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Preface

The topic of RSCC 2020 Shift to a Circular Economy promoted the discussion on a
wide range of sustainability-related themes, embracing research and technology on
the use and development of sustainable materials and structural systems, recycling
and reusing, implementation of industrial processes leading to waste mitigation,
digital fabrication and deconstruction, as well as integrative approaches towards
achieving a circular economy. Within this topic, twenty-four attendees (from sev-
enteen countries) presented twenty-seven papers.

The construction industry has a crucial role on addressing the worldwide chal-
lenges of climate change, urbanization and sustainability. Consequently, it is
imperative to develop innovative products, technologies and solutions that can
propel the enhancement of the material-, structural-, production- efficiency, as well
as the increase of resilience, durability and sustainability of the built environment.
Nonetheless, construction industry has the dubious distinction of being the first
consumer of global raw materials, as well as producing about half of the world’s
solid waste. As an illustration, concrete is not only the most used construction
material, but also the most widely consumed substance on Earth after water.
Moreover, many of the concrete components are consumed faster than they can be
replenished (resource depletion). This has an impact on rivers’ ecosystems
(e.g. fisheries), on hydrological functions (e.g. change in water flows), on infras-
tructures (e.g. damage to bridges and river embankments), on landscape (e.g. costal
erosion) and on extreme events (e.g. decline of protection against extreme events
like floods). The previously enunciated environmental impacts just highlight the
importance of the sector in contributing to a sustainable development.

Accordingly, the awareness has to be increased and appropriate innovative
technical solutions have to be found, in order to pave the way for a more sustainable
world for the forthcoming generations. Sustainable construction as a multidimen-
sional concept should aim to promote the increase of structural service life,
diverting waste materials (resulting from structure demolition and retrofitting) from
disposal into landfills, reducing the need for resource extraction, reduction of
non-renewable energy, reducing materials and water consumption, as well as
contributing to the sharp decrease of emissions, residues and pollutants. Therefore,
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the upcoming years are awaited with great expectation regarding eco-innovation
within the construction sector.

To close, the editors would like to acknowledge the authors for their contribu-
tion, as well as their participation, under unprecedented circumstances, during the
outbreak of such a ruthless pandemic. To you, our sincere thanks!

Guimarães, Portugal Vítor M. C. F. Cunha
Mohammadali Rezazadeh

Chandan Gowda
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Circular CO2 Utilization Strategies
for More Sustainable Concrete

Sean Monkman and Mike Thomas

Abstract The sustainability goals of the cement and concrete industry cannot be
met by simple improvements to process efficiencies but instead demand innovative
solutions. New processes have been developed to reduce the carbon footprint of
ready mixed concrete through CO2 utilization strategies concerning three compo-
nents: binder, water and aggregates. The injection of an optimized dose of waste
carbon dioxide into concrete reacts with the cement binder to form in-situ nanoscale
calcium carbonate particles that can improve the compressive strength of the mix.
The increased cement efficiency allows the concrete to be produced with less cement
thereby realizing a GHG benefit through both the mineralized CO2 and the avoided
cement CO2 emissions. Concrete wash water, a by-product of concrete production
that is typically a waste stream and a challenge to reuse, can be treated with carbon
dioxide. The CO2 is mineralized in a reaction with the waste cement suspended in
the slurry. The treated slurry can more readily be used as mix water in a new concrete
batch. The performance benefit of using the recycled slurry, in particular the cemen-
titious nature of the treated wash water solids, allows for a cement reduction. Finally,
the performance of recycled concrete aggregate can be improved through a carbon
dioxide treatment. The carbon dioxide reacts with the hydrated cement paste compo-
nent of the crushed concrete to form CaCO3. A combination of the three strategies
can realize a net carbon benefit of around 76.9 kg per m3 of concrete including
recycling of 50.3 kg of CO2.
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2 S. Monkman and M. Thomas

1 Introduction

The modern world depends on concrete. It is a building material that is versatile,
durable, low cost, resilient, locally sourced and sustainable. However, there are
concerns about the environmental impacts of concrete production; 5% of anthro-
pogenic carbon dioxide emissions are associated with the production of cement (the
primary binder component of concrete representing about 10–15% of its mass) [1].
The environmental impacts are most accurately considered in relation to the scale of
concrete production. The material itself is not inherently worse for the environment
than other building materials [2]; the cumulative impacts are primarily due to the
amount of concrete produced per capita. The annual output of concrete is estimated
to be around 20 times greater than the amount of steel and around 40 times greater
than the amount of wood [3].

Cement production results in CO2 emissions due to the high temperature calci-
nation of limestone and the energy required to drive the calcination forward. In
turn, the cement is used, along with water and aggregates, as a component in
concrete. The cement and concrete industries have identified approaches to reduce the
environmental impact of cement and concrete production [4–6]. Business-as-usual
approaches (improved cement kiln efficiencies, use of lower carbon fuels, increasing
use of conventional secondary cementitiousmaterials) are projected to be insufficient
to reach carbon reduction goals. Sustainable concrete production will require contri-
butions from novel and emerging technologies. One such approach is the concept of
CO2 utilization for concrete production [7, 8]. The use of carbon dioxide as a process
feedstock has the potential to both mineralize CO2 permanently and to reduce the
carbon footprint of the concrete so produced.

2 CO2 Utilization Approaches

2.1 Addition to Ready Mix Concrete

Ready mixed concrete is a mixture of aggregates (graded stones and sand), binder
(Portland cement possibly along with one or more of fly ash, blast furnace slag, silica
fume, and limestone), and water. Chemical admixtures are often included to provide
specific performance benefits such as workability, set control, air entrainment, etc.

Carbon dioxide can be added to ready-mixed concrete, like an admixture, to
provide an improvement the concrete properties. The injection of an optimized dose
of waste carbon dioxide into concrete while batching promotes in-situ nanoscale
calcium carbonate seeding that can improve the compressive strength of the mix [9].
The increased cement efficiency allows the concrete to be produced with less cement
thereby realizing a greenhouse gas benefit through both the mineralization of waste
CO2 and the avoided cement CO2 emissions. Cement reductions have typically been
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around 5% [10]. The concrete so-produced maintains the required durability [11].
The approach is being realized at more than producers around the world [12].

2.2 Treatment of Concrete Wash Water for Recycling

Concrete wash water is a byproduct of the concrete industry. This water, which
may contain suspended solids in the form of sand, aggregate and/or cementitious
materials, is generated by the washing-out of concrete mixers and trucks following
the production and delivery of concrete. This water is alkaline in nature and requires
specialized treatment, handling and disposal.

While this water can be suitable for reuse in the production of concrete, it has
been documented that negative impacts to the concrete properties can arise. Wash
water is mainly a mixture of cement and, in many cases, supplementary cementitious
materials (SCMs) inwater. The cement hydrates with time and changes the chemistry
of the water. The evolution of the water, along with the hydration products, can
cause a host of issues when the water is used as mix water including set acceleration,
increased water demand, and reduced 7-day strength [13, 14]. These issues generally
worsen as the amount of cement in the water increases, and/or the water ages.

A carbon dioxide treatment of the wash water slurry can allow it to be bene-
ficially reused as concrete mix water. The CO2 is mineralized in a reaction with
the waste cement suspended in the slurry to create calcium carbonate [15]. The
carbonate mineral makes the slurry solids more stable with age allowing the perfor-
mance outcomes of the concrete produced with the slurry to be more predictable.
Set acceleration can be reduced or eliminated. The treated slurry can more readily
be used as mix water in a new concrete batch. The performance benefit of using the
recycled slurry, in particular the cementitious nature of the treated wash water solids,
allows for a cement replacement. The approach has been the subject of laboratory
study.

2.3 Treatment of Recycled Concrete Aggregate

Recycled concrete can be processed and reused as aggregates in new concrete produc-
tion. Concrete made with recycled concrete aggregates (RCA) typically is weaker
than concrete made with natural (virgin) aggregates. The RCA can be less dense,
have a higher water absorption and a lower crushing value than natural aggregates
[16]. The concrete so produced can have a significantly increased drying shrinkage
and chloride ion diffusion coefficient thereby creating durability concerns.

Treatment of the recycled concrete aggregates with carbon dioxide can serve
to improve the properties of the aggregates and the concrete produced with the
aggregates while also serving to mineralize CO2. The carbon dioxide reacts with
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the hydrated cement paste component of the crushed concrete to form CaCO3. The
approach is entering the first rounds of industrial-scale testing [17].

2.4 Source of CO2

Carbon dioxide for industrial uses is typically sourced as a byproduct of another
industrial process (commonly ethanol refining, hydrogen production, ammonia
production [18]). Its origin as a byproduct means that it can be characterized as
a waste that is being repurposed, recycled or upcycled. The industrial gas supply
chain is mature and widely distributed.

The use of carbon dioxide as a feedstock means that the energy consumption
related to its capture and compression must be considered. The industrial gas market
seeks integration with CO2 point sources that represent the best economic cases
whether it be aligned with starting purity or location or both. CO2 is liquefied for
transport. The energy to create liquid CO2 from an input flue gas stream is related
to the mole fraction of carbon dioxide and is around 200 kWh/tonne for typical high
purity streams appropriate for the merchant supply chain [19].

A circular economy synergy may be realized if the source of carbon dioxide is
cement production. Cement plant CO2 capture is in the early stages of development
and implementation [20–25] but is not a primary source for the merchant market
given the low fraction of CO2 in the raw flue gas. It is anticipated that the concept
will not be ready for wide deployment in cement kilns for at least to 10 years [26].
In contrast to merchant the CO2 supply chain, CO2 from cement plants would be
favourably located with respect to concrete production.

3 Environmental Benefits

The potential to reduce the carbon dioxide impacts of concrete production can be
assessed through the consideration of a generic mix design. United States industry
averages can be taken from a 2019 survey from the National Ready Mixed Concrete
Association [27]. Given that the results are an average ofmanymix designs it may not
be representative of any viable mix design but the intent of the present consideration
is to base analysis on the average cement, water and aggregate loadings for different
strength classes. Mix designs for three strength classes are reported in Table 1.

According to the 2016 NRMCA survey, 94% of concrete shipped had a specified
strength of 34 MPa (5000 psi) or less with 49% being 24 MPa (3500 psi) or less. A
generic mix for this analysis is taken as a 28 MPa mix with the other extremes (17
and 55 MPa) representing the range of expected generic mixes.
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Table 1 Generic concrete mix designs after NRMCA survey data [27]

Design strength* (MPa) 17 28 55

Portland cement (kg/m3 concrete) 210 282 427

Fly ash (kg/m3 concrete) 37 49 75

Slag (kg/m3 concrete) 10 14 21

Total cementitious (kg/m3 concrete) 257 345 522

Coarse aggregate (kg/m3 concrete) 996 958 900

Fine aggregate (kg/m3 concrete) 861 828 778

Mix water (L/m3 concrete) 181 181 202

CO2 footprint (kg CO2/m3 concrete) 288 393 624

*The design strengths are reported as 2500, 4000 and 8000 psi in the NRMCA survey

3.1 Ready Mixed Concrete

A dose of 0.1–0.2% CO2 by weight of cement typically provides a strength improve-
ment that supports a 5% reduction in Portland cement usage. A model 0.15% CO2

dose supplies a quantity of carbon dioxide in proportion to the amount of cement
and is in the range of 0.32–0.64 kg CO2/m3 concrete (0.42 kg for the generic mix
design). The CO2 is mineralized at a rate of about 90% of the dose for 0.38 kg CO2

converted per m3 concrete.
The environmental impact of cement production varies according to location but

can be modeled as 0.863 units of CO2 per units of finished cement [28]. The benefit
realized from the avoided cement ranges from 9.1 to 18.4 kg CO2/m3 concrete
(12.2 kg for the generic mix). In the generic case the combined environmental impact
of the mineralized CO2 and avoided cement is 12.5 kg CO2/m3 concrete.

3.2 Washwater

A generic wash water slurry is taken to have a specific gravity of 1.10 and the
suspended solids are a mixture of cement (82%), fly ash (14%) and slag (4%) as per
the binder proportions of the generic 28 MPa mix design. According to the blended
densities of the binder components the suspended solids have a representative density
of 2.98 g/ml.

Themixwater used in the genericmix is 181L/m3 concrete. In the present analysis
it is completely replaced by the treatedwashwater slurry. The use of 199 kg slurry/m3

concrete comprises 181 L of water and 18.1 kg of solids of which 14.8 kg are cement.
The CO2 treatment mineralizes carbon dioxide at a proportion of 30% by weight of
the cement (and no reaction with the fly ash and slag) for a total of 4.4 kg CO2/m3

concrete. The mass of the wash water solids has thereby increased to 22.5 kg and
has the capacity to substitute for virgin cement at a ratio of 1:1. The quantity of
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avoided cement has an environmental impact of 19.4 kg CO2/m3 for the generic and
low strength mix designs. In the high strength mix design there is a greater mixing
water usage (202 L/m3 concrete) and the carbon impact of the cement reduction is
increased to 21.7 kg CO2/m3. In the generic case the combined environmental impact
of the mineralized CO2 and avoided cement is 23.9 kg CO2/m3 concrete (and up to
26.7 in the 55 MPa mix).

3.3 Carbonated Recycled Concrete Aggregate

Researchers have established that a fine aggregate can mineralize more CO2 than a
coarse aggregate. A survey of the literature [29–32] suggests that a fine aggregate
(nominally of size less than 1 mm) can mineralize CO2 at about 4.7% by final
aggregate mass while coarse aggregate can mineralize CO2 on the order of 2.2%.

The amount of CO2 mineralized depends upon the amount of aggregate used and
the amount of virgin aggregate substituted for recycled aggregate. The generic mix
contains 958 kg of coarse aggregate and 828 kg of fine aggregate. At substitutions
of 100% and 50%, respectively, the amount of mineralized CO2 is 21.2 and 19.4 kg
CO2/m3 concrete respectively. The aggregate replacement goals are ambitious but
are forward-looking for purposes of modeling potential impacts.

3.4 Overall Carbon Dioxide Benefit

The three CO2 utilization strategies can be combined to estimate the potential benefit.
The benefit comes from the mineralization of carbon dioxide and the avoided emis-
sions from reduced cement usage. A summary of the combined effects is presented
in Table 2.

Table 2 Combined carbon impact (gross) per unit concrete for three combined CO2 utilization
technologies at three strength classes

Design strength (MPa) 17 28 55

Ready mix—mineralized CO2 (kg/m3 concrete) 0.2 0.3 0.4

Ready mix—avoided CO2 (kg/m3 concrete) 9.1 12.2 18.4

Wash water—mineralized CO2 (kg/m3 concrete) 4.4 4.4 5.0

Wash water—avoided CO2 (kg/m3 concrete) 19.3 19.4 21.7

CRCA coarse—mineralized CO2 (kg/m3 concrete) 22.0 21.2 19.9

CRCA fine—mineralized CO2 (kg/m3 concrete) 20.2 19.4 18.2

Total mineralized CO2 (kg/m3 concrete) 46.9 45.3 43.6

Total avoided CO2 (kg/m3 concrete) 28.5 31.6 40.1

Total CO2 impact (kg CO2/m3 concrete) 75.4 76.9 83.7
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With respect to the generic (28 MPa) case, 16% of the carbon impact reduction
is from the ready mix approach, 31% is from the wash water, and 53% is from the
recycled aggregate (28% from the coarse and 23% from fine). 59% of the carbon
impact is associated with CO2 mineralization while 41% is attributable to avoided
CO2 from cement reductions.

3.5 Net Environmental Benefit

The potential implementation of the technologies is accompanied by net new power
generation and transport. Carbon dioxide supplied by the merchant market would
have an energy consumption of about 200 kWh/tonne liquid CO2 produced [19]. The
CO2 emissions rate from industrial power consumption is 51.8 g CO2/MJ or 186 g
CO2/kWh [33]. The energy emissions associated with the capture, compression, and
liquefaction of one tonne of liquid carbon dioxide results in about 0.037 tonnes CO2

emitted. Additionally, the operation of the injection equipment is associated with an
energy consumption (estimated at 0.037 kWh/kg CO2 injected) [34]. The transport
of the carbon dioxide to the locations of utilization will be associated with a carbon
emission. A representative rate of CO2 emissions is 62 g CO2/tonne-km of freight
for chemical transport [35]. Moving one tonne of liquid CO2 200 km from the point
source emitter to the utilization site would result in emissions of 0.012 tonnes CO2.

The other factors related to CO2 injection (e.g. the production and transport of
the injection equipment), are minimal compared to the gas processing, gas transport
and equipment operation [34]. The mineralization rate is not assumed to be perfect;
in the present analysis 80% of the carbon dioxide dosed is mineralized as carbonate.
The overall impacts of the capture, transport and injection of CO2 are in proportion
to the amount of carbon dioxide utilized per unit of concrete. The compiled results
are summarized in Table 3 and show that the process emissions are about 10% of the
total benefit. The baseline carbon footprint is reported as per the NRMCA industry

Table 3 Net environmental benefit estimate including process emissions

Design strength (MPa) 17 28 55

Overall CO2 benefit (kg CO2/m3 concrete) 75.4 76.9 83.7

Total CO2 utilized (kg/m3 concrete) 52.1 50.3 48.4

Power consumption (kWh/m3 concrete) 1.9 1.9 1.8

Operation emissions (kg CO2/m3 concrete) 0.4 0.3 0.3

Freight emissions (kg CO2/m3 concrete) 2.6 2.5 2.4

Total emissions (kg CO2/m3 concrete) 2.9 2.8 2.7

Net benefit (kg CO2/m3 concrete) 72.4 74.1 81.0

Process emissions rate versus overall benefit (%) 3.9% 3.7% 3.3%

Relative carbon footprint improvement (%) 25% 19% 13%
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Fig. 1 Cumulative model net impacts of three CO2 utilization approaches—ready mix admixture
(RM), recycled concrete wash water slurry (WW) and carbonated recycled concrete aggregate
(CRCA)—with respect to a generic 28 MPa US concrete mix

average report [27]. A visualization of the combined (net) impacts for the generic
28 MPa mix design is provided in Fig. 1.

The gross environmental benefit is around an order of magnitude larger than the
process impacts. The net benefits are projected to be 96% of the gross benefit. The
CO2 utilization approaches are viable pathways to reduce the carbon footprint of
concrete with reductions of 13–25% depending on the mix design.

4 Conclusions

The future will likely see these approaches combined. They can provide a combined
GHG benefit of around 80 kg CO2/m3 concrete through simple modifications to
the concrete production process. When the CO2 utilization approaches use carbon
dioxide sourced from a cement kiln, the concept of the circular economy in
cement/concrete production is achieved. Not only is CO2 from cement production
upcycled, but, in parallel, the waste streams of concrete wash water and demolished
concrete are repurposed into new concrete. Saving of virgin inputs of water and
aggregates are realized. CO2 utilization is a platform for creating a more sustainable
built environment.
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Use of Waste Calcium Carbonate
in Sustainable Cement

Luca Valentini , Ludovico Mascarin, Hassan Ez-zaki, Mark Bediako,
Joseph Mwiti Marangu, and Maurizio Bellotto

Abstract The quest for a new-generation concrete, designed to be compatible with
the need of mitigating the effect of greenhouse gas emissions on the climate, has
prompted applied research to define a broad range of low-CO2 cement-based mate-
rials. While minimizing CO2 emissions is a goal of the utmost importance, research
into sustainable building materials must also tackle the issue of raw material deple-
tion (including limestone, clay and aggregate deposits, as well as water resources)
in favor of secondary raw materials. One possible solution is that of minimizing
the impact of quarrying by a circular economy approach that envisages the reuse of
waste from stone extraction and processing. It is estimated that 200 Mt waste are
produced by the stone industry worldwide each year. This includes slurries obtained
from the quarrying, cutting and polishing of marble, which can be used as a source of
calcium carbonate, alternative to primary limestone. This contribution illustrates the
use of waste calcium carbonate, obtained from marble slurry (waste marble, WM),
in sustainable cement materials alternative to Portland cement. The possibility of
exploiting locally available resources is explored, and the effect of WM additions
up to 50% by total mass on the macroscopic properties is investigated experimen-
tally. It is shown that binders with adequate fresh and hardened state properties can
be obtained by moderate additions of WM, which greatly enhances the environ-
mental performance by reducing the amount of primary resources used in the mix.
By reducing the amount of thermally treated clay in alkali-activated blends, the use
of WM also results in a net decrease of the embodied energy.
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Keywords Waste calcium carbonate · Calcined clays · Alkali activation · Blended
cements

1 Introduction

It has become amust, in recent years, to begin scientific papers into cement materials
with a few sentences on the effect of buildings and the construction industry on
CO2 emissivity and its aftermath. This is reasonable, of course, and the reasons are
obvious and shall not be reiterated here.However, there is a second, equally important
issue, associated with the building materials industry, which is resource depletion
and the impact of quarrying. Mining and quarrying activities have a huge impact
on societies, the environment and landscape modification [1, 2] and their role in the
cement industry deserves attention. Therefore, considering the increasing demand
of building materials, it will be necessary to adopt a rational approach to sourcing
raw materials for cement production.

One possible approach, explored in this contribution, is that of mitigating the
utilization of primary resources (limestone, clay) by implementing a circular supply
chain that converts waste from the stone industry into secondary raw materials.

It is estimated that about 200 Mt of the gross 300 Mt worldwide stone production
is constituted by quarrying and processingwaste [3]. Limestone andmarble represent
over 50% of the quarried stone [3] and their production leads to the formation of dust
and slurries, during quarrying, cutting and polishing, whose disposal constitutes a
severe environmental issue, due to the risk of soil and water contamination [4–6].

Using waste marble and limestone for the production of cement materials is bene-
ficial as it contributes tomitigating the consumption of primary limestone.Moreover,
the reutilization of such waste materials mitigates the risk associated with disposal
and reduces net production costs.

In this contribution, some possible applications of waste marble in sustainable
cements are briefly illustrated.

2 Waste Marble Properties

The waste marble (WM) used is obtained in form of a slurry, from marble quarries
located in the Apuan Alps (Tuscany). A white powder (Fig. 1) is obtained by oven
drying at 60 °C for 24 h and grinding using an agate mortar.

This powder consists, as per XRD analysis, of 100% calcite with Mg impurities
(MgO = 0.6 wt%). The particle sized distribution after micronization, obtained by
laser scattering, is reported in Fig. 2.
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Fig. 1 Aspect of the waste marble powder used in the study

Fig. 2 Particle size distribution of the used waste marble powder

3 Blended Cements

Ternary blends of OPC, calcined clays and limestone are emerging as a possible, less
impacting cement binder [7]. The environmental performance of such alternative
binders can be further enhanced if waste calcium carbonate is used in the mix [8].

Several studies have investigated the hardened properties of these blended
cements, but the fresh state properties have not been explored as accurately so far
[9].

Here, we present the results of preliminary rheological investigations performed
on a blended cement consisting of 50% OPC clinker, 30% calcined clay, 15% WM
and 5% gypsum. The clay, consisting of kaolinite and minor phases that include
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Table 1 XRF composition (wt%) of the Kenyan clay

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

73.48 0.56 22.80 1.97 0.11 0.14 0.22 0.17 0.47 0.08

Table 2 Summary of the blended cements measured by rheometry

% clinker % calcined clay % waste marble % gypsum

95Clink_5G 95 – – 5

50Clink_30Clay_15WM_5G 50 30 15 5

50Clink_45WM_5G 50 – 45 5

50Clink_45Clay_5G 50 45 – 5

quartz, feldspars and oxides, was sampled in Kenya (XRF composition reported in
Table 1). Clay calcination was performed at 850 °C for 3 h.

The rheological properties of the ternary blend were compared with that of the
mixes reported in Table 2, each having a water/solid ratio of 0.5. The measurements
have been performed by a stress-controlled rheometer equipped with a plate-plate
system and a gap of 2 mm. The actual measurements have been preceded by a pre-
shear at high oscillation amplitude of 10% and frequency of 10 Hz for 1 min. A
recovery of the structure has been performed at low oscillation amplitude of 5.10–3%
and frequency of 1 Hz for 2 min. Then, a triangular procedure and logarithmic ramps
of shear rate of 10–2 s−1 to 10 s−1 allowing 5 s measuring time per point have been
used for the measurements. The flow curves and viscosity curves displayed in Fig. 3
represent the analyses of the down-ramp measurements.

It can be observed that the yield stress was significantly increased in the binary
and ternary systems when waste marble was added, whereas the addition of calcined
clay alone did not alter the viscosity behavior of the pastes. When added together,
WM and calcined clay apparently display a synergic effect in increasing the paste
viscosity.

4 Alkali-Activated GGBFS

Clinker can be reduced in a significative amount when using ground granulated
blast-furnace slag (GGBFS) to manufacture slag cements (CEM III) or composite
cements (CEM V). However, in the current industrial practice these cements are
limited to specific applications where their low hydration heat or their high resistance
to aggressive environments is needed, because of their slow hardening kinetics.

Alkaline activation of GGBFS is needed to formulate binders of more general
use, able to replace ordinary Portland cement in everyday applications. A “one part”
solid alkaline activation results in a binder that sets and hardens upon mixing with
water, like Portland cement, and is thus easy and safe to use.
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Fig. 3 Flow curves (a) and viscosity curves (b) of the studied blended cements

Activation by sodium carbonate or sodium sulfate can be used, but neither is
enoughby itself to provide sufficient reactivity. Sodiumcarbonate activation iswidely
practiced, with setting and hardening occurring when the carbonate ions in solution
are exhausted [10]. Different approaches have been adopted to accelerate the deple-
tion of carbonate ions in solution, the most straightforward being adding Ca2+ ions
in solution to precipitate calcium carbonate [11]. Hydrated lime or Portland cement
clinker can be used as a source of Ca2+ ions.

Here, as an alternative, micronized WM was used as a source of Ca2+ ions in
solution, in combinationwithGGBFS (XRF composition reported in Table 3). A one-
part alkali-activated binder was formulated by blending 47.5% GGBFS, 47.5%WM

Table 3 XRF composition (wt%) of the GGBFS

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

37.12 0.70 10.96 0.74 0.28 7.59 41.92 0.23 0.46 0.01
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and 5% Na2CO3. This binder presented good workability, even at low water/binder
ratios, and a compressive strength of 26 MPa at 2 days and 49 MPa at 28 days.

5 Alkali-Activated Calcined Clays

The production of alkali-activated binders using low-grade calcined clays as precur-
sors may represent a sustainable alternative to OPC, especially in emerging coun-
tries at subequatorial latitudes, where soils are enriched in clay minerals and the
supply of Portland clinker or limestone may have to rely on import from foreign
markets. Blending of calcined clays with waste calcium carbonate can reduce the
environmental footprint to a further extent.

Here, we report a preliminary assessment of selected properties of binders
produced by alkaline activation of blends of calcined clays of diverse compositions
and waste marble powder. The materials used include three clay soils of kaolinitic
composition, sampled in Cameroon (K1), Croatia (K2) and Ghana (K3), and two
clays sampled in Italy, of smectitic (S1) and illitic (I1) composition. XRF composi-
tions are reported in Table 4. The amount of clay minerals in these soils, as obtained
by XRD and Rietveld refinement, varies from 28% (illitic clay) to 66% (smectitic
clay), with the three kaolinitic clays having a kaolinite content in the range 40–60%.
Minor mineralogical phases include quartz, feldspars, carbonates, apatite, Fe and Ti
oxides. All clays were calcined in a laboratory muffle at a temperature of 800 °C,
except for the smectitic clay, which was calcined at 750 °C.

The calcined clays were blended with up to 50% WM and subsequently mixed
with sodium silicate activating solutions. The ratio of total water to total mass of
the binders varied between 0.24 and 0.31. After mixing, the alkali-activated paste
samples were placed in teflon molds and cured at ambient temperature and 95% RH.
After three days, the samples were demolded and cured in air at ambient conditions.

Figure 4 reports a compilation of compressive strengths for the studied samples,
plotted as a function of Na2Oeq%, which is used as a qualitative indicator of the
environmental impact, given that the major contributor to the ecological footprint of
alkali-activatedmaterials is represented by the alkaline activators. From this perspec-
tive, in addition to reducing: (1) the consumption of primary limestone and (2) the
energy associated with clay calcination, the addition of waste marble also results in

Table 4 XRF composition (wt%) of the calcined clays used for alkaline activation

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

K1 47.49 1.88 34.50 15.55 0.05 0.10 0.12 0.00 0.15 0.16

K2 58.73 1.33 25.96 9.86 0.15 1.05 0.69 0.47 1.60 0.15

K3 69.11 0.11 27.47 1.10 0.00 0.01 0.13 1.36 0.70 0.00

I1 60.49 0.85 16.52 5.03 0.10 4.98 7.19 1.45 3.14 0.26

S1 54.15 3.63 17.10 9.59 0.13 5.57 7.38 0.13 0.91 1.42



Use of Waste Calcium Carbonate in Sustainable Cement 17

Fig. 4 Compressive strengths measured for the alkali-activated calcined clays blended with WM,
as a function of equivalent Na2O%. Blue: kaolinitic clays; green: illitic clay; orange: smectitic
clay. The symbols’ size is proportional to the time at which the compressive strength tests were
performed (small circles: 1 week; medium circles: 2 weeks; large circle: 3 weeks)

a significant net decrease in the environmental impact by reducing the amount of
activator needed.

The samples prepared with the kaolinitic clay fromGhana (K3) showed an overall
positive trend in the plot, meaning that both compressive strength and Na2Oeq%
decreased as the amount of calcined clay is progressively diluted by WM addition.
However, in general, the compressive strength does not simply depend on the amount
of WM, but also on the quality of the specific clay used. For instance, clay K1
(Cameroon) has an excellent mechanical performance (37.35 MPa after 7 days) with
an addition of 30% WM (7.91 Na2Oeq%). Sample S1 gave a compressive strength
of 60.70 MPa after 3 weeks, with an addition of 25% WM (6.42 Na2Oeq%).

The addition ofWMalso enhanced theworkability of the fresh pastes, asmeasured
bymini-slump tests (Fig. 5). Amore quantitative study of the effect ofWM additions
on the fresh state properties will be performed in a follow-up work, by means of
systematic rheological measurements.

6 Conclusions

We reported a short preliminary account on the potential of waste calcium carbonate
from the stone industry as an SCM in sustainable binders, including blended and
alkali-activated cements. Retrieving accurate numbers on the world availability
(which can vary locally) of calcium carbonate waste is not easy. However, consid-
ering that calcareous stones represent more than 50% of the total stone production
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Fig. 5 Measured diameter (mini-slump test) as a function of waste marble addition, for sample K2

and that about two thirds of the global stone production is represented by waste [3],
a rough estimate of 100 Mt per year of waste calcium carbonate can be inferred. It
is also worth underlying the potential for local production of sustainable binders,
using raw materials that are locally available in areas of emerging economic growth,
such as Sub-Saharan Africa. Specifically, in this study, tests have been performed on
the effect of waste marble on alternative cements formulated with clays from Kenya
(ternary OPC-calcined clay-waste marble blend), Cameroon and Ghana (sodium-
silicate-activated blends of calcined clays and waste marble). The waste marble used
in these blends was of EU provenance, however, based on recent reports, the amount
of waste from the stone industry in Africa amounts to about 7Mt per year [3]. Specif-
ically, marble and limestone waste have previously been used as a secondary raw
material in the African continent [12, 13]. For alkali-activated calcined clays, the
supply of sodium silicate solutions in the African continent may remain an issue
in terms of overall cost and environmental footprint, however the possible use of
carbonates as alkaline activators, even in combination with sustainable sources of
soluble silica, such as rice husk ash, may potentially alleviate the economic and envi-
ronmental burden, given the broad availability of alkaline carbonates of geological
origin across the continent [14].

The results of this study show that moderate additions of WM are not detrimental
to mechanical strength development. Excellent values of the compressive strength
could be obtained for a sodium-carbonate-activated GGBFS formulated with 47.5%
WM and alkali-activated smectitic and kaolinitic clays, with WM additions of 25%
and 30% respectively.

The effect on the fresh properties needs to be further elucidated by systematic
rheological measurements. However, it has been observed by preliminary tests that
the addition of WM improves the workability of alkali-activated calcined clays.
Moreover, the combined use of WM and calcined clays apparently exert a synergic
effect in controlling the viscosity of ternary blends.
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Classification of Recycled Aggregates
Using Deep Learning

Jean David Lau Hiu Hoong, Jérôme Lux, Pierre-Yves Mahieux,
Philippe Turcry, and Abdelkarim Aït-Mokhtar

Abstract The European Union is promoting sustainable development and circular
economyby inciting itsmember states to recycle at least 70%of their construction and
demolition waste (CDW) through the Horizon 2020 programme. CDW is crushed
in order to obtain recycled aggregates (RA). The latter are a mixture of recycled
concrete aggregates, natural stones, clay bricks, bituminous grains and with other
materials (e.g. glass, wood and steel). The composition of RA is variable and in order
to determine it, the NF EN 933-11 standard recommends manual sorting. However,
it is time-consuming and it is performed only occasionally on recycling plants. Our
work focuses on the development of a novel method to determine the composition
of RA faster and in an automated way. It makes use of deep learning, particularly
convolutional neural networks (CNN). CNNs can analyse images of RA and identify
the nature of every aggregate in order to give the composition of the RA instantly. A
labelled database was created for learning of the CNNs. It consists of approximately
36,000 images of individual grains classified according to their nature. The best-
performing CNN is now able to identify correctly the class (i.e. the nature) of 97% of
aggregates present on a picture of RA. Moreover, we proposed a method to evaluate
the mass of the grains by assuming that those of a given nature have a constant form
and density. We are also working on the automatic extraction of the grains from a
picture of RA using Mask R-CNN.

Keywords Circular economy · Convolutional neural networks · Deep learning ·
Image analysis · Recycled aggregates

1 Introduction

In the context of sustainable development and circular economy, Europe is inciting
its member states to recycle at least 70% of their construction and demolition waste
(CDW) by 2020 through the Horizon 2020 programme. A survey [1, 2] showed that
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227.5 Mt of CDW (70% of all wastes) were produced in France in 2014. 155.9 Mt
(69%) were recycled mainly through reuse on road construction sites and as quarry
backfill. However, 70 Mt still ended up in storage sites while the recycling of more
CDW would help preserve the natural resources.

Recycled aggregates (RA) are obtained from the crushing of inert CDW. They
are a mixture of recycled concrete aggregates, natural stones, clay bricks, bitumi-
nous grains, along with traces of other materials (e.g. glass, wood and steel). The
composition of CDW is variable as it depends on the site from which they originate
and on the crushing technique used [3, 4]. This variability in composition limits the
valorisation of RA in applications such as concrete manufacturing, in which the use
of raw materials of controlled quality is essential.

Many studies have been carried out in which natural aggregates (NA) have been
partially or totally replaced by RA in concrete [5–7]. It has been observed that the
mechanical and durability properties of concrete containing RA tend to decrease. On
the other hand, in road construction, studies have shown that RA can even outperform
NA [8–11]. These studies show that the composition of RA influences their proper-
ties. Due to this constraint, RA are currently used mostly for road construction, as
the regulations, defined in the NF EN 206+ A1 standard, regarding concrete manu-
facturing are more restrictive. It should also be noted that RA can also be valorised
as a mineral addition [12] and as means to uptake CO2 by accelerated carbonation
[13].

For the valorisation of RA as high-value added products, it is essential to monitor
their composition closely. Currently, the NF EN 933-11 standard recommends
manual sorting in order to determine that composition.However, it is time-consuming
and is carried out only occasionally. This study focuses on the development of a novel
method in order to determine the composition of CDW in near real time and in an
automatic way. The goal of our work is to improve the characterisation of RA so
that the other actors of the building sector, for instance concrete manufacturers, can
rightfully use RA as value-added products.

Our method relies on deep learning which is a type of machine learning in which
deep neural networks (DNN) analyse datasets of different types in order to model
the data. The particular type of DNNs used for image classification is called a convo-
lutional neural network (CNN). In order to classify objects, a CNN has to be trained
on a large set of labelled images.

