
precoating amounts of water-to-aggregate of 2.9% and emulsion-to-aggregate of 3%.

• The tests of both simple dry and post-immersion compressive strength showed good results
(superior to Spanish regulations) for 3–3.5% emulsion-to-aggregate, corresponding to 2.9–2.4%
precoating water-to-aggregate, respectively.

• The optimal combination of the different materials—considering an aggregate mixture of 90%
reclaimed asphalt pavement and 10% ladle furnace slag, emulsion percentages of 3.3% to
aggregate, and 2.6% precoating water—showed values of simple dry compressive strength and
post-immersion compressive strength higher than those established by Spanish regulations and
those of the other families tested.

Based on these detailed partial conclusions, ladle furnace slag has good characteristics for
manufacturing pavement through cold in-place recycling with bitumen emulsion. The addition of ladle
furnace slag achieved, on the one hand, the appropriate adjustment of the particle size of the reclaimed
asphalt pavement, and on the other hand, provided resistance characteristics observable in the results
obtained. It was therefore an ideal solution that created a sustainable asphalt mix: by considerably
reducing CO2 emissions; that used by-products in its composition therefore avoiding their disposal in
landfills; and that was in-keeping with new environmental and circular economy trends.
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Abstract: The microbial-induced carbonate precipitation (MICP) method has gained intense attention
in recent years as a safe and sustainable alternative for soil improvement and for use in construction
materials. In this study, the effects of the addition of plant-based natural jute fibers to MICP-treated
sand and the corresponding microstructures were measured to investigate their subsequent impacts
on the MICP-treated biocemented sand. The fibers used were at 0%, 0.5%, 1.5%, 3%, 5%, 10%, and 20%
by weight of the sand, while the fiber lengths were 5, 15, and 25 mm. The microbial interactions
with the fibers, the CaCO3 precipitation trend, and the biocemented specimen (microstructure)
were also evaluated based on the unconfined compressive strength (UCS) values, scanning electron
microscopy (SEM), and fluorescence microscopy. The results of this study showed that the added
jute fibers improved the engineering properties (ductility, toughness, and brittleness behavior) of the
biocemented sand using MICP method. Furthermore, the fiber content more significantly affected the
engineering properties of the MICP-treated sand than the fiber length. In this study, the optimal fiber
content was 3%, whereas the optimal fiber length was s 15 mm. The SEM results indicated that the
fiber facilitated the MICP process by bridging the pores in the calcareous sand, reduced the brittleness
of the treated samples, and increased the mechanical properties of the biocemented sand. The results
of this study could significantly contribute to further improvement of fiber-reinforced biocemented
sand in geotechnical engineering field applications.
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1. Introduction

Recently, significant interest in bio-mediated soil improvement has been highlighted as an
innovative and effective approach for soil and ground improvement. Among the various bio-mediated
soil development approaches, microbial-induced carbonate precipitation (MICP) has been recognized
as a promising approach for soil improvement in recent years. The microbial urease hydrolyzes
urea [CO(NH2)2] and produces ammonium and carbonate ions, and consequently increases the pH
during the MICP, process resulting in an alkaline growing environment, which is favored for CaCO3

precipitation. The CaCO3 are the primary binding substances in between the sand particles, which
lead to soil improvement.

Most of the previous studies [1–4] have focused on the impacts of various environmental
factors on microorganism immobilization and strength improvement using several types of soil
materials, including the capability of microorganisms to form CaCO3 within sand particles and pores;
the relationship between the precipitated CaCO3 content and the strength of MICP-treated sand;
the study of the engineering properties of MICP-treated sand, such as the volume, permeability, strength,
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and compressibility, which was assessed using introductory numerical simulations [5]. However,
many recent experiments have demonstrated the mechanism of CaCO3 deposition and improvement
of soil strength after curing samples using the MICP method. Earlier research also demonstrated
the non-uniformity of precipitation of CaCO3 and brittle failure behavior of MICP-treated soil [6].
One study showed that the MICP-treated soil tended to fail at a low axial strain level in unconfined
and triaxial compression tests. The axial stress of the samples also dropped rapidly after the peak
stress, because most of the CaCO3 precipitated non-uniformly close to the influent of the specimen
column and hindered the biocementation process in the deeper location of the specimen [7].

To improve this shortcoming, several studies have been conducted to improve the ductility and
toughness of sand after MICP curing. Although sand solidified by microorganisms can reach a high
strength, brittle failure of the substances mainly occurs and the strength is lost immediately, leading to
safety hazards and problems. Therefore, the development of new mechanisms to improve the toughness,
ductility, and durability of MICP-treated soil is a critical research need. The toughness, ductility,
and durability of MICP-treated soil can be improved by the addition of fibrous materials. Earlier studies
showed that using fibrous materials increased bacterial interactions with the cementation solution and
facilitated uniform CaCO3 precipitation within the sand pores in MICP-treated soil [8]. Several studies
have also revealed that the addition of fiber materials can substantially increase the engineering
properties of MICP-treated soil (for example the shear strength, ductility, brittleness behavior, internal
friction, and rigidity) [9]. However, to address these challenges, most of these previous studies
focused on using synthetic-polymer-based fiber materials, such as non-woven geotextile fiber, steel
fiber, polypropylene fiber, glass fiber, and carbon fiber, which are associated with relatively high costs,
health concerns, and environmental hazards [10,11]. Moreover, to date, only a few experiments have
concentrated on the improvement of the engineering properties of soils treated with the MICP method
using fiber materials. Therefore, developing a new approach and identifying cheap, readily available
fiber while considering safety, environmental considerations, and sustainability will require further
investigations. A detailed analysis to improve the drawbacks of MICP-treated sand via the inclusion
of fibers was inspired by the current deficiencies in the traditional MICP process.

This study considered the use of natural jute fiber (Corchorus capsularis), because jute fiber has
excellent physical mechanical properties and high resistance capacity (temperature, pH, salinity) and
is readily available, inexpensive, light weight, sustainable and eco-friendly, requiring low amounts of
energy [12,13].

The primary objectives of this work were to investigate the effects of a natural fiber (jute) on
the MICP-treated soil. To improve the engineering properties (ductility, toughness, and brittleness
behavior) of the biocemented sand specimen in terms of the fiber length and content (ratio), carbonate
precipitation patterns and interactions within the microorganisms were investigated in this study.
The mechanical properties of the MICP-treated sand, the microstructure of the specimen, and the
interactions between the fiber and microorganisms were investigated and analyzed using unconfined
compressive strength (UCS), scanning electron microscopy (SEM), and fluorescence microscopy.

2. Materials and Methods

2.1. Fiber

Previous research studies have indicated that jute fibers of appropriate length and content can
substantially increase a soil’s engineering properties, and adding fibrous material can contribute to a
significant reduction in construction costs [14,15] by improving the engineering properties of treated
samples. Moreover, jute fibers have a high initial modulus, high consistency in terms of tenacity
and tensile strength, high rigidity, and a lower percentage of elongation during breakage, leading to
their wide use in soil improvement. The properties of jube fibers, as well as their availability, cost,
and environmental friendliness, were the motivation for using jute fibers in this study. Locally available
jute fibers (100% natural) were used in this study (Figure 1) without any chemical treatment. The jute
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fibers were purchased from DCM Homac Co., Ltd., Sapporo, Japan, and the fibers were collected by
Hayase Industries, Ltd., Tsuyama, Japan. The microstructure of the jute fibers was examined through
scanning electron microscope images. SEM images of clusters and single filaments of jute fibers are
presented in Figure 1.

Figure 1. Appearance and microstructure images of jute fibers, obtained using SEM.

The key features of the jute fibers used in this study are shown in Table 1. It was shown that the
efficiency of the fibers used to improve the soil highly depends on the properties of the fibers, such as
the nature of fibers, the fiber length, and the fiber ratio [16]. The jute fibers were cut into three different
lengths (5, 15, and 25 mm) and several percentages (content) by weight (0.5%, 1.5%, 3%, 5%, 10% and
20%) were used for mixture with “Mikawa” sand particles. The physical appearance of the prepared
jute fiber samples is shown in Figure 2. All the jute fibers used in this study were placed in a dryer at
60 ◦C for 24 h before being mixed with the sand and receiving MICP treatment.

Table 1. The key features of the jute fibers used in this study.

Fiber Type Thickness
Length
(Total)

Weight Type
Moisture
Content

Colour

Jute 2 mm 510 m 900 g Roll 3.4% Golden-brown

 
Figure 2. The physical appearance of the jute fibers used in this study, which were cut into
different length.

2.2. Microorganisms and Soil Properties

The bacteria used in this study was Micrococcus yunnanensis (hereafter denoted as G1), which was
isolated from the coastal area of Porto Rafti, Greece [17]. The key features of this bacteria (Figure 3)
are that it is known to exhibit comparatively high urease activity with salt-tolerant properties and
can survive for extended periods of time in various temperature and pH conditions, as well as in
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nutrient-deficient conditions [18]. Liquid ZoBell2216 medium was used as the culture solution for the
selected bacterial species. The culture medium was dissolved with hi-polypeptone (5.0 g/L), FePO4

(0.1 g/L), and yeast extract (1.0 g/L). The components were mixed with artificial seawater and the pH
was maintained at 7.6–7.8. The bacterial cells were precultured (using the ZoBell2216 medium) for
24 h at 30 ◦C in a shaker at 160 rpm. The precultured bacterial cells were then transferred (1 mL) into
100 mL of fresh ZoBell2216 medium and incubated at 30 ◦C at 160 rpm. The prepared bacterial culture
solution was used for the MICP process. During the cultivation, the bacterial cell growth (OD600)
was determined and adjusted (by approximately 6) using a UV-Vis spectrophotometer (V-730, JASCO
Corporation, Tokyo, Japan) and urease activity (1.5 ± 3 U/mL) was measured using the indophenol
method [19].

Figure 3. Digital microscopic image of the microorganism used in this study.

The soil used in this study was commercially available “Mikawa” sand. The maximum and
minimum dry densities of the sand were 1.476 and 1.256 g/cm3. The particle density and mean diameter
were 2.66 g/cm3 and 870 μm, respectively. The grain size distribution of “Mikawa” sand is presented
in Figure 4. Before the MICP process, the sand was dried in an oven dryer at 110 ◦C for 24 h.

Figure 4. The grain size distribution of “Mikawa” sand.

2.3. Effects of Jute Fibers on the Process of CaCO3 Precipitation

To investigate the interactions between jute fibers and CaCO3, equal concentrations (0.5 mol/L)
of CaCl2 and urea solutions were used for the precipitation test in test tubes with and without fiber.
The total volume of the mixers was adjusted up to 10 mL using distilled water, samples were kept in the
shaker for 48 h at 30 ◦C, and the rpm was kept at 160. The testing conditions are shown in Tables 2 and 3,
showing the fiber content and length, respectively. After 48 h, the resulting mixture was centrifuged to
collect the crystal precipitate and the supernatant of solutions from the tube was removed separately
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using filter paper (Whatman filter paper, 11 μm (Global Life Sciences Technologies Ltd., Tokyo, Japan)).
Both the filter papers and the tubes with the precipitate were oven-dried for 24 h at 110 ◦C, then
subsequently the dry weights of the crystals were measured. The weight of the precipitated crystal was
determined by contrasting the empty weight of the tube from the dry weight of the tube and the filter
paper’s dry weight. Using scanning electron microscopy (SEM; MiniscopeTM3000, Hitachi, Tokyo,
Japan), the morphologies of crystals and jute fibers were analyzed. All the experiments were done in
triplicate, and the mean value was plotted accordingly. Standard deviation was used to represent the
error bars.

Table 2. Testing conditions for CaCO3 precipitation with jute fibers (content).

Fiber Content
[(%) mm]

CaCl2 (M) Urea (M)
Bacterial

OD600

Incubation
Time (h)

Incubation
Temperature

(◦C)

0 0.5 0.5 2 48 30
[(0.5) 15] 0.5 0.5 2 48 30
[(1.5) 15] 0.5 0.5 2 48 30
[(3) 15] 0.5 0.5 2 48 30
[(5) 15] 0.5 0.5 2 48 30
[(10) 15] 0.5 0.5 2 48 30
[(20) 15] 0.5 0.5 2 48 30

Table 3. Testing conditions for CaCO3 precipitation with jute fibers (length).

Fiber Length
[(mm) %]

CaCl2 (M) Urea (M)
Bacterial

OD600

Incubation
Time (h)

Incubation
Temperature

(◦C)

0 0.5 0.5 2 48 30
[(5) 3] 0.5 0.5 2 48 30
[(15) 3] 0.5 0.5 2 48 30
[(25) 3] 0.5 0.5 2 48 30

2.4. Sample Preparation

The designed materials and test setup for the MICP treatment are shown in Figure 5. The dried
“Mikawa” sand (75 ± 5 g) was taken into a 50 mL standard syringe tube (diameter 3 cm, height 10 cm).
In each case, oven-dried samples (as described earlier) were compacted into 3 layers by applying a
hammer shock on each layer of the sand. A lab-grade filter paper was used to cover the bottom portion
of each column. Each sand column was filled with consistently mixed jute fibers using an automatic
mixer (kitchen aid 9KSM160 series), with different fiber lengths and contents used. To neutralize the
electrostatic charge of fibers and sand grains, 10 mL of (DW) de-ionized water was added during the
mixing process to ensure uniform distribution of fibers within the soil matrix.

Thereafter, 12 mL of bacterial culture solution (ZoBEll2216E) was injected from the top of the
syringe and superfluous solutions were drained out at a controlled rate to achieve bacterial stabilization
(approximately 2 h) within the soil matrix. At the later injection phase, 16 mL of cementation solution
(30.0 g/L of urea, 55.0 g/L of CaCl2, and 3.0 g/L of Bacto nutrient broth) was injected into the samples.
The injected solution was kept at approximately 2 mL above the surface of the sand and maintained in
a fully saturated condition. The prepared samples were kept in an incubator at 30 ◦C for 14 days.

The cementation solution was injected and drained every day for 14 days continuously. The pH
values and Ca2+ concentrations from the outlet were measured every day. After 14 days of curing,
the UCS of the samples were measured using an automated Instron 2511-308 load cell (Norwood, MA,
USA) following the ASTM D7012 2014 standard. The axial strain rate was 0.036 mm/min until reaching
the failure condition (critical stage). The testing conditions are presented in Tables 4 and 5, showing
the fiber content and length, respectively.
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Figure 5. Sample preparation and test setup for the microbial-induced carbonate precipitation (MICP)
process with the addition of jute fibers.

Table 4. Testing conditions for the sand solidification test (syringe) considering fiber content (%).

Cases
Fiber

Content
[(%) mm]

Cementation
Solution
Injection

Bacterial
Injection

Bacterial
OD600

Curing
Temperature

(◦C)

Curing
Days

0 0 Everyday Twice * 6 30 14
1 [(0.5) 15] Everyday Twice * 6 30 14
2 [(1.5) 15] Everyday Twice * 6 30 14
3 [(3) 15] Everyday Twice * 6 30 14
4 [(5) 15] Everyday Twice * 6 30 14
5 [(10) 15] Everyday Twice * 6 30 14
6 [(20) 15] Everyday Twice * 6 30 14

* Bacterial solution was injected at the beginning and after 7 days of the solidification test.

Table 5. Testing conditions for sand solidification test (syringe) considering fiber length.

Cases
Fiber

Length
[(mm) %]

Cementation
Solution
Injection

Bacterial
Injection

Bacterial
OD600

Curing
Temperature

(◦C)

Curing
Days

0 0 Everyday Twice * 6 30 14
1 [(5) 3] Everyday Twice * 6 30 14
2 [(15) 3] Everyday Twice * 6 30 14
3 [(25) 3] Everyday Twice * 6 30 14

* Bacterial solution was injected at the beginning and after 7 days of the solidification test.

The bacterial retention capacity (bacterial immobilization) during the MICP treatment was
measured by the difference between the primary injected bacterial solution (OD600) and the effluent
solution (OD600). To understand the cementation behavior of the treated samples, a pair of 0.5 MHz
transducers with oscilloscope were also used to measure the primary and secondary shear wave
velocities (Vp, Vs) of the treated samples. The transmitted signal was a 200 kHz square wave across
the length of the cylindrical specimen (~6 cm). The velocities (Vp, Vs) of the treated specimens were
calculated using SonicViewer-SX:5251 by measuring the time differences. The improvement ratio (IR)
was calculated using the difference between the comparative values of the treated samples and the
comparative values of the untreated samples. All the measurements were conducted after the samples
were removed from the syringes and in dried condition.
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The morphology, microstructure, and interactions of the precipitated CaCO3, sand particles,
and jute fibers were investigated using scanning electron microscopy (SEM). All the experiments were
done in triplicate, and the mean value was plotted accordingly. The standard deviation was used
to represent the error bars. The behavior of microorganisms and the effects of adding fibers to the
bacterial culture solution were also investigated using an automatic fluorescence microscope (BZ-X800,
KEYENCE Corporation, Osaka, Japan).

The precipitated CaCO3 content of the MICP-treated specimens were measured using a simplified
digital manometer device (Figure 6) under constant volume and temperature, followed by the ASTM
standard method (ASTM D4373-14) [20].

Figure 6. Digital manometer setup used to measure the CaCO3 content.

3. Results and Discussion

3.1. Effects of Jute Fibers on the Process of CaCO3 Precipitation

Studies have shown that the trend of CaCO3 precipitation during the MICP process is greatly
influenced by the fiber length and content (%) [21]. Therefore, it is essential to investigate the trends
in CaCO3 precipitation for individual bacterial species, because the CaCO3 acts as the main binding
material in between the substrate particles during the MICP process, leading to soil improvement.
The effects of using the same fiber length and different fiber contents on CaCO3 precipitation are
presented in Figure 7. As can be shown, the amounts of precipitated CaCO3 crystals varied significantly
depending on the fiber content. By increasing the fiber content by 0.5%, the CaCO3 precipitation was
increased by approximately 29%, and reached 120% with the addition of 3% jute fibers compared to
without fiber addition (Figure 7a). However, further addition of jute fibers decreased the amount of
CaCO3 (5% and 10% addition resulted in 84% and 23% improvements, respectively). With the addition
of 20% jute fiber, the precipitation content dropped by 4%.
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(a) (b) 

Figure 7. Effects of fiber content on CaCO3 precipitation with the addition of jute fibers: (a) fiber
content; (b) fiber length.

From this study, it was observed that the effect of CaCO3 precipitation with 3% fiber is the best
condition. From this study, it was also revealed that the higher fiber content intensely influenced the
CaCO3 precipitation. This study suggested that the optimum CaCO3 content was obtained with an
increase in fiber content up to 3%, while further increases of the fiber content led to decreased CaCO3

precipitation compared to the other fiber content conditions. The reason for this phenomenon is that
natural jute fibers have a non-regular cross sectional geometry and contain some chemical compounds
such as pectin that act as accelerators (pectin breaks down into sugar and is used as the nutrient for the
bacteria) [22] and inhibitors (excess amounts of sugar and other chemical compounds released from
the jute fiber) of the microorganism growth (depending on the fiber content), which is also supported
by previous studies [23].

Figure 7b shows the amounts of CaCO3 precipitation with the same fiber content but variations in
length (5, 15, and 25 mm, respectively). Figure 7b shows that the CaCO3 precipitation increased to
35%, 52%, and 39% with 3% fiber content and lengths of 5, 15, and 25 mm, respectively, compared to
without addition. The variation in the CaCO3 precipitation amounts within the same set of samples
was lower than when the fiber content was varied. The findings of this study indicate that the content
(weight %) of the fiber addition is more important than the fiber length in the MICP treatment in order
to promote the precipitation of CaCO3, which is in good agreement with previous studies [24,25].

The microstructure analysis and interactions of precipitated CaCO3 with jute fibers are shown
in Figure 8 (with fiber and without fiber). The test results indicate that the precipitated crystals are
irregular in shape and size and are coated around the jute fibers. The precipitated CaCO3 also formed
a CaCO3 bridge, which could be very effective for binding and filling the void space in between the
sand particles. Similar observations were also reported in previous studies [11,26]. The adsorption
capacity of the microorganisms and CaCO3 precipitation to the fibers was greatly influenced by the
surface microstructures of the fiber. Different fiber and surface microstructures lead to different CaCO3

precipitation patterns [27]. In addition, the reduction in the void space due to the CaCO3 precipitation
could be considered to be a primary strengthening factor [28,29] in the reduced brittleness behavior of
the MICP-treated sand.

32



Materials 2020, 13, 4198

 

 
Figure 8. SEM images of precipitated CaCO3 with and without jute fibers after the MICP process
(without sand materials).

3.2. Effects of Fiber Inclusions on Microorganisms

The fluorescence microscopic images of the cultured bacterial cells (with and without fibers) are
shown in Figure 9. The images show that the bacterial survival capacity persists for longer with
the addition of jute fibers. The number of dead bacterial cells was also reduced after 10 days of
cultivation with the addition of the fibers. The action behind this characteristic is the availability
of biopolymers (cellulose, hemicellulose, lignin, pectin, and waxy substances) in the jute fibers [30].
When jute fibers are steeped in water, the water-soluble carbohydrate compounds (D-glucosidic
bonds and hydroxyl groups) and biopolymers are broken down into simple sugars (galactose) by a
bio-chemical mechanism [31], acting as a source of nutrient for the bacteria, which is essential for the
bacteria to survive for a longer time than usual. However, a further multidisciplinary assessment could
be conducted to quantify this mechanism.

33



Materials 2020, 13, 4198

 
Figure 9. Fluorescence microscopic images living and dead bacterial cell (with and without fiber).

3.3. Variations in Strength after Fiber Inclusion in the MICP-Treated Sample

The stress–strain curves of the MICP-treated samples with different fiber lengths and contents are
presented in Figure 10, which shows that the MICP-treated samples were significantly influenced by
the addition of jute fibers (depending on the fiber content and length). The stress–strain curve of the
MICP-treated biocemented sand without fiber was gradually compacted with increasing strain and
stress, then failure occurred, which was considered as typical brittle failure. However, by increasing the
fiber length (5, 15, and 25 mm), the stress on the biocemented sand reached the maximum strength and
then entered the residual deformation stage. Failure occurred more slowly compared to the samples
without fibers (Figure 10a). The slower rate of failure indicated improvement of the ductility behavior
of the samples. In addition, as shown in Figure 10a, by increasing the fiber length, the strength (UCS)
declined. The results of this study indicated that the addition of long fibers to the MICP-treated
samples could meant they could be easily bent and the fibers eventually clustered within the sand,
having a negative impact on the MICP treatment and leading to declines in the UCS. The results of this
study were significant compared to a previous study [32].

Figure 10b shows that the unconfined compressive strength (UCS) of the biocemented sample
initially increased (from 0.5% fiber content) and reached its maximum strength (UCS) with a fiber
content of 3%. The unconfined compressive strength (UCS) interestingly decreased with further
addition to the fiber content (up to a fiber content of 20%).

The reason for this was that the fiber was randomly distributed within the sand matrix by the
interleaving mechanism and due to the cross-sectional geometry [33]. This mechanism led to several
interlacing points forming between fibers, then a spatial distribution network and spatial stress area
formed that were able to increase the bacterial retention and survival capacity (as mentioned earlier),
meaning the sample was able to hold more bacteria (which resulted in increased CaCO3) than samples
without fibers. The stress area and the network controlled the deformation of the sand and increased
the ductile behavior of the MICP-treated biocemented sand.
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(a) 

(b) 

Figure 10. Effects of fiber on the unconfined compressive strength (UCS) of the biocemented sand with
the addition of jute fibers: (a) fiber length; (b) fiber content.

The relationship between the estimated UCS and the CaCO3 (%) from the results obtained in
this study (considering the fiber length and content) is shown in Figure 11. By increasing the fiber
length (5–15 mm), the CaCO3 (%) increased and the UCS also increased. The maximum UCS was
observed with a 15 mm fiber length (Figure 11a). By further increasing the fiber length (25 mm),
the CaCO3 (%) decreased and the UCS was dropped. In Figure 11b, it was also shown that the fiber
content played a considerable role in the CaCO3 (%) precipitation process and also improved the UCS.
With the increases of the fiber content (0.5–3%), the CaCO3 content also increased. As a result of the
increasing CaCO3, the UCS values of the treated samples also increased until reaching the maximum
point (approximately 1.6 MPa). Further increases of the fiber content (5–20%) caused the CaCO3 (%)
precipitation and UCS of the treated samples to decrease [33,34]. The findings of this study clearly
reveal that the fiber content (% weight) played a more significant role compared to the fiber length in
terms of influencing the amount of CaCO3 precipitation and improving the UCS in the treated samples.

(a) 

Figure 11. Cont.
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(b) 

Figure 11. Average (%) CaCO3 values for the biocemented sand sample after MICP treatment with the
addition of jute fibers: (a) fiber length; (b) fiber content.

Figure 12 shows the effects of the fiber length on the soil’s strength improvement (UCS). In the
Figure 12a, it can be observed that the improvement ratio (IR) increased from 2.5 to 3 with appropriate
increases of the fiber length (5–15 mm), however with further length increases the IR value dropped
and a negative influence was evident. In Figure 12b, it can be observed that the IR value was indicates
the significant influence of the fiber content in the improvement of the soil strength. A relatively greater
improvements were achieved with the 0.5 and 3% additions of natural jute fibers, with improvement
ratios of 2.5 and 3.1, respectively.

(a) 

(b) 

Figure 12. Improvement ratios (IRs) of the MICP-treated biocemented sample strength (UCS) with the
addition of jute fibers: (a) fiber length; (b) fiber content.
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In general, the results of this study suggest that the mixing of natural jute fibers with the MICP
method could significantly improve biocemented sand, provided the appropriate length (i.e., 15 mm)
and content (i.e., 3% by weight of sand) are used. The reason is that when jute fibers are mixed
with sand, the cohesion, friction, and interface between the jute fibers and sand particles increase
(depending on the fiber length and content). As a result, the frequent bacterial movement ensures and
enhances the immobilization of the bacteria within the soil matrix (Figure 13a). The increased bacterial
immobilization accelerates the uniform distribution of CaCO3 within the sand matrix and consequently
increases the effectiveness of the soil (in terms of the UCS, ductility, etc.). However, if the fiber content
is too high (i.e., 20%), the bacterial movement is hindered, resulting in uneven distribution of the
bacteria within the soil matrix. Similarly, the CaCO3 precipitation occurs non-uniformly. In addition,
increasing the fiber length by too much (i.e., 25 mm) reduces the efficiency of bacterial immobilization
(Figure 13b) because of the uneven distribution of the fibers and the decreased retention capacity of the
bacteria. As a result, the effectiveness of the soil’s engineering properties is also decreased [34].

(a) 

(b) 

Figure 13. Influence of bacterial retention capacity with the addition of jute fibers: (a) fiber content;
(b) fiber length.

3.4. Effects of Bacterial Immobilization on CaCO3 Precipitation

Figure 14 summarizes the variations in the bacterial immobilization improvement ratios (in terms
of retention capacity) with respect to different fiber inclusions. Figure 14 shows that for pure the
MICP sample (without fiber addition), approximately 50% of the bacteria were flushed out and the
bacterial retention capacity (immobilization) increased with the fiber content (Figure 14a), yielding
average improvement ratio values of 1.2 to 1.6 (with fiber contents ranging from 0.5 to 20%). Moreover,
increasing the fiber length (from 5 to 25 mm) decreased the bacterial immobilization (retention capacity)
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(Figure 14b), giving an improvement ratio of 1.2 with the 15 mm fiber length. This study showed that
the bacterial immobilization (retention capacity) was increased in the presence of fibers, as was also
reported in previous studies [35,36].

(a) 

(b) 

Figure 14. Improvement ratios for bacterial immobilization with the addition of jute fibers: (a) fiber
content; (b) fiber length.

Figure 15 shows the effect of bacterial immobilization on the CaCO3 content with the addition of
jute fibers, considering both the fiber content (Figure 15a) and fiber length (Figure 15b). Figure 15a
shows that the CaCO3 content increased with increasing fiber content up to a certain amount. In this
study, 3% fiber content result in the maximum amount of CaCO3 (Figure 15a). With further increases
of the fiber content, the bacterial movement [31] became stuck (due to the fiber structure, as described
earlier), resulting in decreased CaCO3 content within the soil matrix. A similar process was also
observed when increasing the fiber length (Figure 15b).

(a) 

Figure 15. Cont.

38



Materials 2020, 13, 4198

(b) 

Figure 15. Effect of bacterial immobilization on the CaCO3 content with the addition of jute fibers:
(a) fiber content; (b) fiber length.

In this study, it was demonstrated that the production of CaCO3 was greatly influenced by the
bacterial immobilization capacity (retention ability), and the appropriate fiber content and length
resulted in an increased CaCO3 content.

3.5. Microstructure Analysis

The fracture morphologies of the biocemented samples with different fiber contents (0, 0.5, 1.5, 3,
5, 10, and 20%) and lengths (5, 15, and 25 mm) are also compared in Figure 16a,b, which shows the
results of the unconfined compressive strength test. All the experiments were conducted in triplicate
following the ASTM D2166 standard method.

In Figure 16 (considering both the fiber content and length), it can be seen that the addition of
jute fibers in the MICP-treated sample significantly improved the unconfined compressive strength,
and because of the lower biocementation level, the fractures generally started from the lower end
(Figure 16a). Without the fibers, the fractures appeared throughout the whole sample from the bottom
upward, suggested brittle failure of the samples. The results also showed that the fracture morphologies
of the biocemented samples were closely interlinked with the different fiber contents (Figure 16a) and
lengths (Figure 16b), due to the interaction and friction within the sand–fiber matrix. With increasing
fiber content (i.e., 0.5–5%), the fiber formed a three-dimensional (3D) grid within the soil matrix, which
restricted the development of the failure pattern and effectively improved the strength of the soil, while
enhancing the brittleness delayed the overall damages of the MICP-treated sample [32]. However,
further increasing the fiber content (i.e., 10–20%) resulted in “bulging” behavior. Regarding the fiber
length, the use of short fibers (i.e, 5–15 mm) resulted in significant improvements for the biocemented
specimen. The use of long fibers (i.e., 25 mm) led to the sudden fracture of the sample due to uneven
distribution and bundles becoming entangled during the sample preparation. Therefore, for the actual
engineering application, it is important to determine the optimum fiber content and length to be added
to the soil in order to obtain the maximum effect.

Figure 17 shows the SEM images of MICP-treated biocemented samples with the addition of
jute fibers (considering the length and content) and the distribution of CaCO3 within the sand matrix.
The images also show sand particles without MICP treatment, sand particles with fiber without
MICP treatment, and biocemented sand particles with different fiber contents and lengths. From the
microscopic images, it can be seen that the void spaces were dominant in both sand–fiber matrixes
without MICP treatment. After the MICP treatment, the fibers were covered by CaCO3 crystals (similar
to a bridge). The CaCO3 crystal bridge provided strong bonding between the sand particles and also
filled the void space. Consequently, the cementation level of the treated sample increased significantly.

39



Materials 2020, 13, 4198

 

(a) 

(b) 

Figure 16. Failure behavior of the MICP-treated sample with addition of jute fibers: (a) fiber content;
(b) fiber length.

The overall interactions and improvement of the MICP-treated sand are presented more clearly
by a schematic diagram in Figure 18. By increasing the fiber content (up to a certain amount) and
fiber length (up to a certain length), more CaCO3 precipitation occurred in between the soil pore
spaces and contact points, resulting in the soil having enhanced engineering properties. The results
are also validated by the primary and secondary shear wave velocities (Vp, Vs), as shown in Table 6.
A previous study also showed that an accelerated carbonation system enhanced the interface between
the fibers and cementitious matrix in a sample, which improved the strong mechanical anchorage and
interlocking effects [37] by filling the pores with calcite and fiber of the system. However, the findings
of this study could play a significant role in improving the engineering properties of the soil using the
MICP fiber matrix treatment.
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Figure 17. SEM images of MICP-treated biocemented samples with the addition of jute fibers
(considering different lengths and contents) and distribution of CaCO3 within the sand matrix.

Figure 18. Schematic diagram of biocemented sample with the addition of jute fibers.
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Table 6. Summary of test results for the biocemented sand after MICP treatment with jute fibers.

Fiber Content
(%)

Unit Weight
(g)

Vs (km/s) Vp (km/s) UCS (MPa)
Average

CaCO3 (%)

0 65.6 0.92 1.12 0.5 2.4
0.5 64.2 0.87 1.22 1.5 9.3
1.5 63.5 0.95 1.24 1.4 11.88
3 60.1 0.92 1.25 1.6 13.29
5 61.5 0.9 1.23 1.3 7.9

10 60.2 0.99 1.22 0.8 4.6
20 59.9 0.93 1.24 0.3 3.29

Fiber length
(mm)

5 62.4 0.92 1.28 0.5 2.4
15 61.9 0.87 1.12 1.3 8.4
25 63.6 0.95 1.27 1.4 9.7

4. Conclusions

This study was conducted to investigate the effects of the addition jute fibers to biocemented sand
using MICP method. In this study, for the sand treatment using MICP method, the jute fiber contents
were 0, 0.5, 1.5, 3, 5, 10, and 20% by sand weight and the lengths were 5, 15, and 25 mm. Based on the
results of this study, the following conclusions could be outlined:

i. Jute fiber has significant effects on the microbial performance, CaCO3 precipitation pattern,
and solidification of sand. Using fluorescence microscopy, the survival capacity of the
microorganisms was well demonstrated to be increased by the addition of jute fiber. The addition
effectively improved not only the bacterial performance, but also the mechanical characteristics
(UCS and ductility) of sand. The UCS of the sample increased with increasing fiber content;
however, higher fiber addition past a point was found to decrease the UCS. From the results
obtained in this study, the optimum jute fiber content was 3% and the optimum length was
15 mm;

ii. The CaCO3 precipitation was positively correlated with the addition of jute fibers, which yielded
significant improvement of the engineering properties of the soil. The SEM analysis suggested
that the added jute fiber coupled well with CaCO3 (i.e., CaCO3 was attached on and along the
surfaces of fibers), forming reliable bridges within the soil matrix, which tended to limit the
development of failure planes within specimens. This process potentially increased the strength
and toughness of the treated specimens compared to those of control biocemented specimens
(without jute fibers);

iii. As the amount and length of jute fibers increased beyond the optimum level, the fibers tended to
become entangled with each other during preparation of the samples, which hindered the entry
of bacteria and reduced the space available for bacterial survival and CaCO3 formation;

iv. In this study, natural jute fibers were used; however, the effects of chemically treated jute fibers
and the roughness of jute fibers (surface roughness) have not been investigated in detail. In order
to better understand the effects of fibers on soil stabilization (considering chemical pretreatment of
the fiber, fiber roughness, etc.) using the MICP process, further studies are highly recommended.
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Abstract: Recent seismic events prompted research to develop innovative materials for strengthening
and repair of both modern and historic masonry constructions (buildings, bridges, towers) and
structural components (walls, arches and vaults, pillars, and columns). Strengthening solutions
based on composite materials, such as the Fiber Reinforced Polymers (FRP) or the Fiber Reinforced
Cementitious Matrix (FRCM), have been increasingly considered in the last two decades. Despite
reinforcement made of short-fibers being a topic that has been studied for several years from different
researchers, it is not yet fully considered for the restoration of the masonry construction. This work
aims to experimentally investigate the enhancement of the mechanical properties of lime-based
mortar reinforced by introducing short glass fibers in the mortar matrix with several contents and
aspect ratios. Beams with dimensions of 160 mm × 40 mm × 40 mm with a central notch were
tested in three-point bending configuration aiming to evaluate both the flexural strength and energy
fracture of the composite material. Then, the end pieces of the broken beams were tested in Brazilian
and compressive tests. All the tests were performed by a hydraulic displacement-controlled testing
machine. Results highlight that the new composite material ensures excellent ductility capacity and
it can be considered a promising alternative to the classic fiber-reinforcing systems.

Keywords: cultural heritage; durability; mechanical characterization; retrofitting; strengthening;
quasi-brittle material; three-point bending test; energy fracture; NHL; composite material

1. Introduction

The use of masonry is very common in many historic constructions, both in architectural
monuments and whole urban centers all over the world. This masonry is generally made of various and
very poor materials, characterized by different typologies. The fragility of this heterogeneous material
interferes with the ductility criteria based on energy dissipation, which nowadays constitutes the safety
principles of structural design for the safeguarding of human lives [1]. The disasters generated by
seismic actions discouraged the use of unreinforced masonry from ancient times until the more modern
era. Suffice it to say that the adoption of retrofitting systems began with the primordial civilization,
such as traditional earthquake-resistant timber frames [2,3].

The development of a fiber-based strengthening system began in the 1960s when the potential
for adding steel fibers to enhance the ductility of concrete material was recognized. However, this
technology has been commonly adopted for the reinforcement of masonry structures only in the
last decade as an alternative to traditional systems, such as mortar injections, reinforced drilling,
and reinforced concrete plaster. Indeed, because of the strict rules for the preservation of historic
structures, conservation committees usually request structurally efficient but less intrusive techniques
to protect the historical structures.
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Among modern and innovative solutions of intervention on existing structures, composite
materials, such as the Fiber Reinforced Polymers (FRP) or the Fiber Reinforced Cementitious Matrix
(FRCM), have been increasingly considered for strengthening and repair of both modern and historic
masonry constructions (buildings, bridges, towers) and structural components (walls, arches and
vaults, pillars, and columns). These technologies consist of the use of composites material characterized
by uni- or bi-directional long fibers.

These materials are proven to be effective in increasing the load-carrying capacity of masonry
elements and improving their structural behavior through a reduction of critical brittle failure modes.
Most importantly, the increase in strength is obtained with a lower increment of the structural weight,
as compared to the traditional ones (e.g., reinforced concrete plaster).

The FRP technology consists of the application of laminates and rods. On one hand, the use of
laminates involves the application of fiber sheets by manual lay-up to the surface of the masonry panels,
which is previously prepared by sandblasting and puttying procedure. The fibers are impregnated
by an epoxy resin, which after hardening enables the newly formed laminate to become an integral
part of the strengthened member. On the other hand, the use of pultruded rods consists of placing
them into grooves cut onto the surface of the member being strengthened. The groove is filled with an
epoxy-based paste, and the rod is then placed into the groove and lightly pressed to force the paste to
flow around the rod. The groove is then filled with more paste and the surface is leveled [4].

High tensile strength and stiffness-to-weight ratio, fatigue and corrosion resistance, easy in-situ
feasibility and adaptability, and progressive reduction in production and distribution costs are the main
characteristics that encouraged the diffusion of the FRPs [5]. The FRP is employed to improve the global
behavior in the seismic zone (tying, connections among components, strengthening), to counteract
specific incipient or developed damage (high compression, shear, and/or flexural conditions), and to
repair very specific local weaknesses depending on the peculiar construction typology [4,6–8].

However, the FRPs’ low fire resistance, high sensitivity to ultraviolet radiation when exposed
to the open air, high toxicity, low vapor diffusion, and relatively short shelf life constitute obvious
disadvantages for this retrofitting system [9]. As the executive phase is concerned, it is worth noting
that the laying of the FRP materials must take place on completely dry surfaces, preventing the epoxy
resin from coming into contact with moist parts; otherwise, the adhesion may be compromised.

Most of the drawbacks listed above are mainly related to the epoxy matrix used to embed and
bond the fibers. That material is completely not compatible with the chemical property of the ancient
mortars, leading to a severe breathable issue of the masonry walls. Thus, substituting the epoxy matrix
with a mortar matrix appeared to be the most reasonable solution to improve the overall performance
of externally-bonded composite systems. Furthermore, due to the nature of the FRP installation,
the fracture may be caused in some areas where the masonry wall is not strengthened, particularly in
the case of very brittle masonries, such as the irregular stone masonry.

Presently, the application of Fiber Reinforced Cementitious Matrix (FRCM) may overcome the
disadvantages observed for the FRPs and represents the most favored choices in many projects [10].
Indeed, recent research [9–20] revealed the mechanical efficiency of the FRCM, its resistance to high
temperatures and radiation, high vapor diffusion ability, and the possibility to perform installation
even on a wet substratum.

In the FRCMs, the long fibers are embedded in a mortar matrix capable of ensuring the adhesion
with the support. The function of the fibers is to carry tensile stresses, whereas the function of the
matrix is to encapsulate and protect the fibers and transfer stresses from the mortar or masonry
substrate to the fibers.

In FRCM composite systems, the fiber sheets or fabrics that are typically used in FRP are replaced
with open fabric meshes in which the strands are spaced in both vertical and horizontal directions
forming a bidirectional orthogonal grid. The behavior of masonry walls reinforced by FRCM tested
under diagonal compression can be differentiated in three phases: (i) the load is carried mainly by
the mortar matrix until cracking; (ii) the matrix undergoes a multi-cracking process resulting in the

46



Materials 2020, 13, 3462

transfer of stresses from the matrix to the fibers; and (iii) the load is carried almost exclusively by the
fabric [20].

Despite all advantages that this strengthening system can provide, it is characterized by a long
application procedure that consists of three phases: (i) application of the first layer of mortar on the
panel surfaces; (ii) application of the fiber grids on the panel surface lightly pressing them on the fresh
mortar layer to have the fresh mortar passing through the grid openings; and (iii) application of a
second finishing layer of mortar on the panel surfaces to cover the glass fabric while the previous
mortar layer was still fresh. Even if this procedure can be considered easier than the ones concerned
for the FRPs and concrete plaster, it still represents a limitation.

A common disadvantage of both the FRCMs and FRPs concerns the orientation of the fibers
in specific directions: the FRCMs are characterized by fiber strands oriented in a bidirectional way;
the FRPs are characterized by a prior defined fiber direction (usually along the diagonal and the
edges of the wall). When the stress state is known, the proper use of such composites is expected
to suitably orient the fibers in the direction of the maximum stress to optimize the efficiency of the
material. Fibers activate their characteristics along their axial direction, whereas they have negligible
properties in the other directions [5]. Hence, the composites with long fibers, such as the FRCM or
FRP, are characterized by high resistance only in the direction of the fibers. However, stress may vary
substantially in different load conditions. In particular, tensional states induced by seismic events
do not act in a single and defined direction. In this case, the classic fiber-based systems may not be
really efficient.

Therefore, it is necessary to consider the adoption of a diffuse reinforcement consisting of short
fibers randomly oriented in the mortar matrix (discontinuous-fiber-reinforced composites) to ensure
proper seismic capacity. Short and randomly distributed fibers can overcome the concern related to
the material brittleness and poor resistance to crack initiation and growth [21].

