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1. Introduction

The benefits of recycling in the construction sector have been widely demonstrated and
are unquestionable. The use of recycled aggregates, steel slags, and low-impact cements
implies an important reduction of the environmental footprint, and eco-efficient concretes
made with them must be a priority. However, these materials show, in some cases, losses of
mechanical and durability behavior compared with natural materials. This is why we must
invest our efforts in finding high-performance eco-efficient concretes that can compete—or
even surpass—traditional concrete. To achieve this, research and dissemination of its results
is essential. The objective of this Special Issue is to group the most recent and relevant
research in relation to high-performance eco-efficient concrete into a single document.
Subsequently, the possibility of publishing a book with the contributions of all authors will
be assessed.

So far, 16 papers have been published in the Special Issue out of a total of 21 submitted.
The next sections provide a brief summary of each of the papers published.

2. High-Frequency Fatigue Testing of Recycled Aggregate Concrete

Sainz-Aja et al. [1] show that concrete fatigue behavior has not been extensively stud-
ied, in part because of the difficulty and cost. Some concrete elements subjected to this
type of load include the railway superstructure of sleepers or slab track, bridges for both
road and rail track, and the foundations of wind turbine towers or offshore structures.
In order to address fatigue problems, a methodology was proposed that reduces the lengthy
testing time and high cost by increasing the test frequency up to the resonance frequency
of the set formed by the specimen and the test machine. After comparing this test method
with conventional frequency tests, it was found that tests performed at a high frequency
(90 Hz) were more conservative than those performed at a moderate frequency (10 Hz);
this effect was magnified in those concretes with recycled aggregates coming from crushed
concrete (RC-S). In addition, it was found that the resonance frequency of the specimen–
test machine set was a parameter capable of identifying whether the specimen was close
to failure.

3. Mechanical and Durability Properties of Concrete with Coarse Recycled Aggregate
Produced with Electric Arc Furnace Slag Concrete

Tamayo et al. [2] show the search for more sustainable construction materials, capa-
ble of complying with quality standards and current innovation policies, aimed at saving
natural resources and reducing global pollution, is one of the greatest present societal chal-
lenges. In this study, an innovative recycled aggregate concrete (RAC) is designed and
produced based on the use of a coarse recycled aggregate (CRA) crushing concrete with
electric arc furnace slags as aggregate. These slags are a by-product of the steelmaking

Appl. Sci. 2021, 11, 1163. https://doi.org/10.3390/app11031163 https://www.mdpi.com/journal/applsci
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industry and their use, which avoids the use of natural aggregates, is a new trend in
concrete and pavement technology. This paper has investigated the effects of incorporating
this type of CRA in concrete at several replacement levels (0%, 20%, 50%, and 100% by vol-
ume), by means of the physical, mechanical, and durability characterization of the mixes.
The analysis of the results has allowed the benefits and disadvantages of these new CRAs
to be established, by comparing them with those of a natural aggregate concrete (NAC)
mix (with 0% CRA incorporation) and with the data available in the literature for concrete
made with more common CRA, based on construction and demolition waste (CDW). Com-
pared to NAC, similar compressive strength and tensile strength values for all replacement
ratios have been obtained. The modulus of elasticity, the resistance to chloride penetration,
and the resistance to carbonation are less affected by these CRA than when CRA from CDW
waste is used. Slight increases in bulk density over 7% were observed for total replacement.
Overall, functionally good mechanical and durability properties have been obtained.

4. High Performance Self-Compacting Concrete with Electric Arc Furnace Slag
Aggregate and Cupola Slag Powder

Sosa et al. [3] present the development of self-compacting concretes with electric arc
furnace slags is a novelty in the field of materials and the production of high-performance
concretes with these characteristics is a further achievement. To obtain these high-strength,
low-permeability concretes, steel slag aggregates and cupola slag powder are used. To prove
the effectiveness of these concretes, they are compared with control concretes that use
diabase aggregates, fly ash, and limestone supplementary cementitious materials (SCMs,
also called fillers), and intermediate mix proportions. The high density SCMs give the fresh
concrete self-compacting thixotropy using high-density aggregates with no segregation.
Moreover, the temporal evolution of the mechanical properties of mortars and concretes
shows pozzolanic reactions for the cupola slag. The fulfillment of the demands in terms
of stability, flowability, and mechanical properties required for this type of concrete, and the
savings of natural resources derived from the valorization of waste, make these sustainable
concretes a viable option for countless applications in civil engineering.

5. Economic and Technical Viability of Using Shotcrete with Coarse Recycled Concrete
Aggregates in Deep Tunnels

This work [4] analyzes the technical and economic viability of using coarse recycled
aggregates from crushed concrete in shotcrete, as a primary lining support in tunnels.
Four incorporation ratios of coarse natural aggregate (CNA) with coarse recycled concrete
aggregates from concrete (CRCA) were studied: 0%, 20%, 50%, and 100%. The mechan-
ical properties of the dry-mix shotcrete were obtained in an independent experimental
campaign. Initially, the technical viability of CRCA shotcrete was validated for deep
rock tunnels, based on the convergence-confinement method. Two cases were studied
to determine the equivalent thickness for each combination of replacement ratio using
CRCA shotcrete: (i) similar stiffness and (ii) similar yield stress. Subsequently, an economic
assessment was performed. The stiffness criterion increased the thickness below 10% in
both the 20% and 50% replacement ratios, which shows their technical viability with very
marginal cost increase (<5%). On the other hand, the maximum pressure criteria required
higher increments, close to 30% in the 50% replacement ratio. A full replacement was
proven impracticable in both analyses.

6. Experimental Characterization of Prefabricated Bridge Deck Panels Prepared with
Prestressed and Sustainable Ultra-High Performance Concrete

Enhanced quality and reduced on-site construction time are the basic features of
prefabricated bridge elements and systems [5]. Prefabricated lightweight bridge decks
have already started finding their place in accelerated bridge construction (ABC). There-
fore, the development of deck panels using high strength and high performance concrete
has become an active area of research. Further optimization in such deck systems is possible
using prestressing or replacement of raw materials with sustainable and recyclable materi-
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als. This research involves experimental evaluation of six full-depth precast prestressed
high strength fiber-reinforced concrete (HSFRC) and six partial-depth sustainable ultra-
high performance concrete (sUHPC) composite bridge deck panels. The composite panels
comprise UHPC prepared with ground granulated blast furnace slag (GGBS) with the
replacement of 30% cement content overlaid by recycled aggregate concrete made with
replacement of 30% of coarse aggregates with recycled aggregates. The experimental
variables for six HSFRC panels were depth, level of prestressing, and shear reinforcement.
The six sUHPC panels were prepared with different shear and flexural reinforcements and
sUHPC-normal/recycled aggregate concrete interface. Experimental results exhibit the
promise of both systems to serve as an alternative to conventional bridge deck systems.

7. Alkali Activated Paste and Concrete Based on of Biomass Bottom Ash
with Phosphogypsum

There is a growing interest in the development of new cementitious binders for
building construction activities. In this study, biomass bottom ash (BBA) was used as an
aluminosilicate precursor and phosphogypsum (PG) was used as a calcium source [6].
The mixtures of BBA and PG were activated with the sodium hydroxide solution or the mix-
ture of sodium hydroxide solution and sodium silicate hydrate solution. Alkali activated
binders were investigated using X-ray powder diffraction (XRD), X-ray fluorescence (XRF),
and scanning electron microscopy (SEM) test methods. The compressive strength of
hardened paste and fine-grained concrete was also evaluated. After 28 days, the highest
compressive strength reached 30.0 MPa—when the BBA was substituted with 15% PG and
activated with NaOH solution—which is 14 MPa more than control sample. In addition,
BBA fine-grained concrete samples based on BBA with 15% PG substitute activated with
NaOH/Na2SiO3 solution showed higher compressive strength compered to when NaOH
activator was used 15.4 MPa and 12.9 MPa respectfully. The NaOH/Na2SiO3 activator
solution resulted reduced

8. Mechanical Properties and Freeze–Thaw Durability of Basalt Fiber Reactive
Powder Concrete

Basalt fiber has a great advantage on the mechanical properties and durability of
reactive powder concrete (RPC) because of its superior mechanical properties and chemical
corrosion resistance. In this paper, basalt fiber was adopted to modified RPC, and plain
reactive powder concrete (PRPC), basalt fiber reactive powder concrete (BFRPC) and steel
fiber reactive powder concrete (SFRPC) were prepared [7]. The mechanical properties
and freeze–thaw durability of BFRPC with different basalt fiber contents were tested and
compared with PRPC and SFRPC to investigate the effects of basalt fiber contents and fiber
type on the mechanical properties and freeze–thaw durability of RPC. Besides, the mass
loss rate and compressive strength loss rate of RPC under two freeze–thaw conditions
(fresh-water freeze–thaw and chloride-salt freeze–thaw) were tested to evaluate the effects
of freeze–thaw conditions on the freeze–thaw durability of RPC. The experiment results
showed that the mechanical properties and freeze–thaw resistance of RPC increased as the
basalt fiber content increase. Compared with the fresh-water freeze–thaw cycle, the dam-
age of the chloride-salt freeze–thaw cycle on RPC was great. Based on the freeze–thaw
experiment results, it was found that SFRPC was sensitive to the corrosion of chloride
salts and compared with the steel fiber, the improvement of basalt fiber on the freeze–thaw
resistance of RPC was great.

9. A Low-Autogenous-Shrinkage Alkali-Activated Slag and Fly Ash Concrete

Alkali-activated slag and fly ash (AASF) materials are emerging as promising alterna-
tives to conventional Portland cement. Despite the superior mechanical properties of AASF
materials, they are known to show large autogenous shrinkage, which hinders the wide
application of these eco-friendly materials in infrastructure. To mitigate the autogenous
shrinkage of AASF, two innovative autogenous-shrinkage-mitigating admixtures, superab-
sorbent polymers (SAPs) and metakaolin (MK), are applied in this study [8]. The results
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show that the incorporation of SAPs and MK significantly mitigates autogenous shrinkage
and cracking potential of AASF paste and concrete. Moreover, the AASF concrete with SAPs
and MK shows enhanced workability and tensile strength-to-compressive strength ratios.
These results indicate that SAPs and MK are promising admixtures to make AASF concrete
a high-performance alternative to Portland cement concrete in structural engineering.

10. Properties of Foamed Lightweight High-Performance Phosphogypsum-Based
Ternary System Binder

The potential of phosphogypsum (PG) as secondary raw material in construction in-
dustry is high if compared to other raw materials from the point of view of availability, total
energy consumption, and CO2 emissions created during material processing. This work [9]
investigates a green hydraulic ternary system binder based on waste phosphogypsum (PG)
for the development of sustainable high-performance construction materials. Moreover,
a simple, reproducible, and low-cost manufacture is followed by reaching PG utilization
up to 50 wt.% of the binder. Commercial gypsum plaster was used for comparison. High-
performance binder was obtained, and on a basis of it, foamed lightweight material was
developed. Low water-binder ratio mixture compositions were prepared. Binder paste,
mortar, and foamed binder were used for sample preparation. Chemical, mineralogical
composition, and performance of the binder were evaluated. Results indicate that the
used waste may be successfully employed to produce high-performance binder pastes
and even mortars with a compression strength up to 90 MPa. With the use of foaming
agent, lightweight (370–700 kg/m3) foam concrete was produced with a thermal conduc-
tivity from 0.086 to 0.153 W/mK. Water tightness (softening coefficient) of such foamed
material was 0.5–0.64. The proposed approach represents a viable solution to reduce the
environmental footprint associated with waste disposal.

11. Effect of Fly Ash as Cement Replacement on Chloride Diffusion, Chloride Binding
Capacity, and Micro-Properties of Concrete in a Water Soaking Environment

This paper [10] experimentally studies the effects of fly ash on the diffusion, bonding,
and micro-properties of chloride penetration in concrete in a water soaking environment
based on the natural diffusion law. Different fly ash replacement ratio of cement in normal
concrete was investigated. The effect of fly ash on chloride transportation, diffusion,
coefficient, free chloride content, and binding chloride content were quantified, and the
concrete porosity and microstructure were reported through mercury intrusion perimetry
and scanning electron microscopy, respectively. It was concluded from the test results
that fly ash particles and hydration products (filling and pozzolanic effects) led to the
densification of microstructures in concrete. The addition of fly ash greatly reduced the
deposition of chloride ions. The chloride ion diffusion coefficient considerably decreased
with increasing fly ash replacement, and fly ash benefits the binding of chloride in concrete.
Additionally, a new equation is proposed to predict chloride-binding capacity based on the
test results.

12. Durability Assessment of Recycled Aggregate HVFA Concrete

The possibility of producing high-volume fly ash (HVFA) recycled aggregate concrete
represents an important step towards the development of sustainable building materials.
In fact, there is a growing need to reduce the use of non-renewable natural resources and,
at the same time, to valorize industrial by-products, such as fly ash, which would otherwise
be sent to the landfill. The present experimental work [11] investigates the physical and
mechanical properties of concrete by replacing natural aggregates and cement with recycled
aggregates and fly ash, respectively. First, the mechanical properties of four different
mixtures have been analyzed and compared. Then, the effectiveness of recycled aggregate
and fly ash on reducing carbonation and chloride penetration depth has been also evaluated.
Finally, the corrosion behavior of the different concrete mixtures, reinforced with either
bare or galvanized steel plates, has been evaluated. The results obtained show that high-
volume fly ash (HVFA) recycled aggregate concrete can be produced without significative

4



Appl. Sci. 2021, 11, 1163

reduction in mechanical properties. Furthermore, the addition of high-volume fly ash and
the total replacement of natural aggregates with recycled ones did not modify the corrosion
behavior of embedded bare and galvanized steel reinforcement.

13. Mechanical Properties and Flexural Behavior of Sustainable Bamboo
Fiber-Reinforced Mortar

In this study [12], a sustainable mortar mixture is developed using renewable by-
products for the enhancement of mechanical properties and fracture behavior. A high-
volume of fly ash—a by-product of coal combustion—is used to replace Portland cement,
while waste by-products from the production of engineered bamboo composite materials
are used to obtain bamboo fibers and to improve the fracture toughness of the mixture.
The bamboo process waste was ground and size-fractioned by sieving. Several mixes
containing different amounts of fibers were prepared for mechanical and fracture tough-
ness assessment, evaluated via bending tests. The addition of bamboo fibers showed
insignificant losses of strength, resulting in mixtures with compressive strengths of 55 MPa
and above. The bamboo fibers were able to control crack propagation and show improved
crack-bridging effects with higher fiber volumes, resulting in a strain-softening behavior
and mixture with higher toughness. The results of this study show that the developed bam-
boo fiber-reinforced mortar mixture is a promising sustainable and affordable construction
material with enhanced mechanical properties and fracture toughness with the potential to
be used in different structural applications, especially in developing countries.

14. Industrial Low-Clinker Precast Elements Using Recycled Aggregates

Increasing amounts of sustainable concretes are being used as society becomes more
aware of the environment. This paper [13] attempts to evaluate the properties of precast
concrete elements formed with recycled coarse aggregate and low clinker content cement
using recycled additions. To this end, six different mix proportions were characterized:
a reference concrete; two concretes with 25%wt. and 50%wt. substitution of coarse ag-
gregate made using mixed construction and demolition wastes; and others with recycled
cement with low clinker content. The compressive strength, the elastic modulus, and the
durability indicator decrease with the proportions of recycled aggregate replacing aggre-
gate, and it is accentuated with the incorporation of recycled cement. However, all of
the precast elements tested show good performance with slight reduction in the mechani-
cal properties. To confirm the appropriate behavior of New Jersey precast barriers, a test
that simulated the impact that simulated the impact of a vehicle was carried out.

15. Photocatalytic Recycled Mortars: Circular Economy as a Solution
for Decontamination

The circular economy is an economic model of production and consumption that
involves reusing, repairing, refurbishing, and recycling materials after their service life.
The use of waste as secondary raw materials is one of the actions to establish this model.
Construction and demolition waste (CDW) constitute one of the most important waste
streams in Europe due to its high production rate per capita. Aggregates from these recy-
cling operations are usually used in products with low mechanical requirements in the
construction sector. In addition, the incorporation of photocatalytic materials in construc-
tion has emerged as a promising technology to develop products with special properties,
such as air decontamination. This research [14] aims to study the decontaminating behav-
ior of mortars manufactured with the maximum amount of mixed recycled sand without
affecting their mechanical properties or durability. For this, two families of mortars were
produced, one consisting of traditional Portland cement and the other of photocatalytic ce-
ment, each with four replacement rates of natural sand by mixed recycled sand from CDW.
Mechanical and durability properties, as well as decontaminating capacity, were evaluated
for these mortars. The results show adequate mechanical behavior, despite the incorpora-
tion of mixed recycled sand, and improved decontaminating capacity by means of NOx
reduction capacity.
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16. Durability of High Volume Glass Powder Self-Compacting Concrete

The transport characteristics of waste glass powder incorporated self-compacting
concrete (SCC) for a number of different durability indicators are reported in this paper [15].
SCC mixes were cast at a water to binder ratio of 0.4 using glass powders with a mean
particle size of 10, 20, and 40 μm, and at cement replacement levels of 20, 30, and 40%.
The oxygen permeability, electrical resistivity, porosity, and chloride diffusivity were
measured at different ages from 3 to 545 days of curing. The amount and particle size of the
incorporated waste glass powder was found to influence the durability properties of SCC.
The glass incorporated SCC mixes showed similar or better durability characteristics
compared to general purpose (GP) and fly ash mixes at similar cement replacement level.
A significant improvement in the transport properties of the glass SCC mixes was observed
beyond 90 days.

17. High-Durability Concrete Using Eco-Friendly Slag-Pozzolanic Cements and
Recycled Aggregate

Clinker production is very energy-intensive and responsible for releasing climate-
relevant carbon dioxide (CO2) into the atmosphere, and the exploitation of aggregate for
concrete results in a reduction in natural resources. This contrasts with infrastructure
development, surging urbanization, and the demand for construction materials with
increasing requirements in terms of durability and strength. A possible answer to this
is eco-efficient, high-performance concrete. This article [16] illustrates basic material
investigations to both, using eco-friendly cement and recycled aggregate from tunneling
to produce structural concrete and inner shell concrete, showing high impermeability
and durability. By replacing energy- and CO2-intensive cement types by slag-pozzolanic
cement (CEM V) and using recycled aggregate, a significant contribution to environmental
sustainability can be provided while still meeting the material requirements to achieve
a service lifetime for the tunnel structure of up to 200 years. Results of this research
show that alternative cements (CEM V), as well as processed tunnel spoil, indicate good
applicability in terms of their properties. Despite the substitution of conventional clinker
and conventional aggregate, the concrete shows good workability and promising durability
in conjunction with adequate concrete strengths.
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Abstract: Clinker production is very energy-intensive and responsible for releasing climate-relevant
carbon dioxide (CO2) into the atmosphere, and the exploitation of aggregate for concrete results in
a reduction in natural resources. This contrasts with infrastructure development, surging urbanization,
and the demand for construction materials with increasing requirements in terms of durability and
strength. A possible answer to this is eco-efficient, high-performance concrete. This article illustrates
basic material investigations to both, using eco-friendly cement and recycled aggregate from tunneling
to produce structural concrete and inner shell concrete, showing high impermeability and durability.
By replacing energy- and CO2-intensive cement types by slag-pozzolanic cement (CEM V) and using
recycled aggregate, a significant contribution to environmental sustainability can be provided while
still meeting the material requirements to achieve a service lifetime for the tunnel structure of up to
200 years. Results of this research show that alternative cements (CEM V), as well as processed tunnel
spoil, indicate good applicability in terms of their properties. Despite the substitution of conventional
clinker and conventional aggregate, the concrete shows good workability and promising durability in
conjunction with adequate concrete strengths.

Keywords: green cements; slag-pozzolanic cement; CEM V; tunnel spoil recycling; high durability

1. Introduction

1.1. Eco-Efficient Cement Production

The demand for concrete—the world´s most used construction material—continues to remain at
a high level notwithstanding recent global economic fluctuations. In doing so, the concrete industry
acts as one of the main contributors to CO2 emissions accounting for approx. 5 to 7% of global
anthropogenic CO2 emissions (see [1–4]), whereby Portland cement production accounts for approx.
90% of the quoted share [5]. The rapid increase in the recent global cement production is driven
by China, which produced 2.35 gigatons of cement in 2015. This corresponds to 55% of the global
amount of cement produced, contributing approximately 13 to 15% of China’s total CO2 emissions.
In the future, due to population growth, cement production worldwide is projected to increase between
12% and 23% by the year 2050 [6].

Such production quantities would lead to a global emission, depending on the author, of approximately
1.3 to 1.8 billion tons of CO2 per year [2,7]. Further, CO2 emission during cement production is
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derived from two sources, having a similar share: (1) Process-related CO2 accounting for the energy
demand by the use of fuels and electric energy mainly for drying, grinding, and mostly from clinker
burning; (2) the emission of embodied CO2 (ECO2) during CaCO3 decomposition during heating,
when the chemically bound CO2 from the carbonate rock is degassing [2,5]. Summed up, the amount
of generated CO2 per kilogram of produced clinker varies between 0.65 and 1.0 kg CO2 per kg
clinker [8–11] depending on the fuel type and the basis of electricity production. The process-related
global CO2 emission of concrete has been estimated at approximately 83 kg CO2 per ton by [12],
while ECO2 accounts for an additional amount of approximately 95 to 135 kg/ton, varying depending
on the specific concrete design [5,13,14], adding up to the generation of roughly 200 kg CO2 per ton
of concrete.

In view of the importance of these issues, measures have been taken to reduce the environmental
implications of cement and concrete production by using various strategies. The options range from
customized concrete mixing design and plant technology possibilities toward energy saving [15] to
carbon capture strategies [16,17]. As a very central point with regard to embodied CO2, the usage of
alternative raw materials with the absence of carbonates in their mineral content is effective. This means
the reduction in the portion of Portland cement replacing the clinker by alternative binder compositions
(e.g., fly ash, furnace slag, or natural pozzolans) producing blended or—when using more than
one blending material—so-called composite cements [18–20]. A current strategy in this context is
the substitution of clinker by waste-based cementing materials, i.e., [19,21]. In the present article,
the approach of slag-pozzolanic cements (CEM V) according to [22] is pursued.

1.2. Aggregate Recycling

Additionally, next to or supplementary to clinker optimization, aggregate recycling has a positive
effect on the environmental impact of concrete production. Aggregate production is not particularly
significant concerning CO2 emission and energy consumption compared to cement production,
but due to the large quantities and the high percentage by weight (approx. 80 wt%) of conventional
concrete consisting of aggregate, the impact on natural resources is considerably high. Referring to
this, aggregate material in particular in close range to the demand with no other intended use can
be considered a potential substitute for natural aggregate, provided all crucial technical and legal
requirements are met. This applies to construction and demolition waste (CDW), as well as natural
excavated rock material. The use of construction and demolition waste as aggregate is the content of
current research, e.g., [21,23,24].

Likewise, excavated rock material from earthworks and tunneling is intended to be recycled as
aggregate for concrete [25,26]. Due to the fact that, particularly during tunneling, large volumes of
concrete are used, there are efforts to reduce the ecological impact of such construction projects at
the same time. As for concrete, this concerns cement, as discussed in Section 1.1, and the aggregate used.
Regarding the reuse of tunnel spoil, there are numerous related studies examining the questions of reuse
possibilities and the suitability of excavated rock for aggregate production. Aspects of tunnel muck
recycling and tunnel spoil application opportunities have been demonstrated [27,28]. Therefore, the type
of tunnel driving method has a major influence on excavated rock characteristics; this question
is evaluated by [29–31]. For high-quality concrete production, careful planning, efficient rock
classification [32], and rock material management [33], as well as technical considerations focusing on
material analysis and data management, are fundamental [34], not to forget the juridical considerations,
as tunnel spoil can initially be considered as waste from a legal point of view, which is done by [35,36].

Tunnel structures have high construction costs and, once in operation, are counted among
critical infrastructure. Therefore, for these structures, a service lifetime of some hundred years is
assumed. Therefore, durability is a primary focus of the admixture designs. Besides static requirements,
a reliable performance capability must be guaranteed for this time period. To meet this requirement,
high-performance concrete in terms of durability and density is generally applied in tunnel structures [37].
During construction of the Swiss pioneer projects of the Base Tunnels at the Lötschberg and Gotthard massif,
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approximately 40% and 35%, respectively, of the tunnel spoil was recycled mainly for the production of
aggregate for concrete [38–40]. A concrete quality with high resistance against various environmental
influences allowed the design for a projected service lifetime of 100 years [38].

This research addresses aggregate recycling from tunneling from the example of the high-priority
infrastructure project of the Brenner Base Tunnel. The Brenner Base Tunnel is an approx. 55 km-long,
flat railway tunnel project acting as a connecting link between Austria and Italy and the main element
of the new Brenner railway from Munich to Verona. The tunnel is currently under construction,
with a service lifetime designed for a lifespan of 200 years. This increased service lifetime is achieved
by a high durability of concrete, accomplished by the high quality of raw materials and good
processing of concrete, whereby a high density and impermeability of concrete have the greatest
impact [37]. In addition, preliminary tests combining recycled tunnel spoil with slag-pozzolanic
cements were conducted.

1.3. Aims, Materials, and Methods

The overall aims of the presented research can be summarized and listed as follows:

- creating various slag-pozzolanic cement admixtures reducing the clinker component while still
exhibiting suitable binder properties

- characterization of the different cementitious constituents used to produce the slag-pozzolanic
CEM V cement types

- identifying the cement characteristics of the designed CEM V cement types
- developing concrete formulas and gathering the concrete properties using the manufactured CEM

V cements
- further ecological improvement by replacement of the standard aggregate by recycled aggregate

for concrete
- acquiring the basic characteristics of the developed concrete mixtures with a focus on

concrete durability

To reach the desired objectives, binder and concrete manufacture, as well as intensive material
testing, was performed including the following: (1) Various testing methods were applied to characterize
at first the cement admixtures and cement properties of the produced CEM V cement types:

- X-ray diffraction analysis XRD (Philips X-ray diffractometer PW1730, Malvern Panalytical GmbH,
Kassel, Germany) to examine the mineralogical composition,

- X-ray fluorescence XRF (PANalytical X´Pert Pro, Malvern Panalytical GmbH, Kassel, Germany)
to record the chemical composition,

- Frattini-testing to demonstrate the pozzolanic activity of the cementitious constituents,
- fresh cement mortars testing (slump, density, air content, setting time, soundness),
- hardened cement mortars testing (recording compressive strength and bending tensile strength

at 2, 7, 28, 56, and 84 days of curing time to gather strength development data as well) with
an additional focus on the durability-relevant parameters, porosity and passivation ability.

Subsequently, (2) standard concrete compositions using the generated cements were tested to
identify the concrete characteristics:

- fresh concrete testing (flow, density, air content)
- hardened concrete testing (compressive strength, bending tensile strength, modulus of elasticity)

with a focus on the durability-relevant parameters, frost-resistance and permeability

In a third step, (3) standard aggregate for concrete was replaced by recycled aggregate
from nonstandard crushed metamorphic rock arising during tunnel excavation. These concrete
mixtures—now consisting of a newly developed CEM V cement admixture and processed and recycled
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aggregate from schist rocks—were also examined with regard to workability (fresh concrete density,
flow spread, air content), strength (compressive and bending tensile strength, as well as the fracture
energy), and particularly with regard to durability, as the designed concrete composition may be used
in tunnel constructions, where the recycled aggregate is generated, exhibiting long service lifetimes of
up to 200 years.

At all investigation levels, an additional comparison to standard cement was made.

2. Slag-Pozzolanic CEM V Characteristics

2.1. General

To produce cements with reduced CO2 impact, the strategy of Portland cement substitution
by additional cementitious constituents, in this case, fly ash (FA), granulated blast-furnace slag (S),
and natural pozzolana (P), in accordance with the cement standard EN 197-1 [22], was pursued in this
research to produce slag-pozzolanic cement CEM V.

In contrast to the previous edition of EN 197-1, which was valid until Spring 2018, the 27 products
in the family of common cements were extended to 39 products until now, inter alia, adding the main
cement type CEM VI “composite cement” (having a limestone content from 6 to 20 wt%), and the former
CEM V “composite cement” had been renamed to CEM V “slag-pozzolanic cement.” The latter consists
of 40 to 64 wt% clinker, 18–30 wt% blast-furnace slag, and 18–30 wt% Pozzolana and siliceous fly ash
in the case of CEM V/A, and of 20 to 38 wt% clinker, 31–49 wt% blast-furnace slag, and 31–49 wt%
Pozzolana and siliceous fly ash for CEM V/B, whereby minor additional constituents (gypsum and
limestone for instance) are possible up to 5 wt% for both types.

The increase concerning cement products expresses the research performance and interest of
the cement industry in additional cement types with the substitution of clinker by different constituents.
The use of these additional cementitious constituents modifies the characteristics of the produced
concrete. In the case of CEM V cements, early strength is naturally reduced by the pozzolanic reaction
of SiO2 and Al2O3 from fly ash or natural pozzolana and the latent hydraulic reaction of blast furnace
slag, and therefore, is not suitable for fast-track construction. This can be overcome by the additional
application of silica fume (SF) [5,41]. Then again, improvement in the long-term performance of
concrete is indicated by using blended cements due to the delayed growth of calcium silicate hydrate
(CSH) and aluminate phases, growing into the pores, providing an increased density of the concrete
structure, e.g., [42–44].

However, in many European countries, the application of CEM V cement is not allowed
(e.g., Austria) or is restricted (e.g., Germany) by national concrete standards (ÖNORM B 4710-1 [45] in
the case of Austria or DIN 1045-2 [46] in the case of Germany), mainly due to the lack of experience.
Therefore, in the course of this research, material characterization of the following four manufactured
CEM V cement types was carried out to examine the performance of CEM V cements and concrete
produced with CEM V cement:

(1) CEM V/A (S-V) 32.5 R and
(2) CEM V/B (S-V) 32.5 N based on slag and fly ash were produced in a cement plant in Austria;
(3) CEM V/A (S-V) 32.5 R, based on slag and fly ash, and
(4) CEM V/B (S-P) 32.5 N using blast furnace slag and natural pozzolana (zeolite) as the main

constituents were produced in a Slovak cement factory.

In doing so, a significant reduction in the cement clinker content to a level of 45.1 wt% (1), 26.9 wt%
(2), 52.9 wt% (3), and 30.9 wt% (4) for each individual cement type was achieved [47]. The proportional
composition of the cementitious constituents in the case of (1) and (2) was 40 wt% slag, 50 wt% fly ash,
and 10 wt% limestone. In the case of (3) and (4), the additives were added in equal shares in both cases.
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2.2. Basic Cement Qualities

2.2.1. Cementitious Constituents

Subsequent to the manufacturing of the different CEM V cement types, testing of the main cement
properties was performed (see also [47]). In a first step, the main chemical properties of the cementitious
constituents of (3) and (4) were compared by X-ray fluorescence to illustrate the fundamentally different
chemical composition of fly ash (FA), blast furnace slag (S), and the pozzolana zeolite (P) (see Table 1).
In the case of FA and the natural pozzolana zeolite (P), SiO2 and Al2O3 contents are—compared to
S—high, suggesting high pozzolanic activity (see also Table 2).

Table 1. Chemical properties of cementitious constituents of (3) CEM V/A (S-V) 32.5 R and (4) CEM
V/B (S-P) 32.5.

Compound Mass Percentage [wt%]
Fly Ash (FA, V) Blast Furnace Slag (S) Pozzolana Zeolite (P)

SiO2 57.8 41.2 61.4
Al2O3 17.9 6.2 11.5
Fe2O3 7.4 0.5 1.4
CaO 4.2 37.2 3.5
MgO 6.3 10.1 4.3
SO3 2.6 2.8 3.3

Na2O 1.4 1.4 1.3
K2O 1.3 0.4 1.6

Loss on ignition 1.1 0.0 12.2

Table 2. Pozzolanic activity of cementitious constituents (by Frattini-test).

Compound Bounded CaO by Pozzolanic Additives [mmol/L and (% in Saturated Ca(OH)2 Solution)] after
1 Day 7 Days 28 Days

Fly ash (FA) 5.6 (25) 12.7 (57) 19.5 (87)
Blast furnace slag (S) 7.5 (34) 10.4 (47) 12.8 (57)
Pozzolana Zeolite (P) 19.2 (86) 21.2 (95) 21.7 (97)

Blast furnace slag (S) shows similarly high values of SiO2 with 41.2 wt% and a high CaO and MgO
content of 37.2 and 10.1 wt%, respectively. Loss on ignition is relatively high in the case of Pozzolana,
because of the chemically bound water from clinoptilolite [(Na, K, Ca)2–3Al3(Al, Si)2Si13O36·12H2O].

XRD of the cementitious constituents’ analysis again provides further information on the degree
of crystallinity by interpretation of the peak visualization: Broader, less distinct peaks suggest low
crystallinity, while explicit and high peaks indicating the opposite. XRD diagrams of the raw materials
used show the following (Figure 1): FA consists of well-crystallized SiO2 and portions of anorthite
(Calcium Feldspar), while the Ca- and Mg-aluminosilicates are diffuse and show a low crystalline
grade without any distinct higher-intensity peak (Figure 1). Blast furnace slag (S) can be described as
poorly crystallized, showing two major peaks indicating ferrite and belite phases, and also consisting
of other, different burned phases (see Figure 1). By contrast, the natural pozzolana zeolite (P) consists
of the well-crystallized tectosilicate Clinoptilite (numerous high-intensity single peaks with the main
intensity at angles 2Θ of 11.3 and 22.5).

Pozzolanic activity of the cementitious constituents was tested using Frattini´s testing method
according to [48] by the solution of 20 g of cement in 100 mL of water at 40 ◦C for varying periods
(1, 7, and 28 d), measuring the calcium and hydroxide ion values, calculating the oxide-bounded Ca,
and comparing the bounded CaO to the calcium oxide solubility isotherm curve (% of bounded CaO)
(Table 2).
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Figure 1. XRD diagrams displaying angle 2Θ-intensities of cementitious constituents fly ash (V)
and furnace slag (S), whereby: Alite—3CaO × SiO2; Belite—2CaO × SiO2; Celite—2CaO × Al2O3;
Ferrite—4CaO × Al2O3 × Fe2O3.

Table 2 clearly shows that CaO is very rapidly and most strongly bound by the pozzolana zeolite,
bounding approximately 97% of CaO after a period of 28 days. This is achieved by the high SiO2 and
low CaO content, cf. Table 1, resulting in a high pozzolan activity.

2.2.2. Cement Properties and Composition

Following the manufacture of the four different above-mentioned CEM V cement types (1), (2),
(3), and (4) (see Section 2.1), cement testing was conducted to determine the key characteristics [49].
Fundamental characteristics are cement true density and specific surface expressed as a Blaine-value,
illustrated in Table 3 for the manufactured CEM V cement types, as well as for the CEM I basic product.

Table 3. Cement true density and Blaine value.

Cement Type True Density [kg/m3] Blaine-Value [cm2/g]

CEM I 32.5 R 3088 3560
(1) CEM V/A (S-V) 32.5 R 2876 5343
(2) CEM V/B (S-V) 32.5 N 2857 4392
(3) CEM V/A (S-V) 32.5 R 2741 4484
(4) CEM V/B (S-P) 32.5 N 2790 4770

An important parameter with regard to chemical composition and environmental impact is
the CaO-content of the various cement products. The lower the content of CaO, the lower the amount
of ECO2 (see Section 1.1) emitted. On the other hand, the CaO-containing components in hydrated
cement are most sensitive to any aggressive attack; therefore, reducing the CaO content in the blended
cement is a key condition for the expected improvement in the durability of the cement composites,
see Section 2.4. Figure 2 illustrates the CaO content derived by X-ray fluorescence.

Figure 2. CaO content of the various CEM V cement types.
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Figure 1 clearly shows the reduced amount of CaO in CEM V cements (replaced by SiO2 and
Al2O3 from cementitious constituents, see Table 1) compared to Portland clinker CEM I. Particularly,
the CEM V/B with a much higher proportion of additives shows a comparable low CaO content.

Cement analysis via X-ray diffraction (Figure 3a,b) shows an amorphous content in each case,
expressed by a slightly broader and diffuse appearance of the peaks, whereby the glassy, noncrystalline
phases originate from blast furnace slag and fly ash, cf. Figure 1. Referring to this, cement type (1) and
(2) present the highest amorphous content. Furthermore, CEM V/B (S-P) shows the lowest level of
amorphous components due to the well-crystallized Clinoptilite (see also [47]).

 
(a) 

 
(b) 

Figure 3. XRD diagrams displaying angle 2Θ-intensities of (a) CEM V/A types and reference cement
CEM I and (b) CEM V/B types and reference cement CEM Iafter 365 days curing at 20 ◦C under water,
whereby: CH—portlandite Ca(OH)2; Cc—calcite, Q—quartz SiO2, An—anorthite (CaAl2Si2O8).

2.3. Cement Mortars Properties

To evaluate fresh and hardened cement paste properties, fresh mortar and the derived test
specimens according to [50] were produced, cf. [47,49]. Therefore, test sand was mixed with cement
at a ratio 3 to 1 and the corresponding amount of water to reach a water/cement ratio of 0.5 [49].
The fresh mortar properties slump, density, and air content, as well as setting time and soundness
according to [51], are illustrated in Table 4, providing information about performance and workability
of the tested cement types.
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Table 4. Fresh mortar properties of different CEM V cements.

Cement Type
Slump Value

[mm]
Density
[kg/m3]

Air Content
[%]

Init. Setting
Time [min]

Final Setting
Time [min]

Soundness
[mm]

CEM I 32.5 R 155 2230 4.5 210 265 0.5
(1) CEM V/A
(S-V) 32.5 R 175 2220 4.1 265 320 0.5

(2) CEM V/B
(S-V) 32.5 N 166 2220 3.7 350 420 1.0

(3) CEM V/A
(S-V) 32.5 R 135 2150 4.4 270 340 0.5

(4) CEM V/B
(S-P) 32.5 N 106 2060 5.3 230 330 1.0

Cement types (3) and (4) show comparatively low slump values, indicating the need of super-
plasticizers to reach a reasonable workability of the fresh mortar. By using a super-plasticizer with
a dosage of approximately 0.5 wt% of the cement weight, the slump values were increased to the same
level compared to (1) and (2). The fresh mortar density of CEM V/B types is lower than that of the CEM
V/A types due to the lower density of the cementitious constituents compared to Portland cement
clinker. The density of cement type (4) is noticeably low, due to the porous tectosilicate structure
of zeolite that is probably also responsible for the comparably high air content. Setting time of
the CEM V mortars is naturally delayed due to the posterior pozzolanic and latent hydraulic reactions
of the additives. Soundness of all cement types falls significantly below the limit value of 10 mm
according to [51], showing satisfactory volume consistency.

The compressive and bending tensile strength of hardened mortar specimens were determined
for a basic mechanical characterization according to [50] with due regard to strength development with
time; see Figure 4 for the concrete compressive strength and Figure 5 for the bending tensile strength.

Figure 4. Compressive strength development of standard mortar specimens according to [51] (each
value as a mean value of 3 individual tests), after 2, 7, 28, 56, and 90 days.
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Figure 5. Bending flexural strength development of standard mortar prisms according to [51] (each
value as mean value of 3 individual tests), after 2, 7, 28, 56, and 90 days.

The strength development of the considered cement types delivered the expected behavior:
Standard cement CEM I 32.5 R reaches high early strength, though the CEM V/A cement types reach
an equal strength level between 7 and 56 days of curing time. CEM V/B types lag behind but still show
an increase in strength even after 56 days in contrast to CEM I and CEM V/A types.

Considering bending flexural strength (Figure 5), all cement types reach a similar strength level
after 28 days of water curing. Subsequently, cement type (2) CEM V/B (S-V) is the only cement type
still exhibiting a significant increase in flexural bending strength.

By using a super-plasticizer with a dosage of 0.5 wt% of the cement weight to improve the fresh
mortar slump value of individual mixtures (cf. Table 4), the 28 day compressive strength for cement
type (3) and (4) could be increased by approximately 10%, reaching a compressive strength of 52.1 and
40.3 N/mm2, respectively.

2.4. Durability Aspects

Pore structure and the resulting permeability are key indicators to evaluate the durability of
hardened cement paste and concrete. The appearance of the pore structure of cement paste and concrete
is mainly influenced by the cement type. The delayed reaction of pozzolanic or hydraulic additives
leads to the growth of additional CSH-phases—by consuming and reducing the Ca(OH)2− content
and a lower heat of hydration. As a result, the permeability and porosity of the paste or concrete is
considerably reduced, as well as thermally induced cracking, which ensures an increased resistance
against sulfate and chloride ions attack. Furthermore, due to the low availability of alkali in FA and S,
the alkali reaction of cement with reactive components from the aggregate is inhibited, e.g., [52,53].

Pore structure was analyzed in detail for the tested cement types from hardened cement paste [47].
Therefore, the focus was laid on total pore content and the percentage of macro-pores with a diameter
>50 nm, because the latter has a negative impact on concrete structure, particularly with regard to
durability. Using mercury porosimetry according to [54,55], pore characterization was performed as
shown in Figures 6 and 7.
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(a) 

(b) 

Figure 6. Development of total porosity (a) and percentage of macro-porosity (b) for a curing time of
28 and 365 days.

(a) 

Figure 7. Cont.
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(b) 

Figure 7. Comparison of pore-size distribution after 28 (a) and 365 days (b) curing time.

As illustrated in Figure 6, total porosity and percentage of macro-pores are clearly reduced during
hydration of the Portland cement and—in the case of the CEM V cement types—the added cementitious
constituents in the period from 28 to 365 days of curing. Therefore, CEM I 32.5 R shows clearly
the lowest total porosity (Figure 7a) with CEM V/B cement types approximately having 1.5 times
as much total pore volume. However, CEM I cement also has the highest amount of macro pores
(Figure 6b) at 28 and 365 days of curing time, nevertheless—due to its comparably low total porosity
and highest short-term reactivity (because of the highest clinker content and lack of latent hydraulic
and pozzolanic additives)—showing the highest compressive strength at 28 days age compared to
the CEM V cement types.

Figure 7a,b again compare the pore size distribution at 28 and 365 days of curing time, illustrating
the change in pore structure. The pore structure of concretes made with CEM V-type cements shows
typical symptoms of pore structure refinement in comparison with the reference CEM I concrete.
During ongoing hydration, macro-pores with a diameter >50–100 nm retreat in favor of pores with
smaller diameters, in the case of the CEM V-cements, more significantly compared to the CEM I cement,
leaving CEM I with the highest percentage of macro-pores and demonstrating the capability of CEM
V cements’ pore volume densification by pozzolanic reactions of the additives. This fact indicates
the increase in the volume fraction of less permeable micropores, which is reflected in the increase in
the total porosity but, on the contrary, in the decrease in permeability coefficient of concrete.

In addition, carbonation is an important topic concerning durability in terms of the passivation of
the reinforcement steel. Slag-pozzolanic cements are known for their lowered resistance to carbonation
compared to standard Portland cement by the consumption of the strong alkaline Ca(OH)2 during
pozzolanic reactions as a counter-effect to that mentioned above [5,56]. The various cement types show
pH values between 12.35 and 12.47 from their aqueous solution, indicating highly alkaline conditions.
Additional pH-testing of concrete samples using phenolphthalein indicator solution after 56 days
(7 days curing in water, followed by air storage in the laboratory at 20 ◦C and approx. 60% relative
humidity) was performed in addition. Therefore, phenolphthalein pH-indicator solution was sprayed
on cut-in-half concrete cubes. Areas with a pH value higher than 9.2 turn pink, whereas the concrete
surface with a lower pH value stays colorless. Testing showed a carbonation depth <0.5 mm for all
CEM V cement types, indicating sufficient passivation, inter alia, because of its dense and highly
impermeable concrete structure, keeping in mind that in this test stand, the curing conditions were not
aggressive and the curing time was very short. The permeability subject of concrete made of CEM
V-cements is further discussed in Sections 3 and 4.
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3. Concrete Properties Using Slag-Pozzolanic Cement

3.1. Concrete Formula and Fresh Concrete Properties

To evaluate and compare the performance of the different manufactured slag-pozzolanic cement
types, concrete specimens were produced using a standard mixture (Table 5) with a water-binder- ratio
of 0.5, only varying the type of cement. In the case of cement types (3) CEM V/A (S-V) 32.5 R and (4)
CEM V/B (S-P) 32.5 N, the addition of superplasticizer was necessary to reach a good workability of
the fresh concrete with a flow spread of approximately 50 mm (consistency class F3 or F4 according
to [57]).

Table 5. Concrete standard mixture for comparison of produced cement types.

Compound Amount [kg/m3]

Cement 360
Water 176

Aggregate 0/4 mm 710
Aggregate 4/8 mm 420
Aggregate 8/16 mm 695

For all mixtures, fresh concrete properties were determined in the laboratory and are summarized
in Table 6.

Table 6. Fresh concrete properties by using different slag-pozzolanic cement types.

Cement Type
Fresh Concrete Density

[kg/m3]
Flow Spread Consistency [cm] and

(Consistency Class) According to [58]
Air Content [Vol.%]

CEM I 32.5 R 2283 50 (F4) 3.6
(1) CEM V/A (S-V) 32.5 R 2322 40 (F2) 2.0
(2) CEM V/B (S-V) 32.5 N 2306 45 (F3) 2.3
(3) CEM V/A (S-V) 32.5 R 2303 40 (F2) 2.6
(4) CEM V/B (S-P) 32.5 N 2190 50 (F4) 4.8

In the case of (1) CEM V/A (S-V) 32.5 R and (3) CEM V/A (S-V) 32.5 R, the consistency is
plastic, not reaching a soft concrete consistency, indicating an additional demand for superplasticizers.
Fresh concrete density is reasonable with the exception of (4) CEM V/B (S-P) 32.5 N, showing a low
density because of the high air content.

3.2. Mechanical Properties of Concrete Using Slag-Pozzolanic Cement Types

With regard to hardened concrete, compressive strength, bending tensile strength, and modulus
of elasticity were evaluated for a basic characterization of the different cement types.

Compressive strength was tested on 150 mm concrete cubes after 2, 28, 90, and 365 days of water
storage at 20 ± 1 ◦C to present the varying strength development of the different cement or rather
concrete types (Figure 8). As expected, the slag-pozzolanic cement types start at a low early strength
level. CEM V/A cement types reach the strength level of the reference cement CEM I after 28 days
and show a strength increase even between 90 and 365 days of concrete age. CEM V/B cements lag
significantly behind, reaching a significantly lower strength level; strength development runs nearly
flat after the age of 90 days.
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Figure 8. Concrete compressive strength using different cement types at 2, 28, and 90 days of water
curing (each value as mean value of 3 individual tests).

The modulus of elasticity was determined as the secant under compression (the test specimen
is loaded under axial compression, stresses and strains are recorded, and the slope of the secant
to the stress–strain curve is determined) according to [58]. Test specimens (concrete prisms with
dimensions of 150 × 150 × 600 mm) were water-stored at 20 ± 1 ◦C (the age-dependent pathway is
displayed in Figure 9). The modulus of elasticity for the reference cement CEM I starts at approx.
30 GPa at the highest level and shows a stronger increase with time than the concrete types made with
slag-pozzolanic cement. All CEM V cement types reach a similar level of approx. 36 GPa at a curing
time of 365 days under water (see [49]).

Figure 9. Modulus of elasticity (static) using different cement types at 2, 28, and 90 days of water curing
(each value as mean value of 3 individual tests).

3.3. Durability Aspects: Frost and Permeability of CEM V Concretes

The negative effect of supplementary cementitious additives concerning frost resistance is well
known, e.g., [59,60]. In this case, frost resistance could not be laboratory-confirmed during frost-testing,
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either. Testing was performed under intensified conditions without adding artificially entrained air
additionally to the air content shown in Table 6. Frost resistance was evaluated indirectly via reduction
in the bending flexural strength after 50 frost-thawing cycles in demineralized water. One frost-thawing
cycle takes 24 h, whereby the temperature is lowered from the initial temperature of 20 ◦C to −20 ◦C
within 12 h, then kept at −20 ◦C for 4 h and subsequently raised again to the initial temperature
within 8 h. Temperature measurement is performed in the center of the concrete test specimen.
Frost testing was performed after a period of 90 days of water curing at 150 x 150 x 600 mm samples.
The results are illustrated in Figure 10: Bending flexural strength decreases strongly after frost impact,
declining to a level between approx. 45 and 17% in the case of (1) CEM V/A (S-V) 32.5 R to less than
10%, indicating structural damage of the test specimen.

Figure 10. Bending flexural strength without and with frost impact evaluated after 90 days of water
curing (each value as mean value of 3 individual tests).

Additional optimization of pore structure (porosity is reduced by the additives) and mixing design
(high contents of additives increase the demand of water) will be necessary to improve frost resistance
of the tested admixtures to prevent structural degradation of the concrete. An opportunity was used to
build a concrete test track (washing station for trucks; Figure 11a,b) in a concrete factory in Austria
in an alpine region (+815 m above the Adriatic Sea) using cement type (1) CEM V/A (S-V) 32.5 R.
The concrete track itself is a horizontal structure experiencing a lot of water impact and mechanical
exposure to truck tires. In winter, the input of chlorides by the truck tires is also most likely.

  
(a) (b) 

Figure 11. Test track construction using (1) CEM V/A (S-V) 32.5 R using a cement content of 400 kg/m3

and a water-binder ratio of 0.45 during (a) concreting work and (b) after finishing the construction.
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Considering the results from Figure 10, the mixture was adapted as the following: Cement content
was increased to 400 kg/m3, water-binder ratio was 0.45, and plastifying admixture was added to reach
a flow consistency of F3 to F4 according to [57], additionally using an air-entraining admixture to reach
5% of air content. The practical realization went well and the concrete structure showed no sign of
damage after winter 2019/2020, imposing at least 25 frost-thawing-cycles, implying the frost resistance
of the applied concrete mixture.

Permeability of the various concrete mixtures was tested via water pressure impact. Pressure testing
was conducted for concrete cubes after 90 days of water curing at 20 ± 1 ◦C and at atmospheric pressure
according to [61]. Pressure testing was done at a water pressure of 500 kPa for the duration of 72 h.
Afterward, the maximum depth of penetration was measured in millimeters. Water penetration depths
for the different concrete mixtures with different CEM V-cements are illustrated in Figure 12.

Figure 12. Water penetration depth (in mm) after water pressure test (each value as mean value of
3 individual tests).

As evident from Figure 8, water penetration lies in the range of 16 to 23 mm, whereby the water
penetration was reduced by using the slag-pozzolanic cements. Especially, cement type (4) CEM V/B
(S-P) 32.5 N shows a strongly reduced water penetration.

4. Concrete Applying Recycled Aggregate and Slag-Pozzolanic Cement

4.1. General

A new ecological approach was applied by merging the slag-pozzolanic cements with recycled
rock aggregate from tunnel driving to maximize the environmental sustainability. For this reason,
basic material characteristics were determined for a filling concrete mixture using three different
rock types from excavation and a structural concrete mixture using aggregate from calcareous schist
to evaluate the performance of the combination of CEM V cements and recycled rock material.
Detailed information on the rock characteristics are given in [28,62,63].

4.2. Concrete Mixtures and Mechanical Characterization

4.2.1. Tentative Testing

The concrete mix for filling concrete without requirements of concrete exposure classes according
to [57], using CEM V cement types as binder and recycled aggregate from tunneling as aggregate,
applies a low cement level of 220 kg per m3 of concrete, and the water-binder ratio was set at 0.55
to reach a flow spread of approx. 45 mm (consistency class F3 according to [57]). Maximum grain
size was 31.5 mm, whereby for the grain fraction of 0–4 mm, standard quartz sand was used (to
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keep the water demand of the mixture at a manageable level concerning workability of the fresh
concrete, because the high mica content of the finer fractions of recycled aggregates would increase
water demand of the fresh concrete mix, see [28]), while fractions 4/8, 8/16, and 16/31.5 mm were
produced from recycled rock material.

Three different types of aggregate were used from the tunnel driving of the Brenner Base Tunnel
to determine the 28 day compressive strength (after 7 days of water storage and subsequent air storage
at 20 ± 1◦C until 28 days of concrete age; Figure 13):

- Quartz phyllite (quartz phyllite of Innsbruck), characterized by its layered appearance and
high-sheet silicate layers showing low to moderate rock strength.

- Calcareous schists (Bündner Schist), fine- to medium-grained, parallel-aligned structure consisting
of mica-rich schist layers and layers mainly made of quartz and calcite showing mediocre
rock strength.

- Gneiss (central Gneiss), medium- to coarse-grained orthogneiss with granoblastic texture and
high rock strength.

Figure 13. Compressive strength of various concrete mixtures varying cement and aggregate type
(each value as mean value of 3 individual tests) after 28 days.

Figure 9 confirms the trend illustrated in Figure 6 (CEM V/B cement types show the lowest strength
development after 28 days of curing time), additionally demonstrating the influence of the aggregate
type: Quartz phyllite aggregate shows the lowest, calcareous schists aggregate shows mediocre,
and gneiss aggregate shows the highest compressive strength due to rock characteristics, cf. [28].

4.2.2. Inner Lining Concrete

In order to use concrete with slag-pozzolanic binder and recycled aggregate, a concrete strength
level of at least 50 N/mm2 and a low permeability were defined as the crucial requirements. As calcareous
schists are quantitatively dominant at the Brenner Base tunnel, cf. [28], concrete testing was performed
using standard quartz aggregate for the grain fraction 0/4 mm and calcareous schists for 4/8, 8/16,
and 16/31.5 mm. Cement content using (2) CEM V/B (S-V) 32.5 N was increased to a level of 330 kg
per m3 of fresh concrete, and the water-binder-ratio was set to 0.52. Superplasticizer was used to
reach a flow spread of class F4 according to [57]. Test specimens were stored for 7 days under water
with subsequent air storage until 28 days of concrete age. Fresh and hardened concrete properties
are illustrated in Table 7, whereby fracture energy GF was determined by the cut-through-tensile
splitting test.
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Table 7. Concrete properties of (1) CEM V/A (S-V) 32.5 R cement type and calcareous schist aggregate.

Fresh Concrete Density
[kg/m3]

Flow Spread
[cm]

Air Content
[Vol.%]

Hardened Concrete
Density [kg/m3]

Compressive
Strength fc

[N/mm2]

Bending Flexural
Strength fct

[N/mm2]

Fracture Energy
GF [N/m]

2411 55 (F4) 2.5 2376 54.7 4.6 2.5

The results from Table 7 show encouraging results concerning basic mechanical properties of
the concrete composition, achieving good concrete density and workability of the fresh concrete, as well
as a good strength level reaching concrete strength class C40/50 according to [57]. Figure 14 illustrates
a concrete cube specimen after compressive strength testing.

 

Figure 14. Concrete cube test specimen after compressive strength testing according to Table 7.

Water penetration testing was performed according to [64] with an initial water pressure of
175 kPa for the first three days, subsequently increasing the water pressure to 700 kPa up to the 14th
day. A water penetration depth of 19 mm could be determined, demonstrating a very low permeability
comparable to the findings illustrated in Figure 8.

5. Summary and Conclusions

Cement production has a major contribution to global CO2 emission. Composite cements with
a partial substitution of CO2-intensive clinker by additives, like slag, fly ash, or pozzolana, are a promising
approach to make cement manufacture more environmentally friendly, reducing the CO2-impact by up to
two-thirds. In this research, slag-pozzolanic cements (CEM V) were produced and evaluated regarding
their composition and characteristics. To evaluate their performance as binder, various concrete admixtures
were produced and tested, whereby the mechanical properties regarding strength and durability were
of central importance. In order to further increase the life cycle assessment of concrete using CEM
V cements with slag-pozzolanic additives, conventional aggregate was partly exchanged by recycled
rock aggregate originating from tunnel driving of the Brenner Base Tunnel. The results obtained in this
research could encourage both the national standardization and the cement/construction industry for
future applications because of its environmental, economic, and durability characteristics. In the course of
this work, the following conclusions could be drawn:

- Cementitious constituents were compared, whereby natural pozzolana zeolite (P) showed
the highest SiO2 content, and natural pozzolana zeolite (P) also demonstrated the highest
pozzolanic activity compared to fly ash (FA) and blast furnace slag (S).
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- The CaO content (crucial with regard to ECO2-generation) of the manufactured CEM V cement
types was considerably smaller compared to CEM I Portland cement.

- Individual CEM V types showed low slump values, indicating the need of superplasticizer to
obtain good workability.

- Natural pozzolana zeolite (P) indicated a low fresh mortar density due to the porous tectosilicate
structure, also containing a higher amount of air

- Compressive strength development was naturally behind CEM I cement types, whereby CEM
V/B cement types with a higher proportion of additives showed lower strength (approximately
20 to 30%) after 90 days of curing time, at which there were no major differences considering
bending tensile strength.

- Slag-pozzolanic cement types indicated high durability because of their lower porosity and
permeability compared to Portland cement.

- Considering concrete production, different CEM V cement types showed a higher demand for
superplasticizer to reach a good workability of fresh concrete; CEM V with natural pozzolana
zeolite (P) again showed a high air content and low fresh concrete density.

- Concrete compressive strength and bending tensile strength development corresponded to
the cement strength development.

- Water penetration of CEM V concrete admixtures was considerably smaller compared to
Portland cement.

- Frost resistance of CEM V concretes via reduction in the bending tensile strength after freezing
could not be verified in the laboratory, but could be verified at large scale using 400 kg of CEM V
cement per m3 fresh concrete and increasing the air content to 5%.

- Additional aggregate recycling was tested using different processed rock types from tunneling:
Mechanical characteristics, especially water permeability, are promising for the usability of such
concrete types.

In conclusion, it can be said that alternative cement types with reduced clinker content have their
legitimacy for many application areas regarding their special characteristics discussed in this paper.
Recycling of tunnel excavation material has already been proven at different construction projects
and works well considering the essential framework conditions. In both cases, there is often a lack of
experience impeding the practical implementation of these two alternatives.
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43. Bjegović, D.; Stirmer, N.; Serdar, M. Durability properties of concrete with blended cements. Mater. Corros.
2012, 63, 1087–1096. [CrossRef]

44. Asadollahfardi, G.; Yahyaei, B.; Salehi, A.M.; Ovesi, A. Effect of admixtures and supplementary cementitious
material on mechanical properties and durability of concrete. Civ. Eng. Des. 2020, 2, 3–11. [CrossRef]

45. ÖNORM B 4710-1: Concrete—Part 1: Specification, Performance, Production, Use and Conformity—Part 1: Rules
for the Implementation of ÖNORM EN 206-1 for Normal and Heavy Concrete; Edition 2018-01; Austrian Standards
International: Vienna, Austria, 2018.

46. DIN 1045-2: Concrete, Reinforced and Prestressed Concrete Structures—Part 2: Concrete-Specification, Proper-Ties,
Production and Conformity—Application Rules for DIN EN 206-1; Edition 2008-08; Construction committee of
the DIN: Berlin, Germany, 2008.

47. Janotka, I.; Bergmeister, K.; Voit, K.; Zeller, H.; Bagel, L.; Sevcik, P. Verification of Austrian and Slovak CEM
V(A,B) cement kinds for the use in structural concrete. In Proceedings of the International congress on
durability of concrete, Trondheim, Norway, 18–21 June 2012.

48. ÖNORM EN 196-5: Methods of Testing Cement—Part 5: Pozzolanicity Test for Pozzolanic Cement; Edition 2011-06;
Austrian Standards International: Vienna, Austria, 2011.

49. ENVIZEO: Nutzung der Ökozementsorten CEM V (A, B) Gemäß EN 197-1 in Konstruktionsbeton; Project report;
Janotka, I. (Ed.) Self-Published: Bratislava, Slovakia, 2013.

50. ÖNORM EN 196-1: Methods of Testing Cement—Part 1: Determination of Strength; Edition 2016-10;
Austrian Standards International: Vienna, Austria, 2016.

28



Appl. Sci. 2020, 10, 8307

51. ÖNORM EN 196-3: Methods of Testing Cement—Part 3: Determination of Setting Times and Soundness;
Edition 2017-01; Austrian Standards International: Vienna, Austria, 2017.

52. Dziuk, D.; Giergiczny, Z.; Sokołowski, M.; Puz, T. Concrete resistant to aggressive media using a composite
cement CEM V/A (S-V) 32.5 R—LH. In Underground Infrastructure of Urban Areas 2; CRC Press: Boca Raton,
FL, USA, 2011; Volume 2, pp. 12–21. [CrossRef]

53. Li, Y.-X.; Chen, Y.-M.; Wei, J.-X.; He, X.-Y.; Zhang, H.-T.; Zhang, W.-S. A study on the relationship between
porosity of the cement paste with mineral additives and compressive strength of mortar based on this paste.
Cem. Concr. Res. 2006, 36, 1740–1743. [CrossRef]

54. ASTM UOP578-02, Automated Pore Volume and Pore Size Distribution of Porous Substances by Mercury Porosimetry;
ASTM International: West Conshohocken, PA, USA, 2003.