For our study, we created a labelled database consisting of approximately 36,000
images of RA for the learning process of CNNs. The latter analyse images of RA in
order to give their composition. We have also customised a commonly used CNN to
get improved performances. Moreover, in order to determine the mass of each grain,
we have evaluated form factor-density constants for each type of RA by assuming
that grains of a given nature have a constant form and density. Currently, we are
working on the automatic extraction of grains from a photograph of RA.
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2 Methods and Materials

2.1 Tested Architectures of Convolutional Neural Networks

The working principle of a convolutional neural networks (CNN) is detailed in [14].
The Residual Network, ResNet, [15] is a type of CNN used for image classification.
The 34-layerResidualNetwork, ResNet34 (RN34) is used as a reference architecture.
The 50-layer Residual Network, ResNet50 (RN50) is a variant of the RN34. It has
a better accuracy than RN34 for only a slight increase in the required computing
power.

In this work, we modified the architecture of RN34 in order to improve further
its performance. Our custom ResNet34 (C-RN34) has full preactivation [16] and the
main difference is the use of depthwise separable convolutions (DSC) [17], instead
of standard convolutions. Furthermore, a squeeze-and-excitation block [18] is added
at the end of each building block. During our tests, these changes have improved the
validation accuracy. In fact, C-RN34 architecture gives better results than the RN50
as shown in Sect. 3.1. For this study, we used the RN50 and the C-RN34.

2.2 Creation of the Labelled Database

The labelled database of recycled aggregates (RA) used to train the convolu-
tional neural networks (CNN) consists of images of individual grains with their
corresponding sub-class. The creation of this database is detailed below.

Preparation of the samples and manual sorting. The recycled aggregates (RA)
used in this work are of 0/31.5 mm fraction. They have been sampled from a recy-
clingplatform inLaRochelle, France, calledPlanèteRecyclage, subsidiary ofCharier
Company. The RA are rinsed in order to remove the fines that cover them, thereby
preventing their identification. Then, the RA are sorted manually. Note that the
0/4 mm fraction is not used in order to determine the composition of RA because the
grains are too small to be manually sorted. The same is applied in the NF EN 933-11
standard.

This standard defines the procedures of manual sorting and the classes of
constituents of RA. However, the elements in some of those classes are visually
heterogeneous and so not suitable for image classification by a CNN. Hence, some
classes were divided into sub-classes. Table 1 gives the classes and corresponding
sub-classes of RA. Figure 1 shows examples of elements present in each sub-class.
This division of the 6 classes into 16 sub-classes also allows us to obtain a compo-
sition of RA, which is more precise than that obtained by the standardised manual
sorting.

Apparatus. An apparatus (Fig. 2) was developed in order to photograph the RA.
It consists of a Fujifilm X-T20 camera (1) fixed on a copy stand (2), two LED lamps
(3), a transparent plastic sheet (4) on which the grains are placed and a background
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Table 1 EN 933-11 classes and corresponding sub-classes of recycled aggregates
EN 933-11 
classes 

Corresponding  
sub-classes Description 

Rc Rc Concrete grains 
Ru Ru01 White stones such as limestone  

Ru02 Grey stones such as basalt & others of similar colours 
Ru03 Light coloured grainy stones (majority of quartz and feldspar) 
Ru04 Coloured or dark coloured siliceous and rather angular stones 
Ru05 Light-coloured and rounded alluvial stones
Ru06 Slate 

Rb Rb01 Clay bricks
Rb02 Ceramic tiles 

Ra Ra Bituminous grains 
Rg Rg Glass 
X X01 Wood 

X02 Plastics 
X03 Steel 
X04 Paper and cardboard 
X05 Others 

Fig. 1 Examples of elements in each sub-class

(5) of a different colour (e.g. blue) from that commonly found in RA. Furthermore, a
5 cent euro coin is used as a reference for conversion between pixels and millimetres.

Extraction of individual grains from the photographs. In order to build up the
database, about 43 kg of 4/31.5 mm recycled aggregates (RA) have been sampled,
manually sorted according to the sub-classes and photographed. It should be noted
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Fig. 2 Photograph apparatus

that this sampling mass is more than four times the minimum value (10 kg) recom-
mended by the NF EN 933-11 standard. After a photograph was taken, the overall
mass of all the grains on the picture was measured. The grains were not weighed
individually because this would have been too time-consuming.

More than 360 photographs (Fig. 3) were taken and analysed using a software
based on mathematical morphology, which was developed at the laboratory in order
to extract the grains individually. The geometrical data (length of minor and major
axes, position and dimension of bounding box, projected area and perimeter) about
each grain is also obtained after this step. This data can be used to characterise the
shape of the aggregates. After extraction, 36,000 individual images of grains were
obtained. Some sub-classes (Rc, Ru01, Ru02, Ru04, Ru05, Rb01, Rb02, Ra) have
between 2000 and 6000 grains. However, other sub-classes (Ru03, Ru06, Rg, X01-
X05) have less than 1100 particles because they are difficult to find on recycling
platforms. This uneven distribution can affect the accuracy of the CNNs. This issue
is mitigated through data augmentation.

Resizing and data augmentation. Both convolutional neural network (CNN)
architectures tested (RN50 and C-RN34) require images of a fixed size in order to
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Fig. 3 Example of a photograph of recycled aggregates

work. Therefore, the images of individual recycled aggregates (RA) extracted at the
previous step have been resized to 256 × 256 pixels.

Moreover, in the labelled database, it is better if each sub-class of RA contains
the same number of elements. This ensures that grains from each sub-class are
classified with sufficient precision. In order to remedy the under-representation of
some sub-classes, we use data augmentation techniques (random addition of salt and
pepper noise, grain rotation and gamma correction). However, these augmentations
are limited. Each image of the database is submitted to these modifications until the
number of images per class reaches 2000 in the training set and 500 in the validation
set. The training set is used to train the CNN so that it improves its ability to predict
the nature of the grains. Images from the validation set test the ability of the CNN
to generalize, that is to correctly classify images different from those seen during
training. The parameters of the CNN are not updated during validation. Some sub-
classes (Ru03, Ru06, Rg and X02-X05) were not used to create the labelled database
because they do not contain enough elements (an element would have been repeated
too many times using the data augmentation techniques described above).

Therefore, the labelled database used to train the CNNs consists of 22,500 images:
2500 images (training set + validation set) in each of the following 9 sub-classes:
Rc, Ru01, Ru02, Ru04, Ru05, Rb01, Rb02, Ra and X01. It should be noted that the
grains in the validation set are different from those in the training set. Figure 4 shows
part of the labelled database of the recycled aggregates.
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Rc Ru01 Ru02 Ru04 Rb02  Ra 

Fig. 4 Part of the labelled database of recycled aggregates

2.3 Form Factor-Density Constants of the Aggregates

As described above, a trained convolutional neural network (CNN) will be able
to predict the nature of a recycled aggregate (RA) from its image. Moreover, the
geometrical data (length of minor and major axes and projected area) about each
grain is also available. Figure 5a shows a grain and Fig. 5b shows its geometrical
data. According to the NF EN 933-11 standard, the composition of RA obtained by
manual sorting is given in terms of mass proportions. Therefore, in order to compare
our proposed method with manual sorting, we have to estimate the mass of the grains
that undergo image analysis. Our approach is similar to that proposed by [19]. The
mass mi of a grain i can be expressed as shown in Eq. (1).

mi = Si × Lmin,i × Fk × ρk (1)

where, Si is the projected surface area (cm2) and Lmin,i is the minor axis (cm). Fk

and ρk are the form factor and density and are assumed to be constants for all the
grains belonging to a sub-class k.

As it is not possible to measure the mass of each grain individually, we measured
the total mass of all grains of each photograph j of a given sub-class k, denoted
Mjk . Eventually, the product between Fk and ρk (form factor-density constant) can
be evaluated, for each sub-class k, as shown in Eq. (2). The results are shown in
Sect. 3.2.

x

yz

Lmax

Lmin

S
Le

(a) (b)

Fig. 5 a Original grain and b geometrical data of the grain
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Fk .ρk =
∑

j M jk
∑

i, j

(
Si, j × Lmin,i, j

) (2)

where
∑

i, j (Si, j × Lmin,i, j ) is the sum of the product of the surface area by the
minor axis length for all grains i in all the j photographs of the sub-class k. Once
determined, Fkρk can be used to estimate the mass of other aggregates.

3 Results and Discussion

3.1 Classification of Images of Recycled Aggregates

Comparison between the standard ResNet50 and our custom ResNet34. As
explained in Sect. 2.1, a standard ResNet50 architecture (RN50) and a custom one
(C-RN34) were tested. The labelled database containing 22,500 images was used to
train both networks over 250 iterations.

For both architectures, the training accuracy tends to 100%. This means that both
of them have been optimised and can correctly predict the sub-class of almost all
the grains in the training set. The difference between them lies in the validation
accuracy. When trying to predict the nature of grains that have not been used to
modify its parameters (validation set), RN50 reaches a validation accuracy of only
92.0%. On the other hand, C-RN34 has a validation accuracy of 97.1%. The latter
is our best-performing CNN as it has the highest validation accuracy. Therefore, it
will be used for the rest of the study.

Confusion matrix. In order to analyse the predictions of the C-RN34_D40
precisely, its confusion matrix relative to the sub-classes has been represented in
Fig. 6a. It compares the real sub-class of the grains (vertical axis) with the predic-
tions (horizontal axis) of the images from the validation set. The percentage of correct
predictions is given on the top-left to bottom-right diagonal and the other percent-
ages represent wrong classifications. It can be observed that all the sub-classes have
a validation accuracy between 96 and 100% except for concrete (Rc), 93%, and
limestone (Ru01), 94%. The highest percentages of wrong classifications are 3 and
4% and they concern the confusion between concrete and limestone grains and vice
versa. Among the natural stones, limestone has the highest percentage of confusion
because it can be visually similar to light-coloured mortar.

Some confusion between concrete grains and natural stones is expected as the
latter are used in order to make concrete. Moreover, most concrete grains have a part
of natural stone, which is more or less visible, depending on the amount of attached
mortar. On the confusion matrix concerning only the NF EN 933-11 classes, Fig. 6b,
it can be seen that is mostly concrete grains that are mistaken for natural stones and
not otherwise. Figure 6c, d show a concrete grain and a limestone grain respectively
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Fig. 6 a Confusion matrix of the sub-classes (the percentages are rounded off to the nearest integer
and so the sum might be equal to 100 ± 1%); b confusion matrix of the NF EN 933–11 classes;
c concrete grain and d limestone grain

and it can be observed that both are visually similar. It should be noted that similar
confusion could be made during manual sorting.

3.2 Form Factor-Density Constants

In order to estimate the mass of each grain, the form factor-density constant (F.ρ) of
the 9 sub-classes in the labelled database were determined as described in Sect. 2.3.
The results are presented in Table 2.

However, the determination of F.ρ relies on the hypothesis that in a given sub-
class, all the grains have the same form and density. In reality, this might not always
be the case. This is because the shape of the grains are closely related to the crushing
technique used [3, 4]. Additionally, in a given sub-class, there might be variations

Table 2 Form factor-density
constant (F.ρ) of the 9
sub-classes in the labelled
database

Sub-class F.ρ (g/cm3)

Rc 0.746

Ru01 0.658

Ru02 0.782

Ru04 0.624

Ru05 0.873

Rb01 0.517

Rb02 0.555

Ra 0.853

X01 0.141
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in the density especially for concrete grains with varying proportions of attached
mortar.

3.3 Automatic Extraction of the Grains

As described in Sect. 2.2, a software based on mathematical morphology was used
in order to extract the grains individually from a picture of recycled aggregates (RA).
This step requires manual intervention and thus is inappropriate for the automated
process we aim to develop. Moreover, it can extract the grains individually only
when they are placed separately from each other or with slight contact. Therefore,
we are currently testing another type of convolutional neural network (CNN), known
as Mask R-CNN [20], which can locate the bounding box of each grain (part of the
photograph that contain the grain) and extract them individually. Figure 7 illustrates
examples of bounding boxes and masks (shape and projected surface area of a grain)
that have been detected using Mask R-CNN. The extracted grains can then be sent
to the previously trained CNN for classification.

Fig. 7 Bounding boxes andmasks extracted usingmask R-CNN. Note that the colours of themasks
do not represent the sub-class of the grains. They are just used to differentiate different grains
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4 Conclusion and Future Work

In this study, we aimed at enhancing the value of recycled aggregates (RA) by
proposing a novel method in order to obtain their composition in near real time
using an automated process. Our method is based on deep learning, particularly on
image analysis by convolutional neural networks (CNN).

A labelled database consisting of 36 000 images of individual RA was created for
the learning process of the CNNs. A standard ResNet50 architecture was tested but
it did not exceed a maximum validation accuracy of 92.0%. Therefore, we modified
the ResNet34 architecture in order to improve its performance. This proved to be
successful, since our custom ResNet34 architecture reached a validation accuracy of
97.1%.

Since the RA composition obtained by the standardised (NF EN 933-11) manual
sorting is in terms of mass proportions, we proposed amethod to evaluate the mass of
our grains. By assuming that all the grains in a given sub-class have the same shape
and density, we have evaluated form factor-density constants for each sub class.
These constants can then be used to evaluate the mass of each grain as explained in
Sect. 2.3. However, in a given sub-class not all the grains have the same shape and
density. Therefore, we plan to use a separate deep neural network (DNN) in order to
find a direct correlation between the image of the grains and their mass.

Another aspect that we are looking to improve is the automatic extraction of
grains in real conditions, that is, when they are in contact with each other. The
method based on mathematical morphology presented above is limited to grains that
are only slightly in contact with each other. Therefore, we will use another type
of CNN, Mask R-CNN, which localises the parts of the photograph that contain a
grain (bounding box). Once the bounding boxes have been located, the grains can
be extracted individually and sent to the previously trained CNN for classification.

Once the method is fully automated, it can be adapted to the conditions of a recy-
cling platform. For instance, after the crushing process, the RA would be carried on
a conveyor belt. A camera found above it would take pictures of the RA. Afterwards,
these pictures would be analyzed by the deep learningmethod that we are developing
in order to get the composition of the RA automatically in near real-time.
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Performance and Ageing Evaluation
of Bituminous Mixtures with High RAP
Content

C. Santos, V. Antunes, J. Neves, and A. C. Freire

Abstract The implementation of a circular economy implies turning waste into
resources, avoiding its disposal in landfills and minimizing the extraction of raw
materials. Every year, a considerable amount of Reclaimed Asphalt Pavement (RAP)
is generated, as the road network requires pavement maintenance to ensure the safety
and comfort of the users. RAP contains both constituents of a bituminous mixture
(bitumen and aggregates), and is 100% recyclable, therefore being able to be re-
introduced back into the cycle without its use being downgraded. However, RAP
is currently being employed solely as an aggregate in unbound layers or in small
percentages in new bituminous mixtures, rather than taking advantage of the aged
bitumen. This paper presents a study which aimed to evaluate the performance of a
surface dense-graded hot bituminous mixture before and after being subjected to an
ageing procedure. The bituminous mixture containing a high RAP content—75%—
was treated with a commercial vegetable rejuvenator. Short Term Oven Ageing
(STOA) and Long Term Oven Ageing (LTOA) procedures were used to simulate
the ageing that occurs during the mixture’s production and service life, respectively.
The evaluation of the recycled bituminous mixture’s performance was based on stiff-
ness, fatigue resistance, and permanent deformation tests carried out in the laboratory.
In comparison with a conventional bituminous mixture, it was found that, in general,
the recycled bituminous mixture, before and after ageing, showed higher stiffness
and resistance to permanent deformation, yet had very similar fatigue resistance.
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1 Introduction

The road infrastructure network is indispensable for society, enabling the functioning
and development of a country by providing mobility and accessibility of people and
goods. The pavement maintenance actions required to ensure an adequate quality
level regarding user safety and comfort generates a considerable amount of by-
products.

Environmental concerns push for the transition to a circular economy model,
whose aim is to decrease waste production and natural resource depletion by reintro-
ducing products at their end-of-life stage in the cycle, rather than disposing of them.
In fact, in 2015, the European Union (EU) has implemented the Action Plan for the
Circular Economy, which advocates for more efficient use of natural resources and
for turning waste into secondary raw materials [1].

In Europe, bituminous mixtures are the predominant construction material of
pavement bound layers and they are 100% recyclable [2]. However, the Reclaimed
Asphalt Pavement (RAP) is mostly recycled as unbound granular material or in
small percentages (5–20%) in new bituminous mixtures. This is not an efficient use
of this resource since the bitumen’s properties are not being taken advantage of, thus
downgrading the RAP [3].

Furthermore, the exposure of the binder to the climate conditions during its service
life is an important aspect to be considered in bituminous mixtures, in general. In
the case of RAP use, especially in the case of high incorporation rates (> 25%), this
ageing effect that changes the binder’s properties becomesmore important. In fact, the
ageing process makes the binder stiffer and influences the mixture’s performance,
therefore, when producing new bituminous mixtures with high RAP content, it is
recommended to use a softer binder or rejuvenator which improves the aged binder’s
properties [4].

Indeed, in order to be viewed as a viable alternative to a traditional mixture, a
recycled one and its materials should perform as well as the first or even better.
Up to the present time, the performance of recycled mixtures has been evaluated
in different conditions: with different percentages of RAP incorporation, with or
without different types of rejuvenator and with or without fractionation of the RAP.

In general, those evaluations verify that increasing RAP content on recycled bitu-
minousmixtures results in increasing stiffness, thus lowering cracking resistance and
workability but increasing resistance to permanent deformation. The addition of a
rejuvenator or a softer binder can enhance the mixture’s workability, as they reduce
the bitumen’s/mixture’s viscosity and stiffness, and, in the case of the rejuvenated
mixtures, still keeping a high permanent deformation resistance [5, 6].

In spite of the positive results in those evaluations, the RAP recycling practice
has been limited mostly due to the lack of confidence in the recycled pavement’s
performance, the increased complexity of the operation, the variability of thematerial
and the unknown degree of mobilization of the aged binder [2, 3, 7–9].
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In essence, it is fundamental to deepen the knowledge on recycled bituminous
mixtures in order to overcome the previously listed challenges and maximize the
utility of RAP, bringing a contribution to the transition to a circular economy.

The main objective of this paper is to analyze the performance, in laboratory, of a
recycled bituminous mixture incorporating high RAP content after going through an
ageing process. This mixture contained 75%RAP content, treated with a commercial
vegetable rejuvenator. The ageing process was simulated through Short Term Oven
Ageing (STOA) and Long TermOven Ageing (LTOA) procedures. The performance
tests were carried out on two recycled mixtures incorporating RAP (before and after
the ageing process), and one reference bituminousmixture produced only with virgin
aggregates.

2 Methodology

2.1 Materials

The recycled bituminous mixtures that were produced in laboratory incorporated
RAP milled from a high trafficked road, whose age was unknown as well as bitumen
origin and nature. From the recovered RAP aggregates, it is possible observe that
they have multiple origins as limestone, basalt and granitic. The RAP was treated
with a commercial rejuvenator derived from crude tall oil, a by-product of the paper
industry.

The virgin materials were basalt aggregates in the 10/16, 4/12 and 0/4 mm frac-
tions, limestone aggregates in the 0/4 mm fraction and a virgin bitumen with a
nominal penetration grade of 35/50.

2.2 Testing Methods

The tests performed throughout this study can be divided into three categories: (i)
RAP characterization; (ii) mix design; and (iii) performance evaluation (Table 1).

An adequate characterization of the RAP and its components (bitumen and
aggregates) was essential since the studied bituminous mixture incorporated a
high percentage of RAP. The mix design tests included those used to determine
the mixtures’ volumetric and mechanical characteristics and its performance was
evaluated through stiffness, fatigue resistance, and permanent deformation tests.
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Table 1 Test methods

Standard Test method Scope Cat

EN 933-1 Particle size distribution Characterization of the aggregates (i)

EN 12697-1 Soluble binder content Determination of the RAP binder
content

(i)

EN 12697-3 Rotary Evaporator method Recovery of the RAP binder (i)

EN 1426 Determination of needle penetration Characterization of the binder (i)

EN 1427 Determination of the softening point Characterization of the binder (i)

EN 12697-5 Maximum density Determination of the volumetric
properties

(ii)

EN 12697-6 Bulk density Determination of the volumetric
properties

(ii)

EN 12697-34 Marshall test Determination of the Marshall
properties

(ii)

EN 12697-26 Stiffness Characterization of the stiffness (iii)

EN 12697-24 Resistance to fatigue Characterization of the fatigue
behaviour

(iii)

EN 12697-22 Wheel tracking Determination of the resistance to
permanent deformation

(iii)

2.3 Bituminous Mixture Production and Ageing

The experimental study has concerned a dense graded hot bituminous mixture with a
maximum aggregate dimension of 14 mm and a bitumen with a nominal penetration
grade 35/50: AC 14 surf 35/50. Two mixtures of this type were analyzed in the
laboratory and compared: a reference bituminous mixture containing only virgin
materials and a mixture incorporating 75% of RAP and a rejuvenator, both produced
and compacted in the laboratory.

The bituminous mixture for the specimens was prepared following the rejuve-
nator’s manufacturer guidelines and compacted according to EN 12697-30 with
a target temperature for compaction of 165 °C (specified by EN 12697-35 for a
35/50 penetration paving grade bitumen). The specimen production procedure was
the following:

Step 1 All the materials were heated:

• The RAP was heated at 130 ºC for 2h30.
• The virgin aggregates were heated at 205 ºC for 4h00.
• The virgin bitumen was heated at 165 ºC for 3h00.

Step 2 The RAP and rejuvenator were added to the mixer and mixed for 30 s.
Step 3 The virgin binder and virgin aggregates were added to the mixing bowl and

mixed for 2 min 30 s.
Step 4 The mixture was poured into the mold and compacted.
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Fig. 1 Reference and recycled bituminous mixtures’ gradation curve

The percentage of rejuvenator to mix with the aged bitumen to recover its prop-
erties was defined through the assessment of the penetrations and softening temper-
atures of bitumen samples mixed with different dosages of rejuvenator. The selected
dosage was 4.5% of rejuvenator per weight of aged binder, whose sample properties
were similar to those of a 35/50 grade bitumen, defined in EN 12591.

The 75% RAP recycled mixture was designed using the Marshall method. It was
set that the mixture would be composed of 25% of virgin aggregates and 75% of
RAP and the amount of each fraction was determined accordingly, through a trial
and error process, in which the gradation curve was fit between the upper and lower
limits for the aggregate gradation of an AC 14 surf, defined in the Portuguese Road
authority’s specifications [10]. The gradation curve, along with the upper and lower
limits defined in the specifications, is presented in Fig. 1.

To analyze the performance of the recycled mixture after going through an ageing
process, there were test specimens whose production integrated short-term oven
ageing (STOA) and were further aged through long-term oven ageing (LTOA). This
laboratory ageing procedures were based on AASHTO R30, which consists of the
STOA, accounting for the ageing that occurs during the mixing, storage, transporta-
tion, and compaction of the mixture until it cools down; and the LTOA aiming to
simulate the ageing that occurs during the bituminous mixture’s service life.

3 Results and Discussion

This section presents the results of the performance tests identified in Table 1. The
analyzed bituminous mixtures’ designations are the following:

• 0% RAP: Virgin bituminous mixture.
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• 75% RAP: Recycled bituminous mixture (unaged).
• 75% RAP (Aged): Recycled bituminous mixture after the ageing procedure.

The stiffness was evaluated through the 4-point bending test method (4PBT) and
the results regarding the stiffnessmodulus and phase angle as a function of the loading
frequency are presented in Figs. 2 and 3, respectively.

All the bituminous mixture’s curves show similar behaviour depending on the test
frequency: the 0% RAP bituminous mixture exhibited the lowest stiffness modulus
and elastic behaviour; and the 75% RAP (Aged) bituminous mixture was the oppo-
site, exhibiting the highest stiffness modulus and predominantly elastic behaviour.
The 75% RAP bituminous mixture’s stiffness modulus and phase angle were situ-
ated above the 0% RAP bituminous mixture, but below the 75% RAP (Aged) one,
evidencing that the recycled bituminous mixture was stiffer than the virgin one and
demonstrating that the ageing process also had a stiffening effect in the bituminous
mixture.

The fatigue performance was analyzed by the strain values that induce specimens’
failure after 10,000 (ε4), 100,000 (ε5) and 1,000,000 (ε6) loading cycles, calculated

Fig. 2 Stiffness modulus
versus frequency
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Fig. 4 Strain at fatigue failure

from each bituminous mixture’s fatigue law. These parameters are represented in
Fig. 4.

Overall, the 75% RAP bituminous mixture has the highest failure strain in all
the parameters. Also, for the 10,000 and 100,000 loading cycles, the 75% RAP
(Aged) bituminous mixture has a lower fatigue behaviour than the other bituminous
mixtures. However, it is more relevant to evaluate the fatigue performance for a high
number of loading cycles. As such, for the 1,000,000 cycles, the difference in failure
strain between the bituminous mixtures is minimal: between the recycled bitumi-
nous mixtures, it is a difference of about 5%, while between the unaged bituminous
mixtures it is of about 2%.

The rut depth progression of the bituminous mixtures is presented in Fig. 5.
The recycled bituminous mixtures had similar rut depth progression, presenting a
tendency to stabilize, while the virgin mixture had an increasingly higher value.

These results demonstrate that the recycled bituminous mixture is stiffer than the
virgin one, making it less susceptible to rutting: an expected behaviour due to the
presence of aged binder in the recycledmaterial. The further lowering of the rut depth
from the 75% RAP bituminous mixture to the 75% RAP (Aged) also demonstrates
the stiffening effect of the ageing process.

4 Conclusions

Themain objective of this studywas to analyze the performance and ageing behaviour
of a recycled bituminous mixture incorporating high RAP content (75%), whose age
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Fig. 5 Progression of the rut depth

was unknown. The performance was assessed in laboratory through stiffness, fatigue
resistance, and permanent deformation tests.

The summary of the test results is:

• The stiffness modulus and phase angle had similar behaviour with the increase
of loading frequency for all the bituminous mixtures. The recycled materials
exhibited higher stiffness than the virgin one and had a predominantly elastic
behaviour, being the 75% RAP (Aged) mixture the one with the highest stiffness.

• The 75% RAP bituminous mixture exhibited the highest failure strain in all of the
parameters, yet, in the 1,000,000 cycles, the failure strain was similar in all the
materials.

• The aged 75% RAP bituminous mixture exhibited the highest permanent defor-
mation resistance, followed by the 75%RAPmixture, being the virgin bituminous
mixture the one with the worst performance.

Through the analysis and comparison of the performance tests, it was possible to
point out the following main conclusions:

• The recycled bituminous mixture presented higher stiffness than the virgin one,
which was reflected in the stiffness and permanent deformation test results.

• The ageing process had a stiffening effect, reflected on the highest stiffness and
permanent deformation resistance and lowest fatigue resistance.

The performance results obtained from this study contribute to the demonstration
of the viability of RAP recycling and the introduction of this type of material in the
paving industry. Yet, as the laboratory bituminous mixture production and ageing
process do not simulate all the exact conditions of production in a plant, compaction
on-site and ageing throughout its service life, a full-scale trial would be the only way
to assess this type of bituminous mixture’s performance in real circumstances.
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Strength and Microstructure
Development of Fly Ash Geopolymer
Binders Using Waste Glass Powder

Md. Nabi Newaz Khan, Jhutan Chandra Kuri, and Prabir Kumar Sarker

Abstract This study investigated the effect of using waste glass powder (GP) as
partial replacement of fly ash on the strength and microstructure development of
geopolmer binders. GP was used at different rates varying from 1 to 5% mass of
fly ash and 8 molar NaOH solution was used as the activator. Geopolymer paste
specimens of 50 mm cube were heat cured at 80 °C for the first 24 h after casting
and then left in ambient conditions. The 28-day compressive strength of the fly ash
geopolymer without GP was 23 MPa. The inclusion of 2% GP improved the 28-day
compressive strength of heat cured fly ash geopolymer by 18%. This is attributed to
the increment of soluble silica from the GP. However, compressive strength declined
with further increase of GP content beyond 2%. The decline of strength is attributed
to the presence of excess unreacted GP particles. X-ray diffraction (XRD) anal-
ysis indicated that the presence of higher amount of crystalline Na-type chabazite
and zeolite phases for using 2% GP. Scanning electron microscopy (SEM) images
showed denser microstructure of geopolymers containing 1–2% GP. The elemental
composition of gel formed in these binders consisted of higher percentages of Si, Al
and Na, which indicates the formation of higher amount of sodium aluminosilicate
gel (N–A–S–H).

Keywords Fly ash geopolymer ·Waste glass powder · Compressive strength ·
Sodium aluminosilicate gel

1 Introduction

Research on alkali activated binders or geopolymer binders is increasing in the recent
time since it has a huge potential to reduce the carbon footprint of construction sector
by replacing Portland cement. Alkali activated binders or geopolymer binders are
produced by the chemical reaction between aluminosilicate materials and an alkali
activator. In this binder system, two most common industrial by-products such as
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fly ash and ground granulated blast furnace slag (GGBFS) can be used as the main
aluminosilicate sources. Besides, sodium hydroxide, sodium carbonate and sodium
silicate solutions are the most effective and common alkaline activators used for
activationof the solid aluminosilicate sourcematerials [1, 2]. Previous studies showed
that the amount of available reactive silica in the source materials has a great impact
on the geopolymerization process [3, 4]. Therefore, some studies added a certain
amount of silica rich materials such as nanosilica and silica fume to improve the
geopolymerization process [5, 6]. For instance, Deb et al. [5] found that the use of 2%
nanosilica significantly improved the workability, compressive strength, sorptivity
and acid resistance of fly ash based geopolymer mortars. Similarly, Ramezanianpour
andMoeini [6] noticed that the inclusion of 5% silica fume enhanced the mechanical
and durability properties of alkali activated slag mortars. Besides, some researchers
studied the effects of rice husk ask, sugar cane bagasse ash and palm oil fuel ash in
geopolymers due to the availability of reactive silica in these materials [7–9].

The current research trend indicates that waste glass powder (GP) has a potential
to be used as a supplementary binder material in cementitious systems due to the
abundance of reactive silica [10, 11]. Usually, GP is produced by crushing the waste
glasses. However, studies related to the use of GP as a source of reactive silica in
geopolymers is very limited. Only a few studies were conducted to determine the
feasibility of GP in geopolymers as a source of reactive silica [12–14]. Therefore,
the primary objective of this study is to determine the effect of glass powder on
the strength and microstructural development of fly ash geopolymer binders. In this
regard, compressive strength andmicrostructural development of fly ash geopolymer
paste samples with 0, 1, 2, 3, 4 and 5% GP were studied.

2 Materials and Methods

2.1 Materials

In this study, fly ash was used as the main aluminosilicate source and waste glass
powder (GP) was used as a partial replacement of fly ash. Fly ash was collected
from the Gladstone power station in Queensland, Australia and glass powder was
produced by crushing waste glass cullet using a laboratory ball mill. As seen in Table
1, the fly ash used in this study is classified as class F according to ASTM C618 [15]
since the total of SiO2, Al2O3 and Fe2O3 contents exceeded 70% and the amount of
SO3 was only 0.25%. GP was mainly consisted of 70.61% SiO2, 10.90% CaO and
12.8% Na2O. The particle diameters of fly ash and GP are presented in Table 2. It
can be seen that the average particle sizes (d50) of fly ash and GP were 13.62 µm and
10.74 µm, respectively which indicates that waste glass powder used in this study
was finer than the fly ash. The photographs of fly ash and GP are shown in Fig. 1.
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Table 1 Chemical
compositions of fly ash and
GP

Constituents Fly ash GP

SiO2 60.03 70.61

Al2O3 22.75 1.43

CaO 3.80 10.90

Fe2O3 6.78 2.49

K2O 1.28 0.34

MgO 1.29 0.69

Na2O 0.54 12.8

P2O5 0.89 0.02

SO3 0.25 0.11

TiO2 1.06 0.06

MnO 0.07 0.03

SrO 0.05 0.01

Cr2O3 0.01 0.06

ZnO – 0.01

Loss on ignition 1.15 0.11

Table 2 Particle diameters of
fly ash and waste glass
powder

Characteristic diameter Fly ash (µm) GP (µm)

d80 45.50 28.93

d50 13.62 10.74

d10 1.42 1.86

(a) Fly ash (b) GP

Fig. 1 a Fly ash and b GP

2.2 Preparation of the Testing Samples

The binder compositions of the geopolymer paste mixes are provided in Table 3. The
mix proportions were selected based on the previous work reported by Deb et al. [5].
Fly ash was used as the main binder with 0–5% GP as fly ash replacement and 8 M
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Table 3 Mixture proportions of geopolymer binders

Mix ID Constituent (% mass) A/Ba Molar ratios (calculated)

Fly ash GP Si/Al Si/Na

FGP0 100 0 0.4 2.24 3.58

FGP1 99 1 0.4 2.26 3.53

FGP2 98 2 0.4 2.29 3.49

FGP3 97 3 0.4 2.32 3.45

FGP4 96 4 0.4 2.34 3.41

FGP5 95 5 0.4 2.37 3.37

aActivator to binder mass ratio

NaOH solution was used as the alkaline solution. The number at the end of a mix
ID in Table 3 represents the mass percentage of GP in the solid binder. The amount
of alkaline solution was kept constant at 40% of the total binder. First, all the dry
ingredients were placed in the Hobart mixer and then 8MNaOH solution was added
as the mixing continued to prepare the geopolymer paste mixture. Later, this freshly
prepared geopolymer paste were poured into the 50 mm acrylic plastic cube moulds.
The moulds were placed in an oven after casting and cured it for the next 24 h at
80 °C. After the desired heat curing period, the specimens were demolded and stored
in room temperature of 20± 2 °C with a relative humidity of 70± 10% until testing
age.

The compressive strength of paste specimens was determined at 28 days using a
300 kN Shimadzu machine with a constant loading rate of 0.9 kN/s as recommended
inASTMC109 [16]. Scanning electronmicrographs (SEM) and energy dispersiveX-
ray (EDX) spectroscopy were conducted using a NEON 40EsB (ZEISS) microscopy
instrument on small cut paste sample to examine the morphology and microstructure
of the paste specimens. The samples were coated with carbon before SEM and EDX
analysis. X-ray diffraction (XRD) was performed on powdered paste samples at
28 days using a D8 advance (Bruker AXS) instrument to investigate the reaction
products of the paste samples.

3 Results and Discussion

3.1 Compressive Strength

The effect of GP content on the compressive strength of fly ash geopolymers is shown
in Fig. 2. It has been noticed that compressive strength increased for 1–2% GP in fly
ash geopolymers and the maximum compressive strength was achieved for 2% GP.
For instance, FGP1, FGP2 and FGP3 geopolymer paste samples showed about 13,
18 and 5% higher compressive strength as compared to the FGP0 geopolymer paste
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Fig. 2 28-days compressive strength of the fly geopolymer pastes with glass powder

sample. Besides, it is noted that compressive strength declined when the amount of
GP content exceeded to 2%. This can be attributed to the decrease of Si/Na ratio and
increase of Si/Al ratio by the inclusion of GP, as shown in Table 2. It can be seen
that the amounts of SiO2, and Na2O were higher in GP than in fly ash, whereas the
amount of Al2O3 was significantly higher in fly ash than in GP. As a result, when
a small percentages of GP (about 1–3%) was used to replace fly ash, it improved
the geopolymerization process by adding additional soluble Si, Al and Na. However,
the use of GP beyond 3% could not produce additional geopolymeric product. This
is attributed to the reduced amount of reactive Al. Therefore, compressive strength
declined with the increase of GP content above 2%. These results show good agree-
ment with the results reported by Torres-Carrasco and Puertas [12] and Deb et al.
[5].

3.2 Microstructural Investigation

3.2.1 XRD Analysis

The XRD results of fly ash geopolymers containing 0, 2 and 5% glass powder are
shown in Fig. 3. In all cases, quartz, mullite, chabazite and zeolite are the main
detected crystalline phases. The peaks of crystalline quartz and mullite phases are
considered to be due to the presence of unreacted fly ash particles in these mixes,
whereas crystalline chabazite and zeolite phases represent the formation of sodium
aluminosilicate hydrate (N–A–S–H) gel. It is seen that the presence of chabazite
and zeolite phases in FGP2 paste are more prominent than the FGP0 and FGP5



48 M. N. N. Khan et al.

10 20 30 40 50 60 70 80 90

C

Q
Z

Q

Q

ZQMC
MM

M

M

M

Z
C

Q

Q

MMMM

M

M

M

M

M
M

M

Q

Q

FGP5%

FGP2%

2 Theta (Degrees)

FGP0%

Q

M

C

Q-Quartz
M-Mullite
C-Chabazite
Z-Zeolite 

Fig. 3 XRD results of the fly geopolymer pastes with glass powder

paste samples which indicate the formation of a greater amount of N–A–S–H gel
in the FGP2 paste mix. The formation of this greater amount of N–A–S–H gel in
FGP2 paste mix is mainly attributed to the dissolution of additional Si and Na that
was present in GP. Therefore, FGP2 showed the maximum compressive strength.
Besides, the obtained peaks for quartz and mullite in FGP5 paste is higher than the
FGP0 paste which indicates the presence of more unreacted particles in FGP5 paste.
As a result, FGP5 showed lower compressive strength as compared to FGP0 paste
specimen.