The mechanical characterization of the lime-based mortar reinforced by randomly oriented
short fibers is presented in this work, aiming to investigate the fiber content and the fiber type
(different Aspect Ratio) on the flexural, tensile, and compressive strength as well as the energy fracture.
Beams with dimensions of 160 mm × 40 mm × 40 mm with a central notch were prepared at the
laboratory of the “Aquilaprem S.r.l.” company (L’Aquila, Italy). Then, the specimens were tested at
the LPMS (Laboratorio di Prove Materiali e Strutture) of the University of L’Aquila. First, the samples
were tested in three-point bending configuration. Then, the end pieces of the broken beams with a
size of 80 mm × 40 mm × 40 mm were tested in compression and Brazilian configurations. Such an
experimental procedure was also employed in [22,23]. A final comparison between all the mechanical
properties is proposed and analyzed.

2. Description of the Newly Short-Fibers-Based-Strengthening-System

In recent years, considerable interest has been aroused by different nature of short-fibers (steel,
plastic, glass, cast iron, polypropylene, polyacrylonitrile, polyolefin, etc.) to enhance the mechanical
properties of cementitious materials, characterized by brittle nature with a low tensile strength
and strain capacity [24]. In particular, the use of the fibers is greatly increased especially for
concrete structures (e.g., industrial concrete slabs, structural or nonstructural precast elements and
tunnel coatings).

Incorporation of fibers into cementitious materials can produce materials with increased modulus,
increased strength for high fiber content, decreased elongation at rupture, increased hardness even with
relatively low fiber content, and improvements in cut, tear, puncture, and impact load resistance [25].
The enhancement is mainly ensured by preventing or controlling the initiation and propagation of
cracks [26]. Another advantage concerns the easier execution of structural elements, as compared to
the traditional technology (based on the use of reinforcing bars and/or welded mesh).

The performance of a fiber-reinforced material, although in part related to the elastic properties
of the fibers (depending on their nature), depends on many factors, such as fiber geometry, fiber
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content, fiber dispersion, fiber orientation, and fiber–matrix adhesion. Among the several factors,
the bond behavior at the fiber–matrix interface plays a role of primary importance. Indeed, the ultimate
elongation of the fibers is about 2–3 orders of magnitude higher than the ultimate strain of the mortar
matrix and, therefore, the failure of the mortar matrix takes place before fiber failure. In particular,
the adherence property of the mortar usually increases for high mechanical properties of the mortar,
namely compressive and tensile strengths.

The fibers provide the greatest benefits especially in the softening phase when the maximum
resistance of the material is achieved. In that phase, fibers are arranged astride the damage allowing
the transmission of forces through a “sewing effect” that prevents the brittle collapse of the material (as
one would observe in the absence of fiber reinforcement). Hence, the aspect ratio of the fibers, as well
as their shape (fibers with bent ends, hooked and wavy fibers, etc.), assumes considerable importance
in the load-bearing capacity, when the cracks through the material occur, affecting the anchoring of the
fiber from the matrix and, consequently, yield more efficient the effect of the fiber on the mechanical
behavior of the fiber-reinforced material.

The sewing effect also depends on the number of fibers that are arranged astride the damage.
Therefore, both the fiber content and the fiber distribution in the cement play an important role in the
mechanical behavior of the composite material. Obviously, the higher the fiber content, the higher the
fiber distribution in the cement. Therefore, the higher the fiber distribution in the cement, the higher
the efficiency of the fiber reinforcement. However, it worth noting that high quantities of fibers also
produce a reduction in the fluidity of the fresh product. This aspect should be taken into account in the
mix-design phase.

Despite reinforcement made of short-fibers being a topic that is being studied for several years
from different researchers, no commercial product made of lime-mortar reinforced with short-fibers is
nowadays employed for the strengthening of the existing historical structures.

The idea of using short-fibers embedded in a lime-based mortar matrix for the strengthening
of the walls of the historical stone masonries can be considered as a promising newly reinforcement
system that may ensure an adequate safety level for seismic forces acting in any direction. The new
material was conceived to be compatible with the old constituent material of existing historical
masonry. Indeed, the low compatibility of the cement-based mortar of the classic strengthening
system with the lime-based mortar of the masonry joints yet represents an issue. In several
recent cases, extensive damage occurred to the ancient masonry due to the incompatibility of
the cement-based mortars [27–29]. Current standards [30,31] define cement-based mortars to
be inadequate for strengthening interventions of historical masonries. Natural Hydraulic Lime
(NHL)-based mortars [29,32,33] are considered a promising alternative to cement materials when
high chemical-physical compatibility with historical substrates is strictly required.

The new composite material presents high flexibility in its application methodologies to the
historical masonry structures. Indeed, it can be used as a coating to the masonry surfaces or in
the structural repointing technique. The latter consists of replacing the deteriorated mortar or
filling the missing mortar in the joints by employing the new composite material, allowing both
to enhance the shear capacity of walls and preserve the original aesthetic of the masonry texture.
Indeed, when choosing a retrofit method, its impact on the aesthetics of the building being retrofitted
needs to be evaluated [4]. Aesthetic considerations are fundamental for historic structures. Many
unreinforced masonry buildings are part of the cultural heritage of a determined city or country.
Thereby, the preservation of their aesthetic and architecture is of main importance and retrofit work
should be carried out with the least possible irrevocable alteration to the building’s appearance. It is
recognized that the use of external reinforcing, such as the FRP or the FRCM, can alter the aesthetic of
a masonry wall and resulted as unsatisfactory to retrofit churches and historical buildings after the last
earthquakes in Europe. The use of the structural repointing by using the SFRLM is an alternative to
strengthen masonry walls where aesthetics is an important issue.
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3. Description of the Materials

Here, a description of the experimental investigation performed on the novel composite
material for the retrofitting of masonry structures is presented. That material consisted of a
lime-based mortar reinforced with short-fiber randomly oriented in the mortar matrix. In this study,
zirconia-alkali-resistant glass fibers were employed. In particular, the effect of the aspect ratio of the
fibers (i.e., the ratio between the length and the average diameter of the fibers) and the fiber content on
both the tensile and compressive strengths as well as the workability of the product were investigated.

For the development of the product, the glass fibers were closely selected based on their length � f .
From the literature, it is known that the higher the fiber length, the higher the mechanical properties of
the fibrous-product. However, the long fiber creates a problem in the mixing phase, especially with the
goal to spray the fresh fibrous product as a coating to the masonry surface (the main possible application
of this product), with a consequent loss in the application easiness or the total inapplicability of the
product. Hence, the limit of the fiber length was an important factor considered in the development of
the new material.

The diameters d f of the single yarn of both the glass fiber type were almost the same (ranging
from 0.0135 to 0.014 mm). However, the fibers were originally impregnated with the matrix resin
from manufactures. This has resulted in greater effective diameters of the glass fibers (about from
0.3 mm to 0.5 mm), whose values were not provided by manufacturers. Hence, a measurement
of the effective diameters d∗f of the glass fiber was performed by measuring their diameters by an
electronic micrometer. Actually, the cross-section of the fibers was not perfectly circular and therefore
d∗f represents the diameter of the fiber with an ideal circle cross-section of the fiber.

Table 1 summarizes the geometry (fiber length � f , diameters of the single yarn d f and the
diameters of the strand d∗f ) and the mechanical properties (density ρ f , Young’s Module Ef , tensile
strength ft, f , ultimate strain εu, f and moisture content MC) of the two glass short-fibers (F1 and F2)
used in the experimental campaign (illustrated in Figure 1a,b).

Table 1. Geometrical and mechanical properties of the glass fiber used in the experiments.

Name � f [mm] d f [mm] d∗
f [mm] ρ f ib [kg/m3] E f [MPa] ft, f [MPa] εu, f [%] MC [%]

F1 24 0.0140 0.476 2680 72,000 1700 3.7 0.6
F2 13 0.0135 0.316 2680 72,000 1700 3.7 0.5

Figure 1. Two fiber types used in the experimental campaign: the F1 (a) and the F2 (b).

The following results were obtained by assuming the same values of content of lime (NHL 3.5
content equal to 30% of the total weight of the binder; the remaining 70% was a Portland cementitious
binder), water content (equal to 80% of the binder weight), sieve curve (sand content equal to 65% of
the total weight of the product with size ranging from 0.1 mm to 1.2 mm), and fluidizer content (equal
to 0.2% of the total weight of the product). The natural hydraulic lime mortar was assumed in that
content because it is intrinsically characterized by a higher variability of its mechanical properties [34],
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as compared to the cement. Hence, to better investigate the effect of the fiber type (the F1 and
the F2) and the fiber content F on the mechanical properties of the composite material, authors
decided to assume that lime content aimed to have results characterized by a lower dispersion of the
data. Anyhow, that content was enough to obtain the so-called “lime-based” mortar instead of the
“pure-lime mortar”.

Furthermore, the choice to employ the same mix-design for the reinforced and unreinforced
mortar specimens was also due to the intention to better investigate the effect of the fiber properties.
Therefore, fresh products were characterized by different consistency. In particular, F was assumed
equal to 1.5%, 2.0%, and 2.5% of the total weight of the product (corresponding almost to 1%, 1.3%, and
1.6% of the total volume of the product, respectively) It is worth noting that, even for the unreinforced
samples, the mix design of the product (water content, sieve curve, and content of additives) was the
same as the fiber-reinforced ones. Hence, the enhancement of the mechanical properties of the fibrous
mortar, as compared to the unreinforced mortar, was merely due to the fiber type and fiber content.

For each batch of the product, immediately after the slump test (described in Section 4.1),
three mortar samples measuring 160 mm in length, 40 mm in height, and 40 mm in thickness were
cast according to the standard code EN 1015-11 [35]. Fibers were added during the mixing phase.
The specimens were cast in molds and were kept moist for 48 h in the environmental chambers. Next,
the samples were demolded and left in laboratory conditions (room temperature and ambient humidity
of about 20◦ and 60%, respectively) for 26 days, for a total age of 28 days, before testing in a three
points bending test (Section 4.2). After the 3PBTs, the end pieces of the broken beams were used to
determine their tensile strength (Section 4.3) and compressive strength (Section 4.4).

In particular, a total of 21 mortar specimens were prepared, namely three unreinforced samples
and 18 fibrous mortar samples (three samples for each of the three fiber contents adopted for both the
two fiber types).

4. Methods

4.1. Characterization of the Consistency

The slump test is an empirical method that measures the workability of fresh mortar (or fresh
concrete). More specifically, it measures the consistency of freshly made mortar in a specific batch
of the product that can be subsequently used for the mechanical characterization tests, namely three
points bending test, compressive test, and direct-indirect tensile test. It is a term that describes the
state of fresh mortar. In particular, it is the relative mobility or ability of freshly mixed mortar to flow.
It includes the entire range of fluidity from the driest to the wettest possible mixtures [36]. Consistency
is a term very closely related to workability.

Practical evaluation of the consistency of the paste can be performed according to the procedure
reported in EN 1015-3 [35] and ASTM C1437 [37]. In particular, the so-called slump test consists of
measuring the mean diameter of the fresh mortar, previously cast in a specific steel mold, after 20
strokes of the flow table. The measure of the diameter value of the fresh mortar at the end of the test
represents the “slump” of the product. The higher the slump value, the higher the workability of the
fresh mortar.

4.2. Characterization of the Flexural Strength

To evaluate the enhancement of the innovative fibrous lime mortar material in terms of its flexural
strength as well as its fracture energy, three points bending test (3PBT) was carried out on several
specimens measuring 160 mm in length, 40 mm in height, and 40 mm in thickness. A 2 mm thick notch
(tn) was fabricated on the mortar samples (by using wet sawing) with a depth a of 6 mm, resulting
with a notch to beam depth ratio a/d of 0.15.

The notches were fabricated on the mortar samples to minimize irreversible deformations
outside the fracture zone, avoiding large parts with high stresses outside this zone. For that issue,
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Hillerborg [38] suggested a depth notch of 0.3–0.4 times the beam depth. However, in the present
research, the a/d ratio was chosen equal to 0.15, since the higher values of that ratio would have led to
a larger dispersion of the results because of the presence of the short-fiber.

Indeed, the lower a/d ratio leads to an increase in the number of fibers passing through the
unnotched ligament (d − a). Hence, one can easily understand that, by increasing the number of fibers
passing through the unnotched ligament, less scattering of the results can be obtained. Furthermore,
the a/d suggested by Hillerborg referred to concrete material, in which the ratio between the size of
the fracture plane and the size of the maximum aggregate is different from the mortar case. The final
important reason in the choice of a a/d ratio equal to 0.15 was due to the nature of the material:
lime-based mortar beams would have easily broken during handling in case of deeper notches.

The scheme of the notched beam used for the 3PBT is illustrated in Figure 2a. In particular,
the nominal distance between the supports L was 100 mm, whereas both the width d and the thickness
b were equal to 40 mm. The loading P was introduced at the midspan of the beam. The two rollers at
the bottom allowed for free horizontal movement.

Figure 2. (a) notched beam adopted for the 3PBT; (b) picture of the 3PBT carried out at the LPMS
of L’Aquila.

The three-point bending test was performed on notched beams to determine the maximal tensile
stress σf as well as the fracture energy Gf . Indeed, as described by a Bazant’s work [39], the fracture
energy of quasi-brittle material is a basic material characteristic needed for a rational prediction of
brittle failures of such structures.

Failure of quasi-brittle structures generally consists of numerous micro-cracks that might result in
fracturing of the structures under loads. Thus, a micro-crack in quasi-brittle material may become a
potential source of crack propagation leading to probable catastrophic failure. Definitely, the failure
mechanism can be studied by quantifying the energy consumed in crack propagation and the formation
of new crack surfaces.

In principle, the fracture energy as a material property should be a constant, and its value should
be independent of the method of measurement, various test methods, specimen shapes, and sizes.
However, these variables lead to very different results (e.g., [39–42]).

Despite the scientific interest in chaotic stone constructions, the test method for the determination
of Gf and even its precise definition has been a subject of intense debate among researchers because
it has been found to vary with the size and shape of the test specimen and with the test method
used. The commonly used method for measuring the fracture energy is the work-of-fracture method
recommended by RILEM [43,44], in which the total energy Gf is evaluated by dividing the total applied
energy by the projected ligament area, as follows:

Gf =
W0 + m g δ0

(d − a) b
(1)
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where W0 is the area of the complete load-deflection curve, m is the weight of the beam between the
supports, calculated as the beam weight multiplied by l/L, g is the acceleration due to gravity, δ0 is the
deformation at the final failure of the beam, d is the beam height, b is the beam width, and a is the notch
depth. For stable test performance and to obtain reliable test data, the self-weight compensation [45]
was used.

The flexural stress σf was calculated by using the following equation:

σf =
3 P L

2 b (d − a)2 (2)

For P = PMAX , this equation gives the flexural strength.
The 3PBTs were performed in a displacement controlled hydraulic testing machine, by using

the Zwick Roell test machine of the LPMS (Laboratorio di Prove Materiali e Strutture) of L’Aquila
(Figure 2b). The specimens were loaded at a constant displacement rate of 0.5 mm/min. Both the force
P and vertical mid-span displacement (or deflection) δ were directly recorded through the test machine.

4.3. Characterization of the Tensile Strength

The tensile strength of quasi-brittle material, such as mortar or concrete, can be determined from
different types of tests, namely direct or indirect tensile tests. The direct test concerns the execution of
direct pull tests, whereas the indirect tensile test concerns the execution of splitting tensile tests (also
called the diametrical compression test, split-tension test, and Brazilian test (BT) among other names).

There are many technical difficulties in executing a true tensile strength test. A uniform stress
distribution which makes it possible to calculate the true tensile strength is difficult to obtain.
The method commonly used to determine tensile properties of quasi-brittle material is the flexural beam
test by three-point loading on a beam over a span (the 3PBT described in Section 4.2). The flexural
strength is computed from the bending moment at failure, assuming an ideal straight line stress
distribution according to Hooke’s law. However, the calculated flexural strength may be higher than
the true tensile strength [46].

Many attempts have been made to find a substitute for the 3PBT and the splitting tensile test of a
cylindrical specimen may be the solution to the problem [47]. The splitting tensile strength test method
has many merits compared with the direct tensile test method; for example, it can be conducted much
more easily and the scatterings of the test results are very narrow. The BT is straightforward and
economic and can be used on cylindrical specimens (fabricated in molds or extracted concrete cores)
or flat disk-shaped specimens as well as cubes or prisms [48]. In addition, the test can be performed
with the same machine that is used to perform direct compression tests, and samples identical in shape
and geometry as those used in direct compression can be employed. The BT is useful to experiment
brittle or quasi-brittle materials that have a much greater compression strength than their tensile
strength and that are susceptible to brittle ruptures. Researchers have indicated that, among the three
testing methods (direct tensile, splitting tensile, and flexural tests), the splitting tensile test gives the
most accurate measurement of the true tensile strength of mortar or concrete materials in a wide
strain rate [48].

In the BT, the sample is compressed with load concentrated on a pair of antipodal points. In this
way, tensile stress is induced in the direction perpendicular to the applied load, and it is proportional
to the magnitude of the applied load.

When the induced stress exceeds the tensile strength, fracture initiates at the geometric center of
the sample. In agreement with the Griffith criterion [49], the exact center of the sample is the only point
at which the conditions for failure under tension are satisfied because, in this site, the tensile stress
equals the uniaxial strength of the tested material. Indeed, the BT result is accepted if fracture initiates at
the center of the sample, and in this case, the measured value is representative of the tensile strength of
the tested material. In the BT, the specimen must fail along the vertical line between compression points;
otherwise, the observed failure mode is considered invalid. In the case of unreinforced specimens,
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the test typically ends with a sudden failure of the specimen when it reaches the maximum load due
to the propagation of an unstable crack. Since its invention, the BT has motivated a wide variety of
studies. One can gain an idea of its impact if one considers that the use of concrete test specimens has
been standardized into norms in various countries, such as UNI EN 12390-6, ASTM C-496. However,
the BT is far from a universal test, and it is unknown whether a geometric configuration exists that
favors effective, robust testing that is less sensitive to other experimental parameters [50].

In the present research, to obtain the tensile strength of the mortar specimens, instead of
performing a direct tension test, which is of needless difficulty, Brazilian Tests (BT) (ASTM C496) were
conducted using 40 mm × 40 mm × 80 mm prismatic mortar specimens obtained from the two-half
specimens tested in 3PBT (see Figure 3a,b).

Figure 3. (a) scheme employed for the Brazilian test (BT); (b) picture of the BT carried out at the LPMS
of L’Aquila.

The tensile stress ft was calculated by using the following equation:

ft =
2 P

π b d
(3)

By Equation (3), one can compute the tensile strength when P = Pmax. The BTs were performed
in a displacement controlled hydraulic testing machine, by using the Zwick Roell test machine of the
LPMS of L’Aquila. The specimens were loaded at a constant displacement rate of 0.5 mm/min. Both
the force P and vertical mid-span displacement (or deflection) δ were directly recorded through the
test machine.

4.4. Characterization of the Compressive Strength

To have a complete overview of the mechanical behavior of the fibrous lime mortar material, the
Compression Tests (CT) were also carried out to obtain the compressive strength of the specimens.
In particular, the tests were performed on 40 mm × 40 mm × 80 mm prismatic mortar specimens
obtained from the two-half-length specimens result from 3PBT after testing the full-length specimen
(Figure 4).

The distributed load P was applied on a squared area of 40 mm, while the specimens were placed
on a squared area of 40 mm. One can compute the compressive stress by using the following equation:

fc =
P

b L′′ (4)

By Equation (4), one can compute the compressive strength when P = Pmax. Moreover, the vertical
strain εv is computed by the following equation:

εv =
δ

d
(5)
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The CTs were performed in a displacement controlled hydraulic testing machine adopting a
constant displacement rate of 1 mm/min. Even in this case, both P and δ were directly recorded by the
test machine.

Figure 4. (a) scheme employed for the Compression Test (CT); (b) picture of the CT carried out at the
LPMS of L’Aquila.

5. Results and Discussion

In Figure 5, one can observe the results of the slump tests carried out for the mortar specimens
strengthened by the F1 and the F2 fibers. In that figure, the slump value is related to the fiber content F
adopted in the mix-design of the fibrous mortar. It is worth noting that a linear variation of the slump
(indicated by the dotted lines) was assumed from the case of the unreinforced mortar (F = 0%) to the
reinforced mortar with the content fiber of 1.5% as no tests were carried out by using fiber content in
that range (0%–1.5%).

Figure 5. Slump measured for the F1 and the F2 fibers by varying the fiber content F.

As expected, in Figure 5, one can observe a decrease in the slump value by increasing the fiber
content. This trend can be observed for both the fiber types. For the F1 case, one can see that no strong
differences in terms of slump can be noted by comparing the unreinforced samples (F = 0%) and
the F = 1.5% case. This means that a significant compaction effect of the F1 fiber on the mortar matrix
can be achieved only with fiber content higher than 1.5%. This is obviously related to the content of
additives introduced in the product to increase its workability. Indeed, for lower additive content,
one would observe a higher reduction of the slump value even for F lower than 1.5%. Moreover,
in Figure 5, one can instead observe an almost linear decrease in the slump value for the F2 case by
increasing the fiber content.

Results plotted in Figure 5 indicate that the F1 fiber leads to higher workability of the product
(higher slump value), as compared to the F2 one. This trend can be observed for all the fiber content F.
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The large difference in the results plotted in Figure 5 between the two fiber types may be mainly
due to their different aspect ratio AR. Indeed, for the same F, a higher value of the AR leads to a lower
number of fibers per unit volume of the product, and vice-versa.

In particular, the volumes of the single fiber strands were 4.269 mm3 (0.4762π/4 × 24) and
1.019 mm3 (0.3162π/4 × 13) for the F1 and F2 fibers, respectively. It is worth noting that the density
of the two fibers was the same (2680 kg/m3). Hence, at the same fiber content, the F2 fiber ensured
almost four times the number of the fiber strands into the matrix of the mortar specimens, as compared
to the F1. Therefore, due to the lower number of fibers, the F2 fiber allowed a higher compaction effect
on the mortar matrix, as compared to the F1 fiber. This was reflected in the workability of the product:
the lower the number of fibers, the higher the workability of the product.

Furthermore, the trend of Figure 5 may be influenced by the absorption level of the two types of
fibers since they were produced by different manufacturers and different types of primers may have
been employed for them. In particular, the moisture content (MC) declared from the two manufactures
is equal to 0.6% and 0.5% for the F1 and F2 fibers, respectively, where MC is defined as the weight
of water in a material express as a percentage of the total weight of the material (for more details on
the effect of moisture content on the mechanical properties of glass fiber, the reader is referred to a
recent study [51]). Hence, F1 fiber tends to absorb slightly more water than the F2 fiber. Despite this
difference, the workability of the fresh mortar with F1 fiber is higher than the one with F2. Definitely,
the higher workability obtained for the F1 fiber is mainly related to other factors, such as the number
of the fibers into the mortar (depending on the fiber geometry).

Figure 6a shows the relation measured between the flexural stress σf and the deflection δ obtained
for the unreinforced mortar specimens under three-point bending tests (3PBT). Plots are referred
to three tests. The mean value of the maximum flexural stress is equal to 2.9 MPa. Moreover, one
can observe an almost perfect brittle behavior after the achievement of the maximum flexural stress.
Indeed, the σf suddenly drops after that point.

Figure 6b–d show the σf –δ plots obtained for the mortar specimens reinforced by the two fiber
types (F1 and F2) tested under 3PBT by assuming different fiber content F (1.5%, 2.0%, and 2.5%).
Plots are referred to a number of three tests for each fiber type and fiber content. One can see that,
for F = 1.5% and F = 2.0%, no strong differences can be noted between the two different fiber types
(F1 and F2) in terms of flexural strength. On the contrary, for the higher fiber content (F = 2.5%), one
can see that the F1 fiber leads to higher flexural strength, as compared to the F2 fiber. From those
figures, it is clear that the F1 fiber leads to higher energy fracture for all the fiber content, as compared
to the F2 fiber.

For a better interpretation of the effect of both the fiber content and fiber type on the mechanical
properties of the composite material, one can see Figure 7a,b. In particular, Figure 7a shows the
variation of the flexural strength σf , computed by using the equations Equation (2), as a function of
the fiber content F. One can see that, for lower fiber content (F = 1.5%), no differences can be noted
between F1 and F2. Then, for higher values of fiber content (F = 2.0% and F = 2.5%), one can see
different results by comparing the two fiber types. In particular, for the F1 case, one can observe a
gradual increase in the flexural strength up to achieve almost 15 MPa (when F = 2.5%). Instead, for the
F2 case, a high increase in the flexural strength is observed from F = 1.5% to F = 2.0%, whereas one
can observe a slight difference by comparing the case of F = 2.0% and F = 2.5%.

In general, from Figure 7a, one can see the benefit of the fiber content on the flexural strength
albeit the variability of the results may be affected by many factors (i.e., specimens properties and
failure mode).
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Figure 6. Flexural stress σf related to the vertical displacement δ measured in the 3PBT for: (a) the
unreinforced case (NF). Reinforced cases by assuming two fiber types (F1 and F2) with fiber contents
equal to (b) 1.5%; (c) 2.0% and (d) 2.5%.

Figure 7b shows the variation of the fracture energy Gf , computed by using the Equation (1), as a
function of the fiber content. Respect to the results noted in terms of σf , one can observe a clearer trend
in terms of Gf . For all the fiber content, one can see that the fracture energy computed for the F1 is
more than two times the one computed for the F2. This is due to the higher contact surface of the F1
fiber with the mortar matrix. Indeed, the higher fiber length as well as the higher diameter of the F1
ensured a higher bond behavior (adherence level) at the fiber–mortar interface, as compared to the
F2 fiber.

Figure 7. (a) flexural strength σf and (b) fracture energy Gf measured in the 3PBT for two fiber type
(F1 and F2) with different fiber content.

Figure 8a shows the relation measured between the tensile stress ft and the deflection δ obtained
for the unreinforced mortar specimens under Brazilian Tests (BT). Plots are referred to two tests (one
specimen was broken before testing). The mean value of the tensile strength is equal to 2.0 MPa. It is
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worth noting that the flexural strength computed in the 3PBT was equal to 2.9 MPa, which is 1.45 times
higher than the tensile strength.

Figure 8. Tensile stress ft related to the vertical displacement δ measured in the BTs for: (a) the
unreinforced case (NF). Reinforced cases by assuming two fiber types (F1 and F2) with fiber contents
equal to (b) 1.5%; (c) 2.0% and (d) 2.5%.

As already observed for the unreinforced specimens tested in 3PBT, one can observe an
almost perfect brittle behavior. Indeed, ft suddenly drops after the achievement of the maximum
tensile strength.

Figure 8b–d show the ft–δ plots obtained for the fiber-reinforced mortar specimens tested under
Brazilian Test (BT) by varying the fiber content therein the mortar matrix. Plots are referred to three
tests (except the case of F = 2.0% with the F1 fiber, for which two tests are presented).

For a better interpretation of the effect of both the fiber content and fiber type on the tensile
behavior of the composite material, one can see Figure 9. In particular, that figure shows the variation
of the tensile strength ft, computed by using the Equation (3) for P = Pmax, as a function of the
fiber content.

One can see that higher values of tensile strength can be noted for the F2, as compared to the F1,
for all the fiber content F. In particular, for the F2 case, one can observe a gradual increase in the tensile
strength up to achieve almost 4 MPa for F = 2.5%. It is worth noting that, for the same fiber content,
a flexural strength equal to 11.4 MPa (2.85 times the ft value) was computed for the 3PBT. Instead,
for the F1 case, one can observe no differences in the tensile strength between the F = 1.5% and the
F = 2.0% cases, in which ft is equal to 2.5 MPa. Then, an increase in ft is observed for F = 2.5%,
in which ft is equal to 3.2 MPa. By comparing that value with the flexural strength computed for the
same fiber content (F = 2.5%), one can see a high difference (σf is 4.8 times the ft value).

In general, from Figure 9, one can see the benefit of the fiber content on the tensile strength. It is
worth noting that the F2 fiber type leads to the higher tensile strength though it was characterized by
the lower fiber length and lower AR, as compared to the F1 fiber. This may be due to the number of
fibers that the F2 fiber type ensured respect to the F1 one, at the same fiber content. Indeed, a higher
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number of fibers lead to higher compaction of the mortar matrix (as discussed for the results of Figure 5)
as well as a higher number of the fiber over the entire projected ligament area, where cracks develop.

Figure 10a shows the relation measured between the compressive stress fc and the vertical strain
εv obtained for the unreinforced mortar specimens under Compression Test (CT). Plots are referred
to four tests. Each test was interrupted at 40% of the maximum load in the post-peak behavior. One
can compute a mean value of the compressive strength equal to 18.1 MPa. Moreover, one can observe
a typical softening curve of quasi-brittle materials. Indeed, for all the curves, one can see that the
compressive stress suddenly drops after the achievement of the maximum stress.

Figure 10b–d show the fc–εv plots obtained for the fiber-reinforced mortar specimens tested under
Compression Test (CT) for different fiber content F. All the plots are referred to three tests. In general,
from these results, one can see that the enhancement of the compressive strength due to both the
fiber type and fiber content is more and more limited, as compared to the contribution offered by
the fibers in the other mechanical properties. Furthermore, one can observe a large scattering of the
results. In particular, an increase in the scattering of the results can be observed by increasing the fiber
content. This trend was in line with what was expected. Indeed, the higher fiber content leads to lower
homogeneity of the product with a consequent increase of the scatter in the results.

Figure 9. Tensile strength ft measured in the BTs for two fiber type (F1 and F2) with different
fiber content.

For a better interpretation of the effect of both the fiber content and fiber type on the compressive
behavior of the composite material, one can see Figure 11. In particular, this figure shows the variation
of the compressive strength fc, computed by using Equation (4) for P = Pmax, as a function of the
fiber content.

As compared to the other results obtained for the 3PBT and the BT, the trends of the results
obtained for the CT are less clear. Indeed, for the F1 case, one can see that, by increasing the fiber
content from F = 1.5% to F = 2.0%, a reduction of the mean compressive strength is observed.
The same unusual trend was also observed for the F2 case by increasing the fiber content from
F = 2.0% to F = 2.5%. However, from a general point of view, one can see a clear increase in the
compressive strength of the fiber-reinforced mortar as compared to the unreinforced case.

A final comparison of the results obtained by the three-point bending test (3PBT), Brazilian test
(BT), and compression test (CT) is proposed in Figure 12a–d. In particular, this figure shows the increase
(in percentage) in the flexural strength σf , fracture energy Gf , tensile strength ft and compressive
strength fc, as compared to the unreinforced case. One can see that the best benefit in introducing
fiber therein the mortar matrix is observed in terms of the fracture energy (up to almost 2500% for
the F1 case and 1000% for the F2 case). Excellent increase in the flexural strength can also be noted
(up to almost 450% for the F1 case and 300% for the F2 case). As compared to the other mechanical
properties, a lower increase in the tensile strength and especially in the compressive strength can be
observed (less than 100% for all the cases).
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Figure 10. Compressive stress fc related to the vertical deformation εv measured in the CTs for: (a) the
unreinforced case (NF). Reinforced cases by assuming two fiber types (F1 and F2) with fiber content
equal to (b) 1.5%; (c) 2.0%, and (d) 2.5%.

Figure 11. Compressive strength fc measured in the CTs for two fiber type (F1 and F2) with different
fiber content.

It is worth noting that the variability of the results may be caused by many factors: specimen
properties irregularity of the cross-section, the presence of micro-cracks, misalignment of the samples
with respect to their mid-thickness, different thickness of the specimens, the randomness of the fibers,
and last but not the least the spatial randomness of material properties. Hence, it was normal to
observe a large dispersion of the results (that is obviously higher for the fibrous materials).

Definitively, despite the F2 fiber ensured, in most cases, the higher flexural, tensile,
and compressive strengths, its energy fracture was clearly smaller, as compared to the F1 fiber. This
result highlighted the importance to investigate the softening behavior of fibrous mortar specimens.
Hence, the F1 fiber is more recommendable for the retrofitting system as compared to the F2 fiber.
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Table 2 summarizes the mean and standard deviation values of the flexural strength, fracture
energy, tensile strength, and compressive strength computed for the new composite material by
assuming different fiber type (F1 and F2) and different fiber content (F = 0%, 1.5%, 2.0%, and 2.5%).

Table 2. Mechanical properties of the lime-based mortar reinforced by two types of short-fibers (F1
and F2) with different fiber content F.

Name F [%] σ f [MPa] Gf [N/mm] ft [MPa] fc [MPa]

NF 0 2.9 ± 0.71 0.32 ± 0.3 2.0 ± 0.1 18.1 ± 2.4
F1 1.5 7.0 ± 0.9 5.0 ± 1.0 2.5 ± 0.3 23.4 ± 0.5
F1 2.0 9.2 ± 0.9 6.3 ± 1.0 2.5 ± 0.3 22.2 ± 2.4
F1 2.5 15.4 ± 0.9 7.1 ± 0.8 3.2 ± 0.7 27.7 ± 4.5
F2 1.5 7.3 ± 1.5 1.9 ± 0.6 2.9 ± 0.5 24.5 ± 3.5
F2 2.0 11.0 ± 1.1 2.7 ± 0.4 3.3 ± 0.2 25.7 ± 6.4
F2 2.5 11.4 ± 0.8 2.9 ± 0.3 4.0 ± 0.3 25.2 ± 1.9

Figure 12. Increase in the mechanical properties (flexural strength σf , fracture energy Gf , tensile
strength ft and compressive strength fc) with respect to the unreinforced case by varying the fiber
content. Figure also shows the comparison between the two fiber types (the F1 and the F2).

6. Conclusions

Fiber Reinforced Mortar has proven on more than on occasion that it can increase the strength,
ductility, and toughness of plain mortar. This study was not presented just to prove this point.
The ultimate goal was to understand how various types of fibers and their content affect the same
mortar type and to consider these fibers in binders more closely related to material compositions of
historical mortars, namely the lime-based mortar. In particular, three fiber contents were investigated:
1.5%, 2.0%, and 2.5% of the total weight of the product (corresponding almost to 1%, 1.3%, and 1.6% of
the total volume of the product, respectively). Experimental results showed that the contribution of
diffuse short fibers greatly increased (almost proportionally to their content) the mechanical properties
of the lime-mortar. In particular, the fracture energy was the mechanical property that most benefited
from the use of short fibers up to about 2500% (for fiber content equal to 2.5%), as compared to the
unreinforced case. This value was computed for the fiber characterized by the longer length (24 mm).
For the lower fiber length (13 mm), it was computed an energy fracture of about 2–3 times less. Then,
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for the highest fiber content, the maximum increase in the flexural and tensile strengths was about
450% and 100%, respectively. The mechanical property less affected by the fiber contribution was the
compressive strength as its maximum increase was only about 50%.

It is worth noting that the long fiber strands used in the classic fiber-based strengthening
system (namely, the FRCMs and the FRPs) have mainly the function of carrying tensile stresses.
Hence, the results obtained for the new composite material are important as it can significantly
increase both the strength and ductility of the mortar material. Definitely, the new material can
ensure physical-chemical compatibility with the special characteristics of the historical masonries
and also increasing their strength and ductility, by standing as a promising alternative to the classic
fiber-reinforcing systems.

The overriding wish of the authors is to boost the use of sustainable materials and reduce the
impact of the intervention in the strengthening of historical masonries. To do so, they will focus
their next research on the mortars made with vegetable resins, natural yarns such as sisal, hempen,
and similar, also using recycled materials.
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Abstract: Shrinkage-reducing agents have been developed to mitigate shrinkage and to control cracks
in concrete. This study aims to evaluate the impact of a newly developed shrinkage-reducing agent
(N-SRA) on concrete properties and to compare its properties with a conventional shrinkage-reducing
agent (C-SRA). The hydration rate, compressive strength, splitting tensile strength, shrinkage,
occurrence of cracking, and freezing and thawing were investigated. N-SRA showed higher surface
tension than C-SRA and reduced shrinkage to the same degree as C-SRA with half the dosage of
C-SRA. The addition of N-SRA or C-SRA did not influence the early compressive strength but slightly
reduced splitting tensile strength at seven days. Concrete with N-SRA showed higher compressive
strength at 28 days than those of concrete with C-SRA or without SRA. Furthermore, concrete with
N-SRA extended the period for the occurrence of shrinkage cracking under restrained conditions.
It was found that N-SRA provided excellent freezing and thawing resistance because of the formation
of good air voids, while C-SRA demonstrated inefficient behaviour in such an environment.

Keywords: shrinkage-reducing agent; compressive strength; splitting tensile strength; freezing and
thawing; spacing factor

1. Introduction

Shrinkage is a common problem in concrete, when it is not properly handled. Shrinkage causes
cracking, accelerates ingress of deleterious ions (chloride, sulphate, etc.), and eventually leads to failure,
thereby shortening the service life of concrete structures. A possible way to mitigate shrinkage-induced
cracking in concrete is to add a special type of organic chemical admixture called shrinkage-reducing
agent (SRA) to the concrete mixture. The practice of using SRA, a class of surfactants, was initiated
in Japan in the 1980s and is now available worldwide [1]. Conventional SRA is a polyoxyalkylene
with or without a hydrophobic group at the end (e.g., a blend of propylene glycol derivatives [2],
2-butoxy ethanol with four ethylene oxide adduct [3]), and forms micelles in aqueous solution due to
amphiphilic molecules [4,5]. Various studies have been conducted on the performance of conventional
SRAs for shrinkage reduction [2–13].

When the water in hardened concrete evaporates, a meniscus is formed at the air–solution interface
of the capillary pore when the surrounding humidity is lower. Consequently, the surface tension in
the meniscus pulls the pore walls inward causing shrinkage in the concrete. However, the addition
of conventional SRA to the concrete mixing water lowers the surface tension (to approximately
40 dynes/cm) of the pore solution in the hardened concrete, resulting in a reduction in the drying
shrinkage. The conventional SRA remains in the pore system even after the concrete hardens, and it
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continues to reduce the surface tension effect that contributes to drying shrinkage. It has been reported
that, in addition to reducing the pore solution surface tension, the conventional SRA has several
other beneficial effects [5,14–16]. Conventional SRA helps to reduce the capillary stress formed by
autogenous shrinkage and the associated restrained shrinkage cracking in high-strength concrete
with low water-to-cement ratio [5]. The conventional SRA shows a lower weight loss in concrete,
indicating the prevention of water evaporation. Moreover, conventional SRA exhibits the absence of
autogenous shrinkage [6] and resistance to restrained shrinkage cracking, through extended time to
cracking [2] and shallower crack width [8,17], when compared to concrete without SRA. It has also
been reported that SRA significantly improves durability by reducing sorptivity and wetting moisture
diffusivity [16] and increasing the pore solution viscosity, which can reduce the diffusion coefficient of
ions [15]. Nevertheless, conventional SRA also shows some negative effects, such as a slight decrease
in the early age compressive and flexural strengths [5–8], a delay in setting [5,6,17,18], and freezing
and thawing damage depending on the air void system [19].

Although most studies suggest that lowering the surface tension of the pore solution is the main
mechanism for the shrinkage reduction by conventional SRA [2–9], recent studies have shown that the
shrinkage-reduction mechanism of SRA is very complicated, and that lowering the surface tension is
not the only reason for shrinkage reduction [9,16,20]. An increasing number of studies have focused
on the development of new types of SRA to overcome the negative effect of conventional SRA and
to enhance its performance and economic efficiency. Therefore, in this study, a newly developed
shrinkage-reducing agent (N-SRA) was introduced, and its properties and performance were compared
with those of a conventional SRA. Finally, the acting mechanism of N-SRA is discussed.

2. Experimental

2.1. Materials

Ordinary Portland cement (OPC) manufactured by Taiheiyo cement corporation was used in this
study. The chemical composition and physical properties of OPC are given in Table 1.

Table 1. Chemical composition and physical property of cement.

Mineral Composition (%)

C3S 56
C2S 18
C3A 9

C4AF 9

Loss on ignition 1.91
Specific surface area 3300 cm2/g

Density 3.16 g/cm3

N-SRA is a newly developed, completely water-soluble polymer consisting of hydrophilic
monomers with an optimal molecular weight. The design concept of N-SRA itself does not form
a micelle in the pore solution of hydrated cement. A commercial polyoxyalkylene-type SRA called
C-SRA was used for comparison. C-SRA is five-molar ethylene oxide and one-molar propylene oxide
adduct to a methyl alcohol based on 1H NMR analysis. Generally, the structure of C-SRA, which has
hydrophilic group as well as hydrophobic group, is called amphiphilicity, which is widely used as
a surfactant in industry.

The hydrodynamic radius (RH) was determined by dynamic light scattering (DLS) method using
a Zetasizer Nano ZSP (Malvern Instruments Ltd., Malvern, UK). The hydrodynamic radius was
calculated by the Stokes-Einstein equation, which defines the relationship between the hydrodynamic
radius of a sample and its diffusion rate due to Brownian motion. The sample concentration was
0.5 wt.% in the solution, and the measurement temperature was set to 25 ◦C. The pore solution of
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hydrated cement was synthesized by dissolving the following amount of chemicals: 1.72 g/L CaSO4:
2H2O, 6.959 g/L Na2SO4, 4.757 g/L K2SO4, and 7.12 g/L KOH (pH = 13.1). The determined RH in the
simulated pore solution was 9 nm and 459 nm for N-SRA and C-SRA, respectively. The results suggest
that N-SRA is sufficiently dissolved. On the other hand, C-SRA is agglomerated and formed micelles
due to hydrophobic association via the salting-out effect.

2.2. Casting and Testing of Concrete

The concrete mixture proportions and properties of the fresh concrete are summarised in Table 2.
The starting materials were selected in accordance with JIS A 5308, and the concrete formulations
were determined as reference to JIS A 6204. Figure 1 shows the aggregate grading curves used in
the preparation of concrete. Concrete made with C-SRA and N-SRA are denoted as Concrete-C and
Concrete-N, respectively. Concrete without SRA is used as the reference. The SRA dosage was 2%
and 1% by weight of cement (% by weight of cement (BWOC)) for C-SRA and N-SRA, respectively.
The concrete was cast with a dual-axle revolving-paddle mixer with a capacity of 50 L. First, cement,
fine aggregates, and coarse aggregates were mixed without water for 10s. Second, water with
superplasiticiser (SP), Air-entraining (AE) agent, defoamer, and N-SRA or C-SRA were added, and
mixed for 1 min. Mixing was then stopped to scrape the mortar off the mixer wall, followed by another
mixing for 1 min. A polycarboxylate ether type superplasticizer (MasterGlenium SP8SV, BASF, Tokyo,
Japan) was used as the SP, and its dosage was adjusted to obtain the target slump value of 18 ± 2 cm.
It should be noted that the SP dosage for the concrete with N-SRA was lower than that in the concrete
with C-SRA because N-SRA has a slight water-reducing effect. The air content was controlled to the
range of 4.5 to 5.5 vol.% by using both AE agent and defoamer. Both coarse and fine aggregates were
used in the saturated surface-dry condition. The amounts of SP, SRA, AE agent, and defoamer were
subtracted from the amount of mixing water.

Table 2. Proportions, constituents, and properties of concrete mixtures.