55. ISO 15901-1: Evaluation of Pore Size Distribution and Porosity of Solid Materials by Mercury Porosimetry and
Gas Adsorption—Part 1: Mercury Porosimetry; International Organization for Standardization ISO: Geneva,
Switzerland, 2013.
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Abstract: The transport characteristics of waste glass powder incorporated self-compacting concrete
(SCC) for a number of different durability indicators are reported in this paper. SCC mixes were cast
at a water to binder ratio of 0.4 using glass powders with a mean particle size of 10, 20 and 40 μm
and at cement replacement levels of 20, 30 and 40%. The oxygen permeability, electrical resistivity,
porosity and chloride diffusivity were measured at different ages from 3 to 545 days of curing.
The amount and particle size of the incorporated waste glass powder was found to influence the
durability properties of SCC. The glass incorporated SCC mixes showed similar or better durability
characteristics compared to general purpose (GP) and fly ash mixes at similar cement replacement
level. A significant improvement in the transport properties of the glass SCC mixes was observed
beyond 90 days.

Keywords: glass powder; self-compacting concrete; durability

1. Introduction

The durability of concrete can be defined as its ability to resist weathering action, chemical attack,
abrasion and any other mechanism of deterioration while preserving its original form. The degree of
deterioration is strongly related to the resistance of the cover layer to transport mechanisms, such as
permeation, absorption, and diffusion of gas and liquid [1]. The use of supplementary cementitious
materials (SCMs) in concrete helps in increasing resistance towards most of the durability related issues.
The benefits of using silica fume, fly ash, slag and calcined clay has been widely demonstrated [2–6].
The use of waste glass powder as a potential SCM has also received significant interest in the last two
decades [4,7–9]. The early age compressive strength for concrete containing glass powder is generally
lower than the equivalent PC concrete. Similar strength values for glass powered concrete however
have been reported at 90 days for replacement levels of up to 30% [10–12]. Further grinding of the
glass powder can reduce the average particle size and help to offset the lower early age compressive
strength [10,13]. Increasing the fineness and proportion of glass powder however has been shown to
negatively affect the workability of the mix [14,15]. The irregular angular shape of the glass particles is
responsible for the increased water demand compared to PC mixes. Numerous studies have reported
the implications of using glass powder on the fresh and mechanical properties of concrete; however,
limited information is available on the durability performance of such concrete.

The rapid development in the infrastructure sector around the world is expected to increase
the demand for cement from current the levels of ~4 billion tonnes to ~6 billion tonnes by 2050 [16].
The large carbon footprint associated with the cement industry makes it imperative to develop
sustainable solutions that promote the judicious use of materials and increased service life of concrete
structures with minimal maintenance. The global supply of waste glass represents approximately ~3%
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(130 million tonnes) of the total cement consumption [17]. While this a relatively small proportion it
does provide a possible option for diverting a waste stream from land fill and may be of particular
benefit in areas that have limited supplies of more traditional SCMs such as fly ash, slag or silica fume.
Establishing the durability characteristics of glass powder therefore is imperative to ensure its usage in
the concrete industry together with the potential economic and environmental benefits.

Concrete containing glass powder is often investigated for susceptibility of alkali silica reaction
(ASR) due to the presence of high alkali contents associated with glass. Research has shown that
the ASR could be mitigated by using finely ground glass powder in concrete typically smaller than
75 μm [8,11,15,18]. Moreover, using glass powder as a replacement for cement could help in reducing
the deleterious expansion associated with ASR.

Shayan and Xu (2006) [15] measured the permeation characteristics of glass powder concrete mixes
using rapid chloride penetration test (RCPT). A lower chloride penetrability was reported for glass
mixes as compared to the control mix. Nassar and Soroushian (2012) [19] also reported lower total charge
passing through glass concrete. This property was attributed to the refined pore structure resulting
from the densification of microstructure due to the pozzolanic reaction of glass. Lee et al. (2018) [20]
however, reported higher RCPT value and higher chloride diffusion coefficient measured using NT
492 for concrete containing 20% glass powder at 28 days as compared to PC. The chloride diffusivity
of the glass powder mixes was found to decrease as the hydration progressed. Sales et al. (2017) [21]
showed a reduction in permeability and increase in electrical resistivity of mortars with an increase
in the cement replacement level for fine glass powder particles. Schwarz et al. (2008) [8] compared
the moisture transport properties of concrete containing fly ash and glass powder at 10% cement
replacement level. The glass powder modified concrete performed better than fly ash and control mix
at both early and later ages.

Although a number of researchers have studied the durability of glass powder concrete for a
wide spectrum of issues including ASR, abrasion and sulfate attack, limited information is available on
the effect of different fineness and replacement levels of glass powder on the transport properties in
concrete. In this study, the major durability indicators: porosity, permeability, resistivity, shrinkage
and chloride migration for glass powder incorporated concrete are investigated from 3 to 545 days of
curing. The durability indicators provide a practical way to identify the likely performance of glass
powder containing SCC [22,23].

2. Methodology and Experiments

2.1. Materials

Crushed waste glass bottles were supplied by the Glass Packing Forum. The coarse crushed glass
(G) was thoroughly cleaned and subsequently ground in a ball mill to a mean particle size of 10 μm
(10G), 20 μm (20G) and 40 μm (40G). General purpose (GP) Portland cement conforming to ASTM
Type II and two different fly ashes one belonging each to Class C (FAC) and Class F (FAF) were used in
the study. The chemical composition of raw materials measured using X-ray fluorescence (XRF) is
given in Table 1. Rounded alluvial Greywacke sandstone was used as the fine and coarse aggregate
(sand fineness modulus (FM) = 2.7, coarse aggregate maximum aggregate size of 13 mm). The particle
size grading of the aggregates is summarized in Table 2.
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Table 1. Chemical composition of raw materials (%/100 g).

GP G FAF FAC

SiO2 20.76 70.35 49.87 39.77
Al2O3 3.54 2.01 21.88 16.96
Fe2O3 2.06 1.59 7.78 7.29
CaO 62.46 10.95 8.91 23.06
MgO 0.88 0.56 2.54 2.80
SO3 4.00 - 1.50 2.50
K2O 0.49 0.58 1.20 0.49

Na2O 0.24 12.88 0.50 1.91
TiO2 0.19 0.09 1.04 1.21
P2O5 0.16 0.03 0.20 0.29
MnO 0.07 0.08 0.06 0.05
LOI 4.54 0.90 3.31 4.02

Table 2. Particle size grading of fine and coarse aggregates.

Sieve Size (mm) 19.0 13.2 9.5 4.75 2.36 1.18 0.60 0.30 0.15 0.075

Fine Aggregate (% Passing) - - - 96 75 60 51 33 8 2
Coarse Aggregate (% Passing) 100 93 48 1 - - - - - -

2.2. Sample Preparation

A total of 8 different self-compacting concrete (SCC) mixes were investigated in this study at a
water to binder ratio of 0.4. A polycarboxylic ether-based superplasticizer was used to achieve the
target flow of 700 +/− 50 mm for the SCC mixes. The raw materials were dry mixed in a 90 L orbital
pan mixer for two minutes. Approximately 80% of the required water was added over a period of
one minute while mixing. The remaining 20% of water, which was premixed with super plasticizer,
was then added to the mixer. After the addition of all the water and superplasticizer, the material was
mixed for an additional 3 to 5 min. The high binder content helped to prevent segregation of the control
mix, while the use of glass powder and fly ash further aided in the stability of the mix such that viscosity
modifiers or stabilizing admixtures were not required for any of the mixes. The superplasticizer dosage
was varied to ensure a consistent spread for each mix. Cylindrical specimens of 100 mm diameter and
200 mm height were cast for durability testing and prisms of 75 × 75 × 280 mm were cast to measure
the drying shrinkage of concrete. After casting, the samples were placed in a temperature control room
maintained at 20 ◦C and 65% relative humidity for 24 h. Thereafter, the specimens were demolded and
cured in lime saturated water until the age of testing. Table 3 shows the mix design details. The GP,
FAF30% and FAC30% were the control mixes for comparison with the glass powder (G) SCC mixes.

Table 3. Details of mix proportion and concrete mix design.

Type
Proportion Binder (kg/m3) Aggregate (kg/m3)

Water(kg/m3)
GP FAF/FAC G GP FA G Fine Coarse

GP 1.00 - - 450 - - 900 850 180
FAF30% 0.70 0.30 - 315 135 - 900 850 180
FAC30% 0.70 0.30 - 315 135 - 900 850 180
10G30% 0.70 - 0.30 315 - 135 900 850 180
20G20% 0.80 - 0.20 360 - 90 900 850 180
20G30% 0.70 - 0.30 315 - 135 900 850 180
20G40% 0.60 - 0.40 270 - 180 900 850 180
40G30% 0.70 - 0.30 315 - 135 900 850 180
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2.3. Experiments

2.3.1. Drying Shrinkage Test

Drying shrinkage of concrete was determined in accordance with ASTM C157 (2010) [24], which
consists of measuring the drying shrinkage of prismatic specimens, having dimensions of 75 mm ×
75 mm × 280 mm, subject to a controlled drying environment. The specimens were removed from
the curing tank at the age of 7-days after casting. Immediately after removing the specimens and
wiping their surfaces dry, they were placed in the comparator. Afterward the initial measurement
all the specimens were placed in the drying room at a temperature of 23 ◦C and relative humidity of
50%. Drying shrinkage measurements of three replicate specimens were taken at 7, 14, 28, 56, 90 and
180 days of air-drying and an average value of drying shrinkage in micro-strain was reported for each
drying age. The shrinkage data provides an indication of long-term cracking risk, which could directly
influence the transport characteristics through concrete.

2.3.2. Oxygen Permeability Test

The ease of movement of fluids through a porous structure under an externally applied pressure
can be determined from the permeability test. The oxygen permeability test in this study was carried
out as described in [25]. This test method measures the pressure decay of oxygen passing through a
core of concrete placed in a falling head permeameter. Two 25 mm thick cores were cut from the centre
section of two SCC cylinders to obtain a total or 4 sample cores for testing. These slices were kept in an
oven at 50 ◦C for drying until their weight became constant, as suggested in ASTM C642 (2008) [26].
The oven-dried specimens were subjected initially to oxygen at a pressure of 100 kPa and the pressure
decay with time was monitored. The test was automated by using pressure transducers attached
to the data logger and was continued for either 8 h or until pressure dropped to 50 kPa, whichever
approached first. The coefficient of permeability was calculated by conducting a linear regression
analysis on the best-fit line achieved by plotting values of ln(Po/Pt) against t, where Po is initial pressure
reading at the start of the test, and Pt are subsequent pressure readings at times ‘t’ measured from
the time of reading of initial pressure. Four specimens were used to measure coefficients of oxygen
permeability at the curing ages of 3, 7, 28, 90, 180, 365 and 545 days and an average value for each
curing age was reported.

2.3.3. Porosity

In this study, same specimens used for the oxygen permeability test were also used for porosity
measurement. After the end of the permeability test, the specimens were vacuum saturated in tap
water and the volume of permeable voids was found according to the procedure described in ASTM
C642 (2008) [26].

2.3.4. Electrical Resistivity Test

Resistivity test provides a rapid indication of the likely resistance of concrete to the penetration
of chloride ions and the likely subsequent rate of corrosion. This test method consists of measuring
the electrical current passed through 25 mm thick slices extracted from concrete cylinders. The same
specimens used for oxygen permeability and porosity tests were used to perform the resistivity
measurements. The disc specimens were placed between two parallel stainless steel plates. Sponges
saturated with 5M NaCl was used to make electrical contact between concrete disks and steel plates.
An alternating current was applied across the specimen and the voltage was measured.

2.3.5. Bulk Diffusion Test

The apparent chloride diffusion coefficient was determined by bulk diffusion conforming to
ASTM C1556. Two samples with a thickness of 75 mm were sliced from all cast cylinders at ages of
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28, 90, 180, 365 and 545 days. The sides and bottom of the test specimens were sealed with an epoxy
coating leaving one concrete end face exposed. The sealed specimens were vacuum-saturated in a
calcium hydroxide solution, rinsed with tap water, and placed in a sodium chloride solution (165 g/L
of NaCl) for at least 35-days. When the exposure time was over, the test specimens were removed from
the sodium chloride solution and ten thin layers from 0 mm to 20 mm (2 mm each) were ground off
parallel to the exposed face of the specimens. Then, the acid-soluble chloride content of 4 gm sample
obtained from each layer was determined. The apparent chloride diffusion coefficients was calculated
using Fick’s law as described in ASTM C1556.

3. Results

3.1. Compressive Strength

The compressive strength results for different mixes from 28 to 545 days, along with the T500 times,
are summarized in Table 4. The early age compressive strength for all the fly ash and glass powder
mixes were lower than the GP control. The 20G30% and 20G40% replacement levels together with
the 40G30% replacement had the three lowest 28 day strengths with values between 43 and 47 MPa.
As hydration continued the gap between the GP control and FA and glass powder mixes narrowed.
The glass powder mixes shows the slowest strength development taking more than one year time
to attain similar strength values. In particular, the glass powder mixes with the largest particle size
were the slowest to gain strength. Figure 1 shows the compressive strength of mixes normalized with
respect to GP mix at the respective age. The continued strength development is attributed to the
formation of C-S-H arising from the pozzolanic activity of glass powder. The observations show the
importance of long-term investigation for such binder systems that have slower pozzolanic activity.
Similar, compressive strength characteristics have been reported for glass powder concrete mixes in
literature [11,27,28].

Table 4. Compressive strength (MPa) at different ages and flow time (Sec).

Compressive Strength at Age (Days) T500

28 90 180 365 545

GP 65.2 74.8 84.6 89.9 94.5 5.5
FAF30% 49.6 72.2 75.8 81.6 92.8 3.1
FAC30% 68.8 72.7 80.4 92.3 100.6 4.0
10G30% 59.5 66.4 71.1 75.0 91.8 4.0
20G20% 62.5 66.6 71.8 76.3 96.3 3.8
20G30% 43.5 55.5 62.7 72.5 83.3 4.2
20G40% 46.4 51.8 53.3 58.9 79.5 4.9
40G30% 45.8 51.3 55.2 62.0 75.9 4.8

The fresh properties of concrete can have a significant impact up on the long-term durability
of a structure. The presence of voids, as a result of compaction difficulties for instance, can be just
as important as either the type of binder or w/c ratio. The primary goal of this investigation was to
examine the effects of different glass powder replacement levels on the durability properties of the
concrete. As such, the target flow for all the mixes was set at 700 mm and the amount of superplasticizer
was allowed to vary to maintain the flow and minimize differences in the workability. It can be
seen from the T500 times reported in Table 4, that there was relatively little variation with the times
ranging from 3.1 s (FAF30%) to 5.5 s (GP) with most of the glass powder mixes between 4 and 5 s.
The differences between either the yield shear stress as indicated by slump flow (700 mm) or plastic
viscosity as indicated by T500 for the different mixes therefore were relatively small.
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Figure 1. Relative strength of mixes normalized with respect to general purpose (GP) mix at the
respective age.

3.2. Drying Shrinkage

Drying shrinkage of concrete is characterized by the time-dependent volume decrease due to
moisture migration and transfer when exposed to a relatively lower humidity environment. Figure 2
shows the drying shrinkage strain of the control mixes and glass powder mixes at 30% replacement
level for different particle size. GP concrete mix showed higher shrinkage measurements compared to
the fly ash and glass powder SCC mixes. The finer pore structure and consumption of larger quantity
of water in the pozzolanic reaction could reduce the evaporation of water due to drying. Mehdipour
et al. (2018) [29] reported a larger transformation of free water to bound water in cement binders
containing SCMs and hence a subsequent reduction in drying shrinkage due to the lower availability
of water for evaporation. The drying shrinkage of glass mixes decreased as the glass particle size
became finer, which can be related to the denser microstructure of concrete due to the presence of
finer glass, which suppressed drying shrinkage. The 40G30% mix showed higher drying shrinkage
compared to fly ash or the finer particle size glass powder mixes. The higher dry shrinkage could be
due to overall higher porosity (Section 3.3) of the concrete because of the slower pozzolanic reaction of
the coarser glass particles leading to a greater evaporation of water.

Figure 3 shows the drying shrinkage strain of the mixes at different glass powder replacement
level. The shrinkage strain was found to increase with an increase in the replacement level. However,
the drying shrinkage of 20G40% was similar to GP at 180 days. The higher permeable void volume
and lower consumption of water in the hydration process at the higher replacement level could be
the reason for higher shrinkage. Shayan and Xu [15] also reported an increase in drying shrinkage
strain with increase in glass replacement level. Overall the results indicate the glass powder SCC
mixes produced acceptable drying shrinkage values, below 0.075% after 56-days drying and met the
requirements of the Australian Standard AS 3600 [30].
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Figure 2. Drying shrinkage of self-compacting concrete (SCC) mixes at 30% cement replacement (these
figures show drying time not age and the initial point needs to start at zero days).
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Figure 3. Drying shrinkage of SCC mixes containing glass powder with 20 μm particle size at different
replacement levels.

3.3. Oxygen Permeability

Figure 4 shows the oxygen permeability coefficient for the SCC mixes at different curing ages.
The GP concrete showed the highest permeability coefficient at all the ages. The permeability coefficient
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of fly ash concrete mixes were similar to GP concrete at 3 and 7 days, however, thereafter the
permeability coefficient continued to reduce for the fly ash mixes as hydration progressed whereas
the change in GP concrete was minimal. The lower permeability for fly ash mixes is associated with
refinement in pore structure due to the pozzolanic reaction, which in turn increases the tortuosity of
the network and thus hinders the free movement of the fluid [31,32]. The coefficient of permeability for
glass powder mixes at the same replacement level was seen to be affected by their particle size. A lower
resistance to gaseous permeation was observed for the coarser glass powder mixes. Similar to fly ash
mixes, the permeability coefficient continued to reduce with time. Moreover, due to the long-term
nature of the pozzolanic reaction, the advantages associated with glass replacement were more obvious
after a long period of curing. The 10G30% and 20G30% both showed lower permeability coefficients
compared to FAF30%. The finer particle size of glass powder helps in substantial pore refinement and
hence creating an impermeable and denser microstructure [33]. In addition, the impervious nature of
glass particle could also help in reducing the permeability. The 40G30% had a higher permeability as
compared to GP at early ages (3, 7 and 28 days), however, the permeability coefficient reduced with
progress in hydration. This shows that for coarser particle size, glass powder takes longer for the
pozzolanic reaction to progress, which is also evident from the compressive strength data. Sales et al.
(2017) [21] also reported similar observations of a reduction in oxygen permeability for mortar samples
comprising of glass powder. Chaid et al. (2014) 33 attributed the reason for lower permeability in glass
powder concrete to the formation of a denser microstructure. In line with the above results, Figure 5
shows the effect of glass replacement level on the permeability coefficient. The lower the replacement
level the greater was the permeation resistance. The 20G40% mix exhibited a higher permeability
than FAF30% until 365 days, however it showed similar value at 545 days, implying glass powder
mixes even at higher replacement level could achieve similar or better transport characteristics in the
long run.
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Figure 4. Coefficient of permeability SCC mixes at 30% cement replacement.

The results of the oxygen permeability against compressive strength for the different mixes
is provided in Figure 6. For same compressive strength concrete, lower permeability values were
observed for glass mixes irrespective of their fineness and replacement level as compared to either
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the GP or FAC30% mixes. It is well known that the compressive strength is not a good predictor of
durability performance particularly when comparing different binder types [34,35]. The compressive
strength however can provide an indication of likely relatively performance when comparing concrete
with the same general mix design. A correlation of 0.82 was obtained for power based relationship
between compressive strength and permeability for glass mixes (K = 2.18 × 10−9 f−1.33

c ).
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Figure 5. Coefficient of permeability of SCC mixes containing glass powder with 20 μm particle size at
different replacement levels.
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SCC mixes.
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3.4. Porosity

The void content of concrete measured using water absorption test is one of the most common
indicators used for assessing the durability of concrete. Figures 7 and 8 show the measured porosity
for concrete mixes at different ages. The porosity reduced with continued hydration for in all the
concrete mixes. The 10G30% SCC mix demonstrated a lower porosity as compared to other glass
mixes at similar replacement level as well as the control mixes. Along with the pozzolanic reaction
that assisted in the refinement of pore structure, the finer particle size of glass powder could help
to improve particle packing in the system, which resulted in a denser and less porous concrete [19].
The findings signify the importance of particle size distribution as the presence of finer particles in
the spaces between larger particles also acts to ‘refine’ the porosity. The porosity of 40G30% concrete
mix was similar to GP despite having lower compressive strength. This implies that the pozzolanic
reaction lead to precipitation of hydrates in the capillary pores which restricted the free movement of
water. The volume of permeable voids increased with an increase in the glass content. The similar
porosity values of 20G40% and 40G30% across ages show that the properties of concrete mixes with at
higher replacement level of cement with glass powder could be maintained by varying the fineness
of the glass powder. Shayan and Xu (2006) [15] reported similar results of an increase in volume of
permeable voids with an increase in the glass powder content. Conversely, Du and Tan (2017) [36]
showed a minimal change in porosity for up to 30% cement replacement level with glass powder,
however beyond this replacement level an increase in porosity was reported as observed in 20G40%
mix. A nonlinear inverse relationship was observed between coefficient of permeability and porosity
as shown in Figure 9.

As the porosity of the concrete increased the permeability of the concrete also increased. As with
the use of compressive strength as an indicator for durability, comparisons of overall porosity can
sometimes be misleading. A single total porosity number does not provide the pore size distribution
or tortuosity of the pore structure. As seen in Figure 9 a porosity of 9% would results in a coefficient of
permeability of approximately 2 × 10−11 for the GP binder system, while the glass mixes were closer to
1 × 10−11.
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Figure 7. Porosity of SCC mixes at 30% cement replacement at different ages.
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Figure 8. Porosity of SCC mixes containing glass powder with 20 μm particle size at different
replacement levels.

 

6 7 8 9 10 11 12 13 14
0

1x10-11

2x10-11

3x10-11

4x10-11

5x10-11

 GP
 FAF30%
 FAC30%
 10G30%
 20G20%
 20G30%
 20G40%
 40G30%

C
oe

ffi
ci

en
t o

f p
er

m
ea

bi
lit

y 
(m

/s
)

Porosity (%)

Figure 9. Relationship between coefficient of permeability and porosity.

3.5. Resistivity

The determination of concrete electrical resistivity has become an important technique in the
evaluation of risk of corrosion associated with concrete structures [37,38]. The resistivity of concrete is
affected by numerous factors such as pore solution composition, degree of hydration, pore structure,
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moisture content and temperature [39]. Figure 10 compares the resistivity of control mixes and
glass powder mixes at 30% replacement. In agreement with the permeability and porosity results,
the electrical resistivity of all the SCC mixes increased with curing age. The increase in resistivity is
due to the continuous evolution of pore structure parameters due to hydration. The permeable void
space reduced due to the precipitation of the hydration products in the capillary space, which hinder
the mobility of ions, thereby resulting in an increase in resistivity of concrete. Carsana et al. (2014) [27]
reported six times lower resistivity for glass powder mortar as compared to GP.
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Figure 10. Electrical resistivity of SCC mixes at 30% cement replacement at different ages.

The replacement of cement with fly ash and glass powder resulted in an increase in electrical
resistivity. The electrical resistivity of SCC containing glass powder increased as the glass particle size
became finer. A comparison of FAF30% and 20G30%, with both having a similar particle size, showed
higher electrical resistivity in glass powder containing mixes. Figure 11 shows a reduction in electrical
resistivity of with increase in glass replacement level. However, even at 40% replacement 20G40%
showed better electrical resistance as compared to PC.

The higher resistance towards flow of ions in SCM incorporated concrete is generally attributed to
a finer pore structure due to their pozzolanic reaction. A smaller threshold pore diameter has been
reporter for glass powder mixes containing up to 45% cement replacement compared to GP cement
using MIP measurement techniques [36]. The smaller the threshold pore diameter, the more tortuous
is the microstructure, which directly hinders the movement of ions. It should be noted, however,
that the resistivity of the concrete is also affected by the composition of the pore solution and the
pore solution composition of the concrete varies with w/c ratio, the degree of hydration, and use of
SCMs [38–40]. Nevertheless, changes in the pore structure of the concrete are generally considered to
have a greater effect on the measured electrical resistivity than changes in the pore solution composition
and concentration [40]. The permeability measurements, which are not dependent on the pore solution,
showed a similar behavior, implying the higher resistance offered in glass powder SCC is primarily due
to pore structure modification. Evaluation of the pore solution at the various replacement levels would
need to be conducted to accurately separate the contribution of the refinement in the pore structure
from any modification to the pore solution composition.
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The electrical resistivity and porosity values of SCC mixes at different ages are compared in
Figure 12. An inverse relationship was observed between the two indicators. As expected the higher
the porosity the lower was the electrical resistivity offer by the concrete. It is interesting to note that for
the electrical resistivity vs. porosity all the mixes seemed to show reasonably good agreement unlike
the permeability vs. strength comparison or the permeability vs. porosity comparison where the GP
samples clearly showed a difference in behavior.
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Figure 11. Electrical resistivity of SCC mixes containing glass powder with 20 μm particle size at
different replacement levels.
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3.6. Chloride Diffusion Coefficient

The apparent chloride diffusion measured at the curing ages of 28, 90, 180, 365 and 545 days
for control mixes and 30% glass powder SCC mixes are shown in Figure 13, while the results for the
different levels of glass replacement are provide in Figure 14. The GP concrete showed the highest
chloride diffusion coefficient among all mixes. The fly ash and glass powder mixes showed lower
diffusion coefficient than GP at 28 days and continued to decrease with curing age. Du and Tan
(2017) [36] reported a reduction of 90% in the chloride diffusion coefficient for 30% glass powder
incorporated concrete as compared to GP control. The denser microstructure accompanied with refined
pores and lower connectivity contribute to the reduce diffusivity. Kamali and Ghahremaninezhad
(2015) [28] also reported a reduction in chloride penetrability with increase in glass powder content
in concrete. The time-dependent changes in diffusion coefficient due to continued hydration is often
represented by diffusion decay index (m) or ageing factor. Taking 28 days diffusion coefficient as
reference, the diffusion decay coefficient was calculated at the ages 90, 180, 365 and 545 using the
following equation:

Dt

Dre f
=

( tre f

t

)m

where Dt (m2/s) is the diffusion coefficient at time t (days), Dre f (m2/s) is the diffusion coefficient at tre f
28 days.
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Figure 13. Chloride diffusion coefficient of SCC mixes at 30% cement replacement at different ages.
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Figure 14. Chloride diffusion coefficient of SCC mixes containing glass powder with 20μm particle size
at different replacement levels.

The average diffusion decay index across all ages for different mixes are given in Table 5.
The diffusion decay index values of glass powder mixes are larger than those for the fly ash mixes.
The decay index of 40G30% and 20G40% are similar to FAF30% indicating glass powder could bring
similar changes in the pore structure that restricts the movement of chloride ions even with coarser
particle size and higher replacement level. The higher ageing factor values for glass SCC mixes could
improve the service life of structure subjected to chloride-induced corrosion.

Table 5. Diffusion decay index for different SCC mixes.

Mix Diffusion Decay Index m

GP 0.16
FAF30% 0.38
FAC30% 0.34
10G30% 0.47
20G20% 0.56
20G30% 0.42
20G40% 0.32
40G30% 0.34

A good correlation was observed between chloride diffusion coefficient and electrical resistivity
(Figure 15). From the results, it can be inferred that electrical resistivity provides a reasonable estimate
of the diffusion coefficient value, which is easier to perform and much faster. As with the strength vs.
permeability comparison, the chloride diffusion coefficient vs. resistivity relationship is most accurate
when evaluating similar mix deign compositions. Where prequalification of mixes for use in marine
construction applications is conducted based on bulk chloride diffusion testing, the resistivity testing
may provide a good indication of individual batch performance for SCC containing glass powder.
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Figure 15. Relation between electrical resistivity and chloride diffusion coefficient.

The results from chloride diffusion coefficient and the time dependent decay coefficient “m” were
in good agreement with the previous durability index tests of porosity, permeability and resistivity,
such that there was a decrease in measured performance with an increase in the glass particle size
and replacement level. The replacement of 20% glass powder resulted in the lowest chloride diffusion
coefficient even below that of the finer glass powder at 30% replacement levels. Some percentage of
glass powder is clearly necessary to refine the pore structure of the concrete, but additions beyond
20% appear to be less effective. The beneficial effect of having a more finely ground glass powder was
observed at the 30% replacement level, but no data was available in this study beyond this level for the
most finely ground powder. It is likely that there is improved performance below a 30% replacement,
with a more finely ground glass powder, however further work is needed to identify the optimal binder
replacement level and powder size.

Comparison of Service-Life in Chloride Exposure Condition

In order to understand the effect of the higher diffusion decay index of glass powder concrete
mixes, the service-life in terms of corrosion initiation time was predicted using Life 365® software [41].
A concrete cover depth of 50 mm, a threshold concentration of 0.05% (by mass of concrete) and a marine
splash zone environment were used to estimate the time until de-passivation of the steel. The diffusion
coefficient (D28) and diffusion decay coefficient (m) obtained from the reported experiments were also
used in the model. Figure 16 shows the predicted time for the initiation of corrosion for the different
concrete mixes. A distinct advantage in terms of increased time until corrosion initiation was observed
for glass powder containing mixes. The predicted service-life for glass powder concrete mixes is
greater than GP concrete irrespective of the particle size of the glass powder or the replacement levels.
At a similar replacement level of 30%, an increase of approximately 2 to 3.5 times the service-life is
observed for glass powder concrete mixes (10G30% and 20G30%) compared to FAF30%. A further
comparison of the effect of different binder replacement levels and types on the time to initiation is
provided in Table 6 for chloride thresholds levels of 0.1% and reinforcement covers of 75 mm.
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Figure 16. Comparison of corrosion initiation time for different concrete mixes.

Table 6. Comparison of time to corrosion initiation for different binder replacement levels, covers and
threshold concentrations.

OPC FAF30% 10G30% 20G20% 20G30% 20G40% 40G30%

Cover (75), Ct (0.1) 8 47.3 143.7 150+ 87.8 25.6 34.9
Cover (75), Ct (0.05) 5.4 28.5 91.8 136.3 54.9 15 20.6
Cover (50), Ct (0.1) 3.7 16.6 57.7 86.3 33.4 9.3 12.3
Cover (50), Ct (0.05) 2.37 9.9 33.6 55 18.5 5.7 7.4

The service life of real structures is affected by numerous variables. As previously noted the
workability of the concrete in the fresh state can influence the degree of compaction and thereby the
permeability of the concrete. The binder type, w/c ratio and level of curing are additional parameters
that can all dramatically affect the quality of the cover concrete and the overall service life. In addition
to the material and construction components, the site specific exposure condition is another crucial
component. While a chloride threshold concentration of 0.05% and 0.1% by mass of concrete were
used in this example, the actual chloride threshold concentration (Ct) can vary significantly even
in the same structure as the use of a single chloride threshold value may not be appropriate for
estimate actual performance. The example was intended for illustrative purposed to show the potential
impact of glass powder on the durability of reinforced concrete structures assuming all other variables
remained constant.

The wide range of tests carried out to corroborate the usage of glass powder as cement replacement
shows promising results. The durability indicators (porosity, resistivity and oxygen permeability) of
glass SCC mixes all indicate excellent durability according to the classification developed by Alexander
et al. [22,23]. The results show that by optimizing the glass powder properties and replacement level
durable concrete with mechanical and durable performance better than GP and fly ash mixes can be
obtained. The usage of waste glass powder could bring positive economic and environmental benefits
for concrete construction applications.

4. Conclusions

This study presented an overview of the influence of glass powder particle size and replacement
level on the durability indicators for self-compacting concrete. Oxygen permeability, porosity, electrical
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resistivity, chloride diffusivity and drying shrinkage of glass modified SCC were compared with GP
and fly ash mixes. The main findings from the study can be summarized as follows:

• The amount and particle size of incorporated waste glass has a significant influence on the
mechanical and durability properties of SCC. Glass powder replacement level of 20–30% showed
better performance as compared to fly ash and GP mixes. Moreover, the filling effect of
small-sized glass particles results in improved particle packing, forming a denser and less
permeable microstructure.

• The lower shrinkage strains for glass powder concrete mixes will help reduce the risk of cracking
associated with long-term drying. The drying shrinkage values of all waste glass incorporating
mixes, irrespective of their fineness and content, were below 0.075% after 56-days drying and met
the requirements of the Australian Standard AS 3600.

• The lower oxygen permeability and chloride diffusion coefficient along with high electrical
resistivity of glass incorporated SCC mixes confirms a refinement of pore structure due to
pozzolanic reaction leading to increase in tortuosity and thereby inhibiting free movement of ions.

• The higher ageing coefficients for the glass powder mixes as compared to GP and fly ash mixes
indicate continuous evolution and refinement of the pore structure, which results in better
long-term transport performance of the binder system and considerable extension in terms of
service-life for concrete exposed to marine environment.
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Abstract: The circular economy is an economic model of production and consumption that involves
reusing, repairing, refurbishing, and recycling materials after their service life. The use of waste as
secondary raw materials is one of the actions to establish this model. Construction and demolition
waste (CDW) constitute one of the most important waste streams in Europe due to its high production
rate per capita. Aggregates from these recycling operations are usually used in products with low
mechanical requirements in the construction sector. In addition, the incorporation of photocatalytic
materials in construction has emerged as a promising technology to develop products with special
properties such as air decontamination. This research aims to study the decontaminating behavior of
mortars manufactured with the maximum amount of mixed recycled sand without affecting their
mechanical properties or durability. For this, two families of mortars were produced, one consisting of
traditional Portland cement and the other of photocatalytic cement, each with four replacement rates
of natural sand by mixed recycled sand from CDW. Mechanical and durability properties, as well as
decontaminating capacity, were evaluated for these mortars. The results show adequate mechanical
behavior, despite the incorporation of mixed recycled sand, and improved decontaminating capacity
by means of NOx reduction capacity.

Keywords: recycled aggregates; recycled mortar; construction and demolition waste;
decontaminating; photocatalysis

1. Introduction

A current environmental challenge is to optimize natural resources. For this, minimizing and
recovering waste materials are essential from a productive point of view of the main economic sectors.
The circular economy model is a sustainable production strategy where the reuse of waste as secondary
raw materials is underlined, achieving comprehensive management of waste materials [1]. So, the
circular economy concept describes a cyclical system in which economic and environmental aspects
are integrated [2]. Reducing the resources used and the waste generated can save resources and help
reduce environmental pollution.

At the European level, this model is implemented through the Action Plan for the Implementation
of the Circular Economy of the European Parliamentary Commission [3]. This proposed transition
toward a more circular economy brings great opportunities. It is important to make efforts to
modernize and transform the economy, shifting it toward a more sustainable direction, which will
enable companies to make substantial economic gains and become more competitive in the market.
This not only offers important energy savings and environmental benefits, but also creates local jobs
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and opportunities for social integration. The wider benefits of the circular economy also include
reduced energy consumption and carbon dioxide emission levels [3].

The model highlights the important role played by the construction sector, which is still
associated with strong negative environmental effects due to the high natural resource consumption
for manufacturing and the large production of waste [4]. Waste from construction activities, including
excavation or land formation, earthworks, civil construction and building, road works, and building
renovation, are considered as construction and demolition waste (CDW) [5,6]. These represent a
relevant part of the total generation of solid waste worldwide [7]. Due to this, European Directive
2008/98/EC [8] established that EU member states must reach a recycling rate of 70% for CDW in 2020
to avoid sending it to landfills. However, the potential for reuse and recycling of this waste stream is
not being fully exploited. One obstacle is a lack of confidence in the quality of recycled construction
and demolition materials. For this reason, on 9 November 2016, the European Commission proposed
an industry-wide voluntary protocol on the management of construction and demolition waste [3].
The aim of the protocol was to improve the identification, source separation, and collection of waste, as
well as logistics, processing, and quality management. The protocol could thus increase trust in the
quality of recycled materials and encourage their use in the construction sector.

After CDW is properly treated, its use as recycled aggregates (RAs) in the construction sector has
been widely addressed to mitigate environmental problems such as the consumption of raw materials
and waste landfilling. This leads to an increase the recycling rate [9–15], becoming a practical reality
that has allowed the development of specific regulations [16].

RAs have different physical, mechanical, and chemical properties from natural aggregates (NAs).
They have lower density, higher water absorption, lower resistance to fragmentation, and a higher
content of sulfur compounds and soluble salts [17,18]. Depending on the original waste material,
recycled aggregates could be concrete, ceramic, or a mixture (recycled mixed aggregate, RMA). RMAs
come from building demolitions and contain a wide range of materials, such as concrete waste,
pavement material, ceramic products, and, in smaller quantities, other materials such as gypsum,
glass, wood, etc. [19]. On some occasions, they are used in works with lower requirements, such as
roads with low traffic intensity [20,21], bike lanes [22], urban and pedestrian roads, and unpaved rural
roads [23–25], where RAs provide similar functional and structural characteristics as NAs.

Another widely studied application is in the manufacture of concrete. There are studies that
support its use, even for structural concrete [26,27]. The use of recycled aggregates in the production of
concretes and mortars has the following competitive advantages: (i) decreased extraction of aggregates
from rivers, coasts, and quarries; (ii) exclusion of aggregates from landfills, reducing the volume
of waste to be treated; and (iii) implementation of the circular economy model and approach to set
recycling targets [14].

In most of these studies, only the coarse fraction was used [7,11,12,28]. It was concluded that
concrete strength decreased when recycled concrete was used and the reduction could be as low as
40% [29]. No decrease in strength was reported for concrete containing up to 20% fine or 30% coarse
recycled aggregates, but beyond these levels, there was a systematic decrease in strength as the content
of recycled aggregates increased [29].

Of the different types of RAs, recycled crushed concrete (RCA) is the most widely used in the
manufacture of new concrete [9,26,27,30–32]. Even the Spanish concrete standard (EHE-08) [16] allows
the use of up to 20% RCA, but only referring to fractions greater than 4 mm. Because of the lower
density of RMA, concrete made with it has lower density and higher water absorption than reference
concrete [19].

Regarding the influence of recycled coarse and fine fractions, studies on recycled
concrete incorporating fine recycled aggregate (FRA) from CDW did not obtain satisfactory
results [19,29,30,32,33]. Kathib [29] studied the incorporation of FRA, and showed that properties such
as density, dynamic modulus of elasticity, and compressive strength were reduced, the latter resulting
in a decrease of 10% and more than 15% with a 50% and 100% incorporation ratio, respectively, at
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90 days, in agreement with the results by Kou et al. [33]. Because of these differences, the use of fine
fractions in concrete should not be dismissed, but more research on it is needed.

For this reason, the main application of FRA is in recycled mortar, for which the requirements
are more tolerant. Within this group, there are different uses depending on where it will be placed:
masonry mortar, interior or exterior rendering mortar, or mortar for the manufacture of paving
blocks. Most of the investigations carried out to date were aimed at incorporating FRA in mortar for
masonry [31,34–36]. However, this research in particular is intended for the use of recycled mortar
for any application in contact with the atmosphere, such as wall cladding or paving blocks. With the
results obtained, it is hoped that its use can be further expanded.

As in the case of recycled concrete, the use of mixed FRA (MFRA) in mortar has been found to be
harmful to the properties of mortar [14,36]. However, this research aims to prove its use as suitable if it
meets a series of quality requirements, normally linked to correct CDW treatment.

In addition to the circular economy, the mortar manufactured in this research is intended to provide
a second benefit for environmental sustainability: atmospheric decontamination and reduced carbon
footprint. The atmospheric pollution produced by accelerated population growth and industrialization
can cause serious damage to the health of both people and ecosystems, and even to infrastructures
and historical heritage. Among the main harmful emissions are nitrogen oxide gases (NO and NO2,
commonly known as NOx) generated by transportation and various industries. These gases have high
toxicity and can cause serious problems in human health, as well as environmental problems (acid
rain, photochemical smog, destruction of the ozone layer, etc.) [37].

It is essential to reach the highest air quality that does not create a risk to people’s health and
does not cause deterioration or permanent damage to ecosystems. The current measures for reducing
air pollution in cities associated with CO2 emissions and other pollutant gases fall within two lines
of action: citizen awareness policies, which advocate avoiding the use of private vehicles in favor
of alternative means of transport, such as bicycles or public transport; and policies restricting the
circulation of these vehicles, either with speed reductions or by prohibiting movement in downtown
areas, as is carried out in cities such as Paris, London, and Madrid [38].

However, these measures are not fully effective in eliminating or reducing air pollution in
urban environments, which is why complementary measures are needed in addition to conventional
pollution control methods. Within these new measures, it is interesting to consider the advantages
of photocatalysis.

The photocatalysis process starts from the natural principle of decontamination of nature itself. It
is a similar technology to that of photovoltaic solar panels [39]. Like photosynthesis, which, thanks to
sunlight, can remove CO2 to generate organic matter, photocatalysis removes other usual pollutants in
the atmosphere such as NOx and SOx (inorganic compounds) and volatile organic compounds (VOCs)
through an oxidation process activated by solar energy. Through photocatalysis, most of the pollutants
present in urban areas can be reduced, such as NOx, SOx, VOCs, CO, methyl mercaptan, formaldehyde,
chlorinated organic compounds, poly-aromatic compounds, etc., which are aggressive in terms of both
the properties of the material and the environment.

Construction materials treated with photocatalysts reduce, above all, NOx particles that are
produced by vehicles, industry, and energy production. During photocatalysis, the photocatalyst agent
absorbs light energy, transfers it to a reactive compound, and triggers a chemical reaction through the
formation of radicals. Titanium dioxide (TiO2) and the products derived from it are the most widely
used photocatalysts, and it is these that trigger the transformation of NOx (nitrogen oxides) into nitrate
through the action of sunlight. This can then be used to increase the shelf life of cement-based materials,
while it can also be used to substantially decrease the concentration of some air pollutants, especially
in semi-enclosed places such as important urban avenues, tunnels, or heavily polluted places like gas
stations and some specific industries [39].
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In the process of decontamination by photocatalysis, the contaminant is absorbed on the surface
of the material to be later oxidized, in two stages, to an inert nitrate compound (NO3). Finally, the inert
compound is removed from the surface of the material by rain.

The incorporation of photocatalytic substances in construction materials has emerged as a
promising technology to develop products with special characteristics/properties [40]. Among the
multiple advantages of photocatalysis is that it is a clean technology that does not need any maintenance,
and once applied, its effect is permanent, and it “cleans” the contaminated air. It also saves on costs,
since areas where this mortar has been used remain clean for many years, and it destroys the dirt that is
deposited on it, which favors the growth of microorganisms [41–45]. Even the possibility to eliminate
pollen [46] or deposited soot [47] from the air has been studied.

A building’s façade is one of its most important parts since it gives it a distinct personality. On the
other hand, pavements in urban areas, steels, parking lots, etc., are among the most important parts of
civil construction. In all these cases, it is important to assess the useful life of the chosen material and
hence there is a need to investigate new solutions that extend any maintenance operation over time
and directly contribute to improving environmental sustainability [38].

With an awareness of the needs of today’s society in terms of waste reduction, specifically CDW,
through the use of RA and actions on pollution in urban environments, this research aims to contribute
to the development of solutions to both problems by developing recycled mortars with photocatalytic
capacity that contribute to the preservation of the environment with sustainable initiatives, and are
also technically viable. This study investigates the effect of photocatalytic mortars on reducing air
pollution produced by traffic emissions of CO2 and NOx, with the added value of being made with
FRA. The intention is to serve to advance the research work and thus achieve the necessary objectives
for sustainable development in accordance with European and Spanish regulations. It contributes to
the circular economy by using recycled materials to reduce the waste generated and the need to obtain
new raw materials, and improves the quality of life of citizens who live in population centers that have
severe pollution problems, which is increasingly present in urban environments.

For this, two families of mortar were manufactured with different types of cement using different
replacement rates. The aim was to obtain a recycled mortar that provides the highest decontamination
capacity using the highest possible percentage of recycled sand without significantly affecting its
mechanical and durability properties.

The rest of the article is structured as follows: the “Materials” section details the materials for
the production of the mortars; the “Experimental Program and Methods” section specifies how the
research has been carried out; in the “Results and Discussion” section, the data obtained is analyzed;
and finally, in the “Conclusions” section, the main advances obtained are highlighted, as well as future
lines of research.

2. Materials

The specific materials selected for the research are described below.

2.1. Cements

Two types of cement were used in this research. Cement for the conventional mortar was CEM I
52′5 N (Cement without additions, high strength (52.5 MPa at 28 days), and normal initial strength).
The photocatalytic cement used was i.tech ULTRA, hereinafter called Ph. CEM I. This is a Portland
cement similar to CEM I, but with an addition of titanium oxide (TiO2). Both cements come from the
same manufacturer.

2.2. Aggregates

This research used two aggregates with a granule size of 0–4 mm:
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1. Natural sand (NS): siliceous sand from the Gravera Dehesilla, located in Alcolea (Córdoba, Spain),
containing a content of fines (particles < 0.063 mm) equal to 2.26%.

2. Recycled sand (RS): from the Gecorsa CDW treatment plant in Córdoba, Spain, corresponding to
the fine fraction of a mixed recycled aggregate; 12.4% of particles were <0.063 mm and it had a
solubility in acid equal to 0.87% SO3. It presented a continuous particle size distribution curve
and directly influenced mortar properties such as mechanical strength, workability, compaction,
and durability [34].

The composition test carried out on the coarse fraction of said aggregate (>4 mm), according to EN
933-11, showed 18% ceramic particles (Rb), 34% concrete and mortar (Rc), 47% natural aggregate (Ru),
and 1% other particles (X), among which plaster stands out. The water absorption and dry specific
density of NS and RS, according to EN 1097-6, are shown in Table 1.

Table 1. Specific gravity and water absorption of aggregates. NS, natural sand; RS, recycled sand.

NS RS

Dry specific density (g/cm3) 2.645 2.573
Water absorption (WA) (%) 0.32 3.15

The results indicate that RS had a lower specific gravity and higher percentage of water absorption
compared with the corresponding properties of natural aggregates, agreeing with what was indicated
by other authors [31,35]. This may be due to a higher percentage of mortar and ceramic particles.
However, the percentage of water absorption after 24 h of immersion was lower than the 6–9% obtained
by other authors [36,48–50]. This may be due to better treatment of the recycled aggregate, or because
the original waste contained fewer porous particles.

3. Experimental Program and Methods

3.1. Experimental Program

A total of 8 mortars were manufactured and divided into 2 families, one produced with CEM I
(conventional mortar family) that would be used as a reference, and one with Ph. CEM I (photocatalytic
mortar family) was used to determine the decontaminating power of mortars made with TiO2.

In order to increase to the sustainability of the sector, as much RS as possible is expected to be
used. For it, each family was produced according to 4 replacement rates of NS by RS (0%, 20%, 40%,
and 100%) by weight. Table 2 shows the nomenclature of mortar families produced in this research.

Table 2. Nomenclature of mortar families.

% RS CEM I Ph. CEM I

0 M0 PM0
20 M20 PM20
40 M40 PM40

100 M100 PM100

The mortar dosage was calculated based on EN 196-1 and is shown in Table 3. The weights of
aggregates shown in this table refer to dry weight.

The amount of mixing water shown in Table 3 was constant, resulting in a water/cement (w/c)
ratio equal to 0.58. Due to the low water absorption of RS compared to other recycled aggregates, an
increase in the water content as a percentage of increased incorporated RS was not considered, since a
high w/c ratio could produce a weaker and more porous mortar [51].

The mixing procedure was in accordance with EN 196-1. A total of 12 prismatic specimens were
produced with dimensions of 40 × 40 × 160 mm. These specimens were cured in a climatic chamber at
20 ± 1 ◦C and 65% relative humidity until the age test.
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Table 3. Mortar dosage (per m3).

M0/PM0 M20/PM20 M40/PM40 M100/PM100

CEM I/Ph. CEM I (kg) 323 323 323 323
NS (kg) 874 700 525 0
RS (kg) 0 174 349 873

Water (L) 187 187 187 187

3.2. Mortar Characterization

The consistency of the mortar families in the fresh state was measured in accordance with
EN 1015-3. The hardened state properties analyzed in the mortar families were compressive and
flexural strength (EN 1015-11), water absorption by capillarity (EN 1015-18), water absorption capacity,
bulk and skeletal density and open porosity for water (Spanish Standard UNE 8398), carbonation
depth (EN 13295), and photocatalytic activity (Spanish Standard UNE 83321 EX). These properties
were evaluated after 28 days of curing time.

In addition, X-ray diffraction (XRD) analysis was carried out to identify the main crystalline
mineral components. For that purpose, a piece of the central part of each mortar specimen was crushed
and sieved through a 0.125 mm sieve. The machine used for this technique was a Bruker D8 Discover
A25 with Cu-Kα radiation, and the goniometric exploration used was swept from 5◦ to 80◦ (2θ◦) at a
speed of 0.0142◦ min−1. The Joint Committee on Powder Diffraction Standards database was used to
identify the phases formed in the mortars [52]. A JEOL JMS-7800 scanning electron microscope (SEM)
was used to determine the mortar’s chemical composition.

For the carbonation depth test, the mortar specimens were introduced into a carbonation chamber
under conditions of relative humidity of 55–65%, temperature of 23 ± 3 ◦C, and CO2 concentration of
5% ± 0.1%. After 56 days of CO2 exposure, a phenolphthalein pH indicator spray was used on the
mortar fracture surface. The noncarbonated mortar surface showed a purple color due to its high
alkaline pH. The carbonation depth was measured on the mortar fracture surface from the edge of the
specimen to the purple area.

Despite the successful application of TiO2 photocatalysis to cement-based materials, an ideal
method to determine the photocatalytic activity is still not available. The experimental conditions and
data treatment differ in many aspects (light source, UV intensity, temperature, humidity, flow rate,
characteristics of test samples, contaminant analyzed), even leading to noncomparable results [42]. The
experimental method proposed by Spanish standard UNE 83321 EX was used in this research. This
was aimed at evaluating the degradation of nitrogen oxide, in the gas phase, of inorganic photocatalytic
materials contained in cement concretes by a continuous flow test method. For the measurements
and calculations required in this test, the concentration of nitrogen oxides (NOx) was defined as the
stoichiometric sum of nitrogen oxide (NO) and nitrogen dioxide (NO2).

Likewise, a sample was extracted from the center of each prismatic specimen mortar to analyze
its photocatalytic power according to the standardized methodology through the reduction capacity
of NOx. The test was carried out on the photocatalytic mortar family in addition to the reference
mortar (M0).

4. Results and Discussion

4.1. Consistency

The average consistency results obtained after two perpendicular measurements are shown in
Table 4. It can be seen that as the percentage of RS increases, the consistency of the mortar decreases,
with a minimum value corresponding to 100% RS, mainly due to its higher water absorption. Silva et
al. [38] stated that this loss in consistency can also be attributed to the greater angularity of the recycled
particles, avoiding effective slippage between them. To compensate for this, an amount of water
corresponding to the absorption could be added [31,36,49,53,54], although the mechanical properties
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could be affected [35]. For this reason, the most suitable solution would be to add plasticizers to the
mortar mix, thus increasing its consistency/workability, as advised by Ledesma et al. [14].

Table 4. Consistency values of mortar families (mm).

Consistency Consistency

M0 134 PM0 129
M20 131 PM20 125
M40 130 PM40 113
M100 111 PM100 102

It was also observed that the photocatalytic mortar family showed less consistency in all cases
compared to the conventional family. The lowest consistency, registered by PM100, may be responsible
for its porous appearance (Figure 1) and difficult compaction.

 

PM100 

PM0 

Figure 1. Porous appearance of PM100 versus smooth appearance of other mixes.

4.2. Mechanical Strengths

The values registered for mechanical strength at 28 days are shown in Figure 2, which illustrates
the comparison of results between the two families.

Figure 2a shows that for the family made with conventional cement and 40% of NS replaced by
RS (M40), the compressive strength is equal to that corresponding to 20% replacement, approximately
46 MPa, which is only 10% less than the reference mortar (M0) at 52 MPa. For full replacement (M100),
the drop in compressive strength increases to 16%, with an average value of 44 MPa. This agrees with
Silva et al. [51], suggesting that as the RS content increases, the compressive strength remains similar
to or larger than that of the control mortar. This may be due to the reduction of effective water as
the percentage of RS is increased, as explained by López Gayarre et al. [35], or because of the greater
number of fine particles that can fill the gaps [49]. In this investigation, the content of fine RS was
higher than NS (12.4% vs. 2.26%), favoring the filling of voids in the mortar matrix and diluting the
loss of mechanical strength. However, in most mortar mixes, there is a loss of compressive strength as
the replacement percentage increases [34]. In all mortar mixes, the compressive strength is greater
than the value recommended by the GB 28635-2012 standard [55] (average strength ≥ 30 MPa; any
individual strength ≥ 25 MPa) and values obtained in other studies [19,56].

57



Appl. Sci. 2020, 10, 7305

Figure 2. Mechanical strength comparison: (a) compressive strength; (b) flexural strength.

In all cases, the compressive strength obtained in the photocatalytic family is greater than that of
their counterparts made with conventional cement. In this way, they start from an average resistance
of 59 MPa for PM0, reaching 48 MPa for PM100.

Flexural strength can be correlated with other characteristics such as susceptibility to cracking
and adhesive strength of mortar [51]. In this test (Figure 2b), a similar value of flexural strength was
obtained for the 0%, 20%, and 40% replacement, 15 MPa, except for the M100 and PM100 families, for
which a value of 13 MPa was found. This agrees with values obtained by Silva et al. [51], whose research
used the same type and dosage of cement. Therefore, no improved behavior of the photocatalytic
family was observed in this test. All values registered in the flexural strength test show very good
performance of these mortars for their possible use in pavement, with values greater than 12 MPa in all
mortars, exceeding the values obtained by other authors [56,57].

The differences between the strength of mixtures with 0% and 40% RS are practically insignificant,
which confirms that increasing the percentage to 40% does not just mean decreased mechanical
properties. This agrees with Ledesma et al. [14], who established a maximum replacement ratio
of up to 50% of natural sand by mixed recycled sand without significantly affecting the hardened
mortar properties.

Generally, a decrease in strength is observed as the percentage of recycled aggregate is increased,
as reported in previous works. This decrease is more gradual and more noticeable in the photocatalytic
family. However, the increase in RS up to 40% showed only a 7% decrease in strength with respect to
20% replacement, and up to 9% with respect to the reference mortar.

4.3. Mineralogical Analysis

The mineral phases formed in conventional and photocatalytic mortar families are shown in
Figures 3 and 4, respectively. In all specimens, the main detected phase corresponds to quartz
(SiO2; 33-1161) [52]. The intensity decreased in all specimen patterns because the NS was replaced
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with RS, which contains less silica [58]. The main phase in M100 was sanidine ((Na, K)(Si3Al)O8;
10-0357) [52].

The Portlandite phase (Ca(OH)2; 04-0733) [52] and ettringite (Ca6Al2(SO4)3(OH)12·26H2O;
41-1451) [52] were also observed in both families. The presence of these phases is an indicator
of the Portland cement reaction [57], as shown by the mechanical performance of both mortar families
(Figure 2). For this reason, the incorporation of RS into the mortar is compatible with the common
Portland cement reaction.

The other detected phases in the mortars corresponded to silicates such as illite
(KAl2Si3AlO10(OH)2; 02-0056) [52] and albite (Na(Si3Al)O8; 10-0393) [52], which is in agreement
with authors such as Jiménez et al. [36] and Ledesma et al. [14]. Regarding carbonates, all mortars
showed calcite (CaCO3; 05-0586) [52]; additionally, dolomite (CaMg(CO3)2; 36-0426) [52] was detected
in M100 and all specimens of the photocatalytic mortar family. In both mortar families, it was observed
that calcite (CaCO3; 05-0586) [52] had a greater presence as the replacement of NS by RS increased. This
behavior has also been recorded by authors such as Gonçalves et al. [58], who studied the replacement of
natural siliceous sand with recycled aggregate. Gypsum (CaSO4·2H2O; 33-0311) [52] was also detected
in all specimens in both families, which could correspond to the RA or cement composition [36].

Figure 3. X-ray diffraction patterns of conventional mortar family.
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Figure 4. X-ray diffraction patterns of photocatalytic mortar family.

Additionally, an SEM study was carried out, which supported the results obtained in the
mineralogical study, as shown in Table 5. In the photocatalytic mortar family, no mineralogical phase
attributed to Ti was detected; however, SEM confirmed the presence of TiO2 in all mortars with Ph.
CEM I.

Table 5. Average percentage, by weight, of elements by scanning electron microscopy (SEM).

Element M0 M20 M40 M100 PM0 PM20 PM40 PM100

C 10.30 8.53 9.31 9.40 7.79 12.15 10.42 12.16
O 49.65 48.59 50.10 45.34 48.79 46.67 45.84 49.39

Mg 0.50 0.87 0.52 0.56 0.31 0.37 0.30 0.51
Al 2.30 2.95 2.36 3.89 1.78 3.00 3.74 1.96
Si 8.01 9.72 8.27 10.61 9.46 13.78 10.61 12.18
S 0.75 0.95 1.14 0.92 0.62 0.66 0.75 0.90
K 0.34 0.39 0.41 1.06 0.71 0.32 1.64 0.39
Ca 26.34 25.58 26.51 25.14 28.96 20.40 23.69 20.48
Ti 0.00 0.00 0.00 0.00 0.52 0.55 0.63 0.63

Total: 100 100 100 100 100 100 100 100
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4.4. Water Absorption by Capillarity

The capacity to absorb water indicates the ability of an unsaturated porous material to absorb and
drain water by capillary action, thus making it a suitable property to indirectly assess the durability
of cementitious materials. Normally, higher water absorption by capillarity contributes to worse
performance since it impairs the protection against external agents [51].

The results shown in Figure 5 indicate an upward trend in water absorption by capillarity as the
percentage of RS increased in both families. However, for 20% of RS (M20), the values achieved in
the conventional mortar family were even lower than those of the reference mortar (M0). The higher
water absorption by capillarity of recycled mortars can be due to the high absorption of RS. Similar
tendencies have been observed in studies by other authors [14,31,34,36].

Figure 5. Water absorption by capillarity comparison.

According to López Gayarre et al. [35], the reduction in the amount of effective water as the
percentage of substitution is increased (greater water absorption) reduces the porosity of fresh mortar,
and for this reason, recycled mortar could present this slight increase of water absorption by capillarity.

4.5. Water Absorption Capacity, Bulk and Skeletal Density, and Open Porosity

The water absorption capacity (Figure 6a) was almost the same for all mortars produced with
photocatalytic CEM I. However, for the conventional mortar family, there was a slight increase with
40% of RS, and a more appreciable increase for 100% of RS of around 25%.
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Figure 6. Comparison of results for (a) water absorption capacity and (b) open porosity.

Open porosity (Figure 6b) was higher as the RS replacement ratio increased. Poon and Cheung [59]
explained this, affirming that materials with lower density lead to higher porosity of mortar blocks.

However, the density values (Figure 7a,b) were approximately the same in all cases, regardless
of the type of cement or the amount of recycled aggregate. This differs from the values obtained
in some studies [31,34], in which the density decreased as the replacement ratio increased. Other
studies [31,49,60,61] found no significant differences in replacement ratios below 20–25%, while for
higher replacement ratios, the lower dry density of FRA decreased the dry density. This result
was attributed to the fact that a higher fine content (<0.063 mm) in RS allows for filling of voids at
replacement ratios up to 10% of the hardened mortar.

Figure 7. Comparison of results of (a) bulk density and (b) skeletal density.

4.6. Carbonation Depth

The results of the carbonation test are shown in Figure 8. The carbonation depth was greater when
the RS increased, although this increase was slight, up to 40%. For 100% replacement, the increase in
carbonation depth was much greater than in the reference mortar, possibly due to the greater porosity
of this mixture, as observed in the previous section.
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Figure 8. Carbonation depth comparison at 56 days.

This behavior was similar in both families, although it was more appreciable in the photocatalytic
mortar family. Specimens of the photocatalytic mortar family showed an increase between 7% and 25%
(17% average) higher than their counterparts in the conventional mortar family. This property showed
the same trend as reported by Moro et al. [50].