3.2.2 SEM and EDX

The SEM and EDX of FGP0, FGP2 and FGP5 paste specimens are presented in
Figs. 4, 5 and 6, respectively. By comparing Figs. 4 and 5, it is seen that the elemental
compositions of the reaction product observed in FGP0 and FGP2 pastes are quite
similar. This reaction product ismainly sodiumaluminosilicate gelwhich is consisted
of primarily Si, Al and Na as confirmed by EDX. However, the presence of unreacted
fly ash particles and voids are noticeably higher in FGP0 specimen than the FGP2
specimen. In addition, it is also noticed that the unreacted fly ash particles in FGP2
paste are well connected with the reaction products, whereas a loose connection is
observed between the unreacted fly ash particles and reaction product in FGP0 paste.
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Unreacted fly ash 

N-A-S-H gel 

1

1

Voids

Fig. 4 SEM and EDX of FGP0 paste specimen

Furthermore, it is noticed that the microstructure of FGP5 contained greater amount
of unreacted fly ash particles with visible cracks and internal voids. Besides, the
peaks for Si, Al and Na in the reaction products are comparatively lower in FGP5
paste than in FGP0 and FGP2 pastes. This shows a good agreement with the XRD
results reported in the earlier section as well as with some previous studies [5, 12].
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Fig. 5 SEM and EDX of FGP2 paste

4 Conclusions

Strength and microstructure development of fly ash geopolymers with 0–5% GP
were studied. The following conclusions can be drawn based on the results of the
experimental study:

1. Compressive strengths of the fly ash geopolymers increased with the use of
GP up to 2% level and strength declined with the further increase of GP. The
geopolymer paste containing 2% GP showed about 18% higher compressive
strength than the geopolymer paste without GP.

2. XRD analysis showed that fly ash geopolymer with 2%GP had higher peaks for
crystalline chabazite and zeolite phases, which indicates the formation of higher
amount of sodium aluminosilicate hydrate (N–A–S–H) gel. This is attributed to
the dissolution of additional Si and Na from 2% GP.
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Fig. 6 SEM and EDX of FGP5 paste

3. The SEM images and associated EDX analysis indicated that the microstructure
of fly ash geopolymer containing 2% GP had fewer unreacted fly ash particles
and less voids as compared to the microstructure of fly ash geopolymer without
GP.

4. Therefore, it is concluded that the use of 2%GP in fly ash geopolymers improved
compressive strength and microstructure development due to the improvement
of reaction kinetics by providing additional soluble Si and Na.
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The Influence of Polymers Impregnation
on Bending Behaviour of Phyllostachys
pubescens (Mosso) Bamboo

Lucas Muniz Valani, Fabrício de Campos Vitorino,
Adriana Paiva de Souza Martins, and Romildo Dias Toledo Filho

Abstract As the consumption of natural resources in today’s industrialized society
is increasing and the supply of these resources tends to deplete, the search for alter-
native and environmentally friendly raw materials becomes mandatory. Bamboo is a
very abundant resource and presents short growth, carbon sequestration ability, easy
processing and good mechanical properties. However, bamboo is hygroscopic mate-
rial and presents functional gradation of properties along the culm wall thickness.
Cracks may occur in bamboo’s wall as a consequence of a radial moisture gradient,
that generate stress perpendicularly to natural fiber alignment, and this occurrence
may compromise the durability and structural performance of the material. Aiming
to minimize these shortcomings and to enhance physical properties, different poly-
mers were used to impregnate samples of Phyllostachys pubescens bamboo through
immersion: styrene butadiene rubber (SBR), carboxylated styrene butadiene rubber
(XSBR) and polyvinyl alcohol (PVOH). Three temperatures of impregnation were
investigated (23, 60 and 100 ºC, and the most effective in relation to polymer pene-
tration and retention was identified. Results of water absorption tests showed that
PVOH resulted in better physical behaviour and smaller water absorption values,
compared with non impregnated samples. Three-points bending test was carried out
employing samples with 20 × 2 × 0.5 cm. The samples were extracted from the
internodes of the middle portion of a 3 years old culms. The obtained parameters
(bending strength, stiffness and toughness) were compared among the 4 conditions
(plain, SBR, XSBR, PVOH) in order to understand how the impregnation process
affected the mechanical performance under bending loads.
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1 Introduction

The planet faces a severe climatic change due to the increasingly greenhouse gases
emission. Up to 39% of these gases emission can be attributed to conventional
construction and building industry [1], therefore, the use of environmentally friendly
materials has become a necessity. In addition, the growing need for forest resources
has provoked annual declines in the availability of logs and high-quality timber. In
this context the search of alternative materials for the replacement of hard and soft
wood has become increasingly critical [2].

Bamboo has been deemed as one of the most promising alternatives for replacing
wood in some applications. It is a very abundant resource in tropical and subtropical
countries, and presents short growth, carbon sequestration and storage ability and
good thermo-hygro-mechanical properties [3–6]. In construction area, it has many
applications, such as panels, furniture, fiber reinforcement, structural elements and
more.

Despite the many advantages, bamboo is a unidirectional fibrous material which
is very susceptible to longitudinal splitting [7] and presents hygroscopic behavior
and dimensional instability [8, 9].

Aiming to minimize these shortcomings and to enhance physical properties,
different treatments can be carried out. In Ref. [10] impregnated bamboo with
polyvinyl alcohol and clay nanoparticles, and they obtained penetration of polymer
in the lumens and cell walls, resulting in improved flexural behavior. The hydroxyl
groups, responsible for the hydrophilic behavior of bamboo, were reduced. Studies
developed by Anwar et al. [11] using bamboo samples impregnated with formalde-
hyde resin showed a reduction in equilibrium humidity from 20 to 5% and optimal
drying time at 60 ºC after the impregnation equals to 9 h. The percentage mass gain
after drying was up to 11%. Deka et al. [8] performed the treatment of bamboo with
thermo-rigid resins and obtained increasings in the flexural strength and dimensional
stability, as well as and reductions inwater absorption, compared to non-impregnated
samples. Liese [12, 13] emphasizes that the anatomical structure of bamboo offers
greater resistance to penetration of solutions when compared to wood, and only
low molecular weight compounds can penetrate in the cell walls. Another hindering
aspect is that themetaxylem vessels, themain impregnant penetration pathway, occur
only in small proportions in the bamboo tissue. An impregnation method employing
temperature of 40 ºC, lower than those normally adopted, in the range of 100–200 ºC,
was proposed by [14], leading to higher moisture resistance, higher dimensional
stability and higher surface hardness. Furuno et al. [15] have shown that low molec-
ular weight resins are able to penetrate cell walls, while high molecular weight resins
fill only the lumens of cells and do not contribute to the improvement of dimensional
stability. He et al. [16] performed wood impregnation at room temperature using an
environmentally friendly impregnant (tung oil). Reductions on the hygroscopicity
and dimensional instability were observed, evidencing the environmental benefits of
the method, with the use of non-toxic products and energy saving.
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There are many studies in the literature that address the influence of the polymer
impregnation on the physical and mechanical behavior of the wood, as well on
the biodegradation resistance. However, bamboo, as a functionally graded material
(FGM), has its anatomical structure very different compared with wood, justifying
further studies to better understand the implications of this peculiarity. The main
objective of this work was to verify the influence of polymer impregnation on the
physical and flexural behavior of Phyllostachys pubescens bamboo. The selected
polymers were styrene butadiene rubber (SBR), carboxylated styrene butadiene
rubber (XSBR) and polyvinyl alcohol (PVOH). The selection was based on the
easiness of obtainment in Rio de Janeiro region and on the low cost. These studies
may contribute to overcome the natural intrinsic deficiencies of the material and
encourage its wider use.

2 Materials and Methods

2.1 Bamboo Material

The bamboo sampleswere extracted from the region between the nodes, in themiddle
portion of a 3 years old culms, provided by the company “Takê Cortinas”. After the
extraction, the culms dried slowly until reach the equilibriummoisture, and then they
were treated against insects and fungi by fumigation.

In the laboratory, the culms with 3 m length were subdivided into longitudinal and
curve sections, then internodes segments were obtained. The outer and inner parts of
the segments were removed, and strips measuring 20 × 2 × 0.5 cm were produced.

2.2 Impregnants

Three impregnants were selected: polyvinyl alcohol (PVOH), styrene butadiene
rubber (SBR) and carboxylated styrene butadiene rubber (XSBR). These compounds
were selected based on low cost, easiness of acquiring and good properties
(thermal stability, elasticity, water tightness, sunlight and ultraviolet rays resistance).
Polyvinyl alcohol presents molecular weight of 15,000 g/mol and pH equals to 4.8
(21 ºC). Styrene butadiene rubber and carboxilated styrene butadiene have solids
content and pH equals to 34.5% and 11; 49.4% and 9, respectively. Plastic viscosity
values (at the temperature of 23 ºC) of SBR, XSBR and PVOH are 0.19; 0.842 and
3.793 Pa s, respectively.
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2.3 Impregnation Process by Immersion

The bamboo stripswere previously dried in an oven (103 ºC) before the impregnation,
until the constancy of mass. After that, they were immersed in the polymer contained
in a sealed recipient, and put in an oven adjusted to a predefined temperature until
mass stabilization. Two impregnation temperatures were tested: 23 and 60 ºC. Then
the samples were removed from the oven and left to cool until the equilibrium with
room temperature. After that they returned to the oven (103 ºC) to dry the polymer
until the mass constancy. The mass gain after this step corresponded to the polymer
impregnation load.Water absorption tests after this step evidencedwhich temperature
led to smaller water absorption.

2.4 Bending Tests

Three points bending tests were performed using a Shimadzu AGX electromechan-
ical equipment with displacement control at a rate of 1 mm/min. A load cell with
capacity of 100 kN was coupled to the sample. Eight samples for each of the four
conditions (non impregnated and impregnated with PVOH, SBR and XSBR) were
tested. As the region with the lowest concentration of fibers is more porous, conse-
quently presenting a higher polymer load, we sought to position this region of the
samples at the bottom, aiming to better evidence the influence of the impregnation
under flexion loads. The distance between the extreme supports was 160 mm and the
displacements were measured through a LVDT positioned in the center of the span.
Figure 1 shows the setup of the test.

The flexural strength was obtained through Eq. (1), according ASTMD1037 [17]:

(b)(a)

Fig. 1 a Setup of the bending tests, b detail of the setup
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σmax = 3PL

2bh2
(1)

where

σmax maximum bending stress (MPa),
P maximum load (N),
L distance between the extreme supports,
b width of the sample (mm),
h thickness of the sample (mm).

3 Results and Discussion

3.1 Physical Tests

The curves of polymers impregnation at different temperatures as a function of time
can be seen in Fig. 2. In the green area is possible to see the moment the samples
were placed in the 103 ºC oven until mass constancy, where it was possible to see the
effective polymer mass load. Reference curve refers to bamboo sample impregnated
only with water (water absorption); the negative mass value found (− 3%) can be
attributed to the loss of water absorbed plus water soluble extractives [18, 19]. In
the case of polymers impregnation, it is noticeable that temperature is an important
factor on its effectiveness, where the highest polymer mass gain where reached under
60 ºC. SBR for instance, reached the higher impregnation mass in bamboo (43%),
followed byXSBR (28%) and PVOH (15%). This trend can be attributed to the lower
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Fig. 3 Water absorption of
bamboo at different
polymers impregnation
temperatures
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viscosity of SBR (0.19 Pa s) followed by XSBR (0.842 Pa s) and PVOH (3.79 Pa s).
In turns, the rise in temperature diminishes even more polymers plastic viscosity and
as a sealed container was used there was also a rise in the internal container pressure
which may force polymers throughout the bamboo microstructure.

It is also noticeable that, the rate of polymer (and water) absorption in bamboo
is maximum up to 24 h, after that the absorption rate starts to decline until reach
mass constancy. At room temperature, the water mass gain in the reference bamboo
reached constancy at 170 h, followed by XSBR (144 h), PVOH (96 h) and SBR
(96 h). At 60 °C, SBR reached mass constancy at 120 h, followed by XSBR (120 h)
and PVOH (48 h).

The graph in Fig. 3 shows the water absorption of bamboo samples impregnated
at different temperature conditions and the non-impregnated reference bamboo. It
is possible to see that impregnations at 60 ºC were more effective in reduce water
absorptivity of the bamboo samples than impregnations at room temperature. It is
remarkable that SBR impregnation reached the lowest water impregnation at 60 ºC.
Compared to reference bamboo sample, the reduction in water absorption at 23 and
60 ºC for SBR impregnation were 22 and 38%, respectively. For XSBR the reduc-
tions reached 15 and 24%; and PVOH reached 27 and 32%. With these results, we
consider that 60 ºC impregnations was the optimal impregnation temperature, there-
fore, mechanical test, in the next topic, were carried out with samples impregnated
at temperature.

3.2 Flexural Tests

Figure 4 shows the stress–deflection typical curves of the 60 ºC impregnated samples
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and the reference bamboo. At least seven samples were tested and the grey curves
represent each tested sample. Black line is the typical curve.

It is possible to see that there is a linear increase of stress until a peak stress, after
that bamboo fails and stress start to decrease abruptly fallowed by a point where
stress decrease in a controlled mode. At this point, deflection level is already very
advanced (around 12 mm) and therefore tests were stopped at 17 mm deflection. It is
also noticeable that, XSBR impregnated bamboo had a controlled stress failure right
after peak stress as can be seen by the less abrupt stress decrease at this point.

Figure 5 shows the peak stress value and respective standard deviation bar for
impregnated and reference bamboos. It is seen that impregnations lead to decrease
peak stress, however, this loss was considered acceptable. Max stress loss was for
XSBR impregnation (− 17%) while the SBR impregnation reached 13% loss.

Regarding to peak deflection, it is possible to see that PVOH and SBR impregna-
tions tend to have a slightly higher deflection capacity, however this difference can
be considered statistically equals. In the other hand, XSBR impregnation reached
reduction in peak deflection of about 17%.

Elastic modulus also tended to decrease, the maximum reduction was found for
PVOH (− 22% compared to reference) while XSBR presented the highest value
amongst the impregnated ones (− 7% compared to reference).
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Fig. 5 Peak stress and deflection; and elastic modulus of the impregnated and reference bamboo
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Fig. 6 Tenacity of impregnated and reference bamboo

Figure 6 presents the tenacity curves as function of deflection for impregnated
and reference bamboos. Standard deviation bars of each can also be seen.
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It is possible to see that reference bamboo reached higher tenacity energy levels
than all the impregnated ones. It is also noticeable that XSBR impregnation reached
values similar as that of the reference before bamboo failure. At 9mm,XSBR reached
a tenacity level 10% lower than reference bamboo. After failure, SBR impreg-
nation reached higher tenacity levels than other impregnations. At 18 mm, SBR
impregnation found a tenacity level 16% lower than reference bamboo.

The reductions either in peak stress, deflection capacity and tenacity can be
attributed to a thermal stress generated at the step where the samples were place
in to the 103 ºC oven to bring samples to mass constancy. That may have generated a
thermal gradient that in turns generatedmicrocracks in the samples. Therefore, efforts
to mitigate such problems and enhance the impregnation process will be carried out.

4 Conclusions

With this study the following remarks can be drawn:

• The impregnation of bamboo by means of sealed container and temperature is
feasible up to 60 ºC. Above this temperature polymer sets.

• The optimal impregnation reached reductions in water absorption of about 38%,
24% and 32% for PVOH, SBR and XSBR respectively.

• Impregnated samples found reductions in peak stress flexural tests. Compared to
non-impregnated samples, the PVOH, SBR and XSBR found reductions of about
16%, 13% and 17% respectively.

• The peak deflection was not impacted with impregnations except XSBR which
found reduction of 17%. However, it has a soften stress reduction after failure in
opposition to reference and other impregnations.

• The elastic modulus reduced for polymer impregnated bamboo. The reductions
found reached 22%, 21% and 7%, for PVOH, SBR and XSBR respectively.

• The tenacity of the samples tended to be similar up to 7 mm deflection, after that
impregnated samples found tenacity values lower than reference bamboo.

• The reductions in peak stress, elastic modulus and tenacity found by polymer
impregnated samples can be attributed to a pre-cracking caused by thermal
gradient. Therefore, more studies have to be done in the impregnation process.
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Recovering of Clinker Minerals
from Hydrated Portland Cement Paste

Semion Zhutovsky and Andrei Shishkin

Abstract Recycling of concrete construction and demolition waste is necessary for
the increase of sustainability and reducing the environmental impact of concrete
construction because of the increasing rate of such waste production and its accumu-
lation. Coarse aggregates can be partially recovered from concrete waste. However, it
is not clearwhether hydrated cement paste can be converted back to clinker. However,
concrete waste fines, which are a mix of fine aggregates, coarse aggregate debris,
and the hydrated cement paste, are currently not a part of the recycling process. The
ability of hydrated cement paste to be recovered back to clinker minerals that have
binder properties has not been studied systematically. In the current research, the
phase transitions in hydrated cement paste heated to a temperature in the range from
600 and 1450 °C were investigated by means of X-ray diffractometry and thermal
analysis. The experimental results demonstrate that hydrated Portland cement paste
can be recovered back to clinker minerals. The recovered cement paste contains all
themain clinker minerals similarly to the initial cement. The results provide evidence
for the possibility of recycling hydrated cement and concrete into the cement clinker.
The recycled clinker will potentially have a lower carbon footprint in comparison to
original Portland cement.

Keywords Recycling · Clinker · Portland cement · Concrete waste fines

1 Introduction

The amount of concrete construction and demolition wastes is increasing constantly.
Recycling of construction and demolition waste is necessary for saving natural
resources, reducing the waste dump and landfill. The industry of concrete recycling
has been steadily developed. European countries have goals to increase the reusing
of waste construction materials up to 70% [1].
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The waste concrete contains hydrated cement paste and aggregates, but only the
coarse aggregates are generally extracted now. Concrete waste fines which are a mix
of fine aggregate, the residue of coarse aggregates and hydrated cement paste are out
of recycling in industrial plants [2, 3]. The quality of recycled concrete aggregates
is lower than that of natural ones, because of residual hydrated cement [4]. Using
recycled aggregates has a negative effect on the properties of concrete [5, 6] that
limit their maximum content in concrete.

On the other hand, recycled concrete fines could be used as a raw material in
Portland cement production. Portland cement is used as a binder in construction
for over a hundred years. Its production has a high environmental impact due to the
exhaustion of natural resources and emissions of carbon dioxide. The use of recycled
concrete fines for clinker production can potentially reduce its carbon footprint and
save natural resources. The recycled concrete fines can replace up to 15% of raw
materials, according to chemical and mineralogical limitations [7–10].

The fine aggregates often contain minerals used for cement production such as
calcite and quartz. However, it is not clear whether hydrated cement paste can be
recovered back to clinker minerals. It possible that the hydrated cement paste will
prevent the formation of good clinker in the production process. Although the chem-
ical composition of hydrated cement paste is equal to the chemical composition of
Portland cement with the addition of water, the addition of pure hydrated cement
paste to raw material at rates over 30% caused problems [4, 11].

Portland cement clinker is manufactured by heating of the raw materials in the
rotary kiln to 1450 °C. In this high-temperature treatment process, major clinker
phases are obtained: alite (C3S) 50–70%, belite (C2S) 15–30%, tricalcium aluminate
(C3A) 5–10%, and tetracalcium aluminoferrite (C4AF) 5–15%. The main clinkering
chemical reactions and their temperature ranges are well studied [12]. Alite forms at
a temperature above 1300 °C in the liquid phase, tricalcium aluminate forms above
1000 °C through the intermediate phases, belite, and tetracalciumaluminoferrite form
already near 700 °C. However, there is no clear answer to what phase transformations
in hydrated Portland cement paste take place during high-temperature processing in
the rotary kiln.

The hardened Portland cement paste is a product of hydration reaction, i.e. the
reaction of cement with water. It mainly consists of calcium silicate hydrate (C–S–H)
which is often referred to as cementitious gel and Portlandite (Ca(OH)2, which is
in cement chemistry notation CH). The cementitious gel has variable stoichiometry
(mCaO · SiO2 · nH2O, where m is about 1.7, and 1.4 < n < 4) with impurities and
inclusions of aluminum, iron and sulfur.

There are many studies on phase transformations in heat-treated concrete and
hydrated cement paste at temperatures under 1000 °C [13, 14]. At these temperatures,
the main decompositions stages take place with no further detectable phase transfor-
mations. The main decomposition stages include [12–15]: release of free evaporable
water and partial decomposition of physically bound water between 30 and 120 °C;
in the range between 110 and 170 °C decomposition of ettringite, gypsum, carboalu-
minate hydrates; between 180 and 600 °C dehydration of C–S–H; between 450 and
550 °C portlandite dehydration; and in the range between 700 and 900 °C calcium
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carbonate decomposition.Nevertheless, there is no sufficient information about phase
transformations in hydrated cement at the temperature between 1000 and 1450 °C,
i.e. in the range of cement clinker mineral phases formation. One exception is maybe
anhydrite decomposition with the SO2 gas evaporation, which is known to take place
at a temperature over 1200 °C and can be clearly seen in a thermogravimetric analysis
[16].

There is some controversy in the literature about the high-temperature phase tran-
sitions in hydrated cementitious materials. The high-temperature X-ray diffraction
(XRD) showed that C–S–H starts to decompose near 620 °C which is related to
significant loss of strength. The characteristic amorphous C–S–H hump in XRD
range of 25–40° 2θ completely disappears at 690 °C and a new strong crystalline
peak of orthorhombic α′-Belite and Quartz appear [17].

Concrete structures exposed to fire have high mechanical damage and also chem-
ical transformations [18]. It was reported that from 500 to 800 °C, due to the volume
change of calcium silicate hydrate, cracks take place in the cement paste matrix and
at about 1000 °C the hydrates including C–S–H and CH are transferred into crys-
talline phases completely [19]. The pore system increases rapidly after 400 °C with
a graduate mass loss. The cement binder in concrete subjected to high temperatures
save a partial regeneration ability [20]. At temperatures above 1200 °C, the binder
in the concrete completely disintegrated [21].

Another study reports that the hump related to C-S–H around 29.35° 2θ disap-
peared above 500 °C accompanied by increased intensities of β-Belite (β-C2S) peaks
in paste samples after exposure to various temperatures for 6 h [22].

Some researchers claim that at the temperatures over 200 °C calcium silicate
hydrate begins to form a “new nesosilicate”, with CaO/SiO2 ratio near 2, similar
to a structure of Belite, but less crystalline [23]. At 750 °C C–S–H gel completely
replaced mainly by this new phase. The process is reversible and a new C–S–H
gel forms back due to hydration. The heating of 5-year old cement paste to various
temperatures under 1000 °C, indicated β-belite and some alite are formed above
500 °C [24].

The high-temperature transformations of synthetic calcium silicate hydrate indi-
cated that C–S–H transforms into β-Wollastonite (CaSiO3) at 800–900 °C and into
α-Wollastonite at 1220–1280 °C [25]. If CaO/SiO2 ratio > 1 the competitive forma-
tion of Belite (C2S) and Rankinite (C3S2) is increasing together with Wollastonite
(CS).

Cement paste transformations in concrete during heating were also studied. C2S
polymorphs were found after thermal processing up to 900 °C in laboratory-prepared
pastes [26]. Materials obtained at temperatures near 740 °C achieved higher early-
age strengths due to the higher relative concentration of α′-belite, compared to the
less reactive β-belite. The opposite results were obtained for 2-year-old laboratory-
prepared cement paste pieces burned for 8 h under different temperatures [27]. High-
temperature treatment (1100 °C) transformed the C–S–H into Wollastonite with a
low content of Belite.
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It can be seen that the information about high-temperature phase transitions in
hydrated Portland cement paste is not sufficient and controversial. This is especially
true for the temperatures above 1000 °C were the main clinker phases are forming.

The objective of the current researchwas to study the phase transitions in hydrated
cement paste in the temperature range of 600–1450 °C. The study was carried out by
means of X-ray diffractometry (XRD) and thermal analysis. The experimental results
clearly demonstrate that hydrated Portland cement paste can be recovered back to
minerals of clinker indicating high potential for recycling of hydrated cementitious
materials.

2 Materials and Test Methods

2.1 Materials

In the present study, cement paste with water to cement ratio of 0.68was investigated.
It was produced using standard Portland cement of CEM I 52.5 N type. The cement
pastewasmixed in a panmixer and cast into 1-inch cubemolds,whichwere demolded
at the age of 1 day. The curing was carried out in a lime solution until 28 days.

2.2 Methods

The hydrated cement paste was crushed into pieces of approximately 15 mm
and burned in a high-temperature bottom-loading laboratory furnace. Burning was
performed to the temperatures between 600 and 1450 °C. The samples were air
quenched after removing them from the furnace.

Thermal analysis included thermogravimetry (TG), differential thermogravimetry
(DTG), and differential scanning calorimetry (DSC). Thermal analysis was carried
out in the Netzsch STA 449 F5 Jupiter instrument. The oxidizing atmosphere of dry
air at the flow rate of 80 ml/min was used. For thermal analysis samples were ground
below 45 μm size. The ground samples were put in a platinum crucible and tested
in the temperature range from 25 to 1500 °C at the heating rate of 10 °C/min.

The mineral composition was determined by means of XRD. For this purpose
Malvern PANAlytical EMPYREAN X-ray diffractometer was used with the
following configuration: Goniometer radius of 240 mm, an X-ray source was
CuKα1,2 (λ= 1.5408Å)with theX-Ray generator operated at a voltage of 45 kV and
a current of 40 mA. The optical configuration of XRD was as follows: the incident
beam optics included a 10 mm mask, 0.04 rad Soller slit along with ¼° divergence
and 1° anti-scatter fixed slits; the diffracted beam optics consisted of 8 mm anti-
scatter fixed slit and 0.04 rad Soller slit. The detector was PIXcel 3D detector used
in a 1D continuous scan mode. The scan was performed using Brag-Brentano θ–θ
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geometry, between 10 and 70° 2θ. Timestep of 80.32 s with a step size of 0.013º 2θ
was used resulting in a total measurement time of 25.22 s. The quantitative analysis
was performed by means of Rietveld refinement using HighScore Plus software.

3 Results

The results of thermal analysis of hydrated cement paste, which include TGA and
DSC are shown in Figs. 1 and 2, respectively. Four mass loss steps can be identified
in the TG curve in Fig. 1, with the corresponding DTG peaks. The first step in the
range of 90–300 °C is associated with the decomposition of AFt and AFm phases
partially overlapping with the dehydration of calcium-silicate-hydrate (C–S–H) gel.
The second step is associated with portlandite dehydration in the range of 400–
500 °C. The third step in the temperature range of 600–750 °C is caused by the
decomposition of calcite and accompanied by the emission of CO2 gas. The last
fourth step between 1250 and 1400 °C is associated with the final decomposition
of sulfates with the emission of gaseous SO2. The DSC peaks corresponding to
these steps can be seen in Fig. 2. In addition to these endothermic peaks, the solid–
liquid transition can be identified in theDSCheating curve, aswell as the liquid–solid
transition at 1250 °C that is clearly seen in the cooling curve in Fig. 2. Some additional
small DSC peaks that are associated with clinkerization reaction can be seen in the
vicinity of 1300 °C.

According to TGA the Portlandite content of 14.4% and calcite of less than 3%
was determined. The calculated amount of decomposed anhydride according to TGA

Fig. 1 Thermogravimetric analysis of hydrated cement paste
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Fig. 2 Differential scanning calorimetry of hydrated cement paste

was about 2.0 that indicates that some sulfates from the original cement still remained
in the burned material in form of anhydrite.

The changeof the content of alite, belite and free limewith the burning temperature
as determined by XRD is shown in Fig. 3. Belite and fee lime were formed in the
process of C–S–H decomposition. It can be seen in Fig. 3 that alite starts to form after
1200 °C, at which point the amount of belite and free lime decreases correspondingly.

It should be noted that belite can be present in different polymorphic forms.
Changes in the content of different belite polymorph types as a function of burning
temperature are demonstrated in Fig. 4. Rietveld refinement for α′ and β belite poly-
morphs was performed using ICSD 98-008-1097 and ICDD04-007-9746 references,
respectively. The α′-belite has an orthorhombic crystal system. The β-polymorph
is monoclinic and forms from α′-belite during cooling. Reversible transformation
between this polymorphs generally takes place near 670 °C [12].

The burning of hydrated cement paste at the temperatures below 900 °C followed
by fast cooling resulted in high content of α′-belite and low content of β-belite. The
burning at the temperatures higher than 900 °C the content of α′-belite reduces and
content of β-belite reduces with the increase of temperature, while total belite content
stays at the same level until the formation of alite begins. This fact was also noticed
in some other studies [26, 28]. It is interesting to note that with the formation of alite
after 1200 °C α′-belite appears again. The appearance of different belite polymorphs
at different temperatures can be caused by certain impurities and by the certain rates
of cooling that may stabilize α′-belite [28]. Similar behavior of belite polymorphs
heated to 1250 °C with the subsequent fast cooling was reported in the literature
[29].
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Fig. 3 Content of alite, belite and free lime as a function of burning temperature

Fig. 4 Changes of belite type as a function of burning temperature
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The content of aluminate and ferrite phases as a function of burning temperature
is shown in Fig. 5. Brownmillerite (C4AF) was present throughout the whole tested
range of burning temperatures. Its content increases with the increase of burning
temperature up to 1300 °C and then slightly decreases. Aluminates initially appeared
in the intermediate forms of mayenite (C12A7) until 1200 °C and ye’elimite (C4A3$)
from 900 to 1200 °C. Tricalcium aluminate C3A formed after 1200 °C. This sequence
is similar to the formation of the phases during ordinary Portland clinker production,
except ye’elimite formation, which appears due to the relatively high content of
sulfates, though ye’elimite also sometimes can be found in Portland cement clinkers
[13].

The ferrite (C4AF) content in the burned cement paste is slightly higher than
in the initial cement, while tricalcium aluminate (C3A) content is somewhat lower.
C3A content reaches its maximum of 3.1% at the temperature of 1300 °C and then
slightly decreases similarly to ferrite. This can be caused by aluminum and iron
partially entering the structure of alite. No crystalline silica oxides were found after
heating up to any temperature.

The results demonstrate the complete recovery of hydrated pastes to the new Port-
land cement clinker by thermal treatment. Numerous phase transformations occur
throughout the studied temperature range during the burning. But the major clinker
phases have been formed in this process indicating high potential for recycling.
The mineral compositions of the original Portland cement used in the preparation of
cement paste and clinker recycled from hydrated cement paste by burning at 1450 °C
as obtained using the XRD quantification are given in Table 1. The XRD scans of
original cement and recycled clinker are given in Fig. 6 for comparison.

Fig. 5 Content of aluminate and ferrite phases as a function of burning temperature
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Table 1 Mineral composition of original cement and recycled clinker, % wt

Alite C3S Belite C2S Ferrite
C4(AF)

Alumnate
C3A

Anhydrite
C$

Bassanite
C$H0.5

Original
cement

55.2 20.3 13.9 4.4 0.0 6.6

Recycled
clinker

48.4 33.7 14.3 2.4 2.3 0.0

Fig. 6 Comparison of XRD scans of original cement and recycled clinker

In can be seen in Table 1 that the recycled cement paste has slightly lower alite and
slightly higher belite, though the percentage of the reactive α′-belite is high (36.2%
of total belite). The content of the ferrite phase is slightly higher, and the content
aluminate phase is slightly lower.

It can be clearly seen that the clinker recovered from the hydrated cement paste
has high quality. A certain amount of anhydrite is left in the recycled clinker from the
decomposition of basanite that was present in the original cement, but this may be
corrected by the adjustment of the added gypsum at the stage of cement production.

4 Conclusions

The paper presents the study of phase transformations in hydrated cement paste
during burning at the temperatures of 600–1450 °C. The results of the research
demonstrate that clinker minerals can be recovered from hydrated cement paste
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by heat treatment. This indicated a high potential for recycling of concrete and
mortar waste. Since hydrated cementitious materials have lower embedded carbon-
ated content than a limestone used in clinker production, such recycling can reduce
CO2 emissions in the process of Portland cement production.
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Recycling of Slightly Contaminated
Demolition Waste—Part 2: PAH

Lia Weiler and Anya Vollpracht

Abstract For the purposes of environmental protection, resource efficiency and to
foster a sustainable development it is advisable to recycle also slightly contaminated
CDW and keep it from ending up in landfills. A high-quality option is the use as
aggregate for concretes (RCA). In doing so, it must be guaranteed, that no harms
for health and environment are caused by potential emissions. The use of crushed
demolitionwaste as a concrete aggregate is technically state-of-the-art. Investigations
on the leaching behaviour of recycled concrete showed a good integration of inor-
ganic contaminants. However, PAH were found to be leached in noticeable amounts
even for moderately contaminated CDW, complying with the German threshold of
25 mg/kg for RCA. For this contribution different test specimens, containing moder-
ately PAH-contaminated aggregates, were tested in leaching tests following DIN
CEN/TS 16637-2. The results were evaluated according to the current German eval-
uation procedure and compared to limit values for PAH in groundwater. PAH leaching
from concrete proved to be a relevant issue, the permitted release of 0.22 mg/m2 and
therefore the threshold for groundwater was exceeded in many cases. The PAH
content of the recycled aggregate was no suitable indicator for an environmental
compatible concrete, the most determining factor, besides the total aggregate amount
added, is the contaminated fines share.

Keywords PAH contamination · Leaching · Demolition waste · Concrete
aggregate · Recycling

1 Introduction

The use of crushed CDW as a concrete aggregate is technically state-of-the-art and
has recently been investigated in a large joined research project in Germany [1].
The project aimed at expanding the actually quite restrictive regulations in terms
of the maximum allowable amount, the particle size added as aggregate, and the
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permitted applications. In this context also the limits for possible contaminationswere
reconsidered and leaching tests following DIN CEN/TS 16637-2 were conducted
on concrete with recycled aggregate. The investigations showed a good integration
of inorganic contaminants (see also Part 1: “Recycling of Slightly Contaminated
Demolition Waste—Inorganic Constituents” in this proceeding). However, organic
contaminations, especially PAH, were found to be leached in noticeable amounts
even for moderate contaminated CDW, complying with the German threshold of
25 mg/kg for recycled aggregates [2]. They were subsequently examined in more
detail.

1.1 PAH in CDW

PAH are natural components of coal and crude oil as well as a product of incomplete
combustionprocesses. Traces of PAHare to be found in allmineral buildingmaterials,
the content is equivalent to the overall environmental background concentration
levels [3]. By sealing materials and adhesives, containing tar or bitumen, higher
amounts of PAHare introduced to buildingmaterials, in this caseCDW.Other sources
of contamination are domestic furnaces, but also tire abrasion or industrial use [4–7].

PAHare a groupofmore than 10.000organic compounds, consisting of at least two
aromatic rings, and bearing PBT (persistent, bio accumulative, toxic) characteristics;
which makes them of concern for health and environment.

For environmental assessments the so called 16 EPA-PAH (PAH16) are often
analysed as representatives for all compounds. The PAH16 are easily detectable,
toxicological considerable and cover the range of two to six rings, resulting in the
different characteristics pictured in Fig. 1 [8].

Due to their adhesive behavior and lower volatility higher molecular PAH are
likely to be present in higher amounts in CDW; investigations accompanying this
work and Butera [3] confirm a predominance of PAH compounds with higher
molecular weight in CDW.

Fig. 1 Overview PAH
characteristics

low molecular high molecular
„light“ PAH „heavy“ PAH

volatility

water solubility

carcinogenicity

particle-bound

gaseous/ dissolved
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Fig. 2 PAH16 content of 75
recycled aggregate samples
taken from 2015 to 2017 at a
German recycling facility;
data from [9]
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PAHs preferentially bind to dust, soil, and soot particles and are therefore mainly
found in the fines fraction [8]. Figure 2 illustrates this fact, showing the PAH16 content
determined for 75 recycled aggregate samples taken from 2015 to 2017 at a German
recycling facility classified by grain size fractions.