Reference Concrete-N Concrete-C

Coarse aggregate (kg/m3) 939 939 939
Fine aggregate (kg/m3) 853 853 853

Cement (kg/m3) 309 309 309
Water (kg/m3) 170 170 170

Superplasticizer (% BWOC) 0.80 0.30 0.80
N-SRA (% BWOC) 0 1.0 0
C-SRA (% BWOC) 0 0 2.0

w/c 0.55 0.55 0.55
Slump (cm) 19.0 18.5 19.0

Slump flow (cm) 290 285 295
Air (%) 5.5 5.4 4.9

Spacing factor (μm) 316 283 439
Setting time: Initial (h) 6:00 6:45 6:40

Final (h) 8:15 9:15 9:15

The workability of concrete and the air void content in concrete were determined in accordance
with Japanese Industrial Standard JIS A 1101 (the slump test) and JIS A 1118 (air content: a pressure
method), respectively. The air void characteristics of concrete were also identified using an air void
analyser (AVA, Germann Instrument, Copenhagen, Denmark) [21]. The size distribution of air bubbles
can be measured through the buoyancy changes of the air bubbles by Stokes’ law. Initial and final
setting times were determined in accordance with JIS A 1147. The fresh concrete was cast into the
formworks, covered by plastic sheeting, and stored at 20 ◦C until further experiments.
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Figure 1. Grading curves for fine and coarse aggregates.

2.3. Measurement of Hardened Concrete Properties

Standard test methods were adopted to determine the hardened concrete properties such as free
shrinkage strain (JCI-TC083A, formwork: JIS A 1132), compressive strength (JIS A 1108, formwork:
JIS A 1132), splitting tensile strength (JIS A 1113, formwork: JIS A 1132), and freeze–thaw resistance
(JIS A 1148, formwork JIS A 1132). To measure the free shrinkage strain, a strain gauge (PLT-60-5LT,
Tokyo Sokki Kenkyujo Co., Ltd. Tokyo, Japan) was placed inside the formwork. Restrained shrinkage
cracking test was conducted according to the shrinkage crack evaluation test method for concrete,
which was proposed by the Japan Concrete Institute (Figure 2).

Figure 2. Schematic diagram of specimen for restrained shrinkage cracking test.

2.4. Cement Hydration

The heat generated during cement hydration was quantified using a conduction calorimeter (TAM
Air, TA Instruments, New Castle, UK) at 20 ◦C. A cement paste with a water-to-cement ratio (w/c) of
0.5 and N-SRA dosage of 1% BWOC was used for the measurement.

For the XRD-Rietveld analysis, cement paste with w/c ratio of 0.5 was prepared using Hobart
mixer N50. Initially, water was added to cement, and mixed for 30 s. Mixing was then stopped to
scrape cement paste off the wall, followed by another mixing for 3 min. N-SRA was added to the
mixing water and its amount was subtracted from the amount of mixing water. The prepared cement
slurry was stored in a plastic bottle and agitated with a spatula at intervals of 1 h for 7 h to prevent
bleeding. The cement slurry was poured into a settled formwork (ϕ 50 mm × height 10 mm) and
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sealed with a plastic sheet and then stored for 24 h at 20 ◦C. Afterwards, it was demoulded and cured
in water. Specimens were taken after three and nine weeks of hydration and were broken into pieces
using a hammer. Five grams of the obtained powder sample was mixed with 50 g acetone for 24 h to
stop the hydration. After acetone was completely removed by suction filtration, the samples were
stored at 40 ◦C for 6 h before the hydration rate was measured.

The XRD patterns were analysed using a Rigaku MultiFlex X-ray generator (Tokyo, Japan) with
CuKα radiation ranging from 5◦ to 70◦ (2θ) at a scanning rate of 6.5◦ (2θ) per min and a step size
of 0.02◦ (2θ). In addition to the qualitative phase analysis by XRD, the Siroquant-Rietveld program
was used to quantify the phases generated in the solids. The quantitative phase analysis by XRD is
abbreviated as Q-XRD. Based on Q-XRD and the measurements of weight loss on ignition, the weight
of HCP in percentage can be converted to mass in grams. Loss on ignition was conducted by heating
reacted solids to 950 ◦C for 2 h, and the weight loss of the solids due to heating was calculated.
Hydration degree of hydrated cement by XRD was calculated according to [22].

3. Results

3.1. Surface Tension of SRA

The hydrophile-lipophile balance (HLB) value was calculated according to Griffin’s method [23]:

HLB = 20 ×Mh/M (1)

where Mh is the molecular mass of the hydrophilic portion of the molecule and M is the molecular
mass of the total molecule. The calculated HLB values for N-SRA and C-SRA were 18.9 and 14.2,
respectively. Therefore, N-SRA is more hydrophilic, which does not lower the surface tension in
the aqueous solution. To confirm this, the surface tension of the liquid phase was determined using
a Lauda tensiometer. The measurements were conducted at 0.01, 0.05, 0.5, 1.0 and 5.0 wt.% aqueous
solutions of SRAs at 20 ± 3 ◦C by the du Nouy method using a platinum ring. The experimental results
are shown in Figure 3. The obtained results for C-SRA are consistent with the results reported in the
literature [5,9]. Furthermore, the surface tension of N-SRA is higher than that of C-SRA, which agrees
with the theoretical prediction.

Figure 3. Surface tension of newly developed (N-SRA) and conventional (C-SRA) shrinkage-reducing
agent in deionic water.
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3.2. Concrete Properties

The measured setting times are tabulated in Table 2. There was no significant difference between
N-SRA and C-SRA, indicating that both SRAs slightly delay the setting time by 45 min to 1 h
(see Table 2). The initial heat evolution of cement hydration with N-SRA is slower than that of the
reference (see Figure 4), which is attributed to the delay in setting time of N-SRA. The compressive
strength and spilling tensile strength of concrete consisting of SRA were compared with those of
the reference concrete in Figure 5. This demonstrates that the strength continues to develop with
hydration. The results showed that the addition of SRA does not affect the early compressive strength
of concrete, but it slightly reduces early splitting tensile strength. Furthermore, concrete with N-SRA
shows somewhat higher compressive strength of concrete at 28 days in comparison to the concrete
with C-SRA or reference concrete.

Figure 4. Calorimetric curve during the initial cement hydration.

Figure 5. (A) Compressive strength and (B) splitting tensile strength of concrete with N-SRA and
C-SRA compared with reference.
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In order to understand the strength development behaviours of the samples, the total hydration
degree of cement in the cement pastes with N-SRA and without SRA at curing periods of three and
nine weeks was determined by XRD analysis. The results are shown in Figure 6. The hydration degree
of cement for the concrete with N-SRA was almost the same as that of the reference until nine weeks.
This suggests concrete with N-SRA achieved approximately the same later-age concrete strength
(even after 28 days) as the concrete without SRA.

Figure 6. Total hydration degree of cement paste hydrated for three and nine weeks with and
without N-SRA.

3.3. Concrete Shrinkage

The free shrinkage strain of concrete with N-SRA (Concrete-N) and C-SRA (Concrete-C) as
a function of time are shown in Figure 7. Inclusion of SRA reduced the shrinkage by approximately
50% compared to that of the reference. Both N-SRA and C-SRA showed the same degree of shrinkage
reduction, despite the fact that N-SRA required only half the dosage of C-SRA. However, N-SRA was
ineffective at reducing surface tension (Figure 3). Figure 8 shows the restrained stress of the reinforced
steel in the concrete specimen as a function of the drying age. The results were obtained for two
specimens in each case. The restrained stress of concrete also increases with that of the reinforced steel
bar, and concrete cracking occurs when the restrained stress exceeds a specific fracture criterion such
as the tensile strength of concrete. When compared to the others, concrete with N-SRA resists cracking
for a longer period. Based on the results shown in Figure 8, the time required for the concrete to crack
was determined, and the impact of SRAs on the occurrence of shrinkage cracking is shown in Figure 9.
The cracking time was the average of two measurements. The determined cracking time was 13.8 days
for reference, 32.0 days for Concrete-N, and 24.9 days for Concrete-C, indicating that N-SRA reduces
the shrinkage cracking of restrained concrete.

The restrained shrinkage stress of concrete when cracking occurred was calculated from the
restrained stress of reinforced steel as follows:

σc = (Es × εs × As)/Ac (2)

where σc is the restrained stress of concrete when cracking occurs (MPa), Es is the elastic modulus of
restrained steel (MPa), εs is the restrained stress of reinforced steel when cracking occurs, As is the area
of restrained steel (mm2), and Ac is the area of the concrete specimen (mm2).

71



Materials 2020, 13, 3018

Figure 7. Free shrinkage strain of N-SRA and C-SRA.

Figure 8. Relationships of restrained stress of reinforced steel and drying age. (A) Specimen 1
(B) Specimen 2.

Figure 9. Resistance to restrained shrinkage cracking for concrete with N-SRA or C-SRA.
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The calculated restrained stresses when cracking occurred were 2.0, 2.2, and 1.8 MPa for the
reference concrete, Concrete-N, and Concrete-C, respectively. This indicates that the fracture criterion
of cracking is almost the same despite the presence or absence of SRA.

3.4. Resistance to Freezing and Thawing Action

The results of the freezing and thawing tests are shown in Figure 10. The relative dynamic
modulus of Concrete-N was maintained above 90%, which was similar to that of the reference concrete.
However, as soon as testing started, the relative dynamics modulus of Concrete-C decreased rapidly.
It should be emphasized that Concrete-N adequately meets the requirements for the specification of
chemical admixture for concrete in accordance with Japanese Industrial Standard JIS R 6204: the relative
dynamic modulus should be beyond 60% at 200 cycles of freezing and thawing. The freeze–thaw
resistance is strongly influenced by the properties of air voids in concrete as well as its content [19].
Mindess et al. [24] reported that the spacing factor should not exceed 0.2 mm to ensure adequate
freeze-thaw protection. In addition to the spacing factor, specific surface area is also an important
factor for a protective air void system. The air void parameters measured by AVA are tabulated in
Table 3. Superplasticizers may occasionally show good freezing and thawing resistance even when the
air void parameter limits are exceeded; however, it can be clearly confirmed that N-SRA improves the
air void system (Table 3).

Figure 10. Freezing and thawing test results.

Table 3. Entrained air void system measured by air void analyser (AVA) for concrete with N-SRA,
with C-SRA and without shrinkage-reducing agent (SRA).

Concrete Mix SRA Spacing Factor (μm) Specific Surface Area (mm2/mm3)

Concrete-N N-SRA 283 16.8
Concrete-C C-SRA 439 13.9
Reference - 316 15.6

4. Discussion

It is shown that a very small dosage of C-SRA or N-SRA (the dosage of N-SRA being half the
amount compared to C-SRA) reduces shrinkage and shows a high resistance of shrinkage-induced
cracking under restrained conditions. Various mechanisms have been proposed for shrinkage reduction
by SRA, including lowering of the surface tension of the cement paste pore solution and reduction of
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capillary stress [2–9]. The water in the capillary pores acts as bulk water to create menisci. However,
when the capillary pores are fully occupied with water or when they are fully dried, menisci are
not created.

The shrinkage reduction in C-SRA can be explained by the reduction in surface tension. C-SRA is
composed of an assembly of ethylene oxide (EO) chains, which show hydrophilicity, and hydrophobic
part of methyl group or propylene oxide (PO). Therefore, C-SRA has surface-active properties that
can decrease the surface tension in the capillary pores. The determined RH value of C-SRA is 459 nm
(higher than 10 nm) in the synthetic cement pore solution, which indicates that, C-SRA, when used as
a surfactant, easily forms micelle in vain. It is suggested that the ineffectiveness in shrinkage reduction
by creating micelles results in a higher dosage of C-SRA.

It is believed that the calcium silicate hydrate (C-S-H) microstructure affects the performance of
N-SRA in concrete. Jennings highlighted that the colloidal behaviour of C-S-H influences the shrinkage
strain [25,26]. C-S-H is composed of calcium silicate sheets separated by interlayer spaces filled with
water and calcium ions. The space between the calcium silicate sheets is the interlayer porosity of
C-S-H. In addition, the C-S-H contains gel pores (1–10 nm) and isolated capillary pores (larger than
10 nm). The interlayer spaces in the C-S-H gel contain water that is removed during drying and
re-enters during rewetting, which causes shrinkage and swelling [25,26]. In the gel pores, the surfaces
are too close to each other, which restricts menisci formation. The determined RH value of N-SRA,
which is a water-soluble compound, was 9 nm in the synthetic cement pore solution, and thus it
can be easily stored in the gel pore (1–10 nm). It is well known that a hydrophilic compound can
hold water molecules through interactions [27,28]. Therefore, it is suggested that N-SRA molecules
are stored inside the gel pores to prevent the evaporation of capillary water, where N-SRA serves as
a water-retainer. N-SRA does not create micelles in the capillary pores due to sufficient hydrophilicity,
which is also one of the reasons why effective for shrinkage reduction is observed in Concrete-N even
with a small dosage of N-SRA.

5. Conclusions

This study focused on the effect of a newly developed shrinkage-reducing agent (N-SRA) to mitigate
the drying shrinkage, and the results were compared with those of a conventional shrinkage-reducing
agent (C-SRA). N-SRA is a water-soluble compound, which helps N-SRA to act by a mechanism
different from that of C-SRA. The measured and predicted surface tension of N-SRA is higher than
that of C-SRA. Addition of SRA did not change seven-day compressive strength but reduced the early
splitting tensile strength. Both SRAs induced strength development at a later age. The same degree of
shrinkage reduction (approximately 50% reduction) was observed in both SRAs, where the dosage of
N-SRA was half the amount of C-SRA. Furthermore, N-SRA significantly influences the occurrence of
shrinkage cracking, that is, it withstands cracking for a longer period than the concrete with C-SRA or
without SRA. With respect to durability, the addition of N-SRA significantly improves the freezing and
thawing resistance due to the creation of a proper air void system.
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Abstract: This work concerns the hydration mechanism of calcium zirconium aluminate as a ternary
compound appearing in the CaO-Al2O3-ZrO2 diagram besides the calcium aluminates commonly
used as the main constitutes of calcium aluminate cements (CACs). Moreover, a state-of-the-art
approach towards significant changes in hydraulic properties was implemented for the first time
in this work, where the effect of structural modification on the hydration behavior of calcium
zirconium aluminate was proved by XRD, 27Al MAS NMR and SEM-EDS. The substitution of Sr2+

for Ca2+ in the Ca7ZrAl6O18 lattice decreases the reactivity of Sr-substituted Ca7ZrAl6O18 in the
presence of water. Since the original cement grains remain unhydrated up to 3 h (Ca7ZrAl6O18)
or 72 h (Sr1.25Ca5.75ZrAl6O18) of curing period in the hardened cement paste structures, strontium
can be considered as an inhibition agent for cement hydration. The complete conversion from
anhydrous 27AlIV to hydrated 27AlVI species was achieved during the first 24 h (Ca7ZrAl6O18) or 7
d(Sr1.25Ca5.75ZrAl6O18) of hydration. Simultaneously, the chemical shift in the range of octahedral
aluminum from ca. 4 ppm to ca. 6 ppm was attributed to the transformation of the hexagonal calcium
aluminate hydrates and Sr-rich (Sr,C)3AH6 hydrate into the cubic phase Ca-rich (Sr,C)3AH6 or pure
C3AH6 in the hardened Sr-doped cement paste at the age of 7 d. The same 27Al NMR chemical shift
was detected at the age of 24 h for the reference hardened undoped Ca7ZrAl6O18 cement paste.

Keywords: Ca7ZrAl6O18; 27Al MAS NMR; Sr-rich (Sr,C)3AH6; cement hydration; refractories;
immobilization of radioactive Sr

1. Introduction

Calcium aluminate cements (CACs) [1–3] and other related cementitious systems [4–7] are
believed to play an important role in a wide range of specialist are as from some construction areas
and civil engineering, to refractory materials industry, due to their ability to gain strength rapidly
in the initial days after casting and to withstand aggressive environments and high temperatures.
The temperature–time weight ratio of water-to-cement (the w/c ratio) dependencies of the cement
hydration processes have been widely investigated so far and are presented elsewhere in detail [8–10].
It must be made clear at this stage that both temperature and a weight ratio of water-to-cement (the
w/c ratio) affect the performances of calcium aluminate cements, especially at an early age. The
phase composition, microstructure and other properties of the cement pastes can easily be designed
by choosing appropriate curing parameters. Nevertheless, upon curing of CAC-based paste at
not adequately controlled, ambient conditions, these materials are very sensitive to humidity, CO2,
temperature and time. Due to the fact of not being able to predict their long-term behavior makes
them practically not suitable for constructions but suitable for building chemistry. Nevertheless,
the high-early-heat and high-early-strength gain makes CACs attractive, especially in the winter
months and/or when rapid repairs are needed. The hydration product formation in CACs containing
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mainly monocalcium aluminate (CaAl2O4; CA) and monocalcium di aluminate (CaAl4O7; CA2) is
characterized by the dependence of C−A−H* (C = CaO, A = Al2O3, H = H2O) phases on temperature.
At a temperature below ca. 15 ◦C, calcium aluminates are hydrated to form metastable CAH10. At
room temperature, the hydration process proceeds through the formation of other metastable phases
C2AH8 and/or C4AH13–19 (hexagonal hydrates). At higher temperatures (above 28 ◦C), the metastable
hydrates will spontaneously convert to the cubic hydrogarnet C3AH6. Furthermore, according to
insights into hydration of CACs, the hydration products during long hydration shall be presented
as follows: C3AH6 + AH3. The 10-year results, which have been added to existing results on the
hydration of calcium aluminate compounds, are of interest as showing the CaO-Al2O3-ZrO2 [4,6,11] as
an interesting alternative to CACs-based materials. This can be attributed to the fact, that this category
of special cement which contains both hydraulic phases (CA, CA2, C12A7 and C7A3Z*), and Zr-bearing
compounds (CZ and Z) [4] is synthesized by one environmentally friendly and effective technological
process. This fact makes the attention-getter of a C-A-Z cements’ users more important than those of
other CACs users and worth considering from the point of view of economics. The principal interest
here is concerned with the C7A3Z area including crystal structure, hydration behavior of C7A3Z
and its solid solutions with SrO and BaO, hydration products and carbonation processes in cement
paste structures [12,13]. Special interest was given to strontium. Because strontium is chemically
closely related to calcium, it is easily introduced as a natural substitute for calcium in aluminate
phases. Strontium has been shown to affect the hydration behavior of calcium zirconium aluminate
cement [5,13]. Furthermore, strontium-containing cements attract the attention of materials scientists
due to their higher refractory properties, increased resistance to thermal shock, increased resistance to
chemical aggressive solutions and possible applications as special binders for shielding constructions
in nuclear power plants [14]. Although this approach is unique, there are other approaches to affecting
the hydration behavior of aluminates-bearing CACs and related materials. Results from other studies
indicate that the metal chloride and nitrate salts are known in CAC science as agents affecting the CAC
hydration behavior [15,16]. The exact nature of this behavior is different for alkali metal salts (NaCl,
KCl, RbCl, CsCl, LiCl), alkaline earth metal salts (MgCl2·6H2O, CaCl2, SrCl2·6H2O and BaCl2·2H2O)
and transition metal salts (MnCl2·H2O, CoCl2·6H2O, CuCl2·2H2O and ZnCl2). Generally, the addition
of alkali metal salts accelerates the setting time of CAC, whereas the transition metal salts can be widely
used as retarders. The effect of alkaline earth metal salts on setting the behavior of CAC is determined
by the amount of addition [15]. Another approach in the acceleration effect is the addition of chlorides
and nitrates of Li(I), Cr(III), Zn(II) and Cr(VI) (chromate), whereas Pb(II) and Cu(II) retarded the
hydration [16].

Many various techniques including XRD, FT-IR, Raman spectroscopy, DSC-TG-EGA(MS),
SEM-EDS, isothermal calorimetry and EIS were being accepted in this research. It is also well known that
solid-state nuclear magnetic resonance (ssNMR) spectroscopy is an effective tool for the characterization
of cement paste at the atomic scale in different stages of its aging. The application of NMR to monitor
the progress of CACs hydration has a long history and can be found elsewhere [17–20]. In cement
chemistry, four-fold coordinated (tetrahedral)IVAl sites and six-fold coordinated (octahedral)VIAl sites
typically resonate within the regions 50–80 ppm and 0–20 ppm, respectively. The resonances assigned
to five-coordinated VAl and highly distorted tetrahedral Al environments have been observed in the
region 20–50 ppm [18,21,22]. For example, the 27Al MAS NMR spectrum of CA shows a peak maximum
at ca. 80 ppm and a shoulder at 76 ppm due to six crystal ographically different aluminum tetrahedral
sites [19,23–25]. For another example, the 27Al MAS NMR spectrum of CA2 exhibits the peaks between
50 and 75 ppm due to the two distinct 27Al environments [18,25]. On the other hand, calcium aluminate
hydrates (CAH10, C2AH8, C4AH13-19, C3AH6), originating from the hydration process of CAC clinker
phases, are octahedrally coordinated Al(OH)6 and cause a 27Al MAS NMR signal at about 0 ppm.
Hence, 27Al MAS NMR provides the relative changes of tetrahedral and octahedral Al sites of the
hydrating cement paste at different stages of the curing. The resonance position from an octahedral
27Al NMR signal varies slightly depending on the types of calcium aluminate hydrates present [19].
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The resonance at ca. 12.36 ppm is due to tricalcium aluminate hexahydrate C3AH6 [18,20], at ca. 10.2
ppm due to CAH10 and C4AH13 [18–20] and at ca. 10.3 ppm due to C2AH8 [17].

The aim of this work is to implement the NMR technique to monitor the progress of hydration of
both undoped- and strontium-doped calcium zirconium aluminate cement. Hence, the influence of
structural modification with SrO on the hydraulic activity of Ca7ZrAl6O18 phase has been demonstrated.
This work fills in a significant gap in the literature on the exploiting ssNMR spectroscopy to
probe the early stages of hydration of new types of cements belonging to the CaO-Al2O3-ZrO2

and CaO-SrO-Al2O3-ZrO2 systems.

2. Experimental Procedure

2.1. Synthesis and Phase Identification

Low-cost synthesis of Ca7ZrAl6O18, Sr1.25Ca5.75Al6O18 and SrAl2O4 cements via the solid-state
reactive sintering technique was employed using the stoichiometric amount of the cationic ratios of
Ca:Zr:Al = 7:1:6, Sr:Ca:Zr:Al = 1.25:5.75:1:6 and Sr:Al = 1:2, respectively. Strontium was incorporated
into Ca7ZrAl6O18 by replacing 1.25 atoms of calcium, since the maximum level of doping was
experimentally established. Both Ca7ZrAl6O18 and SrAl2O4 cements were synthesized as reference
materials to obtain pure C-A-H and Sr-A-H phases. Starting raw materials were reagent-grade
CaCO3 (99.9%, POCH), SrCO3 (98.0%, Merck), Al2O3 (99.0%, Acros Organics) and ZrO2 (98.5%, Acros
Organics). The 100 g mixtures of substrates were homogenized for 2 h, pressed into cylindrical pellets at
pressures of 50 MPa and calcined at 1000 ◦C for 10 h (Sr-free sample) or at 1300 ◦C for 10 h (Sr-containing
samples) in air. Phase pure cement clinker minerals were made from mixtures of prereacted powders
via grinding, pressing and sintering at 1420 ◦C (Ca7ZrAl6O18 and Sr1.25Ca5.75Al6O18) and 1550 ◦C
(SrAl2O4) for 20 h in air.

Phase identification for the sintered samples was carried out using X-ray diffraction (XRD,
PANalytical, Malvern PANalytical, Malvern, UK) on a ProPANalytical X’Pert X-ray diffractometer,
with Cu Kα radiation (λ = 0.15418 nm), with 0.02◦ per step and 3s time per step (2theta range from 5◦
to 45◦).

The NMR spectra were recordedat room temperature on Bruker Avance III 400WB (9.4T)
spectrometer, (Bruker BioSpin, Rheinstetten, Germany) using 4 mm MAS (Magic Angle Spinning),
dual-channel (1H/BB) probe-head, operating at a resonance frequency of 104.26 MHz for 27Al. The
sample was spun at a MAS frequency of 8 kHz in the rotors made of zirconium dioxide (4 mm).
32 K data points and 1024 scans FIDs were accumulated with a Single Pulse Excitation (SPE) pulse
sequence using the observed 90◦ pulse (27Al) set at 6.0 us with a relaxation delay of 200 ms. Note no
proton decoupling was applied during the experiment. Prior to Fourier transformation, the data were
zero-filled twice and 80 Hz apodization filter was applied. The 27Al chemical shifts were referenced
using a sample of AlCl3·6H2O in 1M solution as an external reference (0 ppm).

The microstructures of fracture surfaces of hydrated cement pastes were investigated using
a scanning electron microscope (SEM, FEI Nova Nano SEM 200, Kyoto, Japan.). The chemical
compositions of the samples were determined with electron-probe microanalysis using an
energy-dispersive X-ray spectrometer (EDAX, Sapphire Si(Li) EDS detector, Mahwah, NJ, USA).

2.2. Preparation and Treatment of Cement Paste

Comparison study of hydration characteristics between Ca7ZrAl6O18, Sr1.25Ca5.75Al6O18 and
SrAl2O4 cements were determined for cement pastes prepared with water-to-cement (w/c) ratios of
1.0 or 0.5. The water-to-cement ratio of 0.5 was applied to achieve plastic properties without any
undesirable sedimentation of neat SrAl2O4 paste. Whereas, both Ca7ZrAl6O18 and Sr1.25Ca5.75Al6O18

cements require w/c = 1.0 to obtain the well-homogenized cement pastes without any undesirable
phenomena of sedimentation. The cement powders which were obtained by grinding the sintered
pellets and necessary mass of water were mixed together in a glass beaker to obtain three homogeneous
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neat cement pastes. Each neat cement paste was then placed in a polyethylene bag and sealed until
14 d at 50 ◦C. According to Litwinek and Madej [5], the optimal synthesis temperature for C3AH6

from different precursors through hydration is suggested to be 50 ◦C. Moreover, this period for curing
cement pastes was accepted to attain the maximum degree of hydration, as concluded from the
previous studies [13]. Moreover, as it was previously mentioned by Garcés et al. [26] and Zhang
et al. [27], at temperatures as high as 60 ◦C, only the cubic phase and the gibbsite appear in the calcium
aluminates-based cement pastes. At 24 h and 7 d, the microstructure of cement pastes was investigated
by SEM. Acetone quenching was used to stop hydration at 15 min, 0.5 h, 1 h, 2 h, 3 h, 24 h, 48 h, 72 h, 7 d
and 14 d (Table 1). The use of cold acetone, aiming to withdraw free water and inhibit further reactions
within cement paste is known from the Ref. [28]. Cold acetone is related to acetone stored under
laboratory conditions. Quenched pastes were characterized by XRD and 27Al MAS NMR (Bruker
BioSpin, Rheinstetten, Germany), according to the procedures presented in Section 2.1.

Table 1. Cement paste formulations, curing conditions and details of sample designation.

Sample Designation Cement/Sample Hydration Time
Water-to-Cement Ratio

(w/c), Temperature

A
Sr1.25Ca5.75ZrAl6O18(as a solid

solution)

15 min, 0.5 h, 1 h, 2 h, 3 h,
24 h, 48 h, 72 h, 7 d and

14 d
w/c = 1.0, T = 50 ◦C

B
SrAl2O4(as a reference
undoped compound) 7 d w/c = 0.5, T = 50 ◦C

C
Ca7ZrAl6O18(as a reference

undoped compound)

15 min, 0.5 h, 1 h, 2 h, 3 h,
24 h, 48 h, 72 h, 7 d and

14 d
w/c = 1.0, T = 50 ◦C

3. Results and Discussion

3.1. X-ray Diffraction Analysis of Special Cements Hydration

According to X-ray diffraction analysis, the cement clinkers synthesized by the solid-state
reactive sintering technique were all crystalline, single-phase aluminate phases Ca7ZrAl6O18, Sr-doped
Ca7ZrAl6O18 and SrAl2O4. The positions of the characteristic diffraction peaks in the XRD patterns
of the Ca7ZrAl6O18 (Sample C) and SrAl2O4 (Sample B) cement clinkers have a strong agreement
with the standards JCPDS No. 98-018-2622 and JCPDS No. 98-016-0296, respectively. This confirms
that the powders are mainly composed of Ca7ZrAl6O18 and SrAl2O4, respectively. As expected, the
slight shift in diffraction peaks towards lower 2θ value in the XRD pattern of Sr1.25Ca5.75ZrAl6O18

cement clinker confirms an increase in lattice parameter of Sr-doped Ca7ZrAl6O18 solid solution. Since
no secondary phases containing Sr were detected, Sr was recognized as fully incorporated into the
Ca7ZrAl6O18 structure.

Compared with the XRD patterns of unhydrated phases, the decreasing intensity of peaks
corresponding to Sr1.25Ca5.75ZrAl6O18 and Ca7ZrAl6O18, and new peaks of low intensity corresponding
to hydration products formation were recorded using XRD (Figures 1–3). A low degree of hydrates
crystallinity was indicated by a poor XRD pattern, especially in the early stage of hydration. Moreover,
the hydration processes result in a corresponding change in the XRD patterns of the initial cement
clinker phases and formation of amorphous material, besides the crystalline hydrates, as it can be
concluded from the severe intensity reduction and peaks broadening in the XRD pattern.
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Figure 1. X-ray diffraction patterns of the Sr1.25Ca5.75ZrAl6O18 cement paste (Sample A) at different
curing periods. (a,b) contains lines of two reference materials, i.e., Sr3AH6 synthesized through
hydration from SrAl2O4 cement (Sample B) and C3AH6 synthesized through hydration from
Ca7ZrAl6O18 cement (Sample C). (c) contains a line (dot line) of the reference C3AH6 formed at
14 d (Sample C).
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Figure 2. X-ray diffraction patterns of the Sr1.25Ca5.75ZrAl6O18 cement paste (Sample A) at different
curing periods from 15 min to 14 d compared with the XRD pattern of the unhydrated compound.

Figure 3. X-ray diffraction patterns of the Ca7ZrAl6O18 cement paste (Sample C) at different curing
periods from 15 min to 14 d compared with the XRD pattern of the unhydrated compound.

The results of powder X-ray diffraction patterns evaluation show the progress of
Sr1.25Ca5.75ZrAl6O18 hydration in cement paste between 15 min and 14 d of curing which are more or
less similar at an early stage of hydration (up to 72 h) Figure 1a–c. The XRD profiles of the cement
pastes hydrated between 0.5 and 72 h demonstrate diffraction peak at ca. 17.00◦ 2θ which can now be
interpreted as belonging to Sr-rich (Sr,C)3AH6 hydrate (Figure 1c). Hence, this XRD peak located at
the position of 2θ = 17.00 which belongs to Sr-rich (Sr,C)3AH6 needs to be considered between the
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reference C3AH6 synthesized through Ca7ZrAl6O18 hydration and other reference sample Sr3AH6

synthesized from SrAl2O4 precursor through hydration. As is evident from this figure, the formation
of the intermediate Sr-rich (Sr,C)3AH6 hydrate precedes the formation of the stable Ca-rich (Sr,C)3AH6

hydrate at 7 d of curing. In this sample, two isostructural compounds with a hydrogarnet type crystal
lattice were present. The position of the lower-intensity XRD line at ca. 17.00◦ 2θ is situated between
lines belonging to pure phases Sr3AH6 (Sample B) and C3AH6 (Sample C). The second position of the
higher intensity XRD line at ca. 17.26◦ 2θ is similar to that found for reference C3AH6 (Figure 1a–c). In
addition, it is worth noting that the Sr-rich (Sr,C)3AH6 exists in the hardened cement paste between
0.5 h and 7 d of curing. This phase disappeared after longer curing times and became replaced by
Ca-rich (Sr,C)3AH6 or C3AH6. This work has successfully shown the existence of the solid solution
of strontium in the tricalcium hydrate C3AH6 lattice by direct verification using XRD. By reason of
structural modification of C3AH6 through ionic substitution, the lattice parameter of the cubic phase
was increased and the slight shift in XRD peaks belonging to (Sr,C)3AH6 solid solution towards lower
2θ value was observed (Figure 1b). This increase in the lattice parameter was due to the size of the
ionic radius of Sr2+ (132 pm) which is bigger than the ionic radius of Ca2+ (114 pm).

A brief summary of XRD results is given as Figures 2 and 3. This overview XRD spectra recorded
from the Sr1.25Ca5.75ZrAl6O18 cement paste (Sample A) at different curing periods from 15 min to
14 d showed a progressive reduction in the peaks associated with Sr1.25Ca5.75ZrAl6O18 due to its
hydration process, which led to the formation of hydration products (Figure 2). The cement paste
at the age of 15 min is a mixture of the unhydrated phase and amorphous or poorly crystalline
hexagonal hydrates, whereas the cement paste at the age between 0.5 h and 72 h contained a mixture
of the Sr-rich (Sr,C)3AH6 cubic phase, hexagonal hydrates and the still unhydrated residues of the
Sr1.25Ca5.75ZrAl6O18 cement grains. It should be noted that the positions of the XRD peaks of C4AH19

(JCPDS No. 00-042-0487; h k l = 0 0 6, d = 10.64350 Å, 2θ = 8.301◦, I = 100%) are coincident well with
those belonging to C2AH8 (JCPDS No. 00-045-0564, h k l = 0 0 6, d = 10.81270 Å, 2θ = 8.170◦, I = 100%).
Therefore, it is often difficult to clearly differentiate between C4AH19 and C2AH8 in the XRD patterns,
as is clearly demonstrated with a red rectangle (�) in Figure 2. However, at 7d second adjacent cubic
phase, Ca-rich (Sr,C)3AH6 or pure C3AH6, exists together with the initially formed cubic phase Sr-rich
(Sr,C)3AH6 and some residues of the hexagonal hydrates. As a general trend at the age of 14 d, XRD
pattern of cement paste achieved profile similar to that of pure C3AH6 (Figures 1c and 2) without
any metastable hydrates and unhydrated cement residues, i.e., unhydrated cement clinker mineral
Sr1.25Ca5.75ZrAl6O18.

The overview XRD spectra recorded from the reference Ca7ZrAl6O18 cement paste (Sample C) at
different curing periods from 15 min to 14 d is shown in Figure 3. The hexagonal hydrates exist with
the still unhydrated residues of the Ca7ZrAl6O18 in cement paste between 15 min and 3 h of curing
period, whereas C3AH6 hydrated phase is formed at the curing age of 0.5 h. At the age of 24 h, the
XRD pattern of the cement pastes exhibits profile similar to that of pure C3AH6 without any traces of
unhydrated cement particles Ca7ZrAl6O18 and metastable hydrates.

From the X-ray diffraction results, it seems obvious that strontium doping affects the hydration
behavior of the cement clinker mineral phase Ca7ZrAl6O18, and leads to changes in the hydration
products properties. There is a relationship between the proportion of residual unhydrated cement
particles and the properties of the particular cement clinker mineral phases involved. After 24 h of
curing at 50 ◦C, where the hardened cement paste (Sample C) consists primarily of C3AH6, the original
Ca7ZrAl6O18 cement particles are no longer evident. In the Sr-doping of Ca7ZrAl6O18 case, there
is inhibition of hydration, and the Sr1.25Ca5.75ZrAl6O18 cementitious particles exist in the hardened
cement paste up to 72 h (Sample A). This material would need to cure over 72 h to reach complete
hydration. Hence, XRD data for 0.5 h–7 d materials containing strontium indicates the appearance
of additional peaks adjacent to each of the reference C3AH6 lines caused by the presence of an
additional Sr-rich cubic phase. These results confirmed the strontium retention by calcium zirconium
aluminate cement paste through the chemical bonding to C-A-H in the hydrated phase. The presence
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of strontium in the C-A-H matrix is also known to delay the transformation of hexagonal hydrates into
the cubic phases.

3.2. Ex-Situ 27Al NMR Study of the Hydration Reaction at 50 ◦C

Figure 4a,b presents the 27Al NMR spectra of synthesized Ca7ZrAl6O18 and Sr-doped Ca7ZrAl6O18

cements together with their products of hydration. The 27Al MASNMR spectra of the starting
unhydrated samples are shown by the red lines. The intense and broad peak at ca. 50 ppm is due
to Ca7ZrAl6O18, which consists of orientationally disordered six AlO4 tetrahedra linked together by
sharing corners, to form [Al6O18] rings [29]. The 27Al MAS NMR spectra of the hydrated samples
during the first 15 min all contain peaks near 4 ppm due to VIAl in the cement hydration reaction
products (amorphous or poorly crystalline hexagonal hydrates C4AH19 or C2AH8) (Figure 4a,b).

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. (a,b) The room-temperature 27Al MASNMR spectra of unhydrated Ca7ZrAl6O18 (Sample C)
and Sr1.25Ca5.75ZrAl6O18 (Sample A) cements, and their products of hydration formed between 15 min
and 14 d at 50 ◦C. The arrow means the changes according to the direction of increasing hydration time.
(c) A comparison of NMR spectra of both cements at 24 h of hydration. (d,e) The lines at ca. 4–6 ppm
for octahedrally coordinated lattice Al3+ in calcium aluminate hydrates.

For the partially reacted samples, the signals are in the ca. 4 ppm and ca. 46–61 ppm ranges due
to both hydrates and unhydrated reactants, respectively (Figure 4c). For the totally hydrated (and
converted) samples, all of the signalsarein the ca. 6 ppm range, consistent with total conversion of Al
from tetrahedral coordination in the unhydrated Ca7ZrAl6O18 and Sr1.25Ca5.75ZrAl6O18 cements to
octahedral coordination [19] in the final hydrates formed at 24 h (undoped cement) or 7 d (Sr-doped
cement), as expected from previous works on the calcium aluminate cement hydration processes
investigated by solid-state27Al MAS NMR studies [19,25]. The maximum for the VIAl peak alters
slightly depending on the calcium aluminate hydrates present [18,19]. For the undoped Ca7ZrAl6O18

cement hydrated between 15 min and 3 h, in which the detected crystalline hydrates are mainly
hexagonal phases, the peak maximum is at ca. 4 ppm and shifts to 6 ppm for this cement hydrated
between 24 h and 14 d (Figure 4d), which by XRD contain cubic C3AH6 as the predominant phase.
This type of shift is delayed up to 7 d in the hydrated Sr-doped cement (Figure 4e), where Ca-rich
(Sr,C)3AH6 or pure C3AH6 begin to form. Hence, it can be summarized that the chemical shift
occurring at ca. 4 ppm was due to octahedrally coordinated framework aluminum atoms in Sr-rich
(Sr,C)3AH6 (Sr1.25Ca5.75ZrAl6O18 cement paste), poorly crystalline C3AH6 (Ca7ZrAl6O18 cement paste)
and hexagonal hydrates (both cement pastes) formed at an early stage of hydration. The chemical shift
occurring at ca. 6 ppm was due to octahedrally coordinated framework aluminum atoms in Ca-rich
(Sr,C)3AH6 or pure C3AH6 formed in the totally reacted Sr-doped sample, as it can be referenced in for
pure C3AH6 formed in the reference fully hydrated and converted undoped cement paste. It is worth
discussing that the maximum for the Al(6) peak belonging to C-A-H phases varies slightly from data
presented in Ref. [18,19]. In those works, and many others, the peak maximum belonging to C3AH6

was located at about 12 ppm, whereas the peak maxima belonging to hexagonal hydrates were located
at ca. 10–11 ppm.
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3.3. Microstructural Studies on the Hydrated Sr1.25Ca5.75ZrAl6O18Cement Paste

The development of Sr1.25Ca5.75ZrAl6O18 cement paste microstructure in time can directly be
linked to the evolution of phase composition presented in Sections 3.1 and 3.2. Figure 5 shows the
typical microstructure of this cement paste fragment after 24 h hydration at 50 ◦C. The presence of
Sr in Sr1.25Ca5.75ZrAl6O18 clinker affects formation of Sr-rich (Sr,C)3AH6 (Figure 5a—point 1) with a
cubic/isometric crystal form [30,31]. The EDS spectrum presenting intensity vs. energy of the detected
X-ray clearly identifies the peaks of Sr, Ca, Al and O (Figure 5b). The EDS spectrum from the hexagonal
irregular flakes is shown in Figure 5c. The Ca, Al and O peaks are mainly due to C-A-H phases. EDS
intensity ratio of calcium and aluminum peaks indicates the presence of C4AH19 hydrate rather than
C2AH8 hydrate.

 

   
Figure 5. SEM image of the hydrated Sr1.25Ca5.75ZrAl6O18 cement (Sample A) at the age of 24 h (a).
Spot 1–2 EDS analysis; (b,c) EDS spectra of the sample in the microarea 1 (Sr-rich (Sr,C)3AH6) and 2
(hexagonal calcium aluminate hydrates), respectively.
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Most of the C3AH6 or Ca-rich (Sr,C)3AH6 crystals formed after a hydration time of 7 d attain
the shape of cubes, pyritohedra or other more complex forms of the isometric system, which are
reinforced with Al(OH)3 crystals (Figure 6a,c). As observed before, those hydration products are
strongly dependent on curing time and the Ca peak (Figure 6b) intensity increases relative to the
Sr peak intensity (Figure 5b). Hence, as the curing time increases, the crystals belonging to a cubic
or isometric system formed initially as a transient Sr-rich (Sr,C)3AH6 were replaced with Ca-rich
(Sr,C)3AH6 or pure C3AH6. An unavoidable change of one form of calcium aluminate hydrate to
another can be found elsewhere [32–34].

Figure 6. Cont.
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Figure 6. SEM image of the hydrated Sr1.25Ca5.75ZrAl6O18 cement (Sample A) at the age of 7 d (a). Spot
1 EDS analysis; (b) EDS spectrum of the sample in the microarea 1—Ca-rich (Sr,C)3AH6; (c) overview
of microstructure.

4. Conclusions

According to the current research, many conclusions can be drawn:

(1) The Sr-doped cement is developed through structural substitution for Ca ions by Sr ions in the
Ca7ZrAl6O18 clinker phase.

(2) Strontium was used as a retarding agent to block this cement clinker phase hydration at
a curing temperature of 50 ◦C. Hence, the residual unhydrated cement particles in the
hardened Sr1.25Ca5.75ZrAl6O18 cement paste were present for much longer than for the undoped
Ca7ZrAl6O18 clinker phase sample as it was observed by XRD.

(3) The hydration of both Ca7ZrAl6O18 and Sr1.25Ca5.75ZrAl6O18 cements was also inspected using
the 27Al MAS NMR technique. This hydration is accompanied by a change of Al-coordination
from tetrahedral to octahedral. This complete conversion from anhydrous 27AlIV to hydrated
27AlVI species was achieved during the first 24 h of hydration at 50 ◦C for Ca7ZrAl6O18 and
during 7 d of hydration at 50 ◦C for Sr1.25Ca5.75ZrAl6O18.