Of all the mortars, PM100 is the one with the highest CO2 absorption, with a 78% increase in
carbonation depth as compared to the reference conventional mortar (M0), and a 66% increase as
compared to the reference photocatalytic mortar (PM0). Thus, there is an added beneficial effect for
the environment, since carbonation involves the absorption of CO2 from the air. This reacts with
the Ca(OH)2 from cement hydrolysis, producing CO3Ca and immobilizing CO2. This process is
detrimental to reinforced concrete, since it greatly affects durability due to the risk of corrosion of
reinforcements by reducing the pH of the concrete. However, since mortars are not armored, that
would not be a problem.

4.7. Photocatalytic Activity Test

According to the results of Figure 9, incorporating RS instead of NS slightly improved the
decontaminating capacity. This can be explained by the greater porosity of the mortar as the percentage
of recycled sand was increased, as observed in the previous sections, and agrees with the results
reported by Poon and Cheung [59].

According to Spanish Standard UNE127197-1, most of the mixes were classified as category 1; that
is, with decontaminating power, measured as the reduction of NOx varying between 4$ and 6% (4.2%,
4.3%, and 4.8% for PM0, PM20, and PM40, respectively). However, the mix made with photocatalytic
cement (PM100) and 100% RS showed a porous appearance and greater decontaminating capacity
within category 2 (7.2%), which represents an increase of 71% of decontaminating power compared
to mortar made with NS (PM0). This is consistent with Poon and Cheung [59], who indicated that
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the porosity of the surface layer is important, as it effectively increases the area available for reacting
with pollutants.

0 2 4 6 8

M0

PM0

PM20

PM40

PM100

Without activity Category 1 Category 2

Figure 9. Elimination of NOx (%).

5. Conclusions

This research produced mortars with decontaminating capacity by introducing waste into the
productive cycle and contributed to the implementation of the circular economy model. The results
show suitable mechanical behavior despite the incorporation of recycled aggregates, since total
replacement of NS by RS meant a decrease in compressive and flexural strength of only approximately
18%, with average values of 46 MPa and 13 MPa, respectively. The strength obtained with photocatalytic
cement was slightly higher compared to its counterpart made with traditional cement. The properties
of water absorption by capillarity, water absorption capacity, and open porosity showed a slight
increase for 40% and 100% RS, while in the results obtained for 20% RS, the values obtained were very
similar to those of the reference mortar. The bulk and skeletal density showed very similar values in
the two families and for all replacement ratios.

The penetration of CO2 obtained in the carbonation test carried out showed a clear benefit with
the incorporation of recycled sand. This could be a positive aspect, as it reduces the carbon footprint in
the environment.

From a photocatalytic point of view, the incorporation of up to 40% RS slightly favored the
elimination of NOx, but the mortar with 100% RS had a significant increase relative to the conventional
mortar, moving to a better classification (category 2). These mortars were more porous than conventional
mortars, facilitating the entry of light into the interior and, consequently, the elimination of polluting
gases. The results obtained add value to the use of recycled aggregates, clearing up the uncertainties
that still exist in the use of this material.

Therefore, a photocatalytic mortar with 100% mixed recycled sand is proposed in order to produce
the greatest environmental benefits, due to the greater absorption of CO2 and NOx and the greater use of
recycled aggregates. Also, the strength is slightly lower but compatible with its use in low-requirement
applications in contact with the atmosphere, such as pavement blocks or cladding mortar.

The findings of the present study prove that reducing natural sand mining, minimizing energy
consumption and CO2 emissions, reducing global warming, preventing illegal deposition and landfilling
of the fine fraction of CDW, and complying with the limits of the European Waste Framework
Directive are possible in order to achieve and promote cleaner production in the construction sector
(eco-efficiency).
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Future lines of research are intended to improve the photocatalytic capacity of mortars based on
the good mechanical behavior of the mortars studied in this research by studying the influence of the
content and origin of fine aggregates, different aggregates and their nature, reducing the amount of
cement due to the good mechanical behavior obtained, or increasing the amount of water according to
the percentage of increased RS, or pre-saturating it.
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Abstract: Increasing amounts of sustainable concretes are being used as society becomes more aware
of the environment. This paper attempts to evaluate the properties of precast concrete elements
formed with recycled coarse aggregate and low clinker content cement using recycled additions.
To this end, six different mix proportions were characterized: a reference concrete; 2 concretes with
25%wt. and 50%wt. substitution of coarse aggregate made using mixed construction and demolition
wastes; and others with recycled cement with low clinker content. The compressive strength,
the elastic modulus, and the durability indicator decrease with the proportions of recycled aggregate
replacing aggregate, and it is accentuated with the incorporation of recycled cement. However, all the
precast elements tested show good performance with slight reduction in the mechanical properties.
To confirm the appropriate behaviour of New Jersey precast barriers, a test that simulated the impact
of a vehicle was carried out.

Keywords: recycled concrete; low clinker cement; precast; mechanical properties; physical properties;
New Jersey barriers

1. Introduction

Construction and demolition waste (CDW) is non-hazardous, inert waste generated in any
construction, rehabilitation or demolition work. The industrial and construction sectors generate
practically the same amount of non-hazardous waste (industry 37,417 kt and construction 35,869 kt )
in Spain [1]. The European Commission estimates that the volume of CDW comprises one third of all
waste generated in the European Union, which constitutes the largest waste stream [2]. Recycling this
CDW would lead to more sustainable growth, replacing a linear economy based on use of materials
with a more circular economy. This is important, as aggregates are the second-most-used raw material
by humans, behind only water [3]. There is European legislation to encourage recycling CDW [4]
and many countries have specific norms for the use of recycled aggregates (RA) for concrete [5–8].
In addition, the use of RA could lead to cheaper concrete [9].

Several studies have corroborated that the inclusion of RA produces concrete with a lower density
and increased heterogeneity [10–12]. RA normally has a higher porosity than natural aggregate
(NA) [13]. In a fresh state, Silva et al. [11] concluded that recycled aggregate concrete (RAC) is
less workable and, to achieve a workability equivalent to that of NA, RA could be pre-saturated,
or water added during mixing to compensate [14]. However, the incorporation of completely saturated
aggregates might cause an excessive water supply [15,16]. Once the RAC hardens, these aggregates make
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the concrete more susceptible to detrimental environmental effects, resulting in a lower durability [17,18],
which should be taken into consideration. Consequently, Annex 15 of the Spanish Instruction for
Structural Concrete EHE-08 [19] and other studies [14,20] propose solutions, such as increasing the
cement content, reducing the water/cement ratio, or increasing the coating thickness in the case of
reinforced concrete.

Generally, it is known that the incorporation of RA into concrete reduces its mechanical
properties [21,22], due to the presence of contaminants such as plastics, glass, adhered mortar,
etc., ref. [23] and the type of source material (crushed concrete, ceramic or mixed) of the RA [24–26].
The elastic modulus of RAC is lower than that of conventional concrete [15], reaching 45% less for 100%
replacement [25]. The results obtained in the characterization of RAC with intermediate replacements
present greater variation of results [20]. Other authors have demonstrated the viability of other types
of recycled aggregates from waste, such as steel slag [27]. Moreover, the RA affects the fatigue behavior
of the concrete [28–32], showing a greater loss of properties than with the static properties. Further
research has evaluated the recycling of concrete which incorporates RA [33,34].

With regard to precast concrete elements, it should be noted that, according to the ANDECE
(National Association of the Prefabricated Concrete Industry, based in Spain), although the initial
cost of elements is higher, the final cost is lower [35]. Other studies such as López-Mesa et al. [36]
indicate an almost 18% higher cost of precast slabs versus in situ slabs; although the former have a
lower environmental impact and the quality may be higher. Normally, precast elements have a quality
seal guaranteeing their properties. Due to a manufacturing process with complete exhaustive control,
precast slabs can be: tailored with special properties more easily as they are not manufactured on site;
designed with flexibility difficult to achieve in-situ; and incorporate RA in their fabrication. In the
case of precast elements using RA, a lower density and strength is observed [37]. Poon et al. [37]
investigated the factors that affect the properties of precast concrete blocks with RA, concluding that
the compressive strength increases with the reduction in the aggregate/cement ratio (A/C), and that the
water absorption of concrete blocks is significantly related to the absorption capacity of the aggregate.
Katz [21] investigated the use of precast elements at different ages to produce RA for new precast
elements, concluding that the mechanical properties (strength, modulus of elasticity, etc.) when using
this type of aggregate in concrete, resemble those when using lightweight aggregates, such as those
manufactured using fly ash.

This paper presents the effect on physical and mechanical properties of six types of mixes with
different degrees of substitution. The physical properties and durability of these concretes will be
analyzed first, then the mechanical properties will be assessed. Finally, the behavior of precast elements
will be addressed.

2. Materials and Methodology

The natural siliceous aggregate used in this study is present in three different sizes: 6/0 mm
(NS), 12/6 mm (NG-M), and 22/12 mm (NG-C). Mixed recycled aggregates (MRA) were used by
substituting NG-M for MRA-M and NG-C for MRA-C. These MRA were obtained from CDW and
were principally made up of concrete and mortars (≈ 45%), unbound aggregate, and natural stone
(≈ 45%). Figure 1 shows the different size grading for each aggregate.
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Figure 1. Grading of the aggregates.

Table 1 displays physical and mechanical properties: where SSS is the saturated dry surface
density according to EN 1097-6 [38]; A is the water absorption by weight according to EN 1097-6 [38];
LA is the Los Angeles index according to EN 1097-2 [39]; and FI is the flakiness index according to
EN 933-3 [40].

Table 1. Physical and mechanical properties of the aggregates.

Property
Aggregates

NS NG-M NG-C MRA-M MRA-C

SSS [g/cm3] 2.76 2.74 2.74 2.42 2.45
A [%] 1.18 0.88 0.78 6.28 5.27
LA [%] - 16 18 32 36
FI [%] - 21 25 10 10

The conventional cement (OPC) was CEM I 42.5 R, and the low clinker content cement (RC) was
constituted of 75% CEM I 42.5 R and 25% ceramic waste from CDW. The tests performed with the
cement revealed a compressive strength 20% higher in the case of OPC.

Mixing the aggregates in different proportions with the two existing types of cement produced
six concrete mixtures, as shown in Table 2. HP signifies a combination of natural aggregates and
conventional cement. HPR is a mixture of natural aggregates and low clinker content cement. HR25
and HR50 were fabricated with conventional cement and substitutions of NA by 25%wt. and 50%wt.
proportions of RA, respectively. Finally, HRR25 and HRR50 were obtained by amalgamating low
clinker content cement with natural aggregates, substituted by 25%wt. and 50%wt. of recycled
aggregates accordingly.
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Table 2. Concrete mix proportions (by m3).

Concrete: HP HPR HR25 HR50 HRR25 HRR50

NS (6/0 mm) [kg]: 732 732 719 705 719 705
NG-M (12/6 mm) [kg]: 382 382 284 184 284 184
NG-C (22/12 mm) [kg]: 766 766 568 369 568 369

MRA-M (12/6 mm) [kg]: - - 89 178 89 178
MRA-C (22/12 mm) [kg]: - - 178 356 178 356

Cement [kg]: 400 - 400 400 - -
Low clinker content cement [kg]: - 400 - - 400 400

Water [kg]: 193 193 202 211 202 211
Superplasticizer [kg]: 6.2 6.2 6.2 6.2 6.2 6.2

Water/cement ratio 0.48 0.48 0.50 0.53 0.50 0.53

2.1. Physical and Mechanical Properties

Densities were obtained according to EN-12390-7 [41]. Sub-specimens (10Ø × 10 cm) obtained
by cutting 10Ø × 20 cm cylindrical specimens were used. The porosity coefficient is the result of
comparing the absorbed water and specimen volume, while the absorption coefficient is the result of
comparing the absorbed water and specimen weight. Compressive strength was determined using
10Ø × 20 cm cylindrical specimens according to EN-12390-3 [42], with an application strength rate
of 0.5 MPa/s. Elastic modulus was determined with 10Ø × 20 cm cylindrical specimens according to
EN-12390-13 [43], at a strength rate of 0.5 MPa/s.

2.2. Durability

A water penetration test was performed according to EN-12390-8 [44]. Sub-specimens (10Ø × 10 cm)
obtained by cutting 10Ø × 20 cm cylindrical specimens were used. The samples were subjected to a
pressure of 5 bar for 72 h. After 72 h water penetration under pressure, it was necessary to analyze
how deep the water reached. To be able to observe the interior of the sample, it had to be opened.
During this research, the Brazilian method (or indirect tensile strength method) was used to open
the sample and analyze its interior. In general, when a cylindrical specimen is subjected to tension
along its generatrix, it breaks into two halves, which allows the interior to be analyzed. Once the
specimen had been opened, it was possible to measure the penetration depth of the water into the
porous concrete. This technique also provided another interesting result: the indirect tensile strength
of the concrete. For the determination of oxygen permeability, UNE-83981 [45] was taken as a reference.
The 10Ø × 20 cm cylindrical specimens were cut to discard the upper and lower face obtaining a
new sample of 10Ø × 10 cm. Silicone was impregnated perimetrically in the samples so that the
oxygen could only pass longitudinally. A regulated oxygen pressure was applied on the upper face.
Digital flow meters registered the oxygen escaping from the lower face.

2.3. Precast Element Preparation

Two different types of precast elements were manufactured: unreinforced concrete ditches and
steel-reinforced New Jersey barriers. Both were manufactured with an industrial concrete mixer,
poured in metallic molds and vibrated by hand (Figure 2). In the case of reinforced concrete,
reinforcements were set into the mold before the pouring of concrete. In both cases, precast elements
were unmolded and cured at ambient temperature.
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Figure 2. Precast element manufacturing sequence.

2.4. Precast Element Mechanical Characterization

Concrete ditches have approximate measurements of 50 × 50 × 15 cm. In order to characterize
concrete ditches, the tests were carried out by bending. The horizontality of the set was verified,
and force was applied by a roller (10Ø × 22 cm) in the central section with a displacement rate of
0.1 mm/s (Figure 3).

 

Figure 3. Precast element characterization (concrete ditches left, New Jersey barriers right).

New Jersey barriers have a section with approximate measurements of 47 × 80 cm and a length of
100 cm. In order to characterize New Jersey barriers, a small crane was used to support the precast
element on steel beams. These steel beams were placed at one end to correct the inclination of the
face on which the test was to be performed, achieving horizontality on that face (Figure 3). The test
consisted in applying a stress with a roller (3Ø × 40 cm). The time of the test was very short (0.1–0.2 s)
to simulate an impact. The strength and displacement data of the actuator were recorded during
the test.

3. Results and Discussion

3.1. Physical Properties

Figure 4 shows the relative and saturated densities of the concretes. As demonstrated, the density
decreases as the percentage of NA replaced by RA increases. This is due to the lower density of RA.
It also becomes clear that the use of this RC does not affect density significantly.
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Figure 4. Density vs. RA content.

Figure 5a shows porosity, and Figure 5b shows the absorption coefficient vs. substitution of NA
by RA. A decrease in both properties is found in the concretes containing OPC as the percentage of
replacement of aggregate increases. However, in the case of concrete made with RC, both properties
increase as the percentage of RA increases. This may be because this type of cement interacts more
with RAs of different nature, making it difficult to fill all the gaps amongst aggregates. Alternatively,
it may be because the RA is able to absorb more water during kneading, causing a small deficit in this
type of cement, which is very susceptible to variations in the water dosage. It is possible that there
may be another reason that has not been identified.
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Figure 5. Porosity (a) and absorption coefficient (b) vs. RA content.

3.2. Compressive Strength and Modulus of Elasticity

Figure 6a shows the compressive strength-strain curves for each concrete at 160 days. Several
studies [25,46,47] show that the concrete’s compressive strength decreases with the degree of substitution
of RA for NA, but in strain terms, concretes show similar values around 2500 μm/m for the failure.
The exception is the HRR50 mix, which exceeds the values of the rest by almost 1000 μm/m. Figure 6b
shows the same mixtures but at an age of 365 days. The decrease in strength may also be due to
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the randomness of the type of RA and its distribution into the mortar matrix, which causes greater
uncertainty than conventional mixtures.
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Figure 6. Compressive strength-strain at 160 (a) and 365 (b) days.

Table 3 shows the different values of compressive strength obtained at different ages.

Table 3. Compressive strength at different ages.

Concrete:
Compressive Strength [MPa]

28 days 160 days 365 days Δ36−28 [%]

HP 51.2 53.5 56.8 +10.9
HPR 46.1 50.2 46.6 +1.1
HR25 51.7 47.0 45.1 −12.8
HR50 51.2 48.8 42.1 −17.7

HRR25 45.0 47.5 43.7 −2.9
HRR50 41.2 47.5 42.4 +2.9

Table 4 displays the modulus of elasticity, and shows that when using RC, the decrease in the
elastic modulus is around 4%. The substitution of 25% by RA implies a decrease in elastic modulus
of 5.6%, while the substitution of OPC in this case does not seem to have an influence. In the case
of replacing 50% of aggregate by RA, the influence of the substitution of OPC by RC is meaningful,
decreasing the elastic modulus by 15%. As for the loss of elastic modulus over time, a greater influence
of the cement is observed than the type of aggregate, with a limit that tends to an asymptotic value of
around 27 GPa.

Table 4. Modulus of elasticity.

Concrete: Substitution [%]
Modulus of

Elasticity [GPa]
Modulus of Elasticity at

365 days [GPa]
% of the Initial

Elastic Modulus

HP 0 35.5 31.7 89.3
HPR 0 34.1 29.5 86.5
HR25 25 33.9 30.8 90.8
HR50 50 31.9 29.3 91.8

HRR25 25 34.2 27.9 81.6
HRR50 50 27.8 27.4 98.6
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Some organizations such as EHE-08, ACI, and Eurocode present their expressions to predict elastic
modulus at 28 days from the compressive strength. In Expressions (1)–(3): E is elastic modulus at
28 days [GPa] and f 28 is the compressive strength at 28 days [MPa].

EHE-08 [48]
E = 8.5 3

»
f28 (1)

ACI [49]
E = 4.7

»
f28 (2)

Eurocode 2 [50]
E = 22( f28/10)0.3 (3)

These expressions can be used to obtain the predictions and comparisons, with the experimental
results shown in Table 5. The ACI method fits quite well in most cases but predicts higher values when
the percentage of substitution is 50%. The EHE-08 method is safer, although when the substitution
is 50% and the OPC is replaced by RC, higher values are produced due to the heterogeneity of the
RA affecting the compressive strength. These types of expressions only satisfactorily fit ordinary
concrete models.

Table 5. Elastic modulus obtained with different expressions.

Concrete:
Elastic Modulus [GPa]

Experimental EHE-08 ACI Eurocode 2 Δexperimental−EHE-08 [%]

HP 35.5 31.6 33.6 35.9 12.5
HPR 34.1 30.5 31.9 34.8 11.9
HR25 33.9 31.7 33.8 36.0 7.1
HR50 31.9 31.6 33.6 35.9 1.1

HRR25 34.2 30.2 31.5 34.5 13.1
HRR50 27.8 29.4 30.2 33.6 -5.3

Figure 7 shows that from approximately 48 MPa, concrete with RA achieved the same compressive
strength as concrete with OPC. RA concrete increases its elastic modulus significantly. This might
be due to the addition of a new variable, such as RA compared with OPC, which is much more
standardized throughout its production process.
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Figure 7. Compressive strength vs. modulus of elasticity.
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3.3. Oxygen and Water Permeability

Figure 8a shows the oxygen permeability and Figure 8b shows the maximum penetration of water
vs. percentage of substitution, respectively.

(a) (b)

Figure 8. Oxygen permeability coefficient (a) and water penetration depth (b).

The oxygen permeability coefficient increases with the substitution of the NA by RA. This behavior
has been reported in some studies, such as Ismail et al. [51], Medina et al. [52], and Thomas et al. [14].
This increase is higher in concrete with RC than OPC; the type of cement being used is an important factor.

The penetration of water increases with the increase in RA substitution. With these results,
only HP and HPR comply with the standard EHE-08 [48] for structural concrete in the case of IIIa, IIIb,
IV, etc. environment exposition, which requires an average penetration depth of 30mm, and maximum
penetration depth of 50 mm. Penetration of water is related to typology and distribution of the RA,
and its impurities with high absorption coefficients.

Figure 9 shows cross-sections of concrete where different colors can be seen. These are caused by
the RC in HPR and HRR50 mixtures, and some kind of RA and impurities (such as wood or fired clay)
in HRR50 mix.

 
Figure 9. Concrete specimen sections.

77



Appl. Sci. 2020, 10, 6655

3.4. Testing Precast Elements

Figure 10a shows the results of flexural tests on concrete ditches. It can be observed that the
concrete composed of RC and RA (HRR50) behaves similarly to HP concrete, which is consistent with
the results of splitting tensile strength shown in Table 6. Figure 10b shows the results of the impact
test on reinforced precast New Jersey barriers, in which the force applied by the test machine and the
position of the actuator are recorded. As expected, the concrete with OPC and NA displayed superior
mechanical behavior than concrete with RC and RA. HRR50 could resist only 60% of the force, and 66%
of the displacement that HP resisted.
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Figure 10. Mechanical characterization of precast elements: Bending test on ditches (a), impact test on
barriers (b).

Table 6. Splitting tensile strength.

Splitting Tensile Strength [MPa]

HP HPR HR25 HR50 HRR25 HRR50

3.36 3.51 3.48 - 3.30 3.58

Figure 11 shows the results of the test performed with both types of precast elements. Different
sections of cracks in OPC and RC concrete ditches, and the fissure produced in a New Jersey barrier
are visual results of the tests.

 

Figure 11. Precast test and cracking.
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Equation (4) indicates whether a New Jersey barrier could withstand the perpendicular impact
of a vehicle. Velocity and mass are variables, and it would be necessary to incorporate a restitution
coefficient in order to avoid the elastic impact.

This coefficient relates the velocity before impact with the velocity after collision, considering the
barrier is without velocity before and after impact.

CR = −V1 f −V2 f

V1i −V2i
; when V2 f , V2i = 0→ CR = −V f

Vi
(4)

García and Cabreiro [53] proposed a method for obtaining the coefficient of restitution based on
experimental processes in “Use of dynamic models in the investigation of road accidents” (text in Spanish),
for which they suggested two equations:

CR = 0.45·e(−0.040278·v), For v < 54 km/h (5)

CR = 0.45·e(−0.015278·v), For v ≥ 54 km/h (6)

With Equations (4)–(6), considering the maximum force that a barrier resists, and the duration of
the impact as 0.1 s, Equations (7) and (8) are obtained, shown in Figure 12.

m =
0.1·F

−( vi
3.6

)·(0.45·e(−0.040278·v) + 1
) , For v < 54 km/h (7)

m =
0.1·F

−( vi
3.6

)·(0.12·e(−0.015278·v) + 1
) , For v ≥ 54 km/h (8)
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Figure 12. Simulated behavior of reinforced barriers.

These curves are conservative, as the barrier can withstand strains that absorb energy before
cracking, and the parapet would not always be immobile (they are only anchored to the ground
on viaducts).

4. Conclusions

Characterization tests on concrete specimens and precast elements have been carried out
using low-clinker cements and recycled aggregates, obtaining the following conclusions. Firstly,
the physical-mechanical properties of mixed recycled aggregates are suitable for the manufacture of
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concrete and precast elements when the medium and coarse fraction is used. Secondly, the use of mixed
recycled aggregates causes a loss of density and compressive strength slightly higher than that which
occurs when using recycled concrete aggregates. Recycled concretes made from low-clinker cement
are slightly more porous than concretes made with ordinary Portland cement. Finally, regarding
the mechanical properties of recycled concrete, a loss of around 10% of the compressive strength is
observed when using low-clinker cement. In addition, recycled concrete made with ordinary Portland
cement evolves slightly more when over 1 year of curing has elapsed.
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Abstract: In this study, a sustainable mortar mixture is developed using renewable by-products for the
enhancement of mechanical properties and fracture behavior. A high-volume of fly ash—a by-product
of coal combustion—is used to replace Portland cement while waste by-products from the production
of engineered bamboo composite materials are used to obtain bamboo fibers and to improve the
fracture toughness of the mixture. The bamboo process waste was ground and size-fractioned by
sieving. Several mixes containing different amounts of fibers were prepared for mechanical and
fracture toughness assessment, evaluated via bending tests. The addition of bamboo fibers showed
insignificant losses of strength, resulting in mixtures with compressive strengths of 55 MPa and above.
The bamboo fibers were able to control crack propagation and showed improved crack-bridging
effects with higher fiber volumes, resulting in a strain-softening behavior and mixture with higher
toughness. The results of this study show that the developed bamboo fiber-reinforced mortar mixture
is a promising sustainable and affordable construction material with enhanced mechanical properties
and fracture toughness with the potential to be used in different structural applications, especially in
developing countries.

Keywords: fiber-reinforced; natural fibers; bamboo; sustainable mortar; mechanical characterization;
by-products; toughness

1. Introduction

The construction industry is a major consumer of energy and raw materials and contributes
immensely to environmental pollution, especially to greenhouse gas (GHG) emissions [1]. Since the
1970s, annual GHG emissions have steadily increased and reached 53.5 GtCO2e in 2017 [2]. Within the
construction industry, concrete is the dominant building material with a global production of
20 × 1012 kg per annum which exceeds the amount of all other construction materials combined.
With an increase in the demand for new infrastructure demonstrated by developing countries, the use
of Portland cement (PC), the main component in concrete, has been rising rapidly [3]. Accordingly,
the global use of PC has increased from 2.22 to 4.10 Gt/year within the past decade. The production of
PC accounts for ~5% of the global anthropogenic CO2 emissions [4]. Moreover, concrete is commonly
reinforced with steel, whose production involves high energy emissions and consumption of fossil
fuels that additionally contributes to CO2 emissions. Furthermore, the fast pace of development
in many developing countries has led to an increased demand for reinforced concrete for housing
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and infrastructure projects. Unfortunately, the majority of developing countries lack the resources
to produce their own cement and steel for the production of reinforced concrete elements which
forces them to import the majority of their needs from highly industrialized countries, and as a result
of the import surge, trade deficits, economic slow-downs, and loss of jobs are prominent in those
countries. Besides the economic challenges from the cement and steel import, environmental issues
also need to be addressed. The construction industry is facing an urgent need for the use of sustainable
materials incorporating locally available renewable resources as well as industrial by-products with
lower environmental impacts.

One potential material is fly ash, a by-product of the combustion of coal, oil and biomass. Fly ash
contains Silicon dioxide (SiO2) and Aluminum oxide (Al2O3) as major components that can contribute
to the hydration of cement. Furthermore, low-cost and renewable materials such as bamboo and
wood can be found in abundant supply in many developing countries, where the bamboo and wood
industry produce a large number of waste products. Replacement of cement with by-products such as
fly ash or bamboo and wood waste can enable the reduction of the carbon footprint associated with the
cement industry and improve the mechanical and thermal properties of the developed formulations.
Other performance aspects such as the ductility of these mixes could be further enhanced via the use
of other renewable materials such as natural fibers to avoid the brittle failure that is characteristic of
plain concrete.

Previous studies [5–11] revealed improvements in the mechanical properties and durability
of concrete mixtures, in which PC was partially replaced with wood ash or fly ash. Substituting
aggregates with wood process waste such as wood chips, flax or hemp was also shown to enhance the
mechanical or thermal properties of concrete mixtures [11–18]. Further research on fiber-reinforced
concrete reported that the addition of synthetic fibers—such as polypropylene (PP), polyethylene (PE),
polyvinyl alcohol (PVA)—or steel fibers could increase the fire resistance, ductility, tensile strength,
impact resistance and toughness of concrete mixtures [19–22]. However, synthetic fibers, which are
mainly derived from petroleum-based sources, and steel fibers require energy-intensive and expensive
production processes. In contrast, natural fibers, such as those obtained from wood and bamboo
industry by-products, can provide a low-cost and sustainable alternative for the construction industry.
Challenges of resource scarcity and the negative environmental impacts of synthetic fiber production
have led many researchers to search for alternative, green, sources of fibers for the production of
fiber-reinforced concrete. Natural fibers represent a sustainable source of raw materials from renewable
resources and can help to alleviate the need for synthetic fibers. While there is growing interest in the
use of wood fibers to enhance the mechanical behavior and fracture toughness of concrete [23–25], there
has so far been relatively little investigation of the use of bamboo fibers for this purpose. Only a few
studies [26–30] investigated the performance of bamboo fiber-reinforced concrete and mortar mixtures
through a series of mechanical tests. The bamboo fibers in those studies were obtained from bamboo
forests and were subsequently processed as fibers for concrete mixtures. Furthermore, the studies
showed that only concrete’s tensile property had obvious improvement when bamboo fibers were
added, while the enhancement to the compression property and flexural property was not obvious.
The studies on the application of bamboo fiber-reinforced concrete and mortar mixtures are rather
limited. Both bamboo fibers and fly ash present a great opportunity as sustainable and affordable
replacements for cement and steel for developing countries. Bamboo belongs to the botanical family
of grasses and shows high resistance to tensile stresses. The tensile strength of natural bamboo is
superior to that of wood. This attribute marks bamboo as an attractive option to incorporate into
fiber-reinforced concrete, especially in developing countries where demand for reinforced concrete is
growing rapidly [31–33]. Bamboo is a gigantic grass, which belongs to the angiosperms (seed-bearing
vascular plants) group and monocotyledon (flowering plants) subgroup. Bamboo attains maturity in
3 to 5 years, in favorable contrast to wood, which takes at least 20 years, depending on the species [34].
The growth behavior of bamboo culm and the extreme wind loads it has to sustain during its life
cycle require a precise mechanical adaptation to the environment. Therefore, material optimization
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has to be achieved effectively from the bamboo fibers and their cell structures. This results in an
optimized microstructure with superior material performance when compared to various wood species.
Furthermore, bamboo can directly address global warming as it rapidly grows and sequesters carbon
in biomass and soil faster than almost any wood species. The main components of bamboo culms are
cellulose, hemicellulose and lignin. The minor components are resins, tannins, waxes and mineral
salts. However, the percentage of each component differs from species to species and depends on
the conditions of bamboo growth and the age of the bamboo, as well as the location of the section on
the culm [31,34]. In general, cellulose in bamboo culms accounts for more than 50% of the bamboo
chemical components. After cellulose, lignin is the next largest component, and normally accounts for
more than 20% of the bamboo’s mass. Bamboo displays a round-shaped cell cross-section, in contrast
to the nearly rectangular and relatively large cells of wood species. Furthermore, bamboo culms have
a particular multi-layered cell wall structure with alternating thick and thin layers of fibers, unlike
the typical three-layered cell wall of wood species which have a structure with a dominating middle
layer [34–36].

In recent years various methods have been developed to employ bamboo through new processing
technologies for the fabrication of high-performance bamboo-composite materials in such a way that
the inherent mechanical capacities of the fibers are retained, while the durability issues, specifically
water absorption, swelling, shrinking and chemical resistance, of the composite could be enhanced for
application as structural elements in buildings [31–33,37]. The bamboo-composite materials display
high mechanical properties and have been used as either reinforcement in concrete, replacing steel or
as structural elements in the form of a beam or column. However, the process through which natural
bamboo culms transform into bamboo-composite materials employs only certain sections of the culms
and therefore the remaining parts usually become part of the waste of the production process which
can be safely utilized for applications as sustainable and affordable fibers in fiber-reinforced mortar.

Therefore, the objective of this study is to develop a sustainable and affordable mortar mixture
incorporating by-products and renewable materials (i.e., fly ash and bamboo fibers) that show improved
mechanical properties and fracture behavior and could be employed for the construction of low-cost
and low-rise housing solutions in developing countries. The developed mixture was characterized via
compression, splitting and bending tests, whereby the fracture properties including toughness and
absorption energy were also assessed. The findings generated through this work set the foundation
for further research on bamboo fibers and bamboo-reinforced concrete and mortar mixtures for
structural applications.

2. Materials and Methodology

2.1. Bamboo Plant

There are about 1200 species of bamboo under some 90 genera. The physical and mechanical
properties of bamboo culms are correlated with the specific gravity and the fiber content. Therefore,
the physical and mechanical properties of bamboo differ from species to species and even within the
same species or same culm, due to changes in chemical composition as well as specific gravity [38].
For the purpose of this study Dendrocalamus asper, known as Petung Putih bamboo, was selected from
a bamboo forest on the Java island of Indonesia. Dendrocalamus asper is widely used for low-rise and
low-cost housing across Indonesia.

2.1.1. Bamboo Fibers

A new processing technology was developed to process bamboo culms into fibers that were
suitable for use in a novel engineered bamboo composite materials [33]. Accordingly, the fibers were
obtained by processing entire bamboo culms. They were then added to epoxy resin and fabricated into
high-tensile-strength bamboo composite materials by using a hot-press fabrication method. The process
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yielded an engineered bamboo composite material, which was then cut into different sizes to be used
in concrete as reinforcement in place of steel bars in previous studies [39,40].

Throughout this process, some portions of the fibers are not used and remain as the waste by-products
of the fabrication process. This study adopts the use of these waste portions of these fibers to reinforce the
mortar matrix. In an earlier study [37], the mechanical properties of Dendrocalamus asper bamboo from
Indonesia were investigated with respect to culm physical properties including culm diameter, wall
thickness, height, moisture content and specific density. Correlations were drawn between the culm’s
physical properties and the resulting mechanical properties, including tensile strength, modulus of
rupture and modulus of elasticity in flexure and tension.

Bamboo fibers were ground and sieved with a sieve tower using sieve sizes of 1 mm and 500,
300 and 125 μm. The final bamboo fibers used in this study were those remained in the 500 μm and
300 μm sieves (Figure 1) and are referred to as “500 μm” and “300 μm” fibers throughout this study,
respectively. Bigger and smaller sieves were used for a better separation of the fiber sizes. This ensured
more constant fiber sizes and avoided clogging of the 500-micron sieves with bigger fibers. Trail mixes
with 212 μm fibers showed no promising results and were therefore not considered in this article.

   
(a) (b) (c) 

Figure 1. Bamboo fibers. (a) Raw waste material; (b) 300 μm-diameter fibers after grinding and sieving;
and (c) 500 μm-diameter fibers after grinding and sieving.

2.1.2. Bamboo Fiber Treatment

A variety of treatments to improve the durability and the bonding of natural fibers embedded in
concrete and mortar matrix are available, with different levels of complexity including but not limited
to cement surface coating, lime surface coating, cement–lime coating and oil impregnation [41–44].
For the present study, two treatments were selected for the bamboo fibers. To enhance the durability,
lignin was partially removed by simply heating the bamboo fibers in water at 85 ◦C for 72 h and
drying them at 80 ◦C for 24 h [45]. In addition, the bond between the fibers and the mortar matrix
was improved by an alkaline treatment, which involved the stirring of the bamboo fibers in a lime
(Ca(OH)2) solution for 2 h. The solution contained 40 g of lime per liter of water. This suspension was
stirred repeatedly during the entire treatment duration to avoid the sedimentation of the fibers and any
undissolved lime particles. After the lime treatment, the bamboo fibers were dried at 80 ◦C for 24 h.
This treatment is known to modify the surface of the fibers and improve their mechanical strength [45].

2.1.3. Characterization of the Bamboo Fiber Geometry

The fiber geometry was assessed by microscopy, during which a total of 200 fibers within each
size category were measured with an optical microscope and analyzed with the Zeiss software
“ZEN 2 (Blue edition). Table 1 presents the mean value of the length and diameter as well
as the standard deviation obtained from these microscopy measurements. The mean value x is

calculates by x = 1
n
∑n

i=1 xi whereby the standard deviation is calculated by σ =
√

1
n
∑n

i=1(xi − x)2.
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The intentionally chosen simplified manufacturing and sieving process leads to the relatively high
standard deviation of the fibers, but allows replication with minimal equipment and labor costs,
especially in developing countries with limited access to such facilities. The average density of the
bamboo fibers used in this study was 840 kg/m3 and was obtained from [31].

Table 1. Geometry of the bamboo fibers.

Fiber Category 300 μm 500 μm

Mean value of fiber length [mm] 7.2 7.8
Standard deviation [mm] 2.4 2.5
Standard deviation [%] 32.7 32.3

Mean value of fiber diameter [μm] 415.7 680.1
Standard deviation [μm] 79.4 167.7
Standard deviation [%] 19.1 24.7

Mean value of Aspect ratio [-] 17.3 11.5
Standard deviation [mm] 6.4 6.2
Standard deviation [%] 37.10 54.0

2.2. Mortar Mixtures

A mortar mixture containing 547 kg/m3 of Ordinary Portland cement, CEM I, according to
Singapore Standard SS EN 197-1 [46] and 656 kg/m3 of fly ash Class C, according to ASTM C 618 [47],
was used as a control mixture. Different contents of bamboo fibers (4, 6, and 8% by volume of the
concrete) were added to investigate the resulting mechanical and fracture behavior. Fine sand with
a maximum grain size of 2 mm was used as aggregates. The sieve curve of the sand is shown in
Figure 2. To adjust the workability of the mixtures, a superplasticizer (ACE 8538, BASF), was added to
the mixture. To ensure a constant mix procedure and fiber distribution trail mixes were prepared to
evaluate mixing time and the amount of superplasticizer needed to achieve good workability. At first
Cement, Fly Ash and aggregates were mixed for 90 s before water containing superplasticizer was
added and mixed for 5 min. Finally, the bamboo fibers were gradually added and the constituents
were mixed for another 3 min before filled into the molds. To evaluate the workability of the mixtures
a flow table test was carried out according to ASTM C1437 [48]. All mixtures showed a spread of more
than 255 mm diameter (maximum diameter of the flow table test apparatus according to [49]) and
therefore could be filled well in the molds and compacted.The compositions of all mixtures used in
this study are provided in Table 2.

 
Figure 2. Particle size distribution of the fine aggregates used in this study.
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Table 2. Compositions of mortar mixtures.

Mixture Unit Control
Bamboo 1

300 μm
Bamboo 1

500 μm

Fiber content [Vol %] 0 4/6/8 4/6/8
Cement: Cem I [kg/m3] 547 547 547

Fly ash [kg/m3] 656 656 656
Fine aggregates [kg/m3] 541 435/382/329 435/382/329
Bamboo fibers [kg/m3] - 32.6/48.9/65.2 32.6/48.9/65.2

Water/binder—ratio [-] 0.30 0.30 0.30
Water [kg/m3] 361 361 361

Superplasticizer [w% of binder] 0.42 0.53/0.61/0.70 0.53/0.61/0.70
1 Density of bamboo fibers: 840 kg/m3 obtained from [31].

2.3. Test Procedure

The experimental program included compressive and splitting tensile tests for the mechanical
characterization of the prepared mixtures. A four-point bending test was also used to evaluate the
post-cracking behavior of the bamboo fiber mixtures. These were assessed on 50 mm cubes and
beams with dimensions of 50 × 50 × 300 mm. Compression tests were performed at a loading rate of
55 kN/min, following the ASTM C109 standard [50]. Splitting tests were performed in accordance to
ASTM C496 [51], at a loading rate of 1.0 mm/min. Four-point bending tests were performed according
to ASTM C1609 [52] on prisms with a span, L, of 150 mm. The load was applied in the 1/3 points at a
rate of 0.2 mm/min. The deflection of the beam was measured with two Linear Variable Differential
Transducers (LVDTs) at the mid-span (Figure 3).

 
Figure 3. Four-point bending test performed according to ASTM C1609 [52].

With the recorded load–deflection data at hand, the load at the limit of proportionality, Fmax,
and the corresponding modulus of rupture (MOR) could be assessed according to the RILEM TC
162-TDF [53] recommendation. According to the RILEM recommendation, the limit of proportionality
is equal to the maximum load recorded up to 0.05 mm. The modulus of rupture, corresponding to the
maximum force in a four-point bending test, can be calculated by the following expression:

MOR = Fmax l/(b h2) (MPa) (1)
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where b, h and l are the width, height and span of the tested specimens and equal to 50 mm, 50 mm
and 150 mm respectively.

The density as well as the compressive and tensile splitting tests were evaluated on three specimens
after 28 days of curing. The notation throughout this study was chosen as XXX-YP, where XXX referred
to the bamboo fiber diameter in microns and Y referred to the volumetric fiber content. Therefore,
notation 300-6P referred to the mixture containing 6 V% (volume %) of bamboo fibers with a nominal
diameter of 300 μm.

3. Results and Discussion

3.1. Mechanical Properties

3.1.1. Density and Compressive Strength

The control mix exhibited a density of 2132 kg/m3, which was slightly higher than the mixes
containing fibers. The addition of bamboo fibers had little effect on the density, revealing a reduction
ranging between 0.7% and 2.5%, as shown in Table 3. In terms of performance, the control mixture
achieved the highest 28-day compressive strength of 75.1 MPa, as shown in Figure 4. The inclusion
of fibers led to a reduction in strength, which was directly correlated with the number of bamboo
fibers added to the mix design as shown in Table 3. Accordingly, higher fiber contents resulted in
lower compressive strengths. This behavior can be attributed to the difference in the compressive
strength and E-modulus of the bamboo fibers and the cement matrix. A previous study of the authors
on different grades of the bamboo culms revealed a compressive strength between 43.2 and 68.4 MPa
and an E-modulus between 18.1 and 28.2 GPa [31]. The incorporated bamboo fibers reduce the overall
strength of the matrix resulting in a higher loss of strength with increasing fiber content which is in
compliance with the findings of other researchers [20,54,55]. In addition, a study of Li et al. on natural
fibers found that air pockets were formed at some of the fibers resulting in a reduced compressive
strength compared to the control mixture [56]. Furthermore, a lower aspect ratio, thicker and longer
fibers (i.e., “500 μm” batch), generally indicated a greater reduction in the compressive strength
than thinner and shorter fibers (i.e., “300 μm” batch), which was also found in [54]. In this respect,
the reduction of the compressive strength for the 4 V% to 8 V% of fibers was within a range of 7.8–19.9%
for the 300 μm fibers and 9.1–27% for the 500 μm fibers (see Figure 4 and Table 3). An average
compressive strength of 60.2 MPa was recorded for the 8 V% mixture with 300 μm fibers, while the
corresponding figure was 54.8 MPa for the 8 V% mixture with 500 μm fibers. Although a slight
reduction in strength was observed, the overall findings reveal the comparable performance of the
bamboo fiber reinforced mortar mixtures with those of commonly used mix designs for structural
members in similar studies [20,31,54].

Table 3. Physical and mechanical properties of the Bamboo Fiber-reinforced mortar mixtures.

Mix Density SD 1 SD 2 Compressive
Strength

SD 1 SD 2 Splitting Tensile
Strength

SD 1 SD 2

kg/m3 kg/m3 % MPa kg/m3 % MPa kg/m3 %

Control 2132 11.2 0.5 75.1 1.1 1.5 7.2 0.50 6.9

300-8P 2105 28.3 1.3 60.2 0.8 1.3 5.3 0.76 14.4

300-6P 2117 12.3 0.6 63.9 0.5 0.7 5.4 0.47 8.8

300-4P 2111 27.4 1.3 69.3 4.0 5.9 6.7 0.42 6.4

500-8P 2101 12.1 0.6 54.8 6.3 6.3 4.9 0.57 11.6

500-6P 2089 6.7 0.3 63.4 3.2 3.2 5.0 0.19 3.8

500-4P 2129 13.5 0.6 68.2 2.1 2.1 5.5 0.31 5.7
1 SD: Standard deviation calculated from mean value in kg/m3 or MPa; 2 SD: Standard deviation calculated from
mean value in percentage.

89



Appl. Sci. 2020, 10, 6587

  
(a) (b) 

Figure 4. Compressive strength (a) and splitting tensile strength (b) of the bamboo fiber-reinforced
mortar mixtures.

3.1.2. Splitting Tensile Strength

The control mixture showed a splitting tensile strength of 7.2 MPa. Similar to the trends observed
in the compressive strength results, the splitting tensile strength of the samples with 8/6/4 V% of
fibers was reduced by 6.9/25.0/26.4% for the 300 μm fibers and 23.6/30.6/31.9% for the 500 μm fibers
(see Figure 4 and Table 3). It is worth noting that the splitting test setup compression is applied to a
small area along the specimen resulting in tensile stress (lateral force) within the matrix which causes
splitting. The splitting tensile strength is the maximum load before cracks appear and therefore the
crack bridging behavior of the fibers is not considered in this test. This is investigated with bending
tests and discussed later on. According to [57], the tensile strength of a mortar matrix can be assumed
to be in the range of 10% of the compressive strength which matches the results obtained in this study.

3.1.3. Flexural Tensile Behavior

The control mix showed linear elastic behavior up to the peak load, which was followed by an
abrupt failure, resulting in complete separation of the specimens into two parts. In contrast, the bamboo
fiber mixtures exhibited improved post-crack behavior, resulting in a strain-softening behavior, where
a single crack occurred within the central third of the prismatic samples. This effect can be seen in
Figures 5 and 6 where the pictures of the tested specimens taken after the bending tests are shown
for both sets of samples containing 300 μm and 500 μm fibers. Within these figures, it is possible to
visualize the fibers bridging the developed crack, which was much more evident as the fiber content
increased from 4 V% to 8 V%.

 
  

(a) (b) (c) 

Figure 5. Photographs of test samples after bending tests involving 300 μm fibers. Fiber content:
(a) 4 V%, (b) 6 V% and (c) 8 V%.
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(a) (b) (c) 

Figure 6. Photographs of test samples after bending tests involving 500 μm fibers. Fiber content:
(a) 4 V%, (b) 6 V% and (c) 8 V%.

The load–deflection behaviors of all test specimens are shown in Figure 7. Test results with different
fiber contents are plotted with an offset of 0.1 mm from each other for better visual comparison. Both fiber
groups involving the use of 300 μm and 500 μm fibers, revealed similar trends, during which 8 V%
mixtures exhibited the highest peak load and the mixtures with 4 V% the lowest. Furthermore,
the bamboo fibers were able to bridge the developing crack, resulting in a strain-softening behavior in
all bamboo mixtures. The post-crack behavior was more pronounced for mixtures with higher fiber
contents, which was in line with the findings with Aydin Serdar and Hameed et.al. where it was shown
that a higher fiber content results in a higher load-carrying capacity due to the crack bridging behavior
of the fibers [58,59].

  
(a) (b) 

Figure 7. Bending test results of mixtures with 4 V%, 6 V% and 8 V% of (a) 300 μm fibers and
(b) 500 μm fibers.

3.1.4. Fracture Properties and Toughness

The limit of proportionality and the modulus of rupture are shown in Figure 8. It should be
noted that one out of the 3 samples of the 300 μm with 8 V% and 6 V% exhibited a significantly lower
bending performance as can be seen in Figure 7. This resulted in a high standard variation shown
in Figure 8. Samples with the 500 μm fiber batch revealed a lower modulus of rupture compared to
those containing 300 μm fibers. These values were around 0.0%, 7.7% and 13.0% lower for the 8/6/4 V%
fibers specimens, respectively. These findings were in agreement with ACI 544.1R-96, where a lower
MOR was reported with decreasing aspect ratio of the fibers [60]. Longer and thinner fibers exhibit a
higher bond within a concrete or mortar matrix resulting in a higher pull-out resistance compared to
shorter and thicker fibers as shown which was also found by other researchers in [55,61].
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(a) (b) 

Figure 8. Bending test assessment: (a) limit of proportionality Fmax; (b) modulus of rupture.

The toughness was calculated as the area under the load–deflection curve and expressed as energy
in Joules. Accordingly, the resulting cumulative energy up to 2 mm deflection is shown in Figures 9
and 10. As expected, a higher fiber content resulted in higher toughness. Thicker and longer fibers,
as found in the 500 μm batch, showed an overall reduction in toughness when compared to the smaller
and shorter fibers in the 300 μm batch. This is explained due to the higher bridge bearing capacity of
the mixtures with a higher amount of fibers and a higher pull-out resistance for fibers with a higher
aspect ratio as discussed earlier and shown in [59,61].

  
(a) (b) 

Figure 9. Cumulative toughness of the bamboo fiber reinforced specimens up to 2 mm deflection: (a) 300μm
batch; (b) 500 μm batch evaluated from the four-point bending test according to ASTM C1609 [52].

To characterize the post-cracking behavior of the different mixes, two toughness parameters were
evaluated in accordance with RILEM RC 162-TDF [53]. The toughness values at a mid-span deflection
of span/150, which corresponded to 1 mm deflection, and the toughness at a mid-span deflection of
span/75 (2 mm deflection) were evaluated. The corresponding results, presented in Figure 10 and
Table 4, revealed that a higher fiber content enhanced the ductility and toughness of the prepared
mixes. The toughness values of the 300 μm fiber specimens at 1 mm deflection were 40.0% and 73.3%
higher for the 6 V% and 8 V% mixes when compared to 4 V% mixes, respectively. Assessing the 500 μm
fiber batch, an increase of 16% and 47% increase in toughness was recorded for the 8 V% and 6 V%
mixes when compared to 4 V% mixes, respectively (see Figure 10). Furthermore, the results of the
mixes containing 500 μm fibers showed lower energy up to both 1.0 mm and 2.0 mm deflection when
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compared to the 300 μm fiber results and showed the influence of the aspect ratio of the fibers on the
bond strength of the specimen which is in compliance with findings in [55,61]. The high standard
deviation of the 300 μm with 8 V% and 6 V% is the result of the lower bending performance of one out
of three tested specimens shown in Figure 7.

 
Figure 10. Toughness of the mixtures at 1 mm deflection measured according to RILEM RC 162-TDF [53].

Table 4. Flexural strength and toughness parameters of the four-point bending test.

Mix
Limit of
Propor-

Tionality
SD SD MOR SD SD

Tough-Ness
at 1 mm

SD SD
Tough-Ness

at 2 mm
SD SD

[N] [N] [%] MPa [MPa] [%] [J] [J] [%] [J] [J] [%]

Contr. 3321 231.7 7.0 4.0 0.26 6.6 0.0 0.00 0.0 0.0 0.00 0.0
300-8P 5295 860.9 16.3 * 6.4 1.03 16.2 * 2.6 0.95 35.9 * 3.4 1.35 39.8 *
300-6P 4678 914.2 19.5 * 5.6 1.08 19.3 * 2.1 0.70 33.2 * 2.7 * 0.86 32.0 *
300-4P 4327 226.5 5.2 5.2 0.29 5.7 1.5 0.09 6.1 1.9 0.12 6.5
500-8P 5345 406.5 7.6 6.4 0.46 7.2 2.4 0.14 5.9 3.3 0.37 11.3
500-6P 4374 491.9 11.2 5.2 0.59 11.3 1.9 0.08 4.3 2.5 0.12 4.9
500-4P 3839 484.5 12.6 4.6 0.57 12.4 1.6 0.12 7.6 2.1 0.04 2.2

* The high standard deviation is a result of a significantly lower bending performance of one specimen.

4. Conclusions

This study focused on the development of a sustainable and affordable mortar mixture consisting
of a high amount of fly ash (656 kg/m3) and varying contents of bamboo fibers (4/6/8 V%) from waste
by-products of engineered bamboo-composite fabrication. The bamboo fibers, obtained from bamboo
composite production waste, were categorized into two groups of 300 μm and 500 μm and were
incorporated at three different volumes of 4/6/8 V% within each mix. The mechanical performance
of the developed formulations was assessed via the measurement of the mechanical and fracture
properties. From these results, the following conclusions can be drawn:

The addition of 4/6/8 V% of bamboo fibers has a reasonably modest effect on the compressive
strength of the mixtures. Compared to the control mixture without fibers, the reduction of the compressive
strength of the mixtures with 300 μm fibers is between 7.8% and 19.9%, with larger fiber volume fractions
corresponding to a greater reduction of strength.

• The mixtures with 500 μm fibers were reduced in compressive strength between 9.1% and 27.0%
by the same range of 4/6/8 V% of fiber content. The reduction of the compressive strength for both
the 300 μm and 500 μm fibers could be related to the lower mechanical properties of the bamboo
fibers as well as the influence of their aspect ratio.

• The compressive strengths of the mixtures with 8 V% of fibers were shown to be 60.2 MPa and
54.6 MPa for the 300 μm and 500 μm mixtures, respectively, and is within a reasonable range for
use in structural members.
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• The splitting tensile strength of the bamboo fiber-reinforced mixtures displays a reduction of
between 6.9% and 31.9% compared to the control mixture depending on the fiber volume and
aspect ratio. The mixtures containing the 500 μm fibers (lower aspect ratio) show lower strength
in comparison with the 300 μm mixtures.

• All bamboo fiber-reinforced mortar mixtures display a strain-softening behavior. The mixtures
with 8 V% of fibers show better crack-bridging effects than those with lower volume fractions,
resulting in higher residual strength.

• The toughness of the mixtures was evaluated at a mid-span deflection of L/150. The 300 μm fiber
mixtures show values of 2.6, 2.1 and 1.5 Joule for 8, 6 and 4 V% of fibers respectively, whereas the
500 μm mixtures show, in general, lower toughness of 2.40, 1.90 and 1.63 Joule.

• Mixtures containing 300 μm fibers demonstrate an overall enhanced mechanical performance and
post-crack behavior compared to the mixtures with 500 μm fibers as a result of the higher bond
strength due to their higher aspect ratio.

The findings emerging from this study demonstrate the suitability of using natural bamboo fibers,
obtained from process waste, to improve the ductility of high-volume fly ash mortar. The resulting
formulations can enable the development of a sustainable and low-cost mixture for structural members.
These results can be utilized for the construction of low-cost and low-rise housing units in developing
countries, especially in Southeast Asia, Latin and Central America, where there is access to bamboo
and low-cost cementitious materials with low demand for ductility. Further studies on the durability
of bamboo fibers and the replacement of steel reinforcement with engineered bamboo composites and
natural bamboo fiber members are being performed to broaden the application range of these materials
on a larger scale.
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Abstract: The possibility of producing high-volume fly ash (HVFA) recycled aggregate concrete
represents an important step towards the development of sustainable building materials. In fact,
there is a growing need to reduce the use of non-renewable natural resources and, at the same time, to
valorize industrial by-products, such as fly ash, that would otherwise be sent to the landfill. The present
experimental work investigates the physical and mechanical properties of concrete by replacing
natural aggregates and cement with recycled aggregates and fly ash, respectively. First, the mechanical
properties of four different mixtures have been analyzed and compared. Then, the effectiveness of
recycled aggregate and fly ash on reducing carbonation and chloride penetration depth has been also
evaluated. Finally, the corrosion behavior of the different concrete mixtures, reinforced with either
bare or galvanized steel plates, has been evaluated. The results obtained show that high-volume
fly ash (HVFA) recycled aggregate concrete can be produced without significative reduction in
mechanical properties. Furthermore, the addition of high-volume fly ash and the total replacement of
natural aggregates with recycled ones did not modify the corrosion behavior of embedded bare and
galvanized steel reinforcement.

Keywords: fly ash; HVFA; recycled aggregate; RAC; sustainable building; reinforced concrete;
corrosion of concrete

1. Introduction

In order to contribute to sustainable construction processes, some building materials, no longer
able to fulfill their original task, can be reused as aggregate for concrete after being adequately
processed [1]. Replacing natural aggregate (Nat) with recycled aggregate (Rec) in concrete allows
the protection of the environment, since it reduces both the impact of quarries from which virgin
aggregates are extracted and the volume of rubble disposed to landfills.

Similarly, the employment of fly ash (FA) in concrete enables the recycling of an industrial waste
product. In particular, due to its pozzolanic activity, FA can partially replace cement, thus reducing the
energy consumption and carbon dioxide emissions related to cement production [2].

Unlikely, replacing Nat with Rec can significantly reduce the performances of concrete in terms
of workability. Moreover, Rec, due to its higher porosity with respect to Nat [3,4], also penalizes the
concrete’s compressive and tensile strength, the stiffness, the permeability, and the adherence between
steel reinforcing bars and cement paste.

However, the literature has reported that the addition of mineral admixtures as fly ash (FA),
metakaolin, silica fume, and ground granulated blast furnace slag in the mix is able to mitigate these
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worsening effects both in traditional [5] and in self compacting concretes (SCC) [6]. In fact, generally,
these additions seem able to improve more the properties of Rec concrete than those of Nat concrete [7].

Previous experiments [1,8] have already shown the feasibility of manufacturing structural
concretes with Rec and high-volume fly ash (HVFA) since FA, by refining the pore structure, reduces
the macro-pores volume. In this way, performance similar to Nat concrete can be achieved except for
somewhat lower stiffness of the Rec mixture.

Water absorption [9], chloride ion penetration [10], sulphate attack [11], and shrinkage [12]
increase with the increasing incorporation level of Rec. However, the addition of HVFA counteracts
this effect [5] thanks to the chemical reaction between some particles of FA, that act as a pozzolanic
addition instead of a filler, with Rec [12].

Wei et al. [13] have indicated that an adequate amount of Rec can even increase the frost resistance
of concrete, especially when a low amount of FA is added, thanks to optimization of the concrete pore
distribution [14].

Moreover, since the thermal expansion coefficient of the new cement paste is similar to that of
the cement paste adhered to Rec, Rec concrete deteriorates less in terms of mechanical and durability
properties than Nat after high temperature exposures [15], especially when FA is used as mineral
admixture [16,17]. FA as bacteria immobilizer also improves the crack healing capacity of Rec
concrete [18].

Concerning carbonation resistance, Rec and HVFA concrete suffer a deeper carbonation depth
with respect to Nat concrete [19], also in SCC [20]. However, again, the incorporation of FA in Rec
concrete allows the counteracting of this problem thanks to a synergistic effect between Rec and
FA [9,21,22].

According to Limbachiya et al. [11], the best amount of coarse Rec in concrete is 30%, whereas up
to 30% Rec does not significantly affect the concrete’s properties. Regarding FA, European standards
EN 197-1 and EN 206 limit the incorporation level of FA to 35% by cement mass, since at higher
amounts, FA behave as a filler rather than as a binder. However, these two limits for Rec and FA can
be exceeded in concrete mixes incorporating both FA and Rec [5]. After 90 days of curing, concretes
manufactured with about 50% Rec and 50% FA can be generally classified at the same strength class of
the control mix.

Rawaz Kurda et al. [22], thanks to a multicriteria decision method for concrete optimization
(CONCRETOP), have shown that the best concrete mixes in terms of both concrete properties and cost
and environmental impact, are those manufactured with both FA and Rec additions, rather than with
only FA or Rec. In particular, the Global Warming Potential (GWP) of concrete mixes depends on the
FA and Rec dosage ratio rather than the dosage of the single materials [23]. Moreover, the GWP of
Rec strongly depends on the transportation scenario, but this effect significantly decreases with FA
addition [24].

Therefore, it has been already widely proved that replacement of Nat with Rec and the replacement
of cement with HVFA, given a little bit of compromise towards strength and durability aspect, can give
great benefits to both economic and ecological aspects.

As reported above, many researchers have already studied the different properties of Rec concrete
with HVFA. However, durability, which is a key property to ensure sustainable application of these
materials in the construction sector, still needs more research to be fully investigated.

In this field, in particular, the literature still reports very few works on the protection offered
by HVFA and Rec concrete to the corrosion of reinforcing bars. Stambaugh et al. [25], thanks to the
theoretical development, validation, and implementation of a 1D numerical service-life prediction
model for RCA, have affirmed that the use of either FA or slag allows the achievement of a 50-year
service life for Rec concrete in chloride-laden environments. By the salt ponding test, Rehvati et al. [26]
have stated that impermeable and high-quality Rec concrete, able to give high corrosion resistance
to reinforcements, can be produced by replacing 20–30% cement with FA. In Gurdián et al. [27],
no significant differences in the corrosion resistance of reinforced Rec concretes, manufactured with
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15% of spent fluid catalytic cracking catalyst and 35% of FA, and Nat concretes under a natural chloride
attack have been observed.

Moreover, in our knowledge, the corrosion behavior of galvanized steel reinforcements in
reinforced RCA in HVFA has never been investigated.

Therefore, the purpose of this work is to determine whether the sustainability issue introduced
in concrete design by Rec and HVFA would have any adverse effect on the durability of reinforced
concrete in terms of penetration speed of chloride and carbon dioxide, and in terms of corrosion of
bare or galvanized steel reinforcement embedded in concrete, if cracked.

To investigate the single and combined effect of Rec and HVFA addition on concrete properties,
four different concrete mixes were prepared and compared:

1. Nat, as reference;
2. Nat + FA with HVFA added at equal amounts as cement;
3. Rec, by replacing the 100% of Nat with Rec;
4. Rec + FA with HVFA.

The different mixtures were compared in terms of mechanical performances, carbonation and
chlorides penetration, and corrosion behavior of embedded bare and galvanized steel reinforcements.

2. Materials and Methods

2.1. Materials

As cementitious binder, Portland limestone blended cement type CEM II/A-L 42.5 R was used.
The cement’s Blaine fineness was 0.418 m2/g and its density was 3.04 kg/m3. The cement’s chemical
composition is reported in Table 1.