1.2 Use of CDW Containing PAH as a Concrete Aggregate

In Germany a threshold of 25 mg/kg PAH16 is defined for the use of CDW as RCA
(see DIN 4226-101, [10]). According to a study of the Federal EnvironmentMinistry
of Baden-Wuerttemberg on PAH-contents of 62 samples from recycling facilities in
Germany, 4.8% of delivered CDW do not comply with this value [11]. The Danish
study described in [3] investigated 33 samples and confirms this range, finding 3%
above 25 mg/kg.

Yet the threshold is not based on toxicological data or actual release tests and
therefore does not necessarily guarantee an environmentally harmless product when
used as RCA. On the one hand PAH are known to not be integrated in cementitious
matrices [6, 12], but on the other hand their solubility in water is very low; therefore it
is unclear whether critical leaching occurs in contact with groundwater for example.

An official limit value for PAH leaching from concrete does currently not exist in
Germany or in the Netherlands or—to our knowledge—in any other country. This
missing threshold complicates the assessment of PAH leaching; therefore it was
necessary to derive a limit, based on the general concept currently used in Germany.

This assessment concept for the leaching behaviour of construction products and
materials is used in the context of technical approvals for new building materials and
the assessment of potentially relevant standardized building materials like artificial
aggregates or fly ashes. The concept is described in [13] and was published by
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the “German Centre of Competence for Construction” (DIBt). According to this
concept the maximum permissible amount of substance released within 64 days in
the Dynamic Surface Leaching Test (DSLT, CEN/TS 16637-2) is depending on the
specific threshold value for groundwater (GFS) of the German Working Group on
water issues of the Federal States and the Federal Government represented by the
Federal Environment Ministry (LAWA) [14]. The GFS for PAH15 (PAH16 without
Naphthalene) is 0.2 µg/L. According to the DIBt concept this corresponds to a
permitted release of 0.22 mg/m2 in the DSLT. Because of its comparably low toxicity
Naphthalene is assessed individually with a GFS of 1µg/L and therefore a permitted
release of 1.22 mg/m2.

It has to be considered that this concept is very much on the safe side because it
does not consider decay of PAH in the environment or adsorption on soil particles
after leaching.

2 Materials and Methods

PAH contaminated concrete specimens with different compositions were tested in
two different leaching tests. The results were evaluated according to the current
German evaluation procedure described in Sect. 1.2.

2.1 Leaching Tests

Batch Test. Shake bottle tests were conducted according to EN 12457-4. For the
leaching no grain reduction was made, so that a maximum size of 16 mm instead of
10 mm was used. 180 g of the sample were leached in double determination in 2 L
PE-bottles with 1800 ml of deionised water, resulting in a liquid to solid ratio (L/S)
of 10. The bottles were rotated with 5 rpm for 24 h. Before sampling the particles
were allowed to settle for 15 min and the supernatant was centrifuged.

The pH value, electrical conductivity and temperature were immediately deter-
mined, the PAH were analysed by GC–MS.

DSLT. The tank leaching tests were carried out in double or triple determination
based on the European harmonised standard DIN CEN/TS 16637-2 [15]. The test
specimens were positioned on spacers in glass chromatography vessels as pictured
in Fig. 3. Afterwards 2.3 L of deionised water were added, resulting in a ratio of
eluate volume divided by the surface of the test specimens (V/A) of 79.9 L/m2. The
sanded glass lid was closed and additionally sealed with adhesive tape.

The leaching water was renewed in intervals of 0.25, 1, 2.25, 4, 9, 16, 36 and
64 days, as specified by DIN CEN/TS 16637-2. From each eluate fraction two
samples were taken, one 100 ml PE bottle for the determination of pH and elec-
trical conductivity and one 1 L glass bottles for the PAH analyses. The 1 L samples
were stored protected from light at 4 °C until their analyses for PAH16 by GC–MS.
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Fig. 3 Schematic drawing
of the DSLT setup

test specimen

eluent

spacer

lid

Based on the determined PAH concentrations in the eluate, the emissions and
the cumulated release was calculated using Eq. (1) of Part 1: “Recycling of Slightly
Contaminated Demolition Waste—Inorganic Constituents” in this proceedings.

2.2 Recycled Aggregates

Five different aggregates were used and characterized in terms of grain size distribu-
tion in accordance to DIN EN 12620, grain bulk density and water uptake following
DIN EN 1097-6. The PAH16 content measured by GC–MS after hexane extraction
from the solid phase (DIN ISO 18287) is given in Table 1.

In addition the RCA were tested according to the batch test (see Sect. 2.1). The
results are shown in Table 2.

2.3 Investigated Concrete Mixtures

Different concrete mixtures were used to produce test specimens with the PAH
contaminated RCA described in Sect. 2.1. All test specimens were produced with
280 kg/m3 of the same CEM I 32.5 R and a water to cement ratio of 0.6. Table 3
gives an overview of the aggregates used for the different concretes.

Additional water was added corresponding to the water absorption of the respec-
tive recycled aggregates. Natural aggregate was added to complement the recycled
aggregate to an A16/B16 grading curve.

The recycled aggregate was stored in the mixing water at room temperature (20
± 2 °C) for 24 h prior to mixing. Mixing was carried out in small, 2–8 L batches.
The mixture was then given into untreated silicone formwork (160 · 40 · 40 mm3)
and the samples were demolded after 24 h. Until the beginning of the leaching tests
at a sample age of 56 days, the samples were stored at 20 °C and 65% RH, wrapped
airtight into PE foil.
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Table 1 Total PAH content (hexane extraction, DIN ISO 18287) of the RCA

Parameter/component a
Mixed
CDW

b
Crushed
masonry

c
Crushed
concrete

d
Crushed
concrete

ea

Crushed
concrete

0/16 mm
(mg/kg)

0/16 mm
(mg/kg)

2/16 mm
(mg/kg)

2/16 mm
(mg/kg)

0/2 mm
(mg/kg)

Naphtalene 0.0356 0.00202 0.0346 1.04 0.0346

Acenaphthylene 0.00892 0.00171 0.00936 0.338 0.00936

Acenaphthene 0.0378 0.00232 0.0273 2.01 0.0273

Fluorene 0.0252 0.00341 0.0119 0.77 0.0119

Phenanthrene 0.353 0.0349 1.75 6.62 1.75

Anthracene 0.088 0.00951 0.113 2.11 0.113

Fluoranthene 2.2 0.0825 2.76 10.4 2.76

Pyrene 1.63 0.0755 2.09 8.16 2.09

Benz(a)anthracene 0.118 0.0409 1.17 5.59 1.17

Chrysene 0.647 0.0448 1.16 4.12 1.16

Benz(b)fluoranthene 0.47 0.0381 1.00 4.78 1.00

Benz(k)fluoranthene 0.309 0.0212 0.563 2.01 0.563

Benz(a)pyrene 0.469 0.0366 0.773 4.17 0.773

Indeno (1,2,3,c,d)pyrene 0.268 0.0283 0.188 0.107 0.188

Dibenz(a,h)anthracene 0.111 0.0129 0.636 1.69 0.636

Benz(g,h,i)perylene 0.28 0.0263 0.537 1.43 0.537

Sum PAH15 7.01 0.459 12.79 54.3 12.79

Sum PAH16 7.05 0.461 12.82 55.3 12.82

acrushed version of aggregate c

3 Results and Discussion

3.1 Cumulative Release

The following figures show the cumulative release of the R-concretes. To take the
analytical inaccuracy due to detection limits (DTL) into account, a minimum and a
maximum release are shown. Substances below the DTL where either counted as 0
for the minimum or as the DTL for the maximum value respectively.

The cumulated PAH15 release ranged from 0.08–0.15 mg/m2 to 0.72–076 mg/m2

(average 0.32–0.36 mg/m2). Naphthalene is not shown in the figures, because the
overall release was quite low considering the threshold and the lower toxicity of this
compound (0.0138–0.29 mg/m2).

In comparison to their initial content, low molecular PAH as for example phenan-
threne or acenaphthene are leached in higher amounts, but despite their very low
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Table 2 Batch test results of the RCA (EN 12457-4)

Parameter/component a b c d e

Mixed
CDW

Crushed
masonry

Crushed
concrete

Crushed
concrete

Crushed
concrete

0/16 mm
(µg/L)

0/16 mm
(µg/L)

2/16 mm
(µg/L)

2/16 mm
(µg/L)

0/2 mm
(µg/L)

Naphtalene 0.73 0.048 0.23 1.28 0.895

Acenaphthylene 0.0591 0.01 0.00953 0.015 0.00954

Acenaphthene 2.17 0.12 0.414 1.17 0.861

Fluorene 0.207 0.0658 0.135 0.435 0.304

Phenanthrene 0.113 0.223 0.89 2.32 1.44

Anthracene 0.0408 0.0635 0.263 0.650 0.367

Fluoranthene 3.41 0.447 1.64 3.33 1.17

Pyrene 2.44 0.367 1.27 2.46 0.827

Benz(a)anthracene 0.303 0.0618 0.934 1.69 0.475

Chrysene 0.285 0.0584 0.84 1.53 0.42

Benz(b)fluoranthene 0.109 0.0311 1.17 2.065 0.5345

Benz(k)fluoranthene 0.0768 0.01 0.467 0.804 0.208

Benz(a)pyrene 0.11 0.0331 1.05 1.81 0.449

Indeno (1,2,3,c,d)pyrene 0.0647 0.01 0.538 1.05 0.242

Dibenz(a,h)anthracene 0.0208 0.01 0.105 0.165 0.0435

Benz(g,h,i)perylene 0.0596 0.0311 0.569 0.971 0.2485

Sum PAH15 9.47 1.54 10.3 20.5 7.59

Sum PAH16 10.2 1.59 10.5 21.7 8.49

Table 3 Information on the investigated concrete mixes

Label Unit A1 A2 A3 A4 A5 A6 A7

Recycled aggregate used (see Table
1)

– a b c c d e d

Replacement of the natural
aggregate

vol% 95 82 35 50 35 35 35

Share of fines (<2 mm) in recycled
aggregate

wt% 27.7 38.2 0 0 40.0 100 0

PAH16-content of the recycled
aggregate

mg/kg 7.05 0.461 12.8 12.8 55.3 12.8 55.3

solubility in water, higher molecular PAH (pyrene, flouranthene) are released from
the concrete as well.

Figure 4 exemplarily shows the release curves for PAH15 of A1 andA3 in compar-
ison. The release course is the same for all sample compositions. It becomes apparent
that the PAH release is higher at the beginning of the leaching test. The assessment
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Fig. 4 Exemplary release curves of the samples A1 and A3

according to CEN/TS 16637-2 showed that the leaching process is mainly diffusion
controlled whereby samples A3 and A7 are depleting (exemplarily shown in Fig. 5).
For the samples A1, A2 andA4 no explicit leachingmechanism could be determined.

The cumulated minimum and maximum releases of all samples are compiled in
Fig. 6. In all tests a relatively high proportion of the total PAH content of the RCA
was released from the samples (average of 0.65%, maximum 2.4%). This seems to
confirm the findings of [6, 12] that PAH are not incorporated in the cementitious
matrix unlike most inorganic constituents.

Two to three out of seven concretes meet the threshold for groundwater and can be
considered as environmental compatible. Concrete A2 with a very low PAH content
(0.46 mg/kg) and concrete A3 (35 vol% RCA, 13 mg/kg PAH16) are well below the
threshold. Concrete A4 with 50 vol% RCA cannot be finally assessed due to the
analytical inaccuracy.

3.2 Influencing Factors

Looking at all samples, a proportional relation from the total RCA content, or also
PAH16 content of the RCA to the leached PAH15 amount is not recognisable. This is
illustrated by Fig. 7 that shows the dependency of the cumulated PAH15 release on
the legally regulated factor total PAH16 content and the factor PAH16 content in the
fines fraction.

Other factors, e. g. the varied concrete composition, the RCA-fines fraction or
the material composition of the CDW mix must have a major effect on the leaching
process. It seems that concretes made with a high RCA-fines share leach stronger
compared to such made with the same RCA share and PAH content but no contam-
inated fines. It is assumed, that a part of the PAH is solved in the mixing water,
remains dissolved in the pore solution, and is therefore directly available for leaching
processes through the concretes pores. High contents of fines results in a bigger
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Fig. 5 Exemplary diagrams for diffusion controlled leaching in the DSLT; A6: diffusion controlled,
A7: diffusion controlled with depletion, A4: no dominant mechanism discernable

Fig. 6 Minimum and
maximum cumulated PAH15
release of all samples;
comparison to the
GFS-threshold value
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surface area and higher solubility, especially of easier soluble, low molecular PAHs
in this case.

This theory is supported by the results of batch tests shown in Fig. 8. Low molec-
ular PAHwere leached stronger from the crushed version (e) of the samematerial (c).
At the same time heavy PAH are retained, probably due to bonding to the particles.

The total PAH content of the RCA showed an effect on the leached concen-
trations as well. Further testing is needed to broaden the database and define
interdependencies.

0 2 4 6 8 10 12

0/2

2/16

high molecular PAH
low molecular PAH
naphthalene

eluate concentration in μg/L

c

ce

Fig. 8 Eluate concentrations in the batch test



Recycling of Slightly Contaminated Demolition Waste—Part 2: PAH 85

4 Summary and Outlook

In this work different R-concrete mixtures with RCAs that fulfill or exceed the
German standard DIN 4226-101 have been leached in the dynamic leaching test
DSLT. The results were then evaluated according to the current German evaluation
procedure and compared to the derived limit values for PAH.

PAH leaching from concrete proved to be a relevant issue, especially when aiming
at expanding the German regulations with respect to the permissible amount of RCA
and the use of RC sand in concrete. For countries with less strict legal provisions,
like the Netherlands with 50 mg/kg for example, it could also be questionable if
environmental protection is ensured by their values. The derivedmaximum release of
0.22 mg/m2 was exceeded in several cases. The concrete mixture A3 which complies
with the German standard meets the threshold, but it has to be considered, that the
used RCA contained only half of the allowed content of 25 mg/kg PAH16.

On the other hand, for an environmental compatibility assessment, it must be taken
into account, that the threshold approach is rigorous. Interactions with the soil are
not considered and possible overestimations caused by the leaching with deionized
water instead of less aggressive groundwater are neglected.

It can be concluded, that the PAH16 content of the RCA is no suitable indi-
cator for an environmental compatible concrete. To predict the PAH15 release at
least the amount of RCA added and the contaminated fines shares have to be taken
into account. To fully understand the influencing processes and effectively assess
the environmental compatibility of concretes containing PAH contaminated RCA,
further investigation is needed.

Defining the interdependencies between the three investigated factors, will be a
next step to prognosticate the leaching behaviour of the concrete and to confirm a
reasonable PAH threshold for RCA that relates to the leaching of concrete made with
RCA.
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Recycling of Slightly Contaminated
Demolition Waste—Part 1: Inorganic
Constituents

Anya Vollpracht and Lia Weiler

Abstract Due to the high amount of construction and demolition waste (CDW)
generated, the recycling and reuse of these materials is an important factor for the
sustainability of the whole building sector. The use of CDW as recycled aggregate is
a high-quality recovery; however, contaminations that may emerge during the service
life of a building, have to be considered. Part 1 of this publication deals with inor-
ganic contaminants. Within a large research project numerous CDW samples from
a commercial recycling plant were investigated in granular form. Selected samples
were used as aggregates and the leaching of the resulting concretes was tested. In
addition a doped concrete was tested to simulate a higher degree of contamination.
The results show, that inorganic compounds are well bound in the concrete. The
German limit values for the leaching of unbound CDW guaranty a save use, however
there is no direct correlation between the leaching of unbound CDW and concrete
with CDW aggregate, because the leaching of concrete is dominated by the binder.

Keywords Reuse of demolition waste · Environmental compatibility · Leaching ·
Heavy metals and trace elements

1 Introduction

Construction and demolition waste (CDW) is the main waste stream generated in
der EU. It adds up to 800 million tonnes per year and therefore accounts for about
one third of all waste generated [1]. Producing 200 million tonnes of CDW per year,
Germany is one of the main responsible countries.

The EU states CDW as a priority waste stream with a high potential for recycling
and reuse, it sets the goal to a 70% recovery rate in 2020 byArticle 11.2b of theWaste
Framework Directive. With a rate of 88% in 2017 [1] this goal is easily reached in
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Germany, but most of the material is not reused in concrete or other construction
materials but in road construction and earth works. This situation should be changed
to reach real circular economy.

Some demolitionwastes pose particular problems to the recycling process: During
service life contaminations can be accumulated originating from paints and coatings,
old tar sealing or residuals of industrial use. These contaminations can pose environ-
mental risks and impede recyclability. Selective demolition is an effective method to
preserve the main stream from contaminations, but firstly this is not always consid-
ered on site and secondly there will always remain a contaminated share. To improve
resource efficiency and to foster a sustainable development, as much as possible of
these materials should be kept from ending up in landfills. A high-quality option is
the use as an aggregate for concretes.

Because of the potential contamination, the German standard DIN 4226-101
demands that recycled aggregates are tested prior to utilisation in concrete. The
requirements include a short term batch test described in Sect. 2.2 and some limi-
tations concerning the total content of specific organic constituents. Part 1 of this
contribution deals with inorganic constituents (heavy metals and trace elements);
organic contaminants are discussed in part 2 using the example of PAH.

Depending on the type of CDW and on the exposure conditions of the final
concrete, only 35 or 45% of the aggregate can be replaced according to the current
regulations in Germany [2]. Fine CDW particles (<2 mm) must not be used at all.
In order to expand the currently quite restrictive regulations, a large joined research
project has been carried out, called “R-concrete” (for resource-saving concrete) [3–
5]. In this context also the limits for inorganic contaminations have been reconsidered
and leaching tests following DINCEN/TS 16637-2 have been conducted on concrete
with recycled aggregate and doped concrete [4]. This contribution summarises the
findings.

2 Leaching Tests

2.1 Preliminary Note

Leaching tests can be carried out on the original CDW sample prior to use or on the
final product, namely the concrete with partial or complete replacement of natural
aggregate by CDW. For quality control it is easier and faster to use the unbound
CDW. However, it has to be considered that the results do not give any information
on the environmental compatibility of the final product. Therefore two different tests
were carried out in this research: a batch test (Sect. 2.2) and the dynamic surface
leaching test (DSLT) according to DIN CEN/TS 16637-2 (Sect. 2.3).
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2.2 Batch Test: Shake Bottle Test

The batch tests were carried out according to EN 12457-4. In deviation to the stan-
dard the original material with a maximum grain size of 16 mm was used without
crushing of the fraction > 10 mm. 90 g of the sample were leached in a PE-bottle
with 900 ml of deionised water (liquid/solid ratio, L/S = 10). The bottle was rotated
with 5 revolutions/min for 24 h. Afterwards the particles were allowed to settle for
15 min. Then the eluate was decanted and filtrated (0.45 µm).

The following parameters were determined: pH value, electrical conductivity
and the concentrations of chloride, sulfate, antimony, arsenic, barium, lead, boron,
cadmium, chromium, cobalt, copper, molybdenum, nickel, mercury, selenium, thal-
lium, vanadium and zinc. The anions were determined with ion chromatography and
for the heavy metals and trace elements ICP-MS was used.

2.3 Dynamic Surface Leaching Test

The DSLT according to DIN CEN/TS 16637-2 was designed to test monolithic
samples. In this project concretes with different CDW samples and different replace-
ment levels were produces (see Sect. 3.2). The R-concrete samples (cylinders with
Ø = 150 mm and h = 100 mm) were stored in airtight packaging until an age of 56
days. Each sample was put in a PE vessel with screw cap (see Fig. 1). To guarantee a
sufficient distance between the sample and vessel, plastic bar spacers of 2 cm thick-
ness were used. The water volume divided by the sample surface was set to 80 l/m2;
therefore 5 L of deionised water were used. At fixed intervals of 0.25, 1, 2.25, 4, 9,
16, 36, and 64 days, the eluate was sampled and changed.

The eluates were analysed for the same parameters as for the batch test (see
Sect. 2.2). The test was conducted as two fold determination.

Based on the results, the cumulative release was calculated following Eq. (1).

Rn =
n∑

i=1

Ri =
n∑

i=1

ci
V

A
(1)

Rn cumulative release at the end of interval n in mg/m2.

Fig. 1 Schematic
illustration of the DSLT

screw cap

eluent:
deionised water

concrete sample
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i leaching interval (1–8).
Ri release during interval i in mg/m2.
V volume of water in L.
A surface area of the sample in m2; V /A = 80 l/m2.
For the total release in the DSLT limit values were set by the “German Centre

of Competence for Construction” (DIBt) for the following parameters: antimony,
arsenic, barium, lead, cadmium, chromium, cobalt, copper, molybdenum, nickel,
mercury, thallium, vanadium (currently suspended), zinc, chloride, fluoride and
sulfate [6].

3 Materials

3.1 CDW Samples

The recycled aggregates were supplied by an industrial partner of the joint research
project, Scherer and Kohl GmbH & Co KG. They regularly delivered samples out
of their usual production. The project partner HeidelbergCement AG tested these 74
samples with respect to the total content and the concentrations in the batch test (L/S
= 10) [5]. An overview of the results and the limit values for the batch test from DIN
4226-101 is given in Table 1. Most of the concentrations are well below the limits,
only the sulfate concentration exceeds the limit in one case (printed in bold). High
sulfate concentrations result from gypsum particles. These impurities cannot always
be prevented during deconstruction. The high pH-values and electrical conductivities
result from crushed concrete and are typical for uncarbonated demolition waste.

A representative share of five CDW samples was investigated in more detail
including leaching tests onR-concretes [4]. Two of these sampleswere sortedwastes:
crushed concrete and crushed bricks. The other three are mixed CDW. The total
content and the leaching in the batch test are given in Table 2.

The concentrations of the batch tests are also well below the limit values. Rela-
tively high concentrations were determined for vanadium for the crushed bricks.
However, there is no limit value for this element.

Although the joint project ran over a period of more than three years, no CDW
sample was found that exceeded the limit values for heavymetals and trace elements.
Since all the eluate concentrations of the batch tests are well below, the limit
values already represent a slightly contaminated waste. To our knowledge these limit
values were never verified in terms of the environmental compatibility of a concrete
produced with such a contaminated CDW.
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3.2 R-concrete

The five CDW described in Table 2 were used to produce concrete with recycled
aggregate using CEM I 32.5 (Z1). The contents of heavymetals and trace elements of
the cement are given in Table 3. The cement content was 280 kg/m3, thewater/cement
ratio was 0.6. The grading curve of the aggregates should stay in the range A16/B16
according toDIN1045-2.With this limitation, asmuch recycled aggregate as possible
was used:

BBt: 85 vol.%
ZBt: 85 vol.%
RG2: 95 vol.%
RG3: 43 vol.%
RG4: 82 vol.%

As a reference, concrete with natural aggregate was produced. This reference was
tested twice.

Table 3 Content of trace
elements and heavy metals of
the cements (CEM I 32.5 R);
determined after aqua regia
digestion according to EN
16174

Parameter/component Z1 mg/kg Z2a mg/kg

Antimony 5.21 7.76

Arsenic 3.85 157

Barium 233 290

Lead 4.63 204

Boron 64.2 80.7

Cadmium 0.137 6.86

Chromium 50.2 60.8

Cobalt 6.14 11.7

Copper 88.2 218

Molybdenum 0.953 68.9

Nickel 23.1 51

Mercury 0.00408 0.0657

Selenium 1.24 0.596

Thallium 0.0121 4.67

Vanadium 62.5 103

Zinc 267 1010

aUsed for the doped concrete
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3.3 Doped Concrete

In addition to the R-concretes it was decided to test a doped concrete to find out, if
the limit values given in DIN 4226–101 are appropriate and guaranty a concrete with
sufficiently low leaching characteristics. For these investigations another cement was
used (Z2). The trace element analysis is included in Table 3.

For the calculation of the doping, a concrete with 100% recycled aggregate and an
aggregate content of 1900 kg/m3 was assumed to test the worst case. Table 4 shows
the compounds used for doping and elucidates the calculation of the amount, which
has to be added to the concrete. Natural aggregate was used for the doped concrete.

4 Results of the DSLT

4.1 Leaching of the R-concrete

Figure 2 shows exemplarily the release of three heavy metals of the R-concretes in
comparison to the reference concrete with natural sand and gravel. In most cases
the release is in the same range as for the reference concrete. The R-concrete with
crushed brick (ZBt) sometimes has a lower, sometimes a bit higher release, but is in
all cases way below the limit values. Even vanadium, which was quite mobile in the
granular ZBt (see Table 2), is well bound in the cement matrix.

Consequently no correlation between the results of the batch test and the release
on the resulting R-concrete can be found (see Fig. 3). Therefore the results of the
batch test give no indication on the leaching behavior of the final concrete. The
leaching of R-concrete is dominated by the binder.

4.2 Leaching of the Doped Concrete

Figure 4 shows the leaching of chloride and sulfate from the doped concrete compared
to the reference natural sand and gravel. Due to the very high addition of these anions,
the leaching increases, but since the toxicities of chloride and sulfate are a lot lower
than for the heavy metals, the release is still less than 1/10 of the permissible release.

As examples for the heavy metals that were added to the concrete, Fig. 5 shows
the releases of chromium and zinc. No relevant increase can be observed.

Some remarkable changes were observed for elements that were not added to the
concrete. Figure 6 shows the release of molybdenum and thallium. It is obvious that
both elements are leached to higher extend, although the total content is the same.
This means in the reference concrete, these elements are bound to a higher extend
than in the doped concrete. Probably molybdate is replaced by the added sulfate or
chromate ions, which are slightly smaller, as can be seen in Fig. 7. This leads to a
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Fig. 2 Release of barium, chromium and vanadium from theR-concretes and the reference concrete
in the DSLT; limit values from [6]
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Fig. 4 Release of chloride and sulfate from the doped concrete and the reference in the DSLT; limit
values from [6]
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Fig. 5 Release of chromium and zinc from the doped concrete and the reference in the DSLT; limit
values from [6]

higher leachability of the molybdate. The average molybdenum content of German
cements is 2.7 mg/kg (personal communication by Dr. Spanka, VDZ). The cement
used here has an exceptionally high Mo content (refer to Table 2). However, the
release is still lower than the limit value.

Thallium could also be replaced by a doped element, e.g. arsenic. For thallium
the leaching of the doped concrete exceeds the limit value from [6]. Z2 contains
4.67mg/kg thallium (seeTable 4). The average value ofGerman cements is 0.4mg/kg
[8]. Thallium is very volatile in the cement kiln and therefore concentrates in the kiln
dust [9]. Higher concentrations are only possible, when kiln dust is intermixed with
the cement clinker—this seems to be the case here.
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Fig. 7 Sketch of the
oxianions sulfate, chromate
and molybdate, [7]

sulfate chromate molybdate

5 Summary and Conclusion

Extensive investigations on CDW from a commercial recycling plant showed that
CDW normally contains rather low amounts of soluble heavy metals and trace
elements. The limit values of the German standard DIN 4226-101 for the batch
leaching test were never reached. The leaching of R-concrete produced with these
CDW was well below the German limit values for concrete used in groundwater
[6]—which are the strictest of the world.

In order to check if the limit values given in DIN 4226-101 are appropriate and
guaranty a concretewith sufficiently low leaching, a doped concretewas investigated.
The amount of the doped constituents was calculated based on the limit values and
100% replacement of the aggregate.None of the added heavymetals or trace elements
was leached to a significantly higher extend compared to the reference concrete with
the same cement. Only chloride and sulfate leaching increased, but the release is still
very low compared to the limit values.

The input of contaminants can lead to an increase of other elements, originally
contained in the binder. For standardised cements this is usually no problem, but
binders with high heavy metal contents should be checked in this respect.
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Processed Municipal Solid Waste
Incineration Ashes as Sustainable Binder
for Concrete Products
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and Nele De Belie

Abstract After proper pre-treatment procedures, Municipal Solid Waste Inciner-
ation (MSWI) bottom ashes show all needed characteristics to substitute part of
the Portland clinker in concrete. The use of these ashes greatly contributes to the
establishment of a circular economy. As a by-product of waste-to-energy plants,
they are abundantly and locally available. Ashes currently available after proprietary
pre-treatment procedures contain elemental aluminium that deters their usability as
supplementary cementitious material. An efficient pre-treatment option that is low-
cost and avoids secondary pollution was recently proposed to remove elemental
aluminium from ashes. This method consists of slow grinding and sieving, resulting
in aluminium and other metals remaining in the coarse fraction facilitating their
removal. In this research, the use of pre-treated Processed Incineration Ashes (PIA)
in concretewas investigated. A concretemixwith replacement of 20%of the Portland
cement CEM I 52.5 R by PIA was optimised to show similar compressive strength
at 28 days to the CEM I 52.5 N reference, and even at 90 days compressive strength
was 20% higher than for the CEM I reference concrete. Furthermore, equivalent
performance with the benchmark concrete was found for the tested durability prop-
erties (open porosity, carbonation). Also leaching tests were performed to assess the
potential use of PIA in the construction industry. Results provide evidence of the
good overall performance of the PIA concrete.
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1 Introduction

In our current society there is a dailyworldwidewaste production of around 1.2 kg per
person and a total generation of around 1.3 billion tonnes per year [1]. Even though
an integrated waste management approach including reuse, recycling, incineration,
etc., is adopted in developed countries, a significant amount of reusable materials
still gets landfilled there. The incineration of non-hazardous non-recyclable waste
(namely municipal solid waste) can be a viable solution as alternative to landfilling.
In industrialized countries, the percentage incinerated can reach up to 62% [2, 3]. In
fact, the European waste legislation focusses on circular economy as one of the main
policies and action plans aim to reduce landfilling to a minimum [4]. The residues
from incineration of municipal solid waste, such as bottom ashes, have potential as
binder for concrete in terms of quantity and demand if a few hurdles can be solved.
The use of the generated bottom ash in concrete as partial cement replacement has the
double advantage of reducing landfilling and at the same time reducing the Portland
clinker content in concrete (largely responsible for the concrete carbon footprint).

The ASH-CEM project targeted the development of processed incineration ash
for the production of novel clinkers, blended cements and carbonate binders, as well
as their application in construction elements. This represents a great advancement in
the use of ashes in the construction industry, as there is currently limited knowledge
on the ultimate concrete products due to limited production volumes on lab scale. For
this research, several treatments were evaluated to extract non-ferrous metals and to
reduce the Al/Zn content below 1%. Details about the laboratory treatment can be
found in [5]. Based on those results, 1.2 ton of municipal solid waste incineration
(MSWI) bottom ashes (2/6 fraction) were treated to remove aluminium, ground and
sieved (dv50= 27µm). Furthermore, previous research [6, 7] on reactivity screening
by the conventional Chapelle test, as well as by the R3 method, indicate that the
processed incineration ashes (PIA) have a pozzolanic reactivity similar to the one of
coal combustion fly ash and natural pozzolans. These promising results encourage
the use of PIA as supplementary cementitious material (SCM) in concrete.

This paper presents the results of experiments regarding the use of PIA in concrete
as partial replacement of cement. A concrete mix with replacement of 20% of the
Portland cement CEM I 52.5 R by PIA was optimised to show similar compressive
strength at 28 days to the CEM I 52.5 N reference. Furthermore, durability properties
such as open porosity (OP), carbonation and air permeability and leaching tests were
assessed to evaluate the potential use of PIA in the construction industry.

2 Materials and Methods

Two types of ‘reference’ concrete were studied with CEM I 52.5 N and CEM II B-V
32.5 R (denoted as Mix 1 and Mix 2, respectively). Mix 2 was included because
blended cement in the current study was manufactured by blending PIA with CEM
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Table 1 Composition of mixes 1, 2, and 3

Material Mix 1 Mix 2 Mix 3 Mix 4

Sand 0/1 (kg/m3) 271 271 271 271

Sand 0/4 (kg/m3) 541 541 541 542

Gravel 4/16 (kg/m3) 997 997 997 999

CEM I 52.5 N (kg/m3) 360 – 270 –

CEM II B-V 32.5 R (kg/m3) – 360 – –

CEM I 52.5 R (kg/m3) 296

PIA 2/6 (kg/m3) – – 90 74

Water (kg/m3) 173 174 172 166.5

Plasticiser (% kg of binder) 1.8 1.8 2.7 3.9

I 52.5 N; and CEM II B-V 32.5 R is a commercially manufactured blended cement
with comparable amount of SCMs (≈32% fly ash) and used in regular constructions.
Naturally, the highest amount of cement replacement possible without reducing the
performance of the concrete was desired. For this purpose, 25% (in weight) of the
CEM I 52.5 N was replaced by PIA, and this mix was denoted as Mix 3. Another
objective was to manufacture an ‘optimized’ mix which has the same compressive
strength as that of Mix 1 at 28 days. This new mix was designed by changing the
cement type to CEM I 52.5 R to provide high enough early strength even though
SCMs are included, varying the water to binder ratio (w/b) and the amount of cement
replacement by PIA. After testing 8 different mix designs, the final composition of
Mix 4 was chosen.

The composition of Mixes 1–4 is shown in Table 1. For all concrete mixes the
same gravel, sand, water and a plasticizer based on modified natural substances were
used. The mixing procedure was as follows: first cement (+PIA in case of Mix 3
and Mix 4), fine and coarse aggregates were dry-mixed for a minute; then the water
was added, and the mixing continued for 2 more minutes, finally the plasticiser was
added and mixed for 1 extra minute. Samples were cured in a conditioned room at
20 ± 2 °C and 95 ± 5% relative humidity (RH).

A higher amount of plasticiser was used for Mix 3 (with PIA) than in Mix 1 or
Mix 2 (Table 1). This was needed because a similar workability was desired, and
therefore the same slump was targeted. Due to presence of PIA, workability was
slightly reduced, and it was necessary to increase the plasticiser content.

2.1 Mechanical Properties

Compressive strength. Compressive strength tests were carried out on cubes of
150 mm according to the standard NBN B 15-220 (1990). Three samples per mix
were tested at 2, 7, 28, and 91 days of age.
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Flexural and tensile splitting strength. The flexural and splitting tensile strength
tests were carried out according to the standards NBN EN 12390-5 (2009) and NBN
EN 12390-6 (2009), respectively. First the prisms of 150mm side and 600mm length
were subjected to three point bending to determine the flexural strength. Then, with
the remaining halves of the samples the splitting tensile test was performed. Three
samples per mix were tested at 28 and 91 days of age.

2.2 Durability Properties

Open porosity. Cylinders with 100 mm in diameter and 200 mm in height were
demoulded after 1 day of casting and cured in a climate room at a temperature of 20
± 2 °C and a relative humidity (RH) higher than 95% until 28 and 90 days of age.

Five samples from the lowest 54 mm were cut and used for testing. Those slices
were subjected to vacuum for 2 h and then water was drawn into the vacuum
chamber until the samples were fully immersed. After 24 h samples were removed
and weighed, this weight was denoted as saturated mass in air (msa). The samples
were also weighed in water, and this weight was denoted as saturated mass in water
(msw). Then, samples were subjected to drying in an oven at 50 °C until the change
in mass was lower than 0.1% in a 24 h period and denoted as dry mass (md). The
open porosity (OP) was calculated as = (msa− md)/(msa − msw).

Carbonation. Samples used to assess the carbonation depth were cylindrical slices
drilled and sawn from cubes of 100 mm side. Two layers of epoxy paint were applied
on the whole sample except the freshly cut surface, to ensure one-dimensional pene-
tration of CO2. After painting, samples were subjected to the same preconditioning
procedure as the specimens for CIR. Three samples per mix were exposed to accel-
erated carbonation (1 vol.% CO2 at 20 °C and 60% RH) and another three samples
were exposed to natural carbonation (≈0.04 vol.% CO2 at 20 °C and 60% RH).
After different exposure times, samples were split in half and the carbonation depth
was determined by spraying phenolphthalein solution on the freshly cut surface. The
carbonation depth was measured at eight different places (10 mm distance between
the measurements) to the nearest millimetre.