(4) The hexagonal phases were formed starting in the very first minutes of hydration of these cements.
For each cement type tested, these unstable hydrates consist mainly of C4AH19 and probably of
C2AH8 as it was observed by XRD.

(5) The formation of a thermodynamically stable phase pure C3AH6 or Ca-rich (Sr,C)3AH6 in
the hardened Sr1.25Ca5.75ZrAl6O18 cement paste was preceded by that of a number of less
stable phases, i.e.,Sr-rich (Sr,C)3AH6 hydrate and other hexagonal Ca-Al hydrates. The Sr-rich
(Sr,C)3AH6 hydrate existing between 0.5 h and 7 d of curing was isostructural with the Ca-rich
(Sr,C)3AH6 or pure C3AH6 formed at the age of 7 d.

(6) The transformation of the hexagonal calcium aluminate hydrates and Sr-rich (Sr,C)3AH6 hydrate
into the cubic phase Ca-rich (Sr,C)3AH6 or pure C3AH6 was expressed in terms of chemical shift
from ca. 4 ppm to ca. 6 ppm in the hardened Sr1.25Ca5.75ZrAl6O18 cement paste at the age of 7 d.
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The same 27Al NMR chemical shift was detected at the age of 24 h for the reference hardened
Ca7ZrAl6O18 cement paste.
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15. Ukrainczyk, N.; Vrbos, N.; Šipušić, J. Influence of metal chloride salts on calcium aluminate cement hydration.
Adv. Cem. Res. 2012, 24, 249–262. [CrossRef]

16. Duran, A.; Sirera, R.; Nicolas, M.P.; Navarro-Blasco, I.; Fernández, J.M.; Alvarez, J.I. Study of the early
hydration of calcium aluminates in the presence of different metallic salts. Cem. Concr. Res. 2016, 81, 1–15.
[CrossRef]

90



Materials 2020, 13, 2366

17. Faucon, P.; Charpentier, T.; Bertrandie, D.; Nonat, A.; Virlet, J.; Petit, J.C. Characterization of calcium
aluminate hydrates and related hydrates of cement pastes by 27Al MQ-MAS NMR. Inorg. Chem. 1998, 37,
3726–3733. [CrossRef]

18. Skibsted, J.; Henderson, E.; Jakobsen, H.J. Characterization of calcium aluminate phases in cements by 27Al
MAS NMR spectroscopy. Inorg. Chem. 1993, 32, 1013–1027. [CrossRef]

19. Cong, X.; Kirkpatrick, R.J. Hydration of calcium aluminate cements: A solid-state 27Al NMR study. J. Am.
Ceram. Soc. 1991, 76, 409–416. [CrossRef]

20. Mercury, J.M.R.; Pena, P.; de Aza, A.H.; Turrillas, X.; Sobrados, I.; Sanz, J. Solid-state 27Al and 29Si NMR
investigations on Si-substituted hydrogarnets. Acta Mater. 2007, 55, 1183–1191. [CrossRef]

21. Myers, R.J.; Bernal, S.A.; Gehman, J.D.; Van Deventer, J.S.J.; Provis, J. The role of Al in cross-linking of
alkali-activated slag cements. J. Am. Ceram. Soc. 2014, 98, 996–1004. [CrossRef]

22. Walkley, B.; Provis, J.L. Solid-state nuclear magnetic resonance spectroscopy of cements. Mater. Today Adv.
2019, 1, 100007. [CrossRef]

23. Müller, D.; Rettel, A.; Gessner, W.; Scheler, G. An application of solid state magic-angle spinning 27Al NMR
to the study of cement hydration. J. Magn. Reson. 1984, 57, 152–156. [CrossRef]

24. Muller, D.; Gessner, W.; Samoson, A.; Lippmaa, E.; Scheler, G. Solid state 27Al NMR studies of polycrystalline
aluminates in the system CaO-Al2O3. Polyhedron 1986, 5, 779–785. [CrossRef]

25. Hughes, C.E.; Walkley, B.; Gardner, L.; Walling, S.A.; Bernal, S.A.; Iuga, D.; Provis, J.; Harris, K.D.M.
Exploiting in-situ solid-state NMR spectroscopy to probe the early stages of hydration of calcium aluminate
cement. Solid State Nucl. Magn. Reson. 2019, 99, 1–6. [CrossRef] [PubMed]

26. Garces, P.; Alcocel, E.; Chinchon, S.; Andreu, C.; Alcaide, J. Alcaide, Effect of curing temperature in some
hydration characteristics of calcium aluminate cement compared with those of portland cement. Cem. Concr.
Res. 1997, 27, 1343–1355. [CrossRef]

27. Zhang, Y.; Ye, G.; Gu, W.; Ding, D.; Chen, L.; Zhu, L. Conversion of calcium aluminate cement hydrates at
60 ◦C with and without water. J. Am. Ceram. Soc. 2018, 101, 2712–2717. [CrossRef]

28. Luz, A.P.; Pandolfelli, V.C. Halting the calcium aluminate cement hydration process. Ceram. Int. 2011, 37,
3789–3793. [CrossRef]

29. Fukuda, K.; Iwata, T.; Nishiyuki, K. Crystal structure, structural disorder, and hydration behavior of calcium
zirconium aluminate, Ca7ZrAl6O18. Chem. Mater. 2007, 19, 3726–3731. [CrossRef]

30. Das, S.K.; Kumar, S.K.; Das, P.K. Crystal morphology of calcium aluminates hydrated for 14 days. J. Mater.
Sci. Lett. 1997, 16, 735–736. [CrossRef]

31. Kumar, S.; Das, S.K.; Daspoddar, P.K. Microstructure of calcium aluminates and their mixes after 3 days of
hydration. Trans. Indian Ceram. Soc. 1999, 58, 115–117. [CrossRef]
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Abstract: Increasing concerns about climate change and global warming bring about technical steps
for the development of several energy-efficient technologies. Since the building sector is one of the
largest energy users for cooling and heating necessities, the incorporation of a proper energy-efficient
material into the building envelopes could be an interesting solution for saving energy. Phase
change material (PCM)-based thermal energy storage (TES) seems suitable to provide efficient energy
redistribution. This is possible because the PCM is able to store and release its latent heat during
the phase change processes that occurs according to the environmental temperature. The purpose
of this paper was the characterization of the thermal properties of a composite PCM (i.e., Lecce
stone/poly-ethylene glycol, previously developed) incorporated into mortar compositions based on
different binders (i.e., hydraulic lime and cement). The study was carried out using an experimental
set up through which it was possible to simulate the different seasons of the years. It was observed
that the addition of PCM in mortars leads to a decrease of the maximum temperatures and increase
of the minimum temperatures. Furthermore, the results shown a reduction of the heating and cooling
needs, thus confirming the capability of this material to save energy.

Keywords: phase change material (PCM); thermal energy storage (TES); sustainable materials for
buildings; thermal properties; mortars; hydraulic lime; cement

1. Introduction

In the current world scenario, environmental issues as well as climate change represent a real
problem that concerns all humanity. This awareness has led international policy to incentivize research
pushing it in the development of new renewable energy solutions. On the other hand, the scientific
community is focused on it and trying to make important steps forward to limit the increase in
energy consumption. In the last few decades, it has been shown that the building sector contributes
significantly to the increase the electric energy demands [1]. Major components of energy consumption
in the building sector are in heating, cooling, air conditioning and ventilation systems for comfort
demands [2]. For this reason, buildings should be designed to ensure the thermal comfort of the
occupants, with minimum auxiliary energy for heating and cooling equipment [3].

Another problem associated with energy consumption is due to old and ancient constructions
characterized by a lack of building envelope insulation; in the case of historical buildings, moreover,
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the installation of modern devices for heating and cooling necessities is limited. For this reason,
it becomes essential to find solutions able to improve the energy efficiency of buildings preserving, at
the same time, the environment [4].

A potential tool for energy conservation, able to store the excess energy and to release it, filling
the gap between the energy supply and demand, is a system called thermal energy storage (TES).

This latter system, using the principle of latent heat thermal energy storage (LHTES), combined
with a proper phase change material (PCM) is a promising technology to save energy, improving
building efficiency [5]. As the temperature increases, the PCM has the capability to change its phase
from solid to liquid. The reaction is endothermic and the PCM absorbs heat; when the temperature
decreases, the material changes its phase from liquid to solid. At this point, the process is exothermic
and the PCM desorbs heat. Thus, the addition of a PCM in building service equipment is a way to
enhance energy storage capacity. Consequently, building energy performance could be optimized
and also indoor thermal comfort can be improved [6]. The incorporation of a PCM in construction
materials (passive building system) has proven to be the most interesting approach [7].

Thereby, wallboards, floors, roof, mortar or concrete and other parts are integrated with PCMs
in order to improve the thermal performance of the building [8–12]. The most common solution for
implementing PCMs in buildings is the installation of PCM into the interior side of the building
envelope. Thus, the use of suitable PCMs in the interiors of the construction allows absorbing and
releasing heat in any room during a large part of the day. Several experimental investigations have
shown how this strategy positively affects indoor climate and energy use [6,7,13,14]. On the other hand,
among all these possible applications, the incorporation of phase-change materials in mortars employed
in the interiors of buildings appears the most attractive solution in an attempt to minimize the massive
energetic consumption related to building conditioning. Such an approach allows the regulation
of the temperature inside buildings through latent heat energy storage, using only solar energy as
a resource, thus, reducing the need for heating/cooling equipment [15,16]. Incorporating PCMs in
mortar and concrete can be an efficient method due to the large heat exchange area surfaces; in addition,
the final functional material can be adapted in a wide variety of shapes and sizes. Being mortar and
concrete widely used as construction materials, such PCM composites can be employed in any practical
application. Moreover, quality control can be easily achieved in the materials produced [17].

Among the available methods to incorporate an effective PCM into a building material, such as
mortar or concrete, the “form stable” is among the simpler and more efficient technologies [3,17–19].
In this method, a porous matrix of inorganic (such as silica-based material, perlite, diatomite, clay, etc.)
can act as the inert support that will contain the true PCM [20,21]. A form-stable PCM composite
can then be obtained by immersing the matrix in the liquid PCM, employing a vacuum system to
force the impregnation. After the impregnation process, the porous matrix is able to retain the optimal
percentage of PCM, with no leakage [22,23]. The production of form-stable PCMs involves very cheap
and simple equipment. Several studies have been recently published on the use of construction
materials incorporating a form-stable PCM composite [21,24–26].

In this work, this route (i.e., the form-stable method) was followed, employing as support matrix
small pieces of Lecce stone (LS) supplied by a local quarry as a waste product and selecting low
toxic and low flammable PEG (poly(ethylene glycol)) as real PCM. The use of waste stone as support
for a PCM able to improve the thermal efficiency of the buildings, and to reduce the consumption
of petroleum-derived energy, would represent a double advantage for the environment. PEG was
chosen because of its favorable properties, such as suitable phase change temperatures and large
phase change enthalpy, elevated long-term thermal/chemical stability, low toxicity and resistance
to corrosion, and limited volume change during solid–liquid phase change [27,28]. Furthermore,
the range of melting/crystallization temperatures of the selected grade of PEG (i.e., 1000) were considered
particularly suitable for a PCM included in mortars to be used in Mediterranean warm countries.

The produced form-stable PCM system was then used as an aggregate for the production of some
mortar formulations based on different binders. In our previous works [29,30], the production and the
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optimization process to achieve a suitable form-stable composite PCM have been described, as well
as its chemical, physical and thermal characterization. The influence of this PCM composite system
included in different mortar compositions on their mechanical properties was also investigated [30,31].

Starting from the previous research, taking into account the results obtained, the main aim
of the study described in this paper was the analysis of the thermal performance of some of the
produced mortars exposed to temperatures currently recorded in the South of Italy. To this purpose,
an experimental setup was implemented: a small-scale test cell, on which the produced mortars
(with and without PCM) were poured, was submitted to a preset temperature program able to simulate
the different seasons of the year. The obtained thermal performance for each binder mix, unmodified
or containing the innovative PCM, was recorded and analyzed.

2. Materials and Methods

2.1. Production of the Form-Stable Phase Change Material (PCM)

Different mortar compositions to be used indoors were developed in previous studies [30,31].
Lecce stone (LS), a biocalcarenite typical of the Salento area (South Italy) with a high open

porosity [32], was selected as support matrix to contain the PCM. LS was chosen also because it is
widely available as a waste product from extraction and production of stone components. Lecce stone
was reduced in small pieces and sieved up to a granulometry ranging between 1.6 and 2.0 mm, to be
used as aggregate in the mortar formulations. The PCM was based on poly (ethylene glycol), supplied
in solid form (Sigma–Aldrich company, Germany) with the trade name PEG 1000.

According to the data sheet, the density of PEG 1000 at 20 ◦C is 1.2 g/cm3. PEG 1000 displays
a mix of favorable properties (cheapness, low toxicity, low flammability) along with suitable melting
and crystallization range of temperatures. In order to be used in building applications, in fact, a PCM
must display an appropriate range of phase transition temperatures. Since PEG shows melting
and crystallization temperatures of 43 ◦C and 23 ◦C, respectively, this polymer has been considered
favorable to be used as a Phase Change Material included in mortars to be employed in buildings
located in warm regions, for instance in the Mediterranean area [27,28].

To produce the PCM composite system, namely LS/PEG, a simple vacuum impregnation process
was employed, according to the form-stable principle. As reported in our previous work [30], a proper
quantity of LS granules, that constituted the support for the PCM, was positioned in a flask linked
to a vacuum pump (at a vacuum pressure of 0.1 MPa). This flask was placed on a magnetic stirrer,
kept at 60 ◦C, containing also a magnetic stir bar. The PEG (originally in solid form), constituting the
true phase change component, was heated at 80 ◦C and then added to the flask where the LS granules
were placed. At that point, air was allowed to enter in the flask, forcing the penetration process
of the liquid PEG into the support, i.e., in the pores of LS. This process was continued for 60 min.
The results achieved with this method, reported in [30], have shown that the maximum percentage of
PEG absorbed in LS is 23% by weight. It has been demonstrated that in this form stable PCM displays
appropriate LHTES properties to be used in indoor mortars employed in buildings located in warm
(for instance, Mediterranean) regions [27].

2.2. Compositions of Mortar Formulations

In our previous papers, different mortar formulations based on aerial lime, hydraulic lime, gypsum
and cement, containing the composite LS/PEG have been produced and investigated [30,31], with
the aim of identifying, for each binder, the most convenient composition able to produce mortars
with adequate mechanical properties, in terms of both flexural and compressive modes. The mix
designs based on hydraulic lime and cement mortars were then identified as those best performing.
These latter were, therefore, employed to assess the true capability of LS/PEG to improve the thermal
regulation of a building, decreasing the indoor maximum temperature and increasing the indoor
minimum temperature. The selected binders, moreover, can be used in different applications: for
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historical constructions the hydraulic lime, the cement-based mortars in modern buildings and for any
other common application [30,31].

A natural hydraulic lime (NHL), with density of 2700 kg/m3 supplied by CIMPOR (Lisbon, PT)
was selected. A CEM I 42.5 R cement, with a density of 3030 kg/m3, supplied by SECIL (Lisbon,
PT), was employed in the present work. The inert support for the PEG-based PCM is the stone (LS).
Additional information of these mortars and its raw materials can be found in [31].

A superplasticizer (SP) was added to both mortar compositions, in order to reduce the amount of
water required for the mixing. The SP was a polyacrylate (MasterGlenium SKY 627, supplied by the
BASF company), with density of 1050 kg/m3. In Table 1, the composition of all the mortars realized
and analyzed, produced according to the European Standard EN 998-1 [33], are reported.

Table 1. Mortar compositions (reported as kg/m3 of produced mortar).

System Binder/Content

Aggregates

SP Water Saturation Water Water/BinderLecce Stone
(LS) Content

Poly Ethylene Glycol
(PEG) Content

HL800LS Hydraulic Lime/800 1092 0 15 275 320 0.40
HL800LS/PEG Hydraulic Lime/800 1729 398 15 0 375 0.47

C800LS Cement/800 1070 0 15 269 296 0.37
C800LS/PEG Cement/800 1347 310 15 0 360 0.45

Four compositions were developed: two of them were produced by adding the composite LS/PEG
to the binders (i.e., HL800_LS/PEG and C800_LS/PEG), in order to evaluate the effect of the presence the
PCM on the thermal properties of different mortars. For comparison purposes, two control formulations
were prepared by introducing only LS as aggregate (i.e., HL800_LS and C800_LS). As for the mortar
compositions containing the composite PCM (i.e., LS/PEG), the amount of this latter is different in the
two produced mortars (based on hydraulic lime and cement, respectively) since the amount of each
component in the mortars was determined according to Equation (1), where each component is related
to its density:

Binder (kg)
ρb

+
Aggregates (kg)

ρa
+

Superplasticizer (kg)
ρs

+
Water (kg)
ρw

= 1 m3 (1)

where ρb, ρa, ρs and ρw are the densities of the binder, the aggregates, the superplasticizer and the
water, respectively.

The indication “water saturation” in Table 1 accounts for the water used to saturate the LS
aggregates, possessing a high porosity, to prevent them from absorbing the water necessary for the
mortar’s manufacture. This additional water was not required when LS/PEG composite was added to
mortars, since PEG was able to saturate the pores of Lecce stone [30].

2.3. Methods

The morphology and microstructure of the developed mortars were analyzed using
a scanning electron microscope (SEM, Carl Zeiss Auriga40 Crossbeam instrument, Jena, Germany).
The investigations were performed under vacuum on samples without metallization, using a beam
accelerating voltage of 20 kV and the secondary electron detector. The SEM images were further
analyzed using the Scanning Probe Image Processor (SPIP) software package (Image Metrology A/S,
Kgs. Lyngby, Denmark), version 6.2.6. Three images at magnification of 2500× were analyzed for each
material and the results were averaged. The “Particle and Pore analysis” function was used to detect
the pores and to measure their size. The threshold segmentation method was applied to quantify the
total pores percentage; the watershed method was used to evaluate the distribution of the pores on the
basis of their dimension.

The thermal behavior of the produced mortars was tested in a climatic chamber, setting
a temperature program representative of each season of the year, in order to study the thermal

96



Materials 2020, 13, 2055

behavior of the developed mortars in summer, spring, autumn and winter. The temperature program
was fixed based on climatic data collected at the weather station installed in the Salento region,
South Italy.

For each composition, a small-scale test cell (Figure 1a) was constructed with an insulating
material (polystyrene) 3-cm thick, coated in the internal side with a mortar layer of 1 cm (Figure 1b).
Each cell was a cube, with a side equal to 200 mm. A thermocouple was placed in the center of each
small-scale cell, as illustrated in Figure 1c. Each small-scale test cell was placed inside a climatic
chamber, equipped with thermocouples for the temperature control (Figure 1d). Each thermocouple
used during the tests was connected to a data acquisition system of high sensibility (AGILENT 34970A),
measuring every minute the temperature of the climatic chamber and that inside the small-scale test
cells; the measured temperatures were then recorded by software (BenchLinkDataLogger3). Type K
thermocouples were used. The described set-up is able to supply important and reliable information
on the thermal behavior of the mortars, as previously demonstrated [34,35].

 
Figure 1. Set up to investigate the thermal performance of the different mortars: (a) six faces to build
a small-scale test cell; (b) mortar layer of 1 cm; (c) small-scale test cell with a thermocouple in the center;
(d) small-scale test cells placed inside a climatic chamber with temperature control.
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3. Results and Discussion

3.1. Microstructure

The scanning electron microscope observations were performed to evaluate possible
incompatibilities between the different phases present in the mortars. Figure 2 shows the microstructure
of the hydraulic lime and cement based mortars with incorporation of the composite system,
i.e., PEG-based PCM, compared with the reference mortars without PCM.

Figure 2. Scanning electron microscope (SEM) images of (a) hydraulic lime-based mortar without
phase change material (PCM) (HL800_LS (Lecce stone)); (b) hydraulic lime-based mortar with
PCM (HL800_LS/PEG (poly(ethylene glycol))); (c) cement-based mortar without PCM (C800_LS) and
(d) cement-based mortar with PCM (C800_LS/PEG).

The absence of voids and cracks in the microstructure of the developed mortars, irrespective
to their composition, suggests a good connection between the different components (LS or LS/PEG
and each binder). Differences in the pore size and pore distribution were found when comparing the
mortars with and without PCM, as can be observed from the results in Figure 3. A slight increase in
the total pores was measured when the PCM was added to each mortar (Table 2). Taking into account
that the total pores account for the porosity of the material, the mortars based on hydraulic lime were
generally more porous than the cement-based ones, as expected. The most frequent pore size was
similar for all the analyzed materials; it ranged between 0.761 and 0.894 μm (Figure 3a and Table 2).
In addition, the mortars containing the PCM exhibited a higher percentage of larger pores, irrespective
of the kind of binder. The fraction of pores larger than 2 μm was approximately 15% in HL800_LS/PEG;
it decreased by half in C800_LS/PEG, while it was negligible in the most compact mortar (i.e., C800_LS).
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Figure 3. Porosimetric features by image analysis of the SEM micrographs in Figure 2: (a) percentage
of pores as a function of their diameter; (b) number of pores per classes of pore-size.

Table 2. Total pores as a percentage and the most frequent pore size obtained by image analysis of SEM
micrographs taken on the investigated mortars.

System Total Pores (%) Most Frequent Pore Size (μm)

HL800_LS 33.57 ± 3.53 0.761 ± 0.062
HL800_LS/PEG 36.57 ± 3.18 0.894 ± 0.075

C800_LS 14.57 ± 1.35 0.832 ± 0.057
C800_LS/PEG 19.66 ± 3.24 0.794 ± 0.076

In general, the presence of both higher porosity and larger pore size can be explained in terms of
a higher water content of the mortar’s formulation. As reported in Table 1, the mortar compositions
containing LS/PEG were prepared using a higher amount of water. Thus, both hydraulic lime and
cement-based mortars with PCM exhibited increased porosity and pores larger in dimension than
the corresponding controls due to the higher water content employed. The observed porosimetric
features can also account for the changes in mechanical properties; in fact, the addition of the PCM
brought about a certain decrease in mechanical strength if compared to the mortars not containing the
LS/PEG composite.

3.2. Thermal Behavior

Since the presence of a PCM is expected to positively influence the internal temperature of a room
where it is applied [3,11,34], thermal tests were conducted with the aim of evaluating the thermal
behavior of mortars with incorporation of PCM. During the tests, all seasons of the year were evaluated,
taking as reference the climate recorded in Salento region (South Italy). Poly-ethylene glycol 1000
was, in fact, selected as PCM since its range of melting/crystallization temperatures is suitable for the
intended purpose. The summer conditions were simulated employing a temperature range from 22 ◦C
to 32 ◦C. For the spring climate, the analyzed temperature ranged between 12 ◦C and 24 ◦C. In the
autumn, the temperatures ranged between 16 ◦C and 24 ◦C. To simulate the winter, a temperature
interval between 8 ◦C and 15 ◦C was selected. Figure 4 shows the characteristic temperatures used
to simulate a typical summer, spring, autumn and winter season in Salento region. Each season was
simulated with three cycles, each one with a duration of 24 h.
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Figure 4. Temperature programs used to simulate the different season of the year.

During these tests, the PEG-based PCM reached the phase transition (between 27 and 30 ◦C during
the heating process and between 10 and 13 ◦C during the cooling process) storing and releasing energy
from the environment, respectively, regardless of the kind of binder. These temperatures are reported
to be, in theory, favorable to obtain a PCM-based mortar to be employed as thermal energy storage
system included in the exterior and/or in indoor walls of buildings located in warm regions [30,31].
In the case of winter season, it was not possible to evaluate the PCM effect since its melting point was
hardly achieved [31], therefore, these data were not reported.

In Figures 5–7 report the behavior of the developed mortars, i.e., lime-based and cement-based
mortars, with and without the novel PCM, in spring, summer and autumn climatic conditions. In each
graph, the fluctuations of the typical temperatures for each season, set in the climate chamber where the
test cells were located, are also reported. Figure 5 shows the thermal behavior of the developed mortars
during summer. It can be observed that temperatures above 25 ◦C are registered but not below 20 ◦C.
Thus, it was concluded that during the summer there are cooling needs. Figure 6 shows the thermal
behavior of the mortars during the spring. Cooling is not necessary since, for the mortars containing
the PCM, the maximum temperature is lower than 25 ◦C. Finally, Figure 7 shows the thermal behavior
during the autumn: even in the presence of the PCM-based mortar, slight heating is needed, since the
minimum temperatures were lower than 20 ◦C. In all the performed tests it was observed that when the
temperature inside the test scale-cell achieves the range between 20 ◦C and 25 ◦C, a slight PCM phase
change occurs: the thermal behavior of the PCM-based mortars evolves in a different way compared to
the temperature program used for the simulation of the season. It was verified that the temperatures
inside the test cells did not reach such extreme temperatures if compared to the temperature program.
Furthermore, the temperature fluctuations of the mortar compositions containing the PCM are always
narrow if compared to those measured on the mortar compositions without PCM, conforming the
efficient behavior of the LS/PEG composite as phase change material for different mortars.
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Figure 5. Thermal behavior in summer of the developed mortars: (a) hydraulic lime-based mortar and
(b) cement-based mortar. The thermal comfort zone is between 20–25 ◦C.

Figure 6. Thermal behavior in spring of developed mortars: (a) hydraulic lime-based mortar and
(b) cement-based mortar. The thermal comfort zone is between 20–25 ◦C.

Figure 7. Thermal behavior in autumn of developed mortars: (a) hydraulic lime-based mortar and
(b) cement-based mortar. The thermal comfort zone is between 20–25 ◦C.

As for the summer climatic condition (Figure 5), it was observed that in the heating step, i.e., when
the temperature exceeds 25 ◦C, the PCM-based mortars showed a slower heating and a lower maximum
temperature, this behavior being more marked in the case of the cement-based mortar. When the
temperature lies near the indoor thermal comfort zone (20–25 ◦C), the cells exhibit similar temperature
values. The effect of heat storage/release is only detected when the temperature diverges from the
thermal comfort zone. As for the cement-based mortar, it was observed that the higher temperature
of C800_LS/PEG is lower than 2 ◦C compared to the temperature program, while the temperature of
C800_LS is lower than 1 ◦C if compared to the temperature program. Thus, starting from a decrease
of the maximum temperature greater than 3% in the cooling stage achieved for the cement mortar,
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a decrease of the maximum temperature greater than 6% is achieved when the PCM is added to the
same mortar formulation. Passing to analyzing the hydraulic lime-based mortar, on the other hand,
the differences between the mortar formulation with and without PCM were negligible. During the
same tests, it was also observed a lag time of the minimum temperatures of 60 min during the heating
stage, while no lag time was recorded during cooling stage (Table 3). During the summer the greater
part of residential buildings electricity consumption is used for cooling needs, thus a certain shift to
off-peak periods of this consumption can represents an economical advantage.

Table 3. Lag time between the maximum and minimum temperatures in summer climate.

Summer
Lag Time (min)

Cooling Stage Heating Stage

Cement 0 60
Hydraulic Lime 0 60

According to Figure 6, in the spring climate, the maximum temperature did not exceed 25 ◦C,
meaning that the indoor environment does not require any cooling. On the other hand, the minimum
temperatures are lower than 20 ◦C and, consequently, there are heating necessities. As can be seen
in the graphs shown in Figure 6, the lowest temperature, recorded inside the climatic chamber
and representative of the spring cycle, diverges from the temperature recorded inside the test cells.
In general, there are not significant differences between the different binders (i.e., hydraulic lime
and cement), since for both of them the incorporation of PCM leads to an increase in the minimum
temperature of 11%. In particular, it was observed that the lower temperature of C800_LS/PEG is greater
than 2 ◦C when compared to the temperature program, while the temperature of C800_LS is greater
than 1 ◦C with respect to the temperature program. The same can be said for the hydraulic lime-based
mortar. However, in this tested season, the effect of the energy storage/release of the PCM is found also
in the thermal comfort zone (20–25 ◦C). The incorporation of PCM into mortars leads to a decrease of
12% in the maximum temperature. For the cement-based mortar as well as for the hydraulic lime-based
one containing the PCM, the higher temperature was found to be lower than 3 ◦C compared to the
temperature program, while the temperatures of the same mortar formulations without the PCM are
lower than 2 ◦C if compared to the temperature program.

These results demonstrated that the PCM produced positively influences to a similar extent both
high- and low-temperature external conditions. For the spring season, since there are not substantial
differences between the different mortar compositions in terms of thermal regulation, the only difference
can be highlighted by the thermal gradient, as can be seen in Figure 8, where the better thermal
behavior of the cement-based mortar appears remarkable.

Table 4 shows the lag time of the maximum and minimum temperatures verified in the different
mortars with and without PCM incorporation. It was observed that there is a lag time of the maximum
temperature of 60 min in the cooling stage, no lag time of the minimum temperature is observed in the
heating stage.

Table 4. Lag time between the maximum and minimum temperatures in spring climate.

Spring
Lag Time (min)

Cooling Stage Heating Stage

Cement 60 0
Hydraulic Lime 60 0

Figure 7 shows the thermal performance of the different mortars in an autumn climate. It can be
observed that the lowest temperatures are outside the comfort temperature zone since they are lower
than 20 ◦C. This observation suggests that it could be necessary to use heating equipment, leading

102



Materials 2020, 13, 2055

to higher energetic consumption in buildings. Starting from the mortar compositions containing
the PCM (i.e., C800_LS/PEG and HL800_LS/PEG), it was possible to obtain an increase in the lowest
temperature of 4%. This means that the difference between the temperature program, representative
of the autumn season, and the test cells containing the mortars with the PCM is about 1 ◦C. On the
other hand, the increase in temperature for the mortar compositions without the PCM is irrelevant if
compared to the temperature program. However, a decrease in the maximum temperature of 12% was
also measured for both mortar formulations containing the PCM. For the cement-based mortar as well
as for the hydraulic lime-based one containing the PCM, the higher temperature was found to be lower
than 3 ◦C when compared to the temperature program, while the temperature of the same formulations
without the PCM is lower than 2 ◦C with respect to the temperature program. Thus, it was concluded
that the PCM is able to more greatly influence a cooling stage if compared to a heating one.

According to the results reported in Table 5, the lag time of the maximum temperature in the
cooling stage is 60 min; no lag time of the minimum temperature was recorded in the heating stage.

Table 5. Lag time between the maximum and minimum temperatures in autumn climate.

Autumn
Lag Time (min)

Cooling Stage Heating Stage

Cement 60 0
Hydraulic Lime 60 0

The analysis of the experimental temperature curves described does not provide enough
information about the energy performance of the different mortars subjected to heating and cooling
cycles. Therefore, it is necessary to measure the temperature differences within each cell relative
to the PCM-based mortars with respect to the reference ones (0% PCM). The thermal gradient was
determined for each hour of the thermal tests and calculated by Equation (2).

ΔT = Tref − TPCM (2)

where Tref is the temperature of reference mortars (0% PCM) (◦C); TPCM is the temperature inside the
cell with PCM-based mortars (◦C).

Figure 8 shows the variation of the thermal gradient for each mortar composition in each season.
As the temperature cycle runs, the thermal gradient increases as a result of the cyclic heat storage process.
Hence, the gradient decreases until it reaches the point where the cells have the same temperature
(ΔT = 0). The cement-based mortars exhibit better thermal regulation with the greater difference in
the temperatures observed in all the season tested. On the other hand, hydraulic lime-based mortar
exhibit a smaller thermal gradient and, as a consequence, lower thermal performance.

Figure 8. Thermal gradient between unmodified and PCM-based mortars: (a) hydraulic lime-based
mortars and (b) cement-based mortars.
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Based on the temperature curves (Figures 5–7), the reduction of energy consumption during the
cooling and heating cycles was also quantified, with the aim of evaluating the energy saving actually
achieved with the use of the novel PCM. The amount of energy required to maintain the temperature
of the cell inside the temperature comfort range during one day was then calculated for each season.
In this way, it was possible to have an estimation of the cooling and heating needs to maintain the
interior temperature of a building within the comfort temperature range, i.e., between 20 ◦C and 25 ◦C.
Table 6 presents the cooling and heating needs for the different mortars in the different seasons.

Table 6. Cooling and heating needs during one day.

Formulation
Cooling Needs (J/m3) Heating Needs (J/m3)

Summer Spring Autumn Summer Spring Autumn

HL800LS 265,855 0 0 0 254,044 255,321
HL800LS/PEG 265,702 0 0 0 253,572 254,947

C800LS 266,003 0 0 0 254,017 255,266
C800LS/PEG 265,230 0 0 0 253,636 255,051

It was observed that the incorporation of the novel PCM, through the aggregates LS/PEG,
into mortars caused a slight decrease for the cooling needs in summer season. In this season,
cement-based mortar shows a better thermal behavior, since lower cooling needs are required using
this mortar composition.

As for the spring climate, a decrease was calculated in the heating needs for both the formulations,
hydraulic lime, and cement-based mortar, containing the PCM. The differences between the two
different binders appear to be insignificant. In the autumn conditions, a very small decrease was
calculated in the heating needs due to the incorporation in the mortars of the LS/PEG composite. Once
again, the differences between HL800_LS/PEG and C800_LS/PEG are not significant. From the performed
thermal tests was, then, possible to confirm that the PCM incorporation in both mortars formulations
reduces, even if to a low extent, the cooling and heating needs of a building located in Salento region
depending on the simulated season.

In Table 7 the values of energy saving that could be achieved using both mortar formulations
containing the PCM composite are reported. This latter was determined according to the difference of
the energy required for cooling and heating needs, starting from the results reported in Table 6 and
calculated by Equation (3):

ΔNE =NE0PCM − NEPCM (3)

where NE is the reduction of energy needs (J/m3); NE0PCM is the energy required for mortar without
PCM (J/m3); NEPCM is the energy required for mortar with PCM (J/m3).

Table 7. Energy savings per day for mortars containing PCM composite.

Formulation
Cooling Needs (J/m3) Heating Needs (J/m3)

Summer Spring Autumn

Hydraulic Lime 152.7 472.0 374.8
Cement 772.9 381.1 214.8

In summer, when only refreshment is required, the cement-based mortar displays a better thermal
behavior, confirmed by the much greater amount of the energy saving. In spring, on the other hand,
the energy saving for the hydraulic lime-based mortar is almost 20% greater than that calculated for
the cement-based mortar. The advantage of hydraulic lime-based mortar is even more appreciable
during the autumn season, with a difference of 40% in energy saving compared to cement-based mortar.
This behavior could be ascribed to the greater PEG content and porosity of the hydraulic lime mortar
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formulation (Figures 1 and 2). Thus, it can be concluded that the presence of a greater amount of macro
pores improves the temperature regulation effect.

4. Conclusions

In this work, the influence of a composite phase change material system included into two mortar
compositions, based on cement and on hydraulic lime, on thermal properties of the same mortars
was evaluated. The PCM represents a novel sustainable composite system composed of eco-friendly
PEG included, through the “form-stable method”, in waste natural stone flasks, i.e., Lecce stone.
This system, prepared with a low-cost equipment and low-cost raw materials, is characterized by other
favorable properties, such as low flammability and low toxicity that constitute advantageous features
for applications in the building sector.

The microscopic analysis of the microstructure of each mortar revealed a good connection between
the different components of the mortars, with no voids or cracks in a homogeneous structure. From the
same analysis it was also possible to observe that the incorporation of LS/PEG led to an increase in the
porosity in the tested binders in comparison with the reference unmodified mortars. This observation
was explained by the higher amount of water required by the mortars containing the PCM, with the
hydraulic lime-based mortar containing LS/PEG showing the greatest porosity.

The results obtained in the thermal tests, performed with a small-scale test cells, simulating
the temperatures typically experienced in the Salento region (South Italy) in the four seasons, have
proven that the incorporation of the PCM under analysis in the mortars leads to changes in their
thermal properties. In particular, during the summer season, a decrease in the cooling needs was
measured, while during spring and autumn, a decrease in the heating needs can be achieved upon
the addition of the PCM in both mortars. The best thermal performance was achieved in the summer
season by the cement-based mortar containing the LS/PEG, testified by the highest thermal gradient,
the maximum temperature reduction, the minimum temperature increase and time delay. In spring and
autumn, the best thermal performance was displayed by the hydraulic lime-based mortar containing
the LS/PEG.
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Abstract: Selecting the best materials that ensure maximum performance is crucial in the construction
engineering design of any construction project. However, this is challenging and usually not properly
considered because of the lack of systematic and scientific evaluation methods for the performance of
materials. This paper proposes a new approach of selecting material to satisfy the performance goal
of material designers in building constructions based on the analytic hierarchy process method. To
validate the suggested model, a case study was conducted for a concrete system form, the performance
of which is susceptible to its materials and has a strong effect on overall project productivity. The
newly developed form comprising polymers and alloys showed that the proposed material selection
model provided a better combination of materials, and the solution was technically more advanced
and ensured better performance. This paper contributes to the body of knowledge by expanding the
understanding of how construction material properties affect project performance and provides a
guideline for material engineers to select the best-performing building materials while considering a
performance goal.

Keywords: material selection; project performance; material property; analytic hierarchy process
(AHP); building construction; concrete system form

1. Introduction

Material selection is one of the most important yet complex tasks encountered by construction
engineers, because it is directly related to overall project performance (e.g., time, cost, and
quality) [1]. Construction engineers must select the best-performing materials based on the mechanical
(e.g., specific strength and elasticity modulus), functional (e.g., noise reduction, corrosion resistance,
and nonadhesiveness), and physical (e.g., density, color, and thermal conductivity [TC]) properties of
the materials in the selection process in association with cost [2,3]. These evaluation criteria are often in
conflict with each other, because an optimal selection for one criterion could sacrifice other criteria [2].
Therefore, construction material selection should be conducted through a systematic decision-making
process, investigating how each criterion has an impact on project performance.

Despite the importance of material selection in construction projects, in practice, it mainly has
been conducted with a heuristic approach based on personal experience because of the lack of a
systematic evaluation model and an ambiguous measuring criterion for considering the potential
performance of materials. Previously, some research has provided building material selection models
using various methodologies, such as the ranking and scoring method [4], analytical network process
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(ANP) and technique for order of preference by similarity to ideal solution (TOPSIS) [5], quality function
deployment (QFD) [6], and fuzzy-extended analytic hierarchy process (AHP) [7]. Those models provide
useful guidance for the multicriteria decision-making (MCDM) of construction materials. However,
previous research on material selection in the construction industry has mainly focused on the life cycle
cost and sustainability of materials, especially for completed buildings. In addition, the characteristics
of construction material and how they affect the potential performance of products have not been
studied thoroughly.

To fill the gap in existing research, this paper aims to develop a general material selection model
to help researchers and practitioners select optimal materials for construction products or facilities in
terms of the performance goal. The performance goal can be defined by a material designer considering
the user’s requirements. A systematic procedure through translating, screening, and rating processes
provides a guideline to approach the performance goal in a systematic and scientific manner. The AHP
method is a key technique during a rating process that quantifies all the qualitative properties of the
material in terms of performance goal in building construction projects.

The aim of this study is to establish a generalized material selection model for construction
engineers and practitioners for easy application. We tested the model in a case study based on selecting
formwork materials such as panels and frames. Formwork plays a key role in concrete building
construction because formwork cost accounts for as much as 15% of the total construction cost and
approximately 25% of duration in a reinforced concrete structure [8,9]. In addition, there are many
formwork materials commercially available in the market, enabling the manufacture of a real prototype
and mock-up product based on the result of the case study. The remainder of the paper is arranged as
follows. Section 2 explains a material selection process for performance improvement. Section 3 shows
a case study on a concrete form, and we have reviewed it in Section 4. Section 5 describes the results,
and Section 6 discusses the results. Finally, Section 7 concludes the study entirely.

2. Material Selection Process for Construction Materials

2.1. Material Selection Process

Material selection is one of the most significant and confusing tasks encountered by construction
practitioners. In the construction materials market, there are 85,000 different commercially available
polymers to choose from, at least 14 types of general-purpose engineering plastics, and at least 20 kinds
of applicable alloys that are already commercialized. Available materials also may differ according to
the country, market, and time, so the material engineer should consider allowable material candidates
first before making a selection. The process is conducted in the order of translating, screening, and
rating (Figure 1).
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Figure 1. Material selection process for construction materials.

The first step for material selection is a translation. The material designer should define a technical
performance goal (e.g., improved labor productivity and high maintainability). The performance goal
should be testable and measurable like an index which is usually an accumulation of scores. The
second step is a screening. Constraints (e.g., waterproof and high tensile strength) should be defined
along with performance goals, and the constraints are used to eliminate ineligible candidates so we
can save time for the rating process. The third step is a rating. Through this step, we evaluate what
properties of the materials affect the performance goal. In this step, AHP is a key method that calculates
the relative weight of material properties for maximizing the potential performance goal. AHP is a
powerful yet simple method for making decisions even when important elements of the decision are
difficult to quantify or compare.

2.2. Analytic Hierarchy Process (AHP)

The AHP method, conceptualized by Saaty [10], is one of the most popular MCDM methods [11].
The purpose of MCDM is to select the best alternative from a set of competitive alternatives and
evaluate it with a set of criteria [12]. The AHP method can be successfully applied to analyze qualitative
data quantitatively. It transforms a complex and multicriteria problem into a structured hierarchy [13].
The AHP requires minimal mathematical calculations and is the only methodology that can consider
consistency in decision-making [14]. In addition, it has been applied in construction industry to select
suppliers [15], construction method [16], and equipment [17]. The general AHP procedure is described
in Figure 2 [10].
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Figure 2. Analytic hierarchy process (AHP) methodology for material selection.

The hierarchy levels are structured in such a way that there is a set of alternatives at the minimal
level and a general goal is placed at the top level. In between the minimal and top levels, the general
criteria and sub-criteria are placed [18]. After this, logical hierarchy levels are constructed, and the
decision-maker can systematically assess the alternatives based on pair-wise comparison judgments.
The pair-wise comparisons are conducted using Saaty’s [10] predefined scale (generally a nine-point
scale [Table 1]).

Table 1. Nine-point scale suggested by Saaty [10].

Definition Intensity of Importance

Equally important 1
Moderately more important 3

Strongly more important 5
Very strongly more important 7

Extremely important 9
Intermediate values 2, 4, 6, 8
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If there are n criteria, the pair-wise comparison of criteria i and j yields an (n × n) dimension
matrix A, where aij denotes the comparative importance of criterion i with respect to criterion j.

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11 · · · a1n
...

. . .
...

an1 · · · ann

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, aij = 1, when i = h and aji =

1
aij

(1)

After the pair-wise comparison, relative weights of criteria can be computed. The computation
also includes the calculation of a normalized principal eigenvector from the given matrix A. The relative
weights are derived by the eigenvector (w) corresponding to the largest eigenvalue (λmax) such as:

Aw = λmax ×w. (2)

The evaluation requires a certain level of matrix consistency and can be checked by the consistency
index (CI) as follows.