Table 1. Chemical composition of cement and fly ash.

Oxide (%) CEM II/A-L 42.5 R Fly Ash

SiO2 29.7 59.9
Al2O3 3.7 22.9
Fe2O3 1.8 4.7
TiO2 0.1 0.9
CaO 59.3 3.1
MgO 1.1 1.6
SO3 3.2 0.3
K2O 0.8 2.2

Na2O 0.3 0.6
Loss on Ignition (L.o.I.) 11.6 3.3

Two virgin aggregate fractions were used: limestone aggregate from a quarry (up to 15 mm
particle size) and quartz sand (up to 6 mm particle size). Their grain size distribution is shown in
Figure 1 and their physical properties are reported in Table 2.
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Figure 1. Grain size distribution curves of the aggregate fractions.

Table 2. Physical properties of the aggregate fractions.

Aggregate Fractions Bulk Density (SSD), kg/m3 Water Absorption, % Passing 75 μm, %

Natural Sand 2620 3 0.9
Crushed Aggregate 2680 2 0.2

Fine Recycled Fraction 2150 10 0.5
Coarse Recycled Fraction 2320 8 0.3

Two recycled aggregate fractions were used: coarse aggregate (up to 15 mm) and fine aggregate
(up to 6 mm). The origin of these recycled aggregates was a recycling plant in Villa Musone (Italy),
where debris coming from building demolition has been selected, crushed, cleaned, and finally, sieved.
The grain size distribution of recycled aggregates is shown in Figure 1 and their physical properties are
reported in Table 2.

As water-reducing admixture, an acrylic-based superplasticizer (in the form of 30% aqueous
solution) was added, when required, to reach the optimal workability degree.

Low calcium fly ash (according to the definition of ASTM C 618 Class F) coming from a thermal
power plant located in La Spezia (Italy), with Blaine fineness of 0.458 m2/g and density of 2.23 kg/m3,
was used. Fly ash chemical composition is detailed in Table 1.

2.2. Mixture Proportions

Four different concrete mixtures were designed as reported in Table 3. The two different kinds
of aggregate particles, either recycled or natural, were used by maintaining the same grain size
distribution (up to 15 mm). The optimization of grain size particle distribution was achieved by
suitable combining of fine and coarse aggregate fractions, according to Bolomey [12]. All mixtures were
designed so to have the same workability, with a slump value in the range 150–180 mm. According to
that, when recycled aggregates and fly ash have been used, an acrylic-based superplasticizer was
added at dosages up to 2.0% by weight of cement.
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Table 3. Concrete mixture proportions (kg/m3).

Nat-0.6 Nat + FA-0.6 Rec-0.3 Rec + FA-0.6

Water/Cement 0.6 0.6 0.3 0.6
Water/Binder 0.6 0.3 0.3 0.3

Water 250 250 180 180
Cement 420 420 600 300
Fly ash - 420 - 300

Superplasticizer - 8.4 6.0 5.4
Natural sand 290 - - -
Fine recycled

aggregate - - 125 125

Crushed aggregate 1280 1280 - -
Coarse recycled

aggregate - - 1030 1030

The first reference mixture (Nat-0.6) was designed with only the addition of virgin aggregates and
a water-to-cement ratio (w/c) of 0.60.

In the second mixture (Nat + FA-0.6), fly ash (FA) at the same dosage of cement was added,
in replacement of natural sand. However, to reach the same workability of the reference mixture,
acrylic-based superplasticizer as water-reducing admixture was added at a dosage of 2.0% by weight
of cement.

In the third concrete mixture (Rec-0.3), virgin aggregates were fully substituted with recycled
ones, while a lower w/c equal to 0.3 was adopted, to recover the strength loss due to the addition of
weaker aggregate.

Finally, in the fourth mixture (Rec + FA-0.6), fine and coarse recycled aggregates were used
in complete substitution of natural aggregates, while cement was partially replaced with fly ash.
The use of superplasticizer at dosage of 1.8% by weight of cement allowed us to keep unchanged the
water-to-cement ratio (equal to 0.6).

3. Preparation and Testing of Specimens

3.1. Compression Tests

Compression tests were performed on cubic specimens (100 mm edge) after 3, 7, 28, and 56 days
of wet curing at 20 ◦C (according to the procedure of UNI EN 12390-1 [28]). Compression tests
were carried out according to the procedure described in the Italian Standards UNI EN 12390-3 [29].
Three specimens for each curing time and each type of mixture were tested.

3.2. Carbonation Depth

Carbonation depth was evaluated through a phenolphthalein test (following the indication
reported in RILEM CPC-18 [30]) on three cubic concrete specimens (100 mm edge) for each mixture,
exposed to the open air at an average temperature of 20 ◦C (only for the first day of curing, wet curing
was adopted).

3.3. Chloride Penetration

Chloride penetration speed into concrete was evaluated by means of silver nitrate and fluorescein
test [13]. Both solutions were sprayed on the two cracked surfaces obtained by splitting the cubic
(100 mm edge) concrete specimens. These specimens were previously wet-cured for 7 days, air-cured
for 21 days at a temperature of 20 ◦C, and finally, exposed to 10% sodium chloride aqueous solution.
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3.4. Corrosion Tests

Concrete specimens with dimensions of 280 × 70 × 70 mm3 were manufactured for electrochemical
tests. Each specimen was reinforced with a bare or galvanized steel plate (210 × 40 × 1 mm3),
embedded within a 3 cm concrete cover. Steel plates were used instead of common bars because they
can allow specimen cracking without splitting and they offer a higher anodic area at the crack apex.
The galvanized steel plates, obtained by molten zinc immersion, were covered by a 100 μm thick
zinc layer, with an outer pure zinc layer (η phase) about 20 μm thick. The galvanized reinforcements,
just before being embedded in the fresh concrete, were submerged for 5 s in a 15% sodium hydroxide
solution to dissolve the ZnCO3 layer formed during air exposure. The electric contacts between the
metallic plates and the measurement equipment were arranged as reported in [14].

After 1 month of air curing at T = 20 ± 3 ◦C and RH = 50 ± 5%, a crack width of 1 mm was
produced in a pre-formed notch area of the specimens by applying a flexural stress with the apex crack
reaching the metallic plates. Then, the specimens were exposed to weekly wet–dry cycles (2 days dry
and 5 days wet) in a 10% NaCl solution.

The corrosion risk of the reinforcement in the concrete specimens exposed to the chloride
environment was evaluated by corrosion potential measurements by using a saturated calomel
electrode (SCE) as a reference. The kinetics of the corrosion process was followed by polarization
resistance measurements through the galvanodynamic method, where an external graphite bar was
used as a counter-electrode. The polarization resistance was calculated as the average value between
the anode and the cathode branch.

In the following graphs, the reported electrochemical values are averages of the measurements
carried out on 3 specimens of each type during the full immersion period.

In order to validate the electrochemical tests, after 7 wet–dry cycles in the chloride solution,
the concrete specimens were saw-cut and all the metallic plates were removed after splitting the
concrete specimens, to evaluate the reinforcement corrosion by visual observation. The surface of the
corroded area on bare steel plates was evaluated after pickling, whereas metallographic analysis was
carried out on the cross-section of the galvanized steel plates to evaluate the coating thickness decrease
due to the corrosive attack.

4. Results and Discussion

4.1. Compression Tests

The experimental results of compressive tests on the four mixtures at different curing times are
reported in Figure 2. All mixtures showed a compressive strength greater than 27 MPa at 28 days.
At early ages (3 and 7 days), the different w/c influenced the compressive strength more than the kind
of aggregate. The total substitution of natural aggregates with recycled ones, simultaneously with the
reduction in w/c and the use of superplasticizer (Rec-0.3), did not substantially modify the compressive
strength with respect to the concrete mixture with natural aggregates (Nat-0.6). When cement was
partially replaced with FA (Rec + FA-0.6), the mixture showed a lower compressive strength at early
ages (3 and 7 days) and a slightly higher compressive strength after 56 days of curing, thanks to the
fly ash pozzolanic activity which develops at long ages. The use of lighter aggregate (i.e., recycled
aggregate) increasingly influenced the compressive strength value as the cement matrix became
stronger, since it represents the “weak link” in the chain [15]. The best results have been obtained for
the mixture realized with natural aggregates and fly ash (Nat + FA-0.6), which showed a compressive
strength of about 44 MPa after 56 days of curing.
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Figure 2. Compressive strength vs. curing time.

4.2. Carbonation Depth

In Figure 3, the measured values of carbonation depth (x, in mm) were reported vs. days of air
exposure (t). Experimental data can be quite accurately described by a linear relationship between
the carbonation depth and square root of time (following the law x = k· √t). The higher carbonation
depth, equal to about 7 mm after 1 year of exposure, was found for the mixture with natural aggregates
(Nat-0.6), while the lower carbonation depth, equal to 2.8 mm, was found in the concrete mixture
realized with natural aggregates and fly ash. These results confirm that the addition of high volumes
of fly ash is able to significantly reduce the carbonation process, even when a porous aggregate
(such as the recycled aggregate) is used, thanks to the refinement of the pores and a consequent
improved microstructure.

Figure 3. Carbonation depth vs. time of air exposure.

4.3. Chloride Penetration

In Figure 4, chloride penetration depth values are reported vs. time of exposure to 10% NaCl
aqueous solution after saturation with water of concrete specimens. Figure 4 shows only data obtained
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after about 28-day water immersion due to initial instability phenomena (in practice, the chloride
binding with cement matrix can interfere with the chloride migration [16]).

Figure 4. Chloride penetration depth vs. immersion time.

Collepardi et al. [13] demonstrated that chloride penetration depth (x) varies with immersion
time (t) according to Equation (1), which can be obtained from the solution of Fick’s second law under
non-steady-state conditions for diffusion in a semi-finite solid:

x = 4 · √D · t (1)

where D is the diffusion coefficient of Cl ions into wetted concrete pores, expressed as cm2 · s−1 · 10−8.
The D values, coming from (1) by interpolation of the results reported in Figure 4, have been calculated
(see Table 4). It can be noticed a significant beneficial effect due to fly ash addition on the chloride
penetration depth, which has been measured for Rec + FA-0.6 and Nat + FA-0.6 concretes, respectively.
As a matter of fact, Cl diffusion coefficients into these mixtures are 10 times less than those measured
for the other concrete mixtures.

Table 4. Chloride diffusion coefficients at 20 ◦C.

Nat-0.6 Nat + FA-0.6 Rec-0.3 Rec + FA-0.6

D (cm2·s−1·10−6) 1.90 0.87 0.72 0.46

Collepardi et al. [13] found experimental results, which support the hypothesis that the different
structure of pore surfaces created with the addition of pozzolanic materials played an important role in
influencing concrete porosity while chloride ions penetrate it. In fact, if concrete is prepared by adding
fly ash, chloride binding operated by the cement matrix significantly increases.

A lower water/cement resulted beneficial in terms of hindering of chloride penetration. In fact,
the Cl diffusion coefficient into the Nat-0.6 mixture is double than Rec-0.3, even if recycled instead
of virgin aggregate was employed. Nevertheless, aggregate pore structure could have a significant
effect on concrete permeability to chloride penetration (as you can see by comparing Nat + FA-0.6
and Rec + FA-0.6 mixtures in Figure 4). Zhang et al. [17] experimented several lightweight aggregate
concretes and the conclusion was that concrete permeability depends more on cement matrix porosity
than lightweight aggregate porosity.
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4.4. Corrosion Tests

4.4.1. Bare Steel Plates

Figures 5 and 6 show, respectively, the free corrosion potential values and the corrosion rates of bare
steel plates embedded in cracked concrete as a function of wet–dry cycles. Just after the exposure to the
chloride environment, all the steel plates assumed activation values lower than−500 mV/SCE, reflecting
a general high corrosion risk, regardless of the type of concrete mixture. At the same time, the related
polarization resistance values did not change significantly with the addition of FA or when natural
aggregates were replaced with recycled ones, thus indicating similar corrosion rates for the different
concretes. Therefore, the total replacement of natural aggregates, with or without high FA volume,
does not seem to negatively affect the corrosion behavior of embedded steel reinforcements when
an adequate strength class is guaranteed. Moreover, despite the reduction in concrete pore solution
alkalinity due to the pozzolanic reaction of fly ash, the corrosion behavior of steel reinforcements in
high-volume fly ash concrete seems not to be negatively affected, at least for cracked concrete.

Figure 5. Corrosion potential of bare steel plates in cracked concrete as a function of wet–dry cycles.

Figure 6. Polarization resistance of bare steel plates in cracked concrete as a function of wet–dry cycles.

To better analyze the electrochemical behavior, all specimens were autopsied after 7 wet–dry
cycles in order to visually evaluate the corroded area and to assess the weight loss of the bare steel
plates after pickling. A visual observation of the corrosive attack on the steel plates embedded in
the different concrete mixtures is reported in Figure 7. All the bare steel plates showed significant
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corrosive attack in the crack area, due to the high Cl concentration detected on the steel reinforcement
surface (2–5% by weight of cement), thus overcoming the concentration threshold (0.4% by cement
weight), which is considered the critical value able to induce the corrosion of bare steel. However,
from a morphological point of view, in the presence of recycled aggregate (Rec-0.3) or when a high
amount of fly ash is used (Nat + FA-0.6), the corrosive attack appears more diffuse and less penetrating
(see Figure 7).

 

Figure 7. Visual observation of the corrosive attack on the bare steel plates in reference natural aggregate
concrete (Nat-0.6, on the left), in recycled aggregate concrete (Rec-0.3, in the middle), and high-volume
fly ash concrete (Nat + FA-0.6, on the right).

4.4.2. Galvanized Steel Plates

The free corrosion potential and the polarization resistance of galvanized steel plates embedded
in cracked concrete, as a function of wet–dry cycles, are reported in Figures 8 and 9, respectively.
The electrochemical tests showed no significant increase in the corrosion rate of galvanized steel
embedded in concrete mixtures containing recycled aggregate and/or FA. Indeed, the corrosion risk
seems to be even lower in recycled aggregate concrete (see Rec-0.3 in Figure 8) than in the other mixtures.

Figure 8. Corrosion potential of galvanized steel plates in cracked concrete vs. wet–dry cycles.
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Figure 9. Polarization resistance of galvanized steel plates in cracked concrete vs. wet–dry cycles.

The visual observation of the interface between galvanized steel plates and concrete added
unexpected information to that obtained by the electrochemical tests. Indeed, in the concrete without
additions (Nat-0.6, Figure 10a), far from the crack apex, a Fe-Zn alloy appeared on the surface of the
reinforcement, meaning total consumption of the η zinc layer due to the corrosive attack, as later
confirmed by metallographic observation (Figure 10b). On the other hand, the galvanized steel plates
extracted from recycled aggregate concrete (Rec-0.3) showed a less deep corrosive attack. Zinc grains
were still visible on the galvanized surface after exposure to wet–dry cycles (Figure 11a). Moreover,
the metallographic observation revealed that a continuous thick η zinc layer was still present on the
metallic plate (Figure 11b). Similar results were observed when high-volume fly ash was added in
the mix.

 

 

(a) (b) 

Figure 10. Visual obs. (a) and metallographic cross section (b) of galvanized steel plate in Nat-0.6
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(a) (b) 

Figure 11. Visual obs. (a) and metallographic cross section (b) of a galvanized steel plate in Rec-0.3

5. Conclusions

Based on the experimental investigation carried out on recycled aggregate HVFA concrete to
study its mechanical properties and durability characteristics, the following conclusions can be drawn:

• The use of recycled aggregate fractions (up to 15 mm) proved to be suitable for manufacturing
structural concrete, even when employed in total replacement of fine and coarse natural aggregates.

• If natural aggregates are substituted by recycled ones, fly ash is added to the mixture in partial
substitution of cement, and the w/c is decreased with the aid of a superplasticizer, the compressive
strength is equal or even greater than that of natural aggregate concrete.

• The use of fly ash proved to be very effective in reducing carbonation and Cl penetration depths
in concrete, even if recycled instead of virgin aggregate was used.

• When the concrete cover was cracked, the addition of fly ash and the use of recycled aggregates
(Rec + FA-0.6) did not reduced the corrosion resistance of steel reinforcement, while it appeared
very effective to protect the galvanized steel reinforcement.

• An improved attention to the sustainability issue in concrete manufacturing, promoted by
using recycled aggregate and high-volume fly ash, did not cause bad side effects on durability
performance of reinforced concrete specimens under testing.
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Featured Application: The study on the diffusion, bonding and micro-properties of chloride

penetration in concrete in a water soaking environment can provide fundamental information to

evaluate the durability of the marine concrete.

Abstract: This paper experimentally studies the effects of fly ash on the diffusion, bonding, and micro-
properties of chloride penetration in concrete in a water soaking environment based on the natural
diffusion law. Different fly ash replacement ratio of cement in normal concrete was investigated.
The effect of fly ash on chloride transportation, diffusion, coefficient, free chloride content, and binding
chloride content were quantified, and the concrete porosity and microstructure were also reported
through mercury intrusion perimetry and scanning electron microscopy, respectively. It was concluded
from the test results that fly ash particles and hydration products (filling and pozzolanic effects) led to
the densification of microstructures in concrete. The addition of fly ash greatly reduced the deposition
of chloride ions. The chloride ion diffusion coefficient considerably decreased with increasing fly ash
replacement, and fly ash benefits the binding of chloride in concrete. Additionally, a new equation is
proposed to predict chloride binding capacity based on the test results.

Keywords: fly ash; carbon dioxide emission; chloride diffusion; binding capacity of chlorine

1. Introduction

Since Portland cement was invented in 1824, cement has become the most important and
irreplaceable building material in infrastructure construction. However, problems associated with
cement are becoming increasingly prominent. For example, cement production consumes a great
amount of energy and released a great deal of toxic pollutants, such as dust, soot, sulfur dioxide,
and carbon dioxide, into the environment [1,2]. The production of Portland cement causes about
7% of the world’s carbon dioxide emissions, which is essential to be reduced. Using supplement
materials in concrete (e.g., fly ash, and slag) is effective in reducing the amount of cement consumption
without sacrificing any properties [3]. Fly ash is the main coal combustion by-product from power
plants [4–6]. It has become the fifth largest raw material resource in the world and has been used for
more than 50 years in concrete [7,8]. Replacing part of the cement admixture in concrete can save
cement clinker, thus reducing the environmental pollution from cement production [9,10]. It has been
reported that, per ton, replacing Portland cement by fly ash can reduce one ton of carbon dioxide
emissions [11]. In addition, fly ash can obviously enhance the workability of fresh concrete, reduce
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hydration heat in the early stages, improve corrosion resistance [9,10,12–14], and improve concrete’s
durability performance [15–19].

It is generally believed that chloride ion penetration in concrete is one of the most critical causes of
steel reinforcement corrosion that may further cause structural failure [20–22]. Chloride ions are present
in many environments, including marine, road de-icing salt, salinized soil, and industrial wastewater
environments. Chloride ions penetrate through pores into concrete and accumulate around steel
reinforcements, which destroys the passive film on the steel surface and activates steel reinforcement
corrosion [23–25]. For existing reinforced concrete structures, the penetration process of chloride ions is
an important parameter in durability life assessment [26]. Liu et al. [24] examined the microstructures
of fly ash concrete and normal concrete in a chloride atmosphere environment; the fly ash content was
discovered to be sensitive to the chloride binding capacity and diffusion coefficient. Wu et al. [27]
found that chloride transportation was affected by drying–wetting cycles and compressive stress
ratios—the former significantly increased the chloride ion content, and the latter decreased the chloride
ion content. Mehta and Monteriropj [28] pointed out that a pore size of <100 nm has little or no
effect on concrete strength and permeability, while a pore size of >100 nm negatively affects concrete
strength and permeability. The permeability of fly ash concrete seems physically different from that
of normal concrete. Unlike that in salt-spray environments, concrete in seawater environments has
different chloride ion concentrations, in which migration speed of chloride ion varies considerably.
The chloride ion distributions in concrete are quite different, which is related to the way that chloride
ions penetrate concrete. In fact, chloride ion penetration is a complex process involving extensive
transportation mechanisms, such as diffusion under a concentration difference [27], penetration under
water pressure [29], and capillary action under a humidity gradient [30]. In a soaking environment,
when the concrete is saturated, chloride ions are mainly transferred through diffusion to the concrete.
Meanwhile, in a salt-spray environment, the migration of chloride ions is achieved mainly by capillary
suction and the diffusion effect. Therefore, the chloride profile of concrete can be quite different in
different environments, which may cause different corrosion mechanisms of reinforcement in concrete.
Thus, the knowledge of such durability behavior of fly ash concrete remains unclear, even though it
is essential for promoting durable material design in construction under water. Due to filling and
pozzolanic effects [31–33], adopting fly ash to partly replace cement can increase chloride ion resistance
and lead to the better durability of concrete [34–36]. Moreover, there are very few references on
the distribution of chloride ions in concrete soaked with seawater, thus indicating the demand for a
comprehensive study that covers not only the micro-properties and transportation mechanism but also
the chloride binding capacity of fly ash concrete.

The current investigation aimed to systematically examine the effect of fly ash on chloride ion
diffusion in concrete in a water soaking environment. Specifically, the effect was quantified by the
chloride ion diffusion coefficient and chloride ion deposit amounts at different layers. The study also
compared the amount of free and binding chloride ions, as well as binding resistances, under different
dosages of fly ash replacement. Through a mercury intrusion method and SEM, the study explored the
effects of fly ash on the pore structure and cement hydration products.

2. Experimental Investigation

2.1. Materials

ASTM (American Society for Testing and Materials) type I Portland cement, Class F fly ash, river
sand (fineness: 2.3–3.0), and a coarse aggregate (size: 5–20 mm in diameter) were used for concrete
preparation. Industrial chloride salt (purity: 99%) was adopted to simulate the NaCl solution. Table 1
lists the proportions of three mixtures of normal concrete with fly ash replacements of 0%, 15%, and 30%
(by weight). Table 2 lists the chemical compositions of the cement and fly ash.
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Table 1. Mix proportions of concrete. kg/m3.

NO OPC Sand CA FA W W/C

PCFA0 409.0 720.0 1079.0 0.0 192 0.47
PCFA15 347.7 697.3 1054.0 61.3 192 0.47
PCFA30 286.3 689.0 1041.0 122.7 192 0.47

OPC = ordinary Portland cement; CA = coarse aggregate; FA = fly ash; and W/C =water to cement ratio; PCFA0
represents plain concrete with 0% fly ash.

Table 2. Chemical compositions (mass percentages of oxides, %).

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O

Cement 64.67 18.59 4.62 4.17 2.35 3.32 0.92
Fly ash 4.74 62.32 23.95 1.33 2.04 1.25 0.76

2.2. Immersion Test Methodology

To simulate the concrete deterioration process in a seawater soaking environment, immersion
tests of concrete samples were conducted based on NT (NORDTEST) Build 443 [37]. Three standard
concrete cylinders were cast for each concrete mix and demolded 48 hours later. After standard curing
under the environment with a constant temperature of 20 ± 3 ◦C and a relative humidity of >95% for
90 days, these specimens were first saturated with a Ca(OH)2 solution, ensuring that the weight change
of all samples was less than 0.1%. After that, the samples were exposed to a saturated-surface-dry state
environment under ambient temperature before the top surface was selected as the exposed surface,
while the remaining surfaces were sealed with an epoxy material to guarantee the unidirectional
diffusion of the chloride ions during the test. Then, the samples were soaked in an NaCl solution with
a 16.5% concentration at a temperature of 23 ± 2 ◦C for 35 days. Figure 1a shows the concrete samples
immersed in the NaCl solution.

2.3. Measurement of Chloride Content

After the immersion process, the crystal salt on the concrete surface was removed. Then, the samples
were grinded by a specially-designed pulveriser into powder from the exposed surface, layer by layer.
From the height of 0–16 mm, the grinding thickness was 1 mm, while from the height of 16–40 mm,
the grinding thickness was 2 mm, as shown in Figure 1b. The powder samples were then placed in
an oven at up to 105 ◦C to dry to a constant weight. The determination of the free and total chloride
ion contents was based on AASHTO T260 (2009) [38], while the concentration of chloride ions was
determined by the automatic potentiometric titrator as shown in Figure 1c.

2.4. Microstructural Characterization

The study adopted mercury intrusion porosimetry to evaluate the porosity and pore size
distribution characteristics of concrete [39,40]. For each mix, three sample tests were conducted,
and the average results were used for analysis. The concrete samples were crushed into small sizes and
dried by a solvent replacement method, changing the solvent every 6 hours for the first few days and
then every day for one week. After that, the samples were vacuum-dried and subjected to mercury
intrusion up to 210 MPa. The contact angle between mercury and concrete was set to 130◦. Assuming
that the shape of the porous material was cylinder, the applied pressure p (in mN/m2) was converted
to the pore diameter D (in m) by the Washburn equation [41]:

D = (−4σ cosθ)/p, (1)

where σ is the mercury surface tension force in mN/m and θ is the contact angle between mercury and
the capillary surface.
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(a) Concrete sample immersion in NaCl solution. 

 
(b) Sample grinding process. 

 
(c) Concentration titration of chloride ions. 

Figure 1. Measurement of chloride content in concrete.
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Microstructural studies of the concrete sample after exposure to seawater immersion were
performed using SEM. The concrete samples were taken from the cylinder surface with a diameter of
<25 mm and a thinness of <20 mm. The specimens were washed and dried to a constant weight in an
oven under 105 ◦C. The specimens were then coated with a gold-plated film due to the poor electric
conductive performance of concrete. Ultra-high resolution SEM was adopted to identify the hydration
products, observe the fly ash, and evaluate the pore structures.

3. Results and Discussion

3.1. Effect of Fly Ash on Chloride Transportation

The free and total chloride contents were determined in accordance with the AASHTO T260
standard [38]. The former was obtained based on the water-soluble extraction method, while the
latter was obtained by acid-soluble extraction in a nitric acid solution. After extraction, the chloride
content was measured with an automatic potentiometer titrator. Figure 2 shows that the concentration
of free chloride content from each concrete layer reduced significantly as the fly ash replacement
ratio increased. Two individual zones of chloride deposition, namely the descending (0–15 mm) and
flat zones (15–40 mm), were observed. The curve descended significantly at the 0.0–7.5 mm zone,
in twhich the chloride concentration of plain concrete with 0% fly ash (PCFA0) reduced by 0.426% with
a reduction percentage of 54.5%. For PCFA15 and PCFA30, the related reductions were 0.4722% and
0.4876% with reduction percentages of 65.9% and 69.4%, respectively. It was found that concrete with
fly ash had a lower chloride content, which indicated a larger reduction percentage compared to the
normal concrete without fly ash. For the zone of 17–27 mm, the reduction of chloride concentration was
negligible for all samples since the chloride ion concentration became lower as concrete depth increased.
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Figure 2. Free chloride deposition of concrete with different fly ash replacement ratios.

Figure 2 shows that the chloride ion distribution curves in the soaking environment satisfied
Fick’s second law, while Figure 3 shows that the curves in the salt-spray environment did not follow
Fick’s second law. In the salt-spray environment, there was a rising branch called the convection
zone for the chloride ion on the concrete surface. Beyond this convection zone, the chloride ion
concentration decreased. Chloride ion distribution in concrete depends on the way chloride ions
penetrate into the concrete. In fact, chloride ion penetration is a complex process including extensive
transportation mechanisms, such as diffusion under a concentration difference [27], penetration under
water pressure [29], and capillary action under a humidity gradient [30]. In a soaking environment,
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when concrete is saturated, chloride ions are transferred mainly through diffusion to the concrete.
Meanwhile, in a salt-spray environment, the migration of chloride ions is mainly attributed to
capillary suction and the diffusion effect. Chloride aerosols deposited on the surface of concrete are
absorbed through capillary suction. Then, the free chloride ions are diffused into the concrete due
to a concentration difference. When the water evaporates from the concrete pore, the chloride ions
left in pores gather to a peak amount through a series of drying and wetting cycles. This results
in the convection of the chloride ion migration under the salt-spray environment, which can be
seem in Figure 2 [24]. According to the results of chloride penetration in the soaking and salt-spray
environments in our experiments, the distribution of chloride ions on the concrete surface varied,
but the trend approached consistency as the concrete depth increased.

Figure 3. Qualitative expression of the chloride penetration curves [24].

The deposition of chloride ions gradually approached zero at concrete depths over 15 mm.
This was mainly due to the maximum exposure day (35 days), and this transition depth could be
increased if the number of exposure days increases. In addition, the ingress depth also depended
on the specific concrete mix used (water to cement ratio: W/C). The curve in the descending zone in
Figure 2 indicates that the free chloride deposition of the samples with 15% and 30% fly ash replacement
considerably decreased compared to that of the normal PCFA0 concrete. This is because fly ash has
three main effects on concrete, namely the pozzolanic, morphological, and microaggregate filling effects.
The pozzolanic effect is triggered by Ca(OH)2 formed from Portland cement hydration. However,
the pozzolanic reaction at the beginning of cement hydration is very slow because of the presence of
less Ca(OH)2. With the increase of curing age, the secondary hydration reaction between the activated
ingredients, such as SiO2 and Al2O3, in fly ash, and Ca(OH)2 produces C–S–H gel, calcium aluminate
hydrate products, and so on. These products may absorb more free chloride ions, reducing the
deposition of chloride ions in concrete. This also indicates that chloride binding capacity is improved
with the addition of fly ash. These hydrates can fill large size pores in cement matrixes and thus reduce
porosity, narrow pore diameter, and block the connectivity of the pores, all of which subsequently slow
the diffusion and migration of chloride ions. In addition, 70% of fly ash particles are inert, compact
hollow microsphere (cenospheres) with smooth surfaces [31,32], which are like activated nanomaterials
that improve the microstructures of concrete. Consequently, a concrete with fly ash replacement has a
much lower chloride deposition than normal concrete.

3.2. Influence of Diffusion Coefficient

It was found that the chloride deposition curve in Figure 2 generally followed Fick’s second law
(Equation (2)) [42,43]. Based on the data in Figure 2, Figure 4 plots the regression curves of the chloride

118



Appl. Sci. 2020, 10, 6271

coefficient using the Origin software. The chloride ion diffusion coefficient D and surface concentration
of chloride C for each group can be determined by Equation (2), as shown in Table 3.

C(x, t) = C0 + (Cs −C0)[1− er f (
x

2
√

Dt
)], (2)

where C(x,t) is the chloride percentage in concrete depth x at exposure time t (%), Cs is the chloride
percentage at the concrete surface (%), C0 is the initial percentage of chloride in concrete, and er f (z) is
the error function, er f (z) = 2√

Π

∫ z
0 exp(−z2)dz.

Figure 4. Regression curves of chloride coefficient using Fick’s second law (by mass%).

Table 3. Regression results of chloride diffusion coefficient. D: chloride ion diffusion coefficient;
CS: chloride percentage at the concrete surface; and σ2: the mercury surface tension force.

ID D/(×10−12 m2/s) Cs/% R2 σ2

PCFA0 12.2617 0.8210 0.9988 0.0006
PCFA15 9.0633 0.7614 0.9970 0.0014
PCFA30 7.6176 0.7187 0.9966 0.0014

Figure 4 shows the regression curves of the chloride diffusion coefficient for PCFA0, PCFA15,
and PCFA30 using Fick’s second law. The chloride diffusion coefficient significantly decreased with
the 15% and 30% replacements of cement by mass, with reduction ratios of about 26.1% and 37.9%,
respectively, compared to normal concrete. The related coefficient reductions were 3.1984 × 10−12

and 4.6441 × 10−12 m2/s. This indicated that the chloride diffusion coefficient reduced more as the
fly ash dosage rose. However, the reduction rate was slower as more fly ash was added. This was
clear from the fact that the chloride diffusion coefficient of the PCFA30 sample was not proportionally
reduced, which was less than half of that (1.4457 × 10−12 m2/s) for the PCFA15 sample. Two main
reasons for the reduction of the chloride diffusion coefficient were the (1) pozzolanic effect formed
tobermorite and calcium aluminate hydrate product [44], which could have increased the chloride
binding resistance, and (2) Al2O3 in the fly ash was the essential ingredient to generate Friedel’s salt.
The chloride ions in concrete are mainly in the form of Friedel’s salt. Al2O3 reacts with Ca(OH)2 and
may lower the C/A (calcium/aluminum) product and accelerate AFM (monosulphate) to form Friedel’s
salt, as explained in Equation (3). This process physically and chemically benefits the chloride binding
capacity. Nevertheless, differentiating between the chemical and physical absorption process with
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the chosen test setup was difficult in this study since chloride penetration have extensive transport
mechanisms in concrete. Consequently, the decrease of free chloride content leads to reduce the chloride
diffusion coefficient [45]. However, differentiating between the chemical and physical adsorption
process needs further study.

3.3. Influence of Free and Binding Chlorides

Binding chloride is the solidifying process of chloride ions by cement-based materials. The binding
chloride in the cement composite could not transport in water in concrete. Binding chloride can be
divided into two types: chemical bound and physical absorption. Chemical bound results from the
reaction of chloride and cement, while physical absorption depends on the electrostatic interactions
(or van der Waals forces) [46,47] between ions. Equation (3) shows that chemical bound chloride ions
follow the formation of Friedel’s salt [48]:

C3A + CaCl2 + 10H2O→ C3A·CaCl2·10H2O, (3)

C3A·CaCl2·10H2O reduces the porosity of concrete, thus increasing the resistance of chloride
penetration and reducing the chloride ion binding capacity. According to Table 2, the contents of Al2O3

in the fly ash and cement were 23.95% and 4.62%, respectively. Since Al2O3 is a raw material for salt
formation, adding fly ash into the concrete increased Friedel’s salt formation, which further improved
the chloride binding capacity.

Figure 5 shows the distribution of total chloride, free chloride, and bound chloride of the concrete
samples. The bound chloride amount was much lower than the total and free chloride amounts.
Figure 6 shows the relationship between bound chloride and concrete depth, in which the bound
chloride amount decreased as concrete depth increased, but then the chloride amount went slightly up.
PCFA15 and PCFA30 had much higher bound chloride amounts compared to that without any fly
ash addition (PCFA0). The bound chloride content decreased significantly within the 0.0–12.5 mm
depth, while it slightly increased to a constant value beyond 12.5 mm. In this case, free chloride could
be reduced in the pores of concrete, which deceased the potential risk of rebar corrosion. The free
chloride content kept a linear relationship with the total chloride content [49], as shown in Figure 7.
Equation (4) introduces the index R to represent the chloride binding capacity:

R =
∂Cb
∂C f

, (4)

where Cb is the concentration of the bound chloride and Cf is the concentration of the free chloride.
Equation (5) gives a linear formulation to represent the linear relationship between the free and

total chloride contents:
Ct = KC f + b, (5)

where Ct is the concentration of total chloride and K and b are constants.
Substituting Equation (1) into Equation (2) results in Equation (6):

Cb = (K − 1)C f + b, (6)

Equation (7) introduces chloride binding capacity index R shown below:

R = K − 1, (7)

Based on the calculations of Equation (7), Figure 8 shows the relationship between the chloride
bound capacity amount and concrete depth. The chloride binding capacity increased as concrete depth
rose. Based on Equation (4), the bound capacity indexes of chloride were 0.1426, 0.1882, and 0.2134,
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respectively, for PCFA0, PCFA15, and PCFA30. This calculation indicates that the chloride binding
capacity improves as fly ash addition increases.

 
(a) PCFA0 

 
(b) PCFA15 

 
(c) PCFA30 

Figure 5. Distribution of total chloride, free chloride, and bound chloride in concrete samples (by mass%).
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Figure 6. Relationship between bound chloride amount and concrete depth (by mass%).

 

Figure 7. Relation between free chloride and total chloride depth (by mass%).

Figure 8. Relation between chloride bound capacity amount and concrete depth.
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3.4. Effect of Fly Ash on Porosity and Microstructure

Physical and chemical reactions may significantly affect the porosity and microstructure of
concrete due to fly ash addition. Figure 9 shows the cumulated porosity of the concrete samples. It was
found that the cumulative pore volume reduced as the fly ash addition increased. Figure 10 shows
the pore size distribution of each sample after 90 days of curing. The cumulative volume of pores
reduced as fly ash content increased. The mean pore size of the PCFA0, PCFA15, and PCFA30 samples
were about 40, 26, and 13 nm, respectively, which indicated that the fly ash addition led to a denser
concrete microstructure.

Figure 9. Cumulative porosity of concrete sample with different fly ash additions after 90 days of curing.

Figure 10. Pore size distribution after 90 days of curing.

Mehta and Monteriropj [28] classified pore size in concrete into four classes: Class I of <4.5 nm,
Class II of 4.5–50 nm, Class III of 50–100 nm, and Class IV of > 100 nm. A pore size of <100 nm has little
or no effect, while >100 nm has a negative effect on the concrete strength and permeability. Specifically,
the curves in Figure 11 show that the pore volume fraction of Class I and II increased while that of Class
III and IV decreased. For example, the pore volume fraction with 4.5–100 nm in PCFA30 increased by
about 62.5% and 36.8% compared to PCFA0 and PCFA15, respectively, while that of 100–200 nm and
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larger than 200 mm for PCFA15 and PCFA30 considerably reduced to 20.83% and 15.39%, respectively,
compared to that of PCFA0. This indicated that pore structures were well-improved as fly ash was
added into concrete. This was caused by the second hydration of fly ash with C–H after 90 days of
curing generated more C–S–H gel, causing the promotion of concrete compactness and the optimization
of pore structures. Figure 12a–c shows the morphologies of concrete samples with different fly ash
additions after 90 days of curing. PCFA15 and PCFA30 with fly ash had enhanced concrete density,
while more pores could be found for PCFA0 without fly ash replacement. The left-unhydrated fly ash
particles may have filled pores in the concrete, as shown in Figure 12d. In this case, fly ash prevented
the penetration of free chloride ions and reduced the corrosion of steel rebar, leading to a higher
concrete durability.

 
Figure 11. Pore size distribution of concrete with different fly ash additions after 90 days of curing.

 
(a) PCFA0 

Figure 12. Cont.
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(b) PCFA15 

 
(c) PCFA30 

 
(d) PCFA15 

Figure 12. Morphologies of concrete samples with different fly ash additions after 90 days of curing.
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4. Conclusions

This study systematically, experimentally, and analytically investigated the influence of fly ash on
chloride diffusion, chloride bonding capacity, and the microstructure of normal concrete in a water
soaking environment. The main findings are summarized as follows.

(1) The addition of fly ash reduced free chloride diffusion, increased the chloride binding capacity,
and improved the concrete compactness, which could further improve the durability of concrete.

(2) Two individual zones of chloride deposition, namely the descending zone (0–15 mm) and
the gentle zone (15–40 mm), were identified through the measurement of chloride content.
The chloride concentration of samples at the 0–7.5 mm zone reduced by 54.5%, 65.9%, and 69.4%,
respectively, for PCFA0, PCFA15 and PCFA30. Fly ash addition indeed decreased the free
chloride concentration.

(3) In natural immersion, the chloride ion diffusion coefficients of concrete with 15% and 30% fly ash
replacements for cement were reduced by 26.1% and 37.9%, respectively, compared to concrete
without any fly ash addition, which indicated that the more fly ash was added in the concrete,
the lower the chloride diffusion coefficient.

(4) Both chemical ion exchange and physical adsorption processes contributed to the reduction of
free chloride ion concentrations. The free chloride ion content had a linear relation with the total
amount of chloride ions. An equation was proposed to predict the binding capacity of chloride.
Concretes with 0%, 15%, and 30% replacement for cement had binding capacity indexes of 0.1426,
0.1882, and 0.2134, respectively, which indicated that the chloride binding capacity was improved
by fly ash. In this case, fly ash reduced the free chloride ion concentration, and if this concentration
was less than the critical value, the rebar corrosion could be prevented, thus resulting in a longer
service life of reinforced concrete. Moreover, a future study is expected to differentiate between
chemical and physical adsorption process.

(5) Fly ash particles and hydration products (filling and pozzolanic effect) led to the densification
of microstructures. SEM results showed that the volume of pores less than 100 nm obviously
increased for concrete with 15% fly ash replacement for cement, the volume of pores sized from
4.5 to 50 nm, and 50 to 100 nm pronouncedly increased, while the volume of pores larger than
100 nm decreased significantly.
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Featured Application: This research brings introduction to a novel type of hydraulic binder based on

phosphogypsum. Ternary system binder based on phosphogypsum, Portland cement, and pozzolan

was elaborated as high-performance material with the strength up to 90 MPa. This binder is

characterized by low Portland cement content and low water-binder ratio. Mineralogical and

microstructural investigation was performed and data represented. Furthermore, development of

lightweight foamed concrete based on developed binder was created using foaming agents.

Abstract: The potential of phosphogypsum (PG) as secondary raw material in construction industry
is high if compared to other raw materials from the point of view of availability, total energy
consumption, and CO2 emissions created during material processing. This work investigates a
green hydraulic ternary system binder based on waste phosphogypsum (PG) for the development of
sustainable high-performance construction materials. Moreover, a simple, reproducible, and low-cost
manufacture is followed by reaching PG utilization up to 50 wt.% of the binder. Commercial gypsum
plaster was used for comparison. High-performance binder was obtained and on a basis of it foamed
lightweight material was developed. Low water-binder ratio mixture compositions were prepared.
Binder paste, mortar, and foamed binder were used for sample preparation. Chemical, mineralogical
composition and performance of the binder were evaluated. Results indicate that the used waste
may be successfully employed to produce high-performance binder pastes and even mortars with
a compression strength up to 90 MPa. With the use of foaming agent, lightweight (370–700 kg/m3)
foam concrete was produced with a thermal conductivity from 0.086 to 0.153 W/mK. Water tightness
(softening coefficient) of such foamed material was 0.5–0.64. Proposed approach represents a viable
solution to reduce the environmental footprint associated with waste disposal.

Keywords: phosphogypsum; ternary binder; high performance; strength; foam; lightweight material;
thermal conductivity

1. Introduction

Gypsum binder is widely used in construction due to its ease of production, availability, and low
price [1]. Physically, gypsum is infinitely recyclable; however, the recycling process requires additional
energy [2]. Despite these benefits, the disadvantage of gypsum binder is its brittleness, poor resistance
to cracking, and unsuitability for damp conditions. Traditional gypsum binder use has been defined in
EN 12859, where the main gypsum application is associated with the production of plasters, blocks,
tiles, and boards [3]. Besides natural gypsum, synthetic gypsum, produced as chemical by-product,
is used widely for the production of gypsum products. There are more than 50 different types
of gypsum waste [2]. However, the most common by-product is phosphogypsum (PG), flue gas
desulphurization gypsum, and borogypsum [4,5]. Phosphogypsum (PG) is produced as a by-product
from phosphate fertilizer production and the annual PG production reaches 280 mlj.t worldwide and
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only about 15% of PG is used as secondary raw material, but rest is disposed in open-type stacks [5].
Partially or completely, synthetic gypsum can be a substitute for natural gypsum as cement admixtures,
gypsum-based plasters, drywalls. Researches on production of traditional gypsum binders based on
PG are widely published, but they have rather limited practical application due to specific nature of
PG [6]. Moreover, there are legislation limits and prejudice coming from society regarding PG, so the
direct use of PG as substitution of natural gypsum is problematic. More complicated and effective way
of the utilization of PG is to create an advanced and new type of binder, which has a much lower carbon
footprint comparing to Portland cement, while remaining strength properties similar to Portland
cement. It was reported that the addition of blast furnace slag and cement could effectively improve
the mechanical strength of PG. However, fly ash played a negative role on the compressive strength of
PG [7]. S. Kumar described properties of fly ash–lime–phosphogypsum ternary binder [8] or recently
anhydrous gypsum was used to develop lime-pozzolan green binder [9]. Two waste-stream materials
were used and only lime was defined as a primary resource, the calcination temperature (900–1100 ◦C)
of latter is lower compared to Portland cement. In this case, the amount of PG in the binder was in the
range from 10–40%. However, the disadvantage comparing to Portland cement is low compressive
strength—which could be in range from 2–4 MPa [8]; nevertheless it is reasonable if it is compared to
the lime binder and hydraulic lime binder. Higher strength results were obtained in ternary binder
system phosphogypsum–steel slag–granulated blast-furnace slag (GGBS)–limestone cement, where
the content of PG was from 25–65%, while the amount of slag was from 22–48%. The obtained
strength at the age of 28 days was up to 45 MPa while the obtained binder is characterized with fast
setting time (initial setting time 6–9 min, final 10–12 min) [10]. These results are more comparable to
traditional binders, while the problem could be a fast setting time. The fast setting may not benefit the
engineering application because there is not enough time for casting before the cement sets. In some
case it was reported that the citric acid in amount from 0.03–0.15 wt.% of cement could retard setting
time significantly. The use of citric acid could increase the open time from 25 to 47 min, while this
admixture tended to slightly reduce compressive strength of the binder [11]. In ternary systems where
Portland cement is present, superplasticizer can be used and low water-binder ratio can be achieved.
Traditionally, supplementary materials that are utilized to replace ordinary Portland cement decrease
the workability of the cementitious mixtures and superplasticizers such as polycarboxylate based
are usually added to cement to control their fluidity [12]. The use of polycarboxylate acid-based
superplasticizer could be used from 0.75–1.75 wt.%; however, reports say that it could slightly reduce
early compressive strength of the material while final strength tended to increase [11]. These aspects
regarding to the utilization of PG in new types of binders were considered in present research by
choosing mixture composition, including use of chemical admixtures.

To continue the development of alternative waste stream binders in a production of new materials
and enhance its valorization possibilities, novel lightweight foam material based on developed ternary
binder was elaborated. In construction industry, there is growing interest in lightweight concretes.
It combines positive properties of constructive and insulation materials and is characterized by
moderate strength, low density, and improved thermal properties. Cellular concrete is composed
on mortar matrix and specially created system of air cells, which occupies up to 85% of material
volume [13]. High porosity limits potential of mechanical strength, but high volume of open pores is the
main reason for increased water absorption and drying shrinkage. The density of traditional gypsum
ranges from 600 to 1500 kg/m3, as given in Clause 4.8.1. of EN 12859 [3]. This well-known standard
covers the gypsum application range, and beyond this range, research is being conducted to make
gypsum material more sustainable. Attempts to produce lightweight gypsum with foaming admixtures
have yielded a material with density ranging from 300 to 600 kg/m3 [14]. Such material has low density,
superior sound, and thermal insulation and can be considered a sustainable high-performance material.
High-efficiency sound-absorbing material was made also with PG, which composite structure was
described by Baoguo Ma et al. [15]. Thus, aim of the work was to produce in laboratory conditions
lightweight ternary system based material with density less than 600 kg/m3, which is outside the
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traditional boundaries to bring the novelty of the research. Bulk density and thermal conductivity were
set as target values, which should be determined together with technological properties so that gypsum
material could be easily produced and handled (workability, strength). Here, research on development
of highly porous ternary system gypsum-based binder material was evaluated and compared.

2. Materials and Methods

Dihydrate phosphogypsum (CaSO4·2H2O) analyzed in this work is a waste generated by fertilizer
production plant AB Lifosa (Kėdainiai, Lithuania) in wet-process phosphoric acid production, where
apatite from the Kovdor mine, Kola peninsula, Russia, is decomposed by sulphuric acid. To produce
1t of orthophosphoric acid, about 3.0–4.5 t of PG is obtained [16]. At the enterprise, volcanic origin
Cola apatite (Kirov and Kovdor) (containing F2 1–2%, P2O5—about 38% as phosphorus) is used as
a raw material in the production of phosphoric acid. Besides, phosphorites of sedimentary origin
from other countries (Morocco, Jordan, Kazakhstan (Karatau), Algeria, South Africa Republic) are
used. The dihydrate PG was used as secondary raw material in the present research. Chemical
composition of raw materials is given in Table 1. The initial pH of PG is in the range from 2.2–2.9 while
during the storage it can increase gradually. The PG was dried at 60 ◦C (moisture content 9–12 wt.%)
and milled to powder-like particles with collision milling in semi-industrial disintegrator with the
rotational speed of 50 Hz. The particle size distribution is given in Figure 1. Then, the calcium sulfate
hemihydrate binder was obtained by treatment of milled gypsum powder at temperature 180 ◦C for
4 h. Commercial gypsum plaster (BG) was used to compare the characteristic technological properties
of obtained binder.

Table 1. Chemical composition of raw materials used to prepare novel building material [weight %].

Element Commercial Gypsum BG Phosphogypsum PG Metakaolin MKW Cement CEM I 42.5N

SiO2 3.73 1.07 51.80 22.64
Al2O3 1.68 0.70 34.20 5.93
Fe2O3 0.46 0.22 0.50 3.26
CaO 35.64 37.16 0.10 57.04
MgO 3.92 0.21 0.10 4.26
SO3 30.90 37.38 - 3.30

Na2O 0.31 0.48 0.60 0.10
K2O - - - 2.40
TiO2 0.05 0.11 0.60 0.38

Cl - - - 0.14
P2O5 - 0.57 - 0.46
LOI 22.43 19.24 11.5 -
Total 99.42 99.74 99.60 99.90
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Figure 1. The particle size distribution of the raw materials used to prepare novel building material.

The other components of the binder were metakaolin as supplementary cementitious material and
Portland cement CEM I 42.5N (CEM). Chemical composition of CEM is given in Table 1. The initial
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setting time was 182 min and the final setting was 224 min (according to LVS EN 196-3); the normal
consistency was 28.2% (according to LVS EN 196-3). Blaine fineness of cement was 3787 cm2/g (according
to LVS EN 196-6). Na equivalent was 1.68. Compressive strength after 1 day was 15.4 MPa, after 2
days—32.9 MPa, after 7 days—48.8 MPa, and after 28 days—60.5 MPa. Waste metakaolin (MKW) was
obtained from the porous glass granule production factory “Stikloporas” JSC (Druskininkai, Lithuania).
Metakaolin is a by-product from the final stage of expanded glass granule production, where kaolinite
clay powder is used as a substance for anti-agglomeration and is heated at 850 ◦C temperature for
40–50 min. MKW is mostly amorphous dehydration product of kaolinite, Al2(OH)4Si2O5, which
exhibits strong pozzolanic activity often used in the concrete industry as a supplementary cementitious
material. XRD pattern and detailed description of MKW was published before [17]. MKW contains
amorphous metakaolin detected in 2θ region from 15 to 30◦, and some minor crystalline phases were
also detected in MKW: quartz (SiO2) and Halloysite Al2Si2O5(OH)4. The specific surface area of the
MKW is 15.86 m2/g. Loss of ignition for metakaolin was 11.5%. The particle size distribution of
materials used in the preparation of ternary binder is given in Figure 1.

Sika ViscoCrete G-2 is a high-performance superplasticizer/water reducer based on polycarboxylate
(PCE) polymer technology. PCE is formulated for applications in systems with high calcium sulfate
content or pure gypsum-based binders. Gips RETARD (TKK) is a powdered citric acid-based admixture,
which was used for regulating the setting time of gypsum. Gips RETARD was added to the dry
binder mixture and mixed thoroughly before water was added. Sodium dodecyl sulfate (SDS) ≥85%,
pure (Acros Organics), was used as foam stabilizer for preparation of foamed samples. To produce
porous, lightweight ternary system material, anion surface-active substance with stabilizing and
functional agents PB-Lux was used.

Prepared mixture composition is given in Table 2. First two compositions were ternary system
binder pastes (GCP-PG and GCP-BG). The difference between two of them is that in one case,
commercial gypsum binder is used (abbreviation with BG), while in the other one PG binder is used
(abbreviation with PG). The amount of PCE was 1.5% from the total amount of binder while set retarder
R was 0.2%. Set retarder was used for samples with PG as it has a shorter set time comparing to
commercial gypsum [6]. The W/B ratio was 0.34 for both mixtures. Other two mixtures were based
on two mentioned binder pastes, but additional washed quartz sand (0/4 mm) was incorporated into
the mixture composition with binder-sand ratio 1:1.75. The W/B ratio slightly increased with the
incorporation of sand.

Table 2. Mixture composition of prepared ternary system binder paste and ternary system binder mortar.

Mixture PG BG CEM MKW G-2 R Sand 0/4 mm W/B

GCP-PG 1 0.4 0.4 1.5% 0.2% - 0.34
GCP-BG 1 0.4 0.4 1.5% - - 0.34

GCP-PG-S 1 0.4 0.4 1.5% 0.2 1.75 0.36
GCP-BG-S 1 0.4 0.4 1.5% - 1.75 0.36

Mixing procedure of binder pastes was similar to traditional cement mortars. First, dry components
including set retarder were homogenized for 2 min. Then, powder gradually was added into the water
and superplasticizer mixture and homogenized for 2 min before casting. Mortar was mixed similar to
the pastes, while the sand and extra water were added to the pre-mixed paste. Samples were cast in
20 × 20 × 20 mm or 40 × 40 × 160 mm molds for further testing.

The mixture composition of foamed ternary system binder is given in Table 3. Four mixture
compositions were prepared. The amount of foam that was prepared was similar for all mixture
compositions. The amount of binder paste homogenized with foams was changed for both compositions.
SDS stabilizing admixture was used during the preparation of foams. Mixing procedure of binder
pastes was similar to traditional cement mortars. First, dry components including set retarder were
homogenized for 2 min. Then, powder gradually was added into the water and superplasticizer
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mixture and homogenized for 2 min before introduction in simultaneously prepared foams. Then,
binder paste was cast in foams and homogenized for 3 min. Both commercial gypsum BG and
phosphogypsum PG was compared. Plate samples with dimensions 35 × 35 × 5 cm were prepared for
thermal conductivity measurements. Samples were further cut to cubical specimens 5 × 5 × 5 cm and
physical properties as well as mechanical properties were tested.

Table 3. Mixture compositions of foamed ternary system binder.

Composition
Components, Weights Parts

Water, Foams Water, Binder PG BG PBLUX CEMII MKW R G-2 SDS

GCP-PG-1 200 410 750 - 5 312 312 2.5 21 2.5
GCP-PG-2 200 560 1050 - 5 437 437 3.5 29.5 3.5
GCP-BG-1 200 370 - 750 5 312 312 2.5 21 2.5
GCP-BG-1 200 520 - 1050 5 437 437 3.5 29.5 3.5

The setting time of the obtained binder was tested using the Vicat apparatus. Consistency of fresh
mortar was tested with the Suttard’s viscometer. Early age (24 h) and 28 d compressive strength was
determined. After 24 h, samples were cured in moist conditions (RH 95%). At the age of 35 d, air dry
samples were tested. Samples with dimension of 20 × 20 × 20 mm were tested using Zwick Z100 with
testing speed of 0.5 mm/min. The specific gravity and total porosity were determined by using Le
Chatelier flask. Hardened samples were ground to powder with planetary ball mill Retch PM400 for
10 min with a speed of 300 rpm, and obtained powder was used to determine specific gravity. Total
porosity was calculated from bulk density and specific gravity. Water absorption was measured for
prismatic specimens for binder and mortar (40 × 40 × 160 mm) and cubical specimens for porous
samples (50 × 50 × 50 mm). Samples were dried at 60 ◦C until a constant mass was obtained, then
samples were immersed in water for 72 h and saturated mass was obtained. Then, water absorption was
calculated and open porosity determined using the volumetric measurements of individual samples.
The mineralogical composition was determined by X-ray diffraction (XRD) (PAN analytical X’Pert
PRO). The macrostructure of the material was observed by a digital microscope at a magnification of 40
and 120x. Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDX) was used
(JEOL JSM 820 + IXRF systems 500 digital processing, Japan) for microscopic analysis of binder paste
with 20 kV voltage. The thermal conductivity of the materials was determined using the LaserComp
heat meter FOX600, according to the guidelines of Standard LVS EN 12667. Foamed ternary system
binder plate specimens with dimensions of 35 × 35 × 5 cm were prepared for thermal conductivity test.
Temperature difference between testing plates was 20 ◦C (the bottom plate was +20 ◦C and the upper
plate was 0 ◦C).

3. Results and Discussion

Results are represented in two main subsections where dense ternary system binder properties are
described (Section 3.1) and in Section 3.2 where properties of lightweight ternary binder are represented.

3.1. Properties of High-Performance Ternary System Binder and Mortar

The ternary system binder was described through its appearance in macro and micro level,
chemical and mineralogical composition through hydration processes. Fresh and hardened properties
of the binder and mortar were determined and results represented.

3.1.1. Appearance of Ternary System Binder and Mortar

The macrostructure of GCP-PG mortar is given in Figure 2. The difference between binder
depending on the gypsum type used (PG or BG) did not influence the appearance of the macrostructure
of the material. Mortar has a homogenous structure where individual sand filler grains and the binder
can be identified. As 50 wt.% of the binder is gypsum, the material has a white appearance that is
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characteristic for gypsum binders. The whitish appearance could be an advantage for the creation of
exposed architectural or structural elements. Small black inclusions as remains of foam glass granules
originated from waste metakaolin were indicated, which could be a negative factor influencing the
strength of the binder and mortar.

  
(a) (b) 

Figure 2. Macrostructure of ternary system mortar (a) under magnification of 40x, (b) under magnification
of 120x.

The microstructure of the ternary binder (GCP-PG and GCP-BG) is given in Figure 3. It has
a complex fine-grained structure with a large monolithic structure in smaller magnification (500x).
The magnification at 2000x reveals the interaction between binder components and different regions,
which can be identified.

  
(a) (b) 

  
(c) (d) 

Figure 3. Microstructure of the ternary binder detected by SEM in magnification of 500x and 1000x.
(a,c) GCP-phosphogypsum (PG), (b,d) GCP-BG.
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3.1.2. Chemical and Mineralogical Characterization

XRD results are given in Figure 4. The mineralogical composition of a ternary binder powder
was investigated before hydration (Figure 4c,d). Bassanite (CaSO4·0.5H2O, ref 33-0310), calcium
silicate oxide (Ca3(SiO4)O, ref 73-0599), and quartz (SiO2, ref 78-1252) were identified from the source
dry materials of GCP-PG. GCP-BG had the same three minerals as for GCP-PG, while additionally
a dolomite (CaMg (CO3)2, ref 36-0426) and an anhydrite Ca(SO4), ref 72-0916) were also detected,
which is associated with the composition of commercial BG.

 

Figure 4. Mineralogical characterization of raw material mixture and hydrated paste of ternary
binder: (a) Hydrated GCP-PG; (b) hydrated GCP-BG, (c) raw mixture of GCP-PG, (d) raw mixture of
GCP-BG. B—Bassanite (CaSO4·0.5H2O, ref 33-0310), C—calcium silicate oxide (Ca3(SiO4)O, ref 73-0599),
Q—quartz (SiO2, ref 78-1252), D—dolomite (CaMg (CO3)2, ref 36-0426), A—anhydrite Ca(SO4),
ref 72-0916), G—gypsum (Ca(SO4)(H2O)2 (74-1433), E—ettringite (Ca6(Al(OH)6)2(SO4)3(H2O)26,
ref 72-0646).

The phase change after binder hydration was detected (Figure 4a,b). Moreover, ternary binder
contained gypsum, cement, and pozzolan, the only phases which were identified in a hydrated
GCP-PG mixture where gypsum (Ca(SO4)(H2O)2 (74-1433), quartz (SiO2, ref 78-1252), and ettringite
(Ca6(Al(OH)6)2(SO4)3(H2O)26, ref 72-0646) were present. The formation and presence of the ettringite
in such a late hydration stage are associated with high gypsum content in the mixture. In such a way,
expansions can occur from excessive calcium sulfoaluminate formation after hardening and continue
until the gypsum becomes depleted, that is why pozzolan was added and, according to previous
studies, addition of pozzolan could even eliminate delayed ettringite formation [18]. In mixture
composition, GCP-BG ettringite was not detected. Besides minerals coming from raw materials
(dolomite, quartz), gypsum (Ca(SO4)(H2O)2 (74-1433) and also gypsum hemihydrate Ca(SO4)(H2O)0.5

were detected, which could be formed slowly from the hydration of the anhydrite.
The EDX analysis of the GCP-PG binder is given in Figure 5. Large amount of Ca element was

identified in most EDX points analyzed, which is associated with the fact that Ca is present in all binder
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components (phosphogypsum, cement, and metakaolin). The gypsum source in the structure can be
identified through element S, which comes from PG binder (CaSO4 0.5H2O). Small quantities of Al
and Si were identified as elements coming from metakaolin and cement. This explains the fact that no
cement minerals were identified by XRD. The XRD analysis of raw material mixture and hardened
binder was investigated while no strong new mineralogical peaks were identified. Mostly transition
between gypsum hemihydrate and gypsum dihydrate was observed.
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Figure 5. Energy Dispersive Spectroscopy (EDX) analysis of GCP-PG binder. (a) point positions
analyzed by EDX, (b) element content in analyzed region.