Leaching. The environmental safety of use of the mixes for leaching of heavy metals
was also tested. Around 2 kg of each of the mixes 1, 2, 3 and 4 was ground to a size <
4 mm. Leaching of the samples was conducted by two step shake test (CMA 2/II/A
9.4) on around 200 g of sample. The heavy metals in the eluates were determined
using inductively coupled plasma atomic emission spectroscopy (CMA/2/I/B.1).
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3 Results and Discussions

Compressive strength is shown in Fig. 1. Early age strength is reducedwhen replacing
the cement by PIA. This is observed by comparingMix 1 and 3: compressive strength
for Mix 3 is reduced with 43–27% in comparison to Mix 1 as the age increases from
2 to 28 days. Similarly, Li et al. [8] reported that compressive strength of mortar
samples tested at 3 days and 28 days decreases gradually with increasing percentage
of MSWI bottom ash. Furthermore, results of Mix 3 are comparable to the ones
obtained from Mix 2. It can be seen that the compressive strength increase in Mix
3 at 91 days is relatively higher than the increase in Mix 1. This shows the delayed
pozzolanic reaction of PIA. That is the reason why CEM I 52.5 R was chosen as
binder together with PIA in the optimized Mix4, to obtain higher strength results
at early ages. At all ages, Mix 4 has a comparable or higher compressive strength
than Mix 1. This chosen ‘optimized’ mix was designed by replacing 20% of cement
by PIA and with a w/b of 0.45. The small reduction in the PIA replacement level
and in the w/b was successful to achieve comparable or even better results than the
reference concrete Mix 1, with CEM I 52.5 N as only binder.

Results from flexural and tensile strength tests at 28 and 91 days are shown in
Fig. 2a, b, respectively. In accordance with the compressive strength results, flexural
strength values obtained with Mix 4 show at both ages a better performance than
Mix 1. Regarding the tensile strength experiments, the optimized Mix 4 has better
results than Mix 1, except for the outlier result of Mix 4 at 91 days.

Results of OP at 28 and 90 days are displayed in Fig. 3a, b respectively. At 28 days,
results show that Mix 2 and Mix 3 have similar OP, whereas Mix 4 has similar OP as
Mix 1. As Mix 2 and 3 have certain amount of clinker replacement by SCMs, they
show a relatively higher value of OP. At 90 days, only a slight reduction in OP was
found.
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Fig. 1 Compressive strength results of mixes 1–4 at 2, 7, 28 and 91 days
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Fig. 3 Open porosity of mixes 1–4 at 28 (a) and 90 (b) days

The carbonation coefficient A (mm/
√
day) was calculated considering the pene-

tration depth× (mm) as a function of the square root of the exposure time t (
√
days).

Figure 4 shows the values obtained for both accelerated and natural conditions of
carbonation and for samples at 28 and 90 days of age. These results indicate again
a similar behavior between Mix 2 and Mix 3, as previously mentioned. The lowest

Fig. 4 Change of the
carbonation coefficient, A, as
a function of the curing
period when exposed to
accelerated and natural
conditions
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Table 2 Heavy metal content in eluates from two step shake test

Parameters Mix 1 Mix 2 Mix 3 Mix 4 VLAREMA limits

mg/kg dry mass

Arsenic 0.00 0.00 0.00 0.00 0.80

Cadmium 0.00 0.00 0.00 0.00 0.03

Chromium 0.00 0.00 0.03 0.03 0.50

Copper 0.00 0.00 0.04 0.04 0.50

Mercury 0.00 0.00 0.00 0.00 0.02

Lead 0.00 0.00 0.22 0.03 1.30

Nickel 0.00 0.00 0.00 0.00 0.75

Zinc 0.00 0.03 0.00 0.00 2.80

carbonation coefficient was obtained with Mix 4 in natural and accelerated condi-
tions, which confirms again the better performance of this mix with PIA. Overall,
curing age larger than 28 days does not seem to considerably affect the resistance to
carbonation in mixes with PIA (Mix 3 and 4).

The results from the leaching test are shown in Table 2. The leaching of heavy
metals is very low in all the mixes and within the VLAREMA limits. This indicates
that the tested PIA is safe for use.

4 Conclusions

This research describes the properties of different concrete mixes designed with
processed incinerations ashes (PIA). Two ‘reference’ mixes (Mixes 1 and 2) and two
PIA mixes (Mixes 3 and 4) were evaluated. Results obtained show that it is possible
to replace 20% of the cement content by PIA and obtain comparable results with a
reduction in w/b of 0.05. Moreover, results from the optimised Mix 4 show a higher
value of compressive strength especially at later ages. Naturally, the use of CEM I
R instead of CEM I N increases the strength at early ages. However, this occurred
when 20% of the binder content was replaced by PIA, showing that excellent results
can be obtained with a blended cement with PIA. Even more, results at later ages
were similar or higher to the ones of Mix 1.

Moreover, results of the durability tests show no significant differences between
Mix 2 andMix 3. The 25% replacement of PIA (Mix 3) leads to a comparable durable
behaviour as when using CEM II 32.5 B/V R cement (Mix 2). The optimised Mix
4 (with 20% replacement of cement by PIA and w/b = 0.45) showed an enhanced
performance and comparable or better results in relation to Mix 1. This was partic-
ularly seen for the case of the advance of the carbonation front. Results from Mix 4
indicate a lower porosity and a better performance in comparison to the other mixes.
This provides evidence of the good overall performance of the PIA concrete.
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In addition to mechanical and durability properties, leaching results conformed to
the VLAREMA limits making it environmentally safe for commercial applications.

The experiments carried out during this research exhibit the potential use of PIA
in concrete as supplementary cementitious material and act as a basis for further
research to optimize and standardise its use for commercial applications.
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Autogenous Shrinkage in Structural
Concrete Made with Recycled Concrete
Aggregates

Mayara Amario, Caroline S. Rangel, Marco Pepe, Enzo Martinelli,
and Romildo D. Toledo Filho

Abstract Sustainable alternatives should be employed in the construction industry
tominimize environmental impacts, including high consumption of natural resources
and high waste generation. The recycling of waste to be used as aggregates for
concrete is an alternative with great potential. Although many studies have been
carried out to investigate the influence of the use of Recycled Concrete Aggre-
gates (RCAs) on the mechanical properties of concrete, the relationship between
the intrinsic properties of aggregates and the main types of long-term deformation of
Recycled Aggregate Concrete (RAC) still needs to be better understood. As a matter
of the principle, autogenous shrinkage can cause significant damage to concrete
structures, mainly due to the induction of cracking that can impair the durability
of the structure. In this context, the present paper presents the preliminary results
of an experimental investigation aimed at evaluating the influence of RCAs on the
autogenous shrinkage of normal and high strength RACs (35 and 60MPa). The RCA
were derived from demolition concrete waste and used in a 9.5–19 mm particle size
fraction. In addition, the concepts of scientific mix-design for the optimization of dry
granular mixture were utilized through the Compressible Packing Model (CPM).

Keywords Recycled concrete aggregate · High strength concrete · Autogenous
shrinkage

1 Introduction

It has been known for some time that the impact of the concrete industry on the envi-
ronment can be reduced by introducing a sustainable material into concrete produc-
tion: the Recycled Concrete Aggregates (RCAs). Therefore, maximizing the amount
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of recycled materials in concrete composition is a very effective and promising
approach to stimulate sustainable construction [1].

However, it is also known that aggregates are the largest components in concrete
(sometimes representing up to 80% of the volume of concrete) and their charac-
teristics have a significant effect on the properties of the final composite. Thus, in
recent decades, several studies have sought to discover and explain the performanceof
concrete containing RCAs. A review of the existing literature on Recycled Aggregate
Concrete (RAC) makes it evident that most authors investigate short-term behavior
and only a limited number of studies have been reported so far on the long-term
behavior of RACs [2].

Experimental data available on recycled aggregates from different sources show
that the quality of the RCA depends mainly on the quality of the original demolished
concrete used for recycling. Despite the high heterogeneity of RCAs, it has been
shown that the main properties of recycled particles are directly related to it: particles
characterized by larger amount of Attached Mortar (AM) also have higher water
absorption capacity and lower density [3].

Autogenous shrinkage of concrete refers to the reduction of apparent volume or
length of cement-basedmaterials in seal and isothermal conditions. This phenomenon
is caused by further cement hydration after the formation of the initial cement matrix
structure [4].Usually, concrete deformations due to early-stage autogenous shrinkage
occur within the first 24 h after the contact of cement with water. The importance
of this property is explained by the fact that autogenous shrinkage can cause micro
fissures in the cementitious matrix, which leads to reduced structure durability.

A well-known theory is that autogenous shrinkage occurs due to the appearance
of an internal pressure on the surface of the pores, caused by the change in saturation
of these pores. Free water is gradually reduced due to the cement hydration reactions
and, consequently, the condition of internal humidity is also reduced. Thus, in order to
restore the equilibrium pressure on the pore surface, a capillary tension arises, which
is responsible for generating the concrete deformation [4]. For Liu et al. [5], internal
curing can effectively reduce the start and end of autogenous shrinkage of high-
strength concretes after the start of the setting, regardless of the type of cement used.
In addition, for the authors, the type, composition and size of the porous aggregate
used can affect the effectiveness of internal healing.

Therefore, the pore structure plays an important role in the autogenous shrinkage
of concrete. According to Jensen & Lura [6], for internal curing in cementitious
materials, it is necessary: (a) possibility of transporting water from the reservoir (in
this case, the porous aggregate) to all regions where cement hydration reactions will
occur; (b) the relative humidity is close to 100%. In this context, studies have been
carried out with the objective of using the greater porosity of certain aggregates as
reservoirs for the internal cure of concretes.

Regarding the effect of RCA on this property, it can be highlighted that Manzi
et al. [1] reported that concrete shrinkage deformation is negatively influenced by
the use of recycled concrete aggregates. Gholampour and Ozbakkaloglu [2] obtained
similar conclusion in their study, in which RACs containing RCAs from concrete
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residue of 40 MPa develop significantly higher shrinkage strain than conventional
natural concrete.

On the other hand, Medjigbodo et al. [7] obtained lower values for autogenous
shrinkage of recycled concrete, compared to natural concrete. Similar results were
obtained by Maruyama and Sato [8], in which the autogenous shrinkage of high-
strength recycled concrete was 40% less than that of the corresponding reference
concrete. This phenomenon was attributed to the internal curing capacity generated
by the recycled aggregates. In this way, water would be gradually released from the
pores of the aggregates, slowing down the decrease in internal humidity and easing
the magnitude of capillary stresses and the autogenous shrinkage of these concretes.

In this context, as the results obtained in the literature are often contradictory, this
paper investigates the possibility of internal curing by employing recycled coarse
concrete aggregates generated from demolition concrete waste on the autogenous
shrinkage of new structural concrete for normal and high strength.

2 Materials and Methods

2.1 Materials

The natural aggregates used were: a fine fraction, composed of quartz sand, with
nominal diameter smaller than 4.75 mm; a coarse aggregate (named “NAT_C0”),
composed of coarse granite rocks, with nominal diameter between 4.75 and 9.5 mm;
and a coarse aggregate (named “NAT_C1”), also composed of coarse granite rocks,
with a nominal diameter between 9.5 and 19 mm.

The Recycled Concrete Aggregate (RCA) was derived from a demolition waste
recycling plant. The concrete waste was composed of a mixture of different demo-
lition concrete waste; therefore, the properties are unknown and the age is indeter-
minate. Four processing steps produced the Recycled Concrete Aggregates (RCAs):
crushing, drying, sieving and homogenization. In the first step, a jaw crusher was
used to reduce particle size by crushing. After the crushing step, the particles were
subjected to air drying and separation in an industrial mechanical sieve. The recycled
material of nominal diameter between 9.5 and 19 mmwas classified as coarse aggre-
gate 1, named “RCA_D_C1”. In the last step, the recycled aggregate was homoge-
nized by the longitudinal blending bed technique, which consists of alternately and
in opposite directions spreading the same amount of material along a pile. Figure 1
show the coarse aggregates used in this study.

The aggregates characterization was performed through several tests. Specific
gravity and water absorption were performed in the coarse aggregates according to
NBR NM 53 [9] and in the fine aggregate according to NBR NM 52 [10] and NBR
NM 30 [11], respectively. Table 1 reports the results for the mentioned properties.

The cement used in this study was a “high initial strength Portland cement”
according to NBR 5733 [12] characterized by a compressive strength of 40 MPa



114 M. Amario et al.

(a) NAT_C0 (b) NAT_C1 (c) RCA_D_C1

Fig. 1 Coarse aggregates

Table 1 Properties of the natural and recycled aggregates

Properties Aggregates

Sand NAT_C0 NAT_C1 RCA_D_C1

Maximum grain size (mm) 4.8 9.5 19.0 19.0

Specific gravity (kg/m3) 2447 2662 2636 2255

Water absorption rate (%) 0.5 1.5 1.3 6.1

Attached mortar content (%) – – – 35.1

at 28 days and a specific gravity of 3181 kg/m3. A superplasticizer “MC Powerflow
1180” with a solid concentration content of 35% and specific mass of 1.070 g/cm3

was used for workability control.

2.2 Mixture Proportioning

The scientific mix-design of the concrete mixtures was carried out according to the
Compressive Packing Model (CPM), proposed by de Larrard [13]. This method is
based on the properties of the constituents to evaluate the resulting concrete prop-
erties, assuming that the overall compactness achieved by the dry granular skeleton
determines the resulting concrete performance [14].

Specifically, for each strength class (i.e., C35 and C60) two mixtures were
designed: a reference concrete containing only natural aggregates (i.e., Cxx-NAT)
and a RAC including D-waste by replacing 100% of coarse fraction C1 (i.e.,
Cxx-D-C1). Table 2 shows the composition of the four concrete mixtures.

The recycled materials were added in dry condition to the mixture and the absorp-
tion was considered in the calculation of the composition: the value used was 50%
of total water absorption (obtained experimentally). This value of 50% is based on
the studies developed by Amario et al. [14] and Pepe et al. [15] in which the authors
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Table 2 Mixture proportioning

Mixture Materials (kg/m3)

NAT_C1 RCA_D_C1 NAT_C0 Sand Cement Effective
water

Total water

C35-NAT 452 0 457 868 325 196 212

C35-D-C1 0 384 453 862 341 194 216

C60-NAT 448 0 452 860 448 145 150

C60-D-C1 0 382 451 857 463 137 147

verified that during the concrete mixing process the RCAs absorb about 50% of their
total water absorption capacity. The superplasticizer content was 0.2 and 1.5% solids
in ratio to cement consumption for the mixtures of 35MPa and 60MPa, respectively.

2.3 Mixing Procedure

Due to the highwater absorption of the RCA, a specificmethodologywas adopted for
the mixing process: the total water was divided into two equal parts and the addition
of the parts was performed at different times of the mixture.

The mixing procedure was carried out in the following steps: first, all the aggre-
gates were mixed for 1 min; then, 50% of the total water was added and the mixing
continued for another 1 min; after, the cement was added and the materials were
mixed for another 1 min; finally, the superplasticizer and the second half of the water
were added, and all materials were mixed for 8 min.

2.4 Test Methods

The fresh state property was determined through slump tests [16]. For mechan-
ical characterization the compressive strength, elastic modulus and tensile splitting
strength at 28 days were determined [17, 18]. Total water absorption, voids index and
density were performed on cylindrical samples (100 mm of diameter and 200 mm of
height), according to NBR 9778 [19]. Autogenous shrinkage tests were performed
on sealed prismatic specimens (75 × 75 × 285 mm, room temperature of 23.0 ±
2.0 °C and relative humidity of 50 ± 4%).
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3 Results and Analysis

3.1 Workability and Physical Properties of RAC

Table 3 presents the means values and the coefficient of variations of slump, total
water absorption, voids index and density.

The slump test results indicate that RCA do not negatively influence the worka-
bility of the recycled concrete mixtures. Note that the four mixtures presented slump
values ranging between 160 and 195 mm.

The physical properties of RACs were more influenced by the use of RCA. In
this case, the total water absorption was higher for recycled concrete mixtures, as for
C35-D-C1 was 3.5% in comparison with the reference mixture with 3.0%. For the
high strength class, the recycled concrete presented 1.4% of total water absorption
while the reference mixture exhibit 1.1% on this property.

The voids index is a property directly related to total water absorption. Thus, the
RACs presented higher voids index than the reference mixtures, for both strength
classes. Additionally, concrete mixtures with only natural aggregates presented
higher density than RACs.

Table 3 Workability and physical properties of concrete mixtures

Mixture Slump (mm) Total water absorption (%) Voids index (%) Density (kg/m3)

C35-NAT 175 3.0 (±1.4%) 7.0 (±1.2%) 2303 (±0.3%)

C35-D-C1 195 3.5 (±2.2%) 7.8 (±2.3%) 2247 (±0.1%)

C60-NAT 165 1.1 (±1.7%) 2.7 (±1.3%) 2411 (±0.6%)

C60-D-C1 160 1.4 (±1.3%) 3.3 (±1.5%) 2376 (± 0.2%)

Table 4 Mechanical properties of concrete mixtures

Mixture fc,28 (MPa) εc,28 (με) Ec,28 (GPa) ft,28 (MPa) ft,28/fc,28 (%)

C35-NAT 34.2 (±2.4%) 2898 (±3.2%) 21.3 (±2.1%) 2.7 (±1.7%) 7.9

C35-D-C1 33.5 (±2.3%) 2941 (±2.7%) 20.9 (±2.7%) 2.6 (±2.2%) 7.8

C60-NAT 60.1 (±1.5%) 2665 (±1.7%) 29.1 (±3.2%) 3.9 (±3.2%) 6.5

C60-D-C1 59.7 (±0.5%) 2691 (±2.1%) 29.5 (±1.9%) 4.1 (±3.0%) 6.9
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3.2 Mechanical Behavior of RAC

Table 4 presents themeans values and the coefficient of variations of 28-day compres-
sive strength (fc,28), strain at maximum stress (εc,28), Elastic modulus (Ec,28), 28-
day splitting tensile strength (ft,28) and the relation between 28-day splitting tensile
strength and 28-day compressive strength and (ft,28/fc,28).

The compressive strength results obtained for RACs (C35 with 33.5 MPa and
C60 with 59.7 MPa) were very similar to the natural concretes (C35 with 34.2 MPa
and C60 with 60.1 MPa). In the normal strength class, the concretes had a maximum
difference of 4% compared to the predicted value of 35 MPa. In the high strength
class, the maximum difference was only 0.5% in relation to the desired value of
60 MPa. This fact shows that the use of a scientific mix-design that considers the
intrinsic properties of RCA combined with the accurate consideration of the water
absorption during the mixing process allowed positive results to be obtained.

The elastic modulus results of C35 class were 21.3 GPa for the natural concrete
and 20.9 GPa for the RAC. In the high strength class, the value obtained for the
natural concrete was 29.1 GPa while for the RAC was 29.5 GPa.

The results of 28-day splitting tensile strength show that, for high strength
concretes, the RAC presented better tensile strength (with 6.9 MPa) than the natural
concrete with 6.5 MPa. For the normal strength class, the splitting tensile strength
was very similar for both mixtures.

3.3 Autogenous Shrinkage of RAC

The whole experimental curves (up to 350 days of test) of autogenous shrinkage are
summarized in Fig. 2.

Figure 2 highlights that, as expected, the strains caused by autogenous shrinkage
were more intense in the first three days of test: this is more evident by the analysis of
the graphs proposed in Fig. 3 which shows the autogenous shrinkage curves for the
first six days of the test. These deformations were intensified due to the use of initial
high strength cement that promoted acceleration in hydration reactions of cement.

Moreover, from Fig. 2, it can be highlighted that no significant increment
autogenous of shrinkage is registered after 90 days of test.

Comparing the behavior of the two strength classes, it is noted that the high
strength mixtures presented higher values of autogenous shrinkage deformation than
the normal strength classmixtures (seeFig. 4). In fact, the higher cement consumption
combinedwith lowwater-cement ratio causes an increase in this type of deformation.
Thus, the risk of cracking in high strength concrete structures is higher, especially
in the early ages.

For both strength classes, the mixtures containing recycled aggregates presented
lower autogenous shrinkage values than the mixtures containing natural aggregates
after 365 days of test (for C35 class: 134με for C35-D-C1 and 142με for C35-NAT;
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Fig. 2 Autogenous
shrinkage curves up to
350 days of test

Fig. 3 Autogenous
shrinkage curves up to
6 days of test

for C60 class: 205 με for C60-D-C1 and 210 με for C60-NAT). This behavior can
be explained by the large amount of pores present in the recycled aggregates that
function as small reservoirs of water, gradually releasing this stored water for cement
hydration reactions. This is called internal curing of concrete.

Therefore, the recycled aggregate promoted a decrease in the deformations caused
by cement hydration reactions, contributing positively to the reduction of cracking
effects mainly in the early concrete ages.
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Fig. 4 Autogenous shrinkage values for RAC and NAT mixtures up to 90 days

4 Conclusion

This study analyzed the influence of RCA in the physical and mechanical behavior
and in the autogenous shrinkage of concretes with normal and high strength. The
following consideration can be remarked:

• The recycled concrete aggregate did not affect the compressive strength of recy-
cled concrete in comparison with natural concrete for both strength classes. The
mix-design method adopted (i.e. CPM) proved to be appropriated for the compo-
sition of recycled concrete mixtures with the samemechanical behavior as natural
concretes.

• The results of elastic modulus and splitting tensile strength were not influenced by
the presence of recycled aggregates for both C35 and C60 strength classes. In fact,
these properties are strongly related to the compressive strength of concrete, so
the mechanical behavior was similar between the two mixtures for each strength
class.

• The physical properties were more influenced by the use of RCA. In fact, higher
porosity associated with the recycled aggregate of grains caused an increase in
water absorption and a reduction in density of the RAC in comparison to natural
concrete for both strength classes.

• The autogenous shrinkage of recycled concrete mixtures was lower than the
natural mixtures for both normal and high strength classes. The presence of a
highly porous aggregate reduced the shrinkage of recycled concrete by promoting
the internal curing of the mixtures, i.e. the RCA were able to release water stored
inside gradually for the cement hydration reactions.

Finally, the results of this study reinforce that RCA can be used to obtain concrete
mixtures with similarly behavior to concretes containing only natural aggregates,
provided that an adequate mix-design method is adopted for these mixtures.
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Circular Economic Modelling—Barriers
and Challenges Throughout the Value
Circle

Birgitte Holt Andersen, Giovanni Salvetti, and Anastasija Komkova

Abstract The transition from a linear to a circular economy is a process that has
already started throughout our societies as one important strategy to reduce CO2

emissions and by decoupling the use of natural resources, materials and fossil fuels
from economic activity. Using examples from the Construction Industry, this paper
argues that key premises must be present for circularity to happen. The business
case at each level of the value circle must be viable. New building standards backed
up by adequate policy measures, e.g. green public procurement, CO2 and virgin
materials taxation is likely to be required. Finally, securing future supply of secondary
raw materials (SRM) must be demonstrated and adequate supply chains of SRM to
emerge.

Keywords Circular economic modelling · Transition to circular economy ·
Barriers and opportunities · Secondary raw material (SRM) · Geopolymer
cement · Construction materials

1 Background

1.1 Construction Sector

The construction sector as a whole account for 36% of global energy use and 39%
of energy related CO2 emissions [1]. Around a third of the emission derives from
the production of concrete, amounting to 5–8% of CO2 global emissions [2, 3].
Additionally, the sector is the most material resource consuming sector with an
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Fig. 1 Content of OPC concrete compared with Geo-polymer concrete. Source DurSaam

annual average of about 5.4 billion tonnes of raw materials, almost 4 times higher
than the second most resource consuming sector; agriculture and fishing [4].

Themost common cement isOrdinary PortlandCement (OPC),which is produced
by calcination of limestone,which then is heating up to 1400 °C to produce the clinker
[5]. To produce one tonne of OPC results in the emission of 0.82 tonnes CO2 [6].

On the positive side, the construction sector represents a huge potential for circu-
larity, in particular sincemany of the virginmaterials currently used in buildingmate-
rials can be replaced by a wide range of secondary raw materials (SRMs), ranging
from by-products or waste streams of industrial production to the use of recycled
end-of-lifematerials from construction and demolitionwaste (CDW). Figure 1 shows
the ingredients required to produce 1 m3 of traditional concrete compared with 1 m3

of a green type of concrete, the so-called geopolymer concrete.

1.2 On-going Research in Circularity Related to Developing
Green Cements

The present research will take advantage of three on-going research projects:
URBCON,1 DuRSAAM2 and WOOL2LOOP3 as the basis to develop a circular
economic model. All three projects aim at developing an alternative to OPC. From
an ecological point of view, the geopolymer cement has two distinct advantages
to Portland cement: (a) lower energy requirements, (b) it can be produced almost
entirely using SRMs, such as mineral wool, mining slags, fly ash, etc. It has been
assumed that geopolymer cement has the potential to replace at least 20% of current
cement applications, mainly for precast applications, e.g. façade panels, floorings,
ceiling elements and other more specialized applications where geo-polymer cement

1Interreg NWE project: ‘By-products for sustainable concrete in the urban environment’, www.nwe
urope.eu/urbcon.
2Marie Curie PhD training network, http://www.dursaam.ugent.be.
3Horizon2020 project: Geopolymer technology for the development of mineral wool waste value
chains. https://www.wool2loop.eu/en/.

http://www.nweurope.eu/urbcon
http://www.dursaam.ugent.be
https://www.wool2loop.eu/en/
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has absolute technical performance advantages compared to OPC. Furthermore,
comparing geopolymer cement with OPC the potential reduction of CO2 emissions
range between 26 and 80% [6].

While the focus of the Wool2Loop project is to collect and reuse mineral wool
waste (MWW) to produce specific geo-polymer products, the focus ofURBCON is to
use local waste to produce ‘urban concrete’, a circularity concept closely associated
with relevant policies of the cities involved. Finally, DuRSSAM is a collaborative
PhD framework aiming at delivering world-leading training in this multidisciplinary
field through13PhDs in interrelated aspects ofGeopolymer concrete, fibre reinforced
high-performance concrete, and textile-reinforced mortar, as well as sustainability
assessment.

1.3 The Aim of This Paper

The aim of this paper is to report on progress in developing a circular economic
model is to (1) understand the premises for which a transition to a more circular
economy within the building material sector can take place by analysing the busi-
ness case at each step of the value chain from sourcing of SRM; to production of
geopolymer cement; design and manufacturing of the building materials; use phase
and end of life, (2) identify the main hindrances facing such transition, including
technical, legislative, standardisation, market type barriers and user acceptance (3)
assess security of future supply of suitable SRMs as competing demands for critical
SRMs can be expected in the future, combined with scarcity of some SRMs such as
fly ash (due to fewer coal power plants in the future) and blast furnace slags (due
to reduced steel production in Europe). The first aim and the third aim will be the
primary focus of this paper.

1.4 Approach

The current research includes literature review, data collection including statistics,
model developing, interviews with industry and other stakeholders. As the research
projects are still on-going, the results presented in this paper are preliminary. The
technical work related to the development of the geo-polymer cement is not yet
finalised, wherefore the results of LCA and LCCA are also not yet available.

2 Results Related to Circular Economic Modelling

In the following we will present the preliminary findings regarding the premises for
which this specific area of the construction industry can turn circular by substituting
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virgin materials with industrial waste streams resulting also in a considerable reduc-
tion in CO2 emissions. Likewise, the paper presents a first estimation of availability
of key secondary rawmaterials (SRM) critical to secure future supply for production
of geopolymer cement.

2.1 The Business Case at Each Step of the Value Circle

The current research has taken a pragmatic approach in assessing and describing the
business cases along the value chain in order to understand the premises for which a
transition to a circular economy can take place.

Sourcing SRM

The first step of the value circle is sourcing of suitable Secondary Raw Materials
(SRMs) for the production of geopolymer cement. Examples of suitable SRMs are
depicted in Fig. 2. Each SRM representing a distinct sourcing value chain.

Construction and Demolition Waste (CDW) accounts for more than one third of
all waste in Europe, in the order of 850 million tons a year. That means on average
each of us produce more than 1½ tons of CDW on a yearly basis [7]. The CDW is
usually made up by Minerals (concrete, natural stones, plaster/gypsum, foamed clay
bricks, glass, mineral wool); Organic materials (wood, asphalt, various plastics and
PVC); andMetals: (iron, steel copper). According to theWaste Framework Directive
(2008/98/EC), article 11.2 demands Member States to achieve a minimum of 70%
recyclingof non-hazardousCDWbyweight in 2020.Currently, the recyclingofCDW
stands at around 50%, with huge variations across the different member states. CDW
management protocols has been introduced by the EC as non- binding guidelines to
facilitate higher recycling rates. Pre-demolition audit (PDA) is an activity organized

Fig. 2 Examples of waste streams feeding geopolymer cement
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by the owner of the building or infrastructure resulting in the inventory of materials
and components arising from the future demolition, deconstruction or refurbishment
projects, and their management and recovery options. It was originally initiated
in order to identify hazardous materials, such as lead, PCB and asbestos, prior to
demolition. PDAs are already compulsory in someMember States, such as Belgium,
The Netherlands, France, Sweden, Finland, Austria, Bulgaria, and Czech Republic
[8].

So, who owns the waste or the CDW? Traditionally, a waste has been seen as a
liability and associated with a certain deposit or landfill cost, which typically lies
in the range of 100EUR-200EUR per ton. As waste is gradually becoming an asset
representing a given value, it is interesting to understand who owns the waste or the
SRM. In case of CDW, the building itself is obviously owned by the property owner,
but at the moment a contract is signed for demolition it is the demolition company
that owns the CDW. Hence, the business case is viable, if you can turn a negative
cost (a landfill fee) for a given waste into an income generating material.

Treatment of SRM

The recycling market has emerged over the past decades as a results of increased
regulated waste management. Recycled steel, iron, glass, paper, asphalt, aggregates
markets are well established. According to EuRIC,4 the recycling industry consisting
of some 5500 companies, generate a turnover of 95BEUR. In the case of ‘new’ waste
streams, such as mineral wool waste or certain type of mining slags, new SRM value
chains and new recycling companies are likely to emerge.

In case of mineral wool waste (MWW), certain investments are needed in order
to make the waste useful. The main source of MWW is from demolition. At the
demolition site, the MWW has to be separated from other types of demolition waste.
Due to the low density of the wool, some kind of processing at the demolition site is
needed to reduce the volume of the MWW prior to transporting. Before the MWW
can be used for geopolymer cement production is has to be grinded into very fine
particles. The milling process could be done either by the demolition company as an
intermediate supplier or by the final user of the material, e.g. the cement company.
The cost of an industrial milling machine with a capacity of 15 tons/hour is 50 K
EUR.5

The costs of the MWW powder can be added up as follows:

Cost price of MWW powder = [
Labour Cost of separation/T

]

+ [
Transport cost of MWW powder/T

] + [
Milling machine CAPEX/T

]

+ [
Milling machine OPEX/T

]

If the market price of the MWW is higher than the cost price, or the deposit costs
cost of MWW is higher than the Cost price of MWW, the business case is valid.

4The European Recycling Industries Confederation.
5According to the Wool2Loop project.
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Fig. 3 Conceptual framework to assess the potential for economic circularity

Production of Geopolymer cement

At the level of production of geopolymer cement, at least two scenarios can be
considered. The production can either take place at existing production facilities
of cement or construction materials. Alternatively, new players can establish them-
selves to specialise in the production of geopolymer cement. For existing production
facilities, only marginal investments will be required to accommodate the use of
CRM for the production of geopolymer cement. Additional cost flows for estab-
lished players concerning the production of geopolymer cement and products based
on geopolymer cement, can be grouped as follows: CAPEX andOPEX of production
facilities, training of staff for handling and additional health and safety procedures
to handle the activator while preparing the geopolymer cement mix. However, the
total investment due to using geopolymer cements is not expected to vary consider-
able compared to other normal alterations in the production flow.6 This aspect will
be further investigated through the pilot phase of both Wool2Loop and URBCON
project.

The market perspectives, the use phase and end of life considerations is still
ongoing research.

Based on the conceptual circularity model and excel model is under development
to capture and analyse all the data and narratives being collected from the various
stakeholders in the value circle in order the access the economic viability (Fig. 3).

6According to industrial partners in Wool2Loop and URBCON.
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2.2 Main Hindrances for Turning Circular

Globally, concrete is the most widely used construction material [9] and demand
for sustainable concrete is gradually increasing. However, there are several barriers
preventing the transition towards circular economy in the construction sector.

While the technology associated with geopolymer production is evolving and are
promising, certain technological barriers remains, but currently examined within the
ongoing research projects, (Wool2Loop, URBCON and DuRSAAM). The devel-
oping geoploymer technology is associated with lack of long-term data on concrete
durability in real world settings [10]. Another barrier for adapting geopolymers at
the industrial scale is the absence of relevant regulatory standards for geopolymer
concrete.

The main market hindrances are associated with lack of incentives fostering the
concrete industry to adapt to sustainable technologies. As the prices of the virgin
materials remain relatively low, the concrete producers tend to use conventional
materials to remain competitive in the market. On the other hand, the application
of the industrial by-products and waste materials in the concrete production can
minimise the use of the finite natural resources and create new business opportunities
as pressures from various stakeholders increase as public opinion demands actions
to reduce CO2 footprint and deliver against the UN sustainability goals.

However, the perception and reaction to the geopolymer cement representing
a green solution to the construction industry remains uncertain and does poten-
tially constitute a main barrier. Key stakeholders include construction companies,
architects, construction engineers, certification agencies, but also Public procure-
ment policies are seen as potential driver for public construction investments. Costs,
performance, durability, LCA and LCCA will form part of the value proposition.

2.3 Availability of Secondary Raw Materials (SRM)

In order to secure supply of the alternative raw materials it is important to investi-
gate stocks and flows of those materials that can partially or completely substitute
virgin raw materials in concrete production. In the context of producing geopolymer
cement we have made a preliminary mapping and assessment of order of magnitude
availability of key SRMs. These includesMineralWoolWaste (MWW), Bio Fly Ash
(BFA), Ground granulated blast furnace slags, and Kaolin by-products (Fig. 4).

As there is no publicly available data on the volume of mineral wool produced in
Europe, the previously developed models suggest that MWW amounts to approxi-
mately 2.5 mt in year 2020, based on assumption that MWW constitute 0.2% of the
total CDW generated in Europe [11]. Due to the increase in the use of insulation over
the last decades, the availability of MWW is expected to reach 4mt in year 2040 and
assuming shorter building refurbishment trends, it can rise up to 10 mt.7

7Based on internal communication within Wool2Loop project.
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Fig. 4 Waste streams available for geopolymer binders

Fly ash is produced during coal combustion at thermal plants, and the European
production of fly ash was approximately 35 mt in 2008, with 13.6 mt was used in
concrete production [12]. It has been estimated that 1 ton of fly ash can produce
approximately 3 m3 geopolymer concrete [13]. In the future, however, fly ash from
coal fired power plants will decrease as coal will be out phased as EU are shifting
towards greener energy sources. Instead fly ash from bio-based thermal power plants
will increase. The stockpiled fly ash can be used as alternative reserves, where stock
size should be estimated.

The calcined natural clays such as metakaolin are often used in geopolymer
concrete production as a precursor, however the coarse kaolin by-products available
at a rate of 1.1 mt can be used as an alternative precursor.8

Blast furnace slag is a by-product of steel industry. In Europe, the total production
of blast furnace slag was 24.6 mt in year 2016, with granulated blast furnace slag
was approximately 78.9% or 19.4 mt [14]. Approximately 60% of blast furnace slag
has been applied in cement production/concrete addition and about 24% for road
construction [15].

Within the concrete production process, the above-mentioned industrial by-
products and waste materials are activated with alkaline solutions. Activators, such
as sodium silicate, potassium silicate, sodium hydroxide and potassium hydroxide,
typically used in geopolymer concrete production have a high carbon footprint as
manufacturing processes of these chemicals are energy demanding. Activators there-
fore account for the major part of environmental impact of geopolymer concrete
[16]. In geopolymer mixtures, the inorganic activators can be partially substituted

8According to industrial partners in Urbcon project.
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with waste materials. For example, rice husk ash, which is a by-product from the
rice industry, can be used to minimize sodium silicate content in the geopolymer
concrete [17]. The alternative materials include urban and industrial glass waste that
can be used as an alkaline activator for blast furnace slag [18].

The main learnings from this preliminary exercise is that in the order of 43 tons of
suitable SRM are available to produce geopolymer cement on a yearly basis, more
than enough to replace up to 20% of the current OPC applications.