CI =
λmax − n

n− 1
(3)

If the matrix is perfectly consistent, then CI = 0. Consistency is an important factor in AHP, so it
must be checked for each pair-wise comparison matrix at each stage.

Finally, the consistency ratio (CR) can be calculated such as:

CR =
CI
RI

. (4)

The RI is a random index that can be derived from the number of criteria n. Usually, a CR of 0.1
(10%) or less is considered acceptable (enough to be trustworthy).

3. Case Study: Material Selection for System Form

Formwork has a direct effect on the quality of the concrete surface, concrete framework cost, noise
level, environmental issues, labor productivity, and even worker safety, because it is labor-intensive
and physically demanding work [19]. From among the different types of forms, in this paper, a system
form was selected for case verification because it is the most widely used form in mid- or high-rise
building construction around the world. The term system form denotes a standard prefabricated
form unit that normally consists of a panel and inner and outer frames. The system form can secure
a high-quality concrete surface and high productivity with more recycle times than conventional
concrete form (e.g., hand-set wood form), so the material selection of the system form can be more
critical for the improved performance of the total construction project. The scope of this case is to select
materials for the panel, and inner and outer frames.

3.1. Prospective Materials

In the formwork materials market in South Korea, steel, aluminum, wood, magnesium, and
titanium alloys are commercialized, and 13 engineering plastics (polymers) are available. Thus, the
prospective materials in this case study were limited to these 18 materials. Each material has different
characteristics in terms of mechanical, functional, and physical properties, and each of the properties
has three different criteria (Table 2). These criteria may not be limited to formwork material selection,
and they can broadly be applied to any other construction material selection. Allowable formwork
material properties according to the performance criteria is provided in Table 2.
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Table 2. Criteria for material selection of concrete form.

Criterion Properties Explanation

Flexural strength
(FS)

Mechanical

Because the formwork must withstand the loads of concrete, the
minimum FS required by the design must be secured. Generally,

when the concrete, live, and dead loads are applied, the minimum
FS value is set so that it is below the allowable deflection.

Flexural modulus
(FM)

The higher the FM, the better the quality of the concrete surface, as
the deflection of the form decreases as the concrete is poured.

Impact resistance
(IR)

Strength to withstand breakage of the form when dismantling and
dropping of formwork. It should secure sufficient strength to

prevent breakage.

Weather resistance
(WR)

Functional

It should not be deformed or corroded by weather such as
ultraviolet rays, snow, or rain.

Alkali resistance
(AR)

Because the concrete exhibits strong alkaline properties, the material
in contact with the concrete must have AR.

Noise generation
(NG)

Noise created during the installation, disassembly, and dropping of
the formwork causes psychological damage to the operator and the

site, so it is necessary to use a material with low noise.

Density
(DE)

Physical

During installation and disassembly, forms are carried by the
workers, so the lowest density material should be used to reduce the
weight as much as possible. Reducing the weight of the form not
only increases the productivity and constructability of formwork,

but also reduces the incidence of work accidents.

Water absorption
(WA)

Forms should be made of a material that absorbs as little moisture
as possible because they are continuously exposed to a wet

environment and affected by rain.

Thermal conductivity
(TC)

To achieve uniform quality in the curing process during hot and
cold weather, materials that come into contact with concrete should

have low TC. In addition, materials with low TC are particularly
important when not using a release agent because they have an

advantage for making relatively smooth surfaces.

3.2. Translation

The starting point of material selection for a system form is to identify the performance goal.
There are many different performance criteria for formwork, but in this study, the authors set the goal
with respect to maximizing user requirements while satisfying the technical requirements of formwork.

3.2.1. User Requirements (Performance Goal)

There is insufficient research on how to improve overall formwork performance [19]. This
paper tried to test a form after constructing it in such a way that it satisfied the requirements of
the users (i.e., workers and engineers) who use it in practice on a construction site. To derive the
user requirements, interviews were first conducted with two supervisors of two high-rise building
construction projects, four heads of formwork companies, and six experts in system formwork on-site.
A detailed interview process is shown in the author’s previous work [19,20]. The results of these
interviews are summarized in Table 3. In Table 3, the importance index is a value obtained by dividing
the importance value by the current performance value by examining the users’ requirements with
importance and performance. Therefore, as the number increases, the more important or urgent the
issue to be improved is for increasing formwork performance.
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Table 3. User requirements for form.

No. Category User Requirements Importance Index Rank

1

Constructability

Easy assembly and disassembly (can be fit and
fastened together with reasonable ease) 91.3 1

2 Low noise during dismantlement or assembly and
disassembly 87.4 2

3 Easy separation from concrete 76.2 8

4 Efficient lifting and carrying 79.6 6

5 Safety Not distorted or deflected during concrete casting 56.3 15

6 Reduced work accidents (struck by object) 57.7 13

7

Durability

High repeat use with constant module size 83.2 4

8 Recyclable material usage 61.4 12

9 Durable against falling and external impacts 64.2 10

10 Easy maintenance and cleaning 69.9 9

11 Reliability Low TC (low temperature sensitivity) 59.1 14

12 High concrete surface quality 78.8 7

13

Conformance

Compatible (size, height, fixing method) with
existing formwork units (e.g., Euro form, aluminum

form, and Skydeck)
86.7 3

14 Hybrid (concurrent usage) usage for vertical (wall
and column) and horizontal (slab) forms 63.1 11

15 Provides various module sizes to minimize on-site
work (filler and conventional formwork) 81.9 5

3.2.2. Function and Components

Apart from the performance goal presented, a form must be designed to meet the required
technical performance level as a product. A system form can be defined as a temporary structure that
helps to hold the fluid concrete in place until it hardens and acquires a particular shape [21]. The
system form is dismantled after the finishing formwork, but its technical performance strongly affects
the subsequent tasks with respect to cost and duration. Therefore, the system form should be well
designed not only to create the rigid, strong conditions required during concrete casting to avoid loss
of concrete or collapse, but also to secure high performance (e.g., high constructability and a smooth
concrete surface).

The general system form is divided into an inner frame (Figure 3c), an outer frame (Figure 3a),
and a panel (Figure 3b). The panel is in contact with the concrete and transfers the load (e.g., live load
and wind load) to the inner frame. The inner frame receives the load from the panel, transfers it to the
outer frame, and is installed at regular intervals to prevent deformation of the panel. The outer frame
receives the load from the inner frame and delivers it to the shore or beam. Two or more different
materials can be applied as composite (heterogeneous) materials in one concrete form because the
technical requirements differ for each part in a system form (Table 4). For example, aluminum inner
frames and steel outer frames with a wooden panel can be combined in a system form.
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Figure 3. Basic concrete system form module used in South Korea. An outer frame (a), a panel (b), an
inner frame (c).

Table 4. Technical requirements for form materials.

Factors for
Consideration

Inner Frame Outer Frame Panel

Mechanical
consideration High FS a and FM b High FS and FM, high IR c High FM, high IR

Functional consideration Reduced noise, WR d Reduced noise, continuous
use temperature, AR e, WR

Reduced noise, low TC f,
easy to nail, easy to

change, easy to strip off
concrete, AR

Physical consideration Lightweight, low WA g Lightweight, low WA Lightweight, low WA
a Flexural Strength, b Flexural Modulus, c Impact Resistance, d Weather Resistance, e Alkali Resistance, f Thermal
Conductivity, g Water Absorbtion.

3.3. Screening

Constraints

A concrete form should endure concrete pressure, live load, and dead load; thus, during concrete
casting, there are constraints in mechanical properties to avoid accidents caused by deflection. In
addition, from previous research by the author [19,20], there are functional and physical requirements
as well for a concrete form. If a material does not satisfy the requirements for each component (i.e., outer
frame, inner frame, and panel), it is excluded from the list of alternative materials. Table 5 shows the
constrains and possible materials for each form part. In this table, the moment of inertia (I) is assumed
to be 6.0357 for the inner frame and 27.77 for the outer frame, considering the size of the normal Euro
form, which is one of the most widely used system forms (600 mm × 1200 mm) in Europe and Asia.
However, the required specifications differ between the manufacturers, countries, and times, so the
material engineer should make constraints considering the potential users, purpose of the product,
and performance goal.
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Table 5. Possible materials for each form part.

Properties Inner Frame Outer Frame Panel

Functional requirements
(strong constraints)

NG a ≥ B
WR b ≥ B

NG ≥ B
WR ≥ A
AR c ≥ A

NG ≥ A
Easy to nail

Mechanical requirements
(strong constraints)

FS d > 75 Mpa for the
wall, 45 Mpa for the slab
FM e > 167,751 kgf/cm2

for wall, 95,059 kgf/cm2

for slab
If I is 6.0357

FS > 64 Mpa for the wall,
42 Mpa for the slab

IR f ≥ A
FM > 218,761 kgf/cm2 for
wall, 123,965 kgf/cm2 for

slab
If I is 27.77

FS > 64 Mpa for the wall,
42 Mpa for the slab

IR ≥ A
FM > 73,242 kgf/cm2 for
wall, 41,504 kgf/cm2 for

slab

Physical requirements
(weak constraints) WA g DE, WA DE, WA, low TC h

Possible materials
(weak constraints)

Aluminum, steel, plastic,
alloys Plastic, alloys Plywood, plastic

a Noise Generation, b Water Resistance, c Alkali Resistance, d Flexural Strength, e Flexural Modulus, f Impact
Resistance, g Water Absorption, h Thermal Conductivity.

3.4. Rating

In the rating procedure, the priority ranking is quantitatively calculated to improve user
requirements according to the goal, criteria, and alternatives.

3.4.1. Technical Performance Judgment for Each Alternative Material

There are four qualitative features in the evaluation criteria: impact resistance (IR), noise generation
(NG), weather resistance (WR), and alkali resistance (AR). These features can only be evaluated relatively
according to the performance goals. For example, in urban city projects, NG is very important because
there are many residents near the construction site. In this situation, the designer may evaluate NG
as a critical factor for performance. For this reason, these features should be evaluated by material
designers or users according to their needs. In contrast, there are five quantitative features: flexural
strength (FS), FM, density (DE), water absorption (WA), and TC. These features can be evaluated
quantitatively according to the technical requirements of the project. In this study, 12 formwork experts
simply evaluated them in the following manner: 7, 5, 3, and 1 point are given for excellent (S), good
(A), fair (B), and poor (C) performance for qualitative features. In the case of quantitative features, the
values of the properties were divided into four sections in the order of the highest values, and 7, 5, 3,
and 1 are allocated, respectively. Based on this evaluation process, candidate materials in Table 6 were
evaluated. The total summation of the scores from these four features is defined as the performance
score (PS). The PS for nine quantitative and qualitative features are provided in Table 7.
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The required characteristics may differ according to the form parts (i.e., inner frame, outer frame,
and panel). For example, the noise generated during installation and dismantlement is crucial for
the outer frame, but not for the inner frame, because it is not hit when dropping. AR is also more
important for the outer frame and panel than for the inner frame because only a small amount of
concrete sticks to the inner frame compared with the outer frame and panel. WR is crucial for the inner
and outer frames because they are permanent-use parts exposed to outdoor conditions with wind and
rain, but not for the panel because the latter is a disposable item that is replaced periodically.

3.4.2. Material Selection Methodology Using AHP

Generally, AHP consists of three main principles, including the hierarchy framework, priority
analysis, and consistency verification [10]. The first stage in applying the AHP method for material
selection is to develop an AHP hierarchical framework that shows a systematic overview of goals,
criteria, sub-criteria, and alternatives. The hierarchical framework looks like a tree from level-1, which
represents the goal of selection, to level-2, which represents the criteria or factors that affect the goal, and
level-3, which consists of the components of each criterion at level-2; their weights are quantitatively
calculated to select optimal materials at level-4 (alternatives) (Figure 4). We referred the criteria and
sub-criteria from Ashby’s [22] model that is one of the most widely used material design models.

 
Figure 4. Hierarchical diagram for material selection criteria for concrete form.

At AHP hierarchy level-1, the goal of the project (the case study) is defined, and it is to select
the most suitable materials hybridized with different materials for each component in the concrete
form, outer frame, inner frame, and panel. Afterward, the structure is expanded to level-2, where
the main criteria (mechanical, functional, and physical properties of the technical requirements) are
represented. These are divided into several sub-criteria (FS, FM, IR, WR, AR, NG, DE, WA, and TC).
Once a hierarchy framework has been constructed, users (i.e., workers and engineers) are requested to
participate in a survey for a pair-wise comparison matrix at each hierarchy. In the priority analysis
stage, each comparison matrix is calculated by an eigenvector to determine the weight of each criterion
and the performance of alternatives [23]. The final stage is to calculate a CR to measure the consistency
of the judgments in the survey. This is a comparison between the CI and random consistency index
(RI). AHP allows assessment inconsistencies but they should not exceed 10%.
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The AHP questionnaire was a pair-wise comparison of the questionnaires for each component
from a total of 10 formwork experts (five engineers, five users, with 18 years of experience on average).
For the outer frame, the λ value was 9.491 and the CR value was 4.2%. For the inner frame, the λ value
was 10.084 and the CR value was 9.4%. For the panel, the λ value was 10.263 and the CR value was
9.1%. Figure 5 shows the overall relative weights for each part of the concrete form for nine sub-criteria.
This relative weight, which is the priority value (w) of each material, can be calculated to select the
optimum material for each constituent member of concrete form in terms of the performance goal.

 

⋅

Figure 5. Overall relative weights of concrete form materials.

3.4.3. Best Materials Choice

The priority index (PI), which is defined as the priority value (w) × PS divided by cost, is newly
suggested for quantitative comparison among materials. The PI quantifies the effect of material
properties on a user’s performance goal. In other words, a material that has a high PI should be
selected to optimize the performance of materials. The PI can be designed and defined differently
depending on the design goals. Table 7 shows the calculated PI for the outer frame, inner frame, and
panel. In addition, the disqualified and highest score alternatives are selected.

4. Development of Composite System Form

After the material selection process, the detailed configuration of a new composite system form
(CSF) was drawn (Figure 6). The highest PI materials for the outer frame, inner frame, and panel were
polyamide 6 (PA6), steel, and polypropylene (PP), respectively. The connecting bracket between the
members was made of PA6, and the rivets and bolts were made of steel. In the case of the panel, a
PP sandwich panel was used, but for the low FM value of PP and the ease of nailing, a second prior
material, plywood coated with PP or high-pressure laminate (HPL) film was also tested. The design of
the inner frame, outer frame, and panel is described in more detail in the following section.

121



Materials 2020, 13, 1738

Figure 6. Detailed configuration of the composite system form (CSF).

4.1. Material Selection for Each Part of the CSF

4.1.1. Outer Frame

The outer frame is in direct contact with the concrete and is exposed to the weather and external
impacts. Therefore, it should be alkali and weather resistant with low adhesion and high IR to withstand
impact during installation and dismantlement. There are two alternative outer frame materials, namely,
plastics and alloys. Given that there are various kinds of plastics, among the materials satisfying
the mechanical requirements in Tables 6 and 7, PA6 has the highest PI value. In this study, PA6 was
selected as the outer frame material considering the PI value, but it may be changed at any point based
on the material cost. PA6 does not shrink, is resistant to ultraviolet (UV) radiation, and is insensitive to
knocks and scrapes. In addition, even if some concrete sticks to the frame, it is easy to clean because it
does not react with concrete.

4.1.2. Inner Frame

As shown in Table 5, the possible materials for the inner frame are aluminum, steel, alloys, and
plastic. Compared with an external frame, there are many alternatives for the inner frame because it
has less contact with concrete or weather, and the possibility of external impact is low. Considering the
PI, the best material is steel. Because the strong modulus of elasticity of steel prevents deflection, it is
the most suitable material for the inner frame, which is most affected by deflection, at a comparatively
low price.

4.1.3. Panel

The panel material should be plywood or plastic, as shown in Table 5, as it should be lightweight
and capable of being released from concrete even when no release agent is applied. Considering the PI,
PP ranked the highest; however, because of the weak FM of PP and the difficulty of nailing, we tested
both sandwich panels of PP and HPL-coated wood panel, which are on the second tier on PI for panels.
These special panels ensure chemical resistance, moisture resistance, and UV resistance.
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4.1.4. Corners and Brackets

PA6 was used for the joint brackets, and synthetic rubber was applied for the core corners
because it can reduce noise as well as impact damage during installation and dismantling, which
were strong constraints for all assembly parts. In addition, the CSF, which is assembled from several
separable structures, has advantages as a temporary resource because it is easily replaced part-by-part
when damaged.

4.2. Verification of the CSF

After designing the product with the selected materials and applying the design to the actual
site, we compared and analyzed the performance of the CSF versus existing forms. There are many
performance criteria, but the authors validated only the recycle time, NG, and work efficiency because
these are the three most important performance criteria for concrete formwork.

4.2.1. Three-Dimensional (3D) Modeling of the CSF

After checking the structural analysis, a detailed 3D model of the CSF was drawn for the purpose
of fabricating real prototypes (Figure 7). Through computer analysis, the frame structure was optimized
to minimize the amount of material input and deflection.

 

Figure 7. Three-dimensional model of the CSF.

4.2.2. CSF Prototype

After the 3D design of the CSF, a prototype was developed including the panel, corner panel,
and accessories to build a mock-up model house (Figure 8). Installation and assembly tests were then
conducted to check the applicability of the prototype (Figure 9).
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Figure 8. The CSF prototype design ((a) accessories components design, (b) assembly method design).

 
Figure 9. A mock-up assembly house made up of CSF ((a) constructability test, (b) connectivity test).

4.2.3. Structural Analysis (Standard Loading Procedure)

A standard loading test was performed on the fabricated CSF prototype to calculate the deflection
of the form during concrete casting. Because there is no official performance standard for composite
concrete forms in Korea, the loading was performed based on the Korea Standard (KS) criterion F 8006
(Figure 10) with a maximum load (P) of 14,400 N. KS F 8006 is a very strong standard for steel form,
and if the maximum deflection is less than 1.4 mm, it ensures that the form is strong enough to endure
concrete pouring in any position. The CSF deflection did not exceed 1.4 mm during 14,400 N loading,
verifying the safety of the CSF during concrete casting.

124



Materials 2020, 13, 1738

Figure 10. KS F 8006 (standard loading method for concrete form in Korea).

4.2.4. Recycle Time Test

The CSF consists of an assembly structure (i.e., panel + frames), and the panel can be changed if
it is worn out or damaged. Current plywood, the most widely used formwork panel, can be reused
(recycled) 7 to 10 times without replacement. The panel replacement is a cost- and time-consuming
task, so a higher recycle time ensures better formwork performance. In this study, recycle time
tests were performed for the PP sandwich panel and HPL-coated wood panels. Because there is no
official certification test for the number of times a form can be reused, the evaluation was performed
subjectively by comparing the change to the surface of the panel with the surface of the concrete after
removing the concrete. After running a concrete casting test 50 times without changing the panel, the
surfaces of the CSF and the concrete remained clean, even without cleaning, because the concrete did
not stick to the PP or thin film-covered panel. In addition, the new panels are neither worn out or
damaged by concrete because they have enough IR and AR. This result means that the CSF is suitable
for high-rise building construction requiring the repeated use of panels.

4.2.5. Noise Test

Two kinds of tests were conducted to measure the noise produced when using the CSF, generated
when dropping the CSF from a certain height to the floor, and generated while installing and dislodging
pins with a hammer. The average value was measured after four tests using a noise meter. For
comparison with existing forms, the same experiment was performed on the Euro and aluminum
forms, and the measurement results are shown in Figure 11. The CSF dampens noise through shock
absorption and the separate frame structures, resulting in less noise than other forms.
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Figure 11. Test result of noise generation (NG) during dropping and installation.

Table 8 shows a comparison of the characteristics of the proposed CSF with existing aluminum
and Euro forms.

Table 8. Comparison of characteristics of the CSF and existing forms.

Item CSF Aluminum Form Euro Form

Material Composite (PA6 GF60) + Steel
+ HPL-coated plywood panel 100% Aluminum Steel + coated plywood

Image

 

 

Specification 600 mm × 1200 mm 600 mm × 1200 mm 600 mm × 1200 mm

Weight 10 kg 15 kg 19 kg

Number of
recycling cycles Above 50 times Above 50 times Below 10 times

Use of form oil None Use Use

Noise creation Below 95 dB Above 120 dB Above 110 dB

Applicability Wall + Slab Wall + Slab Wall

Systemization Table form, gang form - -

Compatibility 100% compatible with both
Aluminum and Euro forms

Not compatible with
Euro form

Not compatible with
Aluminum form

4.2.6. Field Application

The developed CSF was applied to an actual building construction site to validate the performance
and quality of the CSF. The average formwork time between the aluminum form and CSF were
compared and analyzed during a task of wall, slab, and stair formwork (Table 9). Each of the formwork
tasks consists of four work tasks: stripping, lifting, plaster form oil, and installation. The average task
(i.e., installation and dismantlement) time of 20 units of CSF and Al-form were measured. In addition,
to validate the concrete quality, CSF was applied alongside the existing Euro form (plywood panel),
and the concrete surface quality was compared and analyzed after stripping forms (Figure 12).
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Table 9. Performance comparison between CSF and Al-form.

Task Distribution Avg. Task Time (Al-form) (s) Avg. Task Time (CSF) (s)

Wall formwork

Stripping 30 26

Lifting 21 16

Plaster form oil 10 -

Installation 48 34

Stair formwork

Stripping 32 27

Lifting 16 12

Plaster form oil 10 -

Installation 54 39

Slab formwork

Stripping 18 17

Lifting 14 14

Plaster form oil 10 -

installation 24 22

Total 287 208

Measurement time range

Stripping: (start) When the tools for dismantling begin to reach a form; (end) when the dismantled form is
placed on the slab.

Lifting: (start) When workers started to hold the form to lift; (end) when putting down the lifted form in the
work area.

Plaster form oil: (start) When workers start to grip the roller and take form oil; (end) when the roller is put
down after plastering.

Installation: (start) When workers start to hold the form by hand; (end) when the tool is put in after
installation.

 

Figure 12. Concrete surface quality comparison between the CSF and the Euro form.

5. Results

Figure 5 shows the overall relative weights of the material performances. The authors calculated
the PI by multiplying the material property data in Table 6 by the relative weights of the performances.
Table 7 shows the results of PI for each material and allowable candidates, considering the technical
requirements. The outer frame has higher importance for NG and DE, the inner frame has higher
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importance for FS and FM, and the panel has a higher importance for TC and AR. When considering the
PI, PA6, steel, and PP have the highest values for the outer frame, inner frame, and panel, respectively,
but PP has several limitations on deflection and is difficult to nail. The HPL-coated plywood panel is
the second-highest alternative for the panel, so we tested it with PP panel during the field test.

A new composite system form (CSF) was developed based on the result of the case study, and the
authors verified its structural safety and then tested applicability in terms of the panel’s recycle time,
NG, and work efficiency, and these are the most important factors for formwork performance.

In the developed CSF, PP- and HPL-thin film coated on the plywood panel adds impermeability
and does not stick to concrete, and they can be reused more than 50 times without applying form oil. In
addition, the noise level of the CSF was lower than 95 dB during the installation and dismantling work,
a remarkable reduction compared with the aluminum (121.95–125.275 dB) and Euro (113.975–119.8
dB) forms. Most importantly, CSF was 33% lighter than the conventional aluminum form (15 kg) and
47% lighter than the Euro form (19 kg). The weight reduction, compared with the aluminum form,
provided a 27.5% increase in work productivity during wall, stair, and slab formwork. In addition,
CSF shows 100% compatibility with Euro form and Al-form, and it can be systemized as Table form or
Gang form by assembly.

6. Discussion

This paper aims to develop an MCDM technique for the construction material selection model to
help researchers and practitioners select optimal materials in terms of their performance goals. In this
regard, this study proposed an AHP-based MCDM procedure for construction materials and provided
a case as a guideline for further applications. A newly developed CSF is structurally safe during and
after concrete casting because it passed the KS standard. This does not simply describe safety as a
small-scale form; the same structure of the form module can be assembled into a large size and various
shapes of concrete forms in building construction such as gang form and slip and truss tables.

The result of the recycle times shows that the CSF panel and the PP- and HPL-thin film coated on
the plywood can be reused more than 50 times without applying form oil. Replacing the formwork
panel is very costly and time-consuming work especially in mid- and high-rise building construction.
In particular, when constructing irregularly shaped buildings, the installation location of the form
is fixed, and it is very inefficient work to replace the formwork panel. In this respect, the suggested
CSF panel can be an innovative and state-of-the-art technology to reduce formwork productivity (e.g.,
duration and cost).

In contrast, CSF reduced NG during the formwork process by up to 30 dB compared with
aluminum form. Consequently, the amount of noise generated is reduced by 1000 times. The NG of
the formwork is the main cause of complaints around the construction site, along with the hearing
damage of workers. This often lowers the productivity of the construction projects and creates a
bad social perception, in turn inhibiting the influx of skilled workers. Therefore, reducing noise can
play a very important role in increasing the productivity and sustainability of construction in the
construction industry.

The CSF was 33% lighter than the conventional aluminum form (15 kg) and 47% lighter than the
Euro form (19 kg). It helped reduce formwork time by 27.5% by increasing the formwork performance.
Because the formwork is transported, installed, and dismantled by a worker, its weight has a significant
impact on performance. Weight reduction can also play a major role in reducing the risk of safety
accidents caused by formwork dropping and the operator’s physical fatigue. In addition, because
more forms can be loaded on a truck at once, transportation costs can be reduced. Thus, using the CSF
not only saves on cost, but also reduces construction time.

Finally, CSF is 100% compatible with aluminum form and Euro form because it is designed with
high compatibility, so that workers may not be confused when they work with this new system form.
This is significant in construction sites where very large amounts of forms are required. The formwork
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company can use the part where new material needs to be applied optionally without having to
purchase all CSFs covering the total formwork area.

These verifications show that the optimal choice of materials in the field of building construction
could have an effect on the construction methods and could even change the technical paradigm of the
construction as a whole.

7. Conclusions

This study proposed a material selection model for construction materials and applied the model
to a concrete form, a key temporary resource in building construction. The CSF consists of several
separately designed parts and each component has different technological requirements with respect
to properties such as IR, WR, and AR. As each index is related to a specific performance parameter
(e.g., productivity, concrete surface quality, and corrosion), careful selections should be made according
to user requirements. Using a systematic and scientific design through AHP methodology, a highly
advanced concrete form was fabricated that satisfied both the user requirements and the technical
requirements of the system formwork for performance improvement.

The results of this study suggest that the appropriate selection of construction materials is very
effective as a method for increasing construction performance. Moreover, problems that involve
productivity decrease, and safety accidents and environmental damage can be addressed; such issues
have been identified in the construction field as being in need of improvement with the supplementing
of materials that have been made in an empirical and intuitive manner.

Several limitations of this study should be addressed in future work. First, the cost parameter
considered was only that of raw materials without the processing and recycling costs. Second, there
were not enough people to be surveyed on AHP, so more practitioners should have participated
for accurate and general implications. In addition, it was difficult to apply the new concrete form
because several construction companies declined to apply the CSF, which was not verified earlier.
Third, the shape optimization of the CSF frame was insufficient. In future research, a topological
optimization method for designing an optimal CSF shape that satisfies the demand load condition
should be explored. In a further study, more generalized functions and validation should be provided.
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Abstract: Steel bent reinforcing bars (rebars) are widely used to provide adequate anchorage. Bent
fiber-reinforced polymer (FRP) rebars are rarely used because of the difficulty faced during the
bending process of the FRP rebars at the construction site. Additionally, the bending process may
cause a significant decrease in the structural performance of the FRP rebars. Therefore, to overcome
these drawbacks, a headed glass fiber-reinforced polymer (GFRP) rebar was developed in this study.
The pull-out tests of the headed GFRP rebars with diameters of 16 and 19 mm were conducted to
evaluate their bond properties in various cementitious materials. Moreover, structural flexural tests
were conducted on seven precast concrete decks connected with the headed GFRP rebars and various
cementitious fillers to estimate the flexural behavior of the connected decks. The results demonstrate
that the concrete decks connected with the headed GFRP rebar and ultra-high-performance concrete
(UHPC) exhibited improved flexural performance.

Keywords: glass fiber-reinforced polymer (GFRP) rebar; ultra-high-performance concrete (UHPC);
concrete headed GFRP rebar; bond strength; development length; flexural strength; precast
concrete deck

1. Introduction

1.1. General

The corrosion of reinforcing steel in structures decreases its life expectancy and causes extensive
maintenance costs. In this context, fiber-reinforced polymer (FRP) reinforcing bars (rebars) have been
extensively used as an alternative to steel reinforcement owing to their non-corrosive characteristics.
Moreover, FRP has additional advantages as a construction material, such as high specific strength,
relatively lightweight, and non-conductivity. However, the substitution of a steel rebar with an FRP
rebar has several difficulties owing to the differences between them. While steel bent rebars are used to
provide sufficient anchorage, bent FRP rebars are rarely used because the bending process of FRP rebars
at construction sites is difficult. Additionally, the bending process can cause a significant decrease in
the structural performance of FRP rebars. These problems have resulted in the development of FRP
bars with a headed end to satisfy the required development length. Therefore, the Korea Institute of
Civil engineering and Building Technology (KICT) developed new headed FRP rebars to improve their
practical applications.
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Although several researchers have studied the bond strength of FRP rebars, a comprehensive
relationship between the strength of concrete and FRP rebars has not been established because various
companies manufacture FRP rebars using their own distinct methods. In other words, FRP rebars
have not been standardized yet. Therefore, if a new type of FRP rebar is developed, the mechanical
properties and bond characteristics need be evaluated as the bond characteristics of FRP rebars are
important factors that govern the design of FRP reinforced structural members.

Thus, in this study, newly developed glass fiber-reinforced polymer (GFRP) rebars and headed
GFRP rebars are introduced. A total of 44 specimens were fabricated and tested to estimate the pull-out
behavior of GFRP rebars considering various aspects, such as the diameter of the rebars, the strength
of concrete, and the types of headed end. Moreover, flexural tests were conducted on seven precast
concrete decks connected with headed GFRP rebars and various cementitious fillers to determine their
flexural behavior.

1.2. Manufacturing of a GFRP Rebar

The easiest way to increase the tensile strength of a GFRP rebar is to use high-performance
constituent materials and reduce the amount of materials to overcome the problem of a price increase.
To achieve superiority over ordinary rebars, the structural performance of the GFRP rebar was enhanced
along with price reduction through efficient manufacturing. In this study, e-glass fiber and vinylester
resin were used to manufacture an optimized GFRP rebar while maintaining a balance between cost
and strength properties. A modified braidtrusion process, which is a combination of braiding and
pultrusion, was applied to develop the GFRP rebar, as illustrated in Figure 1. The modified braidtrusion
process was used to impart special features by pre-tensioning the glass fibers. This technique further
includes a strand for forming ribs on the surface of the rebar using braiding fibers to obtain better
bonding through a single process. The tightening of fibers to form the ribs results in the reduction of
voids in the cross-section and increases the tensile strength of the GFRP rebar up to 900 MPa through
the pre-tensioning of the core fiber bundle, as depicted in Figure 2. Figure 3 depicts the shape of the
efficiently manufactured GFRP rebar in this study [1].

 
Figure 1. Modified braidtrusion process.

  

(a) (b) 

Figure 2. Schematic depicting the manufacturing of glass fiber-reinforced polymer (GFRP) reinforcing
bars (rebars). (a) general braiding. (b) modified braiding.

132



Materials 2020, 13, 604

 

Figure 3. Shape of the Korea Institute of Civil engineering and Building Technology-(KICT) developed
GFRP rebar.

1.3. Concrete Headed GFRP Rebar

In this study, a new concrete-headed GFRP rebar is proposed, in which the head is formed by
cutting the end of the GFRP rebar in the longitudinal direction and casting a concrete-like filler (mortar,
ultra-high-performance concrete (UHPC), etc.) (Figure 4). Our aim is to increase the interfacial area
and reduce the adhesive length. In comparison with the plastic headed GFRP rebar [2], it has a lower
production cost and can be integrated with concrete. Our objective is to achieve a pullout strength
capacity greater than 60% of the maximum strength of the GFRP rebar with a minimal head length. The
proposed concrete-headed GFRP rebar causes bond failure when the concrete head length is short and
causes FRP tensile failure when the head length is long. However, the tensile strength is lower than that
of ordinary GFRP bars owing to the cross-sectional loss caused by longitudinal cutting (Figure 5) [3–5].

 

(a)                                                            (b) 

Figure 4. Newly developed concrete headed GFRP rebar. (a) Conceptual diagram. (b) Photograph of
concrete headed GFRP rebar.

 

Figure 5. Schematic diagram of the failure load and failure mode.
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2. Experimental Program

2.1. Pull-out Test of GFRP Rebars

2.1.1. Material Properties and Test Specimens

To evaluate the pull-out behavior of the normal GFRP and headed GFRP rebars, 44 specimens were
fabricated and tested in this experimental study. As presented in Table 1, the parameters considered
in this study are the compressive strength of concrete: the normal strength concrete (27, 35 MPa),
high-strength mortar (83 MPa), and ultra-high-performance concrete (165 MPa), and the type of head:
longitudinal cut, concrete head, and bar diameters: 16 mm, 19 mm.

Table 1. Mechanical properties of test specimens.

Notation d (mm) C fck (MPa) Type of Head No. of Specimens

D16-NC35-N 16 NC 35.0 W/O head 10

D16-NC27-LC
16

NC 27.0

LC

4
D16-NC35-LC NC 35.0 4
D19-NC27-LC

19
NC 27.0 4

D19-NC35-LC NC 35.0 4

D16-NC35-CH
16

NC 35.0

CH

3
D16-HM83-CH HM 83.2 3
D16-UH165-CH UH 165.6 3
D19-NC35-CH

19
NC 35.0 3

D19-HM83-CH HM 83.2 3
D19-UH165-CH UH 165.6 3

D: diameter of FRP bar; C: Type of cementitious filler; fck: Compressive strength of filler; NC: normal strength
concrete; HM: high strength mortar; UH: ultra-high performance concrete; LC: longitudinal cut without concrete
head; CH: longitudinal cut with concrete head.

The tensile strength of the GFRP rebars was estimated by the direct tensile test according to ACI
440.1R standard [6]. The mechanical properties of the GFRP rebars used in this study are shown in
Figure 6 and Table 2. The tensile strength of the rebars used was 1050 MPa, approximately.

 

Figure 6. Tensile strength–strain curves of GFRP rebars.
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Table 2. Tensile properties of GFRP rebars.

Tensile Properties D16 D19

Maximum tensile strength, fu,ave, MPa 1066.39 1030.38
Nominal tensile strength, f ∗ f u = fu,ave − 3σ, MPa 987.55 981.38

Design tensile strength, f f u = CE f ∗ f u(CE = 0.8), MPa 691.28 686.97
Elastic modulus, E f rp, GPa 47.84 46.71

σ: standard deviation; CE: environmental reduction factor.

The concrete blocks were cast with normal strength concrete, high strength mortar, and
ultra-high-performance concrete (UHPC). The compressive strengths at 28 days were measured
by three concrete cylinders for each mix in accordance with ASTM C39 [7], and the results are presented
in Table 1. The mix proportions of these concretes and mortars are presented in Table 3.

Table 3. Mix designs of specimens.

Variables W/B (%)
Unit Weight (kg/m3)

W C FA CA AD Steel Fiber SP (g)

NC 40.0 226 562 598 786 0 0 -

HM 42.5 170 200 1640 * 0 200 (Fly ash) 0 5.25

UHPC 20.0 183 799.5 880 0 84 (Silica fume) 78 (19.5 mm)
39 (16.3 mm) 18.4

W/B: water to binder ratio; W: water; C: cement; FA: fine aggregate; CA: coarse aggregate; AD: admixture, SP;
superplasticizer; * proportion of fine aggregates: silica sand: crushed sand = 800:840.

In accordance with ACI 440.1R [6], the GFRP rebar was embedded in a 200 mm cubic block. Two
types of heads were considered in this study. The first one was a longitudinal cut head (LC), which
was cut and embedded directly in the cube. Another one was a concrete head (CH), which had a
concrete head, as shown in Figure 4a. The concrete heads were made of high strength mortar. To avoid
rupturing at the gripping part of the GFRP rebar, the steel jackets covered a length of 700 and 1000
mm on the 16 and 19 mm diameter bar specimens, respectively, because the traditional wedge-shaped
frictional grip can cause damage at the gripping part and the FRP rebar is vulnerable to shear force.
The details of the specimens are depicted in Figure 7. Ten straight GFRP rebars (D16) without any type
of head were prepared and tested to evaluate the bond strength of the GFRP rebar as a preliminary
test. These specimens have an embedment length of 80 mm (5d) according to the ACI 440.1R standard.
Additionally, a total of 34 headed GFRP rebars were fabricated and tested. Sixteen specimens were
made of GFRP rebars with the longitudinal cut head and normal concrete (27, 35 MPa). Eighteen
specimens were made of GFRP rebars with the concrete head and three types of concrete blocks (NC,
HM, UH).
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(a) (b) 

Figure 7. Details of specimens for the pull-out test: (a) specimen profiles and (b) a schematic view of
the longitudinal cut head (LC) and concrete head (CH) specimens.

2.1.2. Testing Method and Setup

The pull-out test setup is illustrated in Figure 8. The tests were performed using a universal
testing machine with a capacity of 1000 kN. LVDTs were installed to measure the pull-out displacement:
A, as depicted in Figure 8. The load was applied to the GFRP rebar with a rate of 0.02 mm/s.

Figure 8. Test setup.

2.2. Flexural Test of a Connected Precast Concrete Deck

2.2.1. Material Properties and Test Specimens

Many researchers have focused on improving the precast concrete deck connections [2,8–11]. To
decrease the connected length and improve flexural performance, headed GFRP rebars were developed.
The flexural test on the connected precast concrete decks using two types of headed GFRP bars
were conducted to verify the performance and practical effectiveness of the developed headed GFRP
rebars. As depicted in Figure 9, using the headed GFRP rebar can decrease the development length in
comparison with the ordinary splice connection. The length of the ordinary splice connection and that
of the connection with the headed GFRP rebar were calculated according to Equations (1) and (2) [12].
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The tensile strength f f uh of the headed FRP bar can be expressed as the product of the effective strength
factor γh of the headed bar and the tensile strength of the FRP bar, as shown in Equation (3) [12].

ld =

α
f f r

0.083
√

fck
− 340

13.6 + C
db

db (1)

ld =

α
f f r− f f uh

0.083
√

fck
− 340

13.6 + C
db

db (2)

f f uh = γh f f u (3)

 
(a)                                         (b) 

Figure 9. Schematic diagram of (a) the connection joint of the splice of GFRP rebars and (b) the
connection joint of headed GFRP rebars.

Here, f f r= the required strength of FRP reinforcement; f f uh= the tensile strength of the headed
FRP bar; α = the rebar-position modification factor; C = the smallest value of cover thickness from the
centroid of rebar and 1/2 of the central spacing of rebar; db = the nominal diameter of rebar.

A total of seven specimens of size 240 × 450 × 2500 mm were fabricated in this study. Table 4
lists the test variables. One non-connected specimen was fabricated using straight GFRP rebars and
normal strength concrete as a reference specimen. Two head types, LC and CH, filled in the connected
zone, and normal strength concrete, high strength mortar, and UHPC were considered as test variables.
Figure 10 depicts the details of specimens, and Figure 11 depicts the photograph of the specimens.

Table 4. Test variables for flexural test on the connected precast concrete deck.

Specimen Connection Joint Connection Joint Length Filler

GSR-R None Reference Reference
GSR-HM Spliced straight GFRP rebar 450 mm 83 MPa Mortar
GSR-UH Spliced straight GFRP rebar 450 mm 165 MPa UHPC

GCH-HM Concrete Headed GRFP rebar 225 mm 83 MPa Mortar
GCH-UH Concrete Headed GRFP rebar 225 mm 165 MPa UHPC
GLC-HM Non-concrete Headed GRFP rebar 225 mm 83 MPa Mortar
GLC-UH Non-concrete Headed GRFP rebar 225 mm 165 MPa UHPC
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Figure 10. Details of the connected precast concrete deck.

    

     (a)            (b) (c)                    (d) 

Figure 11. Photographs of the specimens: (a) a spliced straight rebar, (b) a concrete headed rebar, (c) a
non-concrete headed rebar, and (d) a connected precast concrete deck.
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2.2.2. Testing Method and Setup

All specimens were tested with a four-point loading condition, as depicted in Figure 12. The length
between the loading points is 600 mm. The decks are simply supported with a span length of 2300 mm.
All specimens were loaded monotonically until failure. This loading configuration resulted in the
connection region being subjected to a constant moment without shear. The vertical displacements
were measured by using LVDTs at the loading points and the center of the deck (Figure 13b).

(a) GSR-R 

(b) GSR-HM, GSR-UH 

(c) GCH-HM, GCH-UH 

 

(d) GLC-HM, GLC-UH 

Figure 12. Schematic diagrams of test setup for flexural test. (a) GSR-R. (b) GSR-HM, GSR-UH. (c)
GCH-HM, GCH-UH. (d) GLC-HM, GLC-UH.
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(a) (b) 

Figure 13. Test setup: (a) a photograph of the test setup and (b) a photograph of the measurement
sensor (LVDTs).

3. Test Results

3.1. Pull-Out Properties of GFRP Rebars

As stated in ACI 440.1R, pull-out and splitting are two dominant failure modes expected with
GFRP rebars in concrete [6]. For D16-NC35-N, all specimens failed in the pullout failure mode. The
bond strength–slip curves of the representative specimens are illustrated in Figure 14. The result of the
pull-out test of these specimens is also summarized in Table 5. In this test, the average bond strength
was 10.84 MPa and the average end slip was 1.66 mm.

Figures 15–17 depict the comparison of failure strengths among the specimens, and Table 6
summarizes the test results of the specimens made of concrete-headed GFRP rebars. On analyzing
the data, a few of the data exhibiting inconsistencies were excluded. Consequently, the specimens
made with LC and CH failed at a similar failure load. The D16 series exhibited a higher failure load
than that of the D19 series. This is consistent with the observations of the previous studies [4,10],
which demonstrated that as the diameter of the rebar increased, the bond strength decreased. Even the
compressive strength of HM was much higher than the strength of NC, and the lower failure loads
were measured in the HM specimens. It is important to note that the 200 mm cube made of UHPC
exhibited a significantly higher failure load in comparison with the other specimens. Consequently,
the improved structural performance can be expected when UHPC is used for the filler material that is
cast in the connection of the precast deck.

Figure 14. Bond strength–slip curves of GFRP rebars.
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Table 5. Test results of the pull-out test (D16 GFRP rebars, normal concrete).