3.1.3. Physical and Mechanical Properties

The bulk density of hardened binder is given in Table 4. The density of binder paste GCP-BG is
slightly lower comparing to GCP-PG (1609 to 1766 kg/m3), which can be explained by the finer particle
distribution for PG and denser structure of the paste. Similar tendencies were observed for mortar.
The bulk density of a mortar material increased to 1886 and 2027 kg/m3 for GCP-BG-S and GCP-PG-S,
respectively. The total porosity for GCP-PG and GCP-BG was 23 and 29 vol.%, while for mortar it was
even lower −11 and 17 vol.% for GCP-PG-S and GCP-BG-S. The low porosity is associated with low
W/B ratio, which is also similar to traditional concrete nature [19]. This phenomenon had an influence
also on the compressive strength of the materials presented.

Table 4. Physical properties of high-performance ternary system binder.

Mixture
Consistency by Suttard

Viscosimeter, mm

Setting Time, min Dry Density,
kg/m3

Total Porosity,
vol.%Initial Final

GCP-PG 370 165 280 1766 ± 9 23 ± 2.2
GCP-PG-S 230 130 170 2027 ± 14 11 ± 1.2
GCP-BG 295 70 130 1609 ± 24 29 ± 2.4

GCP-BG-S 210 75 85 1886 ± 38 17 ± 1.9

The consistency of fresh material was strongly affected by the amount of superplasticizer and low
water content. The initial mixing of binder powder with water and plasticizer gives stiffmixture while
during the intensive mixing, the effect of superplasticizer takes place and very viscous mixture was
obtained with flow diameter −295 mm for GCP-BG and 370 mm for GCP-PG. The low W/B ratio of the
paste (GCP-PG and GCP-BG) gives similar consistency as for ultra-high performance concrete [20].
The flow for GCP-PG was higher, which is associated with the finer particle nature of PG. The prepared
mortar was less viscous comparing to paste while the effect of superplasticizer was also present and
high workability obtained. The flow of mortar was from 210–230 mm.

The setting time was longer for GCP-PG and GCP-PG-S as set retarder was purposely used in
mixture composition. The initial setting time was from 130–165 min for binder paste and mortar.
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The final set time was longer for GCP-PG (280 min) than for mortar GCP-PG-S (170 min) as it was
more viscous to initiate the set of the paste. GCP-BG and GCP-BG-S initial setting time was slightly
influenced by the mineral additives (tin 70 and 75 min, respectively), while the final set time was longer
for GCP-BG (130 min) and was reduced for mortar GCP-BG-S (85 min).

The compressive strength results are given in Figure 6. The compressive strength increased during
the water curing similar as for Portland cement binder. The strength after demolding at 24 h was
similar among all samples (13–15 MPa). The further curing resulted in slower strength gain for mortars
(GCP-PG-S and GCP-BG-S). At the age of 28 d, the strength of moist samples reached 50 MPa for
GCP-PG and 30 MPa for GCP-BG. The strength increase was not observed between 7 and 28 d for
GCP-BG. The mortar strength reached 26 MPa for GCP-BG-S and 43 MPa for GCP-PG-S. After sample
drying, material strength increased significantly at the age of 35 d. The GCP-PG reached 88 MPa
while GCP-PG-S mortar reached 50 MPa. Binder GCP-BG had 49 MPa and mortar GCP-BG-S had
39 MPa, respectively. The failure of the mortar was mostly in the transition zone of aggregate and
binder. Such result is highly competitive and promising compared to traditional Portland cement
mortars. The higher strength results obtained for materials based on PG could be explained by the fine
nature of PG giving more reactive nature for ternary binder. Moreover, commercial gypsum BG could
contain other additives that could lead to lower strength results.
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Figure 6. The compressive strength of ternary binder and mortar.

3.2. Properties of Foamed Ternary System Binder

The porous ternary system binder was described through its appearance in macro and micro
levels. Physical properties such as density, thermal conductivity as well as mechanical properties such
as compressive strength and compressive strength softening coefficient regarding water saturation
were determined.

3.2.1. Appearance of Foamed Ternary System Binder

The macrostructure and microstructure of foamed ternary system binder are given in Figure 7.
The material appearance is light grey, similar to Portland cement-based materials. The structure of all
samples is monolithic and materials are easy to handle. The macrostructure is highly porous for all
samples. The pores are distributed uniformly throughout the sample. The pore macrostructure for
samples made with BG has larger pores comparing to samples made with PG. This was also confirmed
by the pore measurements with digital microscope. Microstructure is generally homogenous while
still different particles can be observed in the matrix. The samples with PG have smaller pores that
could be evaluated more precisely in micro-level. Depending on the mixture composition, the increase
of binder paste in the same foam amount leads to smaller pores remaining the characteristics coming
from gypsum source described before. For GCP-BG-1, macro pores with size in range from 1–4 mm
were formed while smaller pores were detected within the large pore walls. The smaller pores were in
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range from 0.2–1.0 mm. GCP-BG-2 had more uniform large pores in a range of 2 mm, while smaller
pores were observed in the range from 0.2–0.6 mm. GCP-PG-1 had pores up to 0.7 mm. While most of
the pore size was in range from 0.1–0.5 mm. For GCP-PG-2, the structure was similar to GCP-PG-1.
The pore size was in range from 0.1–0.6 mm.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Macrostructure and microstructure of ternary system binder foams. (a) GCP-BG-1, (b) GCP-BG-2,
(c) GCP-PG-1, (d) GCP-PG-2.
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The microstructure of samples observed with SEM is given in Figure 8. The pore hierarchical
structure remained the same as previously observed with digital microscope. For mixture GCP-BG,
large pores are also visible in SEM. In large magnification, the structure similar to cement-based
composites is visible. It has a complex fine-grained structure with the large monolithic structure in
smaller magnification. The magnification at 500x reveals the interaction between binder components
and different regions, which can be identified.

 
(a) 

 
(b) 

Figure 8. The micrographs of ternary system binder foam observed with SEM. (a) GCP-BG-1, (b) GCP-PG-1.

3.2.2. Physical and Mechanical Properties

The physical properties of ternary system binder foams are given in Table 5. Due to larger pores,
the bulk density of GCP-BG foams is lower comparing to GCP-PG foams. The lightweight material
with density 368 and 486 kg/m3 was obtained depending on the amount of paste mixed with foams.
GCP-PG foams density increased to 634 and 697 kg/m3, respectively, which is associated with the
smaller pores formed in the production process. The total porosity was higher for GCP-BG, which
explains the lower bulk density. The total porosity was 84 and 79 vol.% for GCP-BG and 72 and 70 wt.%
for GCP-PG. Important finding was that open porosity was formed for GCP-BG foams, while for
GCP-PG more pores were closed. This is also evidenced by the fact that during the water absorption
test the GCP-PG foams remained flowing after total immersion in water (total test time was 72 h).
The water absorption was 105 and 91 wt.% for GCP-PG foams, while for GCP-PG it was 46 and 39 wt.%,
respectively. Density for water-saturated samples increased and was in range from 758–901 kg/m3.

Table 5. Physical properties of foamed ternary system binder.

Composition ρo, kg/m3 ρowet, kg/m3 Water
Absorption, wt.%

Open Porosity,
vol.%

Closed Porosity,
vol.%

Total Porosity,
vol.%

Thermal Conductivity,
λ, W/m·K

GCP-BG-1 368 758 105 39 45 84 0.086
GCP-BG-2 486 901 91 43 36 79 0.123
GCP-PG-1 634 876 46 28 45 72 0.111
GCP-PG-2 697 901 39 25 44 70 0.153

The lowest thermal conductivity of produced specimens was for GCP-BG-1. With the lowest bulk
density, the thermal conductivity was as low as 0.086 W/m·K. The increase of bulk density for GCP-BG
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increased the thermal conductivity to 0.123 W/m·K. Furthermore, GCP-PG-1 had higher bulk density,
and due to finer pore size distribution, the thermal conductivity was lower comparing to GCP-BG-2
and it was 0.111. The GCP-PG-2 had thermal conductivity of 0.153 W/m·K.

The compressive strength results of prepared ternary system binder foams are given in Figure 9.
The compressive strength of GCP-BG-1 was 0.33 MPa and increased to 1.0 for GCP-BG-2. The increase
of compressive strength was observed for GCP-PG. For GCP-PG-1, it was 2.4 MPa and increased to
5.4 MPa for GCP-PG-2. The strength increase is associated with the increase of foam bulk density
and with the size of macropores formed during production. For samples made with PG, pores were
smaller. Foam samples after water absorption tests were tested for compression to determine softening
coefficient of the foams. Since gypsum is not watertight material and in proposed binder it is a major
part of the binders’ component (50 wt.%), concerns regarding water tightness were analyzed (Table 6).
It was detected that water softening coefficient was from 0.50–0.64. Similar trends were observed
with concrete foams before—the compressive strength decreases with the increase of volumetric
moisture content for every density ranging from 300–800 kg/m3, but the softening rate was lower—the
compressive strength in the immersed saturation state is about 0.86–0.89 times of that in the standard
curing state [21].
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Figure 9. The relation between bulk density and thermal conductivity of foamed ternary system binder.

Table 6. Physical properties of foamed ternary system binder.

Composition Dry Compression Strength, MPa Saturated Compression Strength, MPa Softening Coefficient

GCP-BG-1 0.3 ± 0.06 0.2 ± 0.02 0.56
GCP-BG-2 1.0 ± 0.10 0.6 ± 0.06 0.59
GCP-PG-1 2.4 ± 0.37 1.2 ± 0.06 0.50
GCP-PG-2 5.4 ± 0.52 3.5 ± 0.17 0.64

4. Conclusions

High-strength ternary system binder was developed containing major part of gypsum, metakaolin,
and Portland cement. Valorization option for waste phosphogypsum and metakaolin was offered by
incorporating these materials in high-performance cementitious composites and by producing highly
porous lightweight foam materials. Proposed binder has technological properties similar to traditional
cementitious binders based on Portland cement. The mixture composition with low W/B ratio of 0.34
was developed with the addition of superplasticizer. The set time of binder was adjusted by the help
of the set retarder and it is comparable to Portland cement. Impressive compressive strength of up
to 88 MPa was reached. The binder proved to be suitable to produce mortar with a strength of up
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to 50 MPa. Samples were prepared by a simple methodology that, together with the use of wastes,
contributes to improve sustainability of the process. Foamed ternary system binder material with
density in range from 368–697 kg/m3 was obtained with compressive strength from 0.33 to 3.5 MPa.
Besides technological properties, long-term properties such as durability, shrinkage/swelling should be
evaluated, as gypsum with cement can form hazardous compounds such as ettringite, which could
lead to loss of integrity of the material.
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Abstract: Alkali-activated slag and fly ash (AASF) materials are emerging as promising alternatives
to conventional Portland cement. Despite the superior mechanical properties of AASF materials,
they are known to show large autogenous shrinkage, which hinders the wide application of these
eco-friendly materials in infrastructure. To mitigate the autogenous shrinkage of AASF, two innovative
autogenous-shrinkage-mitigating admixtures, superabsorbent polymers (SAPs) and metakaolin (MK),
are applied in this study. The results show that the incorporation of SAPs and MK significantly
mitigates autogenous shrinkage and cracking potential of AASF paste and concrete. Moreover, the
AASF concrete with SAPs and MK shows enhanced workability and tensile strength-to-compressive
strength ratios. These results indicate that SAPs and MK are promising admixtures to make AASF
concrete a high-performance alternative to Portland cement concrete in structural engineering.

Keywords: alkali-activated concrete; shrinkage; cracking; internal curing; metakaolin

1. Introduction

An important way to reduce the CO2 emissions from the construction sector is to use “greener”
alternative binders to ordinary Portland cement (OPC). Alkali-activated materials (AAMs), or so-called
geopolymers, which can be made of industrial by-products, have been reported to entail much lower
CO2 emission and embodied energy than OPC systems [1].

Blast-furnace slag (indicated as “slag” hereafter) and fly ash, as by-products from steelmaking and
coal-fired electricity plants, respectively, are the two most commonly utilized precursors to produce
AAMs. The literature has illustrated that alkali-activated slag and fly ash (AASF) shows superior
strength, excellent durability and good fire resistance compared to OPC systems [2–4]. However,
a wider application of this material has not been reached yet, partly due to the large autogenous
shrinkage and the potential risk of cracking of this material, especially when NaOH and Na2SiO3 are
used as activators [5,6].

A number of studies have been conducted to reduce the shrinkage of AASF. However, it has
been found that the shrinkage-reducing agents and expansive additives that are widely adopted in
OPC may be ineffective or cause side effects (e.g., strength loss) in AAMs due to the differences in
microstructures and chemical environments between AAMs and OPC [7,8]. Elevated temperature
curing can mitigate the shrinkage of AASF [9], but this strategy has high requirements on the curing
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equipment and can accelerate the setting of AASF, which is already more rapid than usually needed.
Feasible strategies to mitigate the autogenous shrinkage of AASF are desired to widen the commercial
acceptance of this material.

The results of previous studies [10–13] indicate that internal curing and incorporation of a small
amount of metakaolin (MK) are helpful to reduce the autogenous shrinkage of alkali-activated slag
(AAS) and AASF. However, both of these two strategies have their limitations. Internal curing can
significantly mitigate the autogenous shrinkage caused by self-desiccation, but on the first day when
autogenous shrinkage rapidly develops, the effect of internal curing is quite limited due to the possible
involvement of other shrinkage mechanisms [13]. By contrast, the incorporation of MK can effectively
mitigate the early-age autogenous shrinkage of AAS and AASF by reducing the high reaction rate
in the acceleration period and coarsening the gel pores [10]. However, the effect of MK on later-age
autogenous shrinkage is not evident. These results indicate that these two admixtures might be
a good complement to each other to further lower the autogenous shrinkage of AAMs. However,
the combined effect of them on the autogenous shrinkage and cracking properties of AASF systems
have not been studied yet.

In this study, superabsorbent polymers (SAPs) and MK are applied to reduce the autogenous
shrinkage of AASF. Experiments are conducted at both paste and concrete scales. The cracking potential
of paste and concrete is evaluated by the ring test and Temperature Stress Testing Machine (TSTM),
respectively. The workability and the mechanical properties of the concrete are also investigated.
Eventually, with the addition of SAPs and MK, a high-performance eco-efficient alkali-activated
concrete is produced.

2. Materials and Methods

2.1. Raw Materials

The main precursors used in this study were slag and Class F fly ash. The material parameters of
these two precursors are shown in Tables 1 and 2.

Table 1. Chemical compositions of slag, fly ash and MK.

Oxide (wt. %) SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O TiO2 Other

Slag 31.8 13.3 40.5 9.3 0.5 1.5 0.3 1.0 1.9
Fly ash 56.8 23.8 4.8 1.5 7.2 0.3 1.6 1.2 2.8

MK 55.1 38.4 0.6 - 2.6 - 0.2 1.1 2.1

Table 2. Particle size and density of slag, fly ash and MK.

Particle Size (μm)
Density (g/cm3)

D10 D50 D90

Slag 4.6 18.3 33.2 2.9
Fly ash 10.6 48.1 83.4 2.4

MK 27.0 69.4 113.5 2.7

Bulk-polymerized SAPs with particle sizes up to about 200 μm in the dry state were used.
The SAPs were a cross-linked copolymer based on acrylamide and acrylate. The composition and
physical properties of MK are also shown in Tables 1 and 2, respectively. It should be noted that part of
the high percentage of silica content in MK was due to the presence of quartz (43% in weight), which
remains inert during the reaction process [14]. No admixture besides SAPs and MK was used.

Pellets of NaOH, deionized water and commercial water glass solution were used to synthesize
the alkaline activator. For 1000 g of precursor, an activator containing 384 g of water, 1.146 mol of SiO2

and 0.76 mol of Na2O was applied.
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2.2. Mixtures

The mixture design of the plain AASF paste and AASF paste with SAPs and/or MK is shown in
Table 3.

Table 3. Mixture proportions of AASF paste with SAPs and/or MK.

Composition (wt. %) AASF Paste AASFIC AASFMK AASFICMK

Slag 1 1 0.9 0.9
Fly ash 1 1 1 1

Activator 1 1 1 1
SAPs - 0.0032 - 0.0032

Extra activator for
internal curing - 0.064 - 0.064

MK - - 0.1 0.1

The dosage of SAPs was designed based on the absorption capacity of the SAPs (20 g/g activator [11])
and the chemical shrinkage of AASF paste. The ultimate chemical shrinkage of AASF paste was
determined by taking the chemical shrinkage measured by dilatometry untill the age of 28 days [15,16],
which was 0.026 mL/g. Taking also into account the density of the activator as well, 1.23 g/cm3, the extra
liquid provided by the SAPs should be 0.032 g per gram of binder. Therefore, the adding amount of
0.16 wt. % SAP was applied for the internal curing of AASF.

According to the results from previous studies [10,17], 5 wt. % of MK in the binder can already
show a significant mitigating effect on the autogenous shrinkage of AASF paste. Higher amounts of
MK may lead to considerable strength loss in the matrix. Therefore, the dosage of MK in this study
was chosen as 5 wt. % of the binder as a substitution for 10 wt. % of slag.

Based on the results at the paste scale (details will be given in Sections 3.1 and 3.2), two mixtures,
AASF and AASFICMK, were chosen for experiments at the concrete scale. The mixture proportions of
the concrete mixtures are shown in Table 4.

Table 4. Mixture proportions of AASF and AASFICMK concrete.

Composition (kg/m3 of Concrete) AASF Concrete AASFICMK Concrete

Slag 200 180
Fly ash 200 200

Activator 200 200
SAPs - 0.64

Extra activator for internal curing - 12.8
MK - 20

Aggregate (0–4 mm) 789 789
Aggregate (4–8 mm) 440 440
Aggregate (8–16 mm) 525 525

2.3. Experimental Methods

2.3.1. Autogenous Shrinkage of Paste

The autogenous shrinkage of the paste was measured by the corrugated tubes method according
to ASTM C1968 [18]. The detailed procedure can be found in [19].

2.3.2. Cracking Potential of Paste

The cracking potential of the paste induced by restrained autogenous shrinkage was indicated by
the dual ring test [20,21]. The geometry of the rings is shown in Figure 1. The strain gauges attached to
the inner surface of the inner steel ring started to record the strains of the inner ring when the paste
was cast in between the two steel rings. The paste ring was sealed by aluminium foil fixed with asphalt
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tape during the test to avoid moisture loss. The apparatus was put in a temperature-controlled room
with the temperature fixed at 20 ◦C.

Figure 1. Dimensions of the steel rings, after [22].

The maximal stress in the paste was calculated according to Equation (1) based on the strain and
dimensions of the rings [23].

σmax = −ε·Esteel

(
RIP

2 −RII
2

2RIP2

)(
ROP

2 + RIP
2

ROP2 −RIP2

)
(1)

where σmax is the maximum stress in the paste ring; ε is the measured strain of the inner steel ring; Esteel
is the elastic modulus of the ring; RII, RIP and ROP are the inter radius of the inner steel ring (75 mm),
the inner radius of the paste (87.5 mm) and its outer radius (125 mm), respectively.

2.3.3. Workability of Concrete

The workability of AASFICMK concrete was measured. The slump was measured according
to NEN 12350 [24]. The largest diameter of the flow spread of the concrete and the diameter of the
spread at right angles to it were measured immediately after the cone was lifted up. The setting time
of AASFICMK concrete was determined by the Vicat method [25] on the corresponding paste.

2.3.4. Autogenous Shrinkage of Concrete

The autogenous shrinkage of the concrete was measured with an Autogenous Deformation Testing
Machine (ADTM) [26]. The prismatic mold for the concrete was made of thin steel plates and external
insulating materials. The size of the mold is 1000 × 150 × 100 mm3 (see the top left corner of Figure 2).
The mold was connected with cryostats by a series of circulation canals located between the plates and
the insulating material.

The length change of the concrete was measured with two external quartz rods located next to the
side mold. Linear Variable Differential Transformers (LVDTs) were installed at both ends of the rods.
The LVDTs measured the movement of the steel bars, which were cast in the concrete. The distance
between the two embedded steel bars was 750 mm. The measurement of the deformation of AASF and
AASFICMK concrete started at 11h and 12 h after casting, respectively, when the concrete was stiff
enough to hold the measuring bars and the LVDTs that were connected with them. Attention was paid
to the sealing of the molds in order to avoid moisture loss to the environment.

2.3.5. Cracking Potential of Concrete

The cracking initiation in the concrete was monitored by a TSTM. The TSTM was equipped with
a horizontal steel frame in which compressive and tensile force could be applied on the concrete
specimen. A temperature-controlled mold was used for the concrete casting in order to obtain any
prescribed thermal condition. The mold was similar to the ADTM mold described in Section 2.3.4.
The whole specimen was of a dog-bone shape and the testing area of interest was of a prismatic shape
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(1000 × 150 × 100 mm3), see the bottom left corner of Figure 2. The deformation of the concrete was
kept at zero (nominally, in reality within ±1 μm range) so that a full restraint condition could be
reached. When the total deformation of the concrete went beyond the threshold, a load was applied to
pull or push the concrete back to the original position. The load was recorded with the load cell with a
loading capacity of 100 kN and a resolution of 0.049 kN. A sudden drop in the load to around zero
indicated the occurrence of cracking in the concrete.

2.3.6. Strength of Concrete

Concrete cubes (150 × 150 × 150 mm3) for the compressive and splitting strength tests were
cast and cured in sealed and temperature-controlled steel molds (see the top middle of Figure 2).
The moulds were connected with cryostats by parallel circulation tubes and the upper surface was
sealed by plastic film.

The compressive strength and splitting strength of the concrete were measured according to
NEN-EN 12390 [27]. The measurements were conducted at the age of 1, 3, 7 and 28 days and the day
when the concrete beam in the TSTM cracked. One cube was tested for compressive strength and two
for splitting strength.

Figure 2. Overview of the set-up for the concrete properties, after [28]. Top left: ADTM. Top middle:
Cubes. Bottom left: TSTM. Bottom right: controlling systems.
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To keep consistency of the materials, the concrete samples for strength, autogenous shrinkage and
cracking potential measurements were from the same batch of casting. All the samples were cured
in a sealed condition. The whole set-up, including the TSTM, ADTM, cubes and controlling systems
is schematically shown in Figure 2. Various thermocouples were used to monitor the temperatures
of the samples. To minimize the influence of thermal deformation on the autogenous shrinkage,
the temperatures of the middle parts of the specimen, i.e., T3 for the TSTM, T7 for the ADTM, and T9
for the cubes, were controlled at 20 ◦C.

3. Results and Discussion

3.1. Autogenous Shrinkage of Paste

The autogenous shrinkage curves of the paste mixtures are shown in Figure 3. The autogenous
shrinkage of AASF paste reached more than 2000 μm/m at 1 day and around 4000 μm/m at the
age of 7 days. This magnitude is higher than the autogenous shrinkage of common OPC-based
systems irrespective of the presence of supplementary materials [29,30]. The shrinkage mechanism
was discussed in a previous study [19]. It can be seen from Figure 3 that both the additions of SAPs
and MK resulted in lower autogenous shrinkage of AASF paste. In particular, the addition of SAPs
greatly mitigate the autogenous shrinkage of AASF paste after the first day. By contrast, MK was more
effective on the first day; afterward, the effect of MK became less evident.

 

Figure 3. Autogenous shrinkage of AASF paste with SAPs and/or MK.

When SAPs and MK were added together into AASF, the autogenous shrinkage of the paste was
the lowest among all the four mixtures in the whole week. The mitigating effect of the combination of
SAPs and MK was more evident than when they were applied individually. Both the early-age and
later-age autogenous shrinkage were significantly mitigated compared to those of the plain AASF
paste. For example, the 1-day and 7-day autogenous shrinkage of AASFICMK paste was only 30% and
40% of that of AASF paste, respectively. This result indicates that SAPs and MK complement each
other in mitigating the autogenous shrinkage of AASF.

3.2. Cracking Potential of Paste

It should be noted that low autogenous shrinkage does not necessarily mean low cracking potential.
If the mitigating effect on the autogenous shrinkage is at the cost of dramatic loss in strength loss,
the material may be subject to higher cracking risk [31]. To investigate the effect of SAPs and MK on
the cracking potential of the paste, the ring test was used to measure the stress in the paste mixtures
under a restrained condition. The results are shown in Figure 4. The sudden drop in the stress to
around zero indicated the occurrence of cracking.
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Figure 4. Autogenous-shrinkage-induced stress in AASF paste with SAPs and/or MK. A logarithmic
scale is used on the x-axis in order to distinguish individual curves. The small fluctuation of the stress
in AASFICMK paste on around 20 days and 30 days was due to the temperature fluctuation in the
curing room.

Figure 4 shows that the plain AASF paste cracked on the third day after casting when the internal
stress reached around 2.7 MPa. Substituting 10 wt. % slag by MK prolonged the cracking time by
about 1 day and the paste broke at a stress of 3.7 MPa. The cracking potentials of AASF and AASFMK
pastes were both “high” according to ASTM C1581 [22]. With internal curing by SAPs, the paste did
not crack until 29 days of curing when the stress reached 6 MPa. Since the cracking time of AASFIC
was close to 28 days, and the stress rate at the cracking time was 0.14 MPa/day, the cracking potential
of AASFIC could be classified as “medium-low” according to ASTM C1581 [22].

The results in Figure 4 indicate that both SAPs and MK were helpful in reducing the cracking
potential of the paste. Meanwhile, the addition of SAPs or MK did not lead to low strength of the
matrix, as indicated by the high failure stress of the pastes. When SAPs and MK were applied together
into AASF, the paste showed no cracking within 3 months of curing, which could not be realized
by using only SAPs or MK. According to the low stress rate (<0.1 MPa/day), the cracking risk of
AASFICMK paste was rather low [22].

Since the combined incorporation of SAPs and MK led to the lowest autogenous shrinkage and
the lowest cracking potential, the mixture AASFICMK was further studied at the concrete level to
develop low-shrinkage and low-cracking-potential AAMs concrete. The plain AASF concrete was
studied as a reference mixture.

3.3. Workability and Consistence of Fresh Concrete

During the casting of AASFICMK concrete, a good flowability was observed. The slump of
AASFICMK concrete was measured to be 280 mm (Figure 5a). The concrete quickly spread over the
whole flow table (700 × 700 mm) after the cone was lifted up (Figure 5b). This slump flow value
corresponded to the class SF2 for self-compacting concrete [32]. The initial and final setting times of
AASFICMK measured by the Vicat method were 58 min and 117 min, respectively. The long setting
time and the large slump flow indicated very good workability of AASFICMK concrete.
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Figure 5. Slump (a) and flowability (b) of AASFICMK concrete.

3.4. Strength of Concrete

The strength development of AASFICMK concrete is shown in Figure 6 with the plain AASF
concrete for comparison. It can be seen that with the incorporation of SAPs and MK, the compressive
and splitting tensile strength of AASFICMK concrete was generally lower than that of AASF concrete.
The reduced strength was contributed by both SAPs and MK. To provide internal curing to the concrete,
extra liquid was added during mixing to be absorbed by the SAPs (see Table 4). The SAPs after
absorption would act as liquid reservoirs during reaction and also as defects due to the large voids
left when the liquid was released. The increased porosity of the concrete led to reduced strength [11].
Besides, the incorporation of MK was found to hinder the reaction rate in the acceleration period
and could therefore reduce the strength in the very early age [17], although its impact on the 28-day
strength was minor. When SAPs and MK were added together, their reducing effects were combined.
Nonetheless, the 1-day compressive strength of AASFICMK concrete reached 2.1 MPa, which enabled
a successful demolding at that age. The 28-day compressive strength of AASFICMK concrete reached
51 MPa, which was already sufficient for most structural uses as specified, for example, in the standard
ACI 318 [33].

Besides strength values, the splitting tensile strength-to-compressive strength (ft/fc) ratio is also
an important parameter that allows for the estimation of ft by knowing fc or vice versa [34]. The ratio
also provides insight into the stress type (compression or tension) to which the concrete is more prone.
The ft/fc ratio of AASFICMK concrete is compared with that of AASF concrete in Figure 7. On the first
day, the ft/fc ratio of AASFICMK concrete was lower than that of AASF concrete which was probably
because that the bonding between the aggregate and the paste in AASFICMK was still weak due to
the retarding effect of MK and SAPs on the early-age reaction rates of AASF [10,11]. After the first
day, however, the ft/fc ratios of AASFICMK concrete were always higher than those of AASF concrete.
The higher ft/fc ratio of AASFICMK indicates that the incorporation of MK and SAPs could improve
the tensile resistance of AASF concrete.

According to [31,35], a low ft/fc ratio is related to the development of microcracking in the
concrete, for example in the paste surrounding aggregates, which harms the tensile strength more
than the compressive strength of concrete. As shown in Figures 3 and 4, the incorporation of SAPs
and MK reduced the autogenous shrinkage and the cracking potential of AASF paste. Therefore,
the development of microcracking in AASFICMK concrete was supposed to be less severe than in AASF
concrete. This may be the main reason why AASFICMK concrete showed a higher ft/fc ratio than the
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plain AASF concrete. Whether the combination of SAPs and MK can reduce the autogenous shrinkage
and the potential for cracking of concrete at the macro level will be verified in the next sections.

 
(a) 

 
(b) 

Figure 6. Compressive (a) and splitting strength (b) of AASFICMK concrete in comparison with AASF
concrete. For splitting strength, the error bar is shown in the diagram, but it is too small to be clearly
distinguished from the marker.

Figure 7. Splitting tensile strength-to-compressive strength (ft/fc) ratios of AASFICMK concrete, in
comparison with AASF concrete.
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3.5. Autogenous Shrinkage of Concrete

Figure 8 shows the autogenous shrinkage of the concrete. The plain AASF concrete showed
large autogenous shrinkage, reaching more than 340 μm/m at the age of 28 days. In comparison,
the autogenous shrinkage of AASFICMK concrete was less than 120 μm/m after a month of curing.
This indicates that the utilization of SAPs and MK could effectively mitigate the autogenous shrinkage
of AASF concrete. The autogenous shrinkage of AASFICMK was even lower than that of OPC
concrete (see the results in [29,36]). The slight expansion of the concrete at an early age as shown
in Figure 8 might be due to artifacts rather than a material behavior, since AASFICMK paste did
not show expansion (see Figure 3). When stiffness of the concrete was low, the small pushing force
from the LVDTs could move the embedded measuring bars a little bit, which enlarged the distance
between the two measuring bars, even if the concrete itself did not expand [31]. After the first 3 days,
the “expansion” was compensated by the shrinkage of the concrete.

 

Figure 8. Autogenous shrinkage of AASF and AASFICMK concrete.

3.6. Cracking Potential of Concrete

The stress evolutions in the plain AASF concrete and AASFICMK concrete are shown in Figure 9.
A sudden drop in the stress to around zero indicated the failure of the concrete due to tensile stress.
It can be seen that the stress generated in AASFICMK was much lower than that in AASF. In the first
4 days, a small compressive stress was detected in AASFICMK due to the slight “expansion” of the
concrete (see Figure 8). Afterwards, a tensile stress started to develop. The stress in AASFICMK was
only 50% and 30% of the stress in the plain AASF concrete at the age of 7 days and 14 days, respectively.

Figure 9. Self-induced stress in AASF and AASFICMK concrete.
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According to the cracking time and stress rate, the cracking potential of AASF concrete was
classified as “moderate” [22]. With the incorporation of SAPs and MK, AASFICMK concrete did not
crack within 56 days. The stress rate after the first week reached below 0.01 MPa/day, indicating a very
“low” cracking potential of the concrete [22].

The superior workability, the high 28-day strength, and the low cracking potential indicate that
AASFICMK concrete could be considered as a highly commercially competitive construction material.
Furthermore, due to the very low cracking potential of AASFICMK concrete, there is a lot of room
for further tailoring the current mixture design in order to reach optimal overall performance of the
concrete for different applications. For example, for the cases where the autogenous shrinkage is not
very critical, lower liquid/binder ratios, lower dosages of SAPs/MK or higher amounts of slag could be
used, by which higher strength of the concrete can be easily achieved.

4. Conclusions

In this paper, internal curing by SAPs and incorporation of MK were used to mitigate the
autogenous shrinkage of slag-and-fly-ash-based AAMs activated by NaOH/Na2SiO3. The ring test
and TSTM were used to track the shrinkage-induced stress and cracking potential of the paste and
concrete, respectively.

It was found that both SAPs and MK were effective in mitigating the autogenous shrinkage and
the self-induced stress of AASF paste and concrete. The dosages of 0.16 wt. % of SAPs and 5 wt. %
of MK are recommended, which yielded an alkali-activated concrete (AASFICMK) with very low
autogenous shrinkage and cracking potential and high enough strength. AASFICMK concrete also
showed satisfactory workability. These results indicate that SAPs and MK are promising admixtures to
produce high-performance AASF concrete with low shrinkage.
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Abstract: Basalt fiber has a great advantage on the mechanical properties and durability of reactive
powder concrete (RPC) because of its superior mechanical properties and chemical corrosion resistance.
In this paper, basalt fiber was adopted to modified RPC, and plain reactive powder concrete (PRPC),
basalt fiber reactive powder concrete (BFRPC) and steel fiber reactive powder concrete (SFRPC)
were prepared. The mechanical properties and freeze–thaw durability of BFRPC with different
basalt fiber contents were tested and compared with PRPC and SFRPC to investigate the effects
of basalt fiber contents and fiber type on the mechanical properties and freeze–thaw durability of
RPC. Besides, the mass loss rate and compressive strength loss rate of RPC under two freeze–thaw
conditions (fresh-water freeze–thaw and chloride-salt freeze–thaw) were tested to evaluate the effects
of freeze–thaw conditions on the freeze–thaw durability of RPC. The experiment results showed
that the mechanical properties and freeze–thaw resistance of RPC increased as the basalt fiber
content increase. Compared with the fresh-water freeze–thaw cycle, the damage of the chloride-salt
freeze–thaw cycle on RPC was great. Based on the freeze–thaw experiment results, it was found
that SFRPC was sensitive to the corrosion of chloride salts and compared with the steel fiber, the
improvement of basalt fiber on the freeze–thaw resistance of RPC was great.

Keywords: reactive powder concrete; basalt fiber; chloride-salt corrosion; freeze–thaw durability;
mechanical properties

1. Introduction

In the practical application of concrete structural engineering, the deterioration of concrete and the
shortening of its service life are related to freeze–thaw damage, chloride ion penetration, sulfate attack
and carbonization [1,2]. Accordingly, it is important to improve the durability of concrete structures
in practical applications, which is a crucial factor to reduce the cost of infrastructure construction
and maintenance. In cold areas, most concrete structures appear in the natural environment, and
the freeze–thaw cycle reduces the service life and becomes one of the main sources of damage to the
concrete structure [3]. Especially in cold areas, where de-icing salt has been adopted, the concrete
damage caused by the coupling action of chloride corrosion and freeze–thaw cycle is serious [4].
The destruction of concrete structures caused by freeze–thaw cycle has aroused widespread concern.
The durability of concrete is closely related to the internal pore structure. Concrete structure with
low-porosity could effectively reduce the pore solution inside the concrete, thus reducing the internal
water pressure caused by the freezing of the pore solution and improving the freeze–thaw resisrance of
concrete [5]. Besides, the compact concrete structure could hinder the transmission of chloride and
greatly reduce the damage caused by chloride ion penetration [6,7].

Reactive powder concrete (RPC), proposed in the 1990s, is an ultra-high-performance concrete
characterized by dense microstructure and uniform concrete matrix [8]. The traditional RPC is
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developed through microstructure enhancement technology and the main improvement is related to
matrix uniformity, porosity and microstructure, including eliminating coarse aggregates and reducing
the water–binder ratio to improve matrix uniformity [9], optimizing particle gradation to decrease matrix
porosity [10] and increasing the silica component by adding silica fume to improve the microstructure
of the matrix structure [11]. RPC is seen as a potential material for the field of special prestressed
and precast concrete components due to its low permeability, superior mechanical properties and
durability [12,13]. Although the manufacturing cost of RPC is generally high, the thickness of concrete
component is possible to be reduced due to its ultra-high mechanical properties, resulting in materials
and costs saving. Therefore, RPC has certain economic advantages in practical applications [14].
However, RPC still has the characteristics of high brittleness of ordinary concrete and the brittleness of
RPC increases as the strength increase. Therefore, the addition of fiber is usually adopted to increase
the toughness of RPC [15].

Adding fiber into brittle concrete is a widely used technology. The bridging and pulling
effects of fiber could improve the brittleness and impact resistance of the mixture [16,17], and the
three-dimensional randomly scattered fiber could effectively inhibit the generation and propagation
of cracks [18]. Previous reports have found that polypropylene fiber [19], carbon fiber [20] and steel
fiber [21] can be used as reinforcing materials for RPC, and the fiber commonly used to reinforce
concrete is steel fiber [22]. To improve the flexural strength, compressive strength, elastic modulus and
ductility of RPC, the recommended content of steel fiber is 2% volume fraction [23]. Moreover, adding
steel fiber into concrete is judged as an effective method to prevent spalling. However, steel fiber with
high content will converge into a spherical shape and the steel fiber is sensitive to chemical corrosion,
which results in a decrease in properties of concrete. Besides, adding steel fiber into the concrete will
reduce the workability and increase the cost [24].

Basalt fiber is an environmentally friendly and high-performence fiber made of natural volcanic
basalt rock, which can be used to reinforce concrete. Due to its excellent acid and alkali resistance,
great mechanical properties and high temperature stability, the application prospect of basalt fiber
as fiber-reinforced material is broad [25]. Basalt fiber can not only effectively increase the strength
and durability of concrete but also has a positive effect on the toughness and crack resistance [26,27].
The excellent reinforcement effect of basalt fiber promotes its application in RPC. Wang et al. [28]
researched the effect of basalt fiber on the mechanical properties of high-performance concrete.
The results showed that the strength of high-performance concrete increased with the increase in basalt
fiber content, and the compressive improved slightly, while flexural strength increased significantly.
Grzeszczyk et al. [29] evaluated the effect of basalt fiber content on the mechanical properties of RPC;
their results showed that the flexural strength of RPC increased with the increase in basalt fiber content.
Liu et al. [30] reported that the basalt fiber could increase the toughness and bending strength of basalt
fiber RPC beams, and improve the resistance to steel–concrete interface damage. Most research is about
the mechanical properties of basalt fiber-reinforced reactive powder concrete. There is not enough
research about the freeze–thaw durability of fiber-reinforced RPC, and the most common fiber in the
freeze–thaw durability research of fiber-reinforced RPC is steel fiber [2,31]. Therefore, there are few
studies were reported on the effect of basalt fiber on freeze–thaw durability of RPC. Moreover, in cold
regions, where de-icing salt has been adopted, the coupling effect of chloride corrosion and freeze–thaw
poses a challenge to the application of RPC and, because of the excellent corrosion resistance of
basalt fiber, the improvement of basalt fiber on the freeze–thaw durability of RPC is worth exploring.
Therefore, it is necessary to investigate the enhancement effect of basalt fiber on the performance
of RPC.

In this paper, the mechanical properties and freeze–thaw durability of basalt fiber reactive powder
concrete (BFRPC) with different basalt fiber contents (4, 8 and 12 kg/m3) were tested and compared with
plain reactive powder concrete (PRPC) and steel fiber reactive powder concrete (SFRPC) to investigate
the impacts of basalt fiber contents and fiber type on the mechanical properties and freeze–thaw
durability of RPC. Moreover, the freeze–thaw resistance of RPC under the fresh-water freeze–thaw
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cycle and the chloride-salt freeze–thaw cycle was tested to investigate the effects of freeze–thaw
conditions on the freeze–thaw durability of RPC. The purpose of this paper is to provide a reference
for the practical application of BFRPC in cold regions.

2. Materials and Methods

2.1. Materials

Type P.O Portland cement with a strength of 42.5 MPa, manufactured by Yatai Cement Co., Ltd.,
Jilin, China, was used in this paper. The properties of this cement are given in Table 1. The SF93
silica fume with a specific surface area of 18,100 m2/kg obtained from Si’ao Technology Co., Ltd.,
Changchun, China, was used in this study. Table 2 shows the chemical composition of silica fume
and cement. Three types of quartz sand, with sizes of 20–40, 40–80 and 80–120 mesh, manufactured
by Zhenxing quartz sand factory, Luoyang, were used. The proportion of three types of quartz sand
was 2:2:1. The quartz powder (400 mesh) was used to fill micro pores. The chemical composition of
quartz sand is given in Table 3. HPWR-Q8011 polycarboxylic superplasticizer (water reduction rate
25%) obtained from Qinfen Building Materials Co., Ltd., Shanxi, China, was used to prepare all tested
concrete. Chopped basalt fiber, produced by Anjie Composite Material Co., Ltd., Haining, China, was
used to reinforce RPC in this study and the properties of basalt fiber are shown in Table 4. Steel fiber
with a length of 13 mm and a diameter of 200 μm was adopted in this paper, obtained from Daxing
Matel Fiber Co., Ltd., Ganzhou, China, which had a tensile strength of 2850 MPa. The appearance of
basalt fiber and steel fiber is given in Figure 1. The tap water was used as mixed water.

Table 1. Basic properties of cement.

Density
(kg/m3)

Specific Surface
Area (m2/kg)

Setting Time (min) Compressive
Strength (MPa)

Flexural
Strength (MPa)Initial Setting Final Setting

3160 385 91 145 62.2 9.1

Table 2. The chemical composition of cement and silica fume.

Material
Chemical Composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3

Cement 22.60 5.60 4.30 62.70 1.70 2.50
Silica fume 93.3 0.73 0.49 0.85 1.21 1.02

Table 3. The chemical composition of quartz sand.

Material
Chemical Composition (%)

SiO2 Fe Al2O3 K2O Na2O H2O

Quartz Sand 99.68 0.0062 0.0122 0.0011 0.002 0.02

Table 4. The performance indicator of basalt fiber.

Type
Length
(mm)

Diameter
(μm)

Linear
Density

(tex)

Tensile
Strength

(MPa)

Elastic
Modulus

(GPa)

Breaking
Strength
(N/tex)

Elongation
(%)

Basalt fiber 22 23 2392 2836 62 0.69 3
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(a) 

 
(b) 

Figure 1. Fiber: (a) Basalt fiber (b) Steel fiber.

2.2. Mixture Proportion and Specimen Preparation

The best mixture proportion of RPC was obtained from the response surface method in our group’s
previous study [32], and based on the optimal mixture proportion; basalt fiber and steel fiber were
added into RPC with an external mixing method. The content of basalt fiber was 4, 8 and 12 kg/m3,
respectively. The content of steel fiber was 2% volume fraction [23]. Moreover, PRPC specimens
without fiber were prepared as the control group to investigate the effects of basalt fiber and steel fiber
on the mechanical properties and freeze–thaw durability of RPC. The mixture proportion of BFRPC
and SFRPC is shown in Table 5.

Table 5. The mixture proportion of basalt fiber reactive powder concrete (BFRPC) and steel fiber
reactive powder concrete (SFRPC).

Mix ID
Basalt
Fiber

(kg/m3)

Steel
Fiber
(%)

Cement
(kg/m3)

Quartz
Sand

(kg/m3)

Silica
Fume

(kg/m3)

Quartz
Powder
(kg/m3)

Water
(kg/m3)

Water
Reducer
(kg/m3)

R - - 834.73 939.03 208.68 308.85 166.95 52.17
BF4 4 - 834.73 939.03 208.68 308.85 166.95 52.17
BF8 8 - 834.73 939.03 208.68 308.85 166.95 52.17
BF12 12 - 834.73 939.03 208.68 308.85 166.95 52.17

SF - 2 834.73 939.03 208.68 308.85 166.95 52.17

All RPC mixtures were prepared by using an ISO 679 mixer with a capacity of 5 L. The degree of
dispersion of basalt fiber and steel fiber in the mixture has a significant impact on the properties of RPC.
During the process of mixing, the fibers were put into the mixer step by step to ensure the dispersion
of fibers. The specific of mixing were as follows. (1) Put the quartz sand and fiber into the mixer
and mix for 2 min. The friction between the quartz sand particles makes the fiber evenly dispersed.
(2) Put the cement, quartz powder and silica fume into the mixer and mix for 3 min. (3) Dissolve the
polycarboxylic superplasticizer into the water and add the solution into the mixer in two lots, mixing
for 3 min each time. After stirring, the mixture was filled into a metal mold with a size of 40 × 40 ×
160 mm, immediately, and compressed by vibrating on the ZT-96 vibrator table. The specimens were
placed in an environment of 95% humidity and 20 ◦C for 24 h and then de-moulded. The specimens
were cured for 48 h under the condition of 90 ◦C steam curing, the heating speed was 12 ◦C/h and the
cooling speed was 15 ◦C/h.
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2.3. Testing Methods

2.3.1. Flexural Strength

According to the three-point flexural test described in Chinese national standard GB/T
17671-1999 [33] to evaluate the flexural strength of RPC. The distance between the two fulcrum
points was 100 mm. The specimens were placed with the side face up in the testing machine and align
the center line of the specimens with the upper fixture. The loading speed was set to 50 N/s. Three
specimens with volumes of 40 × 40 × 160 mm were maded in each group for testing and the mean of
the three measured results was used as the flexural strength. The specific calculation process is shown
in Formula (1). The specific experimental device of flexural strength is shown in Figure 2.

f f =
1.5F f L

b3 (1)

where ff refers to the flexural strength of specimens (MPa), Ff refers to the failure load (N), L refers
to the distance between the two fulcrum and L= 100 mm, b refers to the cross-sectional width of the
specimens and b = 40 mm.

Control systemFlexural strength 
loading system

Compressive 
strength loading 

system
 

Figure 2. The specific experimental device.

2.3.2. Compressive Strength

According to the Chinese national standard GB/T 17671-1999 [33] to evaluate the compressive
strength of RPC. The six fracture blocks obtained after the flexural strength test were adopted for the
compressive strength test. Removed the debris on the surface of the fracture blocks and placed it
in the fixture. The two sides of the fracture blocks were used as the compression surface. Adjusted
the position of the specimen so that the compression surface and the fixture were in full contact.
The loading rate was set to 2.4 kN/s. The compressive strength of RPC was the mean of the six measured
results. The specific calculation process is shown in Formula (2). The specific experimental device of
compressive strength is shown in Figure 2.

fC =
F
A

(2)

where fC refers to the compressive strength of RPC (MPa), F refers to the failure load (N), A refers to
the compression surface and A = 1600 mm2.

2.3.3. Freeze–Thaw Cycle

In this paper, the freeze–thaw durability of PRPC, SFRPC and BFRPC under two freeze–thaw
conditions was investigated. The specific freeze–thaw cycle test grouping is shown in Table 6. According
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to the rapid freeze–thaw method described in Chinese national standard GB/T50082-2009 [34] to
investigate the freeze–thaw durability of PRPC, SFRPC and BFRPC. The freezing temperature is −18
± 2 ◦C and the freezing time is 3 h. The melting temperature is 5 ± 2 ◦C and the melting time is
greater than one quarter of the entire freezing and melting cycle time. The specific arrangement of the
freeze–thaw cycle test is shown in Figure 3.

Table 6. Freeze–thaw cycle test grouping.

Mix ID WR WBF12 WSF NR NBF4 NBF8 NBF12 NSF

Freeze–thaw
medium

fresh
water

fresh
water

fresh
water

5 wt%
NaCl

5 wt%
NaCl

5 wt%
NaCl

5 wt%
NaCl

5 wt%
NaCl

Note: W refers to fresh water, N refers to 5 wt% NaCl solution.

Control system Freeze-thaw box

Temperature sensors

 

Figure 3. Freeze–thaw cycle test.

The cured specimens were immersed in fresh water and 5 wt% NaCl solution for 48 h. The groups
of WR, WB12 and WS were immersed in fresh water and the groups of NR, NB4, NB8, NB12 and NS
were immersed in 5 wt% NaCl solution. After immersion for 48 h, the the moisture on the surface of
the specimens wiped off; the initial mass of the specimens was weighed and the initial compressive
strength was measured. Then, the remaining specimens were put into the freeze–thaw test machine
and injected fresh water and 5 wt% NaCl solution until the water level was 5 cm above the top surface
of the specimens. The number of freeze–thaw cycle was set to 800, and the mass and compressive
strength of the specimens were measured every 100 cycles. The mass loss rate and compressive strength
loss rate were adopted to investigate the freeze–thaw durability of BFRPC and SFRPC. The specific
calculation formulas are as follows:

MR =
Mi −M0

M0
× 100% (3)

CR =
fCi − fC0

fC0
× 100% (4)

where MR refers to the mass loss rate, Mi refers to the mass at the Nth cycles, M0 refers to the initial
mass, CR refers to the compressive strength loss rate, fCi refers to the compressive strength at the Nth
cycles, f C0 refers to the initial compressive strength.

3. Results and Discussion

3.1. Mechanical Properties

In this paper, the mechanical properties of BFRPC with different basalt fiber contents were tested
and compared with PRPC and SFRPC to evaluate the effects of basalt fiber contents and fiber type on
the mechanical properties of RPC.
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3.1.1. Compressive Strength

Figure 4 shows that the effects of basalt fiber contents and fiber type on the compressive strength
of RPC. It can be known from Figure 4 that the addition of basalt fiber could improve the compressive
strength of RPC and the compressive strength of RPC increases with the increase in basalt fiber content,
which is consistent with the conclusion of Wang et al. [28]. When the basalt fiber content is 12 kg/m3,
the compressive strength of BFRPC reaches the maximum value of 149.40 MPa, which is 6% higher
than that of PRPC. Liu et al. [35] pointed out that evenly distributed basalt fiber inside the RPC could
inhibit the initiation of cracks and bear part of the load, thus improving the compressive strength of
RPC. Besides, basalt fiber is composed of oxides such as silica, alumina and magnesia, and its chemical
composition is similar to cement. The bond strength between basalt fiber and cement paste is great [36],
thus improving the compressive strength of RPC. Compared with SFRPC, the compressive strength of
BFRPC with a basalt fiber content of 12 kg/m3 is 4.3% lower, which indicates that basalt fiber is not as
effective as steel fiber in improving the compressive strength of RPC.
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Figure 4. Effect of basalt fiber content and fiber type on the compressive strength of RPC.

3.1.2. Flexural Strength

The experiment result of the flexural strength test is shown in Figure 5. Figure 5 shows that
the flexural strength of RPC increases as the basalt fiber content increases, which is the same as the
improvement of basalt fiber on the compressive strength. The increased trend of flexural strength is
a slightly different from that of compressive strength. Compared with compressive strength, when
the basalt fiber is from 8 to 12 kg/m3, a significant increase in flexural strength of BFRPC occurs
and the flexural strength of BFRPC reaches 16.23 MPa, which is 18.5% higher than that of PRPC.
Compared with compressive strength, the improvement of basalt fiber on the flexural strength of RPC is
greater, aggreging with the conclusion conducted by Wang et al. [28]. The improvement of the flexural
strength of BFRPC is related to the uniform distribution of basalt fiber inside the RPC. The uniform
distributed basalt fiber could inhibit the generation and propagation of cracks and bear part of the stress,
reducing the stress concentration near the crack and redistributing the stress [16], thus improving the
flexural strength of RPC. Besides, the basalt fiber inside the RPC submits a three-dimensional random
distribution; this distribution system can limit the deformation of RPC under loading conditions, which
leads to an increase in the flexural strength of RPC. The three-dimensional distribution system of basalt
fiber is gradually improved as the basalt fiber content increase, which is reflected in the significant
increase in flexural strength of BFRPC with a basalt fiber content of 12 kg/m3. Moreover, comparing
the flexural strength of SFRPC with that of BFRPC (12 kg/m3 content), it can be known that the flexural
strength of BFRPC and SFRPC is similar, which indicates that when the basalt fiber content is 12 kg/m3,
the reinforcement effect of basalt fiber on the flexural strength of RPC is about same as steel fiber;
Branston et al. [25] reported a similar conclusion.
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Figure 5. Effect of basalt fiber content and fiber type on the flexural strength of RPC.

3.2. Effect of Fiber on Freeze–Thaw Durability of RPC

3.2.1. Mass Loss

The mass loss of BFRPC with different basalt fiber contents was tested under the chloride-salt
freeze–thaw cycle and compared with the PRPC and SFRPC to evaluate the effects of basalt fiber
contents and fiber type on the freeze–thaw durability of RPC. Figure 6 shows that the effects of basalt
fiber contents and fiber type on the mass loss of RPC. It can be known from Figure 6 that the mass loss
rate of RPC increases with the increase in the number of freeze–thaw cycles. The mass loss of RPC is
mainly caused by surface scaling and the edges of the specimen surface will fall off as the freeze–thaw
cycle test continue, resulting in fiber exposure [2]. It is worth noting that the mass loss rate of BFRPC
(8 and 12 kg/m3 content) is negative in the initial part of the freeze–thaw test, which is related to the
water absorption of basalt fiber. In the initial part of the freeze–thaw test, the mass of water absorbed by
the basalt fiber is greater than that of the surface scaling of RPC caused by freeze–thaw damage. When
freeze–thaw cycle levels are the same, the mass loss rate of RPC decreases as the basalt fiber content
increase, which indicates that the basalt fiber could improve the freeze–thaw resistance. When the
number of freeze–thaw cycles is less than 600, the mass loss rate of SFRPC is in a stable increase stage
and the mass loss is mainly caused by surface scaling. When it exceeds 600, a significant increase in the
mass loss rate occurs, and the reason is that the steel fiber exposed to the chloride ion environment
corrodes rapidly, thus leading to more peeling off the edge of the specimen surface. The mass loss rate
of SFRPC reaches 3.03% after 800 freeze–thaw cycles, which is higher than that of BFRPC. This indicates
that steel fiber is not as effective as basalt fiber in improving the freeze–thaw durability of RPC.
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Figure 6. Mass loss rate versus freeze–thaw cycles.
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3.2.2. Compressive Strength Loss

The compressive strength of BFRPC with different basalt fiber contents was tested under the
chloride-salt freeze–thaw cycle and the compressive strength loss rate was calculated by Formula (4),
and compared with the PRPC and SFRPC to evaluate the impacts of basalt fiber contents and fiber
type on the freeze–thaw durability of RPC.

The compressive strength and compressive strength loss rate vs. freeze–thaw cycles are shown in
Figure 7. It can be seen from Figure 7a that, for all RPC specimens, the compressive strength of RPC
decreases as the freeze–thaw test continues, which indicates that the freeze–thaw durability of RPC
gradually deteriorates under the chloride-salt freeze–thaw cycle. During the freeze–thaw test, the frost
expansion of the pore solution inside the RPC leads to the initiation of micro cracks, thus reducing
the compressive strength of RPC, which is consistent with the conclusion reported by An et al. [31].
Comparing the compressive strength of SFRPC with that of BFRPC (12 kg/m3 content), it can be known
that the decline in the compressive strength of SFRPC is higher and the compressive strength of SFRPC
and BFRPC is almost the same after 800 freeze–thaw cycles, which indicates that the corrosion of steel
fiber not only increases the mass loss of RPC, but also has a negative effect on the compressive strength
of RPC. It can be seen from Figure 7b that, for PRPC, BFRPC and SFRPC specimens, the compressive
strength loss rate increases as the freeze–thaw test continues. At all freeze–thaw cycle levels, the
compressive strength loss rate of BFRPC is lower than that of PRPC, and the higher the basalt fiber
content, the lower the compressive strength loss rate of BFRPC, which indicates that adding basalt fiber
could improve the freeze–thaw durability of RPC. This is because the addition of basalt fiber increases
the number of harmless pores which could effectively reduce the freezing pressure of the pore solution,
thus improving the freeze–thaw durability of RPC [37]. Moreover, comparing the compressive strength
loss rate of SFRPC with that of BFRPC, the compressive strength loss rate of BFRPC (8 and 12 kg/m3

content) is lower than that of SFRPC throughout the freeze–thaw cycle test. It indicates that steel fiber
is not as effective at enhancing the freeze–thaw resistance of RPC as basalt fiber.

100

110

120

130

140

150

160

0 100 200 300 400 500 600 700 800

C
om

pr
es

si
ve

 st
re

ng
th

  (
M

Pa
)

Freeze-thaw cycles  (times)

NR NBF4
NBF8 NBF12
NSF

 
(a) 

0
2
4
6
8

10
12
14
16
18
20
22
24
26

0 100 200 300 400 500 600 700 800

C
om

pr
es

si
ve

 st
re

ng
th

 lo
ss

 ra
te

  (
%

)

Freeze-thaw cycles  (times)

NR NBF4
NBF8 NBF12
NSF

(b) 

Figure 7. Compressive strength and compressive strength loss rate versus freeze–thaw cycles:
(a) Compressive strength; (b) Compressive strength loss rate.

3.3. Effect of Freeze–Thaw Condition on the Freeze–Thaw Durability of RPC

3.3.1. Mass Loss

The mass loss of RPC was tested under two freeze–thaw conditions and the mass loss rate was
calculated by Formula (3) to evaluate the effects of freeze–thaw conditions on the freeze–thaw durability
of RPC. The mass loss rate vs. freeze–thaw cycles is shown in Figure 8. This figure shows that the
mass loss rate of RPC increases as the freeze–thaw cycle test continues, and the presence of basalt
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fiber water absorption leads to a negative value of the mass loss rate of BFRPC in the early stage of
the freeze–thaw test; as the density of the 5-wt% NaCl solution is greater than that of fresh water,
when the number of freeze–thaw cycles is less than 300, the mass loss rate of BFRPC (chloride-salt
freeze–thaw) is lower than that of BFRPC (fresh-water freeze–thaw). Compared with the fresh-water
freeze–thaw cycle, the mass loss rate of RPC is higher under the chloride-salt freeze–thaw cycle, it can
be known that chloride-salt freeze–thaw cycles causes more surface scaling, which indicates that the
chloride-salt freeze–thaw cycle accelerates the deterioration of the freeze–thaw durability of RPC.
After 800 freeze–thaw cycles, the mass loss rate of BFRPC under two freeze–thaw conditions is less
than 1%. Besides, at all freeze–thaw cycle levels, the difference in mass loss rate of BFRPC under
two freeze–thaw conditions is less than 0.25%. This indicates that the basalt fiber could significantly
improve the freeze–thaw durability and chloride ion resistance of RPC.
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Figure 8. Mass loss versus freeze–thaw cycles.

3.3.2. Compressive Strength Loss

The compressive strength of RPC was tested under two freeze–thaw conditions and the compressive
strength loss rate was calculated by Formula (4) to evaluate the effects of freeze–thaw conditions on
the freeze–thaw durability of RPC.

The compressive strength and its loss rate vs. freeze–thaw cycles are shown in Figure 9. Figure 9a
shows that, for all RPC mixtures, the compressive strength of RPC decreases with the freeze–thaw
test continues. Before the freeze–thaw test, the compressive strength of RPC soaked in 5 wt% NaCl
solution for 48 h is lower than that of RPC soaked in water, which shows that the immersion of 5 wt%
NaCl solution has a certain negative effect on the compressive strength of RPC. When the number of
freeze–thaw cycles is the same, the compressive strength of RPC under chloride-salt freeze–thaw cycle
is lower than that of RPC under fresh-water freeze–thaw cycle, which indicates that compared with the
fresh-water freeze–thaw cycle, chloride-salt freeze–thaw cycle causes greater damage to RPC, similar
conclusion is reported by Vaitkevičius et al. [38]. It can be seen from Figure 9b that the compressive
strength loss rate of RPC increases as the freeze–thaw cycles increase. At all freeze–thaw cycle levels,
compared with the RPC under fresh-water freeze–thaw cycle, the compressive strength loss rate of
RPC under chloride-salt freeze–thaw cycle is higher. Due to freeze–thaw cycle, the pore cracked
and the microcracks generated provide channels for further penetration of chloride ions. Therefore,
the coupling effect of freeze–thaw cycle and chloride ion erosion has more aggressive impact on the
durability of RPC [2,39]. After 800 freeze–thaw cycles, the compressive strength loss rate of BFRPC
under two freeze–thaw conditions is less than 20% and the difference in compressive strength loss rate
of BFRPC under two freeze–thaw conditions is less than 0.9%. It indicates that the basalt fiber could
significantly improve the freeze–thaw durability and chloride ion resistance of RPC and the conclusion
is consistent with the mass loss rate test.
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Figure 9. Compressive strength and Compressive strength loss rate versus freeze–thaw cycles:
(a) Compressive strength; (b) Compressive strength loss rate.