3 Conclusions

According to the statistics there is still a longway to a full circularity circle within the
construction industry. Ideally, full material circularity is reached when only recycled
materials are used. In principle all LCAs will be zero in a perfect circular economy.

The good news is that there exist technological and economic potential in using
the SRMs in geopolymer cement production and that the future supply of rele-
vant SRMs are plentiful. There exist opportunities to create a business case for
geopolymer cement and we have identified potential stakeholders that can benefit
from the emerging markets.

3.1 Future Research

• Complete data collection and assessment of costs flows and benefit flows to
document the business case at each stage of the value circle

• Further stakeholder interactions to understand willingness to change and accep-
tance of new building standards

• Further literature reviews into the subject of pricing of SRMs
• The economic aspects of the activators

Acknowledgements Thanks to the projects Wool2Loop and URBCON and all partners in
contributing with knowledge, insights as well as hard and soft data.
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Development of Sustainable Perspective
of Carbon Fibers Recycling and Reusing
for Construction Materials

R. Napolitano, P. Vitale, C. Menna, and D. Asprone

Abstract The development of sustainable methods is a demanding challenge posed
by Global civilizations for improving the life quality in many ways. A key role in
achieving sustainability goals could be the implementation of the new buildingmate-
rials models for the future environmental requirements. The presented process deals
with the recycling of carbon fibers wastes deriving from automotive industry and
the reusing within a building system, increasing in value the approach of circular
economy and providing a solution to many negative economic and environmental
impacts. To quantify potential benefits, in this work the behavior of cement-matrix
composites containing short carbon fibers is described. An experimental campaign,
starting from a specific surface treatment of the “pre peg” composite material sheets
and an accurate studyof the dimensional distributionof the carbonfibers, is presented.
The aim is the evaluation of the influence of the percentage and length of fibers usage
on the mechanical performance of cement based carbon fibers-reinforced mortars,
following different approaches of mixture. The results show a good increase in stiff-
ness and in flexural strength up to 11% and 20% respectively, for the samples charac-
terized by fibers in percentage of 6.4% by volume of mixture and of 2–5 mm length
and by a reduced amount of cement. A strong connection between the mixture work-
ability and fibers size is observed. Finally, the assessment of the entire life cycle of
the product is discussed for quantifying effective environmental impacts.

Keywords Circular economy · Carbon fibers recycling · Sustainable building
material · Life cycle assessment

1 Introduction

Construction is one of the worlds’ leading industrial sector, becoming pivotal also in
terms of environmental burdens, for example, on a global scale, around 39% of GHG
(Green House Gases) emissions and approximately 40% of primary energy used
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refers to this sector, in Europe the 30% of the wastes generated come from construc-
tion and demolition activities [1]. Inside this sector, cement production embodies a
central role, by representing 8% of global CO2 emissions [2]. For this reason, there
is a need to find out different solutions to promote sustainability in this sector as of
the production process of cement.

Furthermore, in the last decades, the total amount of carbon fibers reinforced
polymers (CFRP) production is strongly increased, mainly due to its physical and
mechanical properties, for this reason, different industrial sectors, mainly aerospace
and automotive, employ CFRP in a wide number of applications [3].

However, at the same time, the amount of CFRP wastes’ volume augmented
effectively reaching around 4 million tons in 2017 worldwide [4], and there is the
necessity to manage them in the more sustainable way in order to mitigate their
impacts. Actually, despite the fact that the European Community has indicated a
drastic reduction in the amount of waste to be sent to landfill [5, 6], in Italy, there are
still some lacks about the most appropriates waste managements for carbon fiber.

Many efforts have been done for recovering and recycling of carbon fiber, on this
purpose, one of the first study was carried out by Pannkoke et al. [7] showed that
recycling of CFRP was feasible working at low temperature, less than 30° C, useful
to harden the resin and make prepregs cuttable, conserving a big share of the original
properties.

Recycling and re-manufacturing processes are growing up by numbers and by
systems, Oliveux et al. [8] and Pimenta [9] reviewed different type of recycling tech-
nologies for CFRP, from mechanical treatment, pyrolysis, fluidized bed and chem-
ical treatment, demonstrating the technical feasibility of re-introducing the recycled
parts in the market for the non-critical structural applications. Saccani et al. [10]
investigated the possibility to recycle scraps of CFRP, coated in epoxy or other
matrix, without any previous chemical or high temperature treatment, and then used
to increase flexural strength and toughness of different mortars.

Unfortunately, most of these kind of wastes have been landfilled, losing resources
and money, because even though there are several recycling systems, or in general
recovering technics available at lab scale, there is not any possibility to find the same
efficiency on a commercial scale. To comply with this problem, other researchers
tried to mix carbon fiber with cementitious or concrete mortar in order to improve
their mechanical properties. For example Badanoiu and Holmgren [11] studied how
solve the problem of the organic compounds of resins on the surface of fibers which
decrease the bond between the cement and the carbon fibers. Others like Garcés et al.
[12], Mastali et al. [13], Mastali and Dalvand [14], and Ogi et al. [15] focused their
activity on the improvement of mechanical properties like strength, flexural strength,
impact resistance, compressive strength, tensile strength and modulus of elasticity
by mixing carbon fiber with cement in concrete and by testing several samplings and
specimens.

On this line, this study suggests a model in line with the circular economy by
enhancing a feasible industrial symbiosis between two sections, in a win–win solu-
tion. On the one hand, there is a techno-textile company using CFRP, with the neces-
sity to improve the sustainability related to waste management, ensuring natural
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resources optimization, recycling or recovering of energy from waste, and, at the
same time reducing the cost for this service. On the other hand, there is the need to
move forward to a more sustainable cement production, mitigating environmental
and economic impacts during the production process.

The aim of this paper is to quantify the environmental performances of an ordinary
cement mortar compared with two experimental mortars. The first one, in which a
precise amount of carbon fibers (obtained from CFRP prepregs as waste of an Italian
Company) substitute a share of sand, and the second one, in which a discrete amount
of carbon fibers can substitute a share of cement. To do this, an attributional and
comparative LCA (Life Cycle Assessment) [16, 17] has been carried out on different
specimens on a lab scale, which have been also tested and compared on mechanical
performances, in the specific flexural and compressive strength.

2 Materials and Methods

The experimental campaign, conducted at Laboratory of the Department of Struc-
tures for Engineering and Architecture, University of Naples “Federico II”, aims at
optimizing the mechanical performances of cementitious material reinforced with
short carbon fibers deriving from CFRP from automotive industry, by producing a
new type of material that could be reused within a building system.

In order to study the effects of short carbon fibers on the behavior of cement
composites, flexural and compression tests were carried out on different groups
with and without carbon fibers. For the case of cement composite with fiber, it was
reinforced by 0.7–1 mm, 1–2 mm, 2– mm fibers. The variable percentages of fiber
content, chosen for this investigation were 4, 6, 8 and 12% by volume of mixture,
with varying the approaches and the workability of mixture.

2.1 Carbon Fibers

The carbon fibers used in this research work was obtained from the Italian Company,
market leader in the production of carbon fibers components for the automotive
industry. In particular, the material used by the company is “pre-preg”, i.e. carbon
fibers sheets pre-impregnated with a pre-catalyzed resin system. Table 1 shows the
properties of carbon fibers.

Table 1 Properties of carbon
fibers

Tensile strength 1061.9 MPa EN ISO 527-4

Elastic modulus 200–600 GPa

Density 1750 kg/m3
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2.2 Recycling Process

Asmentioned above the recycling process aims to produce amore performingmortar
in terms of mechanical properties, meaning an increased value of ductility, tensile
strength and durability. The addition of carbon fibers in the mortar lends a reduction
of cracks caused by plastic shrinkage due to evaporation of the water into the mixing.

After the wastes collection from industry storage, the carbon fibers have been
cooked at a temperature of about 90 °C for 30 min that allows the polymerization of
the pre-preg sheets, in order to harden the sticky resin and consequently enabling the
workability of the fibers. The second phase involves the shredding of CFRP fibers,
a pre-treatment operation consisting in reducing the size of material into fragments
by using a mechanical grinder. Then, by using a series of sieves superimposed with
opening gradually decreasing from top to bottom, themeasurement of grain sized has
been detected for enhancing the physical and chemical properties of the materials.
Thanks to this operation, the length of fibers fragments is defined, in order to make
the choice of fibers dimension mixed inside the cement composite more reasonable
and defined.

2.3 Dimensional Distribution

The characterization of the fibers has been implemented only for the substitution of
mixtures. Starting from the images reproducing the distribution of the fibers sieved,
the data processing provided by a Matlab application and reported here as distribu-
tions of length and diameter diagrams. An important result is the aspect ratio, i.e. the
ratio between the expected value of the fibers length and diameter, in tabular form
(see Table 2). As the aspect ratio increases, the adherence between the materials
increases and consequently the performance of the fiber-mixture improves, since the
fibers subjected to tensile forces are more difficult to slip off.

Table 2 Dimensional distribution results

Fiber Length Diameter Aspect ratio

Expected value σ Expected value σ

0.425–0.8 2.84 0.30 0.53 0.39 5.33

0.8–1 3.77 0.29 0.92 0.38 4.11

1–2 4.40 0.28 1.61 0.47 2.73

2–5 8.72 0.32 2.79 0.34 3.12
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Table 3 Properties of mortar specimens in substitution of sand and cement

Label Mortar type Amount of
fibers by
volume (%)

Expected value
length of fibers
(mm)

Length of fibers
(mm)

Sand substitution

S-R32.5 Standard – – –

SS-R32.5_4%_0.425-0.85 Standard 4 2.84 0.425–0.8

SS-R32.5_4%_0.85–1 Standard 4 3.77 0.8–1

SS-R32.5_4%_1-2 Standard 4 4.40 1–2

SS-R32.5_4%_2-5 Standard 4 8.72 2–5

SS-R32.5_8%_2-5 Standard 8 8.72 2–5

Cement substitution

S-R32.5 Standard – –

SC-R32.5_6.4%_1-2 Standard 6.4 4.40 1–2

SC-R32.5_6.4%_2-5 Standard 6.4 8.72 2–5

SC-32.5_12.8%_2-5 Standard 12.8 8.72 2–5

2.4 Fiber Reinforced Mortar Sample

In this study, ordinary mortar was used as reference base material. The study
follows different criteria for the specimens’ production: (a) workability; (b) the fibers
percentage; (c) the fibers length; (d) substitution of cement and or sand. In the crite-
rion (d) the amount of cement and sand is reduced to the extent which corresponds to
the same amount of fiber added. In each cast, elements of plain mortar were poured
and tested to find out the compressive and flexural strength. The amount of sand,
cement and carbon fiber were dry mixedmanually in order to ensure a uniform distri-
bution of cement and fiber in the mixture. The amount of water was carefully added
to the dry mix and afterwards components were mixed thoroughly. Mix proportions
of mortar–fiber mixtures are given in Table 3, where the label SS or SC refers to
mixture approach (d), taking account the sand or cement substitution respectively;
R32.5 is the strength class of cement, according to UNI EN 197-1; the percentage
refers to the amount of fibers in the sample and the last numbers stand for sieve size.

2.5 Mechanical Properties Optimization

The specimens were tested under flexural and compression loading conditions,
according to UNI EN 196-1 [18] protocol and the resulting average flexural and
compression strength were calculated. The results are summarized in Tables 4 and
5.



136 R. Napolitano et al.

Table 4 Flexural response of composites with the variation of fibre length and content

Label Reference flexural
value (MPa)

Average flexural
strength (MPa)

Flexural � (%)

Sand substitution

S-R32.5 – 7.53 –

SS-R32.5_4%_0.425-0.85 7.53 7.38 −2

SS-R32.5_4%_0.85-1 7.53 8.65 15

SS-R32.5_4%_1-2 7.53 7.94 5

SS-R32.5_4%_2-5 7.53 8.88 18

SS-R32.5_8%_2-5 7.53 8.68 15

Cement substitution

S-R32.5 – 7.53 –

SC-R32.5_6.4%_1-2 7.53 8.45 12

SC-R32.5_6.4%_2-5 7,53 8,36 11

SC-32.5_12.8%_2-5 7,53 6,47 −14

Table 5 Compression response of composites with the variation of fibre length and content

Label Reference
compression value
(MPa)

Average compression
strength (MPa)

Compression � (%)

Sand substitution

S-R32.5 – 38.0 –

SS-R32.5_4%_0.425-0.85 38.0 40.4 6%

SS-R32.5_4%_0.85-1 38.0 42.3 11%

SS-R32.5_4%_1-2 38,0 39,6 4%

SS-R32.5_4%_2-5 38.0 41.7 10%

SS-R32.5_8%_2-5 38.0 38.55 1%

Cement substitution

S-R32.5 – 38.0 –

SC-R32.5_6.4%_1-2 38.0 35.76 −6%

SC-R32.5_6.4%_2-5 38.0 37.68 −1%

SC-32.5_12.8%_2-5 38.0 27.76 −27%

The best performances are showed by SC-R32.5_6.4%_2-5 series and are referred
to a restrained increasing in strength but reduced amount of cement, in order to
achieve a more sustainable product. In fact the optimal result in the case of mixture
containing fibers of 6% by volume with fiber lengths of 2–5 mm in substitution of
cement opens the opportunity of sustainable goals development, through an approach
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of circular economy for reducing negative environmental impacts. The relative load–
deflection curves are illustrated in Fig. 1 compared to the control specimens without
fibers.

In graph (Fig. 2), the flexural strength variance in percentage is reported with
respect to corresponding reference value, for the mixes characterized by cement
substitution.

Fig. 1 a Load–deflection relationship in flexural regime (grey lines: control specimens, black lines:
fiber content 6.4%); b Load–deflection relationship in compression regime (grey lines: control
specimens, black lines: fiber content 6.4%)

Fig. 2 Flexural strength
variance of different mixes
with respect to
corresponding reference
value
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3 Life Cycle Assessment

3.1 Goal and Scope Definition

System under analysis and system boundaries. The objective of the study is to
quantify the mechanical and environmental performances of an ordinary cement
mortar compared with two experimental mortars. An attributional and comparative
LCA (Life Cycle Assessment) in agreement with the ISO standard [16, 17] has been
carried out for different specimens on a lab scale. The functional unit corresponds
to each single specimen, having size of 40 mm × 40 mm × 160 mm, realized in the
laboratory and suitable for the tests. It comprises the different quantities of cement,
water, sand and fibers in each specimen.

Data quality. The LCA studywas carried out bymeans of SimaPro 8.0.5, a dedicated
tool provided by Pré-Consultant [19] recommended for this kind of analysis. The
data for this study derive from the Ecoinvent v.3.1 database [20], one of the most
reliable database on the market with thousands items. In particular, the production
processes referring to cement, sand and water has been chosen and modified on
research needs, in order to reduce the range of uncertainties [21–24]. For example,
all the entry related to several types of transportations out of the system boundaries
of this study has been deleted, to make it as close as possible to the real case.

LCIA Methodology. This stage requires the use of a mathematic model to convert
values for all types of emissions, energy, heat dissipation, noise etc. into impact
categories to provide essential information for a decision-making process. IMPACT
2002+ is the methodology used for this study [25], a recognized tool used already in
other studies [26, 27]. It transposes the LCI results into 15midpoint categories, then it
is possible, by reducing the complexity and at same time losing scientific information,
rearrange to four damage categories more suitable for a non-scientific public. The
presentation of the final LCA results can be limited to few impact categories, chosen
as the most representative for the environmental burdens to summarize the scenario,
in this case, 6 impact categories has been selected, like: respiratory inorganics, RI,
terrestrial ecotoxicity, TE, land occupation, LO, globalwarming,GW, non-renewable
energy, NRE and mineral extraction, ME.

Life Cycle Inventory—LCI. The Life Cycle Inventory (LCI) in this study is based
on the quantity ofmaterial to be produced and the energy necessary to grind theCFRP
fibers. The amount, defined for the experimental test, in terms of water, cement and
sand are suggested by UNI EN 196-1 [18], and the values has been reported in Table
6.

Furthermore, the system considers also the amount of electricity needed for the
grinding machine to form regular size of CFRP. A technical data sheet has been
used to calculate the energy consumptions of the machinery. The internal sizes of
the machinery are 0.6 m × 0.4 m × 0.25 m, and so the internal volume is 0.06 m3,
assuming that it regularly works with a load of CFRP around the 10% of the total
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Table 6 Series of sampling with substitution of sand and cement

Cement
(g)

Water
(g)

w/c
[−]

Sand
(g)

Fibers
[g]

Fibers
percentage
(%)

Sand substitution

S-R32.5 450 225 0.5 1350 – –

SS-R32.5_4%_0.425-0.85 450 225 0.5 1296 36 4

SS-R32.5_4%_1-2 450 225 0.5 1296 36 4

SS-R32.5_4%_0.85-1 450 225 0.5 1296 36 4

SS-R32.5_4%_2-5 450 225 0.5 1296 36 4

SS-R32.5_8%_2-5 450 225 0.5 1242 72 8

Cement substitution

S-R32.5 450 225 0.5 1350 – –

SC-R32.5_6.4%_1-2 421.2 225 0.53 1350 36 6.4

SC-R32.5_6.4%_2-5 421.2 225 0.53 1350 36 6.4

SC-R32.5_12.8%_2-5 394.4 225 0.57 1350 72 12.8

volume, then, the total working volume is 0.006 m3 and a total weight of 0.8–0.9 kg.
The amount of carbon fibers necessary for a specimens ranges from 36 to 72 g, so,
it is reasonable and conservative assume 5% as of the share of energy consumptions
accountable to the shredded CFRP needed for the mixture of a sample.

The grinding machine has a nominal power of roughly 400 W, then the time to
grind a total load is 30 min, the supposed time needed only for the fibers necessary
for the quantity of one specimens has been calculated as:

t1 = t0(Vol1:Vol1) (1)

The time is 0.025 h, therefore the energy consumptions are less than 0.01 kWh.
The life cycle inventories for cement, sand and water come out from the database

Ecoinvent 3.1, the items selected are “Cement, Portland production” for cement,
“Silica sand” for the amount of sand and “Tap water production” for the use of water.
All the production sites are located in Campania region, south of Italy, and all the
processes are similar to those selected in the database.

3.2 Life Cycle Impact Assessment—LCIA

Based on the data coming out from the LCI, it was possible to calculate the impact.
As mentioned above the midpoint or impact categories selected are: respiratory inor-
ganics, RI, terrestrial ecotoxicity, TE, land occupation, LO, global warming, GW,
non-renewable energy, NRE and mineral extraction, ME.
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Fig. 3 Characterization of impacts for cement substitution

Figure 3 shows the results of the characterization stage that compare the base-
line cement mortar and those with a substitution of CFRP fibers instead of cement.
It should be noted that there are substantial environmental benefits, gradually,
depending on the amount of cement that has been replaced. In fact, mortars with
a substitution rate of 6.4% when compared to baseline mortar presents environ-
mental benefits around 5%, while mortar with a substitution rate of 12.8% shows
benefits for around 10%.

4 Results and Discussion

The experimental results have revealed that the addition of the recycled short carbon
fibers gives the cement composite strategic properties concerning the mechanical
and environmental aspects. From a mechanical point of view, the enhancement of
cementitious behavior is linked to the ductility and increase in strength. Referring
to the results of cement composites with addition of fibers in substitution of sand
summarized in Table 3, the best performances have been obtained in the case of
fiber content 4% and fiber length 2–5 mm. This mix showed an increase with respect
to reference material in flexural and compression strength of 18% and 10% respec-
tively, a significant increase in stiffness quantified in 27%, and a greater ductility.
Concerning the mixes with approach in substitution of cement, the optimal result
has been achieved by cement paste having carbon fibers in the amount of 6.4% by
volume of mixture and length of 2–5 mm. About this, the Table 4 records a greater
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improvement in flexural behavior, as the increase in the slope of the load branch
shows by the curves in Fig. 1a, against a drop in compression strength, due evidently
to the lower amount of cement (see Table 5).

Therefore, considering SC-R32.5_6.4%_2-5 sample as the optimal solution on the
one hand a goodmechanical optimization is guaranteed and on the other a sustainable
perspective is reproduced, as demonstrated by the life cycle assessment. In fact,
the results of the life cycle assessment support those of the experimental tests on
mechanical performance. Specifically, as already observed in Fig. 3, when specimens
replacing cement were analyzed, the benefits were higher, especially for the SC-
R32.5_12.8%_2-5 series, saving evenmore than 10% formost ofmidpoint categories
analyzed. In fact, for GW from 0.394 kg of CO2 eq of the baseline to 0.346 of the
experimental mix, NRE from about 1.88MJ primary of the baseline to about 1.67MJ
primary of the experimental mix and finally RI from 0.000146 kg of PM2.5 eq to
about 0.00013 of the experimental mix.

5 Conclusions

The aim of this paper was to quantify the environmental performances of an ordi-
nary cement mortar compared to two experimental mortars. Through such circular
economy application, the traditional production model based on the use of natural
resources and oriented towards maximizing gaining is overcome and any product
is perceived as a benefit for economic and environmental improving. To this end,
this work has developed an integrative criterion of recycling of short carbon fibers
deriving from CFRP from automotive industry and reusing as a new type of cementi-
tiousmaterial for construction industry. The results of this work have revealed clearly
that the addition of a certain amount of short carbon fibers increased the mechanical
performances of ordinary cement mortar, specifically in terms of flexural strength
and ductility. Furthermore, the experimental results have been validated significantly
by an attributional Life Cycle Assessment, in order to present a valid tool embracing
different critical aspects related to the built environment posed byGlobal civilizations
and leading to sustainable development paths.
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Optimization of Alkali-Activated Mineral
Wool Mixture for Panel Production
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Abstract A significant amount of mineral wool waste is generated during the
construction and demolition of buildings. At the moment, most of this material ends
up in a landfill without further utilization. Alkali activation is one technology already
recognized to produce low carbon dioxide binders and other products/materials from
several industrial by-products, and could also be employed to recycle mineral wool
waste. This study shows the result of milling and homogenization of different types
of wool waste and their subsequent use as precursors in the alkali-activation process.
Two different types of mineral wool waste were taken from the mining company
Termit (Slovenia). Stone and glass wool were milled, pulverized and sieved below 63
µm. After homogenization, different alkali-activated pastes were prepared using two
different alkali activators (NaOH and/or Na–water glass). The compressive and flex-
ural strength of each alkali-activated material was measured, showing higher values
for glass wool in comparison to stonewool. In addition, different curing temperatures
were assessed (room temperature and 40 °C). The compressive and flexural strength
of glass wool after three days at 40 °C was 34.7 and 8.7 MPa respectively, compared
to values of 29.1 and 9.3 MPa for stone wool. After 3 days at room temperature, the
strengths were not measurable, however, after 28 days the respective compressive
and flexural strength were 29.9 and 14.4 MPa in the case of glass wool, and 40.6 and
14.9 MPa for stone wool.
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1 Introduction

Mineral wool (stone and glass wool) is the most common insulating building mate-
rial worldwide. Due to the massive production of mineral wool, a huge amount
of construction and demolition waste has been generated. Mineral wool waste has
a low density (20–200 kg/m3) and contains formaldehyde-based components that
could leach into the environment after disposing to landfill. Due to its low weight
and density, it consumes a large amount of space. In addition, sorting and separation,
logistics and the lack of economically feasible uses for mineral wool waste impede
its recycling. This study, which is part of the H2020 project Wool2Loop [8] aims to
upgrade construction and demolition wool waste into a valuable raw material which
could be used in new products and for applications based on alkali activation tech-
nology. By combining smart demolition practices with on-site analysis, the costs of
the mineral wool waste can be reduced to a level which would enable reuse. Alkali
activation technology is an important method to utilise mineral wool waste as a raw
material to convert into new materials. A careful mix design enables the production
of various value-added products with different properties (e.g. hollow core slabs,
fibre-reinforced panels, acoustic panels, pavement slabs, facade panels, etc.).

Alkali activation technology can be used as an alternative to Portland cement
production to prepare a low carbon dioxide binder and other products/materials from
several industrial by-products, including mineral wool waste. Moreover, concrete or
ceramic-like materials originating from mineral wool generate 50–80% less CO2

emissions than regular concrete [1, 6]. Alkali activated materials are generated
through a combination of an alkali source (typically sodium or potassium silicate or
hydroxide) and an aluminosilicate component (blast-furnace slag, fly ash, calcined
clay, etc.) [7]. During alkali activation, a structurally disordered, highly cross-linked
aluminosilicate gel is formed [5]. Mineral wool waste could be a potential precursor
for alkali activation due to its consistent chemical and physical composition, high
content of Si in amorphous phase [4, 9].

The goal of the present work is the development of mixtures based on wool waste
by applying alkali-activation technology. Glass and stone wool, which were used as
precursors, were ground, homogenized and activated using sodium hydroxide and/or
sodium silicate. The microstructure before and after grinding, as well as after alkali
activationwas analysed, and the effect of different curing temperatures onmechanical
properties was assessed.

2 Experimental Part

Different types of mineral wool waste (glass and stone wool) were obtained from an
openwaste dumpbelonging to the companyTermit d.d.. Sampleswere first separated,
shaken by hand to remove particles such as pebbles and wood, and cut into small
pieces. About 1 kg of wool waste was placed in a classic concrete mixer and mixed
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Table 1 AAMs mix design and liquid to solid ratio (calculated according to precursor) for glass
and stone wool waste

GW1 GW2 GW3 GW4 SW1 SW2 SW3 SW4

Mineral wool waste (g) 150 150 150 150 150 150 150 150

NaOH (g) 12 3 / 6 12 3 / 6

Na2SiO3 (g) / 60 96 91 / 60 129 117

H2O (g) 65 22 / / 98 42 / /

L/S 0.43 0.38 0.37 0.35 0.65 0.51 0.5 0.45

for 2 h. The sample was homogenized and dried at 105 °C for 24 h in a drying oven
then sieved below 63 µm. The residue was ground again in the homogenizer, sieved
and a very small amount left for disposal.

Alkali-activated materials (AAM) were prepared using glass (labelled as GW) or
stone (labelled as SW)wool sieved below 63µm, and alkali activators NaOH (Donau
Chemie Ätznatron Schuppen, EINECS 215-785-5) and/or Na-water glass (received
from mining company Termit, with mass percentage of Na2O 12.8%, and mass
percentage of SiO2 29.2%). NaOH and Na-water glass were prepared in different
ratios, stirred until the liquid became clear (when NaOH was added into Na-water
glass), and poured into the sample whilst constantly mixing.

The paste mixtures (precursors and activators) were moulded into prisms of 80×
20× 20mm3. Compressive and flexural strengthweremeasured using a compressive
and flexural strength testing machine (ToniTechnik ToniNORM) after three days
cured at 40 °C and after 1, 3, 7, 14 and 28 days at room temperature (Table 1).

XRD analysis of glass and stone wool samples was performed using an Empyrean
PANalytical X-ray Diffractometer (Cu X-Ray source) between 4 and 70° at intervals
of 0.0263°, under cleanroom conditions in powder sample holders.

For XRF analysis (Thermo Scientific ARL Perform’X Sequential XRF) powder
samples were first treated for two hours at 950 °C in a furnace (Nabertherm B 150)
to remove organic compounds and carbonate and were then mixed with Fluxana
(FX-X50-2, Lithium tetraborate 50%/Lithium metaborate 50%) in a ratio of 1:10 in
order to lower the melting temperature. XRF analysis was performed with software
OXAS on melted disks, while data was characterized using the software UniQuant
5.

The specific surface area (BET) of the milled glass and stone wools was deter-
mined by nitrogen adsorption at 77 K over a relative pressure range of 0.05–0.3
(Micrometrics ASAP 2020, Micrometrics, Norcross, GA, USA). Before BET anal-
ysis samples were heated at 105 °C for 24 h and degassed to 10–3 Torr (Micrometrics
Flowprep equipment, Micrometrics, Norcross, GA, USA).

Scanning electron microscopy (SEM; Jeol JSM-IT500) with a tungsten filament
cathode as an electron source was used to investigate samples sputtered with gold
under high vacuum conditions. Samples were dried at 40 °C in a vacuum chamber
before observation.
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Table 2 Chemical
composition of glass and
stone wool, loss of ignition at
550 °C determined by the
gravimetric method and BET
analysis for glass and stone
wool

Chemical component
(wt%)

Glass wool (GW) Stone wool (SW)

Na2O 12.1 3.9

SiO2 54.0 43.7

Al2O3 8.7 16.0

MgO 7.9 11.6

Fe2O3 3.0 5.3

CaO 12.5 16.8

LOI 550 °C (%) 5.38 4.62

BET (m2/g) 0.4948 0.3722

3 Results and Discussion

3.1 Chemical and Mineralogical Analysis

The data showing loss of ignition at 550 °C, and the specific surface area of the
different types of mineral wool is presented in Table 2. Ignition loss is higher in glass
wool, suggesting that glass wool contains more organic species [2]. BET analysis
demonstrates similar results for glass and stone wool; however, glass wool has a
bigger specific surface area. XRF analysis shows the presence of different oxides
in glass and stone wool (Table 2). Mineral wools are mainly composed of silicon,
aluminium, calcium, magnesium and iron. The glass wool contains 54.0 wt % of
SiO2 and 12.1 wt % of Na2O, which is slightly lower than in typical glass wool, but
8.7 wt % of Al2O3 and 7.9 wt % of MgO which is a little higher than in typical glass
wool collected from Termit d.d. [3]. In contrast, the stone wool has a composition as
expected. In this study, it is assumed that the glass wool may not be pure glass wool
but contains some proportion of stone wool. During the collection of waste glass
wool, it is hard to separate glass and stone wool completely, and the final material
could be a mixture of both.

XRD analysis of precursors is shown in Fig. 1. As expected, the curves show that
both types of wool are almost completely amorphous. Traces of minerals are present
in the mineral wools: quartz, calcite and dolomite in the glass wool (Fig. 1a), and
quartz and dolomite in the stone wool (Fig. 1b).

3.2 Microstructural Analysis

SEM pictures before (a, b) and after (c, d) grinding the glass and stone wool are
presented in Fig. 2. Samples are composed of different fibres which vary in size
and diameter, cylindrical rods and irregular random-shape particles. Although all
material was sieved below 63 µm, some particles are bigger. Some particles with a
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Fig. 1 XRD of precursors
glass wool and stone wool

Fig. 2 SEMmicrographs before pulverizing the glass (a) and rockwool (b).After grinding, samples
were sieved to below 63 µm. c Represents glass wool with different elongated particles, while in
d many random-shape particles are also observed
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Fig. 3 SEM micrographs of the matrix from alkali activated glass wool

diameter smaller than 63 µm may enter perpendicularly during the sieving process
(Fig. 2 c, d).

The SEM of mineral wool waste after alkali activation is presented in Fig. 3 (glass
wool) and 4 (stone wool). The AAMs differ according to which activator was used.
When NaOH was used almost no matrix is formed (GW1 and SW1). Na-water glass
as an activator gave a porous structure with both mineral wools (GW2-GW4 and
SW2-SW4). However, fewer pores are present in the samples GW4 and SW4. It can
be seen that the initial fibres of glass wool (Fig. 3) are better incorporated into the
matrix compared to stone wool fibres (Fig. 4), no matter which activator was used.

3.3 Mechanical Analysis

The glass and stone wool were alkali-activated using NaOH, Na-water glass or a
combination of the two. The results for compressive and flexural strength of the
different AAMs are presented in Figs. 5 and 6. All samples were cured for three days
at 40 °C. The results show better compressive strengths for the mixtures prepared
with glass wool, compared to those using stonewool. However, the strength is depen-
dent on the type of activator. If using only NaOH (GW1 and SW1), the results for
compressive strength are below 11 MPa for glass wool and below 9 MPa for stone
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Fig. 4 SEM micrographs of the matrix from alkali activated stone wool

Fig. 5 The results of compressive and flexural strength for different alkali-activated glass wool
materials after 3 days of drying at 40 °C

wool. UsingNa-water glass as an activator or a combination of both activators (NaOH
and Na-water glass) significantly improves the compressive strength, giving values
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Fig. 6 The results of compressive and flexural strength for different alkali-activated stone wool
materials after 3 days of drying at 40 °C

above 30MPa for glass wool (GW2-GW4, Fig. 5) and 20MPa for stone wool (SW2-
SW4, Fig. 6). The addition of water slightly decreases the compressive strength in the
case of glass wool (26.7 MPa, GW2 in Fig. 5), while compressive strength reduces
significantly the stone wool (below 15 MPa, SW2 in Fig. 6). The highest compres-
sive strengths were achieved in mixtures GW4 and SW4, eliciting values of 34.7 and
29.1 MPa, respectively.

The flexural strength of all testedmixtures was below 10MPawhen cured at 40 °C
for three days. In glass wool, the flexural strength was 3.3 MPa when using NaOH
as an activator compared to 7.8 MPa when Na-water glass was used; for stone wool
these values were 3.9 and 5.9 MPa respectively, indicating a higher flexural strength
when Na-water glass is used. Flexural strength increases if both activators are used
simultaneously (around 9 MPa) but decreased with the addition of water (6.9 MPa
for glass and 4.3 for stone wool), similar to compressive strength.

Data regarding the density of different mixtures are available in Table 3. The
density of AAMs depends on the type of alkali activator. If NaOH is used (GW1 and
SW1), the density is between 1.2 and 1.6 kg m−3 compared to a density of more than
1.8 kg m−3 in the AAMs prepared using Na-water glass (GW3 and SW3). Using
both activators (a combination of NaOH and Na-water glass) for alkali activation
results in a slightly lower density compared to the Na-water glass alone (GW4 and
SW4). However, with the addition of water, density decreased (GW2 and SW2).

Since manufacturing AAMs at room temperature would be favourable for the
projectWool2Loop (to avoid the energy required for curing at elevated temperatures),
in the next step, the most promising mixtures of glass (GW4) and stone wool (SW4)
were chosen. Compressive and flexural strength was measured after 1, 3, 7, 14 and
28 days of drying at room temperature. The results are shown in Fig. 7. After three
days of curing at room temperature, samples were still too soft to be demoulded.
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Table 3 The density of each
prepared sample calculated
after three days at 40 °C

Samples Density (kg m−3)

GW1 1.52

GW2 1.57

GW3 1.86

GW4 1.83

SW1 1.23

SW2 1.52

SW3 1.87

SW4 1.83

GW4 SW4
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Fig. 7 The compressive and flexural strengths of alkali activated GW4 and SW4 measured after 1,
3, 7, 14 and 28 days, dried at room temperature

After one week, the compressive strength for stone wool was below 10 MPa. In the
case of glass wool, it was not possible to measure the compressive strength after one
week due to the fragility of the material. Curing at room temperature for 28 days
(Fig. 7) results in better compressive strength for stone wool (40.5 MPa) compared
to glass wool (30.0 MPa), whereas when samples were cured at 40 °C for three days
(Figs. 5 and 6) better compressive strengths were observed for glass wool (34.7MPa)
compared to stone wool (29.1 MPa). The flexural strength after one week at room
temperature ranged between 2 and 3 MPa for both types of AAM. After 28 days of
curing, the flexural strength ranged between 14 and 15 MPa, which is better than the
flexural strength of around 9 MPa which was achieved after drying the AAMs for
three days at 40 °C.
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4 Conclusions

Glass and stone wool waste were used for the preparation of AAMs. Both types of
wool were milled and sieved under the same conditions, and the effects of different
activators on the final compressive and flexural strengths has been studied. NaOH as
an alkali activator results in low compressive and flexural strength, whilst using Na-
water glass, or a combination of both activators significantly improves the strength
properties.Compressive andflexural strength also depends on the curing temperature,
whereby a higher temperature (40 °C) results in faster drying and better compressive
and flexural strengths after three days compared to curing at room temperature.
However, the compressive strengths of glass wool after three days at the higher
temperature are comparable to those measured after drying for 28 days at room
temperature. After 28 days, stone wool shows better compressive strength versus
glasswoolwith respect to the three days curing at 40 °C. Themicrostructure indicates
differences between the matrices of glass and stone wool, whereby the glass wool is
more reactive. The matrix depends on the type of activator used. Where a mixture of
both NaOH and Na-water glass is used, more mineral wool reacts with the activator
and forms an amorphous gel.