Specimens Max. Load (kN) Bond Strength (MPa) End Slip (mm) Failure Mode

D16-1 41.92 10.42 1.410 pullout
D16-2 42.71 10.62 1.335 pullout
D16-3 41.91 10.42 1.840 pullout
D16-4 40.49 10.07 2.265 pullout
D16-5 48.78 12.13 1.465 pullout
D16-6 40.46 10.06 2.305 pullout

D16-7d 40.45 10.06 1.755 pullout
D16-8 45.59 11.34 1.420 pullout
D16-9 45.36 11.28 1.410 pullout
D16-10 48.19 11.98 1.365 pullout

Ave. 43.58 10.84 1.66 -
STDEV 3.18 0.79 0.37 -
C.O.V. 7.3% 7.3% 22.3% -

Figure 15. Pull-out test results of 16 and 19 mm GFRP rebars (27 MPa, 35 MPa,).

Figure 16. Pull-out test results of 16 mm GFRP rebars (normal concrete, mortar, UHPC).
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Figure 17. Pull-out test results of 19 mm GFRP rebars (normal concrete, mortar, UHPC).

Table 6. Test results of the pull-out test (D16 and D19 headed GFRP rebars, normal concrete, mortar,
UHPC).

Specimen No. Pull Out Displacement (mm) Max. Load (kN)

D16-NC27-CH
1 632 144
2 644 151
3 643 127

D16-NC35-CH
1 534 144
2 639 128
3 636 170

D16-HM83-CH
1 651 131
2 654 137
3 659 126

D16-UH165-CH
1 657 187
2 656 187
3 665 164

D19-NC27-CH
1 755 126
2 753 138
3 752 118

D19-NC35-CH
1 758 168 *
2 754 148
3 754 152

D19-HM83-CH
1 778 150
2 778 135
3 778 123 *

D19-UH165-CH
1 774 219
2 778 215
3 777 226

* inconsistent data excluded in mean values.

3.2. Flexural Strength of Connected Precast Concrete Deck

All the specimens were loaded monotonically for failure to estimate the ultimate flexural capacity
of each connection type. Figure 18 illustrates the load–displacement curves of the connected precast
concrete deck. Figure 18a depicts the impropriety of the connection that was connected with the spliced
straight GFRP rebar and high strength mortar. Similarly, the specimens made of the concrete headed
GFRP rebar and high-strength mortar failed under a significantly low load of less than 100 kN, as
depicted in Figure 18c. Only the specimen made with the LC GFRP rebar or GLC-HM exhibited similar
behavior to the reference specimen among the specimens connected with the high-strength mortar.
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(a) GSR-HM (b) GSR-UH 

  

(c) GCH-HM (d) GCH-UH 

  

(e) GLC-HM (f) GLC-UH 

Figure 18. Load–displacement curves of a connected precast concrete deck. (a) GSR-HM. (b) GSR-UH.
(c) GCH-HM. (d) GCH-UH. (e) GLC-HM. (f) GLC-UH

In Figure 18b,d,f, all the specimens using UHPC exhibited significantly excellent flexural
performance. These experimental results indicate that the use of UHPC as a filler at the connection
is appropriate. From the results, the length of the connection in the precast concrete deck can be
decreased when the headed GFRP rebars are used, except in the case of GCH-HM. Figure 19 depicts
the flexural behavior of GSR-R (Reference) and GLC-UH.

143



Materials 2020, 13, 604

 
(a) (b) 

Figure 19. Flexural behavior of (a) GSR-R (Reference) and (b) GLC-UH.

4. Conclusions

The pull-out behavior of GFRP rebars in concrete was estimated considering the rebar diameter,
concrete strength, and head type. Additionally, flexural tests were conducted on the precast concrete
decks that were connected with various types of GFRP rebars. From the above discussions, the
following conclusions are drawn:

1. In this study, two types of headed GFRP rebars were developed and tested, and their basic
pull-out mechanical properties were evaluated. Additionally, by conducting the flexural test
on the connected precast concrete deck, the practical effectiveness of the headed GFRP rebar
was confirmed.

2. The pull-out test results confirmed the tendency of rebars with larger diameters to have a lower
failure strength. In particular, it is important to note that the specimen made with UHPC exhibited
a significantly higher failure load in comparison with the other specimens. Consequently,
improved structural performance can be expected when UHPC is used as the filler material at the
connection between precast deck slabs.

3. The length of the connection in the precast concrete deck can be decreased with the use of headed
GFRP rebars. The flexural test results verified that the headed GFRP rebars can provide effective
anchorage performance. The LC and CH types did not exhibit significant differences in the
structural performance at the connection zone of the precast decks. It is interesting to note that all
the specimens using UHPC exhibited excellent flexural performance.
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Abstract: Eco-sustainable, low toxic and low flammable poly-ethylene glycol (PEG) was forced
into flakes of the porous Lecce stone (LS), collected as stone cutting wastes, employing a very
simple cheap method, to produce a “form-stable” phase change material (PCM). The experimental
PCM was included in mortars based on different binders (hydraulic lime, gypsum and cement)
in two compositions. The main thermal and mechanical characteristics of the produced mortars
were evaluated in order to assess the effects due to the incorporation of the PEG-based PCM.
The mortars containing the PEG-based PCM were found to be suitable as thermal energy storage
systems, still displaying the characteristics melting and crystallization peaks of PEG polymer, even if
the related enthalpies measured on the mortars were appreciably reduced respect to pure PEG.
The general reduction in mechanical properties (in flexural and compressive mode) measured on all
the mortars, brought about by the presence of PEG-based PCM, was overcome by producing mortars
possessing a greater amount of binder. The proposed LS/PEG composite can be considered, therefore,
as a promising PCM system for the different mortars analyzed, provided that an optimal composition
is identified for each binder.

Keywords: cement; gypsum; hydraulic lime; mechanical properties; mortars; phase-change materials
(PCM); sustainable materials for buildings; thermal energy storage

1. Introduction

At the present time, the worldwide research is strongly oriented to identify innovative routes
to reduce the global consumption of energy. The concerns about the climate change, from one side,
and the rapid depletion of natural resources, from the other, are pushing the international policy to
invest on research activities that can address the growing pressing environmental issues, for instance,
by improving energy efficiency of buildings. Buildings, in fact, are one of the biggest energy consumers,
due to the internal heating/cooling requirements. In addition, the principal source of energy used in
buildings comes from non-renewable fossil fuels, whose combustion develops carbon dioxide, with a
consequent strong negative impact on the environment [1].

In ancient or old residential buildings low levels of thermal efficiency are frequently registered,
since they have been constructed in absence of any regulation or rule from this point of view,
neither employing proper insulation materials or devices [2]. Such buildings, therefore, need to
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be renewed in order to improve the thermal comfort conditions for occupants and to reduce the
consumption of energy for heating and cooling; this task can be realized using innovative smart
materials [3]. Among the recent techniques devised to improve energy efficiency in buildings, a relevant
position is covered by the latent heat thermal energy storage (LHTES) systems, involving the storage
of energy in a so-called phase change material (PCM) incorporated in construction materials.

A PCM is able to change its physical status, i.e., from liquid to solid to liquid again, as a
consequence of the fluctuations in the external temperature [4]. When the environmental temperature
is high (during daytime, for instance), a PCM is able to melt and store the melting enthalpy. In contrast,
when the external temperature decreases, the PCM is capable to release the previously stored energy,
solidifying again [5]. Due to this novel technology, the temperature inside a building can be maintained
fairly constant, with a consequent decrease in heating/cooling energy expenses. The use of a PCM
system in construction materials is able to supply several additional advantages, in terms of: reduced
gaps between peak and off-peak thermal loads; cut in energy costs; improved interior thermal comfort
in buildings and reductions of CO2 developed in atmosphere [6,7].

The incorporation of a suitable PCM into construction materials, through the passive building
concept, has been recognized as the most effective solution. Different elements in a building (i.e.,
wallboard, floors, bricks, roof and concrete) can be combined with PCMs to increase their thermal
energy storage capacity [8–10]. Other solutions can be also used in constructions with the same
aim [11,12].

However, according to recent literature, the most feasible solution to include a PCM is based on
its introduction inside the building envelope. In this way, the phase change material will be able to
absorb and release heat during the hours of daylight [6,13–17].

Mortars, based on different binders, are considered as suitable mediums for PCMs. The incorporation
of a PCM in a mortar represents a valuable solution due to large heat exchange area surfaces where
mortars are applied. In addition, the PCM material included in the mortar can be shaped in a wide
variety of forms and sizes, for each specific need [18]. The first experimental researches on mortars
containing PCMs were largely focused on cement and gypsum binders, due to their initial good
mechanical performance and thermal properties. However, when PCMs are added to such binders,
substantial reductions in mechanical properties are generally registered [19–21].

Starting from these unsatisfactory results, further research moved towards investigation focused
on mortars to be used as renders and coatings: these materials, in fact, do not require elevated values of
mechanical strength. These mortars can be realized using different binders, such as aerial or hydraulic
lime and, in some case, geopolymers [2,22,23]. Lime-based mortars, in addition, can be employed for
building retrofitting, where render compatibility must be assured [24].

The form-stable is one of the easiest methods to incorporate an active PCM component into a
porous inert support material [7,19]. The PCM composite can be, in fact, obtained by immersing the
inert support in the liquid PCM; a vacuum pump can be employed to force the impregnation process.

In the first part of the research [25,26], a novel eco-sustainable form-stable polymeric PCM has
been prepared, starting from small pieces of Lecce stone (LS), as support matrix, and low toxic and
low flammable PEG (poly-ethylene glycol) as active phase change material. LS was obtained by
waste product from a quarry sited in the same region where University of Salento is located. PEG
possesses suitable phase change temperatures [26]; its large melting/crystallization enthalpy further
supports the selection of this material. PEG displays also high long-term thermal/chemical stability and
resistance to corrosion, with a limited volume change during solid–liquid phase transformation [27].
The originality of the designed PCM resides in the use of a waste natural material (LS) with the addition
of an eco-sustainable one (PEG); the simplicity of the procedure used to obtain the PCM composite and
the low cost of the resulting composite system represent additional valuable benefits.

In a first paper [26], the obtained LS/PEG form-stable PCM system was added as aggregate to an
aerial lime, measuring different physical and mechanical properties of the resulting mortars. In this
second paper, the same PCM composite was included to hydraulic lime, gypsum and cement-based
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mortar formulations. Taking into account the aim of the wide research project, i.e., the assessment of
the thermal efficiency of the proposed novel PCM to manufacture mortars based on different binders,
the influence of the PCM inclusion on some properties of the fresh and hardened mortars, such as
workability, compressive and flexural strengths, was investigated.

2. Materials and Methods

2.1. Materials: LS/PEG Composite

Starting from our previous work [25,26], Lecce stone (LS), a biocalcarenite typical of Salento area
(South Italy), was chosen as a porous support to realize form—stable PCM composites, to be added to
different mortars. LS was specially selected for its characteristic high open porosity [28]; in addition,
LS can be readily available as a waste product of the extraction and working of the stone from quarries.
In this study, Lecce stone, supplied in the form of flakes, was further reduced in small pieces and
sieved up to a granulometry ranging between 1.6 and 2.0 mm, as illustrated in Figure 1a.

The PCM selected in this study was poly(ethylene glycol). It was supplied in solid form
(Sigma–Aldrich company, Germany) with the trade name PEG 1000. According to the data sheet,
the density of PEG 1000 at 20 ◦C was 1.2 g/cm3. The purchased product is illustrated in Figure 1b.
The motivation with which PEG 1000 was selected in this research mainly relied on its favorable
melting characteristics (a melting point ranging between 37 ◦C and 40 ◦C, and a heat of melting of
about 129 J/g), which render this material a potentially optimal phase change material for mortars
to be employed in Mediterranean regions [26,29,30]. PEG, in addition, displays a series of positive
properties, such as: its cheapness, the low environmental impact and toxicity, and a low flammability,
all features highly appreciated in the construction industry.

 
Figure 1. (a) Milled and sieved Lecce stone and (b) PEG 1000 in solid form.

To prepare the form—stable LS/PEG composite (as shown in Figure 2)—a vacuum impregnation
process was employed, a cheap and simple method that can be easily realized in a small scale laboratory
as well as at the industrial level. The detailed procedure employed, identified as the best one after
several trials, has been reported in our previous work [26]; the percentage of PEG that is absorbed
in LS, in these specific conditions, is 23% by weight. In the same paper, it was demonstrated that
the sustainable LS/PEG stable-form PCM, produced following the optimized procedure, displayed
appropriate LHTES properties and, therefore, it is a promising candidate to produce mortars able to
improve the thermal efficiency of the buildings, increasing the comfort conditions of occupants.
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Figure 2. Form–stable LS/PEG composite obtained through the vacuum impregnation process.

2.2. Materials: Mortars and Their Manufacture

Different binders were employed in this study to produce mortars containing form-stable LS/PEG,
i.e., hydraulic lime, gypsum and cement. In a previous paper, aerial lime-based mortar formulations
containing this PCM have been already produced and investigated [26]. It was found, however,
that the addition of the PEG-based PCM caused an unsuitable reduction of compressive and flexural
strength values of the aerial lime-based mortar. The ongoing research project, therefore, continues the
investigations in order to identify a different mortar, with an appropriate composition, that can take
advantage from the addition of LS/PEG in terms of energy saving, still displaying adequate mechanical
properties for the intended applications.

Different Portuguese companies supplied the following binders: a natural hydraulic lime (NHL)
with a density of 2700 kg/m3, was supplied by CIMPOR (Lisbon, Portugal); a conventional gypsum,
with high fineness and density of 2960 kg/m3, was provided by SIVAL (Souto da Carpalhosa, Leira,
Portugal); finally, a CEM I 42.5 R cement, with a density of 3030 kg/m3, was supplied by SECIL (Lisbon,
Portugal). The chemical composition of the cement was SiO2, Al2O3, Fe2O3, CaO, MgO, SO3, K2O and
Na2O, with a specific surface area of 4007 cm2/g.

A superplasticizer (SP), i.e., a polyacrylate (MasterGlenium SKY 627, by BASF company),
was always added to each mortar composition in the same quantity, in order to reduce the amount of
water required for the mixing. The density of the SP is 1050 kg/m3. In Table 1, the composition of all the
mortars realized and analyzed, produced according to the European Norm EN 998-1 [31], are reported.

Table 1. Mortar compositions (reported as kg/m3 of produced mortar).

System Binder/Content
Aggregates

SP
Water

Saturation
Water Water/Binder

LS PEG Content

HL500_LS Hydraulic Lime/500 1480 0 15 370 300 0.60
HL500_LS/PEG Hydraulic Lime/500 1678 386 15 0 350 0.70

G500_LS Gypsum/500 1454 0 15 366 325 0.65
G500_LS/PEG Gypsum/500 1645 378 15 0 375 0.75

C500_LS Cement/500 1392 0 15 350 340 0.68
C500_LS/PEG Cement/500 1790 412 15 0 350 0.70

HL800_LS Hydraulic Lime/800 1092 0 15 275 320 0.40
HL800_LS/PEG Hydraulic Lime/800 1729 398 15 0 375 0.47

G800_LS Gypsum/800 1169 0 15 294 320 0.40
G800_LS/PEG Gypsum/800 1472 339 15 0 340 0.43

C800_LS Cement/800 1070 0 15 269 296 0.37
C800_LS/PEG Cement/800 1347 310 15 0 360 0.45

A total of twelve compositions were developed: six of them were produced by adding different
percentages of LS/PEG to the binders, in order to evaluate the thermal properties of the single mortars
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as a function of the binder and of the PCM contents. For comparison purposes, six control formulations
were prepared by introducing LS alone as aggregate. The indication “water saturation” in Table 1
accounts for the water used to saturate the LS aggregates, possessing a high porosity, to prevent them
from absorbing the required water for the mortars manufacture. This additional water was not required
when LS/PEG composite was added, since PEG was able to (almost) completely saturate the pores of
Lecce stone.

Referring to the compositions selected to manufacture the mortars, it is well known that a certain
reduction in mechanical properties of the mortars containing the PCM composite can be expected [32].
Starting from this consideration, some mortar compositions possessing a high amount of binder were
also produced. The aim of the present study was, in fact, to identify the most convenient composition
for each binder able to produce mortars with a good thermal efficiency and, at the same time, good
mechanical properties.

2.3. Methods and Test Procedures

The workability in the fresh state of the produced mortars (summarized in Table 1) was first
assessed. To this aim, the flow table method was employed, according to the European code EN
1015-3 [33]. The test was repeated twice, at least, on each produced formulation and the results averaged.

Then, the mechanical properties of the 28-days cured mortars (cast in iron molds, de-molded after
2 days and left for 26 additional days in standard conditions of 25 ◦C, R.H. of 50%), were measured
in both flexural and compressive mode, following the standard EN 1015-11 recommendations [34].
For each composition of the different mortars systems, three prismatic specimens (40 × 40 × 160 mm3)
were tested using a Lloyd dynamometer machine (LR50K Plus by Ametek Company), with a load cell
of 50 kN, and the results averaged. The speeds employed to perform mechanical tests were 6 μm/s for
flexural tests and 12 μm/s for compressive ones, respectively.

Calorimetry was employed to measure the phase change processes taking place in each mortar
formulation containing the PEG-based PCM [25]. With this purpose, a DSC1 (Stare System,
Mettler Toledo) instrument was employed to analyze small samples of each mortar if subjected
to heating–cooling thermal cycles, performed at 10 ◦C/min under nitrogen atmosphere (flow rate:
60 mL min−1): the first from –10◦ to 100 ◦C, the second from 100◦ to –10 ◦C. For each mortar formulation,
three specimens were analyzed, averaging the results. For comparison purposes, samples of the pure
PEG were analyzed in DSC, using the same procedure previously described.

3. Results and Discussion

3.1. Workability of Mortars

Firstly, the workability of the produced mortars was assessed; the values measured on each
formulation are reported in Table 2. Keeping in mind that an appropriate value of workability for
all the mortars produced (based on hydraulic lime, gypsum and cement) should lie in the range
160–180 mm [32], from the observation of data in Table 2 it is concluded that all the studied mortar
formulations display an adequate value of workability.

Sometimes, in order to reach a good workability, it is necessary to increase the amount of water of
the mortar composition and, according to Figure 3, it was observed that the amount of water increase
when the LS/PEG aggregates were used.

The incorporation of PCM led to a rise in water content of about 15% for the hydraulic lime based
mortar and for the gypsum; while for the cement based mortar was less, especially when it was used a
higher content of binder. On the other hand, as reported in the literature, the incorporation of PCM
causes an increase in the amount of water [21,35]. It is well known that a proper content of water is
necessary to assure a good workability of the mortar formulation and that this amount should not be
excessive: it can lead, in fact, to a high microporosity in the mortar and, as a consequence, to unsuitable
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mechanical properties [36]. Therefore, superplasticizers (SP) are commonly used as they improve the
workability of the mortars even using limited amounts of water.

Table 2. Values of workability of the mortars possessing different compositions.

System Workability (mm)

HL500_LS 170 ± 2
HL500_LS/PEG 177 ± 3

G500_LS 160 ± 1
G500_LS/PEG 180 ± 3

C500_LS 160 ± 1
C500_LS/PEG 160 ± 1

HL800_LS 165 ± 2
HL800_LS/PEG 175 ± 2

G800_LS 160 ± 1
G800_LS/PEG 160 ± 1

C800_LS 160 ± 1
C800_LS/PEG 178 ± 3

Figure 3. Variation of the water content for each mortar composition with the addition of the phase
change material (PCM).

3.2. Results of DSC Analysis Performed on Mortars

The DSC trace obtained from calorimetric analysis performed on pure PEG is shown in Figure 4.
As previously reported [26], the used PEG polymer exhibits an endothermic (melting) peak

approximately at 43 ◦C during the heating stage and an exothermic (crystallization) peak around
23 ◦C when the temperature is reduced down. Melting/crystallization enthalpy of about 129 J/g was
calculated from DSC measurements, in accordance with results of different studies performed on the
same material [27,37]. As already underlined, the thermal characteristics displayed by PEG 1000, i.e.,
the phase change temperatures and enthalpies, are appropriate for developing a form-stable PCM to
be used as thermal energy storage material. In fact, also the prepared LS/PEG composite exhibited
thermal properties good enough to include this composite as an effective PCM in indoor mortars,
especially for applications in buildings located in warm (for instance Mediterranean) regions [26].

Then, in order to assess if LS/PEG aggregates can display suitable phase change characteristics
even when incorporated into different mortars, DSC analyses were performed on small pieces of
cured mortars containing the LS/PEG composite. The DSC traces recorded for mortar specimens
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containing LS/PEG composite are shown in Figure 5. The results obtained from the DSC experiments
are summarized in Table 3.

Figure 4. DSC thermograms recorded of pure PEG.

The theoretical enthalpy (ΔHTheor) was also determined using Equation (1) [38].

ΔHTheor = (PEG% × ΔHPEG)/100 (1)

where: PEG% is the PEG content in percentage and ΔHPEG denotes the latent heat of the pristine PEG.
On the DSC thermograms of the mortars based on different binders and containing PEG added

to Lecce stone (Figure 5), endothermic and exothermic peaks appeared during heating and cooling
cycles, respectively, representing the melting and crystallization processes taking place in the PEG
component. This observation confirms that phase transitions occurred in the mortar formulations
containing the PCM under analysis, even if a low amount of the “active” component of the PCM is
present [39]. Generally speaking, the higher the PCM content, the better the heat storage capacity of
the mortar [40,41]. As expected, the specimens of mortars containing only LS did not display any
melting/crystallization phenomena in the investigated range of temperatures (i.e., up to 100 ◦C).

Figure 5. DSC thermograms of mortars containing LS/PEG PCM.
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Table 3. Characteristic (initial, end and peak) temperatures and enthalpy measured during heating
stage (melting) and subsequent cooling stage (crystallization) on pure PEG, on LS/PEG composite and
on mortars, based on different binders, containing LS/PEG composite. For each investigated system,
the content in PEG as a percentage and the theoretical enthalpies (as defined in Equation (1)), for both
melting (ΔHm Theor) and crystallization (ΔHc Theor), are reported.

System PEG Content (%) Onset (◦C) Endset (◦C) Tm (◦C) ΔHm (J/g) ΔHm Theor (J/g)

Heating
Stage

PEG 100 36.4 ± 0.6 50.2 ± 0.3 42.8 ± 1.1 129.3 ± 1.2 —
LS/PEG 23 12.4 ± 0.5 50.2 ± 0.8 39.3 ± 0.7 27.7 ± 0.9 29.7

HL500_LS/PEG 15.2 9.7 ± 0.4 37.9 ± 0.6 26.9 ± 0.7 6.8 ± 1.1 19.7
HL800_LS/PEG 13.6 2.2 ± 1.0 41.8 ± 1.1 26.0 ± 0.8 7.9 ± 0.9 17.6
G500_LS/PEG 14.9 3.5 ± 0.4 42.8 ± 0.2 30.4 ± 0.4 8.5 ± 0.9 19.3
G800_LS/PEG 12.9 2.7 ± 0.5 35.9 ± 0.7 28.9 ± 1.0 7.8 ± 1.2 16.7
C500_LS/PEG 15.5 4.3 ± 1.1 38.4 ± 0.7 27.6 ± 0.3 9.0 ± 1.3 20.0
C800_LS/PEG 12.3 3.4 ± 0.1 36.3 ± 0.1 30.0 ± 0.3 7.7 ± 0.2 15.9

System PEG Content (%) Endset (◦C) Onset (◦C) Tc (◦C) ΔHc (J/g) ΔHc Theor (J/g)

Cooling
Stage

PEG 100 18.3 ± 1.1 26.7 ± 1.1 23.6 ± 1.2 129.8 ± 0.8 —
LS/PEG 23 3.7 ± 0.1 28.8 ± 0.3 19.4 ± 0.2 28.6 ± 0.1 38.6

HL500_LS/PEG 15.2 0.4 ± 0.5 17.6 ± 0.3 12.5 ± 0.4 6.2 ± 1.1 25.5
HL800_LS/PEG 13.6 1.6 ± 0.4 18.9 ± 0.8 13.5 ± 0.2 6.0 ± 0.7 22.8
G500_LS/PEG 14.9 −1.1 ± 0.6 19.2 ± 0.7 10.6 ± 0.8 7.4 ± 0.9 25.0
G800_LS/PEG 12.9 0.6 ± 0.9 16.9 ± 1.0 10.8 ± 0.7 7.5 ± 1.2 21.7
C500_LS/PEG 15.5 0.2 ± 0.6 19.2 ± 0.7 10.3 ± 0.3 8.8 ± 1.2 26.0
C800_LS/PEG 12.3 −1.1 ± 0.2 16.7 ± 0.2 10.8 ± 0.3 8.7 ± 0.4 20.6

The melting and crystallization peak temperatures calculated for the mortar specimens containing
LS/PEG aggregates are in the range 27–30 ◦C and 10–13 ◦C, respectively, irrespective of the kind of
binder. These temperatures are reported to be favorable to obtain a PCM-based mortar to be employed
as thermal energy storage system included in the exterior and/or in indoor walls of buildings located
in warm regions [35].

From the observation of the data reported in Table 3, it is noticed that both the melting and
crystallization processes taking place in the PEG component contained in the mortars occurred at
lower temperatures then those of pure PEG, being the decrease in the temperature peak approximately
of 13–17 ◦C for melting process and of 10–13◦C for the crystallization one. The shift in melting
and crystallization processes toward lower temperatures has already found in different similar
studies [25,38,42–48]. It has been attributed to physical surface interactions (such as capillary
forces, hydrogen bonds and surface adsorption) between PEG and the other different components of
each mortar.

Referring to the melting/crystallization enthalpies, the observed results, denoting a drastic decrease
of the values (around 7–9 J/g) measured for the mortars containing PCM in comparison to the enthalpies
of pure PEG (129 J/g), are mainly due to the low amount of PEG (that is the only crystallizable phase)
present into the mortars samples. However, peak temperatures and enthalpy values lower than
those expected (i.e., the theoretical values, normalized to the PEG content), were always measured.
The presumed reason for these results may be that most of the PEG chains embedded in the stone pores
could experience the phase changes only to a limited extent [49]. Phase transition temperatures and
enthalpies decline, until the peak disappearance, as a consequence of confinement [50–52]; this occurs
since the change from the crystalline to the melting state (and vice versa) is hindered. In the case of
the investigated mortars, it can be hypothesized that, not only the store pore confinement influenced
the thermal properties, but also the binder surrounding the LS/PEG aggregates can limit the PEG
movements, thus further reducing the phase transition temperatures and enthalpies [53,54].

Nevertheless, the presence of well-defined and measurable melting/crystallization peaks also in
the mortars containing the proposed PCM testifies that LS/PEG composite has a potential to act as an
efficient phase change material.
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3.3. Mechanical Properties of Mortars

The results of flexural and compressive mechanical tests performed on the different mortar
formulations under study are reported in Table 4.

Table 4. Mechanical properties of the cured mortars measured in flexural and compressive mode.

System Flexural Strength (MPa) Compressive Strength (MPa)

HL500_LS 1.1 ± 0.3 2.8 ± 0.8 [CSII]a

HL500_LS/PEG 0.1 ± 0.1 0.4 ± 0.1 [CSI] a

G500_LS 3.2 ± 0.2 4.8 ± 0.2 [CSII] a

G500_LS/PEG 0.5 ± 0.1 0.4 ± 0.2 [CSI] a

C500_LS 5.8 ± 0.3 20.5 ± 0.4 [CSIV] a

C500_LS/PEG 1.0 ± 0.2 1.1 ± 0.2 [CSI] a

HL800_LS 2.8 ± 0.5 17.0 ± 0.2 [CSIV] a

HL800_LS/PEG 0.4 ± 0.1 1.5 ± 0.1 [CSI/CSII] a

G800_LS 4.1 ± 0.2 16.4 ± 0.6 [CSIV] a

G800_LS/PEG 1.6 ± 0.2 3.3 ± 0.3 [CSII] a

C800_LS 9.2 ± 0.9 26.3 ± 0.4 [CSIV] a

C800_LS/PEG 1.9 ± 0.3 3.4 ± 0.8 [CSII] a

a Category of the mechanical resistance of the mortar according to the standard NP EN 998-1.

As observed from the data reported in Table 4, an appreciable decrease in both flexural and
compressive strength values is related to the introduction of LS/PEG composite and, most likely, to the
greater content of water necessary when the PCM is added to the mortar compositions, irrespective to
the kind of binder. It is reported, in fact, that the increase of water content in mortars upon addition of
PCMs determines an increase in their microporosity, leading the latter to reductions in their mechanical
strength [55]. In fact, the efforts of researchers moved towards the study of mortars basically employed
for interior and/or exterior coatings, since a very high value of mechanical strength is not mandatory
in such applications. It could be also hypothesized, however, that the decrease of the flexural and
compressive strength values can be, at least partly, attributed to a loss of adhesion between the PCM
aggregate and the binder paste. Analytical studies are in progress to prove, or exclude, this hypothesis.
Finally, as expected, by increasing the percentage of binder, it is possible to increase the mechanical
characteristics (flexural and compressive mode) even in the mortars containing LS/PEG composite [56].

The reductions in flexural strength brought about by the addition of PEG go from 62%, registered
for G800_LS/PEG system, to 95%, in the case of HL500_LS/PEG. Referring to the compressive strength
values, hydraulic lime and gypsum with a binder content of 500 kg/m3 present a decrease of one
strength class when PEG is added to Lecce stone aggregate for the mortars, i.e., from CSII to CSI.

The reduction in compressive strength was much more appreciable in the case of cement-based
mortar containing a binder content of 500 kg/m3 (about 94%), with a drop in the strength class
classification from CSIV to CSI. By increasing the binder content up to 800 kg/m3, hydraulic lime
presented a noticeable decrease in compressive strength by the incorporation of PEG, with a consequent
strong reduction in the strength class classification, from CSIV to CSI/CSII. Referring to gypsum, a high
decrease in compressive strength was again recorded (nearly 80%), with a consequent fall from CSIV
to CSII classification. Similar results were found for cement-based mortars, with a higher decrease in
compressive strength (about 87%) and a drop from CSIV to CSII strength class classification.

Keeping in mind that, to be successfully employed in the construction field, the mortars should
respect the recommendations reported in the standard NP EN 998-1, thus they should have a minimum
classification of CS II, the systems G800_LS/PEG and C800_LS/PEG are both fully respecting this requisite,
while the formulation HL800_LS/PEG is close to the strength target value. The mortars containing the
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PCM based on LS/PEG with a content of binder 500 kg/m3, on the other hand, display compressive
characteristics not fully adequate (i.e., falling within CS I type).

Hydraulic lime is generally used to produce plastic mortars easily to apply and capable to set and
harden in extreme conditions, including underwater, making this material appropriate for applications
located close to the sea, lakes, rivers, etc. They are typically used in applications characterized by not
excessive loads and to realize foundation mortars as well as renders and plasters for conservation,
restoration and new build construction. An advantage is represented by its permeability to water
vapor, i.e., it does not trap moisture in the walls allowing buildings to “breathe”.

Despite the fact that most of the research on mortars containing PCMs is focused on gypsum
and cement formulations, due to the outstanding thermal characteristics and mechanical properties
of these binders, some papers dealing with the use of phase change materials in hydraulic lime
appeared in the last years [22,55–58]. Referring to the mechanical characteristics displayed by these
modified-mortars, the addition of 20% and 40% microencapsulated PCM to hydraulic lime (500 kg/m3

content) determined a decrease in compressive strength of about 47% and 52% (the latter from 5.37 MPa
for the hydraulic lime control system to 2.58 MPa), respectively [55,56]. While, the decrease in flexural
strength of the hydraulic lime mortar including 20% or 40% of PCM microcapsules was found around
20% and 30%, respectively. Similar results were found in a different study again focused on hydraulic
lime mortar, again with the addition of a 40% microencapsulated PCM, by the same authors, with a
decrease in flexural strength of about 27% (from 2.2 MPa for control mortar to 1.6 MPa for composite
formulation) [58].

In conclusion, the results of mechanical characteristics (flexural and compressive strength) found
in the present study for hydraulic lime mortar containing LS/PEG composite, when compared with
the same mortar modified with different PCM systems, appeared to be fairly satisfactory for the
proposed applications.

Gypsum is one of the more widely used construction materials, mainly in interior designing. It is
mainly used as surface materials, being its application prominent for finishing wall and ceiling in form
of plaster. Gypsum is light, long-lasting and presents an intrinsic very high fire resistance.

There are several papers published in the last years on gypsum-based mortars containing different
PCM systems [55,56,58–61]. Even for this kind of binder, the good mechanical properties of gypsum
were found to be severely compromised by the addition of a PCM system. In fact, it was found that the
introduction of 20% and 40% of PCM microcapsules determined a decrease in the flexural strength of
gypsum (500 kg/m3 content) of around 40% and up to 80%, respectively, and in compressive strength
of about 50% and 64%, respectively [55,56,58]. The reductions in strength found in our research for
PCM-modified gypsum, therefore, are more or less in line with those reported in previous literature,
especially if we refer to the gypsum mortar containing the highest content of binder, i.e., 800 kg/m3.
It is confirmed, therefore, that we can consider this system suitable for the proposed applications.

The use of cement-based mortars in constructions is extremely wide: from restoration and
repairing of damaged concrete to the patching or filling concrete, rendering and floor leveling; it can
also be used to produce precast products. These mortars display a great mechanical resistance and a
low porosity, with consequent impermeability to water vapor.

The reductions in flexural strength values calculated on mortars based on cement (CEM I type) and
containing a PCM system achieved up to 50% depending on the kind and amount of PCM system [56].
The reductions in compressive strength are even more severe (up to 70%) at the highest contents
of encapsulated PCM [20,21,56,62]. Our cement-based mortars containing LS/PEG PCM, therefore,
followed the same trend, once again referring to the mortar containing the highest content of cement,
i.e., 800 kg/m3.

From the results of mechanical (flexural and compressive) tests, and the relative discussion, it can
be concluded that all the produced mortar compositions display values of flexural and compressive
strengths that are included in the standard classification for not structural mortars. On the other hand,
not all of them fall into the CSII type based on the compressive strength, as requested by the standard
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NP EN 998-1. Adequate mechanical properties for the intended purpose are those recorded for the
gypsum- and cement-based mortars containing a greater amount of binder (800 kg/m3); close to the
strength target value is also the formulation HL800_LS/PEG. None of the mortars containing the PCM
based on LS/PEG with a content of binder 500 kg/m3 falls within the CS I type.

Experiments are in progress on some of the produced formulations using the largest amount of
binder (800 kg/m3), in order to verify the thermal properties of such formulations and, in turn, to assess
the effective efficiency as phase change material of LS/PEG composite.

4. Conclusions

A wide experimental investigation was carried out in order to evaluate the effect of the
incorporation of a PEG-based PCM on the mechanical and thermal properties of mortars based
on different binders. The selected PCM was composed by eco-sustainable PEG simply included in
a waste of natural stone, i.e., Lecce stone. The low cost of the method used to produce the PCM
composite, low toxicity and low flammability of both components constitute advantageous additional
characteristics for applications in the construction industry.

The obtained results showed that the addition of a phase change material in mortars employed
for the thermal isolation of building walls (for indoor/outdoor applications) caused significant changes
in their properties, either in the fresh and hardened state. As expected, the incorporation of LS/PEG
aggregates required an increase in the amount of water to reach a suitable workability in all mortars.
It was verified that the thermal properties of the LS/PEG composite decreased when it was incorporated
as an aggregate in mortar mixes. However, well-defined and measurable melting/crystallization peaks
were still observed in the mortars containing the proposed PCM. The melting and crystallization peak
temperatures allowed for obtaining PCM-based mortars suitable as thermal energy storage systems in
both exterior and indoor walls of buildings, especially those located in warm regions. The mechanical
properties (in flexural and compressive mode) decreased when LS/PEG aggregates were included in
the mortar compositions. This phenomenon, however, is common for any mortar containing a PCM
system, as reported in the literature. Nevertheless, by increasing the amount of binder, it was possible
to achieve mortars that can be classified at least as CSII, except for the system based on hydraulic lime,
i.e., HL800LS/PEG. Even this system, however, can be classified in between CSI and CSII categories.

In order to assess if the produced PCM-mortars are effectively able to produce an improvement in
the thermal performance of building walls realized with them, and consequently to limit the energy
consumption for cooling and heating, experiments are in progress to evaluate the thermal performance
of elements produced with such novel mortars.
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Abstract: The aim of the study was to determine the impact of the use of isogrid stiffeners on the stress
and displacement distribution of a thin-walled cylindrical shell made of layered composites subjected
to torsion. It also strives to define criteria for assessing the results of non-linear numerical analysis
of models of the examined structures by comparing them with the results of the model experiment.
The study contains the results of experimental research using models made of glass–epoxy composites
and the results of numerical analyses in non-linear terms. The experiment was carried out using
a special test stand. The research involved two types of considered structures. The results of the
research allowed to create the concept of an adequate numerical model in terms of the finite element
method, allowing to determine the distribution of stress and strain in the components of the studied
structures. Simultaneously, the obtained conformity between the results of non-linear numerical
analyses and the experiment allows to consider the results of analyses of the modified model in order
to determine the properties of different stiffening variants as reliable. The presented research allows
to determine the nature of the deformation of composite thin-walled structures in which local loss of
stability of the covering is acceptable in the area of post-critical loads.

Keywords: isogrid; aircraft load-bearing structures; finite elements method; nonlinear numerical
analyses; stability; equilibrium path

1. Introduction

Research devoted to the issue of loss of stability of systems that are elements of load-bearing
structures used in technology, generally focuses on problems related to determining the value of critical
loads. Analyses of post-critical conditions of structures become much more rarely the subjects thereof.
This is due to the fact that in the vast majority of technical fields, the moment of loss of stability by the
structure is identified with its destruction [1,2].

In aviation technology, due to the very specific nature of the objects under consideration, specific
standards affecting design processes and operational assumptions have also been established. One of
the principles, referring to the most commonly used in aviation metal structures, allows for post-critical
deformations of selected types of systems, in the scope of operational loads [3,4].

In the general case, due to the need to minimize the mass of the object, loss of stability of the
covering under operating conditions is allowed, if this phenomenon is elastic and occurs locally, i.e.,
within the shell segment limited by skeleton elements. The exceptions are coverings, e.g., of wing
torsion box and other parts of the structure responsible for ensuring its appropriate torsional stiffness,
as well as fragments of coverings, where large deformations are not desirable due to the need to
maintain the aerodynamic properties [5,6].
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Many years of research on aircraft structures, initiated by the Junkers construction office, have
shown that limiting the area of post-critical deformations can be realized not only by increasing the
number of skeleton elements. In many cases, an equally effective way to ensure the local nature of the
phenomena has been the use of various forms of integral stiffeners.

Although light metal systems are still the basic components of most of the aircraft load-bearing
structures in operation, a clear tendency has emerged in recent years to increase the use of different
types of composites. Layer composites are the most commonly used in aviation, based on glass, carbon
and aramid fabrics, as well as polymeric resins [7].

Due to insufficient knowledge about the overall changes in the mechanical properties of composites
caused by their long-term exploitation, the bearing structures based on them for many years were
designed and implemented as shell-like, using the spacers to prevent loss of stability by bearing
coverings. At present, in the pursuit of meeting increasingly strict operational and economic criteria,
the design doctrine allowing the local loss of stability of some fragments of composite coverings is
considered, e.g., in the case of metal. This type of assumption allows the use of semi-monocoque
structures characterized by more favorable mechanical properties in relation to the mass than the
layered monocoque structures [8,9].

The permissibility of loss of stability of composite coverings causes similar structural problems to
appear as in the case of metal. One of them is the necessity to reduce this phenomenon, with as little
weight increase as possible. Achieving this goal is possible through the use of stiffeners of an integral
or "quasi-integral" nature.

The forms of integral stiffeners, which allow to obtain a significant increase in the stiffness of the
covering, as well as relatively high values of critical loads, are grid structures (Figure 1).

     
(a) (b) (c) (d) (e) 

Figure 1. Schemes of grid stiffening structures: (a) ortho-grid, (b) x-grid, (c) bi-grid, (d) iso-grid type I,
(e) iso-grid type II

In the case of metal structures, the use of this type of solution is due to the need for precision
machining, quite problematic (the need for precision machining). It is much simpler to realize it in the
case of composite structures. As results from the published research results, the interest in constructors
is focused mainly on isogrid structures [10,11]. Also, in the field of their applications, a number of
experiments and numerical calculations have been made in composite constructions [12,13]. It should
be emphasized, however, that in most cases the subject matter of the publication is limited to analyses
of cylindrical shells subjected to compression. In the case of load-bearing systems used in aviation, the
reason for the loss of stability of thin-walled systems is primarily torsion. This study focuses on the
problem of local loss of stability of twisted shells, under the conditions of permissible loads and on
post-buckling analysis.

2. Materials and Methods

The aim of the research presented in this study was to perform a comparative analysis of two
types of structural solutions of the aircraft structure fragment, represented by a thin-walled cylindrical
structure with a composite covering, subject to post-critical deformations under operating conditions.
The subject of the study were constitutions of equal dimensions (Figure 2), differing in structural
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solutions of the skeleton. The first of them was a reference structure with a stiffening corresponding
to a classic semi-monocoque structure, consisting of four stringers and three ribs. External ribs were
made of plywood; the mechanical properties are obtained with the constants defined in the aviation
standards: E1 = 8500 MPa, E2 = 7500 MPa, G12 = 1000 MPa, ν12 = 0.34.

 
Figure 2. Schemes of models for experimental research: reference structure (on the left), structure with
isogrid stiffener (on the right).

The second system had Type 2 isogrid stiffening. In both cases the shell of the model for
experimental research was made as a composite structure which consisted of two layers of glass fabrics:
50 and 163 g/m2. Stringers of the reference structures were made as a closed circuit formed of two layers
of glass fabric with a weight of 163 g/m2. The middle of every circuit was filled with polymer foam.
The symmetric glass fabrics Interglass 02037 and 92110 were used to build the models. The matrix was
a filling mixture based on epoxy resin MGS L285/H286 with known mechanical properties. Mechanical
properties of the composite were obtained with the measured solid constants: E11 = 22,000 MPa,
E22 = 22,000 MPa, ν12 = 0.11, G12 = 4600 MPa. Models were made using the contact method, with a
50/50 reinforcement ratio. The main directions of the composite orthotropy were oriented at 45 degrees
to the direction of the axis of the cylindrical structure.

As it was proved during laboratory tests of some types of glass fabrics and epoxy resins applied in
aviation, the physical constants for the single layer composites are almost identical in case of different
fabrics with different weights [14]. So, the measured constants characterizes the behavior of each
of layers.

The isogrid skeleton was formed by means of glass roving fibers in a polymeric mold, using the
aforementioned filling mixture.

The aim of the comparative analyses was to examine the differences between the character of
post-critical deformations in both types of structures and the preliminary estimation of the impact of
the form and size of deformations on the operational durability of the tested systems.