4. Conclusions

In this paper, the mechanical properties and freeze–thaw durability of BFRPC with different basalt
fiber contents were tested and compared with PRPC and SFRPC to investigate the effects of basalt
fiber contents and fiber type on the mechanical properties and freeze–thaw durability of RPC. Besides,
the freeze–thaw durability of RPC under two freeze–thaw conditions was tested to investigate the
effects of freeze–thaw conditions on the freeze–thaw durability of RPC. Based on the results of the
experiment, the conclusions are as follows:

1. The compressive strength and flexural strength can be improved by adding basalt fiber into
RPC, and the compressive and flexural strength of BFRPC increase as the basalt fiber content
increases. Compared with PRPC, the compressive strength and flexural strength of BFRPC
(12 kg/m3 content) are increased by 6% and 18.5%, respectively; the improvement of basalt fiber
on the flexural strength of RPC is greater than compressive strength.

2. The freeze–thaw durability of BFRPC increases as the basalt fiber content increases. After 800
freeze–thaw cycles, the mass loss rate and compressive strength loss rates of BFRPC with a basalt
fiber content of 12 kg/m3 are 0.85% and 19.17%, respectively, which are lower than that of PRPC.
The addition of basalt fiber could significantly improve the freeze–thaw durability of RPC.

3. Compared with the fresh-water freeze–thaw cycle, the mass loss rate and compressive strength
loss rate of RPC are higher under the chloride-salt freeze–thaw cycle, and the damage of the
chloride-salt freeze–thaw cycle on RPC is great.

4. After 800 freeze–thaw cycles, the mass loss rate and compressive strength loss rates of SFRPC are
greater than 2% and 20%, respectively, which are higher than that of BFRPC. Steel fiber is not as
effective at enhancing the freeze–thaw durability of RPC as basalt fiber.
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Basalt Fibers: Strength, Abrasion and Porosity. Materials 2020, 13, 2948. [CrossRef]

30. Liu, H.; Lyu, X.; Zhang, Y.; Luo, G.; Li, W. Bending Resistance and Failure Type Evaluation of Basalt Fiber
RPC Beam Affected by Notch and Interfacial Damage Using Acoustic Emission. Appl. Sci. 2020, 10, 1138.
[CrossRef]

31. An, M.Z.; Wang, Y.; Yu, Z.R. Damage mechanisms of ultra-high-performance concrete under freeze–thaw
cycling in salt solution considering the effect of rehydration. Constr. Build. Mater. 2019, 198, 546–552.
[CrossRef]

32. Liu, H.; Liu, S.; Wang, S.; Gao, X.; Gong, Y. Effect of Mix Proportion Parameters on Behaviors of Basalt Fiber
RPC Based on Box-Behnken Model. Appl. Sci. 2019, 9, 2031. [CrossRef]

33. Quality and Technology Supervision Bureau of the People’s Republic of China. Method of Testing
Cements–Determination of Strength; Quality and Technology Supervision Bureau of the People’s Republic of
China: Beijing, China, 1999. (In Chinese)

34. Ministry of Housing and Urban-Rural Construction of the People’s Republic of China. Standard for Test
Methods of Long-Term Performance and Durability of Ordinary Concrete; Ministry of Housing and Urban-Ural
Construction of the People’s Republic of China: Beijing, China, 2009. (In Chinese)

35. Liu, H.; Liu, S.; Zhou, P.; Zhang, Y.; Jiao, Y. Mechanical Properties and Crack Classification of Basalt Fiber
RPC Based on Acoustic Emission Parameters. Appl. Sci. 2019, 9, 3931. [CrossRef]

36. Rybin, V.A.; Utkin, A.V.; Baklanova, N.I. Alkali resistance, microstructural and mechanical performance of
zirconia-coated basalt fibers. Cem. Concr. Res. 2013, 53, 1–8. [CrossRef]

37. Zhao, Y.R.; Wang, L.; Lei, Z.K.; Han, X.F.; Shi, J.N. Study on bending damage and failure of basalt fiber
reinforced concrete under freeze-thaw cycles. Constr. Build. Mater. 2018, 163, 460–470. [CrossRef]
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Danutė Vaičiukynienė 1,*, Dalia Nizevičienė 2, Aras Kantautas 3, Vytautas Bocullo 1 and

Andrius Kielė 1
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Abstract: There is a growing interest in the development of new cementitious binders for building
construction activities. In this study, biomass bottom ash (BBA) was used as aluminosilicate precursor
and phosphogypsum (PG) was used as a calcium source. The mixtures of BBA and PG were activated
with the sodium hydroxide solution or the mixture of sodium hydroxide solution and sodium silicate
hydrate solution. Alkali activated binders were investigated using X-ray powder diffraction (XRD),
X-ray fluorescence (XRF) and scanning electron microscopy (SEM) test methods. The compressive
strength of hardened paste and fine-grained concrete was also evaluated. After 28 days, the highest
compressive strength reached 30.0 MPa—when the BBA was substituted with 15% PG and activated
with NaOH solution—which is 14 MPa more than control sample. In addition, BBA fine-grained
concrete samples based on BBA with 15% PG substitute activated with NaOH/Na2SiO3 solution
showed higher compressive strength compered to when NaOH activator was used −15.4 MPa
and 12.9 MPa respectfully. The NaOH/Na2SiO3 activator solution resulted reduced open porosity,
so potentially the fine-grained concrete resistance to freeze and thaw increased.

Keywords: biomass bottom ash; phosphogypsum; alkali activated fine-grained concrete

1. Introduction

In recent years, the amount of biomass bottom ash (BBA) originating from Lithuanian combustion
plants is constantly increasing. This type of ash is classified as nonhazardous wastes, so BBA is
deposited in local landfills. Consequently, it is very important to reuse ash and to reduce discarding at
landfill site. According to Carrasco-Hurtado et al. [1] environmental study showed that the amount of
heavy metals in BBA is usually lower than that in fly ash so for that reason it is possible to recycle it in
construction materials.

Giergiczny et al. [2] investigated composite cement and concrete containing low-calcium and
high-calcium fly ash and granulated blast furnace slag. When large quantities of ash or/and slag
were incorporated in the cement system, the properties (e.g., long setting time, low early strength,
etc.) of samples were improved. One utilization method for BBA could be the incorporation into
construction materials. The chemical and mineral composition of BBA is appropriate for reusing in the
production of new, low-carbon building materials. In this way, the replacement of traditional initial
material [3,4] such as fly ash or slag in alkali activated materials (AAM) by BBA leads to important
environmental benefits [5–7]. As demand for ecological alternatives to Portland cement like alkali
activated materials (AAM) is growing, there is interest to utilize phosphogypsum (PG) in AAM. AAM
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binders are aluminosilicate materials like fly ash, slag, red clay that can be activated with an activator
solution—NaOH, Na2SiO3, KOH, etc. Concrete produced with these raw materials has shown potential
results: the compressive strength of alkali activated fly ash paste reaching over 25 MPa [8,9].

PG can expand the base of the AAM raw materials. Approximately 4.5–5.5 tons of PG is generated
per ton of phosphoric acid production using wet process [10]. It is estimated annually 100–280 million
metric tons of PG are generated globally. The PG waste is usually stockpiled in landfills. Landfilling
stocks results leaching, and hazardous constituents get into groundwater and underlying soils [11].
Pérez-López et al. investigated PG deposited over Tinto river saltmarshes for 40 years until 2010.
Study have shown the high potential of contamination of the whole PG stack, including those stack
zones that were restored and supposedly should have stop leaching of toxic solutions [12].

Previous studies [13–17] show interest in using PG or gypsum in AMMs. Multiple studies have
investigated the optimum amount of gypsum compounds and it was determined that the optimal
amount of CaSO4 in alkali activated systems is close to 10% wt [13,14]. Gypsum takes significant
part in the activation processes–it completely dissolves and participates in solid product formation.
In the alkali’s activation reactions PG is a supplier of SO4

2− and Ca2+ ions enhancing the formation
of secondary reaction products. When PG is present, portlandite and ettringite initially forms after
dissolution form in AAM system. The hardened AAM consists mainly of amorphous hydration
products, intermixed with thenardite and minor amounts of secondary gypsum. The incorporation of
PG results in shorter initial setting time, but longer final setting time. There is significant increase of
compressive strength when activator is NaOH [13]. The compressive strength development can be
attributed to lower porosity [13,14]. PG decreases of Ca/Si ratios in the C–A–S–H gels and it could
be the reason of a higher polymerized network [13]. The AAM samples with PG inclusion exhibited
an average of 1.2 times greater residual strength than samples without PG, after being treated at 400,
600, 800 and 1000 ◦C temperatures [15]. Boonserm et al. [16] had found that the additive of flue gas
desulfurization gypsum significantly improved the geopolymerization of the mixtures of bottom ash
and fly ash. The compressive strength of samples increased too in that samples were up to 10% of
gypsum was used. This increase is explained with the formation of additional amount of CSH. Similar
results gave Khater et al. [17]. A 10% PG additive improved samples mechanical properties and
microstructure. Samples were formed from the fly ash, PG and cement kiln dust mixtures. Rashad
et al. [14] investigated the alkali activated fly ash and PG. When 5% or 10% of semi hydrate PG was
incorporated in the system, the mechanical properties, improvement was detected. Chang et al. [18]
investigated the influence of phosphoric acid and gypsum on the sodium silicate-based alkali-activated
slag pastes. It was determined that the addition of phosphoric acid acted as a retarder.

In previous already published papers, alkali activated systems based on fly ash or fly ash and
bottom ash with phosphogypsum were investigated. In this work, only biomass bottom ash was
used as an aluminosilicate source. Some amount of BBA was substituted with PG. Both (BBA and
PG) are local availability byproducts. The aim of this work is to investigate alkali activated paste and
fine-grained concrete with BBA and PG, and to describe the effect of PG on the properties of newly
formed AAM systems. Two types of alkali activators were used: NaOH solutions and the mixtures
made from NaOH solution and sodium silicate hydrate (WG).

2. Methodology

2.1. The Characterization of Raw Materials and the Mixing Composition of Alkali Activated Biomass Bottom
Ash Pastes and Concretes

In this study, the precursor was made from biomass bottom ash (BBA) which was obtained from
the combustion plant located in Lithuania. First, this BBA was dried at 100 ◦C temperature for 24 h
and then it was milled in ball mill.
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The PG used in this work had α hemihydrate type. It is the waste product of orthophosphoric
acid production. PG is formed by the reaction of sulfuric acid from natural apatite according this
Equation (1) [19]:

Ca5(PO4)3 F + 5H2SO4 + 2.5H2O = 3H3PO4 + 5CaSO4·0.5H2O + HF; (1)

The powder of PG was taken from the conveyor belt of waste removal and dried at
100 ± 5 ◦C temperature.

According to SEM analysis the BBA particles have irregular shape with angular morphologies
(Figure 1a). Microscopic analysis showed that semihydrate phosphogypsum crystals are of dense
structure and irregularly shaped parallelepipeds (Figure 1b).

(a) (b) 

Figure 1. Microstructure of (a) biomass bottom ash and (b) phosphogypsum.

The particle size distribution for BBA is presented in Figure 2a. The particles size is in wide range
from 0.9 μm to 460 μm. The PG particles are finer (Figure 2b) and they are in the range from 0.8 μm to
38 μm. The specific surfaces areas according to Blaine for PG is 201 m2/kg and for BBA is 396 m2/kg.

  
(a) (b) 

Figure 2. Granulometric composition of biomass bottom ash (a) and phosphogypsum (b).

The mean diameter of PG particles is 74.7 μm and for the particles of BBA is 58.6 μm.
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The XRD analysis showed that in BBA dominated quartz, anorthoclase, gehlenite and calcium
hydroxide with small amounts of calcium carbonate calcium oxide and magnesium oxide (Figure 3a).
BBA has semi-amorphous semi-crystalline structure with a broad peak close to silica [20].

 
(a) (b) 

Figure 3. The mineral composition (XRD analysis) of (a) biomass bottom ash and (b) phosphogypsum.
Notes: Q—quartz, SiO2 (77–1070); CH—calcium hydroxide, Ca(OH)2 (84–1271); CC—calcium carbonate,
Ca(CO)3 (72–1652); A—anorthoclase, (Na,K)(Si3Al)O8 (75–1631); G—gehlenite, Ca2 Al(AlSiO7)
(79–2421); CO—calcium oxide, CaO (4–777); MO—magnesium oxide, MgO (78–430); C—bassanite,
CaSO4·0.5H2O (33–310); B—brushite, CaPO3(OH)·2H2O (11–293).

In the mineral composition of PG, according to XRD analysis (Figure 3b), dominated bassanite
(CaSO4·0.5H2O) and a small amount of brushite (CaPO3(OH)·2H2O). PG exhibit well definite crystalline
structure [21].

This byproduct of biomass combustion in power plants (BBA) has the relatively high calcium,
silicon and alkali contents (Table 1).

Table 1. Chemical composition of initial materials, wt%.

CaO SiO2 Na2O Al2O3 MnO MgO K2O Fe2O3 P2O5 TiO2 SO3 F Other

BBA 49.0 22.4 0.28 2.51 0.30 8.29 8.69 2.18 5.05 0.33 0.58 – 0.39
PG 38.60 0.37 – 0.13 – 0.04 – 0.03 0.81 – 53.48 0.14 6.4

According to the chemical composition of the PG, CaO and SO3 are the major components of
this material (Table 1). There is some amount of acidic impurities such as P2O5–0.81%; including
water-soluble—0.10% and F—0.14%, which make PG difficult to reuse. Loss on ignition was 6.4%.
The pH of the water suspension–4.7.

Two types of alkali activators were used (Table 2). The first type was sodium hydroxide solution
made with commercial NaOH pellets (analytical grades). The second one was made from the mixture of
NaOH solution and the sodium silicate hydrate (WG) solution (silicate modulus 3.0, concentration 36%).
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Table 2. The mixing composition of alkali activated biomass bottom ash pastes.

Samples BBA, g PG, g WG, g H2O, g NaOH, g SiO2/Al2O3 SiO2/Na2O

PG 0-2 100 0 – 23 20.1 12.0 2
PG 5-2 95 5 – 28 19.9 12.0 2

PG 10-2 90 10 – 29 18.8 12.0 2
PG 15-2 85 15 – 30 17.8 12.0 2
PG 20-2 80 20 – 30 16.7 12.0 2
PG 25-2 75 25 – 30 15.7 12.0 2

PGWG 0-2 100 0 20.0 23 24.5 14.8 2
PGWG 5-2 95 5 15.8 28 22.6 14.3 2
PGWG 10-2 90 10 14.0 29 21.2 14.2 2
PGWG 15-2 85 15 15.7 30 20.5 14.6 2
PGWG 20-2 80 20 16.5 30 19.7 14.9 2
PGWG 25-2 75 25 19.5 30 19.4 15.6 2

PG 0-3 100 0 – 23 13.0 12.0 3
PG 5-3 95 5 – 29 12.4 12.0 3

PG 10-3 90 10 – 30 11.7 12.0 3
PG 15-3 85 15 – 30 11.1 12.0 3
PG 20-3 80 20 – 30 10.4 12.0 3
PG 25-3 75 25 – 30 9.8 12.0 3

PGWG 0-3 100 0 6.4 23 13.0 13.3 3
PGWG 5-3 95 5 7.1 27 12.4 13.5 3

PGWG 10-3 90 10 6.0 28 11.7 13.3 3
PGWG 15-3 85 15 7.3 30 11.1 13.7 3
PGWG 20-3 80 20 7.6 30 10.4 13.9 3
PGWG 25-3 75 25 9.7 30 9.8 18.4 3

Paste samples size was 20 × 20 × 20 mm; their composition is given in Table 2. The BBA was
substituted for PG at various amounts: 5%, 10%, 15%, 20% and 25%. The ratio of water and solid
materials (BBA + PG) in the mixtures was regulated and ranged from 0.23 to 0.30. First, dry components
were thoroughly mixed. Then, the mixtures were filled with the solutions of alkali activator (Table 2).
These solutions were prepared by dissolving NaOH in water. When the complex alkali activator was
used WG solution was filled to sodium hydroxide solution.

The total hydration duration was 28 days. The first day samples hydrated in room temperature,
the second day at 60 ◦C temperature—and for the remaining 26 days, in room temperature again.
All this time samples were covered with polyethylene covering materials which protect the samples
from dehydration.

The sand from Kvesai quarry (Lithuania) was used as fine aggregate to produce alkali activated
concrete samples the 0/4 fraction sand. The particle density of sand was 2.65 Mg/m3. The amount of
initial materials for concrete samples is shown in Table 3.

Table 3. Mixing composition of alkali activated biomass bottom ash concrete, g.

Ingredients
The Activation with NaOH

The Activation with NaOH +
Na2OnSiO2-mH2O

CPG 0-3 CPG 15-3 CPG 20-3 CPWG 0-3 CPWG 15-3 CPWG 20-3

BBA 450 383 360 450 383 360
PG 0 67.5 90 0 67.5 90

Sand 0/4 1350 1350 1350 1350 1350 1350
NaOH 58.5 49.7 46.8 58.5 49.7 46.8

Water glass 0 0 0 28.8 32.9 34.2
Water 210 210 210 200 200 200

The compressive strength of hardened AAM paste was evaluated after 7 and after 28 days.
To perform the test a hydraulic press ToniTechnik 2020 was used. The compressive strength of samples
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was determined in accordance with EN 196-1:2005. At least of three samples were tested of each type
and the Sample Standard Deviation (SSD) was calculated according to Equation (2):

SSD =

√∑
(x− x)2

(n− 1)
; (2)

where, x takes on each value in the set; x is the average (statistical mean) of the set of values; n is the
number of values.

2.2. The Experimental Techniques

The mineral composition of initial materials and AAM hardened pastes was carried out by
using X-ray powder diffraction analysis. Data were collected by DRON-6 X-ray diffractometer with
Bragg–Brentano geometry using Ni-filtered Cu Kα radiation and graphite monochromator, operating
with the voltage of 30 kV and emission current of 20 mA. The step-scan covered angular range of 2–70◦
in steps of 2 = 0.02◦. The powder X-Ray diffraction patterns were identified with references available
in PDF-2 data base [22].

The chemical composition of BBA and PG was evaluated by using XRF analysis. For this purpose,
a Bruker X-ray S8 Tiger WD using a rhodium (Rh) tube, an anode voltage Ua up to 60 kV and an electric
current I up to 130 mA were used. The compressed samples were measured in a helium atmosphere [23].
The hydration water (loss on ignition, %) in phosphogypsum was calculated after heating the material
at the temperature 400 ◦C. The pH phosphogypsum was measured with the AD8000 professional
multi-parameter pH-ORP-Conductivity-TDS-TEMP bench meter, with a measuring range of −2.00
to 16.00 pH, a resolution of 0.01 pH and an accuracy of ±0.01 pH. The pH measurements of water
suspensions were conducted when the ratio of water (W) and solid material (S) W/S was 10.

Microstructure investigation of BBA, PG and hardened pates was performed using a
high-resolution scanning electron microscope ZEISS EVO MA10 [24]. The resolution of the images
(of secondary electrons in a high vacuum) of this microscope is at least 3 nm with 30 kV and at least
10 nm with 3 kV. In the performed analysis, the acceleration voltage was 5 kV.

A laser particle size analyzer (CILAS 1090 LD) was used for the evaluation of the particle size of
the BBA and PG. The distribution of solid particles in the air stream was 12 wt%–15 wt%. Compressed
air (2500 mbar) was used as a dispersing phase [25].

The compressive and flexural strength of hardened AAM paste and fine-grained concrete samples
were determined by using hydraulic press Toni Technik 2020 according to the EN 196–1. The size
of hardened AAM paste samples was 20 × 20 × 20 mm. Fine-grained concrete samples were
40 × 40 × 160 mm prisms. For each data point at least tree samples were tested. The compressive
strength of hardened AAM paste was evaluated after 2 and 28 days of hydration. The mechanical
properties of fine-grained concrete samples were tested after 7 and 28 days.

The total and open porosity of alkali activated fine-grained concrete samples was evaluated by
water absorption according to Skripkiunas et al. [26].

3. Results and Discussion

The compressive strength of alkali-activated BBA samples is shown in Figure 4. There are two
types of samples: one type of hardened AAM pastes was alkali activated by using NaOH solutions
and the mixture of NaOH and sodium silicate hydrate solutions was used in the second type of
samples. When SiO2/Na2O molar ratio was 2 the samples containing 20% PG substitute had the
highest compressive strength. In this case compressive strength reached 24.3 MPa and precursors were
alkali activated with NaOH solutions (Figure 4a). Similar values of compressive strength (23.0 MPa)
were obtained for that samples which were activated with the mixtures of NaOH and sodium silicate
hydrate solutions. In this case the optimal content of PG substituting was 15% (by mass of BBA).
In all investigated cases (Figure 4a) the substitution of BBA to PG had gains in compressive strength.
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This substitution is recommended not to exceed 25%. Similar compressive strength (25.83 MPa) had
geopolymer samples formed with circulating fluidized bed combustion coal bottom ash according to
Topçu et al. [27].

 
(a) 

 
(b) 

Figure 4. Compressive strength of alkali-activated biomass bottom ash pastes when SiO2/Na2O molar
ratio is (a) 2 and (b) 3 (Table 2).

Figure 4b shows the compressive strength of the alkali activated BAA paste with SiO2/Na2O molar
ratio 3. The positive effect was detected in this case. In the PG 15-3 samples with the alkali activator of
NaOH solutions the highest compressive strength reached 30.0 MPa after 28 days. By using the same
molar ratio but as alkali activator the mixture of NaOH and sodium silicate hydrate solutions was the
compressive strength was reached 23.0 MPa after 7 days of hardening. After longer duration (28 days)
of hardening, the reduction was observed of more than 3 times of compressive strength (8.0 MPa).
This reduction of compressive strength may be explained by the fast alkali reactions resulted in quick
strength gain after 2 days. This gain should be due the increase of gel like matrix. After 28 days
the structure samples showed cracks on the surface which could be caused by the drying shrinkage
(Figure 4b) [28]. In all investigated cases the use of calcium promoter such as PG which substituted
BBA had positive effect to compressive strength gain. After 28 days the compressive strength was
higher than compressive strength of reference samples. Similar results related with positive effect of
calcium promoters in bottom ash geopolymer fine-grained concrete report Hanjitsuwanet al [29].
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The mineral composition of alkali activated biomass bottom ash is shown in Figure 5. The X-ray
diffraction study is carried out only on the 8 pastes because they are the ones that have shown the
highest compressive strength values. The reference compositions were investigated as well. In all X-ray
diffraction patterns it is possible to detect quartz and calcium hydroxide which left unreacted from
BBA. During alkali reactions calcium silicate hydrate, calcium aluminum oxide hydroxide hydrate,
sodium aluminum silicate hydrate formed. When PG was incorporated in the system, additional
mineral calcium aluminum hydroxide hydrate formed (PG 20-2, PGWG 15-2, PG 15-3 and PGWG 15-3).
The crystal phases remained the same in all samples and it did not depend on the molar SiO2/Na2O
ratios which were used in this work. By using lower SiO2/Na2O molar ratio (SiO2/Na2O = 2) the higher
amount of alkali had an impact on the formation of Na2CO3(H2O) (without PG) and Na2SO4 (with PG).
The formation of Na2CO3(H2O) had negative affect on the development of compressive strength [30].
When PG was inserted in the alkali activated BBA, PG reacted with NaOH and this reaction products
Na2SO4 with Ca(OH)2 were (Figure 5a). During hydration process, Na2SO4 is an effective activator
for alkali activated binders [31]. Sodium sulfate could motivate the formation of calcium aluminum
silicate hydrate and calcium silicate hydrate. As seen in Figure 5a,b, the main peak of calcium silicate
hydrate is more intensive in the samples where PG was incorporated.

 
(a) 

 
(b) 

Figure 5. X-ray diffraction patterns of alkali activated biomass bottom ash when SiO2/Na2O molar
ratio is (a) 2 and (b) 3. Notes: Q—quartz, SiO2 (83–2465); Ch—calcium hydroxide, Ca(OH)2

(84–1268); K—calcium silicate hydrate, Ca1.5SiO3.5x H2O (33–306); T—thenardite Na2SO4 (74–2036);
Z—sodium aluminum silicate hydrate Na96Al96Si96O384216H2O (39–222); N—sodium carbonate
hydrate Na2CO3(H2O) (70–845); Hs—hydroxy–sodalite Na6(AlSiO4)6 8H2O (72–2329); H—alcium
aluminum hydroxide hydrate Ca2Al(OH)7·3H2O (33–255).
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In the samples with higher amount of SiO2 the molar SiO2/Na2O ratio was 3. The peaks of new
formed hydrates appear more intensive (Figure 5b). This could be related with formation of higher
amount of polymerization products in alkali activated system. The hydroxy–sodalite was detected in
the sample PGWG 15-3 [32].

Figure 6 shows the morphology of alkali activated biomass bottom ash after 28 days of hardening.
PG 15-3 and PGWG 15-3 samples exhibited different microstructures. In the microstructure PG 15-3
sample varied honeycomb-like C–S–H and honeycomb type amorphous gel structures (Figure 6a) [33].

(a) (b) 

Figure 6. Microstructure of alkali activated biomass bottom ash samples (a) PG 15-3 and (b) PGWG 15-3.

It can be observed that in the PGWG 15-3 sample showed a higher degree of microcracking and
unreacted the particle of BBA were detected as well (Figure 6b) [34]. This PGWG 15-3 sample had a
more compact microstructure by comparing with the microstructure of PG 15-3 sample. This compact
microstructure is closely related to the increased amount of hydration products which increased the
amount of microcracks [35].

The compressive and flexural strength of alkali activated fine-grained concretes are shown in
Table 4. As the aluminosilicate precursor the mixture of BBA with PG was used. The two types of alkali
activator solutions were chosen: sodium hydroxide solution and the mixture of sodium hydroxide
solution and sodium silicate hydrate. The proportions of PG and BBA were chosen according to the
values of paste samples compressive strength (Figure 4). According to Ding et al. [36] the compressive
strength values of the alkali-activated pastes, fine-grained concretes and concretes with the same pastes
were unequal. Fine-grained concretes had significantly lower compressive strength compared with the
paste samples.

Table 4. Compressive strength, flexural strength and density of alkali activated fine-grained
concretes samples.

Samples

Compressive
Strength, MPa

Flexural
Strength, MPa

Compressive
Strength, MPa

Flexural
Strength, MPa

Density (After
28 Days),

kg/m3After 7 Days of Hardening After 28 Days of Hardening

CPG 0-3 4.51 ± 0.26 1.52 ± 0.05 10.94 ± 0.48 2.30 ± 0.12 1965 ± 14
CPG 15-3 4.79 ± 0.23 2.22 ± 0.06 12.90 ± 0.45 2.31 ± 0.15 1971 ± 14
CPG 20-3 3.94 ± 0.22 1.39 ± 0.06 9.33 ± 0.41 2.00 ± 0.17 1853 ± 15
CPWG 0-3 6.42 ± 0.28 1.32 ± 0.05 10.73 ± 0.42 1.84 ± 0.16 1998 ± 15
CPWG 15-3 8.40 ± 0.24 2.18 ± 0.08 15.42 ± 0.43 2.41 ± 0.11 2019 ± 14
CPWG 20-3 6.20 ± 0.27 1.20 ± 0.07 11.94 ± 0.31 1.54 ± 0.13 1885 ± 13
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Chindaprasirt et al. [37] investigated and compared fly ash and bottom ash fine-grained concretes.
The values of compressive strength are different for alkali activated fly ash and for bottom ash.
Fly ash fine-grained concrete reached 35 MPa while bottom ash fine-grained concrete had compressive
strength in the range of 10–18 MPa. Such a difference is explained by the degree of polymerization.
The polymerization of bottom ash is lower than the fly ash during alkali activation. All these samples
were cured at 65 ◦C for 48 h. In this work, samples were cured at lower 60 ◦C temperature and duration
was shorter-24 h. The fine-grained concretes samples had similar compressive strength 12.9 MPa and
15.4 MPa when activated with NaOH solution and the mixture of NaOH/Na2SiO3 solution, respectively
(Table 4). The higher compressive strength could be related with the higher amount of active silicon
(sodium silicate hydrate solution) [38]. The flexural strength was similar for both types of fine-grained
concretes. A little bit higher value of flexural strength (2.4 MPa) were obtained for the sample with
mixture of NaOH solution and Na2SiO3 solution (CPWG 15-3) compared with CPG 15-3 sample.

The porosity study is carried out on the two-alkali activated fine-grained concrete samples shown
in Figure 7. It is considered to be because they are the ones that have shown the highest compressive
strength values. The X-ray diffraction study is carried out only on the 8 pastes because they are the
ones that have shown the highest compressive strength values. The reference compositions were
investigated as well. It is possible to predict the durability (freeze–thaw resistance) of alkali activated
fine-grained concrete according to these parameters of porosity. The total porosity (P) is almost the
same for both types of fine-grained concretes. The open porosity (Pa) which determined by water
absorption of alkali activated fine-grained concrete was less (10.9%) for CPG 15-3 samples compared
with CPWG 15-3 samples 13.4%. Different situation is with close porosity (Pu). In this case CPG
15-3 samples had higher 16.8% close porosity compared with CPWG 15-3 samples which had 14.1%.
Therefore, the alkali activator of NaOH and Na2SiO3 solutions had influence on the formation higher
amount of close porosity and lower amount of open porosity while the total porosity remained the
almost the same in activated fine-grained concrete samples. According to Nagrockienė et al. [39]
concrete with higher closed porosity have better freeze–thaw resistance. Hence, the fine-grained
concrete activated with the NaOH and Na2SiO3 solution should have higher freeze–thaw resistance
compared with fine-grained concrete activated with just NaOH solution.

 
Figure 7. The porosity of alkali activated fine-grained concrete samples. P—total porosity; Pa—open
porosity; Pu—closed porosity.

4. Conclusions

In this study, the compressive strength of hardened alkali activated past and fine-grained concretes
was determined. To improve the reaction degree of BBA calcium promoter such as PG was used.
The following observation were made:
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• The higher values of compressive strength were detected when SiO2/Na2O molar ratio was three
compared with the samples where samples had SiO2/Na2O = 2. When SiO2/Na2O molar ratio was
two, the samples containing 20% PG substitute had the highest compressive strength (24.3 MPa)
after 28 days, while compressive strength of the samples with SiO2/Na2O molar ratio three peaked
after 28 days at 30.0 MPa;

• Overall, paste samples activated with NaOH/Na2SiO3 solution were weaker compared activated
with NaOH. The compressive strength peaked at 23.0 MPa after seven days with 15% PG substitute,
but after 28 days was reduced to 8.0 MPa. The reduction could be attributed to the cracking caused
by the drying shrinkage. In addition, SEM images showed a higher degree of microcracking and
unreacted the particle of BBA were detected when NaOH/Na2SiO3 solution was activator;

• The amount of PG substitute was 15%–20% of BBA mass and it is recommended not to exceed
25%. The higher amount of PG significantly reduced the compressive strength;

• In contrary to paste samples, fine-grained concrete samples have shown different tendencies.
When BBA with 15% PG was activated with NaOH/Na2SiO3 solution compressive strength reached
15.4 MPa after 28 days, but when the same precursors were activated with NaOH compressive
strength was reduced by 16% (12.9 MPa). The higher compressive strength could be related with
the higher amount of active silicon;

• Even though total porosity of fine-grained concrete activated by NaOH and NaOH/Na2SiO3

solution was nearly the same −27.5% and 27.7% respectfully, there is difference in open and closed
porosity. When sodium silicate was present the open porosity was reduced from 16.8% to 14.1%.
Hence, the fine-grained concrete activated with the NaOH and Na2SiO3 solution should have
higher freeze–thaw resistance;

• After 28 days of hydration the highest compressive strength reached 30.0 MPa the samples
activated NaOH solution and by using 15% of BBA substitution to PG. The possibility of potential
use of BBA (silicon and aluminum sources) and PG (calcium source) as binder precursor for
production of AAMs was confirmed. This can suggest a solution for both alkaline binders industry
to provide a new precursor and fertilizers industry to solve the storage problems of PG.
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Abstract: Enhanced quality and reduced on-site construction time are the basic features of
prefabricated bridge elements and systems. Prefabricated lightweight bridge decks have already
started finding their place in accelerated bridge construction (ABC). Therefore, the development
of deck panels using high strength and high performance concrete has become an active area of
research. Further optimization in such deck systems is possible using prestressing or replacement
of raw materials with sustainable and recyclable materials. This research involves experimental
evaluation of six full-depth precast prestressed high strength fiber-reinforced concrete (HSFRC) and
six partial-depth sustainable ultra-high performance concrete (sUHPC) composite bridge deck panels.
The composite panels comprise UHPC prepared with ground granulated blast furnace slag (GGBS)
with the replacement of 30% cement content overlaid by recycled aggregate concrete made with
replacement of 30% of coarse aggregates with recycled aggregates. The experimental variables for six
HSFRC panels were depth, level of prestressing, and shear reinforcement. The six sUHPC panels were
prepared with different shear and flexural reinforcements and sUHPC-normal/recycled aggregate
concrete interface. Experimental results exhibit the promise of both systems to serve as an alternative
to conventional bridge deck systems.

Keywords: prefabricated; bridge deck; prestressed; UHPC; sustainable

1. Introduction

Replacement of traditional cast-in-place concrete bridge decks is time demanding and causes
long delays in traffic movement [1,2]. Such constraints make the decisions of replacing the worn-out
decks more difficult and cause loss of interest in the expansion of bridges [3]. This problem is more
pronounced in densely populated urban areas. Therefore, there is a need to develop such deck systems,
which can make the process of replacement and new construction quick and safe. Such systems
should satisfy not only the strength requirements but also have the flexibility to fit in the existing
bridge superstructures.

Prefabricated bridge deck panels are becoming increasingly popular because of their accelerated
construction, reduced requirement of on-site labor, and shorter traffic disruption. For example,
over 10 years, the application of prefabricated bridge decking in the United States increased by 25%
with 49,043 bridges in 2007 to 61,416 bridges in 2016 [4]. Several researchers like Saleem et al. [5],
Ghasemi et al. [6], Al-Ramahee et al. [3] have proposed precast bridge systems developed with
ultra-high performance concrete (UHPC), high strength steel (HSS), and fiber-reinforced polymers
(FRP). First developed in France in the 1990s [7], UHPC comprises of steel fibers, silica fumes,
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ground quartz, and superplasticizer, in addition to cement and sand [8,9]. It has no coarse aggregate.
In comparison to regular concrete, UHPC has high flowability, high resistance to cracking, very low
permeability, and low shrinkage/creep properties [10]. The minimum compressive strength is more than
150 MPa, and good tensile strength exceeds 5 MPa. The modulus of elasticity crosses 46 GPa [11,12].
A low-profile asymmetric waffle deck system was developed by Saleem et al. [5] using UHPC and
HSS. The self-weight of this system was 1.55 kN/m2, which was further optimized to 1.0 kN/m2 by
Ghasemi et al. [6]. These systems were tested with single and multiple ribs, both in simple-span and
two-span configurations. Static and dynamic testing proved their potential and feasibility to replace
the conventional bridge decks for fixed and moveable bridges. Ghasemi et al. [13], for the first time,
combined UHPC with carbon fiber reinforced polymer (CFRP) rebars to develop waffle bridge deck
panels. The idea was to offset the brittle behavior of CFRP with the ductile nature of UHPC. The study
confirmed that with only 102 mm overall depth and self-weight of 0.9 kN/m2, the deck panels meet
the strength and serviceability requirements for a stringer spacing of 1.2 m. Al-Ramahee et al. [3]
developed precast deck panels by combining UHPC with FRP laminates. No reinforcement in the form
of rebars was used. With an overall depth of 127 mm and self-weight of 0.5–0.6 kN/m2, the system met
the strength and serviceability requirement (Δall = L/800) of AASHTO LRFD [14]. UHPC materials
have also been used in other bridge-related applications, such as serving as the bonding material
for precast prestressed concrete bridge girders [15]. It was concluded that UHPC connections with
short, straight rebar provided considerable resistance to separation and transferred the load effectively
under seismic condition. In another study, UHPC material was used to provide the longitudinal
connection between lightweight bridge decks and steel beams to form composite bridge girder [16].
The T-shape connections proved to perform better than the traditional connection due to the better
control of crack width.

Attempts have also been made to introduce environmentally friendly materials in bridge deck
applications. For instance, Venancio [17] tested half-scale partial-depth precast bridge deck panels
developed with sustainable UHPC. Quartz powder as a whole and a fraction of fine sand content
were replaced with ground granulated blast furnace slag (GGBS). UHPC panels were tested in flexure
and shear, and comparison was made with reinforced concrete control panels. Panels were prepared
with 51 and 76 mm depths. UHPC with conventional mild-steel reinforcement achieved the highest
ultimate load. UHPC panels tested under shear configuration also failed in flexure, demonstrating
excellent performance under shear force.

Another way to increase the sustainability of UHPC material is by introducing coarse aggregates.
Coarse aggregates have been used in various concretes to enhance the economic and technical
advantages of the cementitious products [18–20], and their long-term performance has been verified [21].
Prior research also demonstrated that the UHPC material with coarse aggregate and 2% volume
fraction of steel fiber could provide as much as 5.5 times of shear resistance of the conventional RC
beams with the same size and configuration [22]. The flexural failure of beams made of UHPC with
coarse aggregate failed in a ductile manner, and it was found out that the maximum aggregate size
of 5 or 8 mm has no significant impact on its structural behavior. At the same time, the longitudinal
reinforcement ratios control the stiffness and ultimate strength of the beam [23]. Using recycled
aggregate to produce sustainable ultra-high-performance concrete (sUHPC) can further enhance the
sustainability of the material. Recycled aggregates have been used for paving blocks to enhance
sustainability [20]. It was proved that using RCA can reduce the strength of the concrete block, and
adding GGBS can help partially recover the strength loss. Introducing recycled aggregate in UHPC
material can help reduce both the usage of cement and virgin aggregate.

Optimization in design is another aspect of precast deck panels, which can lead to improved
service. One way to achieve this is to use prestressing. This combination of high-strength or fiber
reinforced concrete with prestressing has excellent potential in bridge deck applications because not
only can it decrease the self-weight of the deck system by reducing the thickness, but also offers
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other advantages such as less maintenance, improved durability, reduced crack width, and high
tensile strength.

Limited research is available on the application of combining prestressing with the application
of sustainable high strength fiber reinforced concrete in the development of bridge deck panels.
With this background, the primary objective of this research was to develop and characterize
different configurations of full-depth precast prestressed high strength concrete—with and without
fibers—bridge deck panels, and partial-depth precast sustainable ultra-high performance concrete
(sUHPC)-normal/recycled aggregate concrete bridge deck panels. The collective efforts aimed to
explore different optimization methods considering reduced self-weight and increased sustainability
while focusing first on their conformation to the existing design standards.

2. Experimental Work

Experimental work was carried out in two phases. The first phase consisted of testing six
prestressed deck panels and the second phase consisted of testing of six partial-depth precast
non-prestressed sUHPC deck panels. Table 1 presents the test matrix of the entire stock of specimens,
as well as some specimens from prior research programmes.

Five types of reinforcement were listed in Table 1: Type A is high strength steel rebar with yielding
strength of 690 MPa and ultimate strength 1030 MPa; Type B and Type C are #10 and #13 carbon fiber
reinforced plastic rebar, respectively, with ultimate tensile strength equal 2172 and 2068 MPa. Type D
is the prestressing steel strand with yielding strength of 416 MPa and ultimate strength of 1380 MPa;
Type E is the normal strength steel rebar with yielding strength of 250 MPa.

Prestressed deck panels were divided into three groups, with two identical specimens in each
group. The first group consisted of two high strength concrete (HSC) panels, which had no steel fibers
and coarse aggregates but included conventional shear reinforcement (#10-s:75 mm c/c). The flexural
reinforcement comprised of 5.5 mm dia. high-strength steel wires. The second group consisted of
prestressed high strength fiber reinforced concrete (HSFRC) deck panels with no shear reinforcement
and having 2% steel fibers by volume. The third group was optimized prestressed HSFRC (O-HSFRC)
panels. Optimization was carried out by modifying the thickness of panels and prestressing force.
Depth of panels for the first two groups was 127 mm, and for the optimized panels, the depth was
reduced to 102 mm. Width for all the panels was fixed as 457 mm. The span length was 1.22 m with
prestressing carried out in the direction perpendicular to traffic.

Design of HSFRC deck panels was carried out following the Precast/Prestressed Concrete Institute
(PCI) recommended guidelines [24]. Prestressing was carried out using the method of pre-tensioning.
Force transfer was carried out on the 28th day of casting, and then the panels were moved to the lab to
perform the test, within a week after force transferring. Average concrete strength was 69 MPa with a
standard deviation of 4.42 MPa. The ultimate tensile strength of prestressing wires was 1380 MPa.
An initial prestressing of 965 MPa was applied. Prestress losses were assumed to be 25% at the
preliminary design stage. Deck panel sections were designed to satisfy the allowable stress limits for
concrete and steel, both at the mid-span and support sections. The ultimate condition was also checked
for the sections. The compressive strength of HSC/HSFRC was obtained by testing three 100 × 200 mm
cylinders for each batch. Figure 1 presents some details of specimen preparations.
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(a) Anchorage  (b) Demolding  (c) Final specimens 

Figure 1. Preparation of high strength concrete (HSC)/high strength fiber-reinforced concrete (HSFRC)
prestressed deck panels.

Panels tested in the second phase were also divided into three groups. In each group, one panel
had normal aggregate (NA) concrete as the top layer, whereas the other panel had recycled aggregate
(RA) concrete as the top layer. All of these panels had an overall depth of 127 mm and a span of 1.52 m.
Widths of panels varied between 0.41 and 0.46 m, depending on the reinforcement configurations.
The designate Type A-NA represents deck type A with natural aggregate concrete on top of sUHPC.
Similarly, Type A-RA denotes deck type A with recycled aggregate concrete on top. Details of geometry,
steel fibers volume fraction and reinforcement are provided in Table 1. The cross-sectional and
longitudinal configurations of the three types of panels are shown in Figures 2–4. Design of sUHPC
panels was experimental because no specific guidelines are available for such type of composite concrete
deck panels. For deck type A (as shown in Figure 2), the bottom steel plate is stay-in-place welded
with the bottom tension reinforcement, inclined continuous shear reinforcement, and compression
reinforcement. Conventional shear reinforcement was used in deck type B (as shown in Figure 3). Deck
type C as shown in Figure 4 had two 40 × 40 mm sUHPC ribs running in the longitudinal direction.
Transverse reinforcement along the width at regular intervals was passed through the ribs to develop
the composite connection between two discrete concrete layers. Rebars with the yield strength of
250 MPa were used in all specimens. Compressive strength was determined by testing three 150 × 300
mm cylinders for each concrete type and is reported in Table 1. Reference mix design for UHPC by
Graybeal [25] was adopted for the preparation of sUHPC, except that 30% of the cement content was
replaced with GGBS. Similarly, in RA concrete, 30% of natural/virgin coarse aggregates were replaced
with recycled aggregate. Physical properties of materials for sUHPC are presented in Table 2. Table 3
shows the mix designs for sUHPC, NA/RA concrete.

(a) Schematic cross-section (b) Steel reinforcement layout 

Figure 2. Details of deck type A (units in mm).
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(a) Schematic section and elevation (b) Steel reinforcement layout 

Figure 3. Details of deck type B (units in mm).

(a) Cross-sectional schematic (b) Steel reinforcement layout 

Figure 4. Details of deck type C (units in mm).

Table 2. Constituent material properties for sustainable ultra-high performance concrete (sUHPC).

Constituents Physical Properties

Cement Grade 52.5 OPC
GGBS Grade 100, 12.5 μm, activity index = 98%

Recycled CA Crushed RC; particle size range = 5−10 mm
Sand Fineness modulus > 2.4

Silica fume Nano-silica, grade 900, 0.15 μm
Superplasticizer Poly-carboxylate type

Steel fibers Mild steel, plain, ф0.2 × 12.5 mm

Table 3. Mix designs for sUHPC, normal aggregate (NA), and recycled aggregate (RA) concrete.

sUHPC NA Concrete RA Concrete

Constituents
Mix Design

(kg/m3)
Design
Ratios

Mix Design
(kg/m3)

Design
Ratios

Mix Design
(kg/m3)

Design
Ratios

Cement 498 1.00 403.3 1.00 403.3 1.00
GGBS 214 0.43 - - - -

Natural Aggregate - - 935.2 2.32 654.6 1.62
Recycled Aggregate - - - - 280.6 0.70

Fine sand 1020 2.05 863.2 2.14 863.2 2.14
Quartz powder 211 0.42 - - - -

Silica fume 231 0.46 - - - -
Superplasticizer 40 0.08 4.03 0.01 4.03 0.01

Steel fibers 156 0.31 - - - -
Water 109 0.22 188.4 0.47 188.4 0.47

During casting, sUHPC was introduced from one end of the formwork and was allowed to flow
to the other end. Whenever more material was required, it was introduced behind the leading edge of
the flowing material. The same casting method was used for all the specimens to maintain similar fiber
distribution. The traditional method of moist curing was used. Specimens were sealed with plastic
sheets for 28 days to prevent the loss of moisture.
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All the deck panels were tested as simple-span against AASHTO HS-20 truck dual-tire wheel with
a footprint measuring 510 × 250 mm [14], which was applied using a neoprene pad with the longer
side placed perpendicular to traffic direction. A steel plate with size in 50 mm excess on all four sides
was placed on top of a neoprene pad to distribute the load over the pad uniformly (Figure 5). Linear
variable displacement transducers (LVDT) and strain gauges were installed at strategic locations to
acquire the deflection and strain data as shown in Figure 6, in which D and S represent LVDT and
strain gauge, respectively. Loading was applied in displacement control mode at a rate of 1 mm/min.
All instruments were connected to a high-speed data acquisition system which recorded the data at
a frequency of 1 Hz. Tests were stopped at 25% load drop unless preceded by excessive cracking or
deflection, which could make the test setup unstable.

(a) Prestressed HSC/HSFRC deck panels (b) Sustainable UHPC-NA/RA panel 

Figure 5. Test setups.

 

Figure 6. Instrumentation plan.

3. Sectional Analyses

Sectional analyses were performed to predict the critical moment of the composite section for
sUHPC decks. The modulus of elasticity of normal strength concrete (either with or without recycled
aggregates) and s-UHPC are estimated to be 20 and 45 GPa, respectively. The compressive strength of
normal concrete and sUHPC are assumed to be 26 and 150 MPa, respectively. The modulus of elasticity
of steel rebar is set to be 200 GPa, with yielding strength of 250 MPa while the ultimate tensile strength
of sUHPC is 10 MPa. By using the material properties and geometries of three types of decks, the
location of the neutral axis and the second moment of inertia can be calculated, as shown in Table 4.
Based on the elastic analyses, the critical moment corresponding to curvature when the concrete start
to crush, the rebar starts to yield, and the sUHPC reaching ultimate tensile strength can be predicted.
Plastic section analyses lead to another set of results on the plastic moment by considering the yielding
of rebar as the only source of sectional tensile force or consider the contribution from both the rebar
and sUHPC. It was found out that the tensile strength of sUHPC makes a big difference regarding the
plastic sectional moment, which increases from 8.1 to 22.5 kN·m for deck type A. The summary of the
results is listed in Table 4.
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Table 4. Summary of sectional analyses.

Elastic Analyses Plastic Analyses

Deck
Neutral

Axis

Second
Moment
of Inertia

Cracking
Moment

Crushing
Moment

Yielding
Moment

Plastic
Moment
(Rebar)

Plastic Moment
(Rebar +
UHPC)

(mm) (kN·m2) (kN·m) (kN·m) (kN·m) (kN·m) (kN·m)

Type A 51.5 2159 34.2 37.2 85.5 8.1 22.5
Type B 51.7 2251 9.7 38.9 76.7 4.3 18.3
Type C 36.3 2639 16.1 37.8 154.6 4.3 15.8

4. Results and Discussion

4.1. Summary of the Load Demand and Capacity

Based on the approximate methods of analyses specified in the AASHTO bridge design
specification [14], the width of the equivalent interior strip (W) can be calculated based on the
spacing of the supporting components (S) as shown in the following Equation (1). For deck strip
specimens in phases 1 and 2, the spacings are 1.22 and 1.52 m, respectively, which lead to the equivalent
width of W equal to 1331 and 1496 mm. It is assumed that the deck strip with equivalent width will
sustain full wheel load under “Strength I” and “Service I” limit states. Therefore, with the wheel load
of 71.2 kN, the service load demand is 92.6 after considering the dynamic impact factor of 0.3 and the
ultimate load demand is 162.0 kN with same impact factor and the load factor equals 1.75. By dividing
the service and ultimate load by the effective width (W), the capacity demand of the unit width of
the deck slab can be calculated. Table 5 summarizes the experiment results of deck strips available
in the literature as well as those presented in this paper. The deflections under service and ultimate
load levels are identified. Experimental ultimate load capacities of each deck strip were compared to
the target load demand to calculate the capacity versus demand ratio. The unified capacity versus
demand ratio based on the self-weight is also listed as the last column for an intuitive indicator of the
effectiveness of the design.

W = 660 + 0.55S (1)

Table 5. Summary of testing results.

Ref./Phase Group
Deflection
at Service

Load

Deflection at
Ultimate

Load

Ultimate
Load Test

Target
Ultimate

Load

Capacity
versus

Demand

Capacity/Demand
per Unit Weight

(mm) (mm) (kN) (kN)

Saleem et al. [5] 1T1S-127#1 - 25.0 178.0
36.5

4.9 3.2
1T1S-127#2 25.0 209.0 5.7 3.7

Ghasemi et al. [13]
1T1S-114#1 - 21.0 123.0

45.6
2.7 2.6

1T1S-114#2 22.0 110.0 2.4 2.3
1T1S-102 - 23.0 101.0 2.2 2.3

Ghasemi et al. [6]

1T1S-102#1 - 30.2 74.6

45.6

1.6 1.8
1T1S-102#2 27.0 76.3 1.7 1.9
1T1S-127#1 - 26.2 95.6 2.1 2.1
1T1S-127#2 24.6 87.0 1.9 1.9

1T1S-102 - 26.2 83.0 1.8 2.0

Prestressed
HSC/HSFRC deck

panels

HSC-1 0.97 14.5 117.5

59.5

2.0 1.2
HSC-2 1.80 19.9 120.0 2.0 1.2

HSFRC-1 0.51 7.9 96.0 1.6 0.9
HSFRC-2 0.97 3.9 97.0 1.6 1.0

O-HSFRC-1 7.30 27.2 28.0 0.5 0.3
O-HSFRC-2 - 14.4 45.0 0.8 0.6

Sustainable
UHPC-NA/RA

deck panels

A-NA 0.98 15.8 114.4
45.4

2.5 0.8
A-RA 0.98 17.2 114.2 2.5 0.8
B-NA 2.68 7.5 46.4

51.1

0.9 0.3
B-RA 2.67 10.2 47.5 0.9 0.3
C-NA 4.85 5.0 39.5 0.8 0.3
C-RA 2.12 8.1 57.2 1.1 0.4
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The load versus deflection curves for various prestressed deck strips tested in this research
is shown in Figure 7a. Figure 7b provides a clear comparison between test and literature results.
While the deck strip features a UHPC layer and high strength steel rebar (1T1S-Steel) reaches the
highest ultimate load, the deck with prestressing strands and composite sUHPC deck can reach a
similar level of capacity to demand ratio, which is denoted by the size of the marker in the Figure 7b.
The deck strips with polymer rebars also exhibit excellent efficiency. However, generally speaking, they
have more significant deflection at ultimate load under the reported configuration. The experiment
observations and results of prestressed HSC/HSFRC deck and sUHPC deck will be discussed in the
following sections.

 

 

(a) Prestressed HSC/HSFRC deck panels (b) Sustainable UHPC-NA/RA panel 

Figure 7. Load deflection responses of prestressed deck panels.

4.2. Prestressed HSC/HSFRC Deck Panels

It was found out that the capacity to demand ratios of panels HSC-1 and HSC-2 are less than
the single-span specimens tested by Saleem et al. [5] but are comparable to the panels tested by
Ghasemi [6,13]. Both panels achieved the ultimate loads, double the target load, which shows the
benefit of introducing prestressing. These two panels did not have steel fibers but only minimum
conventional shear reinforcement (#10-s:75mm c/c). Deflection in panel HSC-1 at the service load was
0.97 mm, which is less than the limiting deflection of 1.53 mm (span/800) as recommended by AASHTO
LRFD [14]. Deflection at the ultimate load was 14.5 mm (Table 4), which is 15 times more than the
service load deflection. Load-deflection responses and failure pattern of both HSC deck panels are
shown in Figures 7a and 8, respectively. The first flexural crack in the panel HSC-1 appeared at the load
of 47.5 kN. This crack was at the mid-span followed by several other flexure and shear cracks under
and around loading patch. The failure occurred at the peak load of 117.5 kN due to shear compression
mode of failure, as shown in Figure 8a. This failure was sudden, as can be seen in the load-deflection
response. However, this should not be a matter of concern because the failure load is double the target
load and significantly high deflection (meaning ductility) at the ultimate load. Saleem et at. [5] and
Ghasemi [6,13] also observed shear failure for similar span and load patch. However, their failure was
more ductile because of the presence of steel fibers. First flexural cracking panel HSC-2 was noted at
42.5 kN, followed by several other flexure cracks. The failure occurred at a peak load of 120 kN due to
rupture of prestressing wire with the complete opening of the flexural crack along the width of the
panel. At 103 kN, the second prestressing wire ruptured with a loud noise and load dropped rapidly
to 90 kN. No crushing of concrete or large shear cracks were observed in this case. Deflection of panel
HSC-2 at the service load was 1.8 mm, which is little more than limiting value of deflection. This panel
also had the capacity to demand ratio of 2.0 and a very high deflection of 19.9 mm at the ultimate load.

193



Appl. Sci. 2020, 10, 5132

(a) Failure pattern of panel HSC-1 (b) Failure pattern of panel HSFRC-1 

(c) Broken wire of panel HSFRC-1 (d) Fiber distribution in HSFRC-1 

Figure 8. Failure pattern and forensics of prestressed panels.

The panels HSFRC-1 and 2 had no conventional shear stirrups but 2% steel fiber by volume of
concrete. Both the identical panels exhibited a capacity to demand ratio of 1.6, which is less than the
HSC panels and comparable to UHPC-CFRP deck panels tested by Ghasemi et al. [6]. Load-deflection
responses are shown in Figure 7a. The first flexural crack in the panel HSFRC-1 was observed at 70 kN
after which the load-deflection curve started to flatten and then dropped suddenly after achieving
a peak load of 96 kN. The reason behind the sudden drop was the rupture of the prestressing wire,
as shown in Figure 8c. No other flexural crack followed the first crack until the final failure. This
flexural crack opened to a width of 4 mm throughout the width of the panel, as shown in Figure 8b. No
crushing in compression or shear cracks were observed in this panel. Deflection at the service load was
0.51 mm, which is well below the limiting deflection. For deck panel HSFRC-2, the first flexural crack
appeared at a load of 75 kN near the mid-span and continued to grow in an upward direction until the
panel reached a peak load of 97 kN. The panel continued to yield at the peak load for 3 mm until the
loud bursting of prestressing wire dropped the load to 82 kN. The behavior of panels HSFRC-1 and
HSFRC-2 was similar except that this panel had a higher service load deflection of 0.97 mm.

In comparison to HSC panels, HSFRC panels demonstrated higher stiffness throughout the
loading. However, their capacity to demand ratio was smaller, but still acceptable. The panel HSFRC-1
was broken down after the test to reveal the distribution of fibers across the depth (Figure 8d). Based
on visual observations, it is evident that fibers, under the effect of gravity, concentrated more on the
lower part of the panel. However, this should not be a matter of concern because these panels are
proposed to be simply supported, and concrete on the top will be in compression and fibers do not
significantly contribute to compressive strength.

The optimized high strength fiber reinforced concrete (O-HSFRC) panels had reduced depth
of 102 mm, which was intended to decrease the self-weight. Figure 7a presents the load-deflection
responses of O-HSFRC panels. Panel O-HSFRC-1 reached the peak load of 28 kN with 24 kN as first
crack load. The panel failed in flexure with the crack appearing at the location of the joint between two
concrete batches. Three prestressing wires also ruptured before the test was stopped at a deflection of

194



Appl. Sci. 2020, 10, 5132

35 mm. For panel O-HSFRC-2, the first flexural crack was observed at a load level of 39 kN. The peak
load of 45 kN was reached, followed by flexural failure. Rupturing of two prestressing wires was also
observed before the test was stopped at a deflection of around 20 mm. Both panels could not achieve
the target load. However, this should not lead to the conclusion that they do not have the potential to
meet the target load. The main reason behind lower failure load could be a lower quality of concrete
due to high environmental temperature, error in following proper mixing regime, and joint formation
due to delay in successive batches. With better quality control and casting the whole specimen with
one batch will surely increase the failure load to meet the target.

4.3. Sustainable UHPC-NA/RA Deck Panels

Load-deflection curves for all the deck panels tested in phase 2 are presented in Figure 9a while
the moment versus curvature plot for deck types A, B, and C are shown in Figure 9b–d, respectively.
The moments were calculated based on the recorded load value and an assumed uniform distribution
in the load patch area. The curvature was calculated based on the strain recording S1 and S5, which
are the strain of top concrete and strain of the rebar. Moment predictions from the sectional analyses
are also presented for comparisons.

  

(a) Load versus displacement (b) Panel A—moment versus curvature 

(c) Panel B—moment versus curvature (d) Panel C—moment versus curvature

Figure 9. Load deflection responses of composite deck panels.

The failure pattern of composite deck Type A and Type B are shown in Figure 10. For panel
A-NA having the top layer prepared with regular concrete, the first flexural crack was seen on the
side surface at 53 kN, followed by delamination of bottom steel plate. The peak load of 114.4 kN was
recorded. Crushing of concrete was not observed. However, the main steel bar at the bottom yielded,
as shown in Figure 11a at the 83 kN, making it a ductile failure, as shown in Figure 10a. Mid-span
tensile strain at the peak load in the bottom UHPC layer was recorded as 0.0062. At the failure stage,
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the flexural crack reached to the top, and the bottom steel plate got detached significantly under the
loading area, as shown in Figure 10a. Deflection at the peak load was 15 mm beyond which the panel
deflected another 45 mm and the test was stopped due to safety concerns. The ductile behavior can
be attributed to dowel action of the longitudinal bars and the fiber pullout mechanism of the bottom
UHPC layer. Deflection at the service load was 0.98 mm, which is well below the AASHTO LRFD [14]
limit. Capacity to demand ratio was 2.5, indicating the provision of optimization through a reduction
in thickness.

(a) The final failure of panel A-NA (b) The final failure of panel A-RA

(c)The final failure of panel B-NA (d) The final failure of panel B-RA

Figure 10. Failure patterns of composite deck panels.

For the deck type A-RA, the first flexural cracking load was noted as 47.5 kN. After the appearance
of two flexural cracks, one near the edge of the neoprene pad and other close to the mid-span, failure
occurred at a load-level of 114.18 kN. At the failure, the flexural crack had reached the compression
face, as shown in Figure 10b. Compressive strain in concrete at the failure load was recorded as 0.0026,
which is close to the crushing strain of 0.003. Some chipping-off at the top was observed in concrete
directly under the load patch. Strain in steel at the mid-span at peak load was recorded as 0.003, and
the yield strain was reached at around 80 kN, as shown in Figure 11b. Service load-deflection was
0.98 mm, and the capacity to demand ratio was 2.5.

Panels A-NA and A-RA behaved very similarly, both in the pre-peak and post-peak regions. Type
A deck panels not only exceeded the target load (45.4 kN) by far but also exhibited higher stiffness
compared to the rest of the panels tested in this phase. The sectional moment passed the predicted
plastic moment, indicating good composite action that leads to a more evenly distributed stress along
with the section height. The ultimate sectional moment was close to the predicted values for elastic
failure due to concrete cracking and crushing, as shown in Figure 11b, which leads to more efficient
use of materials. The yielding of the steel rebar provides sufficient ductility; however, based on the
analyses, the contribution of sUHPC regarding the tensile forces are significant. The welded connection
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between the bottom, top, inclined shear reinforcement, and bottom steel plate is effective in controlling
the cracking development. This developed outstanding composite behavior leading to higher load
capacity and stiffness.

(a) Panel A-S5/S6 (b) Panel A-S1/S3

(c) Panel B-S5/S6 (d) Panel B-S1/S3

(e) Panel C-S5/S6 (f) Panel C-S1/S3

Figure 11. Load–strain responses for the composite deck panels.