This study indicates the potential secondary use ofmineralwoolwaste for different
building/constructionmaterials.Due to the huge amount ofwaste, usingmineralwool
waste as a raw material for various applications is an important step for the circular
economy.
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Suitability of Different Stabilizing Agents
in Alkali-Activated Fly-Ash Based Foams

Katja Traven, Mark Češnovar, and Vilma Ducman

Abstract Alkali-activated foams (AAFs) are inorganic materials produced from
aluminosilicate sources, such as fly-ash and metallurgical slag or clay, which contain
air voids in their matrices. One possible route to the pore-forming process is chem-
ical foaming through the use of a blowing agent such as hydrogen peroxide. Gaseous
products (e.g. O2) are formed during this process and then become trapped in a solidi-
fied structure during the hardening stage. In order to avoid the collapse of pores during
this process various stabilizing agents (surfactants), such as sodium oleate, sodium
dodecyl sulfate (both anionic surfactants), and Triton X 100 (nonionic surfactant),
are also added to the mixture. In the present study, the AAFs were formed using
fly-ash from a Slovenian thermal plant and H2O2 as a foaming agent. The air voids
were stabilized through the addition of three different surfactants: sodium oleate,
sodium dodecyl sulfate, and Triton. The effects of different quantities of foaming
and stabilizing agents and different types of stabilizing agents on the mechanical
properties and microstructure of foams were investigated.

Keywords Alkali-activated foams · Fly-ash · Chemical foaming · Stabilizing
agent · Mechanical properties

1 Introduction

Alkali-activatedmaterials, also called geopolymers or inorganic polymers, are impor-
tant materials which could provide a suitable alternative to ordinary Portland cement
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composites and some other industrial materials, primarily due to their excellent char-
acteristics and the reduced CO2 footprint of their production process compared to
conventional products [1]. Recent research in the field of alkali-activated materials
has led to the development of several new or improved types of alkali-activated prod-
ucts, among them foams (AAFs) sometimes also called alkali-activated lightweight
concrete [2–4], based on the use of different waste materials such as fly-ashes, clays,
volcanic ashes, and various slags [5, 6]. It is worth noting that fly-ash based alkali-
activated foams possess relatively good mechanical and thermo-acoustic proper-
ties, their production is cost efficient due to the use of waste materials and their
environmental footprint is favourable compared to similar products which might
be produced at significantly higher temperatures (such as foamed glass or ceramic
foams). They can therefore be used in the building sector, e.g. in acoustic panels and
lightweight pre-fabricated components for thermal insulation, as well as for certain
other industrial applications [7–9].

There are several approaches to the formation of AAFs: (i) direct foaming, (ii)
replica method, (iii) sacrificial filler method, (iv) additive manufacturing, and (v)
other methods [10]. The most used technique is the direct foaming method, whereby
air voids can be introduced into the slurry either mechanically, where pre-made foam
is physically mixed into the alkali-activated material, or chemically using blowing
agents such as hydrogen peroxide (H2O2), sodium perborate or aluminium (Al),
forming gaseous products during the process [11].

2H2O2(l) → 2H2O(l) + O2(g) (1)

As shown in Eq. (1), one of the reaction products in the case of hydrogen peroxide
is O2, which is released into the slurry. The resulting structure is a highly-porous
lightweight fire-resistant material with acceptable mechanical properties and good
thermal or acoustic properties, which can be used in construction applications.

In order to avoid pore collapse due to the release of pressure inside the matrix the
use of a stabilizing agent (SA) or surfactant is recommended. Such additives include
sodium oleate and sodium dodecyl sulfate (both anionic surfactants), and Triton X
100 (a nonionic surfactant), all of which decrease the surface tension of the air/slurry
system and therefore stabilize the wet foam by reducing the coalescence of bubbles.
Moreover, their presence enables a better control of the following parameters: (i)
cell size, (ii) size distribution and (iii) the ratio between open and closed cells [10].
The influence of different SAs on the mechanical and microstructural characteristics
of AAFs has been investigated by various authors. Esmaily and Nuranian [12] used
three different SAs in the same system (alkyl ether sulphate, oleic acid and sodium
lauryl sulphate) and showed that specimens produced using sodium lauryl sulphate
had amore homogeneous porous structure and higher strength than samples obtained
using the other two SAs. Cilla et al. [13] as well as Korat et al. [14] tested various
amounts of SAs in the same system, resulting in AAFs with different average cell
size and open porosity values.

The aim of the present paper was to compare the effect of different quantities of
foaming and stabilizing agents as well as the addition of different types of stabilizing
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agents on the mechanical properties and microstructure of the hardened AAFs. The
alkali activation and foaming were formed using fly-ash from a Slovenian thermal
plant in Na2SiO3 and NaOH solutions. A chemical method was used to create the
foaming process with H2O2 (1.0 or 2.0 mass %) and the air voids were stabilized
through the addition of three different stabilizing agents (sodium oleate, sodium
dodecyl sulfate, and triton; 1.0 and 2.0 mass %). The microstructure of foams was
investigated by means of SEM analysis.

2 Experimental

2.1 Materials and AAFs Preparation

Fly-ash (FA) was obtained from a thermal plant (Slovenia). Full characterization of
this precursor has already been investigated by Traven et al. [15], where the presence
of quartz, akermanite-gehlenite, hematite,magnesioferrite,mullite and anhydritewas
confirmed, as well as over 70% of amorphous phase by means of XRD. The pres-
ence of alumosilicates was also shown through chemical analysis by means of XRF.
Water glass (sodium silicate Crystal 0112 produced by Tennants distribution, Ltd.,
SiO2:Na2O= 1.97 mass %; 54.2 mass % aqueous solution) and NaOH (produced by
Donau Chemie, 41.7 mass % water solution) were used as activators. 30% hydrogen
peroxide solution (produced by Carlo Erba Reagents) was used as a foaming agent
and three different surfactants, as described inTable 1 and in Fig. 1, used as stabilizing
agents.

For this study 12 different samples of AAFs were prepared by mixing the FA
(precursor) with Na2SiO3 and NaOH (activators) with the same solid/liquid ratio of
3.5 for all mixtures but varying the quantity of foaming agent (1.0 and 2.0 mass %)
as well as the type and quantity of stabilizing agent (sodium oleate, sodium dodecyl
sulfate or triton; 1.0 and 2.0 mass %). The contents and designations of the mixtures
are shown and explained in Table 2. The fresh foamed pastes were poured into 20
× 20 × 80 mm3 moulds and cured at 70 °C for 3 days. The density of all AAFs
was determined by weighing the individual foams and dividing the thus determined

Table 1 Key information regarding the stabilizing agents used

Name Internal
abbreviation

Producer Type M (g/mol) Appearance

Sodium dodecyl
sulfate

SDS Acros organics Anionic 288.38 White powder

Sodium oleate OL Honeywell Anionic 304,44 White powder

Triton X 100 T Fisher scientific Non-ionic av. 625 Clear colourless
liquid
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Fig. 1 Structural formulas
of the following stabilizing
agents: sodium dodecyl
sulfate (a), sodium oleate
(b) and Triton X 100 (c)

Table 2 List of compositions together with the sample designationsa of different AAFs prepared
for the study (in mass %)

Sample designation FA Na2SiO3 NaOH (aq) H2O2 SDS OL T

H1SDS1 0.73 0.22 0.03 0.01 0.01 / /

H1OL1 / 0.01 /

H1T1 / / 0.01

H1SDS2 0.02 / /

H1OL2 / 0.02 /

H1T2 / / 0.02

H2SDS1 0.02 0.01 / /

H2OL1 / 0.01 /

H2T1 / / 0.01

H2SDS2 0.02 / /

H2OL2 / 0.02 /

H2T2 / / 0.02

aSample designations explanation: H stands for hydrogen peroxide followed by its concentration
followed by the stabilizing agent abbreviation followed by SA’ concentration

weights by the corresponding dimensions of the specimens (i.e. so called geometrical
density).

2.2 Characterization Methods and Instruments

Mechanical strength (compressive strength) was determined at an age of 3 days
using Toninorm test equipment (Toni Technik, Germany), using a force application
rate of 0.005 kN/s. Microstructural analysis of cross sections of the hardened AAFs
was performed using a JEOL JSM-IT500 LV (back-scattered electrons image mode)
SEM in a low vacuum.
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3 Results and Discussion

The influence of the three selected stabilizing agents was investigated by applying
two different concentrations (1.0 and 2.0mass%) of each to two different amounts of
the selected foaming agent (H2O2). The resulting density and compressive strength
measurements are presented in Table 3 and Fig. 2. The measured density decreases
as the amount of foaming agent increases, but the effect of a change in the amount of
SA added varies according to the type of SA used. As the amount of SDS increases,
the density decreases, in the case of OL the density stays almost the same and in the
case of T the density slightly increases (when the 1.0 mass % of the foaming agent is
added to the mixture). The trend for SDS supports the findings made by Korat et al.
[14]. Since the trend is not exactly the same when the amount of H2O2 is 2.0 mass
% general conclusions for OL and T could not be made solely on the basis of this
study.

As expected, the mechanical strengths correlate with the sample densities. For
instance, the compressive strength of the sample H1SDS1 with the highest density
of 0.83 g/cm3 is 3.47MPa but it decreases significantly in the case of sampleH2SDS2
(to 0.15 MPa with a density of 0.37 g/cm3). The foams with 2.0 mass % of H2O2

added are in all cases very fragile with a very low compressive strength, as is evident
from Table 3 and the macro-images in Table 4, and were therefore not suitable for
further investigation by means of SEM. With regard to the effects of the type of SA
added on the mechanical strength, the best performances are shown by SDS when
1.0 mass % of SA is added and by T, when higher amounts of SA are added to the
mixture (i.e. 2.0 mass %).

Table 4 shows the macroscopic captures of the surface pore structure when 1.0
or 2.0 mass % of hydrogen peroxide is used for foaming and different types and

Table 3 The measured
compressive strengths and
densities (together with the
corresponding standard
deviations) of the studied
AAFs

Sample designation Compressive strength
(MPa)

Density (g/cm3)

H1SDS1 3.47 (0.44) 0.83 (0.04)

H1OL1 2.70 (0.58) 0.81 (0.03)

H1T1 1.67 0.31) 0.70 (0.01)

H1SDS2 1.25 (0.15) 0.63 (0.01)

H1OL2 2.53 (0.67) 0.80 (0.04)

H1T2 2.54 (0.26) 0.73 (0.02)

H2SDS1 0.45 (0.15) 0.44 (0.04)

H2OL1 0.27 (0.12) 0.46 (0.04)

H2T1 0.76 (0.26) 0.53 (0.02)

H2SDS2 0.15 (0.08) 0.37 (0.01)

H2OL2 0.71 (0.38) 0.51 (0.13)

H2T2 0.42 (0.10) 0.49 (0.02)
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Fig. 2 Comparative graphic presentation of the compressive strength (σCS) and density (ρ) results
shown in Table 3

amounts of stabilizing agent are used. The increased addition of foaming agent led
to an increase in pore size and macro-pore distribution, particularly where OL and T
were used as stabilizing agents. All samples also showed almost identical collapsing
of pores when a higher amount of foaming agent was added. This is most evident in
sample H1T1, where the upper side of the material is visibly curved due to the pore
collapse.

Secondly, when comparing the effects of adding different amounts of SA on
the final structure of the AAFs we can conclude that in the case of SDS addition
foam samples appeared to be comparable at macro level. We could draw similar
conclusions for the sample pairs H1T1, H1T2 and H2OL1, H2OL2. Contrarily there
is an observable difference in the sample pair H1OL1 andH1OL2, where the addition
of higher amounts of SA resulted in a greater number of smaller pores (also confirmed
by SEMpictures in Fig. 3). The difference is also noticeable in the samples H2T1 and
H2T2, where the higher amount of added SA prevents the pores collapsing, meaning
that the sample H2T2 is not curved on the upper side of the AFF.

Last but not least, comparison of the AAFs with different types of SA reveals
the biggest difference among them. In the samples where SDS and OL are used as
SAs the pores are smaller and more uniformly distributed, whereas in the case of the
addition of T the pores are bigger and more varied in size. Overall we can conclude
that both the type and amount of SA could significantly affect the final structure of
the materials.

The findings described above are supported by the SEM microstructure analysis
of the selected AAF samples, which was made in order to more precisely define the
specific contrast between pore size and their distribution (Fig. 3). Lowmagnification
of the inner microstructure consists of clearly visible micro-pores, meso-pores, and
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Table 4 Macro-images of all
12 sample cross-sections

1.0 mass % of H2O2 2.0 mass % of H2O2

SDS 1.0
mass
%

2.0
mass
%

OL 1.0
mass
%

2.0
mass
%

T 1.0
mass
%

2.0
mass
%
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Fig. 3 SEM images of the selected AAFs at 35× magnification

cracks. Pore structures are round shaped for all sample types regardless of theSA type,
whereas the average pore size differs significantly among them (from the smallest
average pore size of 200 μm for sample H1OL2 to the biggest average pore size
of 700 μm for sample H1T2). In all samples the spherically-shaped remains of
unreacted FA precursor are also observed. To add, the effect of pore percolation is
also observed in all selected AAFs.
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4 Conclusions

The present study investigated the usability of different types and amounts of stabi-
lizing agents in an alkali-activated foamingprocess. The alkali activation and foaming
were performed using fly-ash from a Slovenian thermal plant (Šoštanj) in Na2SiO3

and NaOH solutions. The influence of sodium dodecyl sulfate (SDS), sodium oleate
(OL) and triton (T) as selected stabilizing agents was investigated by applying two
different concentrations (1.0 and 2.0 mass %) of each to two different amounts
of selected foaming agent (H2O2). Assessment of density and mechanical strength
measurements as well as SEM analysis allows the following conclusions to be made:

• The material density decreases with an increased amount of foaming agent,
whereas the effect of the amount of SA added varies according to the type. The
densities of AAFs range between 0.37 and 0.83 g/cm3.

• The compressive strengths correlate with the sample densities and are between
0.15 and 3.47 MPa.

• SEM analysis revealed that the pore structures are round shaped for all sample
types regardless of the SA type whilst the average pore size differs significantly
among them (from the smallest average pore size of 200 μm for sample H1OL2
to the biggest average pore size of 700 μm for sample H1T2).

• The overall conclusion is that the compressive strength as well as the microstruc-
ture of AAFs is significantly affected by the quantity of stabilizing and foaming
agents as well as by the type of stabilizing agent used. The best performance was
achieved using the oleate as a stabilizing agent (sample H1OL2 with 1.0 mass %
of H2O2 and 1.0 mass % of OL), giving the smallest average pore size together
with a satisfactory compressive strength (i.e. 2.53 MPa).
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Influence of Specific SCM
on Microstructure and Early Strength
of Sustainable Cement Blends

O. Rudic, J. Juhart, J. Tritthart, and M. Krüger

Abstract Blended binders combining different hydraulically active materials and
inert fillers, have a high potential to improve sustainability of cement and concrete.
In this study a portion of ordinary Portland cement (OPC) up to 40 wt.% was
replaced by supplementary cementitious material (SCM): two limestone powders
(LSP) of different fineness and ground granulated blast furnace slag (GGBFS). Their
influence on microstructure and strength development and of blended formulations
is presented. While strength development was assessed by compressive strength
measurements up to three months, the effects on microstructure were investigated
by Mercury intrusion porosimetry and air permeability measurements. The results
show that refinement of pore size distribution and altered capillary porosity is strongly
influenced by both, the ratio of water to total binder content (w/b) and of water to
hydraulically effective portion of binder (w/bhy) related to the effects of combined
SCMs. Significantly higher strength gains (between 1st to 28th and 1st to 91st day)
of blended mixes were found due to joint contribution of latent-hydraulic reaction of
GGBFS and strength accelerating “filler-effect” of inert LSP. Sole influence of inert
fillers was found to be significantly higher in case of lower w/b (water content per
volume) due to increased packing density.

Keywords Cement replacement materials · Blended cement mix design ·
Microstructure · Compressive strength development

1 Introduction

Theworldwide production of Portland cement (PC) of approximately 4.2 billion tons
per year,with 1-ton production of cement clinker being responsible for nearly 0.87 ton
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Fig. 1 Ordinary OPC paste
(left) and optimized paste
(right) with blended cements
(OPC, GGBFS, MEK, MIK).
Blended cements can have
enhanced packing density at
equal flowability as well as
beneficial effects for
functional properties and
environmental impact

OPC 
(clinker)

GGBFS

LSP MEK
LSP-MIK

interstitial water

of carbon dioxide exhaust in atmosphere, presents a serious environmental issue [1,
2]. In order to satisfy the increasingworldwide demand of cement and concrete based
materials and to reduce CO2 emissions at the same time, many studies recommend
substituting PC by SCMs to reduce environmental impact of the binder material itself
but also to improve concrete performance and durability [3–21].

The principles of mix-design of eco-efficient blended binders for sustainable
concrete were pointed out inter alia by [1, 10, 19]. The mix-design approach of
this study is illustrated in Fig. 1 according to [10]. OPC is blended with SCMs of
different fineness, different particle size distribution, mean diameter respectively and
then compared to pure OPC paste. Cement clinker—which represents 95 wt.% of
OPC—is primarily responsible for GWP (global warming potential) and PEt (total
primary energy consumption) of normal concrete [20, 21]. A blend is optimized in
terms of its environmental impact when OPC with its high GWP and PEt is partly
substituted by properly selected SCMs, which on the rule have lower environmental
loads. The SCMs usedwithin this study can be distinguished in very finemicro-fillers
(MIK) and coarser eco-fillers (MEK). An appropriate combination can (i) optimize
packing density in a way that lower the water demand of the blend for achieving a
specific flowability or (ii) increase the specific surface area (SSA) of the mix which
may affect early strength and (iii) be beneficial regarding durability [10].MEKcan be
hydraulically active materials like GGBFS as well as inert fillers like LSP-MEK used
in this study. MIK can also be hydraulically active materials (not used in this study)
or inert materials like the used LSP-MIK. An optimized mix of OPC/MEK/MIK
according to Fig. 1 requires less water for achieving a specific flowability than ordi-
nary OPC paste (of 100% OPC), mainly due to the physical filler effect of MIK but
also the alteration of particle interaction.Moreover, addition of superplasticizers (SP)
reduces the water demand for achieving a specific workability. As SP have a high
environmental impact, they must be used sparingly in an eco-optimization process.
For a systematic comparison of different blends in this study binder mixes weremade
with two given, nearly constant w/b-ratios as pointed out below, where b denotes to
the sum of all powders (<125 μm) of the blend.
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2 Materials and Mix Design

The mineral raw constituents show notable differences in particle size and specific
surface characteristics (Table 1). The most prominent difference is the d50 values of
MEK and finerMIK. Considering chemical composition of OPC and SCMmaterials,
notable difference is in the calcite content (Table 1). Mix design of blended cement
pastes and mortars was prepared by mixing CEM I 52.5R (OPC) with varied quan-
tities of GGBFS and LSP (MIK and MEK) and with two different water contents
(Table 2). Note that with (nearly) constant w/b-ratio, the w/cl-ratio (i.e. water to
clinker ratio, calculated with the assumption of 95 wt.% of clinker in OPC according
to EN 197-1 [22]) and the w/bhy ratio (i.e. water to clinker + GGBFS ratio) vary.
The main aim during mix design was to achieve very similar flow characteristics of
all fresh mixes (Table 2), which was achieved by adding SP (0.07–0.15 wt.%/binder)
to mixes with low water content per volume (w/b = 0.36–0.45).

Table 1 Properties of investigated mineral raw materials

Type ρ (g/cm3) d50 (μm) Blaine (mm2/g) Calcite (wt.%)

CEM I 3.12 7.1 4270 3.6

GGBFS 2.85 10.9 3046 1.2

MEK 2.70 5.0 4785 ≥ 95.0

MIK 2.70 1.2 (10,560)a ≥ 97.0

QUARTZ SAND 2.63 984 / /

aOut of the reliable measuremnt range of Blaine method

Table 2 Mix design for the reference cement and cement blends (w/b—water to binder ratio,
w/cl—water to clinker ratio and w/bhy—water to hydraulically binder ratio)

Sample CEM I
(wt.%)

GGBFS
(wt.%)

MEK
(wt.%)

MIK
(wt.%)

w/b w/cl w/bhy Flow (mm)

A1 100 0.40 0.42 0.42 178

A2 100 0.60 0.63 0.63 183

B1 70 30 0.40 0.60 0.42 171

B2 70 30 0.60 0.90 0.62 200

J1 60 30 10 0.45 0.79 0.52 191

J2 60 30 10 0.60 1.05 0.69 201

G1 60 32.5 7.5 0.36 0.63 0.63 183

G2 60 32.5 7.5 0.60 1.05 1.05 200

K1 60 22.5 10 7.5 0.45 0.79 0.57 195

K2 60 22.5 10 7.5 0.60 1.05 0.75 201

M1 60 40 0.45 0.79 0.79 169

M2 60 40 0.60 1.05 1.05 200
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2.1 Sample Preparation

The different pastemixeswere placed in cylindrical plastic tubes (diameter of 70mm,
height of 150 mm) and rotated for 24 h to prevent bleeding and segregation. After
that the samples were packed in plastic bags and stored for another 27 days at 20 °C
and 65% of relative humidity. After the 28-day curing period the paste samples were
unpacked and dried at 105 °C for 24 h in order to stop further hydration process.
Then they were again sealed in plastic bags and stored at ambient room temperature.
The microstructure was investigated at a sample age of about 3 months.

In addition to pure paste mixes mortar samples were prepared as well. The volume
of the paste was kept constant for all mortar samples (43.5 vol.%) regardless to the
water content. For the remaining 56.5 vol.%. of the mix quartz sand with a maximum
aggregate size of 4 mm was used (Table 1). Two types of mortar samples were
prepared; firstly, prisms with standard dimensions of 16 × 4 × 4 cm to be used for
compressive strength (CS) determination and secondly, with dimensions of 36 × 14
× 10 cm for air-permeability investigation. All mortar specimens were cured for the
first 24 h in molds covered with plastic sheet at 20–23 °C and then stored until 28th
day in the same way as the paste samples.

2.2 Testing and Evaluation Methods

Porous structure modification of hardened paste blends was investigated by mercury
intrusion porosimetry (MIP) with Pascal 440 Thermo-Scientific. Mercury (density
13.53 g/cm3, surface tension 0.485 N/m and contact angle 130°) was used for calcu-
lating the pore sizes by applying the Washburn equation [23]. Skeletal density (i.e.
solid density) was measured using Pycnomatic ATC (Thermo-Scientific) instrument
with Helium as a working gas medium. In this study, pore size distribution (PSD)
obtained by MIP method is divided into three main groups: gel- and mesopores,
middle capillary pores and larger capillary pores with pore radius in the ranges of
0–0.05μm, 0.05–0.1μm and 0.1–100μm, respectively. The intrudable porosity and
total pore volume were evaluated as well as critical pore radius (Rcr) according to
[24] with two specimens investigated for each mix.

Gas diffusion of mortar samples with blended cements was assessed by non-
destructive technique of air-permeability measurement by a permeaTORR-device
[25] in accordance to SIA 262/1:2013 [26]. The air-permeability measurement was
performed on the upper surface of the samples (not affected by mould walls) with 5
measurements per each sample. Compressive strength development of reference and
mortar samples with blended cements were assessed was measured according to EN
196-1 [27] over time up to 91 days.



Influence of Specific SCM on Microstructure … 169

3 Results and Discussion

3.1 Microstructure Assessment

According to MIP porosity assessment the substitution of OPC by SCMs leads to
noticeable changes of microstructural properties by evident change of pore structure
(Table 3, Fig. 2). Overall, mixes with higher w/b-ratios (mixes A2 to M2), which
corresponds to higher water content per volume of the paste, possess higher porosity
(i.e. total intrudable porosity, total pore volume and Rcr) than those with lower w/b
(mixes A1 to M1). At (nearly) constant w/b-ratios (w/b = 0.36–0.45; Fig. 2a vs. w/b

Table 3 Porosity parameters measured by He-pycnometry and MIP

Sample Skeletal density (g/cm3) Intrudable porosity (%) Total pore volume
(mm3/g)

Rcr (μm)

A1 2.336 25.5 167 0.096

A2 2.122 36.0 265 0.108

B1 2.174 26.9 174 0.072

B2 2.115 38.6 327 0.162

J1 2.089 30.8 212 0.111

J2 2.034 41.2 356 0.156

G1 2.313 29.0 180 0.119

G2 2.024 44.0 369 0.188

K1 2.183 30.0 223 0.135

K2 2.173 43.1 321 0.161

M1 2.225 31.6 189 0.135

M2 2.116 41.0 334 0.144
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Fig. 2 Fractional analysis of pore size distrbution for hardened pastes with a w/b = 0.36–0.45;
lower water quantity per volume and b w/b = 0.6; higher water quantity per volume
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= 0.6; Fig. 2b), however, there are noteworthy differences depending on the content
of GGBFS andLSP (MEKandMIK).Mixeswith soleGGBFS asOPC substitute (B1
and B2) show only a slight increase of overall intrudable porosity in comparison to
reference pastes (A1, A2), which is in accordance with findings of [28].With a longer
period of hydration of the GGBFS-samples, this relation could change in favour of
GGBFS versus pure OPC, which however was not investigated in this study. At low
w/b-ratio of 0.4, a lower portion of coarser capillary pores (0.1–100 μm) and lower
Rcr of GGBFS-mix B1was observed compared to reference A1 (Fig. 2; Table 3).

With an increasing proportion of LSP at (nearly) constant w/b, the total intrudable
porosity increases, Fig. 2. The majority of the mixes (J1 vs. B1, J2 vs. B2, K1 vs.
J1; G2 and M2 vs. A2) also show an increasing portion of coarser capillary pores
(0.1–100 μm) with more LSP. But there is no systematic trend over all mixes, as for
example, G1 andM1 show similar or even lower proportion of middle capillary pores
(0.05–0.1 μm) than comparable pure OPC paste A1, e.g. mix G1 with LSP (w/b =
0.36, w/cl = 0.63) shows significantly lower intrudable porosity than reference mix
A2 (w/b = 0.6; w/cl = 0.63), although w/cl-ratio is the same. This is due to the filler
effect of the LSP and the overall reduction of clinker (resp. reactive powder) content
in the mix. Further confirmation of described LSPs influence on overall intrudable
porosity increase can be seen when OPC replacement ratio was increased by adding
MIK andMEK to mixes together with GGBFS (as can be seen by comparing J and K
paste blends with B paste blends in Fig. 2) regardless to water content. The observed
increase occurred due to pore size distribution refinement predominantly in capillary
porosity range (Fig. 2).

By plotting the intrudable porosity versusw/bhy and distinguishing betweenmixes
with and without GGBFS (Fig. 3a), the influence of solely inert and inert/latent
hydraulically binders on porous structure modification can be estimated. The
obtained simplified linear correlation label very good mutual relationship of intrud-
able porosity with w/bhy with R2 = 0.927 and R2 = 0.817 for mortar mixes with and
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Fig. 3 Correlation of a intrudable porosity versus w/bhy, b relative intrudable porosity versus w/bhy
with a distinction between mixes with solely inert and hydraulic and inert SCMs
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without GGBFS, respectively. It has to be noted that the degree of hydration of all
mixes was assumed the same, which does not hold true.

However, if the LSP is assumed as a pure inert filler material that does not have
a significant effect on total porosity, the porosity measured by MIP can be assigned
to the volumetric reactive powder/water fraction and the corresponding hydration
products. The relationship between intrudable porosity relative to the calculatedwater
and reactive binder’s volumetric fractions (“relative intrudable porosity”) and w/bhy
is shown in Fig. 3b. Performing analysis in such manner, the correlation between the
calculated relative porosity and w/bhy ratio is better than 0.96. Thus, it can be seen
that the intrudable porosity development is dominated by the volume of hydraulically
reactive powder fractions and water during hydration process. Additionally, mixes
with inert filers show lower relative intrudable porosity at the constant w/bhy ratio.
The above analysis may indicate that the intrudable porosity of an individual mix
composition may be specified (or predicted) as a function of the hydrated or bound
water (representable as w/bhy) taking into account the volumetric contribution of
hydraulically binders optimized by volumetric content of inert filers. The functional
relationship between porosity and such mix parameters will be the subject of further,
more detailed investigations.

3.2 Air-Permeabilty Assessment

As expected, air permeability coefficients kT of blended mortars are lower for the
mixes with lower w/b (w/b= 0.36–0.45, mixes A1 toM1, except of B1) compared to
the ones with higher w/b (see Fig. 4). All blended mortar samples with lower w/b fall
into the classes of covercrete permeability “very low” (kT= 0.001–0.01× 10–16 m2)
or “low” (kT = 0.01–0.1 × 10–16 m2) according to Swiss standard SIA 262-1:2013
and suggest possible good durability.
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Fig. 4 Results of air permeability assessment for a lower (w/b = 0.36–0.45) and b higher (w/b =
0.6) water content
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Fig. 5 Corelation between
air-permeability coefficient
(kT) and total intrudable
porosity with a distinction
between mixes with solely
inert and hydraulic and inert
SCMs
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Mortars with higher w/b are on the limit to class “moderate air permeability”
(kT = 0.1–1 × 10–16 m2), mix M2 with LSP MEK clearly falls into this higher
permeability class. It thus should be characterized as more pronounced to corrosion
processes. Similar to MIP pore structure assessment (Sect. 3.1), it was found that
air-permeability strongly depends on the type of SCM used. Namely, the highest kT
values were detected in case of M1 sample, with LSP MEK followed by G1 (LSP
MEK plus MIK) and K1 (GGBFS, MEK plus MIK) samples, while J1 and B1 has
very similar air-permeability values.

A linear correlation between kT and total intruded porosity was found with a
reasonable correlation coefficient (Fig. 5) for mixes separated in those with and
withoutGGBFS.However, general dependencyofmortar samples air permeability on
paste samples intruded porosity obtained byMIP technique is not followed by appro-
priate correlation coefficient as in case of microstructural characterization (Fig. 3).
There are two reasons for the observed discrepancy.

First, a different physical characteristics of fluid flow employed during exam-
ination (air flow for air permeability investigation versus mercury penetration at
MIP assessment) may lead to certain divergence of air permeability versus total
porosity correlation analysis. On the other hand, MIP analysis was performed on
paste samples, while the air permeability investigation was performed on mortar
samples. Consequently, impact of sand aggregate employed in mortar samples and
its effect on porous structure development is not adequately considered.

3.3 Compressive Strength Development

Figure 6 highlights the different increase of CS achieved up to 1st day, between 1st
and 28th day and 1st day and to 91th day. It indicates that mortar mixes with a portion
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Fig. 6 Compressive strength gain in 3 time periods of a w/b = 0.36–0.45 and b w/b = 0.6

of GGBFS, namely B, J and K possess higher gain of CS in time range between 1st
and 28th as well as 91st day than reference mortar mixes with pure OPC (mixes A)
in case of both w/b groups. On the one hand pure OPC reference mixes achieved
much higher absolute CS values than blended cement mixes after 1st day, which is
attributed to the influence of dilution of OPC in blendedmixes (Fig. 6). The influence
of OPC replacement by combined SCMs on CS was highlighted by normalizing CS
per mass of hydraulically binder (sum of OPC and GGBFS) per unit of mix volume,
Fig. 7.

Figure 7 shows normalizedCSover time of allmixes,whileTable 4 shows compar-
ison of strength values at 28th day of hydration. The highest effectiveness when CS is
related to the hydraulically active binder content (OPC+GGBFS)—i.e. a normalized
CS—value per mass of hydraulically effective binder per volume (Fig. 7)—can be
observed in case of LSP-MIK-blended mixes G1 and K1 at low w/b-ratios (Fig. 7a).
Up to 7 days of hardening, also mix M1 with LSP-MEK was more effective than
pure OPC. This fact indicates a higher activity of OPC and GGBFS particles during
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Fig. 7 Normalized CS for a w/b = 0.36–0.45 and b w/b = 0.6
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Table 4 Compressive
strength and normalized
compressive strength values
at 28th day

Sample CS (MPa) CS (MPa/g of hby)

A1 79.4 0.077

B1 77.9 0.075

G1 62.3 0.098

K1 62.9 0.079

J1 66.6 0.076

M1 39.3 0.070

A2 52.1 0.065

B2 51.5 0.063

G2 26.4 0.056

K2 40.6 0.061

J2 46.0 0.059

M2 26.4 0.050

hydration in case of LSP being present at relatively low w/b-ratios, i.e. low water
content per volume respectively. Our results correspond to analogous conclusions
reported in literature [29–31].

Acceleration of the hydration reaction and therefore better utilization possibilities
of hydraulically active binders (OPC and GGBFS) by LSP was observed also when
micro—and nano-limestone was incorporated leading to improvement of environ-
mental and mechanical properties [10, 32]. It was not detected when coarser LSP
with a d50 of > 4 μm were added to replace OPC [10, 33].

Regarding the outlined results, we can also conclude that for LSP-MIK with a
d50 value of 1.2 μm, strength accelerating effects (due to nucleation of CSH growth
or formation of new phases [9]) outweigh dilution, while for the coarser LSP-MEK,
the dilution effect may predominate. The influence of inert fillers (MEK and MIK)
appears to be significantly higher in case of lower w/b than higher water content per
volume (Fig. 6a vs. 6b and Fig. 7a vs. 7b). The observed CS-development (especially
aside from the first 24 h of hardening) and normalized CS assessment implies the
existence of different kinetics and microstructural rearrangements (both of porous
structure and mineralogical/amorphous phases) which must be the subject of more
detailed future investigation.

4 Conclusions

Properties of the investigated blended cements in pastes andmortars regarding porous
structure, air-permeability and CS development are strongly influenced by both, w/b
ratio or water content per volume of paste and the effect of different, combined SCMs
(GGBFS, LSP MEK and MIK). Despite the great influence of w/b it was found that
intrudable porosity correlates quite well with w/bhy (water to hydraulically effective
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powders in the binder). However, if we neglect that the inert filler has an effect on
porosity and we assign the measured porosity to the volume fraction of hydraulic
binder and water, correlation becomes even better. Considering these results, well
known porosity assumptions based on w/b ratio like that of T.C. Powers are not
directly applicable, butmight bemodified accordingly. In addition, a good correlation
of air permeability with intrudable porosity was found.

As expected, the strength development of mortar samples with blended cements
depends strongly on its w/b value. However, the proportion of SCMs in the blends
also influences this development. A higher strength gain can be observed between
the 1st and 91th day on blends of OPC, GGBFS and LSP compared with pure OPC.
The effect is more pronounced at lower w/b than at higher w/b. At higher water
content, the dilution effect of inert LSP overweight the strength increasing “filler”
effect of LSP (i.e. nucleation effect, etc.), whereas the latter is more noticeable at low
w/b. Addition of finely grinded LSP appears to accelerate early strength development
of blended cements by better utilization of hydraulically active components (OPC
and GGBFS) during hydration. Strength was related to the content of hydraulically
effective powders (OPC+GGBFS),which revealed thatmixeswithLSP showhigher
binder—efficiency than mixes with pure OPC. In particular, LSP–MIK accelerates
the hydration of OPC and GGBFS, so that particularly large increases in strength
per g/l binder can be achieved. Optimized combinations of OPC, GGBFS and LSP
thus represent promising future blends with appropriate functional performance and
low environmental impact. The obtained results indicate higher potential of ternary
(quaternary) blended cement formulation over binary mixes, with further need of
mix design optimization (related to packing density).
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Affecting Factors in Rehabilitating Water
Distribution Networks
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Abstract High levels of non-revenuewater (NRW) reflect that an area’s water distri-
bution networks (WDN) are losing vast volumes of clean water. Therefore, reducing
NRW is crucial for sustainable water management. NRW levels in most developing
countries are high, ranging between 35 and 50%. While one of the significant causes
of NRW is difficulties in rehabilitating old piping networks, studies on factors that
are influencing WDN rehabilitation in practice is limited. This study aims to iden-
tify affecting factors for WDN rehabilitation. To achieve that objective, a series
of individual interviews with industry practitioners that manage WDN are analyzed
using the thematic analysis. Themajor findings from the analysis are: (1) internal and
external factors are influencingWDN rehabilitation; (2) internal factors are related to
cost, location, and design; and (3) external factors are related to local authorities and
surrounding communities. This research adds to the body of knowledge by providing
a set of affecting factors for rehabilitating WDN, which can assist researchers and
practitioners in developing strategies to reduce NRW for achieving sustainable water
management.