The results of numerical analyses were evaluated by accepting the criterion of satisfactory similarity
of the nature of post-critical deformations and representative equilibrium paths with reference to the
results of the experiment. As a result, it became possible to determine stress distributions, based on the
principle of unambiguity of solutions, according to which for an elastic system the deformation of the
structure is responsible for one and only one variant of stress distribution.

For the experiment, a special test stand was used, with high stiffness, whose own deformations can
be considered negligibly small (Figure 3). Loads were carried out in a gravitational manner. The ATOS
optical scanner and micrometer sensors were used for structure deformation measurements, on the
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basis of which the total torsion angle of the structure was determined. Due to the load application
method, subsequent measurements were made for determined deformation states of the structure.

 
Figure 3. Stand for experimental research, load and deformation measurement diagram.

The results of experimental research constituted the material allowing us to obtain information
about stress distributions in the tested systems by developing effective, adequate computational models
in terms of the finite element method.

Numerical modelling of the analyzed structures was based on the commercial MSC
PATRAN/MARC software (version 2012, MSC Software, Newport Beach, CA, USA), which proved
its effectiveness in the case of post-critical deformations analyses of coverings made of isotropic
materials [15]. In the case of layered composites, the key element of the software is an algorithm
whose task is to determine the properties of the laminate, based on sets of constants corresponding to
individual layers. In the case of commercial software used, this algorithm is an integral preprocessor
procedure and does not allow the user to intervene.

The feature of composite structures which makes the creation of numerical mappings very difficult,
is their heterogeneity, resulting not only from the conditions of lamination of individual layers, but
also as a result of assembly operations, i.e., the presence of local surplus resin and varied thickness
of glue joint. These factors may result in local changes in the stiffness of the covering and affect the
form of post-critical deformations. Even small errors in the selection of geometric parameters of the
numerical model, introducing a deviation from the actual boundary conditions of the shell segment,
generate significant errors during non-linear analysis.

The basic relationship in a non-linear problem, defining the relationship between the state of the
structure and the load is the so-called equilibrium path of the system, in general, a hypersurface in
state hyperspace [16–18]. It is a relation that satisfies the matrix equation of residual forces:

r(u, Λ) = 0 (1)
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in which u is a state vector, containing the displacement components of the structure nodes
corresponding to its current geometric configuration, Λ is a matrix containing control parameters
corresponding to the current load level, while r is a residual vector containing unbalanced force
components related to the current state of system deformation.

In general, excluding the singularities resulting from the shape of the equilibrium path, it can be
assumed that there are continuous relationships between the values contained in the above equation.
For Clapeyron systems, the vector r for a fixed parameter value Λ is defined as a gradient of total
potential energy Π (u, Λ) of the system:

r =
∂Π
∂u

(2)

which expresses that the condition of the static equilibrium of the system under consideration is a zero
increase in potential energy.

Equation (1) can also be presented in the form of relationship:

p(u) = f(u, Λ) (3)

where p is a matrix containing internal forces corresponding to the current state of deformation, while
f is a vector of external forces, which may also depend on the current state of deformation, which can
be presented in the form of equations:

p =
∂U
∂u

, f =
∂P
∂u

(4)

where p and u are respectively elastic strain energy and the work of external loads. The total potential
energy of the system is expressed by the equation:

Π = U − P (5)

Stiffness matrix K of the system corresponding to the temporary, current configuration of the
system is defined as a derivative of the residual vector r relative to the components of the state vector u:

K =
∂r
∂u

(6)

The K−1 inverse matrix is the system flexibility matrix. Excluding singularities corresponding to
the characteristic points of the equilibrium path, both matrices are symmetric matrices.

By determining the derivative of the residual vector r relative to the control parameters, a control
matrix, also called a load matrix, can be determined:

Q = − ∂r
∂Λ

(7)

The concept of stepwise changes in the configuration of the structure corresponding to the staged
increase in load results in the possibility of binding the matrix u and Λ with a dimensionless parameter
determining the degree of task completion, called the pseudo-time parameter:

u = u(t), Λ = Λ(t) (8)

The derivative of the residual vector component r in relation to the pseudo-time—t has the form:

◦
ri =

∂ri

∂uj
· ◦uj +

∂ri

∂Λi
· ◦Λj (9)
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where:
◦
r =
∂r
∂t

(10)

From the above compound and from dependences 6 and 7 the matrix equation follows:

◦
r = K · ◦u −Q · ◦Λ (11)

By determining the second derivative of the residual vector r relative to the pseudo-time parameter,
we obtain: ◦◦

r = K · ◦◦u +
◦
K · ◦u−Q · ◦◦Λ −Q · ◦Λ (12)

where
◦
K and

◦
Q are matrices:

◦
K =

∂K
∂t

,
◦
Q =

∂Q
∂t

(13)

In numerical algorithms for non-linear problems, all components of the matrix is expressed as
functions a single parameter λ, called the state control parameter. This parameter is a measure of the
increase in the associated load, directly or indirectly, with the pseudo-time parameter—t. Thus, the
equation of state 1 can be written in the form:

r(u, λ) = 0 (14)

called the monoparametric equation of residual forces. The corresponding derivatives in relation to
the pseudo-time can be written as follows:

◦
r = K · ◦u− q · ◦λ (15)

◦◦
r = K · ◦◦u +

◦
K · ◦u− q · ◦◦λ − ◦q · ◦λ (16)

where K = ∂r
∂u is the defined by Equation (6) system stiffness matrix, also called the tangent matrix to

the equilibrium path, while:

q = − ∂r
∂λ

(17)

is a vector of load increase.
Because at each stage of the solution a static equilibrium of the system is assumed, the vector r

in each stage assumes zero values and does not change in relation to pseudo-time. The following
relationships result:

◦
r = 0⇒ K · ◦u = q · ◦λ (18)

◦◦
r = 0⇒ K · ◦◦u +

◦
K · u = q · ◦◦λ +

◦
q · ◦λ (19)

Thus, for all points of the equilibrium path (for which K is a non-singular matrix), the relationship
resulting from the Equation (18) can be used:

◦
u = K−1 · q · ◦λ = v · ◦λ (20)

where in

v = K−1 · q =
∂u
∂λ

(21)

is a vector of velocity of load increase.
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The prediction-correction methods of determining the consecutive points of the equilibrium path
used in modern programs also include the correction phase based on the fulfillment by the system of
an additional equation, called the increment control equation or the constraint Equation (18):

c(Δun, Δλn) = 0 (22)

where the increases:
Δun = un+1 − un and Δλn = λn+1 − λn (23)

correspond to the transition from state n to state n + 1.
As in the case of the experiment, since in the case of systems with the number of freedom greater

than 2, it is difficult to interpret the equilibrium path in a clear graph form, in practice, for comparative
purposes, representative equilibrium paths are used, which are the relationships between the chosen
parameter characterizing deformation the system and a single control parameter related to the load.
As a confirmation of the reliability of the results of non-linear numerical analyses in terms of FEM, it
is considered that satisfactory convergence between representative equilibrium paths: determined
during the experiment and obtained on the numerical way. It is also necessary to converge the
forms of deformations that are the effects of calculations with the result of the experiment. Based on
the aforementioned principle of unambiguity of solutions, the distributions of effective stress in the
deformed shell can also be considered reliable.

The geometric structure of numerical models was based mainly on surface objects. In the case of
the reference model, three-dimensional objects were also used, to model the stringers (Figure 4). It has
to be emphasized that pictures below does not present complete models. Their present a half of each
numerical model, for the better visualization of the structural details.

 
(a) (b) 

Figure 4. Fragments of geometric models, with visible methods of attachment and loads: (a) reference
structure, (b) structure with isogrid.

The use of this kind of solution resulted from the desire to map the actual proportions between
the dimensions of the coverage segments.

The non-linear numerical analysis is an iterative process, aimed at determining subsequent
equilibrium states, so its correctness is largely determined by the correct selection of the prediction
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method, correction strategy and a whole range of control parameters. In the described case,
the Newton–Raphson method was used, related to the Crisfield hypersferrical correction [16,17].

After the series of numerical tests in the scope of choosing the topology of the model, the mesh
consisting of about 3000 bilinear, four-node shell elements were used for the reference structure.
The number of used elements was the result of analyses executed using various versions of the
numerical models and it was a minimum providing the nonlinear analysis convergence and the
compliance of results with the experiment. The necessity to a bilinear element resulted from the fact
that other types of them, contained in the MSC MARC software library, which can be assigned to the
properties of layered composites, do not have the ability to map geometrically complex objects, due to
the type and number of degrees of freedom.

For the modeling of the stringers, in the case of the reference structure, a total of
120 three-dimensional, eight-node elements were used. The structure model stiffened integrally
was based entirely on surface elements, most of which were 4–node ones, the total number of which
was 8700.

The material models were made taking into account the mechanical properties of composites
based on the components used during the experimental phase, with the constants given above.

The process of nonlinear numerical calculations was multistage and a lot of mesh variants were
tested. The goal of this procedure was to obtain the solution reproducing the results of experiment,
however, under this procedure a quality of the mesh was also tested and analyzed. The convergence
of the mesh was verified first, before the comparison with the experimental results were carried out,
to obtain an assurance that in case of any mesh refinement the results do not change significantly.
Presented and described results were obtained by means of mesh variants, which were considered
as verified.

3. Results

3.1. Experimental Research

Measurements of total torsion angles of examined structures formed the basis for determining and
comparing representative equilibrium paths of the studied systems (Figure 5). As the representative
equilibrium path, the relationship between the said total torsion angle, characterizing the state of
the structure and the control parameter for which the torsional moment was obtained, was assumed.
For selected states, corresponding to the torsional moment values 160 Nm for the reference structure
and 220 Nm for the structure with isogrid, the deformed surfaces of the structures were also scanned
(Figure 6).

The shape of representative equilibrium paths indicates a completely different course of the
phenomenon in both analyzed objects. In the case of a reference structure containing areas of coverage
characterized by a high ratio of curvature to their surface area, the post-critical deformations occurred
with pronounced skips, which was reflected in the occurrence of a linear section and refraction of the
characteristic and a further significant increase in the torsion angle of the structure with relatively
small increase of torsional moment. This corresponded to the emergence and deepening of large,
double folds within each of the coverage segments. Although such deformations meet theoretical
acceptability criteria, they cause a significant decrease in structural stiffness and deterioration of its
operational properties. In the case of composite coverings, there is a serious concern that with such
large deformations there may be local damage to the structure, e.g., in the form of delamination,
resulting in a significant reduction in the operating durability of the system.
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Figure 5. Representative equilibrium paths of the examined structures.

 
Figure 6. Distributions of deformations of the examined structures obtained as a result of scanning.

In the case of an integrally stiffened structure, the coverage segments between the frame elements
constitute surfaces close to flat ones, as a result of which a loss of stability within the majority of them
occurs at a relatively low load value. However, the structure quickly achieves a state of post-critical
equilibrium, gaining high stiffness, thanks to which a representative equilibrium path maintains a
linear-like character even with high load values. The depth of folds formed within the coverage
segments is small, which allows to conclude that the structure has a much higher durability compared
to the reference system.

It should also be emphasized that the masses of both structures are very similar (1849 g, the
reference structure, 1861 g, the structure stiffened integrally), while the stiffness of the structure with
the isogrid type is almost 70% higher than the stiffness of the reference structure.

3.2. Nonlinear Numerical Analyzes

As a result of conducted non-linear numerical analyses, representative equilibrium paths were
determined and their comparison was made with the appropriate characteristics obtained during the
experiment (Figure 7).
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(a) (b) 

Figure 7. List of representative equilibrium paths obtained in numerical way and as a result of the
experiment: (a) structure stiffened with isogrid, (b) reference structure.

In both cases, the stiffens of the numerical models were slightly higher stiff then their experimental
counterparts. It results from the simplifications, which must be applied due to limited effectiveness
and efficiency of the numerical procedures applied in commercial FEM software.

Both numerical models were characterized by slightly higher stiffness than experimental models,
although the deformation of some parts of the covering in both cases turned out to be greater than in
the case of the latter (Figure 8). This is a consequence of the fact that the state of the structure depends
on the proportion between many parameters defining it. As a result, different combinations of state
parameters in different subsets may result in a similar value of a representative parameter which in the
described case, is the total torsion angle.

  
(a) (b) 

Figure 8. Distributions of the radial deformation component at the maximum load value: (a) reference
structure, (b) structure with isogrid.

However, despite these divergences, the results of non-linear numerical analyzes can be considered
satisfactory. In particular, in the case of the isogrid structure, the inconsistency of the representative
equilibrium paths did not exceed 7%. On the other hand, in the case of the reference structure, this
inconsistency for most of the range of post-critical deformations did not exceed 15%.

170



Materials 2019, 12, 3230

Satisfactory similarity of the form of post-critical deformations was also achieved, and based on
the above-mentioned principle of unambiguity of solutions, the distribution of effective stress based on
the hypothesis of the highest tensile stress can be considered reliable (Figure 9). However, stress levels
in the cylindrical part of the structure stiffened with isogrid were much lower than in the reference
structure, for better visual comparison of the two cases of stress distribution, similar maximum scales
were applied.

  
(a) (b) 

Figure 9. Distribution of effective stress according to the hypothesis of the highest tensile stress:
(a) reference structure, (b) structure with isogrid.

4. Discussion

The analysis of the nature of post-critical deformations of the considered systems and the
comparison of their masses, reveals a number of advantages of a structural solution based on an isogrid
integral stiffener. The semi-monocoque reference structure used for the study was an example of the use
of a minimum number of skeleton elements, as a result of which relatively large covering segments with
significant curvature underwent deformation. In this case, the nature of the deformation may cause a
significant reduction in the reliability of the structure, resulting from the possibility of local damage
of the composite. Traditional solutions used in aviation technology rely on increasing the number of
frames and stringers. Due to such a solution the covering segments gain smaller dimensions, and the
relations between them and the shell curvature become more advantageous. However, increasing the
number of skeleton elements leads to a significant increase in the mass of the structure. Therefore, if
additional frames or stringers are used, the semi-monocoque structure would have to have a larger
mass than the structure with isogrid type stiffeners.

It should be emphasized that inference about the operational lifetime of a structure, regardless of
the material used, requires knowledge about its behavior under cyclic loading conditions. However,
even in the absence of such information, in the case of static studies, it can be assumed that local
damage to the structure may appear primarily in the areas of high stress gradients. From this point of
view, the structure with isogrid type stiffeners has a great advantage, characterized by a very regular
distribution of stresses that is devoid of explicit concentrations.

The results of experimental studies allowed the development of adequate numerical models based
on the finite element method, using commercial software. This allows to conclude that the processes of
designing thin-walled composite structures subjected to post-critical deformations under the conditions
of permissible loads can be numerically assisted, however the results of numerical analyses should be
verified experimentally, even using a simplified model experiment. The numerical models presented in
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this study were subjected to repeated tests and in a number of them, erroneous results were obtained,
characterized by incompatibility with the actual deformations and the deformation of the analysed
systems. Relatively simple and cheap experiment allowed to correct errors and selection of the most
appropriate sets of numerical procedures, as well as parameters controlling the course of computational
processes. This confirms the validity of the thesis that relying on unverified results of numerical
analyses may lead to the appearance of significant construction errors.

5. Conclusions

The presented study was limited to the analysis of one type of isogrid stiffening, due to the
inconvenient and time-consuming process of creating a model for experimental research. The search for
the most appropriate solution, from the point of view of distribution of stresses and strains, would have
to include the analysis of a whole range of stiffening variants and their impact on the aforementioned
size and total mass of the structure. In this context, the methodology of gradual modifications of
the numerical model verified by the experiment, aimed at testing successive versions of structural
solutions, seems to be useful. However, it should be emphasized that the greater the deviation of
the numerical model from its verified form, the greater the probability of obtaining incorrect results.
Therefore, the final stage of the analysis seems to be the final experimental verification of the solution
considered to be the most effective.

The presented results should be evaluated in the context of the expected broader scope of research,
aimed at determining the best possible proportions between the dimensions of the structure and the
number and form of integral stiffening elements. It should be emphasized that it is also planned to
subject selected representative systems to cyclic loads and to attempt to develop an effective method of
detecting emerging damages.
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Abstract: Nowadays, microbially induced calcium carbonate precipitation (MICP) has received great
attention for its potential in construction and geotechnical applications. This technique has been
used in biocementation of sand, consolidation of soil, production of self-healing concrete or mortar,
and removal of heavy metal ions from water. The products of MICP often have enhanced strength,
durability, and self-healing ability. Utilization of the MICP technique can also increase sustainability,
especially in the construction industry where a huge portion of the materials used is not sustainable.
The presence of bacteria is essential for MICP to occur. Bacteria promote the conversion of suitable
compounds into carbonate ions, change the microenvironment to favor precipitation of calcium
carbonate, and act as precipitation sites for calcium carbonate crystals. Many bacteria have been
discovered and tested for MICP potential. This paper reviews the bacteria used for MICP in some of
the most recent studies. Bacteria that can cause MICP include ureolytic bacteria, non-ureolytic bacteria,
cyanobacteria, nitrate reducing bacteria, and sulfate reducing bacteria. The most studied bacterium for
MICP over the years is Sporosarcina pasteurii. Other bacteria from Bacillus species are also frequently
investigated. Several factors that affect MICP performance are bacterial strain, bacterial concentration,
nutrient concentration, calcium source concentration, addition of other substances, and methods to
distribute bacteria. Several suggestions for future studies such as CO2 sequestration through MICP,
cost reduction by using plant or animal wastes as media, and genetic modification of bacteria to
enhance MICP have been put forward.

Keywords: bacteria; biocementation; construction; microbially induced calcium carbonate precipitation

1. Introduction

Microbially induced calcium carbonate precipitation (MICP) is a process that occurs when
microorganisms, especially bacteria, are provided with appropriate substrates and thus induce
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the formation of calcium carbonate (CaCO3) crystals. The CaCO3 formed is very useful in coating
surfaces and binding different particles together [1–3]. MICP can occur under atmospheric pressure
and other mild conditions. In fact, it happens in nature all around the world. This process has coated
the surfaces of various natural structures and left hints about past ages for researchers to discover.
Formation of CaCO3 by microorganisms has been studied through biomimetic approach and then
applied in various fields such as construction, environment, geo-techniques, and nanotechnology [4,5].
An example of the MICP process is shown in Figure 1.

 

CaCO3 

Figure 1. Schematic diagram of the microbially induced calcium carbonate precipitation (MICP) process
for biocementation of sand.

In recent years, there are increasing interests in MICP among researchers worldwide. A search
in SciFinder with the keywords ‘MICP’ and ‘biocement’ showed increasing number of studies about
MICP from the year 2010 to 2020. The increasing interest of researchers towards MICP and biocement
may be due to increasing awareness on sustainability globally. A lot of studies focus on finding
or developing sustainable materials and processes to replace conventional non-sustainable ones.
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The construction industry is one of the fastest growing fields due to rapid urbanization [6].
Large amounts of building materials are being consumed every day to build, maintain, and renew
various structures. These building materials, especially ordinary Portland cement (OPC) and concrete,
are not sustainable. Construction consumes a lot of natural resources and energy, while at the same
time contributing 50% of CO2 emission worldwide [7,8]. Therefore, it is desirable to change current
building materials into sustainable ones. In addition, biocementation through MICP can be used to
reduce usage of OPC.

Construction costs are rising over the years and are expected to stay high for future times
ahead. Producing building materials that are more durable and longer lasting can help to reduce
maintenance costs. MICP was reported by various researchers to enhance strength and durability
of building materials. Development of self-healing building materials also helps to reduce resources
spent on routine repairs [9,10]. By including appropriate bacteria into cement or concrete, the formation
of cracks will be stopped and sealed by the bacteria due to CaCO3 precipitation. Figure 2 shows
the schematic diagram of self-healing process. Bacterial solution can also be applied from outside to
seal a cracked surface on old building materials.

Conducting an MICP process requires knowledge from different fields including biotechnology,
geotechniques, civil engineering, material engineering, and nanotechnology [11]. Current trends of
technology integration encouraged researchers to investigate applications of MICP for various purposes.
Most recent studies on MICP focus on consolidation of sand and soil, self-healing concrete and
crack sealing [12,13], and removal of heavy metals/ions from water [14,15]. Technology integration
in construction and other industries will make the applications of MICP easier.

The presence of bacteria is crucial for MICP to occur. The bacteria produce necessary enzymes
such as urease and carbonic anhydrase to convert appropriate compounds into carbonate ions [16].
These activities change the microenvironment to favor precipitation of CaCO3 in the presence of
calcium ions. Surface charges of bacterial cells attract calcium ions and then the cells serve as
precipitation sites for CaCO3 crystals. Some bacteria also produce extracellular polymeric substances
(EPS) that can enhance the MICP process. Different bacteria have been studied for their MICP potential.
The bacteria must have high cell availability and high enzyme activity because they are often placed
in harsh environments associated with high alkalinity, lack of nutrients, and high compressive
force [17]. Bacterial strain and medium composition will affect CaCO3 crystal morphologies
(calcite, vaterite and aragonite); thus, affecting the stability and strength of structures formed [18].
Therefore, careful considerations are required when choosing bacteria and its medium to obtain
desired products.

The purpose of this paper was to review the bacteria used in some of the most recent studies
of MICP. By learning and comparing the behavior of the bacteria and the results of MICP processes,
insights on choosing suitable bacteria for certain applications have been proposed. This paper will
thus help in future studies to further improve the MICP processes.
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Figure 2. Schematic diagram for self-healing of biocement.

2. Bacteria Used in MICP

Globally, different bacterial strains have been tried by different researchers for MICP. Some
of the commonly used bacterial strains that were successfully employed for MICP are discussed
in the succeeding sections.
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2.1. Sporosarcina pasteurii

Sporosarcina pasteurii, previously known as Bacillus pasteurii is the most commonly used bacterium
for studying MICP due to its high urease activity. It is a non-pathogenic bacterial strain. Urease catalyzes
the hydrolysis of urea to form ammonia and carbonic acid as shown in Equations (1) and (2).

CO(NH2)2 + H2O −→ NH2COOH + NH3 (1)

NH2COOH + H2O←→ NH3 + H2CO3 (2)

Ammonia then forms ammonium and hydroxide ions in water (Equation (3)).

NH3 + H2O←→ NH4
+ + OH− (3)

Carbonic acid also forms bicarbonate and hydrogen ions in water (Equation (4)).

H2CO3 ←→ HCO3
− + H+ (4)

Formation of hydroxide ions causes pH to increase and shifts the bicarbonate equilibrium.
This causes the formation of carbonate ions. The overall equation becomes as shown below (Equation (5)).

HCO3
− + H+ + 2NH4

+ + 2OH− ←→ CO3
2− + 2NH4

+ + 2H2O (5)

In the presence of calcium ions, calcium carbonate crystals can be precipitated as shown in Equation
(6).

Ca2+ + CO3
2− ←→ CaCO3 (6)

Table 1 shows some studies on sand and soil improvements using MICP with Sporosarcina pasteurii.
In laboratory scale experiments, researchers often test the biocementation potential of MICP

by Sporosarcina pasteurii on sand columns composed of various types of sands and additives.
Strength and durability of the sands are often enhanced after the MICP process. The research group of
Cardoso et al. [19] used Sporosarcina pasteurii for biocementation of sand columns and showed that
compressibility and tensile strength increased while permeability was decreased after MICP. They also
showed that addition of clay in the sand column further enhanced its properties. Bu et al. [20] studied
biocementation of sand using Sporosarcina pasteurii and compared with sands treated with normal
cement or lime. Sands treated with MICP had higher unconfined compressive strength (UCS) than
sands with 10% cement and flexure strength similar to sands with 20–25% cement. Lime treated
sands were the weakest among those samples. Porter et al . [21] investigated the combinations
of MICP by Sporosarcina pasteurii, OPC, and metakaolin to treat sand columns. Combination of
Sporosarcina pasteurii and OPC had better performance in terms of UCS and water absorption as
compared to other combinations or single treatment. Analysis revealed that MICP enhanced bridges
formed by OPC or metakaolin between sand particles. A total of 93% of CaCO3 crystals formed at
the bridging zones in sand columns treated by Sporosarcina pasteurii and OPC. This study suggested that
there is synergistic relationship between chemical and microbial cementation process. Choi et al . [22]
used Sporosarcina pasteurii for biocementation of PVA fiber reinforced sand columns. They found that
at fixed CaCO3 concentration, increasing PVA fiber content further increased UCS and splitting tensile
strength and decreased permeability of the sand columns. They also found that brittleness of sand
column was greatly reduced with addition of fiber. They suggested that addition of fiber enhanced
biocementation by filling more pores. Xiao et al . [23] showed that MICP by Sporosarcina pasteurii
enhanced cyclic shear resistance of calcareous sand. The authors found that increasing biocementation
solution can further reduce degree of sand deformation and increase liquefaction resistance due to
more and bigger CaCO3 crystals filling voids. The CaCO3 crystals made the surface rougher and
that enhanced bonding between sand particles. Sasaki and Kuwano [24] used Sporosarcina pasteurii to
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consolidate sands with different non-plastic fines content. They found that presence of fines content
greatly reduced liquefaction resistance after MICP due to smaller void ratio, formation of smaller
and unevenly distributed CaCO3. Higher concentration of biocementation solution or more cycles of
treatment were suggested to enhance sand liquefaction resistance. Salifu et al . [25] treated sloped
sand with MICP by Sporosarcina pasteurii and then tested it with tidal cycles. Sand slope angle was
maintained after 30 simulated tidal cycles. This indicated that MICP process successfully stabilized
and reduced erosion of slope surface significantly.

A critical analysis of these research reports indicates that Sporosarcina pasteurii has been
effectively used by different research groups for compressibility and tensile strength enhancement,
biocementation, UCS, and water absorption. The utilization of Sporosarcina pasteurii has been cost
effective too, in addition to being effective.

There are several studies that have discussed the factors affecting MICP in sand columns.
Tang et al. [26] stated that CaCO3 content from MICP in sand columns is affected by flow rate and
hold time of biocementation solution. CaCO3 content in sand columns decreased at high flow rate
and its distribution depended on hold time. They reported that sand columns treated with MICP
by Sporosarcina pasteurii can achieve compressive strength of 3.29 MPa at 3 h hold time and 0.5 mol/L
biocementation solution. Omoregie et al . [27] used different strains of Sporosarcina pasteurii to treat
sand columns. They optimized the temperature, initial pH, incubation time, and urea concentration
for MICP process. Their results indicated that final enhancement varied according to the strains of
bacteria used. Duo et al . [28] used Sporosarcina pasteurii for biocementation of desert aeolian sand.
They studied the effects of urea-CaCl2 concentration on CaCO3 amount, dry density, permeability,
and UCS of the sand columns after MICP. All properties increased with higher urea-CaCl2 concentration,
which showed that the formation of CaCO3 crystals consolidated the sand column. USC of sand
columns was greatly increased when more than 14% CaCO3 formed. Their study showed that CaCO3

crystals mostly formed at sand particle surfaces and pores between sand particle when the concentration
of urea-CaCl2 used was 0.5–1.0 mol/L. Solidifying and connecting properties became more significant at
1.5–2.5 mol/L urea-CaCl2. Methods to apply bacteria and cementation solutions into sand columns affect
the MICP performance. Similar study was also carried out by Sharaky et al. and applied biocementation
solution including Sporosarcina pasteurii for consolidation of sand columns [29]. Minto et al. [30] used
Sporosarcina pasteurii for MICP on marble grains in columns and found that only the top to middle portion
of the columns were solid enough. Rate of MICP increased while porosity and permeability decreased
towards top of columns. This is due to the formation of CaCO3 during MICP that blocked the path and
affected flow pattern of biocementation solution. Rowshanbakht et al. [31] used Sporosarcina pasteurii to
enhance sand columns through a two phase-injection method. Bacteria retention, optical density (OD),
and urease activity were optimized at 2/3 injection pore volume and 85% sand relative density.
Maximum UCS was achieved at 1/3 injection pore volume and 85% sand relative density. The author
found that the portion of the sand column near the injection point had a lower UCS than the other end.
Permeability was found to decrease with increasing injection pore volume and sand relative density.
More calcite formed near the injection point and calcite content throughout the sand column varied
from 4.5% to 8%. Kakelar et al. [32] replaced yeast extract using sodium acetate in ratio for MICP of
Sporosarcina pasteurii and concluded that cost can be reduced by using this technique. Minto et al . [33]
applied MICP on sandstone cores through continuous injection of Sporosarcina pasteurii and nutrients.
After that, they tested the sample with acidic fluids. Less than 1% permeability drop was reported
due to CaCO3 blocking preferential flow paths and also buffered the acidic fluids. Tobler et al . [34]
studied the transportation of Sporosarcina pasteurii in sandstone. The bacteria cells were found easily
trapped in sandstone. Higher injection rate can enhance cells transportation. Although initial injection
can distribute the cells uniformly, they were easily trapped on CaCO3 after MICP started. The authors
stated that transport behavior must be determined for each bacteria strain individually.

A critical analysis this section indicates that injection method is superior to mixing method
for the consolidation of sand columns using Sporosarcina pasteurii. Various factors (injection rate,
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injection pore volume, medium, etc.) need to be considered while designing an MICP process using
Sporosarcina pasteurii.

Consolidation of soils through MICP is also frequently investigated. Grabiec et al . [35] mixed
Sporosarcina pasteurii in silty soils to make cylinder samples. They found that soil shear strength and
rigidity increased while soil deformation under stress reduced after the MICP process. This method
further ensured soil lithification. The authors also demonstrated that high mechanical pressure
involved during sample making may reduce bacterial survival rate, although their study showed that
a number of compaction strokes had insignificant effect on bacterial survival in soil. Canakci et al. [36]
used Sporosarcina pasteurii to consolidate organic soil and found that MICP was able to improve soil
shear strength due to enhanced cohesion and internal friction. However, it was limited by strength
of organic particles in the soil. Around 20% CaCO3 formed after MICP process. This is less than
the amount of CaCO3 formed in sandy soil from other studies and therefore organic matter may
have inhibited growth of CaCO3 crystals. Feng et al . [37] used simulation to study biocementation
of soil through MICP by Sporosarcina pasteurii and OPC. They claimed that mechanical properties of
bio-cemented sand can be predicted through careful calibration.

In addition to consolidation of sands and soils, researchers also showed great interest in making
bacterial-based bricks, concretes, and mortars [38]. Some works are shown in Table 2. Bernardi et al. [39]
made bio-bricks with silica rich masonry sand through MICP by using Sporosarcina pasteurii. They
recorded the transition of bio-bricks from ductile to brittle within 28 days curing time. Up to 2.2 MPa
compressive strength was achieved for their bio-bricks. Cuzman et al. [40] made bio-blocks with sand
though MICP by Sporosarcina pasteurii with cement kiln dust as the calcium source. Ground granulated
blast furnace slug was also added as a mean for solid waste recycling. Addition of solid wastes was
shown to reduce urease activity due to high alkalinity and inhibitory effects. Nevertheless, this study
suggested that it is a possible method to reduce construction costs and environmental pollution.
There are many factors that need to be considered when making bacteria-based materials. Okyay and
Frigi Rodrigues [41] attempted to optimize MICP by Sporosarcina pasteurii through a center composite
design by varying the concentrations of urea, CaCl2, and nickel nitrate. Concentrations of urea and
CaCl2 were identified as the significant factors. High urea to CaCl2 ratio enhanced the MICP process.
No clear relation between bacterial growth and rate of MICP was observed. Zhang et al. [42] studied
the effects of calcium source on MICP by Sporosarcina pasteurii in mortar samples. The calcium
sources tested were calcium acetate, calcium chloride, and calcium nitrate. The amount of CaCO3

formed and water adsorption of sand column was not affected by type of calcium sources tested.
However, samples using calcium acetate had the highest UCS and tensile strength. Those samples also
had smaller and more uniformly distributed pore structure. This is related to the formation of 88%
aragonite and 12% calcite in samples using calcium acetate, while only calcite formed in samples using
other two calcium salts.

Many studies were conducted to enhance MICP by Sporosarcina pasteurii so that better materials
can be produced at lower costs. Amiri and Bundur [43] compared the effects of different nutrients
and calcium salts on MICP by Sporosarcina pasteurii to make mortar samples. Similar bacterial growth
was observed in corn steep liquor (CSL) and yeast extract, but cells in CSL had lower surface charge.
Both nutrients caused the setting time to increase but CSL caused it less than yeast extract. CSL also
produced more CaCO3 than yeast extract after 28 days. However, compressive strength of yeast extract
sample was higher than CSL sample. The authors also stated that calcium salts affect CaCO3 crystal
morphology due to their different solubility.

Since the cost of the nutrient source can be up to 60% of total costs, it is obvious that the use
of cheaper alternatives can reduce the cost of biocement production. In this direction, the research
group of Yoosathaporn et al . [44] used chicken manure effluent as an alternative nutrient source for
Sporosarcina pasteurii to make biocement cubes. The biocement had 30.27% higher compressive strength,
5.38% higher density, 3.2% more voids, and slightly higher water adsorption than normal cement.
It was also documented that calcite and vaterite were formed. The authors reported that chicken
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manure effluent enabled more than two times urease production than commonly used nutrient broth,
and was 88.2% cheaper. Critically speaking, it is pertinent to mention that chicken manure effluent–urea
medium may create tiny air bubbles within cement that can weaken the cement structure and therefore
more studies should be conducted to find low cost nutrient sources for biocement production.

Harsh conditions in cement and concrete often lead to low viability of bacterial cells.
Williams et al. [45] simulated the harsh conditions in concrete and studied the effects on
Sporosarcina pasteurii. Cell viability was greatly decreased at high temperature and high
alkaline conditions. Urease activity was halted in high alkaline condition and greatly reduced at
temperature higher than 45 ◦C. However, urease activity was not solely affected by cell viability.
In order to ensure sufficient cells for MICP, carriers can be used to protect the cells from direct contact
with its surroundings. This technique is often used by researchers to make self-healing samples.
Amiri et al. [46] studied the effects of encapsulating Sporosarcina pasteurii in Air Entraining Agents
(AEA) surfactant in cement mortar. They found that AEA has insignificant effects on cells zeta potential
and in-vitro MICP but cell viability was greatly reduced. MICP process in mortar did not differ much
with the addition of AEA. The author stated that AEA may encapsulate bacteria and the surfactant
tails prevented water and nutrient from reaching the bacteria, thus killing them. This encapsulation
method should be tested on bacteria endospores.

Looking at the research reports discussed above, it is very important to consider the effects of
the process conditions (temperature, alkaline and acidic conditions, and carriers such as surfactants)
on the urease activity of Sporosarcina pasteurii.

MICP can be applied on various surfaces by immersion or spraying method. Usually, the purpose
of the processes is to heal cracks on the surface and to increase durability of the material. Choi et al . [47]
studied the potential of Sporosarcina pasteurii bacterial solution to treat cracks on mortar samples.
The authors applied treatment cycle once per day and found that seven cycles sealed most small cracks
less than 0.52 mm and 21 cycles seal all cracks up to 1.64 mm. A portion of water permeability was
recovered and only 8% tensile strength was recovered. This is due to the fact that all the voids
in the cracks were not filled by CaCO3 crystals, and therefore adhesion and bridging effects
were weak. Analysis revealed 1–2 mm CaCO3 layer at crack surface with a mix of calcite and
vaterite. Balam et al. [48] compared MICP by Sporosarcina pasteurii and Bacillus subtilis to reduce water
adsorption of various types of concrete aggregates categorized by their weight. They found that
Sporosarcina pasteurii is better than Bacillus subtilis in reducing water adsorption of aggregates by up
to 20%. The percentage of water adsorption reduction that was achieved varied from 0.6% to 28.2%
depending on type of aggregates due to different microstructure and pore distribution. Bacteria
concentration also affected the result. Generally, water adsorption reduction by MICP was more
effective on lightweight aggregates compared to normal weight aggregates. Nosouhian et al . [49]
showed that MICP by Sporosarcina pasteurii for surface treatment of concrete can help to enhance
durability of concrete exposed to sulphate condition.

Some structures have very different environments such as those at subsurface. Verba et al . [50]
used Sporosarcina pasteurii to make biocement-sandstone. The experiment environment was adjusted to
mimic subsurface conditions with brine, 10 MPa high pressure, and supercritical CO2. Bacteria growth
was greatly reduced by the presence of brine, although MICP still occurred in this condition.
High pressure (10 MPa) and CO2 concentration did not have significant effects on Sporosarcina pasteurii.
However, temperature at 40 ◦C greatly reduced the bacterial density. Calcite, vaterite, and aragonite
were observed after MICP process. The result from this study is beneficial for subsurface MICP
applications such as wellbore sealing. Cunningham et al. [51] also conducted similar studies on
sandstone core for mitigation of wellbore leakage. MICP by Sporosarcina pasteurii greatly reduced
sample pore size at 75.8 bar. It also greatly reduced permeability with the presence of brine but
delayed sealing was observed. Usage of excess chemicals was suggested for field applications.
Cunningham et al . [51] suggested using less expensive nutrient sources to reduce cost from $2.34
per liter to $0.28 per liter. Their field application was successful to reduce permeability and enhance
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wellbore integrity of a well in Alabama within four days. Phillips et al . [52] conducted a field scale
study on wellbore cement sealing using MICP by Sporosarcina pasteurii. They reported that after
four days of treatment, injectivity and pressure falloffwere greatly reduced while solid content was
greatly increased.

During formation of CaCO3 crystals, some other metal ions can also bind together and onto
the crystals. This phenomenon has been exploited to remove metal contaminants. Mugwar and
Harbottle [14] tested the potential Sporosarcina pasteurii to remove various heavy metals through MICP.
They reported the following findings: complete removal of up to 0.5 mM Zinc in 7 days; near complete
removal of up to 1.5 mM cadmium in 3 days; almost complete removal of up to 5 mM lead in 1 day;
and almost complete removal of up to 0.01 mM copper in 1 day. The author stated that removal of
heavy metals may be due to sorption or co-precipitation of the metals on or within CaCO3 crystals
during MICP process.

Carbonates other than CaCO3 can also be precipitated by using appropriate sources. Yu et al . [53]
used Sporosarcina pasteurii to treat loose quartz sand in columns through injection method. Magnesium
chloride (MgCl2) was used instead of calcium salts; thus, magnesium carbonates were precipitated.
The number of injections varied from 2 to 6 injections. They found that hydraulic conductivity, porosity,
and maximum defect volume decreased with the number of injections. On the other hand, compressive
strength and density increased with number of injections. They also showed that the application of
biocementation solution through spraying method only once was sufficient to reduce wind erosion rate
of the sand column to zero. Ruan et al . [54] used Sporosarcina pasteurii isolated from activated sludge
to treat cracks in reactive magnesia cement. Magnesium carbonate was formed on crack surfaces and
completely healed cracks wider than 0.15 mm after two cycles of treatment. They noted that urea
concentration did not improve the healing process but affected pH and carbonate morphology.

Overall, Sporosarcina pasteurii has been extensively explored for the induction of MICP in different
kinds of structures in different conditions. Several reports demonstrated the urease producing ability
of this bacterial strain that bestows it with the effectivity of inducing MICP in different media and
different environments. The optimization of the process conditions forms the corner stone of MICP
processes using Sporosarcina pasteurii.

Table 1. MICP with Sporosarcina pasteurii for sand and soil improvement.

Ingredients Structure and Properties after MICP Reference

Sand, clay Increased tensile strength (40.8 kPa) and compressibility,
decreased permeability (0.53 × 10−7 m/s) [19]

Ottawa silica sand Unconfined compressive strength (UCS) 1.3 MPa, flexure
strength 0.95 MPa [20]

Sand, metakaolin, OPC OPC-MICP has best properties with UCS 1.2 MPa, water
absorption 8% [21]

Sand, PVA fiber Highest UCS 1.6 MPa, highest splitting tensile strength 440
kPa, lowest permeability 1.05 × 10−5 m/s [22]

Sand Highest CS 3.29 MPa [26]

Desert aeolian sand Highest UCS 18 MPa, lowest permeability 0.92 × 10−8 m/s [28]

Medium/fine sand UCS 1.74 MPa, durability and water stability increased [29]

Poorly graded course sand UCS 525 kPa [32]

Poorly graded sandy soil UCS 400 kPa [55]

Sandy soil UCS 625 kPa, permeability 1.8 × 10−7 m/s [56]

Sandy soil Highest 6.4 MPa after 4 treatments, permeability 1.0 × 10−5 m/s [57]
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Table 2. Construction materials made by MICP with Sporosarcina pasteurii.

Materials Structure and Properties after MICP Reference

Bio-brick from silica rich masonry sand Highest CS 2.2 MPa [37]

Red brick (treatment) CS 7.54 MPa, reduce water absorption by 49% after
treatment [39]

Concrete with light weight aggregates Highest CS 40 MPa, lowest water absorption 5% [58]

Bio-mortar Highest CS 39.6 MPa, tensile strength 37% higher
than normal mortar [59]

Bio-mortar Highest UCS 43 MPa, lowest water absorption 2.5% [42]

Bio-mortar Highest UCS 44 MPa [60]

Bio-mortar Highest CS 54/70 MPa at 7/28 days curing [43]

Bio-mortar with superplasticizers Crack width healed 0.35 mm [44]

Bio-cement CS 42 MPa, water absorption 21% [45]

Bio-mortar Crack width healed 0.41 mm, water adsorption
restored 95%, CS restored 84% [61]

Bio-mortar Crack width healed 0.27 mm, CS restored 63% [62]

Bio-mortar with fiber and zeolite as
bacteria carriers CS 70/100 MPa at 7/270 days [63]

Geopolymer Self-healing observed in 1 month old sample [64]

2.2. Bacillus sphaericus

Bacillus sphaericus, now reclassified as Lysinibacillus sphaericus, is an aerobic Gram-positive,
mesophilic, rod shaped bacterium commonly found in soil and aquatic habitats. This bacterium is often
used to produce mosquitocide [65,66]. It is able to produce urease and is tolerant to high alkalinity.
Therefore, it is also often used in MICP experiments. Table 3 shows some of the works conducted.
Moravej et al . [67] used Bacillus sphaericus for biocementation of dispersive soil. They optimized
the MICP process at 1.5 bacteria OD, 7.5 g/L CaCl2 concentration, and 28 ◦C. The authors observed
that calcite was formed that connected the soil grains together. Four to five days of treatment was
enough to consolidate the soil. The effect of soil pH during treatment was also studied and it was
observed to decrease greatly until day four to neutral. The pH change reduced double layer thickness
and stabilized exchangeable sodium ions; thus, reducing dispersity in soil. Gupta et al . [68] added
Bacillus sphaericus immobilized in biochar to make mortar samples. Biochar as carrier protect and
distribute bacteria more uniformly throughout the mortar samples. They also added superabsorbent
polymer to provide moisture for bacteria in mortar and polypropylene microfiber to reduce crack width
and promote better self-healing. Addition of superabsorbent polymer decreased the compressive
and flexural strength of mortar. These mortar samples showed more than 90% crack sealing for all
crack width observed with 77% reduced water penetration and near 100% strength regained. Analysis
showed that calcite was formed from the MICP process. Seifan et al . [69] reported that aeration with
sufficient oxygen enhanced MICP of the Bacillus sphaericus and Bacillus licheniformis. The bacteria
were able to tolerate pH up to 12. Higher pH enhanced MICP and caused smaller crystals to form.
Their study showed that more vaterite was formed at pH 9–10 while more calcite was formed at
pH 11–12. The same research group [70] also optimized MICP of Bacillus sphaericus and Bacillus
licheniformis by adding oxygen releasing compounds. They suggested that the addition of oxygen
releasing compounds in self-healing concrete healed cracks deep inside the concrete. In another
investigation, the same group [71] investigated the effect of cell immobilization of Bacillus sphaericus
and Bacillus licheniformis on magnetic iron oxide nanoparticles. It was found that when magnetic
iron oxide nanoparticles exceeded 150 μg/mL, bacterial growth decreased but CaCO3 precipitation
increased. The nanoparticles were absorbed on CaCO3 surface but did not affect crystal morphology.
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Thus, it was obvious that the use of various additives such as the nanoparticles may be employed to
enhance concrete properties. It was further suggested that more studies are needed to fully investigate
the interactions of bacteria with MICP for the production of materials with good strength, durability
and self-healing ability. Shirakawa et al . [72] treated fiber reinforced cement with Bacillus sphaericus
and then left the cement for 22 months exposed outdoors. They reported that MICP treatment with live
Bacillus sphaericus with calcium acetate, yeast extract, glucose, and urea gave the best biodeterioration
resistance, low water absorption, and porosity. The MICP process formed the smallest calcite crystals
and more homogenous layer on cement surface to provide better protection.