For the deck panel, B-NA failure load was observed as 46.4 kN, and failure mode was flexural,
caused by the rupture of steel reinforcement. From Figure 11c,d, it is clear that the bottom rebar
yielded at a load level around 32 kN while concrete was crushed when approaching the ultimate load.
The stress distribution of the section at the ultimate load level led to the ultimate moment close to
the fully plastic sectional moment, as shown in Figure 9c. The ultimate moment falls short of the
prediction due to the cracking opening at the middle span and reduction of the contribution from
sUHPC. Deflection at the service load was recorded as 2.68 mm, which is more than the AASHTO
LRFD limit. Demand to capacity ratio was 0.9. This panel is 10% short of the target load and failed by
breaking for bottom rebar (No. 10). This problem can be solved by using one size bigger rebar (No. 13)
as the primary reinforcement or increasing the grade of steel. This will also increase the stiffness
leading to smaller service load deflection. The provided shear stirrups are effective as no shear cracks
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were observed. The stirrups also act as shear connectors between the layers of UHPC and regular
concrete, leading to better composite behavior and enhanced flexural capacity. However, the widening
of the flexural cracks, especially those at the middle span is not constrained. The post-peak response of
this panel is more ductile compared to both panels of type A, and load drop was much more gradual,
as can be seen in Figure 9a, because the failure is mainly due to the plastic deformation of steel rebar
rather than the crushing of the top concrete. The test was stopped at a deflection of 43 mm due to
safety concerns.

For the panel, B-RA first flexural crack was observed at a load of 32 kN while failure occurred at a
load of 47.5 kN. The test was stopped at a deflection of 50 mm. Strain in steel reinforcement at peak
load was recorded as 0.0025, which is twice the yield strain (0.00125) for 250-grade steel. Yielding of
steel bars was reached at a load level of 37 kN while the concrete strain on compression face at that
stage is around 500 microstrain, which is way less than the crushing strain of concrete. Compressive
strain at peak load was recorded as 0.0012, which is half the value of crushing strain for concrete.
Deflection at the service load was 2.67 mm, and the capacity to demand ratio was 0.9. The usage
of concrete containing recycled aggregates did not cause a drastic change in either the pre-peak or
post-peak behaviors.

Deck panel C-NA got damaged during transportation. Therefore, it failed at a much smaller
load of 39.5 kN. Failure was flexural with significant post-peak deflection (43 mm) till the stoppage
of the test. For the panel, C-RA first flexural crack appeared near the edge of loading pad at a load
of 40 kN followed by a series of other flexural cracks near the mid-span. Ultimate failure load was
recorded at 57.20 kN with the flexural mode of failure at a mid-span deflection of 8 mm. The deck
panel offered sufficient ductility as the panel continued to take load till a deflection of 37 mm when
the test was stopped. As can be seen from Figure 9d, specimen C-NA has a premature failure due to
the pre-damage while specimen C-RA presents the typical performance for this type and is discussed.
Steel reinforcement was recorded to yield at a load level of 48 kN when the compressive strain at
the top surface was only 0.0008, as shown in Figure 11e,f. Concrete strain at the ultimate load was
recorded as 0.0015 while it approached the crushing strain of 0.003 as the crack entered the top surface
of recycled aggregate concrete. Deflection at the service load was 2.12 mm, which is more than the
limiting deflection. Capacity to demand ratio was 1.1. The drop of load for this panel was much
quicker than the type B panels (Figure 9a). The post-peak capacity of this panel is almost half of the
type B panels. This can be attributed to reduced composite action between the two layers of concrete,
leading to the conclusion that UHPC ribs and horizontal transverse rebars are not as effective as shear
stirrups in developing composite action, as observed in type B panels.

5. Conclusions and Recommendations

This research work focused on developing low-profile precast bridge deck panels for accelerated
bridge construction using a combination of prestressing, high-strength, and ultra-high strength concrete,
and recycled aggregate concrete. Use of prestressing and high strength materials enables a design
with an overall depth of 102 and 127 mm, which are significantly less than the conventional deck
thicknesses of 200–250 mm. In total, 12 deck panels were tested: six prestressed panels prepared with
high strength/fiber reinforced concrete and six composite deck panels made of sustainable UHPC
overlaid with normal or recycled aggregate concrete. In the light of experimental work, the following
conclusions may be drawn:

The prestressed concrete deck panels with/without steel fibers exceeded the loading conditions
expected from the HS20 truck and met the serviceability requirements as well. The capacity to demand
ratios of HSC and HSFRC panels are comparable to those tested by Ghasemi [6,13]. By steel fiber,
cracking load of HSFRC panels increased by 60%, on average, in comparison with HSC panels. This
leads to the conclusion that replacing shear stirrups with steel fibers significantly improved the stiffness
of the system. However, the optimized panels (O-HSFRC) could not meet the requirements but
demonstrated potential. With a slight improvement in design and preparation, these panels should be
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able to meet the strength and stiffness demand. The governing mode of failure in the prestressed HSC
panels was a sudden shear failure, as can be seen in the load-deflection responses. The HSFRC and
O-HSFRC panels, however, failed in flexure having a plateau before the rupture of wire. Especially, the
O-HSFRC panels exhibited significant deflection beyond the peak load, indicating substantial ductility
and warning before failure.

Deck panels A-NA and A-RA behaved identically. Both exceeded the demand by 2.5 times.
Service load deflections and first crack loads were also similar and well within limits. Significantly
high post-peak deflections were observed. Replacement of conventional constituents of concrete with
sustainable materials displayed satisfactory performance with no detrimental effect on the mechanical
behavior of the deck panels. Welded connection of steel (flexure and shear) and bottom plate proved
very effective in achieving the high capacity to demand ratio. This design can be optimized further
to reduce the self-weight. Panels B-NA and B-RA fell slightly short of meeting the strength and
serviceability requirements. However, this design is relatively simple and has exhibited a long
post-peak plateau pointing towards ductile behavior. With a slight improvement in design, these
panels should able to meet the desired load and serviceability needs. Panel C-NA met the load demand
but not the deflection limit. The first flexural crack, however, appeared after service load. The design
needs modification to improve composite action between the two layers of concrete, which will enhance
stiffness and will thus help in meeting the deflection limit.

The sUHPC A-NA/RA deck panels offered the highest capacity to demand ratio (2.5) among the
entire stock of 12 specimens and their deflection was the lowest of the tested specimens. When the test
was stopped at 60 mm, panel A-NA was still holding more load than the load target, and a similar case
was also observed for panel A-RA. Hence, the sustainable UHPC NA/RA composite deck panels may
be the most suitable alternative for replacing the conventional bridge deck systems, especially for the
situations when self-weight is a concern, for instance, moveable bridges.

Although the proposed deck designs show great promise, further studies are still needed before
any field implementation: (1) more precise measurement of the prestressing losses that help lead to
more accurate design; (2) optimization of design by decreasing the self-weight; (3) design of connections
with girders and adjacent deck panels; (4) testing of full-scale panels (multi-unit, multi-span) with the
connection under static and dynamic effects of moving wheel load to assess the long-term behavior;
(5) implementation of prestressing in the sUHPC-NA/RA deck panels.
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Abstract: This work analyzes the technical and economic viability of using coarse recycled aggregates
from crushed concrete in shotcrete, as a primary lining support in tunnels. Four incorporation ratios of
coarse natural aggregate (CNA) with coarse recycled concrete aggregates from concrete (CRCA) were
studied: 0%, 20%, 50% and 100%. The mechanical properties of the dry-mix shotcrete were obtained
in an independent experimental campaign. Initially, the technical viability of CRCA shotcrete was
validated for deep rock tunnels, based on the convergence-confinement method. Two cases were
studied to determine the equivalent thickness for each combination of replacement ratio using CRCA
shotcrete: (i) similar stiffness and (ii) similar yield stress. Subsequently, an economic assessment
was performed. The stiffness criterion increased the thickness below 10% in both the 20% and 50%
replacement ratios, which shows their technical viability with very marginal cost increase (<5%).
On the other hand, the maximum pressure criteria required higher increments, close to 30% in the
50% replacement ratio. A full replacement was proven to be impracticable in both analyses.

Keywords: shotcrete; deep tunnels; convergence-confinement method; coarse recycled concrete
aggregate; dry-mix process

1. Introduction

The construction sector is considered one of the main players in the generation of environmental
impact. Besides cement production, which is responsible for more than 6% of all global CO2 emissions,
the total amount of construction and demolition waste (CDW) represents a third of all waste generated
in the European Union. However, there are barriers to its reuse, one of the main of which lies in the
lack of trust in the quality of CDW [1].

The incorporation of recycled aggregates (RA) in concrete, by replacing a percentage of natural
aggregates (NA), usually leads to poor mechanical and durability-related performances [2,3].

It is therefore important to understand to what extent the behavior of the RA differs from that of
the NA. According to Bravo et al. [2], the main differences between these aggregates are:

- Higher water absorption capacity of the RA, leading to concrete mixes with lower workability
and effective water/cement ratio;

- Lower compactness and thus lower resistance to crushing, lower modulus of elasticity and higher
short- and long-term deformability.

Appl. Sci. 2020, 10, 2697; doi:10.3390/app10082697 www.mdpi.com/journal/applsci201
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Chan [4] and Bravo et al. [2] evaluated the performance of recycled aggregate concrete (RAC),
finding that the nature of RA strongly influences their binding capacity to the new cement paste,
thus affecting the mechanical properties of the resulting concrete. Nevertheless, these authors also
concluded that the use of these aggregates in concrete production is feasible. However, considering
that their use affects the mechanical and durability-related properties of RAC, imposition of limitations
and cautions on their inclusion is required.

Shotcrete is widely used in the underground mining and tunneling industry, slope stability,
rehabilitation works, and in many other areas.

The tunneling industry is growing because the available space in dense urban environment tends
to be used for nobler purposes than transit subways, parking lots, electric lines, water supply and
sewer lines [5].

Nowadays, the widespread use of the New Austrian Tunneling Method (NATM) has increased
the use of shotcrete for linings [6]. In recent years, several studies on the use of fibres to replace the
traditional electro-welded meshes have been published [7–10].

To the authors’ knowledge, the incorporation of recycled aggregates from CDW in deep tunnels
has not yet been studied in detail. This work studies the viability of using CDW in urban tunnels,
because CDW is usually generated in urban environments. A technical and economic assessment of
different dry-mix shotcrete compositions, incorporating coarse recycled concrete aggregates (CRCA)
in substitution of coarse natural aggregates (CNA), intends to contribute to the sustainability of the
construction sector.

For generalization purposes, the analysis is made for a reference case of a deep tunnel where
analytical equations proposed by Carranza-Torres and Fairhurst [11] are valid (see Appendix A),
based on the convergence-confinement method, which is broadly used to describe the ground-support
interaction in design practice [12,13].

It is demonstrated that limited incorporation ratios of CRCA can be a valid alternative from a
technical and economic perspective.

2. Experimental Program

2.1. Tests

Firstly in this experimental campaign, a detailed characterization of all aggregates used in the
production of concrete was made.

The physical characterization of the aggregates involved the following tests: particle density and
water absorption [14], bulk density and volume of voids [15], shape index [16], Los Angeles wear [17]
and humidity content [18].

Table 1 shows the tests performed to characterize the mechanical properties of the shotcrete mixes
with RA.

Table 1. Hardened properties of shotcrete.

Age [Days] Number of Specimens Standard

Bond Strength (by Pull-off) 40 3–5 EN 1542 [19]

Compression Strength
7 3

EN 12,390-3 [20]28 5
56 3

Splitting Tensile Strength 28 3 EN 12,390-6 [21]
Modulus of Elasticity 28 3 LNEC E-397 [22]
Abrasion Resistance 91 3 DIN 52,108 [23]

Ultra-Sound Pulse Velocity 28 5 EN 12,504-4 [24]

It should be referred that the mechanical tests were always performed on core specimens
(extracted from slabs produced with shotcrete) with a diameter of 98 mm. The ultrasound pulse
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velocity determination was carried out in core specimens which were then tested for compressive
strength at 28 days.

2.2. Materials

In this research, limestone gravel and alluvial rolled sand were used as NA, respectively, as coarse
and fine aggregates. RA from concrete were obtained by crushing a C30/37 strength class concrete
with a maximum aggregate size of 14 mm. All the aggregates were added to the mixes completely dry.
Type I 42.5 R cement was also used.

Table 2 shows the physical properties of the aggregates used. When compared to NA, it is
confirmed (as stated in the introduction) that RA have lower density and higher water absorption
capacity. This derives from the nature and porosity of the RA from concrete. For the same reason and
because they possess more elongated shapes, RA present a lower bulk density than NA.

Table 2. Physical properties of the aggregates.

Oven-Dry Particles
Density (kg/m3)

Water
Absorption (%)

Bulk Density
(kg/m3)

Shape
Index (%)

Los Angeles
Wear (%)

Gravel 1 2624 1.65 1406 27 25

Granule 2634 1.02 1409 22 25

Coarse Sand 2574 0.71 1544 - -

Fine Sand 2548 0.59 1557 - -

RA 2370 4.55 1287 45 36

Table 2 also shows that the RA display a higher shape index than NA. This can lead to a lower
workability of the concrete mix with RA compared to that of the reference concrete (RC), which has to
be balanced by a higher w/c ratio.

It was also found that, due to their composition, RA show a lower resistance to fragmentation
than NA.

2.3. Mixes Design

The composition of the reference concrete was determined by the Faury method for a target
strength belonging to class C30/37 (Figure 1). The maximum aggregate size used was 12.5 mm.
Concrete compositions with RA were based on that of reference concrete. However, in order to keep
the concrete workability constant (125 ± 25 mm slump), the w/c ratios of the concrete mixes with RA
were increased. Table 3 shows the final composition of the concrete mixes studied.

Figure 1. Faury method for reference concrete.
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Table 3. Composition of the concrete mixes studied (m3/m3) and estimated w/c ratios.

RC C20 C50 C100

Coarse Natural Aggregates 0.331 0.264 0.164 0.000

Coarse Recycled Aggregates 0.000 0.066 0.164 0.327

Fine (Natural) Aggregates 0.354 0.352 0.350 0.348

Total Aggregates 0.685 0.681 0.678 0.674

Type I 42.5 R Cements 0.115 0.115 0.115 0.115

Water 0.175 0.179 0.182 0.186

Voids 0.025 0.025 0.025 0.025

Total 1.000 1.000 1.000 1.000

w/c Ratios 0.46 0.47 0.50 0.50

3. Mechanical Properties

Regarding the mechanical properties, as stated, the bond strength (by pull-off), compressive
and splitting tensile strengths, secant modulus of elasticity, abrasion resistance and ultrasound pulse
velocity were determined. Table 4 provides a summary of the hardened state mechanical properties.

Table 4. Mechanical properties of shotcrete mixes (adapted from Duarte et al. [25]).

RC C20 C50 C100

Pull-off bond [MPa] 1.11
0.8 1.11 1.14

−2.91% −0.15% +2.45

Compressive strength [MPa]

7-day 18.27
17.72 15.99 14.09

−3.01% −12.48% −22.88%

28-day 37.18
33.83 30.35 27.25

−9.01% −18.37% −26.71%

56-day 43.24
36.58 35.77 31.91

−15.40% −17.28% −26.20%

Splitting tensile strength [MPa] 3.33
3.1 3.01 2.84

−6.84% −9.61% −14.77%

Ultrasound pulse velocity [km/s] 4.82
4.79 4.54 4.48

−0.45% −5.66% −6.97%

Modulus of elasticity [GPa] 26.14
25.41 24.34 18.08

−2.79% −6.89% −30.83%

Abrasion resistance [%] 8.13
7.49 7.73 7.06

−7.87% −4.92% −13.16%

Legend: Green—Better result in comparison with reference concrete (RC); Yellow—Worse result than RC, with
reductions lower than 10%; Red—Worse result than RC, with reductions higher than 10%.

Regarding bond strength, no clear variation of this property with the incorporation of CRCA in
concrete was found. As for compressive strength, it decreased as the percentage of the replacement of
CNA with CRCA increased. Maximum reductions between 20% and 30% were obtained. This result is
in agreement with those of several authors who analyzed cast RAC and obtained maximum reductions
within this range. Even so, at seven days, the strength values of (RAC) shotcrete compared to cast RAC
were lower, which supports the hypothesis that hardening is slower in the former than in the latter.
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With respect to tensile strength, the incorporation of CRCA led to non-significant influence, as also
reported by other authors, with maximum decreases of 15%, which are clearly lower than those in
compressive strength. The reason for this is that the bond between the cement paste and CRCA is
improved (compared to CNA) due to their shape and higher water absorption capacity.

The ultrasound pulse velocity decreased as the CRCA incorporation increased, which is consistent
with the higher porosity of these aggregates that leads to a concrete mix with lower quality.

The modulus of elasticity was one of the properties mostly affected by the replacement of CNA with
CRCA, with reductions of up to 31%. This stems from the higher deformability of the CRCA and lower
strength of the bonded cement paste, the latter promoting further degradation of stress transmission
capacity between the various concrete constituents. With respect to cast concrete, the reductions
obtained (by the incorporation of CRCA) were more significant. The maximum aggregate size adopted
also played a role, since the smaller the size the higher the porosity, and thus the higher the deformability
and the lower the modulus of elasticity.

Finally, the abrasion resistance increased with the incorporation of CRCA as a result of the higher
roughness and porosity of these aggregates, which yielded a better bonding to the cement paste and
thus a better adhesion to concrete. Hence, the prevailing tendency was the improvement of this
property with the incorporation of this type of aggregate. This result is in agreement with those of
other researches, in which reductions in depth loss between 10% and 15% were obtained, showing that
this property indeed improves when CRCA are incorporated in concrete.

4. Technical Viability

4.1. Case Study

Nowadays, the analysis and design of tunnels in urban environments require the use of
numerical simulations to simulate with accuracy complex geometries of the tunnel and ground
layering. For simplicity’s sake, the case study selected is a deep tunnel in a rock massif (hydrostatic
stress field of 5 MPa), with a 3 m radius circular cross-section, where the analytical method proposed
by Carranza-Torres and Fairhurst [11] is valid and is briefly described in Annex 1. In this example,
stress relief factor λ is taken equal to 85% and lining thickness, tc, is equal to 200 mm for CNA shotcrete.

For the lining of the tunnel, shotcrete with different CRCA incorporation ratios (IR) was considered,
whose mechanical properties were determined experimentally by Duarte et al. [25]. Table 5 shows the
values of the design compressive strength and modulus of elasticity obtained, including the percentage
of reduction of the mechanical properties in relation to the shotcrete mix without incorporation of
CRCA (IR0).

Table 5. Design compressive strength and modulus of elasticity of each composition.

IR0 IR20 IR50 IR100

fcd [MPa] 22.1 19.9 17.6 15.5
(Δfcd,IR0 [%]) (-) (−10%) (−21%) (−30%)

Ec [GPa] 26.1 25.4 24.3 18.1
(ΔEc,IR0 [%]) (-) (−3%) (−7%) (−31%)

Table 5 shows that incorporating CRCA in the mix results in lower mechanical properties, ranging
from about −3% for IR20 to −31% for IR100. For tunnels, the reduction of strength and stiffness in the
shotcrete with recycled aggregates can be balanced by an increase of the lining’s thickness. The lining’s
equivalent thickness for different CRCA incorporation ratios was computed for two criteria: (i) lining
with similar stiffness and (ii) lining with similar yield stress.
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4.2. Elastic Radial Stiffness Criterion, Ks

In this section, it is assumed that each shotcrete mix considered has a similar stiffness, namely the
elastic radial stiffness, Ks, is equal to 636 MPa/m (tc = 200 mm for CNA shotcrete).

Table 6 quantifies the differences in yield pressure and equivalent thickness. For IR20 and IR50,
the thickness increase is small (<15 mm, 3% and 7%, respectively). The thickness increase is significant
(42%, 83 mm) for IR100 only.

Table 6. Variation of yield stress and equivalent thickness when a similar stiffness criterion is adopted.

IR0 IR20 IR50 IR100

Yield Stress: pmáx
s [MPa] 1.43 1.32 1.21 1.39

(Δpmáx
s [%]) (-) (−8%) (−15%) (−2%)

Equivalent Thickness: e [mm] 200 206 214 283
(Δe [%]) (-) (3%) (7%) (42%)

Table 6 supports the conclusion that both IR20 and IR50 are competitive solutions from a technical
point of view, with small increases of the lining’s thickness (<7%).

4.3. Maximum Pressure Criterion, pmáx
s

In this section, it is assumed that each shotcrete mix considered has a similar yield stress: 1.43 MPa
(tc = 200 mm for CNA shotcrete). Table 7 quantifies the differences in stiffness and equivalent thickness.
For IR20, the equivalent thickness increases 12% (24 mm), which can be considered acceptable, while
IR50 and IR100 require thickness increments over 28% (more than 50 mm).

Table 7. Results for the maximum pressure criterion.

IR0 IR20 IR50 IR100

Ks [MPa/m] 636 697 766 653
(ΔKs [%]) (-) (10%) (20%) (3%)

Equivalent Thickness: e [mm] 200 224 255 290
(Δe [%]) (-) (12%) (28%) (45%)

For cases where yield stress criterion is relevant, only the IR20 mix can be considered equivalent
to IR0, as the other options may be compromised by an increase of the lining thickness over 50 mm.

5. Economic Viability

Adopting the equivalent thicknesses determined in Section 3, the economic viability analysis
of CRCA shotcrete is presented in this section. Based on data collected from Portuguese tunneling
companies, the estimation of the current costs range to produce dry-mix shotcrete is shown in Table 8.

Figure 2 shows the unit costs, in €/m3, of the different shotcrete scenarios, assuming three possible
costs for CRCA to assess its impact:

• Scenario 1 (50% CNA)—the recycled aggregates’ cost is taken as equal to 50% of the natural
aggregates (7.5 €/m3);

• Scenario 2 (NULL) —the recycled aggregates’ cost is zero (taking into account that CDW producers
are ready to pay to get rid of it);

• Scenario 3 (SUB) —there is a subsidy equal to 7.5 €/m3 to promote recycled aggregates’ use.
Because the cost of CRCA is smaller than that of CNA, the unit cost of shotcrete with incorporation
of CRCA is smaller.
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Table 8. Material costs per m3 of dry-mix shotcrete produced.

Cost Range
[€/m3]

Cost Adopted

[€/m3] [%]

Equipment 16 to 20 18 13

Cement and Fly Ash 45 to 50 47.5 34

Labour 30 to 40 35 25

Additives 17 to 23 20 14

Plasticizers 4 to 5 4,5 3

Natural Aggregates 13 to 17 15 11

Total 140 100

Figure 2. Cost of shotcrete for each composition, assuming different cost scenarios of the
recycled aggregates.

Figure 2 shows that incorporating recycled aggregates in shotcrete generates small variations is
cost per cubic meter (<8%), for the three scenarios analyzed.

Table 9 shows the cost of the lining per unit length of the tunnel for the two cases for which
equivalent thickness was determined: similar stiffness and similar yield stress.

In all cases, for simplicity’s sake, rebound losses equal to 25% of the shotcrete’s theoretical volume
were assumed.

For the case in which CRCA cost is 50% of the cost of CNA, the lining’s cost per unit length of the
tunnel with CRCA is slightly higher than without CRCA for IR20 (2.3%) and IR50 (5.3%) for Case 1.
For the other IR’s and cases, the increase in cost is higher than 10%.

Because the recycled aggregates’ cost represents less than 15% of the total production costs,
an increase in thickness due to the lower mechanical properties leads to higher consumption of the
other components, and thus costs increase.
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Figure 3 shows the variation of the lining’s cost per unit length of tunnel for the three hypothetical
costs of CRCA.

Figure 3. Variation of lining’s cost per unit length of tunnel for three different costs of Coarse Recycled
Concrete Aggregates.

Figure 3 shows that the lining’s cost per unit length of the tunnel is fairly insensitive to the cost
of CRCA. In particular for Case 1, similar stiffness criterions-mixes IR20 and IR50 lead to marginal
increases in the lining’s cost (between 1.2% and 5.3%), while the other cases studied lead to variations
higher than 10%.

So, IR20 and IR50 are interesting alternatives for CRCA incorporation in dry-mix shotcrete solutions.
The remaining cases require a larger increase in lining’s thickness, which is economically unattractive.

6. Conclusions

The technical economic analysis of dry-mix shotcrete incorporating CRCA was performed
considering three different replacement ratios of CNA with CRCA, for two cases: similar stiffness
criterion and similar yield stress criterion.
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For deep tunnels, a small increase in the lining’s thickness is required to have linings of similar
stiffness for the IR20 and IR50 mixes, which shows their technical viability. An economic assessment
proved that both mixes can be competitive against a conventional shotcrete, with very small increases
in the lining’s cost per unit length of the tunnel.

A sensitivity study to assess the impact of CRCA cost on lining’s cost per unit length shows that
CRCA cost is very small, and therefore its influence on the overall costs is also small.

Based on this study, it can be concluded that using coarse recycled concrete aggregates in tunnels
can be an interesting solution for the IR20 and IR50 mixes, with marginal impact on thickness and the
lining’s cost per unit length of tunnel.

The viability of using CRCA in tunnel construction practice should be analyzed considering
the specific data from each project, such as costs to produce dry-mix shotcrete and the strength and
deformability study.
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Appendix A The Convergence-Confinement Method

The stress redistribution and three-dimensional deformation induced by tunnel excavation and
lining installation during construction is a very complex three-dimensional problem. To simulate
tunnel construction, the convergence-confinement method in plane strain conditions is widely used.
The method relies on the ground reaction curve, which describes the response of the ground around
the tunnel [26,27], and the support reaction curve, which describes the lining response.

The two-dimensional tunneling problem is illustrated in Figure A1a. The tunneling process is
represented by increasing the λ value from zero to one. Figure A1b shows the main characteristics of
the convergence-confinement method. The convergence curve corresponds to the internal pressure
versus the tunnel radial displacement. The radial displacement of the tunnel increases as the internal
pressure decreases. The tunnel can be self-stabilized without a liner (Curve [a]) in Figure A1b) or the
surrounding ground can fail which leads to an increase in the ground load acting on the tunnel lining
(Curve [b] in Figure A1). In the latter case, a liner must be installed to keep the stability of the tunnel.

Based on the convergence-confinement method, Carranza-Torres and Fairhurst [11] proposed a
set of analytical equations valid for deep circular tunnels in rock. These equations are used to ensure
the technical viability of the shotcrete solutions proposed in a simplified manner, bypassing complex
numerical simulations necessary for shallow tunnels and non-circular shapes, but without loss of
generalization capacity of the conclusions.

The problem is studied as a two-dimensional plane strain case, in which the pressure, pi, and the
radial displacement, ur, are constant in the tunnel walls.

The ground reaction curve is obtained from the elastoplastic solution of a circular opening
subjected to a hydrostatic stress field, σ0. Equations (A1) and (A2) present the elastic and plastic
portions of the curve, respectively.

uel
r =

(
So − pi

2Grm

)
R (A1)
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where ur
el is the elastic radial displacement of the massif, So the uniform tension around the tunnel,

pi the pressure of the walls at the tunnel, and Grm the shear modulus of the rock massif.
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where Kψ is the dilatancy coefficient, Pi
cr the critical pressure, related with the transition of an elastic to

plastic behavior of the tunnel walls, and Rpl the radius of the failed region, developed when pi < Pi
cr.

The shotcrete support is modeled with perfect elastoplastic behavior, with an elastic radial stiffness
ks, and maximum pressure, ps,max. Equations (A3)–(A5) describe the support behavior [28].

ps = Ksur (A3)

pmáx
s =

fcd

2

⎡⎢⎢⎢⎢⎣1− (R− tc)
2

R2

⎤⎥⎥⎥⎥⎦ (A4)

Ks =
Ec

(1 + νc)R
R2 − (R− tc)

2

(1− 2νc)R2 + (R− tc)
2 (A5)

where ps is the pressure in the support, fcd the design compressive strength of the shotcrete, ur the
radial displacement of the support, νc the Poisson’s coefficient of the shotcrete, Ec the modulus of
elasticity of the shotcrete, R the radius of the shotcrete ring and tc representing its thickness.

 

(a) (b) 

Figure A1. Convergence confinement method: (a) evolution of tunnel convergence with face advance;
(b) ground reaction curve and support reaction curve (adapted from Orestes [13]).
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Abstract: The development of self-compacting concretes with electric arc furnace slags is a novelty in
the field of materials and the production of high-performance concretes with these characteristics
is a further achievement. To obtain these high-strength, low-permeability concretes, steel slag
aggregates and cupola slag powder are used. To prove the effectiveness of these concretes, they are
compared with control concretes that use diabase aggregates, fly ash, and limestone supplementary
cementitious materials (SCMs, also called fillers) and intermediate mix proportions. The high density
SCMs give the fresh concrete self-compacting thixotropy using high-density aggregates with no
segregation. Moreover, the temporal evolution of the mechanical properties of mortars and concretes
shows pozzolanic reactions for the cupola slag. The fulfillment of the demands in terms of stability,
flowability, and mechanical properties required for this type of concrete, and the savings of natural
resources derived from the valorization of waste, make these sustainable concretes a viable option for
countless applications in civil engineering.

Keywords: self-compacting concrete; high-performance concrete; EAFS; cupola slag; electric arc
furnace slag; mechanical properties

1. Introduction

The production of crude steel in Europe in the year 2017 was 168.3 Mt, almost 4% higher than in
2016, while the production by electric arc furnaces stands at 40.3% of total production (67.8 Mt) [1].
This steel production determines the amount of electric arc furnace slag (EAFS) generated during the
fusion processes of scrap, totalling 18 Mt for the year 2016 according to the Euroslag. In Europe, 12 Mt
of cast iron was generated in 2017. These values of production reveal the volume of slag resulting from
the steel and cast iron industries that ends in landfills.

Several authors have incorporated different types of industrial waste as SCM’s to concrete to
modify its properties [2–4]. The pozzolanic properties of the slag generated in steel processes depend
on the cooling process. With rapid cooling (as is the case of cupola slag) using water, the vitrification of
the slag occurs, leaving the silica in an amorphous form and, therefore, susceptible to reaction. On
the contrary, slow cooling (case of EAFS) promotes the complete crystallization of the phases and the
inertization of the final product, thus not compromising its dimensional stability. The pozzolanicity
of EAFS has been studied, but its reactivity has been reported to be rather weak [5] although it can
be improved by remelting treatments [6]. The content of periclase (MgO) in the slag causes a risk of
potential expansion because the process of transformation into brucite [Mg(OH)2] by hydration is slow
or even delayed, putting the dimensional stability at risk. Given the possible expansive reactions, it is
important to verify the efficiency of the stabilization treatments [5]. Another problem present in these
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aggregates is the significant deficit of particle sizes that pass through the smaller sieves in the sands.
Therefore, the manufacture of mortars and concretes with EAFS sand entails mixing by combining
them, either with natural sand or with inert filler [7,8].

Another interesting practice in recovery/recycling strategies (in addition to incorporating EAFS
aggregates) is to incorporate recycled aggregates from Construction and Demolition Wastes (C&DW)
to self-compacting concrete [2,9,10]. It has been demonstrated that their mechanical properties and
durability [2,11–13] are suitable for structural concrete and they can be recycled several times [14].

SCMs are important for the self-compacting concrete (SCC), since they reduce the intergranular
interaction [14], increase the cohesion and the flowability of the mixture, improve the hydration of
the paste [15,16], and strengthen the resistance to segregation. In hardened concrete, SCMs typically
reduce capillarity and permeability but also mechanical properties can be reduced [14,17]. The cements
most used for the manufacture of high strength SCC are Portland type I, however, blends containing
one or more SCMs [18] and 350 kg/m3 of CEM can be used readily [19]. It is recommended not to
exceed 500 kg/m3 (to avoid shrinkage problems) and to use SCMs to improve the workability of the
fresh concrete. Several authors [20,21] have established that drying shrinkage increases with drying
speed and is proportional to the volume of cement paste, while the opposite occurs by increasing the
lime filler content.

The use of cupola slag as a concrete SCM is not a common application despite of its sustainable
benefits. Nevertheless, the use of granulated cupola furnace slag (GCFS) as fine and coarse aggregate
(0–16 mm) in concrete does not seem a viable option [22]. However, some authors have demonstrated
by the manufacture of mortars with various replacements [23] that is suitable to be used as SCM
with the right activation process. Nevertheless, great reactivity has been reported when acting as
substitution of ordinary Portland cement (OPC), showing 30% compressive strength gains for 15%
replacements at 28 days [22].

The use of SCMs increases the concrete strength, and in greater proportion, by using SCMs
with pozzolanic properties. According to Domone [23], the type and proportion of SCM has greater
influence on the compressive strength than the water/filler ratio (cement + SCMs). Rozière et al. [20],
reported the rise in compressive strength by increasing the limestone filler content, keeping the effective
water/cement ratio and the amount of cement.

The use of SCC brings with it a series of advantages with respect to the conventional one such
as better adhesion between the paste and the aggregates or the uniform distribution of the stresses
during load applications [19], even having the same w/c ratio [24,25]. Some studies claim that indirect
tensile strength is higher in SCC [25] due to its packed structure, other studies argue that there are no
differences because this property does not depend on the paste content [23,24] and other studies argue
that this greater paste content affects negatively [20]. Tensile splitting strength of SCC and conventional
concrete with the same amount of cement and water/cement ratio is directly influenced by the type of
aggregate used [19] and elastic modulus in SCC is lower because it has a lower proportion of coarse
aggregate [21], and for the same compressive strength the SCC presents a bigger strain [19]. The
stiffness of SCC can be 40% lower but in high strength concrete (the concrete considered in this study)
the difference is reduced to 5%.

The mechanical properties of concretes with EAFS are superior to those obtained with conventional
aggregate concretes [26,27], mainly due to an improvement in the bond with the cement paste owing
to the quality of the paste-aggregate interfacial transition zone (ITZ), which can be observed by means
of a scanning microscope [23,28]. Experimentally, it has been found that the coarse fraction of EAFS
contributes to the increase in compressive strength, tensile splitting strength, and elastic modulus.
Similarly, the total substitution of fine aggregate leads to a reduction in compressive strength [29]. In
terms of durability, concrete with EAFS is more vulnerable to frost and freeze–thaw cycles [30].

The use of EAFS in SCC is a challenge and very few studies have been done to date, mainly
due to a decrease in flowability, also due to intergranular friction and a slight increase in density,
although it has been possible to obtain stronger concretes than conventional ones [31], always using a
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significant amount of superplasticizer additive. Recently, Santamaría et al. [32,33] have demonstrated
the feasibility of manufacturing SCC using EAFS as both coarse and fine, obtaining consistency classes
of S4 and SF2 and reasonably good mechanical properties. Likewise, Qasrawi [34] advises not to
use replacements greater than 50% of EAFS so as not to negatively affect the properties in the fresh
state, mainly density, air content, and stability. With regard to these studies and broadly speaking,
in this paper new concrete mixes are developed through the use of two different wastes, to obtain
high-performance concrete. Analyzing in detail the specific differences with the works found in the
literature, this paper presents these main novelties:

• The EAFS aggregate has not been separated by screening operations for mixing (only 2 fraction
ranges have been used: 0/6 and 6/12).

• Two wastes from two different industrial processes are used in this research, both of the oxidation
or reduction stages.

• The developed concrete mixes seek to obtain very high strength concrete without damaging the
properties in the fresh state.

• A total replacement of the natural coarse and a partial replacement of the natural fines have
been made.

• A comparison with a control concrete with high quality aggregates (diabase) has been made.
• It has been possible to value a new waste that would otherwise end up in landfills (cupola slag).

The aim of this study is to demonstrate that it is possible to obtain a high-performance concrete
(HPC), considering this to have a strength between 70 and 150 MPa, which is self-compacting and
also uses steel slag aggregate in all fractions (coarse, fine, and SCMs), obtaining a concrete with
countless potential applications. For this purpose, the work consisted of two phases; in the first, mortar
mixes were produced with different cement replacements for cupola slag, thus demonstrating the
pozzolanicity of this material. In the second phase, self-compacting concretes have been compared
with different types of coarse, fine, and locally available SCMs, demonstrating the improvement of
mechanical performance with the use of EAFS aggregates and cupola slag (as SCM) with respect to
conventional materials such as diabase (high quality aggregate) or siliceous sand.

2. Materials and Methods

2.1. Materials

Standardized siliceous sand, CEM I 52.5 R and cupola slag have been used for the manufacture
of conventional mortars. For the manufacture of the different concrete proportions, coarse 6/12 (DC)
diabase and coarse 6/12 (SC) slag have been used, limiting their quantities to avoid problems of
blockage and segregation. Diabase sand 0/6 (DS), electric arc furnace slag 0/6 (SLS), and silica sand
0/2 (SIS) have been used as fine aggregates. The SCM used include limestone filler (LF), fly ash (FA),
and cupola slag filler (CS). The granulometric distribution of the aggregates used (coarse and fine)
according to EN 933-1 is shown in Figure 1.
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Figure 1. Aggregates granulometric grading.

The physical-mechanical properties of the aggregates have been determined by characterizing the
bulk specific gravity and porosity according to EN 1097-3, the apparent specific gravity and water
absorption according to EN 1097-6, the resistance to fragmentation determining Los Angeles coefficient
according to EN 1097-2 and the aggregates crushing value according to UNE 83112. The fine aggregates
(cement and SCM) have been characterized by determining the actual density according to UNE 80103
and by the specific Blaine surface according to EN 196-6. The results obtained are shown in Tables 1
and 2. Both types of aggregates have excellent mechanical properties and a 35% higher density in the
case of EAFS.

Table 1. Main properties of the coarse aggregates used in the self-compacting concrete (SCC).

Material

Bulk
Specific
Gravity
[g/cm3]

Apparent
Specific
Gravity
[g/cm3]

Absorption
[vol.%]

Open
Porosity
[wt.%]

Los Angeles
[%]

Aggregates
Crushing
Value [%]

EAFS coarse 3.65 3.85 1.43 5.22 15 18
Diabase coarse 2.72 2.81 1.11 3.02 15 15

Table 2. Main properties of the sands, supplementary cementitious materials (SCMs) and cement used
in the SCC.

Material Actual Density [g/cm3] Blaine Surface [m2/kg]

EAFS sand 3.77 -
Diabase sand 2.89 -

Silica sand 2.61 -
Cupola slag SCM 2.89 429.4
Limestone filler 2.65 274.1

Fly ash SCM 2.13 400.3
CEM I 52.5 R 3.11 495.7

The chemical characterization of the slags used was carried out by means of X-ray fluorescence
(XRF), in order to determine the semi-quantitative concentration of compounds in oxides represented by
percentages (Table 3). For this characterization an ARL-ADVANT-XP Thermo-spectrometer was used.
It was observed that the main components of slags were iron, calcium, and silicon oxides, although
there were traces of chromium and titanium oxides, probably generated during the injection of oxygen.
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On the other hand, the cupola slag shows high concentrations of silicon, calcium, and aluminum oxides,
the first being an indicator of the possible reactivity of the material, since it is in an amorphous state. The
compositions of the rest of the materials were obtained by Energy-dispersive X-ray spectroscopy (EDX)
using a Zeiss EVO MA15 scanning electron microscope (SEM) equipped with an Oxford Instruments
X-ray detector, selecting different representative areas of particles chosen randomly.

Table 3. Chemical composition of the materials used.

Compound [wt.%] Fe2O3 CaO SiO2 Al2O3 MgO MnO Cr2O3 TiO2 Na2O SO3 K2O Others

EAFS 37.90 30.26 12.00 7.4 4.93 4.53 1.15 0.53 - - - <0.5
Cupola slag 6.34 29.97 43.56 13.64 2.1 2.80 - 0.51 - - - <0.5

Fly ash 7 6.1 55 20.4 2.6 - - 0.9 1.2 4 2 -
CEM I 52.5 R 3.38 66.6 17.81 4.79 1.3 - - 0.2 - 4.49 0.78 -

The expansiveness of the EAFS is one of its main problems, and can cause cracking of concrete in
the medium/long term. To avoid this phenomenon, EAFS aggregates have been submerged in pools for
24 h and have remained wet in storage stacks for 3 months, in order to hydrate free lime and magnesia.
The expansiveness of the aggregates was determined according to EN 1744-1, obtaining values of
0.16 vol.% at 24 h and 0.17% vol. at 168 h, the first value being those required when the MgO content is
less than 5%.

The mortar proportions (Table 4) were carried out with CEM I 52.5 R, CEN standardized sand and
in accordance with the amounts proposed by EN 196-1 (except the amount of sand, slightly higher).
The mortars were cured submerged in water at a temperature of 20 ± 1 ◦C. The manufacture of these
mortars (M) was carried out using replacements of 0, 10, 20, 30 vol.% of cement by cupola slag filler, in
order to establish the pozzolanity of the cupola slag compared to cement.

Table 4. Mix proportions of the mortars [g].

Material [g] M-0% M-10% M-20% M-30%

CEM I 52.5 R 450 405 360 315
Silica sand 1450 1450 1450 1450

Cupola slag filler - 42 84 126
Water 225 225 225 225

w/c ratio 0.5 0.6 0.7 0.8

For the mix proportions of the self-compacting control concrete, the methodology proposed
by Dinakar et al. [35] was used, based on compressive strength. The design goal was to obtain a
high-performance concrete with 100 MPa strength at 90 days, for which an amount of cement of
450 kg/m3, and the use of 2% (of the cement weight) of a superplasticizer additive (enabling a more
viscous paste to be obtained) was selected. A limestone filler quantity of 100 kg/m3 was used, thus
using a total amount of cement, SCMs, and filler of 550 kg/m3, less than the maximum 600 kg/m3

recommended by EHE-08 [36] and EFNARC [37]. An attempt was made to maximize the coarse
content (50 vol.%) to obtain greater use of the by-product without affecting segregation or blocking.
Likewise, the amount of water used was optimized so as not to adversely affect the strength without
affecting the flowability or segregation.

Four concrete mixes were made: three control mixes that use diabase coarse with three different
filler materials (limestone, fly ash and cupola slag) and a fourth that uses EAFS coarse with cupola
slag filler. The first three dosages enable the comparison of the SCM used, while the fourth enables
the comparison of high strength natural aggregates with siderurgical aggregates. The three control
dosages are analogous, while the fourth had to be modified because it presented notable deficiencies in
the fresh state. The sand content was increased because SLS has less fine aggregates than DS and the
latter has a much more cavernous and angular geometry. In addition, the reduction of SC enabled
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slump to be improved and prevented concrete blockage. A slightly lower w/c ratio was used in this
case due to the limitation due to the segregation of the EAFS aggregate.

The preparation of these self-compacting concretes was similar to that of conventional concretes,
with the exception of kneading time (12 min), considerably increased to ensure the complete distribution
of the superplasticizer additive. The mixtures were made in a 120 L rotating drum mixer, with 30 L
batches. The samples were been demolded at 24 h and were cured in a moisture chamber, at a constant
temperature of 20 ± 2 ◦C and constant humidity of 95 ± 5%. The final proportions, in kg/m3, of the
mixtures appear in Table 5.

Table 5. Concrete mix proportions (kg/m3).

Concrete SCC-DC-LF SCC-DC-FA SCC-DC-CS SCC-SC-CS

Diabase coarse (DC) 896 896 896 -
Slag coarse (SC) - - - 1101

Diabase sand (DS) 411 411 411 -
Silica sand (SIS) 386 386 386 605
Slag sand (SLS) - - - 444

Limestone filler (LF) 100 - - -
Fly ash (FA) - 80 - -

>Cupola slag filler (CS) - - 109 109
CEM I 52.5 R 450 450 450 450

Water 180 180 180 174
Superplasticizer additive 9 9 9 9

w/c ratio 0.40 0.40 0.40 0.39

2.2. Properties of Fresh Concrete

The self-compactability of a concrete depends essentially on its filling ability, its passing ability,
and its static and dynamic stability or segregation resistance. The characterization of the properties in
the fresh state of self-compacting concrete is different from conventional concretes, using in this study
the slump flow, the L-box and the V-funnel tests. The slump flow test has been carried out according
to EN 12350-8, to obtain the flow capacity of the concrete, as well as its stability. To carry out this
test, the Abrams cone (EN 12350-2) and a 900 × 900 mm metal steel plate have been used, on which
three concentric circles are marked, measuring the conjugated diameters of the drained concrete and
determining the average diameter (SF). This test also determines the time it takes for the concrete to
cover the 500 mm circle (t500), which allows the relative viscosity of the concrete to be evaluated, as
well as the flow rate. According to EN 206-9 the permissible range for this test is between 550 and
850 mm for the SF and the t500 must be less than or equal to 8 s.

The L-box test was carried out according to EN 12350-10 using 3 bars. It measures the ability
to pass through the reinforcements, as well as stability. The concrete was poured through the upper
opening, measuring the height of the concrete in the vertical section (H1) as well as the height at the
end of the horizontal section (H2). The “passing ability” of concrete for the PL test is defined as the
H2/H1 ratio. According to EN 206-9, there are two kinds of passing capacity delimited by a PL of 0.8.
The V-funnel test has been carried out according to EN 12350-9 to assess the viscosity, the capacity to
pass through confined spaces and the mold filling capacity. The test measures the time it takes for the
concrete to flow through the V-mold, from the opening of the lower gate until the mold is emptied.
According to EN 206-9, the permissible tv range is 0–25 s, with 9 s being the limit between the two
existing categories.

2.3. Physical Properties of the Concrete Mixes

The apparent, bulk and saturated-surface-dry (SSD) specific gravities were determined following
EN 12390-7 and, additionally, both accessible porosity (vol.%) and water absorption (wt.% ) were
obtained according to UNE 83980 applying air vacuum. The physical properties were determined
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on nine thirds of standard cylindrical specimens of 150 × 300 mm at 28 days per mix (a total of 36
specimens), specimens in which the upper and lower ends were cut in order to avoid edge effects.

2.4. Mechanical Properties of the Mortars

The mortars underwent the mechanical tests proposed by and according to EN 196-1. These
tests consisted first of all in the determination of flexural strength and then in the determination
of compressive strength on each of the halves obtained in the first test. Three specimens were
manufactured per age and per mix (64 specimens in total), with tests being performed at 7, 28, 60, and
90 days. The tests were carried out on a servohydraulic machine with a capacity of 250 kN at rates of
0.05 mm/s for flexural tests and 0.1 mm/s for compression tests.

2.5. Mechanical Properties of the Concrete

The uniaxial compressive strength was determined according to EN 12390-3 on four cubic
specimens of 100 mm at 7, 28, 90, 180 and 365 days per mix (a total of 80 specimens). The use of these
specimens is compatible with the maximum aggregate size and correction coefficients were applied
if necessary. This test was carried out on a servohydraulic machine with a capacity of 1500 kN at
a rate of 0.5 MPa/s, after removing the specimens from the moisture chamber and waiting for their
surface drying.

The compressive elastic modulus was determined following EN 12390-13 on 1 standardized
cylindrical specimen at 7, 28, 90, 180, and 365 days of age per mix (a total of 20 specimens). Method A
was applied, which includes 3 preload cycles to check the correct positioning of the specimens and
subsequently 3 loading/unloading cycles were applied. The initial and final stress and strain values
enable the initial elastic modulus (first cycle) and the stabilized elastic modulus (third cycle) to be
obtained. The specimens were capped with sulfur on their upper face and fitted with strain gauges
120 mm in length. The test was carried out on a servohydraulic machine with a capacity of 2000 kN at
a load/unload rate of 0.7 MPa/s.

The splitting tensile strength test was carried out according to EN 12390-6, on 9 thirds of standard
cylindrical specimens of 150 × 300 mm at 90 days per mix (a total of 36 specimens). A servohydraulic
testing machine of 1500 kN capacity and a load rate of 0.05 MPa/s was used for this purpose.

3. Results and Discussion

3.1. Properties of Fresh Concrete

The properties in the fresh state of the different mixes of SCC appear in Table 6. The mixes that
incorporate diabase coarse and limestone filler or slag filler have an average slump flow of 750–850 mm
corresponding to the upper category or SF3 according to EN 206-9, equivalent to category AC-E3
according to EFNARC. In the case of using slag coarse or diabase aggregates with fly ash, the average
slump flow is reduced to 650–750 mm, corresponding to category SF2 according to EN 206-9 or AC-E2
according to EFNARC, ideal workability for conventional applications as pillars and walls. The use of
slags as coarse aggregate penalizes slump flow by 10%, which is compatible with the results obtained
in conventional concretes, where the use of slags leads to a general decrease in workability [29,30].
The decrease in the flowability of concrete with slags is due to their increased friction, as well as their
angular geometry and their high density. The t500 for the SCC-DC-FA and SCC-DC-CS mixes are
classified as VS2 according to EN 206-9 and AC-V1 according to the EFNARC, with values at the limit
of the recommendations. On the other hand, the mixes with limestone filler and slag coarse fall outside
the categories proposed by the recommendations, the latter due to the viscosity of the paste itself, since
a greater amount of fines is used. The slump test of the SCC-SC-CS mix can be seen in the following
link: https://www.youtube.com/watch?v=rZUtHjiP4dw.
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Table 6. Rheological properties of the self-compacting concrete in fresh state.

Concrete V Funnel Test [s] L-Box Test [%]
Slump Flow Test

D1 [mm] D2 [mm] t500 [s]

SCC-DC-LF 80 0.89 740 770 9
SCC-DC-FA 46 0.84 740 730 7
SCC-DC-CS 89 0.91 760 780 8
SCC-SC-CS 136 0.80 690 680 10

The flowability is at odds with viscosity, incorporating high-density aggregates requires a viscous
paste (high fine content and low w/c ratio) that prevents the segregation of aggregates. Increasing
viscosity also means obtaining a higher volume of occluded air or a poorer surface finish, which
is why it is important to establish a compromise between both variables. In Figure 2, the correct
distribution of aggregates in all mixes can be observed. In the case of SCC-DC-LF, areas with higher
aggregate concentration and a mortar band of about 10 mm thick and slight bleeding are observed on
the perimeter of the disk. The behavior of the SCC-DC-FA is more stable, favored by the shape of the
fly ash particles that provide greater homogeneity in slump. Although it also has a mortar band about
10 mm thick, no bleeding is reported. In the case of SCC-DC-CS there is a homogeneous distribution of
aggregates but a decrease in the viscosity of the paste and consequently greater bleeding and exudation
due to incorporating the vitreous powder. The disk of the SCC-SC-CS shows a very homogeneous,
symmetrical, and stable distribution. There is no segregation or concentration of coarse aggregates
despite the high density of slags although there is a mortar band of about 10 mm around the disk.

  

SCC-DC-LF 

SCC-DC-CS 

SCC-DC-FA 

SCC-SC-CS 

Figure 2. Slump disks detail of all mixes.
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The values obtained from PL are consistent with the slump measured. The results of the L-box
test (Table 6) show a passing capacity (PL) greater than 0.8 in all cases, which allows the mixes to be
classified as PL1 according to EN 206-9 and as AC-RB2 according to EFNARC. In none of the cases has
there been blockage in the bars and it should be noted that the SCC-SC-CS mix has shown a flow rate
through confined spaces well below the other mixes, taking twice as long to stabilize the final height
H2. This low-passing speed is associated with the high friction in the sliding between layers of paste
with slag sand and cupola filler.

The results for the V funnel test also appear in Table 6. As was already apparent in the L-box
test, the greater times correspond to the mixes that use cupola slag filler and slag sand. The difference
between using limestone filler and cupola slag filler is almost negligible, although the use of fly ash
improves the mobility of the mixture due to its spherical shape. On the other hand, the values obtained
with the SCC-SC-CS are 70% higher than with SCC-DC-LF and SCC-DC-SC, a value that rises to 300%
higher in comparison with SCC-SC-FA. The SCC-SC-CS is the most affected in this parameter due to
the high viscosity of the paste, this viscosity also generates thixotropy gelation, observed after keeping
the fresh mixture at rest. In all mixes the values are higher than the 25 s established by EN 206-9
for conventional SCC due to the high coarse content, which makes it difficult to pass through the
funnel. Therefore, the designed mixtures are not recommended for highly confined areas, obliging
modification of the mixture.

3.2. Physical Properties of the Concrete Mixes

The physical properties of the concrete mixes are shown in Table 7. The high density of EAFS gives
the concrete with slags and the mixture of cupola slag around 15% more density than the reference
concrete with diabase aggregates, except the mix that contains fly ash, where the ratio goes up to 20%.
This is partly due to the low actual density of the fly ash (2.13 g/cm3).

Table 7. Physical properties of the concrete mixes.

Concrete

Apparent
Specific
Gravity
[g/cm3]

Bulk Specific
Gravity
[g/cm3]

Bulk SSD
Specific
Gravity
[g/cm3]

Open Porosity
[vol.%]

Water
Absorption

[wt.%]

SCC-DC-LF 2.47 2.63 2.53 5.98 2.41
SCC-DC-FA 2.29 2.58 2.4 11.59 5.08
SCC-DC-CS 2.48 2.66 2.55 6.9 2.78
SCC-SC-CS 2.88 3.03 2.93 5.21 1.82

Due to the difference in densities between the mixes, it is ideal to perform a comparison between
the open porosity (vol.%) and not the water absorption (wt.%). The mix with the lowest open porosity
is the one that uses EAFS and cupola slag due, in part, to having a slightly lower w/c ratio and due
to the higher density of aggregate particles, which facilitate the expulsion of trapped air (greater
self-compaction). Conversely, the mix with greater open porosity is the one that uses diabase coarse
and fly ash (220% greater than the previous one), this is due to a reaction between the plasticizer
additive and the fly ash, which generates bubbles of around 1 mm.

In the comparison between SCC-DC-LF and SCC-DC-CS, it can be concluded that there are no
significant differences in any of the properties shown between the limestone filler and the cupola slag
SCM, it being necessary to analyze the mechanical properties of both mixes to establish the benefits of
each filler. The visual aspect of each mix in the hardened state is shown in Figure 3, where a better
orientation of the aggregates in the filling can be seen in the SCC-SC-CS mix.
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SCC-DC-LF SCC-DC-FA SCC-DC-CS SCC-SC-CS 

Figure 3. Appearance of the concrete mixes.

3.3. Mechanical Properties of the Mortars

Figure 4 shows the results of the mechanical properties of mortars that incorporate several
replacements of Portland cement. Compressive strength increases with the age for all replacements
following a logarithmic trend (R2 ≈ 0.85), while intermediate replacements shows intermediate behavior
between maximum replacement and reference mortars. After 7 days, mortars with a 30% replacement
show a 27% loss in compressive strength with respect to the reference mortar, showing a slow rate of
hydration reactions. This loss is reduced to 12% at 28 days and 5% at 60 days. At 90 days, the strength
shown for all replacements tends to converge because the start of hydration of the alite and the peak of
hydration occur much later when using cupola slag SCM than when using Portland cement (the speed
of the reactions is slower when using cupola slag) [38].

  

Figure 4. Mechanical properties of mortars with several cement replacements with cupola slag.

Flexural strength (Figure 4) also increases with age for all replacements and analogously to
compressive strength. After 7 days, the strength shown by 30% replacements is 25% lower than that
obtained with the reference mortars. For 28 and 60 days the losses reach 10% and 6% respectively.
Again, there is a development of strength with age, more pronounced when cupola slag SCM is
incorporated into the mortar. For ages over 90 days the values tend to converge again, showing the
slowness of the reactions and demonstrating the strong pozzolanic character of the cupola slag.
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3.4. Mechanical Properties of the Concrete Mixes

The evolution of the compressive strength over time for the different mixes is shown in Figure 5.
Regarding the SCM’s, comparing the 3 mixes that use natural aggregates (identical proportions), it is
observed that the cupola slag (SCC-SC-CS and SCC-DC-CS mixes) provides more strength than the
limestone filler and the fly ash (SCC-DC-LF and –SCC-DC-FA), both at short and long ages, despite
the instability of the mix. This demonstrates the pozzolanic character of the cupola slag, showing
a 13% greater compressive strength at 28 days and 11% greater at 360 days than both mixes and
showing once again the importance of the promotion of the pozzolanic reaction by the SCM’s in
high-performance self-compacting concrete [39]. Of these last two (SCC-DC-LF and –SCC-DC-FA), it
is surprising that with the fly ash similar strength is achieved as with the limestone filler, despite the
greater porosity of the first, due to the high alkalinity of concrete, which favors the reaction of the SCM.
In the comparison of the SCC-SC-CS with the rest of the mixes, great improvements in compressive
strength are observed at all ages due mainly to three factors: better compressive strength of EAFS,
higher coefficient of friction between particles due to the EAFS roughness, and a better bond between
paste and aggregates. Comparing SCC-SC-CS with SCC-DC-CS, there is an increase in resistance of 5%
at 28 days and 13% at 360 days due to the incorporation of the EAFS aggregate and a slight reduction in
the w/c ratio. Comparing SCC-SC-CS with SCC-DC-LF and SCC-DC-FA, the increase is 20% at 28 days
and 25% at 360 days. Figure 6 (obtained by scanning electron microscopy) shows the appearance of the
cupola slag particles at 5000× after reacting, generating compounds in the form of parallel hexagonal
plates, perfectly integrated in the paste and in combination with the cement hydration products. The
composition of these plates, determined by EDX, corresponds to hydrated calcium aluminosilicates.

Figure 5. Evolution of the compressive strength for the different mixes: the first at 28 days (left) and
the second at 360 days (right).
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Cupola slag plates 

Hydration products 

Figure 6. Appearance of the cupola slag after reacting on the cement paste (5000×).

In absolute terms, the mixes that incorporate cupola slag exceed 100 MPa at 28 days while the rest
of the mixes are over 90 MPa, all of which can be considered high-performance concretes. From 28 to
360 days, the most evolved mix is SCC-SC-CS (16.5%) followed by SCC-DC-FA (12%) and SCC-DC-LF
(7.5%) and SCC-DC-CS (7.5%). Also, at 360 days, the mix with cupola SCM and EAFS reaches 130
MPa. Comparing Figures 4 and 5, a remarkable increase in strength can be observed when cupola
slag is used as a filler, rather than a cement substitute, which indicates cupola slag’s potential as a
reactive filler.

In Figure 7, the appearance of some of the cracking of the cubic specimens tested at 365 days
is presented. As can be seen, due to the high stress applied to these concretes and the excellent
paste–aggregate interface, the crack planes have propagated through the paste and aggregates,
releasing all their energy through explosive cracks.

 

SCC-DC-LF SCC-DC-FA 

SCC-DC-CS SCC-SC-CS 

Figure 7. Detail of the compressive strength cracking (365 days).
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The analysis of the cracking behavior of these materials is important, and in addition to the
visual analysis, there are methodologies to determine the cracking load from deflection–load curves in
flexural tests [40].

The evolution of the elastic modulus over time is shown in Figure 8. Among the mixes that use
diabase aggregate, it is observed that SCC-DC-FA has the smallest elastic modulus (37 and 40 GPa at
28 and 360 days), which is due to the great porosity of the mix, allowing greater deformations. The
SCC-DC-CS mix shows a modulus 10% higher than SCC-DC-LF, having a slightly lower porosity, due
to the pozzolanic character and the greater Blaine surface of the cupola slag SCM. On the other hand,
the SCC-SC-CS mix shows an elastic modulus far superior to the rest of the mixes (56 and 59 GPa at 28
and 360 days), being 24% and 18% higher than for SCC-DC-CS at 28 and 360 days respectively. This
is due to the high EAFS modulus (and its iron nature), a slightly lower w/c ratio and a 25% lower
porosity (Table 1). Compared with compressive strength, the elastic modulus has increased less with
age, obtaining at 7 days approximately 90% of the final elastic modulus in all mixes.

  
Figure 8. Evolution of the initial elastic modulus (left) and the stabilized elastic modulus (right) for
the different concrete mixes.

On the other hand, the stabilized elastic modulus is slightly higher in all cases, since the material
undergoes small permanent deformations for loads below the elastic limit in all cycles

The results of tensile splitting (Brazilian) strength for all mixes at 90 days are presented in Figure 9.
Among all the mixes that use natural aggregate, it is observed that SCC-DC-FA has the lowest tensile
splitting strength (4.5 MPa), due to a high porosity and a lower bonding in the interface transition zone
favored by the smooth surface of the fly ash particles. The SCC-DC-LF mix is the next one with the
highest tensile splitting strength (5.4 MPa), slightly lower than SCC-DC-CS (5.7 MPa), where once again
the reactive character of the cupola slag SCM shows an improvement of the mechanical properties. For
this property, there are no differences between using natural aggregate or siderurgical aggregate, as
shown by the comparison between SCC-DC-CS and SCC-SC-CS (5.6 MPa), showing that the bonding
strength in the interfacial transition zone (ITZ) is similar (good quality) for both aggregates.
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Figure 9. Tensile splitting strength at 90 days for all mixes.

The main mechanical properties of these mixes have been established, however, as future work
it is proposed to check the functionality of conventional mechanical models for these materials and
the creation of new models if necessary. These models will allow predicting the post-crack behavior
of the material and the damage mechanisms for complex structures, using finite-element numerical
approaches, as they are widely addressed in the literature [41].