Table 3. Materials produced using MICP with Bacillus sphaericus.

Material Structure Properties after MICP Reference

Bio-mortar with biochar, superabsorbent
polymer, polypropylene fiber

CS 35–60 MPa, flexure strength 9–12 MPa
Crack width healed up to 0.9 mm, water
penetration restored 70%

[68]

Bio-concrete with fly ash Highest CS 32.5 MPa, highest tensile strength
4.1 MPa, highest flexure strength 3.5 MPa [73]

Bio-concrete with fly ash CS 30–40 MPa, tensile strength 2.9–5.0 MPa [74]

Bonding repair mortar Highest slant shear strength 17 MPa [75]

Industrial ceramic aggregates (treatment) Water absorption 6–16%, weight gained 3–7% [76]

2.3. Bacillus megaterium

Bacillus megaterium is a Gram-positive, rod shaped bacterium. It is the largest of all Bacillus
species [77]. It was used as a model organism for various research before Bacillus subtilis was introduced.
It is also ureolytic, thus being studied for MICP potential. Dhami et al . [78] used Bacillus megaterium
solution to treat sand columns of different grain sizes from 0.2 mm to 1.5 mm. Cell viability was
reported to be lower in bigger grain size samples initially, but the cell viability difference among all
grain sizes became smaller later as MICP proceeded. The study showed that initial MICP for smaller
grain size samples was higher but rate of increase over time was slower, while the opposite trend
was observed for bigger grain size samples. Analysis showed that mostly calcite was formed from
the MICP process. The authors also proposed an indirect method to measure the rate of MICP for site
applications by effluent chemical analysis.

Although some recent studies showed the potential of Bacillus megaterium in making bacteria-based
materials, most other studies are focused on its MICP behaviors. Jiang et al . [79] studied the ureolytic
activity of Bacillus megaterium in oxic and anoxic conditions. They found that anoxic conditions enhanced
the ureolytic activity, thus claiming that the bacteria have potential use in sub-seafloor environment
with low temperature, high pressure, and anoxic condition. Bains et al . [80] investigated the effects
of EPS produced by Bacillus megaterium SS3 on its MICP. They found that culture media affected
bacteria growth, enzyme production, and EPS production. Calcium consumption was greatly increased
at higher EPS concentration because EPS provided more nucleation sites for MICP. Dhami et al. [81]
compared the effects of urease and carbonic anhydrase produced by Bacillus megaterium SS3 on MICP.
During the MICP process, urease was found to maintain alkaline pH. Carbonic anhydrase showed
a better MICP rate than urease during the initial 4 h while urease had a better MICP rate afterwards.
The best pH and temperature reported for urease were 9 and 35 ◦C, respectively, while for carbonic
anhydrase the values were 8 and 40 ◦C, respectively. Urease inhibitor caused greater MICP reduction
compared to carbonic anhydrase inhibitor indicating that urease may be the main CaCO3 producer.
The study showed that urease and carbonic anhydrase work synergistically for the MICP process.
The authors in their other study [82] attempted to optimize media for Bacillus megaterium SS3 to obtain
best MICP performance. They found that glucose and peptone are the best carbon and nitrogen sources
for the bacteria. They also found that glucose, urea, and NaHCO3 had significant positive effects on
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the MICP performance. The optimized media was able to increase CaCO3 production by 70%. Table 4
shows some of the works conducted.

Table 4. Materials produced using MICP with Bacillus megaterium.

Material Structure and Properties after MICP Reference

Treat sand column with varying grain size Up to 30% CaCO3 formation [82]

Bio-concrete with recycled aggregates, nanosilica Water absorption 5%, void volume 10% [83]

Bio-mortar Highest CS 36 MPa, permeability 5 × 10−5 m/s [84]

Overall, Bacillus megaterium has been successful in treating sand columns of different grain sizes.
Bacterial concrete has been developed by using Bacillus megaterium in combination with recycled
aggregates and nanosilica. The bacterium has affected the formation of materials in different
environments effectively. However, further research is needed to optimize the parameters for
MICP using Bacillus megaterium.

2.4. Bacillus subtilis

Bacillus subtilis is an aerobic, Gram-positive, spore forming, and rod-shaped bacterium commonly
found in soil, water, and plants. It can produce various metabolites and has great potential in industrial
applications [85–88]. It is non-ureolytic but studies have shown that that it has functional urease and
can be activated though specific procedures. Although the exact mechanism is unknown, it is able to
induce CaCO3 precipitation in appropriate media in the presence of calcium. It can also survive in harsh
conditions, and thus has been studied for the preparation of bacteria-based materials. Mondal and
Ghosh [89] added Bacillus subtilis at 103, 105, or 107 cell/mL cell densities to make mortar samples.
The highest compressive strength increase was obtained at 105 cell/mL bacteria and the lowest water
adsorption was obtained at 107 cell/mL bacteria. Self-healing potential of the mortars was shown to
increase with higher bacteria density. Cracks up to 1.2 mm wide were completely healed within 28 days
with 107 cell/mL bacteria. The author stated that higher bacteria concentration caused more CaCO3

crystals to form at surface thus providing better protection and reduce water permeation into inner layer.
This condition may have affected cement hydration process and caused lower compressive strength at
107 cell/mL compared to 105 cell/mL bacteria. Mortar properties can be controlled by bacteria type,
water to cement ratio, and cement to sand ratio. Perito et al . [90] found that a solution with dead
Bacillus subtilis cells was able to precipitate CaCO3. The advantage is that dead cells have high heat
resistance (up to 100 ◦C). In addition, calcite is produced only on the dead cell wall; thus, the MICP
process can potentially be controlled. The authors used it to treat stones and an Angera Church wall.
Water adsorption reduction of 16.7% on laboratory stones and 6.8% on Angera Church after treatment
was reported. In addition to CaCO3, Bacillus subtilis was reported to produce phosphates when suitable
chemicals were added and biosandstone with compressive strength of 2.1 MPa was obtained [91].
Table 5 shows some of the works conducted.

The reports discussed above indicate that Bacillus subtilis is activated through specific procedures.
Its utilization in MICP processes ensures the formation of concrete with appreciable
compressive strength. The MICP processes can also be controlled by tuning certain parameters.
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Table 5. Materials produced using MICP with Bacillus subtilis.

Material Structure and Properties after MICP Reference

Bio-mortar Highest CS 50 MPa, lowest water absorption 5%
Crack width healed up to 1.2 mm [89]

Bio-concrete Highest CS 44 MPa
Self-healing observed [90]

Bio-shotcrete
Highest CS 34 MPa, highest tensile strength 3.4 MPa,

lowest water absorption 6.2%
Self-healing observed

[92]

Sand column
(mixture of B. subtilis and S. pasteurii) UCS 1.69 MPa, permeability 1.06 × 10−5 m/s [93]

2.5. Bacillus mucilaginous

Little information about Bacillus mucilaginous is available. It is known to produce carbonic
anhydrase [94]. Carbonic anhydrase is able to extract CO2 from air or glucose for CaCO3 precipitation.
Dhami et al . [82] compared the performance of bacteria urease and carbonic anhydrase for MICP.
Urease has better MICP than carbonic anhydrase. Carbonic anhydrase absorbed CO2 from air, but
the CaCO3 produced was less than what was obtained by using NaHCO3. Range of CaCO3 crystals
formed among all samples was 151–189 mg/mL. The authors also reported that CaCO3 morphology was
affected by bacterial species and carbon sources. It was also documented that urease mainly produced
calcite while carbonic anhydrase produced vaterite. Qian et al . [95] used Bacillus mucilaginous to seal
cracks on mortar samples and reduce their efflorescence. Surface treatment of mortar was not effective
for reducing water adsorption. However, immobilization with agar layer greatly reduced the water
adsorption to 14% of control sample. The authors demonstrated that agar significantly strengthened
the bonding of deposit layer with mortar surface to form a dense film. The bacterial treatment
also reduced mortar surface efflorescence by 42.4%. The advantage of using carbonic anhydrase
producing bacteria is that they take CO2 from air and change it to HCO3

−, which reacts with Ca(OH)2

to form CaCO3. Chen et al. [96] used ceramsite as carriers to encapsulate Bacillus mucilaginous and
nutrients for preparation of biocement. Then the biocement was cracked and self-healing was observed.
Cracks up to 0.5 mm wide were healed. The biocement has 0.8 × 10−7 m/s water permeability and
flexural strength 3.3 times higher than normal cracked cement after 28 days of healing. Analysis
showed that calcite was formed during the self-healing process. The study showed that immobilizing
bacteria and nutrients with ceramsite can greatly enhance MICP process by increasing the amount of
CaCO3 formed. Wang et al. [97] added Bacillus mucilaginous to make steel slag bricks and found that
MICP greatly enhanced the bio-bricks. Up to 16.8 MPa compressive strength and 4.2 MPa flexural
strength was recorded after three hours of MICP. Pore volume of bio-bricks was also greatly reduced
after MICP. Analysis showed that MICP was detected up to 40 mm depth and CaCO3 was denser at
surface because it is hard for CO2 to diffuse into the inner layer. The author suggested using higher
pressure and more CO2 to enhance MICP in the inner layer of bio-bricks.

A critical analysis of this section indicates that Baccilus mucilaginous is a promising candidate for
the production of self-healing biocement through MICP. The beauty of using Bacillus mucilaginous is that
plenty of air surrounding the surfaces can be used a source of CO2, which then acts as the precursor for
CaCO3 formation and deposition. However, further studies are warranted to ascertain the essentiality
of this bacterium for MICP.

2.6. Cyanobacteria

Cyanobacteria are effective in sequestering atmospheric CO2. They can be modified to convert
CO2 into valuable products through photosynthesis [98]. Therefore, they have the potential
for MICP. Cyanobacteria have been reported to form intracellular CaCO3 [99]. These bacteria take
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calcium into cells and reduce the amount of calcium in solution, thus inhibiting CaCO3 formation
in solution. Zhu et al . [100] studied the MICP of several cyanobacteria such as Synechocystis sp.
and Synechococcus sp. on mortar surfaces. The cyanobacteria were either alive or killed by UV, and
the MICP condition was either under light or in dark. All these conditions and bacterial species used
affected the concentration of calcium consumed and sizes of CaCO3 crystals formed. The authors stated
that the detailed mechanism to different calcification behaviors among cyanobacteria was not clear.
Light intensity or UV exposure conditions may affect MICP depending on cyanobacterial species.
The study showed that overall performance of Synechocystis sp. was better than Synechococcus sp.
Zhu et al. [101] also studied the MICP of live and UV killed Gloeocapsa PCC73106 under light and
dark conditions to treat mortar samples. The best properties among all samples studied were recorded
for mortar treated with UV killed Gloeocapsa PCC73106, which had 7.7% higher compressive strength
and 10% lower water adsorption compared to untreated mortar. The authors reported that more EPS
was produced by UV-killed cells, and EPS protected bacterial cells from calcification, thus promoting
cell adherence to mortar surface and also CaCO3 precipitation. Zhu et al . [102] studied the MICP of
Synechococcus PCC8806 in cement mixture and on the concrete surface. In cement mixture, the bacteria
with CaCl2 greatly enhanced CaCO3 precipitation in terms of size, amount, precipitation time, and
CaCO3 morphology. Silicification occurred at cell surface before CaCO3 formation and may enhanced
rate of CaCO3 precipitation. On the concrete surface, the bacteria produced 200 μm–270 μm thick
CaCO3 layer. Water adsorption of the concrete was 3 g/cm2 after surface treatment. The CaCO3 layer
was resistant to scratching with 4% mass lost after sonication test. Bundeleva et al . [103] studied
the MICP behavior of Gloeocapsa sp. f-6gl. They found that light is important for its MICP process
because there was no biomass increase in dark condition. There was no clear relation between biomass
and rate of MICP. Only calcite was detected in almost all samples.

A critical analysis of this section indicates that cyanobacteria are potential microorganisms for MICP.
The main merits of using cyanobacteria are that they do not need urea and a carbon source as they
simply they take CO2 from atmosphere. Additionally, they do not produce nitrogen-based byproducts,
and the costs of the processes are lower.

2.7. Other Bacteria

Several other bacterial strains have been potentially used for inducing MICP under various
conditions in the laboratory setups. Bacillus cereus is an ureolytic, aerobic, Gram-positive,
and rod-shaped bacterium commonly found in soil and food. Some strains of Bacillus cereus are
harmful to humans, thus careful selection must be made to ensure safety [104]. Li et al . [105]
tried MICP by Bacillus cereus NS4 to make mortar with addition of metakaolin. The bio-sample
has higher compressive strength and lower permeability than normal mortar. Addition of 25%
mass metakaolin gave better compressive strength and permeability compared to 0% or 50% mass
metakaolin. Rozenbaum et al . [106] treated tuffeau stone with MICP by Bacillus cereus and then
investigated the water transfer behavior in the stone through modeling. The authors documented
that bio-coating has a limited lifetime, thus needing renewal within some period. Zhu et al . [107]
reported that Bacillus cereus can be used for large scale nickel removal from soil. Their study showed
that nickel concentration was reduced from 400 mg/kg soil to 38 mg/kg soil. Most nickel was bound
to carbonate after treatment. The study showed that MICP by Bacillus cereus can be a potential
alternative for large remediation of metal contaminated soil. Zhang et al . [108] added non-ureolytic
and alkaliphilic Bacillus cohnii encapsulated in expanded perlite or expanded clay as healing agents into
concrete mixture and evaluated self-healing capability. This bacterium utilizes organic compounds
such as calcium lactate instead of urea to induce CaCO3 precipitation. The experiment showed that
maximum crack width healed within 28 days was 0.79 mm for expanded perlite sample, 0.45 mm
for expanded clay sample, 0.39 mm for bacterial samples without carriers, and 0.25 mm for normal
concrete. Calcite was detected in all bacterial concretes. Expanded perlite had several advantages
over expanded clay as carrier. It has high porosity and water adsorption to contain 12% more bacteria
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than expanded clay. Volume of expanded perlite used was 89% of expanded clay to contain same
amount of Bacillus cohnii. The structure of expanded perlite allows it to provide more oxygen and
water for MICP process. It is also protected by geopolymer coating. Furthermore, it costs only
USD 0.22 per kg. The study suggests that expanded perlite can be good carrier for bacteria in making
self-healing materials. Lors et al. [109] used Bacillus pseudofirmus solution with calcium lactate as
calcium salt, calcium nitrate as inorganic salt, and yeast extract as nutrient to heal autogenously healed
mortar that had been left for one year. Addition of calcium nitrate enhanced bacterial growth but did
not improve CaCO3 precipitation. Nevertheless, it was able to enhance healing slightly. Calcite was
detected from the MICP process. The authors stated that organic calcium salt should have organic
part that can be used as nutrient for bacteria while anion of inorganic calcium salts need to be in some
part of reaction so that CaCO3 crystals can form. Sharma et al . [110] prepared spores of Bacillus
pseudofirmus DSM 8715. The spores were used to make mortar and treat cracks on concrete through
injection method. This bacteria strain has great spore forming and germination properties but suitable
germinants such as alanine, inosine, or NaCl are needed. MICP of this bacterium produced calcite
and aragonite. Results showed that cracks were healed and water absorption of concrete was restored
to normal value. Helmi et al . [111] studied the MICP of ureolytic bacterium, Bacillus licheniformis.
They found that media having calcium as a pure source enhanced MICP but calcium acetate inhibited
MICP due to pH decrease. Optimum pH was 8 and optimum temperature was 35 ◦C. Analysis
showed that 89% calcite and 11% vaterite were formed. Bhaskar et al . [63] used Sporosarcina ureae
encapsulated in zeolite to make bacterial mortars. The prepared mortars had better properties than
normal mortars, but still not as good as mortars made using Sporosarcina pasteurii. Zhan et al . [112]
reported that Paenibacillus mucilaginosus can absorb CO2 from air for MICP to bind fugitive dust.
Erşan et al . [113] studied the potential of two nitrate reducing bacteria Pseudomonas aeruginosa and
Diaphorobacter nitroreducens to make self-healing mortars with expanded clay or granular activated
carbon as carriers. Their results showed that cracks up to 400 μm wide can be healed within 28 days
using bacteria in expanded clay and cracks up to 500 μm wide can be healed within 56 days using
bacteria in granular activated carbon. Up to 85% water tightness regain was reported for using bacteria
in granular activated carbon. Calcite and aragonite were observed from the healing process. This
study showed that nitrate reducing bacteria can have similar MICP performance as ureolytic and
aerobic bacteria. Bai et al . [114] presented visual observations of MICP in Pseudomonas aeruginosa
biofilm. They reported different MICP behavior compared to other studies. Lin et al . [115] studied
the crystal morphology of CaCO3 formed by sulfate reducing bacterium, Desulfovibrio bizertensis. They
found that CaCO3 crystal morphology is determined during the nucleation stage. They also found that
the presence of phosphate inhibited the formation of aragonite.

Overall, a large diversity of bacteria have been investigated for MICP. Exciting results have been
reported in terms of compressive strength of the materials developed and the overall efficiency of
the MICP processes. However, more investigations are needed to explore the potential of these bacterial
strains as far as MICP is concerned.

2.8. Bacteria Isolated from Various Environments

Researchers have been diligently searching for new bacterial species with the hope of achieving
more efficient MICP. Diverse classes of bacteria have been isolated from various environments and
tested for their MICP potential. Li et al . [116] isolated urease producing bacteria namely Acinetobacter sp.
SC4 from Yixing Shanjuan Cave, China and tested its MICP potential to repair cracked masonry
cement mortar. The repaired cement mortar regained 97.7% of its original compressive strength and
has 42.4% lower water adsorption compared to repaired normal mortar. Analysis showed that calcite
was formed through the MICP process. Zhang et al . [117] isolated a Bacillus sp. strain H4 from
a mangrove conservation area in Shenzhen Bay, China and then developed a self-healing system
using the bacteria together with oxygen releasing tablets. The oxygen releasing tablets were made
from various peroxides and organic acids. Addition of oxygen releasing tablets was shown to greatly
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enhance the MICP process. Another study [118] also reported that high concentrations of a nitrate and
calcium source inhibited the MICP process. Surrounding pH must be controlled at 9.5–11 because
this bacteria strain cannot tolerate high alkalinity. Achal and Pan [119] used Bacillus sp. CR2 isolated
from mine tailing soil of Urumqi, Xinjiang, China and studied the effects of calcium source on its
MICP process. The calcium sources tested were CaCl2, calcium oxide, calcium acetate, and calcium
nitrate. Results showed that CaCl2 was the best for enhancing bacteria growth profile, urease activity,
and CaCO3 precipitation. Lv et al. [120] studied the stability of vaterite formed by Lysinibacillus sp.
GW-2 isolated from soil in Nanjing Botanical Garden, China. They observed the formation and
transitions of different CaCO3 crystals. They reported that organic matters allowed vaterite to remain
stable without transforming to other morphology. Lysinibacillus sp. YS11 isolated by Lee et al. [121]
is able to form spores, EPS, and biofilms. The bacteria showed MICP only in aerobic conditions
with sufficient aeration. Xu et al. [122] tested the MICP potential of Microbacterium sp. GM-1
isolated from active sludge. They reported that urea concentration was the most significant factor
for the MICP and calcite was the dominant crystals formed. Javadi et al . [123] made bio-blocks with
recycled concrete aggregates and natural aggregates through MICP by urease producing bacteria
Staphylococcus pasteurii isolated from a soil sample. There was less than 10% difference between
UCS of bio-blocks made with those aggregates, and the maximum UCS obtained was 10 MPa. UCS
of the bio-blocks decreased at higher temperature due to calcination and thermal decomposition
of CaCO3 crystals. UCS also decreased after several freeze-thaw cycles with recycled concrete
aggregates of bio-blocks having greater lowering due to higher water absorption. UCS could be
reduced by increasing CaCO3 content to lower water absorption and ensure the distribution of tensile
force in the bio-blocks. Vashisht et al. [124] isolated Lysinibacillus sp. from alluvial soil and sewage
samples collected from different locations of district Solan, India and then made self-healing concrete
with the bacteria. The self-healing concrete had 34.6% higher compressive strength than normal
concrete. The authors claimed that their concrete had better self-healing ability than concrete made
with Bacillus megaterium. Siddique et al . [125] isolated ureolytic bacteria Bacillus aerius strain AKKR5
from marble sludge to make bacterial concrete with cement baghouse filter dust replacing up to
30% of ordinary Portland cement. Bacteria concrete without cement baghouse filter dust had 10%
higher compressive strength than normal concrete. However, addition of cement baghouse filter
dust reduced the overall concrete properties shown by decreased compressive strength, increased
water absorption, chloride permeability, and porosity. Analysis revealed that calcite and ettringite
were formed from the process. In another study, the same group [126] also used the Bacillus aerius
strain AKKR5 to make bacterial concrete with rice husk ash replacing up to 20% of ordinary Portland
cement. Best bacterial concrete properties were obtained using 10% rice husk ash with 14.7% higher
compressive strength than normal concrete, 0.8% water absorption, 1.5% porosity, and very low to
moderate chloride permeability. Analysis showed that mainly calcite was formed from the process.
Krishnapriya et al . [127] isolated some alkali resistant urease producing bacteria viz. Bacillus megaterium,
Bacillus licheniformis, and Bacillus flexus from cement factory soil at Coimbatore, Tamil Nadu, India
and used them to make bacterial concrete. They all enhanced concrete compressive strength and
self-healing capability but not as good as commercial Bacillus megaterium MTCC 1684. The authors
stated that enhancement of concrete properties is related to the ability of the isolates to form endospores.
The Bacillus flexus isolate had limited endospore form, thus its bacterial concrete had lower performance
compared to the other isolates. Hao et al . [128] used a Bacillus sp. strain isolated from soil sample
from Perth, Australia for MICP surface treatment of polypropylene before making fiber reinforced
cementitious composites. Compressive strength of the composites was decreased by 6.9% but energy
adsorption capacity increased by 69.3%. Surface treatment of polypropylene enhanced the bending
strength of the composites especially after cracking occurred. The author found that slight deposition
of (0.026 g) was too weak to enhance the composites while heavy deposition of CaCO3 (0.372 g) made
the CaCO3 layer too brittle and easily de-bonded from polypropylene. Thus, moderate deposition of
CaCO3 (0.094 g) was suggested for surface treatment of polypropylene. Montano-Salazar et al. [129]
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isolated some bacteria from buildings in the National University of Colombia and tested their MICP
potential. Nine isolates showed MICP potential but CaCO3 crystal morphology obtained was different
between bacteria strains. Psychrobacillus psychrodurans M414 was identified as the best CaCO3 producer
and was used to make bacterial mortar. The study showed that concrete compressive strength was
greatly increased through immersion in biocementation solution but only slight increase of compressive
strength was observed for direct addition of bacteria into concrete mixture. Mwandira et al . [130]
isolated ureolytic bacteria Pararhodobacter sp. from soil near beachrock in Okinawa, Japan and then
used the bacteria to treat lead contaminated sand columns. The contaminant was completely removed
through co-precipitation with calcite or vaterite. Maximum UCS obtained was 1.33 MPa for fine sand
sample, 2.87 MPa for coarse sand sample, and 2.80 MPa for mixed sand samples. Erşan et al . [131]
isolated Pseudomonas aeruginosa and Diaphorobacter nitroreducens from soil and tested their MICP
potential through denitrification in a minimal nutrient condition. The CaCO3 precipitation recorded
was 53–72% of using optimal growth conditions. The author claimed that those bacteria have potential
use for soil enhancement due to high CaCO3 precipitation in anoxic and minimum nutrient conditions.
The bacteria also have potential use in self-healing concrete because they are concrete compatible
and no other additives are needed. The research group of Daskalakis et al. [132] isolated Bacillus
pumilus from a cave in Paiania, Athens, Greece and tested its potential for vaterite precipitation on
stone marbles. Temperature and medium concentration were identified as the significant factors.
Stone surface was completely covered by vaterite within 9 days and the vaterite was stable even
after 1 year. The authors documented that acetate enhanced vaterite formation while the bacteria
maintained vaterite stability. Charpe et al. [133] prepared bacteria solution from soil samples collected
from Visvesvaraya National Institute of Technology campus in India without isolating the bacteria
and then added the solution into cement mixture to make biocement. The biocement had 47.96 MPa
compressive strength and 5.8% water adsorption. Analysis revealed that calcite and aragonite were
formed during the process. The author claimed that biocement production costs can be reduced by
using soil without isolating the bacteria, using lentil seed powder as the protein source, and sugar
as the carbon source. Liu et al . [134] reported that some desert soil bacteria were able to utilize
atmospheric CO2 for MICP. The MICP capability depends on the bacteria species.

A large number of bacterial strains have been isolated from diverse sources with varied conditions.
The isolated and collected strains of bacteria have been investigated for MICP processes under
different conditions. The bacteria have been successfully utilized in the formation of biocement
via the precipitation of CaCO3 crystals. Of course, different methodologies for the precipitation of
CaCO3 utilizing the bacterial strains isolated from diverse sources have been developed. Additionally,
different MICP parameters have been optimized for enhancing the efficiency of the developed processes.
However, further studies are needed to fully optimize the process conditions for the enhancement of
MICP efficiency in terms of cost and applicability.

2.9. Unidentified or Unknown Bacteria

Some reports did not reveal the exact species of the bacteria used. Nevertheless, these reports
can show some MICP behaviors and applications as references for future studies. Seifan et al . [135]
studied the effects of several variables on MICP of various bacteria. They identified that bacteria
species, concentration of bacteria, yeast extract, CaCl2, urea, and agitation speed were the significant
factors. High bacteria concentration enhanced MICP. Too much yeast extract (more than 3 g/L)
greatly reduced MICP. CaCl2 was said to be better than calcium lactate, calcium nitrate, or calcium
acetate. Too low or high Ca2+ concentration will decrease MICP; thus, it must be controlled carefully.
On the other hand, temperature was reported to have insignificant effect on MICP. CaCO3 crystal
morphologies observed were only calcite and vaterite. More calcite was formed when using calcium
lactate while more vaterite was formed using CaCl2. High medium viscosity also caused more calcite
to form. Joshi et al . [136] studied the effects of a urease producing bacterium Bacillus sp. CT5 by adding
the bacteria into cement mixture or spraying the bacteria on the concrete surface. Addition of bacteria
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into cement mixture delayed the setting time. Both methods led to the lowest sorptivity coefficient,
water penetration, and chloride penetration. However, compressive strength of the addition method
was higher. Analysis revealed that CaCO3 in the form of calcite and aragonite mostly precipitated
in upper depth (0 mm–10 mm) of the samples but none in middle depth (20 mm–30 mm) and inner
depth (40 mm–50 mm). Bacteria were found in middle depth for both methods, but were found
in inner depth only for the addition method. Xu and Yao [137] added some non-ureolytic Bacillus
genus together with calcium sources into concrete and studied the self-healing capability. Calcium
glutamate was better than calcium lactate because calcium glutamate caused thicker transition zone
which enhanced the bonding in the concrete. However, they also reported that healing agent was
less effective than surface treatment due to different amount of activated bacteria and nutrient supply.
Chu et al . [138] used a Bacillus sp. VS1 for biocementation of sand columns together with metal
ions pretreatment. They found that intact bacteria suspension had better MICP ability than washed
suspension of bacteria and supernatant. They also found that protease activity greatly reduced urease
activity and therefore must be controlled. The study showed that surface coating of Ca2+, Fe3+, or Al3+

on sand enhanced bacteria cell adsorption by 31%. The author established some equations relating
compressive strength and permeability to CaCO3 content to estimate time needed to achieve certain
compressive strength or permeability. Li et al . [139] exposed a Bacillus genus to UV light and obtained
a mutant strain LHUM107. Urea degradation efficiency of the strain greatly increased from 67% to 97%
after mutation. The mutant showed potential to enhance the MICP process. Rizwan et al . [140] used
two types of effective microorganism consortia containing yeast, lactic acid bacteria, and photosynthetic
bacteria to make biocement. Setting time of cement paste increased with addition of the consortia
solution. This method also required the addition of super plasticizer. The biocement had lower
water adsorption than control sample. Highest compressive strength reported for the biocement was
89 MPa. Analysis revealed that mainly calcite and some wollastonite were formed by the effective
microorganisms. Luo et al . [141] used some unknown spore forming alkali resistant bacteria to make
self-healing concrete. The self-healing capability was 85% for crack width less than 0.3 mm, 50–70% for
0.3 mm–0.5 mm, and less than 30% for up to 0.8 mm within 20 days. Good healing was observed up to
28 days but then decreased greatly at 60 days to 90 days. They also reported that cracked concrete
needed to be immersed in water to achieve good healing as self-healing at atmosphere with 90%
relative humidity was quite low. In another study, the same group [142] reported crack healing of
up to 0.48 mm wide cracks within 80 days and water permeability reduction up to 96% within 28
days of self-healing. Calcite was detected in all cases. Qian et al . [143] compared the performance
of calcite and phosphate formed by bacteria on sheet glass interface. Various tests were conducted
and the author concluded that bio-calcite was best among all samples in terms of intensity of interface
interactions, strength per mass, and interfacial bonding strength. Mors and Jonkers [144] reported
that the addition of a bacterial healing agent has insignificant effect on concrete strength but increased
the self-healing capability to three times higher than normal concrete. They also proposed a method
for its applications to reduce environmental impact and costs. Gat et al . [145] studied the stability
of bacterial CaCO3 crystals in aqueous phase. CaCO3 dissolution was observed starting from 20
days after complete MICP and up to 30% CaCO3 loss was recorded at the end of experiment. This
dissolution was caused by ammonia volatilization. Therefore, it was suggested to increase Ca2+ or
CO3

2− to prevent ammonia volatilization or just remove ammonia after complete MICP. Ammonia
volatilization effect was only observed on the surface or near the surface but not several cm into the soil.
Liu et al . [146] studied the MICP of bacteria in activated sludge on aerobic granules of different sizes
in the reactor for wastewater treatment. Local microenvironment varied due to different mass transfer
resistance and thus affected the rate of MICP on granules with different sizes. More CaCO3 was formed
on larger granules but very large granules (more than 700 μm) may limit MICP. Acetate metabolism
enhanced MICP by increasing CO3

2− concentration and pH. Some bacteria consortia can sequester CO2

from atmosphere through their MICP process. The CO2 sequestration ability depends on the bacteria
species in the consortia [147]. Wiktor and Jonkers [148] reported the application of MICP to heal cracks
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in a parking garage. Sodium silicate was added to the healing solution to provide rapid initial crack
sealing (weaker sealing) and alkaline pH for MICP (stronger sealing). Mass loss due to freeze-thaw
cycle was reduced from 3.6 kg/m3 to 1.9 kg/m3. All areas previously with heavy leaking only had a few
localized dripping zones or no leaking after sealing. Jroundi et al . [149] used microorganisms obtained
from historic gypsum plaster to treat gypsum plaster from 13–15th century. Analysis showed that
95% of the microorganisms were carbonatogenic and 10% produced acids with addition of glucose.
The authors stated that bacteria can penetrate deeper into the sample compared to other conventional
consolidants. Bacterial treated plaster was reported to have better drilling resistance, slightly decreased
porosity, no significant color change, and 1.5–2% mass vaterite precipitated.

3. Remarks and Aspects for Future Studies

In recent years, Sporosarcina pasteurii is clearly the most studied bacterium for MICP followed by
various Bacillus species including Bacillus sphaericus, Bacillus megaterium, Bacillus subtilis, and Bacillus
mucilaginous. Other bacteria such as cyanobacteria, nitrate reducing bacteria, and sulfate reducing
bacteria are also tested for their MICP potential. Researchers have also been diligently isolating bacteria
from various environments in order to obtain new bacterial strains that can effectively cause MICP.
The MICP experiments conducted are mostly biocementation of sand columns, consolidation of soil,
development of self-healing mortar or concrete, and crack sealing. It is interesting to note that MICP
processes have potential in heavy metal/ion removal from water samples [14,150–152].

Table 6 shows the performance of bacteria MICP in consolidation of sand and soil. Higher initial
concentration of bacteria usually leads to better MICP performance because there are more cells
available to induce CaCO3 precipitation. Higher concentrations of urea and CaCl2 also often lead to
better MICP performance. Types of sand or soil greatly affect the strength of final MICP products.
This may be due to different bacteria cells retention and penetration as well as distribution of CaCO3

crystals in the sand or soil. MICP seems to have lowest biocementation performance on poorly
graded sands. Another factor that affects MICP performance is the method to introduce bacteria and
biocementation solution into sand or soil to ensure uniform distribution across all volume. A lot of
recent studies about consolidation of sand and soil used Sporosarcina pasteurii probably because it is
the most established bacteria for MICP over the years. Potential of other types of bacteria should also
be investigated.

Table 7 shows the performance of bacterial MICP in making bacterial concrete or mortar and their
self-healing potential. A large variety of bacteria have been used to make bacterial concrete and mortar.
Type of bacteria definitely affected performance of the final MICP products due to their differences
in enzyme activity, size, and reaction pathway to precipitate CaCO3 crystals. Generally, these bacterial
concretes or mortars have equal or better strength and durability compared to normal concretes
or mortars. Bacterial concrete or mortar also had better self-healing capability, and 0.5 mm–1.0 mm
wide cracks can be healed. Encapsulation of bacteria in carriers can enhance the MICP performance
due to higher cell survivability. Addition of other substances such as fly ash or rice husk ash may
improve or reduce MICP performance, thus they must be chosen wisely.

Many bacteria used to study MICP are ureolytic. They have high urease activity to catalyze
the hydrolysis of urea and elevate surrounding pH, which leads to the formation of CaCO3.
However, this process is sometimes criticized due to the formation of nitrogenous byproducts especially
ammonium that can be harmful to living organisms and environment. These byproducts need to be
converted into other harmless forms or completely removed after MICP is completed. Utilization
of non-ureolytic bacteria can also solve this problem. Non-ureolytic bacteria consume other organic
compounds such as lactate instead of urea to form carbonate ions. Some of them can even capture
CO2 from the atmosphere and convert them into carbonate ions to form CaCO3 with calcium ions.
This shows that MICP process can be developed to sequester CO2 and contribute in reducing greenhouse
gas in the atmosphere. More studies can be conducted to explore this potential.
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Harsh conditions such as high alkalinity and lack of nutrients greatly affect bacteria cell availability
and MICP behavior. Genetic modification of bacteria may increase bacteria survivability and enzyme
activity to enhance MICP process. In order to develop mutant bacteria, which are safe to use and good
for MICP, integration of knowledge from different fields is required. Nevertheless, this can be a good
aspect to be included in future studies. One of the limitations of current MICP technique is that CaCO3

crystals only precipitate on surface and in upper to middle parts of larger samples. MICP does not occur
in deeper parts of the samples due to lack of necessary compounds there. Therefore, more studies can
be conducted to ensure that CaCO3 crystals precipitate uniformly inside large samples. Application
costs of the MICP technique can be reduced by using plant and animal waste materials as nutrients.
Researchers from various places should explore the potential of local wastes to be used in MICP process.
This can not only reduce costs but also increase sustainability of the process.

Table 6. Biocementation of sand and soil through MICP.

Bacteria
(Initial Concentration)

Sand/Soil Cementation Solution Performance Reference

Sporosarcina pasteurii
+ Bacillus subtilis

(OD600 = 1.2)
Sandy soil 2 M urea +

1 M CaCl2
UCS = 1.69 MPa

Permeability = 1.06 × 10−5 m/s [93]

Sporosarcina pasteurii
(OD600 = 0.6) Ottawa silica sand 0.5 M (urea + CaCl2) UCS = 1.30 MPa [20]

Sporosarcina pasteurii
(OD600 = 1.0)

Commercial sand +
white kaolin clay 0.5 M (urea + CaCl2) Tensile strength = 0.04 MPa

Permeability = 0.53 × 10−7 m/s [19]

Sporosarcina pasteurii
(OD600 = 1.9–2.4) Desert aeolian sand 2.5 M (urea + CaCl2) UCS = 18 MPa

Permeability = 0.92 × 10−7 m/s [28]

Sporosarcina pasteurii
(OD600 = 2.3) Natural SiO2 sand 1.0 M (urea + CaCl2) UCS 1.74 MPa [29]

Sporosarcina pasteurii
(OD600 = 0.6) Ottawa silica sand 0.75 M (urea + CaCl2) UCS = 6.4 MPa

Permeability = 1.00 × 10−5 m/s [40]

Sporosarcina pasteurii
(Not provided)

Poorly graded
medium sand 1.0 M (urea + CaCl2) Surface strength = 4.83 MPa [27]

Sporosarcina pasteurii
(OD600 = 2.0) Loose sand 0.5 M (urea + CaCl2)

UCS (MICP) = 0.10 MPa
UCS (MICP + OPC) = 1.10 MPa
Water adsorption (MICP) = 11%

Water adsorption (MICP + OPC) = 8%

[21]

Sporosarcina pasteurii
(OD600 = 3.5) Standard sand 0.5 M (urea + CaCl2) UCS = 3.29 MPa [26]

Sporosarcina pasteurii
(OD600 = 1.5) Sandy soil 3 mM urea + 2 mM

CaCl2
UCS = 0.63 MPa

Permeability = 1.80 × 10−5 m/s [39]

Sporosarcina pasteurii
(1.5 g/L)

Ottawa silica sand
+ PVA fiber 0.5 M (urea + CaCl2)

UCS = 2.20 MPa
Splitting tensile strength = 0.60 MPa

Permeability = 4.00 × 10−7 m/s
[22]

Sporosarcina pasteurii
(OD600 = 2.5)

Poorly graded SiO2
sand 1.0 M (urea + CaCl2) UCS = 0.53 MPa [32]

Sporosarcina pasteurii
(OD600 > 2)

Poorly graded
sandy silica 1.0 M (urea + CaCl2) UCS = 0.50 MPa

Permeability = 0.85 × 10−6 m/s [31]
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Table 7. Performance of MICP by various bacteria in making concrete and mortar.

Bacteria
(Initial Concentration)

Other Additives Performance Reference

Bacillus sphaericus
(1010 cell/mL)

Biochar, PP fiber,
SAP

Compressive strength = 53.0 MPa
Water penetration = 9.0 mm

Crack width healed = 0.9 mm
[68]

Bacillus sphaericus
(Not provided) Fly ash Compressive strength = 32.5 MPa [73]

Bacillus sp. CT5
(OD600 = 0.5) - Compressive strength = 46.0 MPa

Water penetration = 14.2 mm [135]

Bacillus subtilis
(103–107 cell/mL) -

Compressive strength = 54.0 MPa
Water adsorption = 4%

Crack width healed = 1.2 mm
[89]

Lysinibacillus sp. I13
(Not provided) Fly ash Compressive strength = 33.6 MPa

*Able to heal cracks but no exact values provided [123]

Sporosarcina pasteurii
(109 cell/mL)

Calcium
sulpho-aluminate

cement, silica fume

Compressive strength = 46.8 MPa
Crack width healed = 0.4 mm [55]

Sporosarcina pasteurii
(8 × 108 cfu/mL) - Compressive strength = 70.0 MPa [50]

Sporosarcina pasteurii
(106 cell/mL)

Zeolite, fiber
reinforced

Compressive strength = 84.0 MPa
Water penetration = 1.5 mm

Crack width healed = 0.1 mm
[57]

Sporosarcina pasteurii
(108–109 cell/mL) - Compressive strength = 39.6 MPa [47]

Bacillus cohnii
(5.2 × 108 cell/mL) Expanded pearlite Crack width healed = 0.8 mm [108]

Bacillus sphaericus
(105 cell/mL) Fly ash Compressive strength = 40.4 MPa [72]

Bacillus cereus
(5 × 108 cfu/mL) Metakaolin Compressive strength = 40.2 MPa [105]

Bacillus aerius
(105 cell/mL)

Cement baghouse
filter dust

Compressive strength = 36.3 MPa
Water adsorption = 1.2% [125]

Bacillus aerius
(105 cell/mL) Rice husk ash Compressive strength = 35.0 MPa

Water adsorption = 1.1% [126]

Bacillus mucilaginous
(108–109 cell/mL) Ceramsite Crack width healed = 0.5 mm

Water permeability = 0.8 × 10−7 m/s [96]

Bacillus megaterium
(OD600 = 1.5) - Compressive strength = 35.0 MPa [81]

Pseudomonas aeruginosa
Diaphorobacter nitroreducens

(Not provided)

Granular activated
carbon Crack width healed = 0.5 mm [113]

Soil bacteria
(OD600 = 0.866) - Compressive strength = 48.0 MPa

Water adsorption = 5.8% [132]

4. Conclusions

The MICP techniques show promising potential for applications in various fields such as
construction, geotechnology, and nanotechnology. MICP can reduce OPC usage and enhance
sustainability. MICP performances of various bacteria have been discussed in this paper. Some of
the studies have indicated that the bacterial strains can extract carbon dioxide from air for
the precipitation of CaCO3. On one hand, reduction of accumulation of greenhouse carbon dioxide is
ensured and on the other hand cracks in the cement are sealed and healed. This technique is shown to
be commonly used for biocementation of sand, consolidation of soil, and development of self-healing
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concrete. This technique can also apply for removal of heavy metals. Future studies are expected to
further enhance the MICP performance, reduce its application costs, and increase its sustainability.
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