4. Conclusions

This research deals with the recycling of two by-products, cupola slag and electric arc furnace
slag, to obtain high-performance self-compacting concrete and the comparison of these with similar
concrete mixes using high-quality natural aggregates (diabase) and the most common SCMs. After
analyzing the rheological and physical-mechanical results obtained, the following conclusions can
be drawn:

• It is possible to obtain a viscous paste that is capable of maintaining high-density EAFS particles
in suspension by incorporating fillers. A very homogeneous, symmetrical, and stable distribution
of the mixture has been achieved, without segregation or concentration of coarse aggregates,
despite the high density of slags. In turn, EAFS reduces concrete slump and passing ability by
10%, while the flow rates are reduced more noticeably compared to reference mixes, due to their
high viscosity.

• The incorporation of EAFS coarse and fine aggregates increases the density by 15% with respect
to the reference mixes, obtaining high density concretes (>2800 kg/m3). The open porosity of all
mixes is very similar (5–6%) except for the mix that uses fly ash, due to a gasifying reaction with
the superplasticizer additive. Likewise, the high content of rapid cement and the low w/c ratio
have resulted in all mixes thixotropy gelation of the paste, more pronounced effect on concrete
with EAFS.

• For the different cement replacements by cupola slag in mortars, it is worth mentioning the low
speed of the reactions of the cupola slag, showing compressive and flexural strengths similar to
mortars without replacement for ages of 90 days.

• The incorporation of cupola slag leads to an increase in compressive strength after 28 days of
about 10% with respect to other SCM’s. The use of EAFS aggregate provides a 5% improvement in
the compressive strength with respect to diabase using the same SCM. The mixes that incorporate
cupola slag SCM have evolved twice as much as the rest of the mixes from 28 to 360 days. The
elastic modulus of mixes with EAFS is 24% higher than the mixes with diabase and the elastic
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modulus of mixes that use slag cupola powder is 10% higher than the mixes with traditional fillers.
In the case of the elastic modulus, practically 90% of the value at 360 days is obtained after 7 days.
No significant differences were found in the tensile splitting strength at 90 days for all the mixes.
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Abstract: The search for more sustainable construction materials, capable of complying with quality
standards and current innovation policies, aimed at saving natural resources and reducing global
pollution, is one of the greatest present societal challenges. In this study, an innovative recycled
aggregate concrete (RAC) is designed and produced based on the use of a coarse recycled aggregate
(CRA) crushing concrete with electric arc furnace slags as aggregate. These slags are a by-product of
the steelmaking industry and their use, which avoids the use of natural aggregates, is a new trend in
concrete and pavement technology. This paper has investigated the effects of incorporating this type
of CRA in concrete at several replacement levels (0%, 20%, 50% and 100% by volume), by means of
the physical, mechanical and durability characterization of the mixes. The analysis of the results has
allowed the benefits and disadvantages of these new CRAs to be established, by comparing them
with those of a natural aggregate concrete (NAC) mix (with 0% CRA incorporation) and with the
data available in the literature for concrete made with more common CRA based on construction
and demolition waste (CDW). Compared to NAC, similar compressive strength and tensile strength
values for all replacement ratios have been obtained. The modulus of elasticity, the resistance to
chloride penetration and the resistance to carbonation are less affected by these CRA than when
CRA from CDW waste is used. Slight increases in bulk density over 7% were observed for total
replacement. Overall, functionally good mechanical and durability properties have been obtained.

Keywords: recycled aggregate concrete; electric arc furnace slags; mechanical properties; durability

1. Introduction

Approximately 90% of construction and demolition wastes (CDW) are currently going to landfills
even though they are potentially recyclable [1]. The use of this waste should be a priority to achieve the
sustainable development objectives set by the European Commission, although this action is hindered
due to lack of facilities and standards, lack of support from governments or lack of users’ confidence [1,2].
The use of CDW as aggregates in concrete production, mostly coarse recycled aggregates (CRA),
not only means a saving of natural resources derived from the extraction of aggregate, but also economic
savings. Analogously, concrete with electric arc furnace slags (EAFS) as aggregate is based on the use of
waste (from the steel industry) that would otherwise be deposited in landfills. In this case, the reduction
of CO2 emissions in the processes without taking into account the transport and manufacturing of the
materials can be as high as 35% [3]. On the other hand, CO2 emissions induced by concrete crushing
are not very different from those generated in the production of natural aggregates [4].
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To improve the understanding of the paper, the acronyms used and their meaning are shown in
Table 1.

Table 1. Acronyms used in the article.

Acronym Meaning

RA Recycled aggregate
CRA Coarse recycled aggregate
RCA Recycled concrete aggregate
RAC Recycled aggregate concrete
NA Natural aggregate

NAC Natural aggregate concrete
CDW Construction and demolition waste
EAFS Electric arc furnace slags

Most CRA are produced by crushing concrete that has ended its service life, i.e., they are composed
mainly of natural stone and attached mortar. Typically, CRA are materials with lower density and
porosity than natural aggregates (NA) because the attached mortar is less dense and more porous
than the natural aggregate that it covers. The average density can be 8% lower and the average water
absorption 5–6 times those of the natural aggregates [5,6]. According to the current Spanish concrete
standards, the aggregates’ water absorption must be less than 5% to be used in structural concrete [7,8].
According to Etxeberría et al. [9], the shape index of NA is 25% and 28% for CRA produced in quarries,
although its value depends on the crushing process. Typically, laboratory-produced CRA are made
with a single crushing stage (usually a jaw crusher), whilst NA are produced with multiple crushing
(primary, secondary and sometimes tertiary). De Brito et al. [10] found that when CRA go through the
same crushing process as NA their shape index is expected to be lower than that of NA. The water
absorption and the shape index are vital for the calculation of the compensation water to determine
the total water/cement (w/c) ratio [11].

There are many studies on the use of recycled aggregate (RA) in the production of structural
concrete. Most of them only consider replacement of the coarse fraction of the aggregates, because the
fine fraction has a great cohesion and water absorption that make it difficult to control the quality of
the aggregates [12] and reduce the workability in the fresh state [13]. The risk of contamination of the
finer fraction is also higher [14].

The use of CRA is more common also because it has less porosity and adhered paste. Typically,
CRA concrete is around 4%–8% less dense [15–17], although this effect can be the opposite for high
density CRA (e.g., CRA based on EAFS). The water absorption of these CRA concretes can be 500%
higher than that of NA concrete (NAC) [18,19], although it tends to decrease due to the crystallization of
hydration products, depending on the crushing age of the source concrete and curing conditions [20–22].
The fresh workability with CRA is lower than that of NAC for equal w/c effective ratios, so it is important
to correct the water content to achieve similar slump without the help of admixtures [16,23–28].

One of the main characteristics of this concrete is the presence of three interfacial transition zone
(ITZ). One is between the original aggregate of CRA and the cement paste in the source concrete and it
is formed by dense hydrates, and in the case of EAFS concrete is of higher quality than with NA [29].
Another is between the old cement paste and the new paste, and the third ITZ is between the NA of
the recycled aggregate and the new cement paste. The two ITZs between recycled aggregate (stone
and mortar) and the new paste are where the chemical reactions between both generate loose and
pore interfaces [30,31]. These ITZs are thus weaker and limit the mechanical properties of CRA [30].
Concrete with 100% CRA shows a loss in compressive strength with respect to coarse NA at 28 days,
for the same effective w/c ratio and amount of cement, from 10% to 37% [9,17,27,32–34], approximately
proportional to the replacement level [35,36] and depending on the relative strength of the new
paste and CRA [37]. This decrease in compressive strength may make it necessary to use about 5%
more cement to achieve the same strength as with NA, thus compromising the cost-effectiveness

234



Appl. Sci. 2020, 10, 216

and sustainability of CRA [9,12]. From 28 to 91 days, the relative increase in compressive strength
with recycled aggregate concrete (RAC) is sometimes greater than with NA due to the hydration
of unhydrated cement grains [37]. The splitting tensile strength is typically lower but often not
by as much as compressive strength, but there are studies where the tensile strength can even be
higher with CRA than with NA [9,38], while the modulus of elasticity can decrease by 15% for 30%
replacement and 45% for 100% replacement [35,39]. This reduction is because CRA has a lower
modulus of elasticity than NA and due to the increase in the effective w/c ratio to maintain workability
constant. Reductions in the modulus of elasticity result in increases in the peak strain of concrete under
monotonic compression—[32] reports an increase of 20% for aggregate replacement of 100%. It is also
known that the use of CRA but also the new cement paste affect the fatigue behaviour of concrete,
reducing the fatigue limit and fatigue life [40,41]. Other authors have shown that the multi-recycling of
the concrete that contain CRA is limited and that after three recycling cycles, CRA are mostly composed
of mortar and new NA are needed in the mix design [42].

The drying shrinkage of concrete with CRA can be 50% higher [43] than with coarse NA,
while chloride ions’ penetration can reach up to 150% increases [24,44] due to the high permeability of
this concrete. Resistance to carbonation is linked to the porosity of concrete [15] and, therefore, to the
porosity of CRA, although it is also strongly linked to the chemical composition of concrete [24]. The high
porosity of CRA makes carbonation depths increase between 22%–187% for 100% replacement [24,33,45]
in comparison to NAC. Some authors propose the use of more crushing stages to eliminate the attached
mortar and thus obtain rounder and less porous aggregates [45,46], the use of acids or heat to
disaggregate the mortar of RCA [47,48], thermo-mechanical processes [49,50] or the use of several
mechanical systems for on-site processing [51]. Another solution presented by the literature is the use
of crushed bricks or steel slag [13,52] to compensate the loss of strength and durability, due to their
pozzolanicity. However, these beneficiation techniques add new steps to the aggregate production
process and increase production costs and the environmental impact of CRA production.

Currently, there is an increasing trend towards the use of steel slag in concrete [23]. The use of EAFS
as CRA in concrete is a novelty (to the best of the authors’ knowledge, it has never been done before)
and its use is justified by the potential benefits of this aggregate and by the boom of its use in recent
years mostly in road pavements or hydraulic structures [53]. The characteristics of the source concrete
determine the behaviour of the recycled aggregates concrete. Concrete with EAFS offers an improvement
in compressive strength by 50% compared to concrete with NA, a slightly higher modulus [54] and a
generalized improvement in durability (low water absorption and permeability) [55,56], whereas the
roughness of the aggregates allows improving the quality of the new ITZ of CRA. The quality of the CRA
from EAFS concrete will compensate the loss of mechanical and durability properties that more common
CRA provides, saving natural resources. This concrete has potential applications in foundations, plain
concrete walls, or structures where a high self-weight is important (e.g., radiation-proof structures).
The results of the physical-mechanical and durability tests, for concrete with coarse replacements of 0%,
20%, 50% and 100% by CRA, will be analysed and discussed, establishing the suitability of their use.

2. Materials and Methods

2.1. Materials

In this research, the NA used were: limestone gravel (2/6, 6/12 and 12/20 mm), and silica sand
(0/2 and 0/4 mm) to produce the reference concrete. For the manufacture of RAC, CRA obtained from
the crushing of concrete with EAFS (using a jaw crusher) 2 months old has been used. The resulting
crushing material has a range of grading of 0/25 mm. This EAFS concrete has been manufactured with
cement (CEM) I 52.5 R and a w/c ratio of 0.47. This source material presents at 28 days a compressive
strength of 88 MPa, a modulus of elasticity of 52 GPa and an oxygen permeability of 6.48 × 10−18 m2.
The physical properties of both the NA and RA are shown in Table 2, after performing a measurement.
The specific gravity and the water absorption have been determined according to EN 1097-6, the shape
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index was obtained following the EN 933-4 and Los Angeles wear has been determined according to
EN 1097-2. The Portland cement used in RAC is CEM I 42.5 R (European standard), whose density is
3.15 g/cm3 according to UNE 80103, and the mix has been made with tap water.

Table 2. Characterization of the aggregates.

Material
Bulk Density

[g/cm3]
Apparent Bulk
Density [g/cm3]

Water Absorption
[%wt.]

Shape Index
[%]

Los Angeles
Wear [%]

12/20 2.66 1.36 1.3 14.5 26
6/12 2.66 1.38 1.5 19.7 28
2/6 2.66 1.41 1.0 16.4 -
0/4 2.67 1.54 0.3 - -
0/2 2.67 1.57 0.2 - -

CRA 4/20 2.96 1.52 3.5 13.4 26.9

The obtained water absorption of the CRA meets the requirements of the Spanish standard EHE-08
for structural concrete [7] and is more than twice that of coarse NA. However, this value is very small
compared to more common CRA that normally exceeds 5% [5,33,57], although it depends on the size
range. The shape index of the CRA is slightly lower than that of the NA and approximately one and a
half times the values obtained by Etxeberría et al. [9] for conventional CRA. In terms of workability,
these aggregates show a low shape index, but EAFS exposed surface is very cavernous and cause mesh
between aggregates, demanding an extra volume of cement paste or mortar to fill the holes in their
surface. However, the solid fraction of EAFS is generally much less absorbent than that of NA. Due to
its properties, good mechanical and durability properties are expected [39].

2.2. Mix Design

The design of the mix has been made using the Faury method, to obtain maximum compactness.
The maximum aggregate size has been set at 20 mm, in accordance with EHE-08. The coarse aggregates
(>4 mm, EN 13139) of the reference concrete (NAC) have been replaced at several ratios (20%, 50%, and
100% vol.) with CRA. The content of cement has been set at 350 kg/m3 and the effective w/c ratio of the
reference concrete (NAC) at 0.5. The total w/c ratio has been determined by adding compensation
water equal to that estimated for the mixing time (10 min) from the water absorption over time test,
according to the method proposed by Rodrigues et al. [58]. The strength class of concrete has been
defined as C30/37 in accordance with EN 1992-1-1. The slump has been defined as 70 ± 10 mm (S2)
according to EN 12350-2 and without plasticizers (in order not to introduce more variables) for all
replacement ratios. To maintain the same slump in all the mixes, the effective w/c has been slightly
modified. RAC has been manufactured from the theoretical curve of NAC (Figure 1), maintaining
between mixes the same volume of aggregates of each sieve fraction, so the mix grading for NAC and
for RAC is the same. The mix proportions used are shown in Table 3.

Figure 1. Theoretical curve and grading of the different aggregates according to EN 933-1.
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Table 3. Concrete mix proportions.

Material/Property Mix Proportions [kg/m3]

CRA replacement 0% 20% 50% 100%
CEM I 42.5 R 350 350 350 350

Effective water 175 174.3 173.3 171.5
Compensation water 18.0 29.1 34.6 43.9

NA gravel (12/20) 434.4 347.5 217.19 -
NA gravel (6/12) 566.6 453.26 283.29 -
NA gravel (2/6) 207.8 173.67 122.1 36.2
NA sand (0/4) 417.1 417.1 417.1 417.1
NA sand (0/2) 265.4 265.4 265.4 265.4

CRA > 22.4 mm - 1.5 3.9 7.7
CRA 16–22.4 mm - 35.6 88.9 177.9
CRA 11.2–16 mm - 76.7 191.8 383.6
CRA 8–11.2 mm - 56.8 142,0 283.9
CRA 5.6–8 mm - 49.8 124.6 249.2
CRA 4–5.6 mm - 39.5 98.7 197.4

Effective w/c ratio 0.500 0.498 0.495 0.490
Slump [mm] 70 65 68 72

Fresh state density [kg/m3] 2424 2470 2563 2603

The aggregates were dried at 100 ± 2 ◦C until constant weight before mixing and the mixing
process consisted of a sequence of 4 min with the coarse aggregates and 2/3 of the water, 2 more minutes
after adding the fine aggregates and a further 4 min after adding the cement and 1/3 of the water. The
concrete was demoulded after 24 h of manufacture and it has been cured in a humidity chamber at
20 ± 2 ◦C and 95 ± 2% humidity (except for drying shrinkage testing specimens).

A scheme illustrating the successive steps of RAC’s manufacturing process is shown in Figure 2.
The process describes the possible multi-recycling of RAC.

 

Figure 2. Recycled aggregate concrete (RAC) manufacturing process.

2.3. Physical Properties Tests

The concrete’s absorption by capillarity has been determined on four cylindrical specimens with
150 mm diameter and 100 mm in length per mix proportion, after 28 days of curing in a humidity
chamber and 14 days in an oven at 60 ± 5 ◦C. The test consists of measuring the mass evolution after 3,
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6, 24 and 72 h of immersion, according to LNEC (National Laboratory for Civil Engineering) standards
following the LNEC E-393. The absorption by immersion has been determined on four 100 mm
cubic samples after 28 days of curing in a humidity chamber according to LNEC E-394. In addition,
the apparent bulk, bulk, and saturated surface dry (SSD) density have been determined according to
EN 12390-7 and the open porosity according to UNE 83980, for all the mixes produced.

2.4. Mechanical Properties Tests

The compressive strength ( fc) has been obtained on 150 mm cubic samples (EN 12390-1) per mix at
ages of 7, 28 and 91 days. The test specimens have been tested using a load application rate of 0.6 MPa/s
in a servo-hydraulic press of 3000 kN capacity and in accordance with EN 12390-3. The ultrasonic
pulse velocity test has been performed on the specimens intended for the compressive strength test,
prior to testing the compressive strength and just after their surface is dry. The measurement has been
carried out according to EN 12504-4 with the transducers in direct transmission placed in collinear
directions between two parallel faces with Vaseline on the contact surface between transducers and
the concrete surface. The pulse velocity is calculated as the length o f specimen

pulse travel time ratio. The compressive
modulus of elasticity (E) has been determined in a servo-hydraulic press of 250 kN capacity, on three
cylindrical specimens with 150 mm and 300 mm in length per mix, after 28 days of curing in a humidity
chamber. The upper and lower faces of the test specimens have been levelled before the test and
a compressometer/extensometer equipped with high precision displacement transducers is used to
measure the micro-deformation. Four loading/unloading cycles have been used, applying an initial
stress of 1 MPa (17.6 kN) and a load application speed of 0.5 MPa/s (8.8 kN), using a maximum load
of fc/3 according to LNEC E-397. The splitting tensile strength has been determined on the three
specimens used in the modulus of elasticity test, for all mixes. A servo-hydraulic press of 3000 kN
capacity and a load rate of 0.05 MPa/s (3.5 kN/s) was used, according to EN 12390-6.

2.5. Durability Tests

The resistance to chloride-ion penetration was determined by calculating the diffusion coefficient
by means of the depth of chlorides penetration into concrete, according to LNEC E-463. Three cylindrical
specimens with 100 mm diameter and 50 mm in length per mix have been used for each of the ages (28
and 91 days) and mixes. The specimens were cured in a wet chamber and moved to a dry chamber
(20 ± 2 ◦C and 60 ± 5% relative humidity) in the last 14 days before testing. Carbonation resistance of
the concrete was determined on three cylindrical specimens with 100 diameter and 50 mm in length
per mix and per exposure time, stored 14 days in a humidity chamber followed by 14 days in a dry
chamber (20 ± 2 ◦C and 60 ± 5% humidity) before being placed for 7, 28, or 91 days in the carbonation
chamber. The conditions of the carbonation chamber and the test methodology are those proposed
by LNEC E-391 (temperature of 23 ± 3 ◦C, relative humidity of 60 ± 5%, and CO2 concentration of
5.0 ± 0.1%). The determination of the carbonation depth was carried out with the help of a pH indicator
(1% phenolphthalein solution in ethanol), cutting the specimen in quarters, spraying the solution and
measuring the depth of carbonation penetration (the average depth measured in the eight contact
surfaces of the broken specimen). Drying shrinkage was measured on two 100 × 100 × 500 mm
prismatic specimens per mix and according to LNEC E-398, from 24 h to 91 days of age. The specimens
were placed in a chamber at 20 ± 2 ◦C and 55 ± 5% relative humidity after demoulding and during the
91 days of testing.

3. Results and Discussion

3.1. Physical Properties

Table 4 shows the average physical properties of all the mixes produced and their standard
deviation. All densities increase as the replacement does, since CRA has a bulk density 0.3 g/cm3

higher than that of NA (Table 2). The increase in bulk density is close to 7% for 100% replacement
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and opposite to that obtained by other authors using more common RCA [20–22]. This increase in
density allows a saving of volume with respect to NAC in applications where self-weight is important
(i.e., bridge counterweights or seawalls). To compare the amount of voids in mixes with different
density, the property to be analyzed is open porosity, since the water absorption is the dry oven mass

aparent volume
ratio and hence depends on the bulk density of the material. Open porosity increases by 18% for 100%
replacement, which is approximately 70% of the relative increase obtained by Thomas et al. [15] for
more common RCA mixes with a w/c ratio of 0.5. The increase in open porosity with respect to the
NAC is due to RA being on average 160% more porous than coarse NA (Table 2) and coarse aggregate
represents 44% of RAC’s volume. This large increase is due to the porous nature of the source concrete
mortar. Analogously, the increase in porosity obtained is relatively low because the source concrete
has a low water/cement ratio (0.47).

Table 4. Physical properties of hardened concrete mixes.

Replacement
Bulk Density

[g/cm3]
Apparent

Density [g/cm3]
SSD Density

[g/cm3]
Fresh State

Density [g/cm3]
Open Porosity

[% vol.]
Water Absorption

[% wt.]

0% 2.280 ± 0.01 2.620 ± 0.008 2.410 ± 0.01 2.42 12.70 ± 0.28 5.56 ± 0.14
20% 2.300 ± 0.008 2.680 ± 0.018 2.440 ± 0.01 2.47 14.31 ± 0.31 6.23 ± 0.12
50% 2.390 ± 0.009 2.740 ± 0.01 2.520 ± 0.015 2.56 12.73 ± 0.41 5.33 ± 0.21

100% 2.460 ± 0.005 2.920 ± 0.018 2.620 ± 0.005 2.60 15.62 ± 0.53 6.34 ± 0.22

Figure 3 shows the capillarity absorption over time for the different replacement ratios used.

  
(a) (b) 

Figure 3. Capillarity absorption vs. time (a) and capillarity absorption vs. replacement ratio (b).

Capillarity absorption increases with immersion time (Figure 3a) and the level of replacement
(Figure 3b). For 20% replacement, the variation in absorption with respect to NAC is negligible for any
immersion time, while for 100% replacement the values may increase by 9% at 72 h of immersion. For
replacement of 50%, intermediate capillary absorption increases of around 4% are obtained. For total
replacement and 72 h immersion, other authors obtained increases of around 30% for both current
RAC [19] and high-quality precast concrete RAC [10]. The higher absorption shown by RAC is due to
the high porosity of RCA, which contains more and longer capillaries than NAC’s. Figure 3a shows
that the capillarity absorption difference is maximum at 24 h between 0% and 100% replacement and
the difference is reduced at 72 h. This happens because the mix with 100% replacement has larger
pores size (larger capillary pores saturate the first). The low water absorption of the study concrete is
compatible with the minimum capillarity absorption obtained, which shows a loss very similar to that
of ultrasonic pulse velocity, strongly related to the mechanical properties of the hardened concrete.
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3.2. Mechanical Properties

There are several factors that positively and negatively affect the compressive strength of the
study RAC: porosity of the cement paste, the new ITZ’s quality and characteristics of the RCA. Porosity
negatively affects strength. The greater porosity of RAC is due to the porosity of RCA and to that
generated in the ITZ between RCA and the new paste [59]. This porosity largely depends on the
w/c ratio of both the source concrete and RAC. This strength loss is not high for this RAC, since the
porosity of mixes with a 100% replacement is only 18% higher than of NAC, because the source
concrete has a low w/c ratio and RAC mixes have a lower effective w/c ratio than the source concrete.
A lower quality ITZ has been reported by various authors [30,31] as the main cause of the strength
loss of RAC, justifying that this element is the weakest link of the chain. The shape of the EAFS
aggregates in RCA and the high compressive strength and stiffness of the source concrete minimize
this effect. On the other hand, compared with NA, RCA’s shape index is 23% lower and, even having a
greater roughness, these aggregates allow using slightly lower effective w/c ratios to obtain the same
workability, generating lower pores in the mortar and reducing the strength loss.

The result of these effects on the compressive strength is shown in Figure 4 where the evolution
over time of the compressive strength for all mixes is shown.

Figure 4. Compressive strength of all mixes at different ages.

At 7 days, the compressive strength decreases slightly and linearly as replacement increases.
For 100% replacement, the strength loss with respect to NAC is 5.5%. At 28 days, the concrete class
for all replacement is C35/45, exceeding the C30/37 class proposed at the design phase. At 28 days,
a strength loss or gain depending on the replacement cannot be clearly defined, but a relative 7-day
strength increase of 21% for NAC and 23% for RAC with 100% of RA is observed. This slightly higher
relative increase for high replacement could be due to a hydration of the unhydrated cement grains
of the old mortar, thus improving the bond in the ITZ with the new mortar. So the curing age is
an important factor to check the effectiveness of these concrete mixes. At 91 days, the replacement
level does not affect compressive strength. The slope of the linear adjustment is practically 0 and the
standard deviation close to 1 for all replacements, proving an increase in compressive strength with
age and replacement ratio, because the old mortar is still hydrating. In any case, the compressive
strength obtained is much lower than that of the source concrete, although relatively higher than
that obtained in other studies for current CDW [9,17,27,32–34] which on average lose around 10%
compressive strength at 28 days with respect to NAC. This is due to the high quality of the RCA used
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in the present study, namely the high strength of the attached mortar of these CRA (due to the strength
of the source concrete) and its low shape index.

The results of the splitting tensile strength tests are shown in Figure 5. The high standard deviation,
which is typical of splitting tensile strength tests [33], and the similar mean values obtained show that
the behaviour of RAC is very similar to NAC’s for any replacement ratio. This happens because there
is a good bond strength between RCA and the new paste, due to the higher roughness of RCA. This
greater roughness seems to compensate for the weaker mortar surface generated in the crushing stage
and exposed in the new ITZ. It also compensates for RAC not benefitting from the bond produced
by the chemical interaction between calcium hydroxide and the calcareous aggregate [59] in NAC.
As seen in Figure 6, fracture surfaces propagate through the aggregates (good bond strength in the
ITZ), both for NAC and RAC. In the case of NAC, the crack surface is flatter, favored by the crystalline
structure of calcite, while the fracture surface produced in CRA is irregular or lumpy with a smooth
transition to the new mortar paste. Most of the macro-cracks present in RCA are produced in the
mortar phase of the source concrete, even though sometimes they are also produced through the
EAFS aggregate.

 
Figure 5. Tensile strength of all mixes at 28 days.

The splitting tensile strength values obtained by other authors for RAC produced with CDW are
variable depending on the quality of RA. According to the classification proposed by Silva et al. [14],
RA are classified in four classes according to their intrinsic properties (bulk density, water absorption
and Los Angeles wear). For the most demanding category (Class A), the loss of tensile strength should
be around 10% with respect to NAC [60]. The RA used in the present study, even though not complying
with the water absorption requirements described for Class A, shows a tensile strength similar to
NAC’s.

Figure 7 shows the compressive modulus of elasticity for all mixes produced. Using a linear trend
line, an inverse relationship between modulus of elasticity and replacement level can be established.
While NAC shows a 40 GPa modulus of elasticity, the 100% replacement mix shows values around
33 GPa, 17% lower and with standard deviations not exceeding 0.5 MPa. This reduction is lower than
that commonly reported and is related to the properties of the source concrete. The source concrete
used to produce RCA has low w/c ratio, a modulus of elasticity greater than 50 GPa and a low porosity
close to 10%. For similar w/c ratios and cement contents, other authors reported reductions from 15%
to more than 40% [15,35,61] using RCA produced from common concrete waste.

Traditionally, density is a factor directly related to the modulus of elasticity because it is linked
to the porosity of concrete [59]. The aggregate used is 7% denser than NA, but this is due more to
the iron nature of RA than to the very slight increase of w/c ratio. The porosity of RCA influences its
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stiffness and hence the stiffness of concrete, since its increase allows greater deformations per unit of
applied load.

Ultrasonic pulse velocity is intrinsically related to the modulus of elasticity and density. The
ultrasonic pulse velocity obtained for all the mixes produced is shown in Figure 8. Following the
trend line, it is observed that the pulse velocity decreases as the replacement ratio increases. There
is a maximum loss of 6% for 100% replacement, slightly less than 9% determined by Khatib [52] for
current RAC with the same w/c ratio. It should be remarked that the source concrete showed an
ultrasonic pulse velocity of 5.22 km/s at the same age. On the other hand, the maximum loss obtained
is similar to that obtained by de Brito et al. [10] for RAC produced from concrete precast rejects,
which demonstrates the homogeneity of RAC and the high quality of the RCA used. The RCA used
in this study has a density 10% and 20% higher than NA and of current RCA respectively, which a
priori favours an increase in the ultrasonic pulse velocity. On the other hand, the porosity of the
source concrete mortar allows RAC to strain more under sustained loads, obtaining smaller modulus
of elasticity and lower ultrasonic pulse velocity than NAC, due to the discontinuities generated by
the pores.
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(a) 

 
(b) 

Figure 6. Crack patterns of test specimens subjected to tensile strength test for 0% (a) and 100%
(b) replacement ratio.
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Figure 7. Modulus of elasticity of all mixes at 28 days.

Figure 8. Ultrasonic pulse velocity at 28 days.

3.3. Durability

Carbonation is a phenomenon that alters the alkaline behaviour of concrete. When CO2 from
the atmosphere diffuses into the concrete matrix, it reacts with water forming carbonic acid and the
latter reacts with portlandite forming calcium carbonate. This process reduces the pH of concrete,
depassivating the reinforcement. Figure 9 shows the evolution of the carbonation depth over time of
all mixes. At 7 days, the carbonation depth is very small due to the low w/c ratio of the mixes. The test
scatter caused by reading tolerances is relevant but mixes with 100% and 50% replacements appear to
be slightly less durable. However, at 28 days, a slight increase in carbonation depth with the increase
in CRA incorporation can be observed, which can reach about 10% for total replacement. This trend
continues at 91 days, when carbonation becomes more noticeable for higher replacements: 50 and
100%. For total replacement, carbonation depths can be 15% higher than for reference concrete.
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Figure 9. Carbonation depth for all mixes and ages.

The general increase in carbonation depth with replacement ratio and age is due to several causes.
CRA is composed of the source concrete mortar, hence part of this cement is already carbonated.
Another relevant fact is that the open porosity of RAC is 18% higher than that of NAC, which favours
the increase of permeability and hence the diffusion of CO2 through the cement matrix, since there is
easier access to more paste surface. On the other hand, by having a greater volume of total mortar,
there is also a greater amount of total portlandite compared to the reference concrete (a greater amount
of calcium carbonate can be generated) and hence a greater amount of CO2 is required for the same
carbonation depth.

Other authors have also obtained increases in carbonation depth as the replacement level increases.
For similar mixes and 100% replacement, de Brito et al. [10] obtained a marginal increase of the depth
of carbonation for rejected high-quality precast concrete at all ages tested. Ryu et al. [62] obtained a
slight increase in carbonation depth for similar mixes and similar compressive strengths, namely an
increment of 14% for total replacement. Finally, in the review of Silva et al. [45], it is found that,
for total replacement, the average carbonation depth may increase by a factor of 2 with respect to
the control concrete, establishing the permeability of concrete, which depends directly on the water
absorption (and therefore on the open porosity) of RCA, as a key factor.

Chlorides negatively affect concrete, reacting with tricalcium aluminate forming Friedel’s salt
(bound chlorides) and oxidizing the reinforcement after penetrating concrete (free chlorides) [63]. The
resistance to the penetration of chlorides is shown in Figure 10. The chlorides diffusion coefficient
increases with replacement ratio and decreases with age. At 28 days, there is a quasi linear increase
in this coefficient, reaching 11% for total replacement. At 91 days, the increase is 9.5% for total
replacement, due to the extra contribution of mortar from the source concrete that continues to hydrate.
On the other hand, there is a large reduction in chlorides diffusion coefficient with age, a reduction
greater than 25% for all replacements.
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Figure 10. Chloride diffusion coefficient for all mixes and ages.

Chlorides penetration in concrete (an advective-diffusive phenomenon) largely depends on its
porosity and the tortuosity of its capillary framework [64]. A strong correlation has been obtained
between the chlorides diffusion coefficient and both open porosity (R2 = 0.73) and capillarity absorption
(R2 = 0.89). Critical variables such as the content or type of cement remain constant, so it seems
consistent that the higher ingress of chlorides in RAC with larger replacement is due to the increase in
open porosity, owing to the higher volume of voids in RCA.

The incorporation of EAFS usually improves the chloride diffusion coefficient relative to the
reference concrete by about 10% [56], so it is expected that the behaviour of RAC with RCA based on
EAFS can show an improvement over mixes with current RCA. Likewise, concrete with current RCA
generally have higher chloride diffusion coefficient than concrete produced with NA. Bravo et al. [24]
obtained average increases of more than 40% in the chlorides diffusion coefficient for total replacement
of CRA produced from unsorted CDW. Other studies, however, argue that this property is unrelated
with the RA replacement level [10], stating that it depends mostly on the quality of CRA.

Drying shrinkage is a significant phenomenon during cement hydration. The difference in relative
humidity between the environment and the specimen causes the water adsorbed to the hydrated paste
to pass into the atmosphere following Fick’s law. Drying the specimen involves a reduction in volume
that can cause cracking of the paste in severe cases. The evolution of drying shrinkage for the different
mixes is shown in Figure 11. The drying shrinkage obtained for RAC with total replacement is about
530 μm/m at 91 days, while for NAC it is 457 μm/m, so there is an increase of 13%.
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μ

Figure 11. Mean drying shrinkage over time for all mixes.

It is well known that there is a strong relationship between drying shrinkage and modulus of
elasticity in concrete [65]. The shape and texture of aggregates are variables that affect the drying
shrinkage, although modulus of elasticity (or any of the variables that affect the latter) is the parameter
that most affects the former [59]. An increase in modulus of elasticity generates a greater restriction
against strain, i.e., stiffer aggregates more efficiently oppose the strain generated by shrinkage than more
deformable ones. As stated before, the modulus of elasticity drops with increase of the replacement
ratio (17% for full replacement) and drying shrinkage decreases similarly. Another factor to keep in
mind is that RCA is still shrinking, especially if the source concrete is young concrete, while NA do not
shrink. Recycling concrete that has already reached the end of its service life is not a problem, but in
the case of laboratory-produced concrete (the case here) it is something to keep in mind. Shrinkage
measured from RAC with laboratory-produced source concrete is thus expected to overestimate the
shrinkage of RAC. Losses for total RCA replacement range from 10% [10] to 50% [43], the latter being
the value established in the Xuping review as a typical value for RAC.

4. Conclusions

In this study, a new concrete based on the use of concrete waste has been tested. The concrete
waste used incorporates a by-product of the steelmaking industry (EAFS), thus waste production and
natural aggregate consumption are reduced. The physical, mechanical and durability properties of
the new material have been characterized and compared with the results of a reference conventional
concrete with the same mix design of the recycled aggregate concrete tested. Moreover, experiments
from other authors on the properties of concrete with recycled aggregates from other sources were also
compared with those of this experiment. The following conclusions were drawn:

• The use of RCA with a water absorption twice that of NA requires compensation water, but the
rounded shape of the RCA produced from concrete with EAFS (shape index 20% lower than NAC)
makes it possible to use slightly lower effective w/c ratio to obtain the same workability;
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• The replacement level affects the physical properties of RAC. Bulk density increased by 7%,
unlike in current RAC (typically density decreases), due to the iron present in this recycled
aggregate. Both porosity and capillarity slightly increase (18% and 9% for full replacement
respectively) as replacement increases due to the porosity of the source concrete mortar;

• Compressive strength is not affected by the replacement level for ages over 28 days due to the
hydration of the unhydrated cement grains of the source concrete and to a good bond strength
between RCA and the new mortar. This good bond, favoured by the cavernous form of EAFS in
the source concrete, allows tensile strength to be very similar to that of NAC. On the other hand,
the modulus of elasticity is the property most affected by the replacement of RCA, showing losses
that can reach 17% with respect to NAC. Typical decreases of the modulus of elasticity caused by
full recycled aggregate incorporation are higher than this value;

• Durability properties are negatively but slightly affected. Carbonation depths and chlorides
diffusion coefficients are 15% and 25% higher respectively for full replacement at 91 days. Both
properties are linked to the porosity of RAC and hence with the quality of the RCA used, which is
reflected in a low w/c ratio and a good bond between aggregate and paste;

• Drying shrinkage values 13% higher for total replacements have been obtained at 91 days,
consistent with the modulus of elasticity obtained;

• The mechanical and durability tests results obtained are satisfactory, usually near the lower limit
of the interval of change found in the literature and sometimes showing a behaviour very similar
to that of the reference NAC;

• Concrete designed by recycling an EAFS-based concrete has potential applications as a structural
material and can also be used in applications where its self-weight is important, as in bridge
counterweights, seawalls or radiation-proof structures.
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Abstract: Concrete fatigue behaviour has not been extensively studied, in part because of the difficulty
and cost. Some concrete elements subjected to this type of load include the railway superstructure of
sleepers or slab track, bridges for both road and rail traffic and the foundations of wind turbine towers
or offshore structures. In order to address fatigue problems, a methodology was proposed that reduces
the lengthy testing time and high cost by increasing the test frequency up to the resonance frequency
of the set formed by the specimen and the test machine. After comparing this test method with
conventional frequency tests, it was found that tests performed at a high frequency (90 ± 5 Hz) were
more conservative than those performed at a moderate frequency (10 Hz); this effect was magnified
in those concretes with recycled aggregates coming from crushed concrete (RC-S). In addition, it was
found that the resonance frequency of the specimen–test machine set was a parameter capable of
identifying whether the specimen was close to failure.

Keywords: high-frequency fatigue test; recycled aggregate; recycled aggregate concrete; fatigue;
Locati test

1. Introduction

Recycled aggregates have an environmental benefit [1,2] and recycling is a necessity as the rate
of waste generation is such that landfills are close to saturation [3]. Additionally, the possibility of
obtaining recycled concrete (RAC) with good mechanical [4] and durability [5] properties has been
proven. The ability of these recycled aggregates for use in self-compacting concrete [6], even with
fine recycled aggregates [7], has also been proven. Even Kareem et al. [8] have used RAC for the
manufacture of hot-mix asphalt.

Concrete fatigue behaviour has not been extensively studied, partly because of the difficulty,
cost and time required. Concrete elements subjected to this type of load include railway superstructures,
sleepers or slab tracks [9], rail and road bridges [10], offshore structures subject to variable wind and
tidal loads [10,11] and/or wind generators [12]. Khosravani et al. [13] have defined a procedure for
analyzing ultra-high performance concrete’s response to impacts. As Skarżyński et al. state, knowledge
about the effect of cyclic loads on concrete is currently very limited [12]. Several authors have analysed
the responses of concrete. Xiao et al. [11] analysed the behavior of RAC to both compression and
bending fatigue. Li et al. [14] analysed the influence of compressive fatigue on a fiber-reinforced
cementitious material. Thomas et al. analysed the concrete fatigue behavior using two different
methods: the staircase method [15] and the Locati method [16]. Innovative techniques, such as
micro computed tomography (micro-CT) have also been used to analyze the behavior of concrete at
fatigue, both in compressive fatigue [12] and bending fatigue [17]. Moreover, some micro-CT studies,
which is a technique able to analyse the pores and cracks on concrete [18,19], had been developed to
understand the concrete damage fatigue micromechanism [20,21]. In general, fatigue is known to lead
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to microcracks in concrete growing at lower loads than in static tests, which can lead to concrete failure
earlier than expected [22].

It is well known that the fatigue limit of concrete depends on different factors. At higher stresses,
the fatigue strength decreases with decreasing frequency [12,23,24]. The fatigue strength is also affected
by the water/cement ratio, cement content, concrete type, rest periods, curing conditions and age
during loading [25]. It is assumed that damage linearly increases with the number of cycles applied
at a certain stress level [24]. The strain at the concrete failure during fatigue tests approximately
corresponds to that at the peak load during quasi-static tests [26]. The failure meso-mechanism in
concrete under fatigue compressive tests is almost the same as in monotonic compressive tests [27].

In order to reduce the characterization time as much as possible, the influence of increasing the
test frequency up to the resonance frequency of the set of specimens and test machine [28] has been
analyzed. In response to this proposal, several authors [23,29,30] indicate that the range of frequencies
to be tested should be between 1 and 15 Hz, since they state that within this range, the effect of
frequency is limited. It is justifiable to set the minimum at 1 Hz in order to avoid an excessive increase
in the effect of creep in very long duration tests. However, there is no justification for setting the
maximum at 15 Hz.

Fatigue tests are proposed for classification according to the frequency of the test, distinguishing
between low frequency tests, moderate frequency tests and high frequency tests. Low frequency tests
are carried out at less than 1 Hz, moderate frequency tests between 1 and 15 Hz and high frequency
tests at more than 15 Hz.

Three types of recycled self-compacting concrete were characterized in this investigation of
compression fatigue tests. This characterization was developed both at a moderate frequency (10 Hz)
and a high frequency (90 Hz). First, the results of the Locati tests were compared with 2 × 105 cycles per
step at moderate and high frequencies, where it was possible to show that the tests carried out at a high
frequency were notably more conservative than those at a moderate frequency. Second, the influence
of the number of cycles per step in the high frequency Locati tests was analysed, where similar results
were obtained using both test methodologies.

2. Materials and Methods

2.1. Aggregates

Recycled aggregates used for the manufacture of concretes were obtained from the crushing of
ballast (RA-B) and out-of-use sleepers (RA-S). After crushing these materials, three granulometric
fractions were obtained from each of these wastes (see Table 1). The grading of the six fractions of the
two crushed products can be seen in Figure 1. Additionally, Table 1 shows the results of the relative
density of the coarse aggregate and the real densities of the sands. The flakiness index of the two
coarse aggregates was also determined, obtaining a value of 14% for RA-B-CA and 5% for RA-S-CA.

Table 1. Aggregate properties.

Code Description Min.–Max. Size (mm) Density (g/cm3)

RA-B-CA Ballast coarse aggregates 5–12 2.5
RA-S-CA Sleeper coarse aggregate 5–12 2.3
RA-B-LS Ballast coarse sand 2–5 2.7
RA-S-LS Sleeper coarse sand 2–5 2.4
RA-B-FS Ballast fine sand 0–2 2.8
RA-S-FS Sleeper fine sand 0–2 2.5

254



Appl. Sci. 2020, 10, 10

 
Figure 1. Aggregate grading curves.

2.2. Cement

A CEM IV (V) 32.5 N type cement according to EN 197-1 [31] was used, provided by Alpha
cements [32], with a density of 2.85 g/cm3 determined according to UNE 80103 [33] and a Blaine specific
surface of 3885 cm2/g obtained according to EN 196-6 [34]. The chemical composition of the cement is
given in Table 2.

Table 2. Cement chemical composition.

Composition (wt.%)

CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 Ignition Loss

CEM IV 35.5 41.2 13.3 4.4 1.2 1.4 1.3 1.7

2.3. Mix Proportions

Three self-compacting recycled concretes were mixed with recycled aggregates from out-of-use
track elements: the first, exclusively with RA-B, called RC-B; the second, exclusively with RA-S,
called RC-S; and finally, a third concrete with both types of aggregates in the proportion in which these
wastes were found in a ballast track, called RC-M. Table 3 shows the three mix proportions.

Table 3. Mix proportions.

Material RC-B RC-S RC-M

Water 225 200 221
Cement 500 500 500

Superplasticizer additive 10 10 10
RA-FBS 790 - 677
RA-BS 320 - 274

RA-BCA 522 - 447
RA-FSS - 690 98
RA-SS - 283 40

RA-SCA - 587 83
Water/cement ratio 0.45 0.40 0.44

% sand (0–2 mm) from the total sand 70 70 70
% coarse aggregate from the total aggregates 35 40 36

% superplasticizer additive/cement 2.00 2.00 2.00
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Itshouldbenotedthat themixproportionsweredeterminedusingthecriteriathat thethreeself-compacting
concretes had a similar workability; therefore, as the RA-B-CA had a notably sharper geometry than the
RA-S-CA, it was necessary to increase the amount of water to achieve the same workability [35].

2.4. Mechanical Properties

The compressive strength tests were performed according to the EN 12390-3 and
EN 13290-3/AC [36,37] standards, using cubes of 100 mm side at ages of 1, 2, 3, 5, 7, 28, 90 and
180 days, testing 5 specimens for each age and material. The stabilized secant moduli of elasticity
was determined according to EN 12390-13 [38] using cylindrical specimens of 200 mm in height and
100 mm in diameter at the ages of 7, 28, 90 and 180 days, testing 2 specimens for each age and material.

2.5. Fatigue Tests

The influence of conducting trials at a very high frequency was analyzed. For this purpose,
the reference was tests carried out at moderate frequency, i.e., usual test frequencies, namely 10 Hz.
For very high frequency tests, the highest possible test frequency was used, namely, tests were
performed on a resonant fatigue machine. This machine carried out the tests at the resonance frequency
of the set test machine and the specimen. In the specific case of the resonance machine used and the
specimens used, these resonance frequencies were in the range of 90 ± 5 Hz.

An explicative scheme of the fatigue tests that were carried out can be found in Figure 2a.
Fatigue tests at both a moderate frequency (10 Hz) and a very high frequency (90 Hz) were performed
using cylindrical specimens of 200 mm in height and 100 mm in diameter in all tests when these
specimens were older than 90 days; this was done to ensure that the properties of the concrete had
reached a stationary state. All the tests carried out recorded both the load applied to the specimen and
the evolution of the strain suffered by the specimen. The strain was recorded by means of two strain
gauges fixed to the specimens in two diametrically opposed generatrixes by considering the mean of
the values provided by both gauges as the strain value of the specimen. In the high-frequency tests,
the frequency at which the system was located was recorded, noting that the resonant frequency of the
system will evolve with the variations in its stiffness. For each of the fatigue test types, two specimens
were tested, ensuring that similar results were obtained in both.

  
(a) (b) 

Figure 2. (a) Experimental fatigue campaign. (b) Locati methodology description. MF: moderate
frequency, HF: high frequency.

Fatigue characterization at a moderate frequency was performed using the Locati method [39,40].
The Locati methodology consists of applying increasing steps of sinusoidal loads, maintaining a constant
ratio σmax/σmin = 0.1 over a constant number of cycles, in this case 2 × 105 cycles (Figure 2b). These tests
were performed on a servo-hydraulic machine with a maximum capacity of 1000 kN (Figure 2b).
The criterion used to determine the fatigue limit using this type of test was that followed by Thomas in
his PhD thesis [41], which obtained the fatigue limit stress range to be 80% of the stress range of the
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step in which the breaking occurs. The stress range was the difference between the maximum and
minimum stress, i.e., Δσ = σmax − σmin. This method is called method-1.

In order to analyse whether an increase in frequency had an influence on the concrete fatigue
limit, tests were performed under identical loads at a moderate frequency and a very high frequency.
A 400-kN capacity machine was used to perform fatigue tests at the resonance frequency of the test set.
This resonance frequency was found in all cases to be in the range 90 ± 5 Hz (see Figure 3b). In this
case, in addition to analysing the results following the procedure followed by Thomas in his PhD
thesis [41], an additional failure criterion was introduced, namely, to define the stress range of the
step prior to a resonance frequency drop as the stress range of the endurance limit. This method was
denominated as method-2.

  
(a) (b) 

Figure 3. Fatigue tests. (a) Low-frequency fatigue testing and (b) high-frequency fatigue testing.

In order to analyse the influence of the number of cycles in the Locati tests, very high frequency
tests were performed with the same stress values but applying 5 × 105 cycles per step instead of 2 × 105

cycles. For these tests, the same testing machine was used, and the same criteria were used to define
the endurance tension range.

The common objective of all these studies was to determine the step associated with the fatigue
limit of the concrete in each case. In order to be able to compare the results as directly as possible,
it was decided to fix the load steps based on the compressive strength of each material. For this
purpose, the value of the maximum stress of each step was defined as a coefficient (k) multiplied by
the compressive strength at the time the fatigue tests began, that is, 90 days after manufacture of each
of the concretes; furthermore, the tensional ratio σmax/σmin was set to 0.1. Table 4 shows a summary of
the tension values used in each of the load steps applied.

Table 4. Fatigue test stress values.

N k
RC-B RC-S RC-M

σmax

(MPa)
σmin

(MPa)
Range
(MPa)

σmax

(MPa)
σmin

(MPa)
Range
(MPa)

σmax

(MPa)
σmin

(MPa)
Range
(MPa)

1 0.30 17.8 1.8 16.0 23.3 2.3 21.0 18.9 1.9 17.0
2 0.35 20.8 2.1 18.7 27.2 2.7 24.5 22.0 2.2 19.8
3 0.40 23.8 2.4 21.4 31.1 3.1 28.0 25.1 2.5 22.6
4 0.45 26.7 2.7 24.0 35.0 3.5 31.5 28.3 2.8 25.5
5 0.50 29.7 3.0 26.7 38.9 3.9 35.0 31.4 3.1 28.3
6 0.55 32.7 3.3 29.4 42.8 4.3 38.5 34.6 3.5 31.1
7 0.60 35.7 3.6 32.1 46.7 4.7 42.0 37.7 3.8 33.9
8 0.65 38.6 3.9 34.7 50.6 5.1 45.5 40.8 4.1 36.7
9 0.70 41.6 4.2 37.4 54.5 5.4 49.1 44.0 4.4 39.6
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In order to compare the degree of influence of repeated loads on each of the materials, the influence
coefficient (IC) was defined as the ratio of the stress range corresponding to the fatigue limit of the
concrete to its compressive strength.

3. Results and Discussions

3.1. Compressive Strength and Young’s Modulus

Figure 4 shows the evolution of the compressive strength as a function of time, while Figure 5
shows the evolution of Young’s modulus as a function of the age of the different concretes.

 
Figure 4. Evolution of the compressive strength.

 
Figure 5. Evolution of the Young’s modulus.
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The great influence of the water/cement ratio on the compressive strength of the RC-S can be
observed. On the other hand, RC-B had the lowest compressive strengths and RC-M had intermediate
compressive strengths between the other two concretes.

In the case of Young’s modulus, although the RC-S paste was of a better quality than that of RC-B,
the noticeably lower stiffness of the mortar, adhered to the natural aggregates that made up the RA-S,
meant that the elastic modulus of RC-S was lower than that of RC-B. As in the case of the compressive
strength, RC-M was found between RC-B and RC-S concretes in all cases.

3.2. Influence of the Frequency on Fatigue

Figure 6 shows an example of the maximum deformation envelope recorded during the Locati
tests at a frequency of 10 Hz.

Figure 6. Maximum strain of low-frequency Locati fatigue tests with 2 × 105 cycles per step.

Figure 6 shows, first of all, that RC-B was able to resist the most steps, which meant that it was the
material with the highest IC, with RC-S being able to resist the least and RC-M was in an intermediate
situation between the other two materials. These results agree with the results of other authors who
state that the presence of adhered mortar in the RA reduces this coefficient [15,16,42]. It can also be
seen that the deformation values suffered by the specimens was lower in the case of RC-B. It should be
noted that, as each of the steps is a fixed percentage compared to the compressive strength of each
material, they are not directly comparable to each other as they are different stress values.

Table 5 shows a brief summary of the results obtained from the moderate-frequency tests carried
out using method-1.

Table 5. Low-frequency fatigue limit (fL) obtained using the Locati method with 2 × 105 cycles per step.
IC: influence coefficient.

Material
Δσmax fL IC

(MPa) (MPa) (%)

RC-B 38.75 31.0 52.2
RC-S 45.5 36.4 46.8
RC-M 39.6 31.7 50.4
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Analysis of these results shows that the material with the highest stress range was RC-S, the least
was RC-B and the RC-M had an intermediate value. Likewise, it is possible to determine that,
although the RC-S had the highest stress range values, it had the lowest IC. This loss of compressive
strength was due to the presence of mortar adhered to the aggregate. In any case, these values of IC
are within the usual range for concretes and agree with values found in the literature [15,16].

Figure 7 shows an example of the maximum deformation suffered by a specimen of each material
during Locati tests at the resonance frequency of the machine test set.

Figure 7. Maximum strain of high-frequency Locati fatigue tests with 2 × 105 cycles per step.

Figure 7 shows that RC-S was the material that had the lowest IC. RC-M was generally between
RC-B and RC-S.

Figure 8 shows that the resonance frequency evolved throughout the test. For the first steps,
there was an increase in the frequency with the cycles throughout each step, as well as a punctual
increase when there was a change of step. At the end of each test, a drop in the resonance frequency of
the system was seen. This resonance frequency depended on the stiffness of the system; an increase in
the stiffness of the system resulted in an increase in the resonance frequency, while a reduction in the
stiffness of the system reduced it. For this reason, it was interpreted that both point and distributed
frequency increases occurred as a consequence of a stiffening of the system, while the fall that occurred
in the final part of the test was a consequence of the damage suffered by the specimen, where the cracks
had reached such a size that they produced a flexibilization of the specimen, which indicated that it
was close to breaking.
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Figure 8. Maximum strain and resonance frequency comparison during high-frequency Locati fatigue
tests with 2 × 105 cycles per step.

Table 6 shows the results obtained from the Locati tests with 2 × 105 cycles per step at a very high
frequency using the two criteria previously established.

Table 6. High-frequency fatigue limit obtained using the Locati method with 2 × 105 cycles per step.

Material

Method-1 Method-2

Δσmax fL IC fL IC

(MPa) (MPa] (%) (MPa) (%)

RC-B 32.09 25.67 43.19 26.74 44.93
RC-S 31.51 25.21 32.40 28.01 35.99
RC-M 31.10 24.88 39.60 28.27 45.04

Analysing the results of Table 6, it can be determined that, as had been deduced from the evolution
of the maximum strain, RC-B was the material with the highest IC, although the compression strength
of RC-S was the highest of all. The stress ranges corresponding to the fatigue limit of the three concretes
were similar. It can also be appreciated that, although the values of both the fatigue limit and IC,
obtained using the two analysis criteria were similar, a 5% difference was found relative to the limit
provided by Thomas [41], which was usually more conservative than the one obtained using the
resonance frequency.

3.3. Influence of the Number of Cycles Per Step during a Locati Test

In order to determine the influence of increasing the number of cycles in each step of the Locati
test, identical tests were carried out to those described above, but the number of cycles per step was set
at 5 × 105 instead of 2 × 105. Figure 9 shows the evolution of the maximum deformation as a function
of the number of cycles throughout the Locati test for 5 × 105 cycles per step.
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Figure 9. Maximum strain of high-frequency Locati fatigue tests with 5 × 105 cycles per step.

Figure 9 shows that RC-S was the material that had the lowest IC. RC-M was between RC-B and
RC-S. In this case, as in the previous case, the two analysis criteria were used to determine the stress
range corresponding to the fatigue limit. These results are shown in Table 7.

Table 7. High-frequency fatigue limit obtained using the Locati method with 5 × 105 cycles per step.

Material

Method-1 Method-2

Δσmax fL fL/fc fL fL/fc

(MPa) (MPa) (%) (MPa) (%)

RC-B 32.09 24.6 41.39 26.74 44.93
RC-S 29.76 23.81 30.60 24.51 31.49
RC-M 29.685 23.75 37.80 25.45 40.59

In order to compare the evolution of the maximum strain throughout the test, it was decided to
divide the number of cycles performed by the number of cycles per step, in this way it was be possible
to compare the results of the three variants of the test. An example of the comparison between the
Locati test types for each material is given in Figure 10; Figure 12.

Figure 10 shows the influence of increasing the frequency on the fatigue behaviour of the RC-B by
comparing the RC-B-HF-2 × 105 with the RC-B-MF-2 × 105. It is possible to conclude that, in the first
phase, increasing the test frequency had no influence on the deformation suffered by the specimens.
After step 4, the two curves separated, increasing more rapidly in the case of RC-B-HF-2 × 105. This
behaviour can be justified by arguing that, in the first phase, a phase in which the concrete was not
damaged, the effect of the frequency seemed irrelevant, whereas when the cracks reached a critical size,
an increase in frequency produced a reduction in the number of cycles that RC-B could withstand. It
was observed that the specimens tested at very high frequencies showed a markedly higher temperature
increase than in the case of tests performed at moderate frequency. This fact is believed to be related to
the reduction in fatigue life of the material.

262



Appl. Sci. 2020, 10, 10

Figure 10. Comparison of the maximum strain of the RC-B for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-B-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-B-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at a high frequency (RC-B-HF-5 × 105).

From this same Figure 10, it is also possible to analyse the influence of increasing the number
of cycles per step from 2 × 105 to 5 × 105. Comparing the two curves, it is observed that the effect of
each step was similar until the specimen was close to breaking. For this reason, it can be assumed that
the influence of increasing the number of cycles per step during a Locati test was small given that the
difference between steps had a greater influence than increasing the number of cycles per step by 150%.

Figure 11 shows the influence of increasing the frequency on the fatigue behaviour of the RC-S
by comparing RC-S-HF-2 × 105 with RC-S-MF-2 × 105. As in RC-B, it can be concluded that, in the
first phase, increasing the test frequency had no impact on the deformation suffered by the specimens.
From step 2, it can be seen how the two curves split, increasing more rapidly in the case of the
RC-S-HF-2 × 105. This effect was more severe in RC-S than in RC-B, which was reflected by a greater
variation in the IC of RC-S as the test frequency increased.

Figure 11 shows the influence of increasing the number of cycles per step from 2 × 105 to 5 × 105

for RC-S. A similar behaviour to that of RC-B was observed, but in this case, the effect of increasing the
number of cycles per step was greater than in RC-B, which was reflected in the accelerated separation
of the curves. As in the case of RC-B, in this case, the greatest difference in fatigue limit was found
between RC-B-HF-2 × 105 and RC-B-HF-5 × 105 and was one step; for this reason, it can be assumed
that the influence of increasing the number of cycles per step during a Locati test was small, given that
the jump between steps had a greater influence than increasing the number of cycles per step by 150%.
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Figure 11. Comparison of the maximum strain of the RC-S for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-S-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-S-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at high frequency (RC-S-HF-5 × 105).

In Figure 12, both the frequency and number of cycles affected the fatigue life during the Locati
RC-M test. The behaviour of this material was an intermediate situation between RC-B and RC-S,
being in all cases, more similar to the behaviour of RC-B.

Figure 12. Comparison of the maximum strain of the RC-M for a Locati test with 2 × 105 cycles per step
at a low frequency (RC-M-MF-2 × 105), a Locati test with 2 × 105 cycles per step at a high frequency
(RC-M-HF-2 × 105) and a Locati test with 5 × 105 cycles per step at a high frequency (RC-M-HF-5 × 105).
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To summarise, it can be stated that performing tests at a very high frequency reduced the number
of cycles that a specimen was capable of resisting compared to performing the test at a moderate
frequency. On the other hand, it was also demonstrated that 2 × 105 cycles per step was enough to
characterize a fatigued concrete.

3.4. Comparison of the Different Methodologies

In this section the endurance values for each of the three concretes tested was compared using the
five proposed analysis criteria. Figure 13 shows the values of the stress range corresponding to the
fatigue limit of the three concretes analysed using the five previously defined procedures.

Figure 13. Comparison of the high-frequency fatigue limit obtained using five different procedures
and the low-frequency fatigue limit.

It can be observed that, in all cases, the fatigue limits obtained using moderate frequency tests
gave higher values than in very high frequency tests, regardless of the characterization method.

On the other hand, the two methods used to determine the fatigue limit at a very high frequency
produced similar values in all cases, where the one that defines the fatigue limit as 80% of the tension
range of the breaking step being more conservative in all cases. This was due to the weakness
introduced by the mortar adhered to the aggregates, as well as RC-S being the material most affected
by creep.

4. Conclusions

Although concrete is a material that is not usually characterized under fatigue, there is no doubt
that there are certain elements typically made from concrete that are subjected to variable loads,
and therefore, which need to be characterized under fatigue. In this work, three types of concrete were
characterised under fatigue using the Locati accelerated fatigue method. Fatigue tests were carried out
to analyse two fundamental variables in the duration of the tests, namely the frequency of testing and
the number of cycles per step of the Locati method. The following conclusions can be observed from
the results obtained:

• In all cases, the material with the lowest fatigue limit/compression resistance ratio was RC-S,
which was due to the weakness introduced by the mortar adhered to the aggregates.
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• The Locati method was validated as a method to determine the fatigue limit, showing that 2 × 105

cycles per step was enough to determine the fatigue limit.
• It was found that the resonance frequency of the system was a parameter that could enable the

identification of sensitive variations in the stiffness of the whole, and a symptom that the specimen
was close to breaking. For this reason, the stress range of the step prior to the step in which a drop
in the resonance frequency of the system occurs was defined as the criterion for determining the
fatigue limit by means of the Locati tests.

• It is proposed that during very high frequency tests there is an increase in temperature that may
reduce the fatigue life of the concrete. This study opens the door to the analysis of this hypothesis,
which may explain why an increase in frequency reduces the fatigue life of the elements.
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