Keywords Sustainable development ·Water distribution networks · Non-revenue
water · Rehabilitation

1 Introduction

Reducing water losses is key to sustainable water management but challenging.
Rapid population growth, income growth, and urbanization, in combination with a
fixed supply of total renewable water resources, are pressuring numerous nations
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in identifying renewable water resources. On the other hand, high levels of non-
revenuewater (NRW) reflect vast volumes ofwater are lost through leaks (real losses)
and drinking water not being invoiced to customers (apparent losses) and unbilled
authorized consumption [1]. The NRW levels in developing countries, including
Malaysia, are high, ranging from 35 to 50% of the water produced [2]. Therefore,
the water distribution sector needs to improve the way it uses its water resources
significantly, especially in NRW, to attain sustainable water management.

Reducing NRW is compelling to save much money, and significant volumes of
water can be used for more productive purposes [3]. One of the approaches for
reducing NRW involves repairing and replacing (i.e., rehabilitating) old pipelines of
water distribution networks (WDN). However, despite some proposed strategies for
NRW management and reduction, most WDN continue to experience high levels of
water losses [1, 2, 4, 5]. Furthermore, the study on NRW and the rehabilitation of
WDN is limited and yet to be given adequate attention. Therefore, having additional
insights into the factors influencing the success of rehabilitating WDN is vital.

This study aims to identify the affecting factors for rehabilitatingWDN.Toachieve
that objective, this study analyzes a series of interviews with industry practitioners
that have experience and knowledge in managing WDN. This study contributes
to the current body of knowledge by providing a list of factors that are influ-
encing the success of rehabilitating WDN. Researchers and practitioners from both
the public and private sectors can use the findings to develop appropriate strate-
gies for enhancing WDN rehabilitation. These results can be utilized in reducing
NRW, achieving sustainable water management, and the United Nation’s Sustainable
Development Goals of responsible consumption and production.

2 Background

2.1 Causes of Non-revenue Water

Water utilities are facing major challenges due to a high level of NRW [1]. NRW is
calculated as the difference between the water produced (also known as the system
input volume) and the water delivered (also known as the revenue water) as a propor-
tion of the water produced [1]. NRW has three components: apparent losses, real
losses, and non-revenue authorized consumption [3]. Apparent losses occur due
to unauthorized use, personnel errors, management, and operational errors, and
data-handling errors. These losses cost-utility revenue and distort data on customer
consumption patterns. Real losses comprise leakage from system elements and over-
flows of storage tanks. These losses are also caused by poor operations and mainte-
nance activities, lack of active leakage control, poor quality of underground assets,
and mainly contain visible and invisible leakage. Non-revenue authorized consump-
tions include water used by the utility for operational purposes, water used for
firefighting, and water provided for free to certain consumer groups [3].
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Due to the high level of NRW worldwide, authorities in water companies seek
the most effective NRW reduction activities. Despite some proposed approaches for
NRWmanagement and reduction in recent years, mostWDNcontinues to experience
high levels of water losses [3]. Experience has shown that the essential contributing
factor for water shortage is related to real losses, which is either due to pipe corrosion
or leakage from the distribution network [4–6]. Hence, the water distribution system
needs to be monitored closely by replacing the existing water infrastructure to mini-
mize physical losses. Reducing non-revenue water in the water services industry is
not only crucial for saving water but also essential for securing its future efficiency
and development.

2.2 Strategies for Reducing Non-revenue Water

One of the approaches for reducing NRW includes rehabilitation of WDN. Rehabil-
itation strategies need to be in place to ensure that the WDN continues to operate
efficiently and economically within defined operating requirements over an extended
period [4]. Prior studies are proposing strategies for rehabilitation and expansion of
WDN using several modeling approaches such as the Markov model, Monte Carlo
simulation, and PALM+ system [4–6]. On the other hand, other studies have collected
data from the literature, industrial experience, and direct data and feedback from
industry practitioners to identify key variables in the construction management field
of research. Some examples of this type of study with similar methodology include
the identification of best practices for: waste management [7], energy efficiency
[8], supply chain management [9], and water management in the hospitality sector
[10]. Other examples of using this type of methodology include the identification
of key challenges for: effective application of anti-corruption measures in infras-
tructure projects [11]; construction management for rural transit projects [12]; and
design-construction interfaces of large building construction projects [13]. Also, this
methodology has been used to identify parameters for: public–private-partnerships in
developing a developed country [14]; public-housing projects in developing countries
[15]; and project success for companies in Brazil [16].

2.3 Positioning of This Study

However, in developing countries, the study on the rehabilitation of WDN is yet to
be given adequate attention, and the kinds of literature are limited. Due to urbaniza-
tion and rapid economic development, the provision of quality water and sewerage
services has become more challenging. For example, in 2015, Malaysia’s NRW was
at 35.5%, and the main factors that contribute to that are physical losses due to
the old network of pipes and poor quality by contractors, especially in new devel-
opment areas, commercial losses, and also lack knowledge and expertise in NRW
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[17]. Hence, understanding the affecting factors of WDN rehabilitation is essential
to assist in the development of global NRW management.

3 Methodology

3.1 Data Collection

Data on the affecting factors for WDN rehabilitation are collected by interviewing
practitioners that have experience and knowledge in managing WDN to maintain a
level of quality of the interviewees (i.e., purposeful sampling). Also, this approach
has been used to identify success factors in other construction management topics,
including design-build public sector projects [18] and highway projects [19]. Indi-
viduals from different water distribution organizations are interviewed to ensure the
data is comprehensive. Interviews allow industry practitioners to provide implicit
knowledge of their situation. Also, open-ended questions encourage participants to
contribute as much detailed information as desired while enabling investigators to
ask probing questions as a means to follow-up. The open-ended questions are: (1)
What are the challenges for rehabilitating WDN? And (2) What are the factors that
are affecting the success of rehabilitatingWDN?Participants addressed the questions
while the investigators took notes and provide follow-up questions. For verification
purposes, the notes are summarized and sent to the interviewees. The interviews will
be completed by following the principle of saturation.

3.2 Data Analysis

The interview data are analyzed using thematic analysis to formulate lists of affecting
factors for WDN rehabilitation. This approach is selected because it can assist
in making sense of qualitative data [20]. Other construction management topics
that use this method to analyze qualitative data include identifying problems in
construction projects [21], attributes of change agents in construction companies
[22], and parameters for highway construction projects [23]. The analysis involves
coding the interview data, organizing the codes into concepts, forming categories of
related concepts, elaborating patterns and linkages between categories, and devel-
oping a theme, subthemes, and codes that explain the data. Developing the themes,
subthemes, and codes identify the affecting factors for WDN rehabilitation.
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4 Results and Discussion

Figure 1 summarizes the affecting factors for rehabilitatingWDNfrom the analysis of
individual interviews with industry practitioners of water distribution operators. The
factors are themed into two main categories, internal and external factors. Internal
factors can be associated with variables that are usually actionable from by water
distribution operators (ex. having a good design process for rehabilitating old pipes).
On the other hand, external factors relate to those that are often uncontrollable by
water distribution operators (ex. customer not paying water bills). The factors are
further discussed in the subsequent subsections.

4.1 Internal Factors

Cost is one of the internal factors that are influencing the success of rehabilitating
WDN. Similar to other rehabilitating other types of infrastructures, the cost of reha-
bilitating old pipes is high. To illustrate this situation, the cost can be associated with
capital expenditures rather than repairs and maintenance expenses. As the objectives
of capital improvements relate to increasing the value of an organization’s assets,
water distribution operators are expected to make decisions based on the return of

Fig. 1 Affecting factors in rehabilitating water distribution networks (WDN)
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investment (ROI). Therefore, operators tend to rehabilitate old pipes partially while
targeting an effective reduction ofwater loss.Also, operators need to balance between
the proportionate savings and the costs for rehabilitating larger areas. In other words,
water distribution operators need to identify strategies for optimizing the process of
rehabilitating WDN. Example of the responses from the summary of interviews that
illustrate this factor include:

To change old pipes, we cannot rehabilitate in small scales, for example, 6 m or 12 m. To
make it cost-effective, around 500 m to 1 km needs to be rehabilitated to ensure the new
pipes can last longer. Rehabilitating on this scale involves much money.

The cost to rehabilitate old pipes is quite high. So, we can only rehabilitate in smalls scales.
So, the critical locations are prioritized first to make sure water loss is reduced. Also, if the
process involves rehabilitating a big area, it will take time and money to complete.

The cost of pipes is high. So, the provisions are under capital expenditure, where the return
of investment (ROI) will be taken into account.

Location involves the positioning of theWDN’ pipes. Specifically, water distribution
operators are having difficulties in rehabilitating pipes that are positioned underneath
a built facility. While WDN might be designed without any facility on top of them,
economic developments are resulting in buildings and roads constructed on top of the
WDN’s alignment. Therefore, in an attempt to reduce complications in rehabilitating
WDN in both the near and distant future, proper urban planning that ensures minimal
facilities or obstacles are constructed above this type of network is necessary. Samples
of the response include:

The alignment of pipes is located underneath main roads. Most pipes were designed 20
years ago. The country’s economic development results in existing pipes to be located at the
alignment of roads. This makes the pipe replacement work difficult.

Existing location of pipes are constructed with another facility such as houses and roads.
Before this, the location is easily accessible for rehabilitating. But, after the time being,
houses or roads are built on top of it. So, it is difficult to rehabilitate the pipes.

If the existing location is still available and no one had built facilities at the location from
the time being, the rehabilitating work will not have difficulties.

Design. This factor consists of having documentation on the current design of WDN
asmost systems are developed decades before.Without proper information, designers
are having difficulties in remodeling existing systems for the rehabilitation process.
Also, designers are having challenges in remodeling old networks according to
current standards when the process involves explicitly rehabilitating partial sections
of the system. Specifically, non-compliance with existing standards can result in
problems related to water pressure. This factor also includes deciding between reha-
bilitating and replacing old pipes as there are situations where the cost of rehabil-
itating is higher than the cost of replacing old pipes. Therefore, operators need to
establish a good design process for rehabilitating WDN. Responses that illustrate
from the summary of interviews this factor are:

There are also problems in the design process. Designers need to observe the existing system
before designing the new pipelines to avoid water pressure problems. Modeling or hydraulic
analysis needs to be done to ensure the new system works properly.
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Loss of pressure can also be a factor in pipe replacement.

In the case of repeated water loss, the cost of repairing is higher than the replacement of the
pipe.

Types of pipes can also affect the rehabilitation process. Usually, old pipes do not adhere to
current standards. Choosing an inappropriate type of pipe can have a negative impact during
the rehabilitation process.

Problems in identifying the location of old pipelines because most pipes that are being
replaced are over 30 years old. So, data and records involving these old pipes are not complete.

4.2 External Factors

Authorities, specifically approval from authorities is one of the external factors that
influence the process of rehabilitating WDN. To start rehabilitating old pipes, water
distribution operators need approvals from certain government authorities such as
administration bodies that control the construction and maintenance of public infras-
tructures and local governments. Also, operators need to acquire approval from other
utility institutions.Conversely, contractors and subcontractors require approvals from
the operators. While administrating construction and maintenance of public infras-
tructure works are more than necessary, the approval process is suggested to take
quite some time (sometimes up to a year). Therefore, having an appropriate process
for administrating this type of works (including rehabilitating old pipes) is vital.
Samples of responses from the summary of interviews that illustrate this success
factor include:

Constraints to get the permit from the government authorities and local government
authorities to replace the old pipes.

Constraints due to laws of local government authorities, public work departments, and utility
companies to get approval for the new pipeline installation.

There is one time when they apply for a permit, and they take more than one year to give it.
So, it causes the work for pipe replacement to be delayed and slow.

Community. On the other hand, communities that surround or use theWDN (i.e., the
public) also plays a role in the successful rehabilitation of WDN. As discussed in the
previous subsection, water distribution operators rehabilitate old pipes based on their
ROI because the work requires a significant amount of monies. However, these oper-
ators are facing problems in allocating sufficient funds because users are not paying
their water bills. Also, dissenting behavior from the public, such as complaining
through local authorities and social media from additional traffic congestion, noise,
and dirt from the rehabilitation process of WDN, can result in the stoppage of the
rehabilitation works. Similarly, public complaints to local authorities are slowing
down and even idling the construction of highway projects [19]. Therefore, aware-
ness from the public on the importance of supporting the rehabilitation of WDN is
crucial. Examples that illustrate these results include:

People need to pay water bills to rehabilitate the pipes.
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The first challenge relates to the local community. In detail, there are complaints from the
public, such as dirty roads resulted from the rehabilitation process.Although it can sometimes
be true, the local community should understand the process and provide cooperation during
the process. Sometimes, the public shares information through social media. The public
should understand that after the rehabilitation process is completed, then the roads will be
fixed.

5 Conclusion

This study identifies the affecting factors for WDN rehabilitation by analyzing indi-
vidual interview data with seven professionals from water distribution operators
using the thematic analysis. The major findings include:

• The affecting factors in rehabilitating WDN is associated with internal and
external factors.

• The internal factors are related to cost, location, and design.
• The external factors are related to both local authorities and surrounding

communities.

These findings highlight the need forwater distribution operators to develop strate-
gies to optimize the process of rehabilitating WDN because it involves high costs,
hard to reach locations, and complicated designs. Conversely, the local government
can improve the approval process and provide awareness to the public on the impor-
tance ofWDN rehabilitation work. Research and industry practitioners can use these
findings to develop strategies to ensure the success of rehabilitating WDN. The key
theoretical contribution of this research is by providing a set of factors that influence
WDN rehabilitation in a developing country.
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Abstract Construction industries around the world are generating a large number
of wastes that end at landfills every year, and recycling is one of the approaches
for minimizing that amount. While various strategies have been adopted in practice,
recycling rates of construction projects are still at a low level in numerous countries.
Therefore, identifying factors that influence the successful recycling of construction
waste is crucial. This study identifies the success factors for recycling construction
waste from industry practitioners’ perspectives. To achieve this objective, interview
data with project managers are analyzed using the thematic analysis. The major find-
ings from the analysis are: (1) the success factors relate to both people or process; (2)
people-related factors involve having individuals that are highly competent, aware on
construction waste recycling, and knowledgeable; (3) process-related factors include
having a detailed project planning, adequate education and training programs, clear
project scope and design, effective procurement system, and consistentmonitoring of
the construction waste recycling system; and (4) the criticality of the success factors
differs between developing countries. This research adds to the body of knowledge by
providing a set of success factors for recycling construction waste, which can assist
researchers and practitioners in developing strategies to increase recycling rates of
construction projects.
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1 Introduction

Solid waste is a global issue affecting our society’s ability to addressing environ-
mental sustainability. Nowadays, organized systems have been developed to manage
waste, including recycling. Recycling is defined as a process of repurposing waste
materials into value applications than thematerial was used previously to it becoming
waste [1]. The benefits of recycling include saving resources, saving energy, helping
to protect the environment, and reducing incineration. Therefore, various sectors are
identifying approaches to implement it, including recycling construction and demo-
lition waste [2–4]. Therefore, recycling construction waste is crucial in sustaining
the environment.

Construction waste recycling has been adopted and implemented at a high level
in several countries such as in Australia and Japan at 90% and 99.5%, respec-
tively [5, 6]. However, in general, recycling waste, including construction waste
in developing countries is at a low level of around 5% [7, 8]. The major barrier
of construction waste recycling includes lack of acceptance of recycling from the
increase in management cost and documentation workload, and refusal to use the
recycled material [9]. Furthermore, reluctance among individuals is suggested to
inhibit the success of adopting innovations in construction projects by deciding not
to implement them [10, 11]. Various factors can influence the success of construction
waste recycling, including the past experiences and beliefs of project team members
[12, 13]. Also, political, economic, social, technological, legal, and environmental
factors are also suggested to influence the success of constructionwaste recycling [14,
15]. In other words, while studies can illustrate the benefits of recycling construction
waste, the innovation might not be adopted in practice because of various factors.
Therefore, understanding the success factors is crucial to understand the right context
for recycling waste in construction projects.

This study aims to identify the success factors for recycling construction waste
from industry practitioners’ perspectives. To achieve that objective, this study
analyzes individual interview data with project managers using the thematic analysis.
This study contributes to the existing body of knowledge by providing an alterna-
tive list of success factors for recycling construction waste. Researchers and practi-
tioners can use the findings to strategize in increasing waste recycling in construction
projects. Any increment in construction waste recycling will reduce the volume of
waste ending up at landfills. Lowering waste volume can benefit the environmental
management atmosphere and sustain the environment.
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2 Background

2.1 Construction Waste Recycling

Constructionwaste recycling is the process of separating and recycling of recoverable
waste materials generated during construction and demolition works. Examples of
products that are produced from recycling construction wastes include base course
materials for building driveways and footpaths from concrete waste, construction
materials from large untreated timber, and new asphalts from old asphalt paving.
As this process recycling reduces the construction industry’s impact on the environ-
ment, topics related to construction waste recycling have been investigated by both
construction material and project management researchers and practitioners. Studies
suggest that the technical performance and environmental impact of recycled aggre-
gate concrete are promising when compared to standard concrete [1, 16–18]. Addi-
tionally, the potential benefits of construction waste recycling have been determined,
includingmitigating greenhouse gas and land-use change [2]. Studies have also iden-
tified the current regulations and practice of construction waste recycling in devel-
oped countries [3, 4, 9, 19]. Finally, the barriers of implementing construction waste
recycling developed countries such as the United States, Japan, Australia, and Hong
Kong have also been identified including lack of acceptance on recycled materials,
increase in management cost, and increase in documentation workload [9, 20–22].
In summary, various studies have illustrated the potential benefits, current processes,
and barriers to adopting construction waste recycling because the implementation is
crucial to sustaining the environment.

2.2 Construction Waste Recycling in Malaysia

Similar to most countries, researchers and practitioners are also investigating topics
related to construction waste management in Malaysia. Past studies have analyzed
the cost–benefit of construction waste minimization to identify its economic feasi-
bility [23], implementation of a waste management system to minimize construction
waste [24], and attitude and behavioral factors in waste management [25]. On the
other hand, recent studies are providing insights on the generation of construction
waste for high-rise buildings [26], strategies to minimize construction waste [27],
and industry practices for controlling the generation of construction waste [28]. In
other words, while these studies have provided meaningful understandings towards
construction waste management, the success factors for recycling construction waste
that is specific to the local context have not been identified.

The government has also developed several policies to increase recycling,
including the Solid Waste and Public Cleansing Management (Act 672), National
Policy on the Environment (DASN), and The Green Technology Master Plan
(GTMP). Act 672 provides for and regulates the management of controlled solid
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waste and public cleansing for the purpose of maintaining proper sanitation and for
matters incidental thereto, including recycling. DASN established the continuous
economic, social and cultural progress and enhancement of the quality of life of
Malaysians through environmentally sound and sustainable development, including
sustainable lifestyles and patterns of consumption and production. GTMP is an
outcome of the Eleventh Malaysia Plan (11 MP), which has earmarked green growth
as one of six game-changers altering the trajectory of the nation’s growth, including
sustainable construction practices. While the government has initiated several poli-
cies to increase constructionwaste recycling, the recycling rate is still at 2–3%.There-
fore, understanding the success factors for recycling construction waste is crucial to
provide context on the barriers of recycling construction waste.

2.3 Positioning This Study

While studies can provide worthy insights on implementing construction waste recy-
cling in both theory and practice, its implementation might be hindered because of
various factors. To address that, researchers and industry practitioners are already
providing insights on construction waste management. However, the existing body
of knowledge lacks the understanding of the success factors for construction waste
recycling in local conditions. In other words, prior findings are unable to provide
the fundamental knowledge of the factors that ensure the success of waste recy-
cling in construction projects. Therefore, this study targets to identify an alternative
list of success factors for recycling construction waste to fill this gap by analyzing
individual interview data with project managers.

3 Methodology

3.1 Data Collection

In this study, success factors are considered as the necessary elements for an orga-
nization in achieving a specific or set of objectives (in this case, recycling waste of
construction projects). Data on the success factors for recycling construction waste
in construction projects are collected by interviewing construction project managers
because this approach provides an understanding of individuals’ perspectives and
experiences. Also, this approach has been used to identify success factors in other
construction management topics, including design-build in public sector projects
[29] and construction of highway projects [30]. The investigators purposefully select
project managers because these individuals have experience and knowledge related
to construction projects to maintain a level of quality of the interviewees. Open-
ended questions are provided to respondents because the questions can encourage
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participants to contribute as much detailed information as desired while allowing the
investigators to ask probing questions as mean to follow-up. The main question is:
What are the success factors for recycling waste at construction sites? The investi-
gators took notes and provide follow-up questions, while participants are addressing
this question. The interviews are not recorded to reduce hesitancy to respond among
participants. After the interview, the investigators summarized the notes and sent the
summary to the participants for validation to avoid misinterpreting or misquoting
the interviewee. This process ends when based on the principle of data saturation in
interviews.

3.2 Data Analysis

The interview data with project managers are analyzed to identify the success factors
for recycling construction waste. The factors are identified by analyzing the inter-
view data using the thematic analysis approach [31]. This approach is selected for
this research because the approach allows the creation of new themes systemat-
ically. Examples of other construction management topics that use this method
to analyze qualitative data include identifying problems in construction projects
[32], attributes of change agents in construction companies [33], and parameters for
highway construction projects [34]. The themes are formulated by coding the inter-
view data, organizing the codes into concepts, forming categories of related concepts,
elaborating patterns and linkages between categories, and developing themes that
explain the data. The grouping process is followed by mapping the success factors
to each respondent to identify the number of hits for each factor.

4 Results and Discussion

Table 1 summarizes the success factors for construction waste recycling from the
analysis of individual interviews with project managers. The factors are themed into
twomain categories, people and process. People relate to the workforce that is neces-
sary to ensure the success of construction waste recycling in projects. Conversely,
process-related success factors can be associated with a series of activities to ensure
that success. The success factors are further discussed in the subsequent subsections.
Since qualitative studies have limitations in its generalizability, this study uses the
total number of hits for each success factor in Table 1 to arrange the discussion rather
than claiming the factors’ significant importance.
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4.1 People-Related Success Factors

Highly competent. To ensure the success of construction waste recycling, construc-
tion projects should select highly competent project team members to complete the
project. This selection of individuals should include having adequate experience,
satisfying the minimum qualifications, and possessing the skills, knowledge, and
abilities to work effectively. Selecting a highly competent workforce is suggested
to be necessary because having skilled individuals can minimize mistakes during
the process of separating waste materials. In other words, having a highly compe-
tent workforce can increase the recycling rate of construction waste. Example of the
responses from the interview summaries that illustrate this factor include:

Having highly skilled workers in construction also helps in recycling some material waste.
For example, highly skilled individuals can take advantage of the small pieces of leftover
irons, and recycle the waste into another product for the same project.

Selecting subcontractors that are highly experienced in addition to satisfying the minimum
qualifications is one of the most important factors for the success of construction waste
recycling.

Recycling of construction waste depends on the upper management’s selection of workers
and subcontractors that are highly competent in recycling construction waste as newmaterial
for the same project or another.

Selecting skilled workers will help to reduce mistakes.

The selection of skilled manpower has a positive impact on the reuse of some wastes.

Knowledgeable. In addition to having a highly competent workforce, project team
members should be knowledgeable in differentiatingmaterials that can be and cannot
be recycled. This knowledge also includes having an understanding of the types of
wastes that can be reused for other purposes at construction sites or recycled into
other products at factories. This knowledge is necessary for the workforce to make
appropriate and quick decisions when separating the waste. On the other hand, a lack
of knowledge in individuals can hinder the workforce in making efficient decisions.
Samples of responses from the interview summaries include:

Workers shouldknowabout separating thewaste fromeachother andknowingwhichmaterial
can be recycled at the project site and which material needs to be sent to the factory for
recycling.

It is important to employ individuals with that are highly knowledgeable in recycling
construction waste materials such as bricks, tiles, timbers, and other waste materials.

Awareness of construction waste recycling. Besides being highly competent and
knowledgeable, having a workforce that is aware of construction waste recycling
is necessary to ensure successful waste recycling programs at construction sites.
Specifically, having environmental awareness relates to understanding the impact of
constructionprojects towardour fragile environment and the importance of protecting
the environment from that impact. Therefore, awareness is the foundation to ensure
that individuals in the project participate actively in ensuring the success of construc-
tion waste recycling programs. In other words, these findings suggest that preparing
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individuals with the required competency, necessary knowledge, and environmental
awareness is crucial for the success of construction waste recycling.

4.2 Process Related Success Factors

In addition to people related success factors, process-related success factors include
detailed project planning, clear project scope and design, consistent monitoring of
the construction waste recycling system, effective procurement process, and clear
project scope and design. These factors are discussed in the following subsections.

Detailed project planning involves preparing a detailed constructionwastemanage-
ment plan, including identifying construction waste that is recyclable, controlling the
waste fromdisplacement, and ensuring thewaste reaches the recycling factory.On the
other hand, without adequate project planning, project team members might mistak-
enly send recyclable construction waste to landfills. Therefore, preparing detailed
plans is crucial to avoid the reduction of construction waste recycling. Samples of
responses from the interview summaries that illustrate this success factor include:

A good waste management system is important to separate construction waste from each
other. For example, projects with different waste containers for that targets different types of
waste material can help the process of separating the recyclable and non-recyclable waste.

Proper planning before executing the project, including identifying waste materials that can
be recycled or and reused, is necessary. For example, planning to use the small leftover tiles
generated from cutting tiles can be recycled or reused as wall skirting.

During demolishing, proper planning is necessary for dismantling indiscriminately the waste
generated so the waste can be recycled or reused in other projects.

Adequate educational and training programs. As suggested in previous subsec-
tions, people related success factors involve having project team members that are
knowledgeable, highly competent, and aware of the importanceof recycling construc-
tion in protecting the environment. While having team members that satisfy those
requirements is ideal, that rarely happens in reality. Therefore, adequate educa-
tion and training programs are necessary to prepare individuals that satisfy those
requirements. For example, from the interview summaries, one respondent state:

It is important to conduct training and awareness workshops for preparing contractors with
the approaches in dealing with construction waste. For example, the process of reinforcing
produces large pieces of iron waste that is reusable in other suitable places in the project.
Also, irons from damaged scaffolds can be repaired directly at construction sites for other
usages in the project.

In other words, a good program can provide individuals with knowledge of the
approaches for identifying and separating construction waste from each other. Also,
effective programs can increase project team members’ environmental awareness
that leads to intrinsic motivation to recycle construction waste. Therefore, providing
educational and training programs on construction waste recycling is crucial.
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Clear project scope and design. Besides preparing a detailed project plan, devel-
oping a clear project scope and design is also vital in ensuring the success of construc-
tion waste recycling. An example of a response from the interview summaries that
relate to this success factor includes:

We need to minimize construction mistakes from improper designs that change throughout
the projects, and these changes generate construction waste. For example, there are
cases where some mistakes in the design are identified during construction that requires
demolishing a completed work that results in a large amount of that waste.

In other words, having a clear project scope and design is vital in ensuring the
success of construction waste recycling and avoiding unnecessary generation of
construction waste that may end in landfills.

Effective procurement processes involve having accurate estimations of materials
necessary to complete the projects, verifying quantities and conditions of materials
through regular stock-taking at sites, and buying materials at the right amount and
time. While these activities are hardly associated with construction waste recycling
in general, this factor increases the recycling rate of construction projects by reducing
waste generation at sites. Buying materials at the right amount reduces the unnec-
essary generation of construction waste by avoiding negligence among individuals.
On the other hand, having materials just in time avoids missing and damaged mate-
rials from thieves, misplacements of materials, and rain. Therefore, having effective
procurement processes contributes to the success of construction waste recycling
through the reduction of unnecessary generation of construction waste. Examples of
responses from the interview summaries for this factor are:

We should carefully purchase materials according to the necessary time and need, and
ensuring good storage conditions during construction can minimize waste from excess raw
materials.

Performing regular inventory is important to know which materials are available and which
materials to buy is important to avoid over-purchasing.

Buying materials at the required quantities and sizes without over purchasing greatly helps
to minimize the waste in construction.

Consistent monitoring of the construction waste recycling system is the last
process-related success factors identified from this study’s analysis of individual
interview data with project managers. This factor includes monitoring, supervising,
and managing project team members in obliging to the construction waste manage-
ment plan, providing proper guidance on the process of recycling to individuals at
sites, and ensuring proper execution of the construction waste management plan. In
other words, while other process-related success factors can be associated with the
planning phase of a construction project, having a good monitoring system during
the execution phase is vital to ensure the success of construction waste recycling in
construction projects. Responses from the interview summaries that illustrate this
factor include:

Construction workers should be monitored, supervised, and managed on their obligation to
the established construction waste recycling plan for the project.
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Workers are throwing damaged materials that can be repaired and reused. So, controlling
workers and subcontractors help in recycling and repairing much unnecessary waste.

4.3 Comparison with Other Developing Countries

This section compares the success factors for construction waste recycling in
Malaysia to those of other developing countries—China, Iraq, and Sudan. While
a comparison with developed countries is feasible, comparing with countries that
have a more similar social and economic background allows the identification of the
potential critical success factors for construction waste recycling in Malaysia. To do
that, the top five success factors for construction waste recycling in those countries
are extracted and compared to this study’s findings. Table 2 shows the result of that
comparison.

The results show that only four of this study’s eight success factors are identified
as the top five success factors for construction waste recycling in other developing
countries. Awareness of construction waste recycling among project team members
is suggested to be crucial because managers and constructors with little awareness
in saving resources and protecting the environment refuse construction waste recy-
cling because it adds project costs and reduces company profits [35]. Conversely,
consistent monitoring of construction waste recycling systems is necessary to avoid
weak control of the system’s implementation during the project [37]. Therefore,
providing training and education that increases competencies in sustainable develop-
ment and construction waste management to construction practitioners is necessary
for improving both supervision and awareness of construction waste recycling [35,
36]. Lastly, detailed project planning is vital because changes on site can result in
more construction waste and, therefore, a lower rate of construction waste recycling
[35]. In a nutshell, while the findings can be found in other separate studies, these
results illustrate that Malaysia, as a nation requires the same type and level of effort
as other countries in enhancing waste recycling in its construction industry.

Table 2 Comparison with other developing countries’ top five success factors for construction
waste recycling (CWR)

Malaysia China [35] Sudan [36] Iraq [37]

Aware of CWR
√

– –

Detailed project planning
√

– –

Adequate educational and training programs –
√

–

Consistent monitoring of CWR system –
√ √
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4.4 Limitations

Although this study achieves its aim, there are some limitations worth stating. First,
this study has a limited number of respondents. Therefore, the available data is
not robust enough to represent the whole construction industry of developing coun-
tries, includingMalaysia itself. However, rather than generalizing the success factors
towards the local construction industry, this study aims to identify an alternative set
of success factors for recycling construction waste in a developing country that might
not be captured in the existing body of literature. Future studies can use this paper’s
results to develop questionnaire surveys, which usually have a higher sample size for
interpretation and generalization. Also, subsequent studies can use evidence-based
case studies to verify the identified success factors in this study.

5 Conclusion

This study identifies the success factors for recycling construction waste in devel-
oping countries by analyzing individual interviewdatawith thirteen projectmanagers
using the thematic analysis. The major findings include:

• The success factors for recycling construction waste is related to either people or
process.

• The people-related success factors involve having project team members that are
highly competent, aware of construction waste recycling, and knowledgeable.

• The process-related success factors include having detailed project planning,
adequate education and training programs, clear project scope and design, effec-
tive procurement system, and consistent monitoring of the construction waste
recycling system.

These findings highlight the need to prepare appropriate project team members
andprocesses in implementingwaste recycling in construction projects. Research and
industry practitioners canuse thesefindings to develop strategies to ensure the success
of construction waste recycling programs at sites. The key theoretical contribution
of this research is by providing a set of alternative success factors that are affecting
construction waste recycling in a developing country.
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Abstract Population growth and technological development in recent decades have
made human activities largely responsible for structural changes in the built envi-
ronment at regional and global levels. Civil construction, as an integral part of the
chain of industrial activities, is also one of the segments responsible for energy
consumption and potential greenhouse gas emissions throughout its life cycle. The
building materials and their systems have a direct influence on energy consump-
tion and impact assessment, both in the pre-operational, use and end-of-life and
disposal phases. In this context, Hot Water Building Systems (HWBS) are included.
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1 Introduction

Population growth and technological development in recent decades have made
human activities largely responsible for structural changes in the environmental land-
scape at regional and global levels [1, 2]. Regarding the aspects of natural resources
consumption and the passive impact of human activities, the energy sector is respon-
sible for amajor part of greenhouse gas (GHG) emissions [3]. For instance, residential
and commercial buildings account for around 41% of total energy consumption in
the United States [4]. In these terms, building components have a direct influence on
energy consumption and environmental impacts over the entire Life Cycle Assess-
ment (LCA), basically, during the pre-operational phase (i.e. material manufacturing,
transportation and construction), as well as at the end-of-life and disposal phase [5].

Buildings are major consumers of energy throughout their life cycle. Generation
of energy primarily depends on conventional sources, which is the basic cause of
environmental pollution [6]. The materials and their systems have a direct influence
on energy consumption and impact generation, in the pre-operational phase (mate-
rials manufacturing, transportation and construction), also in the final and discarded
life.

Hot Water Building Systems (HWBS) are directly related to energy consumption
in residential buildings; performing the second largest energy consumer in buildings
and, thus, representing an integral part of the water-energy nexus [3].

The conventional selection of a water heating system in residential buildings
focuses on the financial evaluation rather than the sustainability pillars and life cycle
consequences (i.e. economic x environmental pillars) [7]. At this level of the anal-
ysis, the application of LCA methodology at an early designing phase of residential
buildings could empower the decision-making process and sustainability [8], as well
as facilitating the selection criteria of HWBS [9], where professional and experts
could evaluate the environmental performance of the installed water heating system
[10, 11].

A novel application of an environmental management method is presented herein
to empower the decision-making process and encourage the selection course of
HWBS, taking into consideration the technical and economic aspects at an early
designing phase of buildings. The aim of this work is to present a proposal for a
method derived from the general LCA methodology in order to compare the envi-
ronmental performance of two distinct HWBS for multi-family residential develop-
ments, through thermal heaters installed on the final roof of buildings, with supple-
mentation of electrical supply, so that accurate information on the environmental
performance of the systems can be obtained. However, the installed HWBS consid-
ered in this work are NGHS and SHS. In this work, a literature review of the LCA
methodology is presented in Sect. 2. The proposed methodology to evaluate the LCA
for HWBS is presented in Sect. 3. However, results are discussed in Sect. 4, while
the conclusions and final recommendations are presented in the last section.
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2 A Literature Review of LCA Methodology

LCA is described by as a scientifically based analysis and assessment of the environ-
mental impacts of product systems [12]. Regarding to ISO standards, this method-
ology was revised in 2006 and started to be condensed into ISO 14,040 and ISO
14,044 standards [13]. In Brazil, the Brazilian Association of Technical Standards,
published equivalent versions initially translated in 2001 (NBR ISO 14,040, NBR
ISO 14,041, NBR ISO 14,042 and NBR ISO 14,043) and later in 2009 and 2014
(NBR ISO 14,040 and NBR ISO 14,044 replacing the previous ones) in a way to
support the descriptive text and definitions, as well as facilitate the understanding of
the theme [14].

At the level of the energy consumption and impact assessment of products, LCA is
characterized as a management methodology that help computing inputs and outputs
of a production system to evaluate the environmental performance over their entire
lifespan [15]. The application of LCAmethodology in the construction sector focuses
mainly on the characteristics of the building typology and components [16].However,
such application is facing several challenges that are giving awide spectrumof related
variables, and making it necessary and interesting to define a standardized analysis
structure in order to increase its accuracy [17]. In this context, HWBS should also be
assessed over their entire lifespan, so that the energy incorporated into the biogenic
emissions are considered and give greater dimension to the impacts of the systems
[18]. The methodology adopted for this study is related to the LCA of HWBS in
multifamily residential buildings, taking into consideration comparing the different
types of systems in relation to their environmental performance at an early designing
step. The general scope of such application will be conducted in four phases based
on the LCA methodology: Goal and Scope definition; Life Cycle Inventory analysis
(LCI); Life Cycle Impact Assessment (LCIA); and Interpretation of data and results
obtained by the partial and final methodological processes [19, 20].

Defining the Goal and Scope of the study means determining the intended appli-
cation for the analysis and the reason for carrying out the study, the target audience
to whom the results are intended to be communicated and, therefore, the means
for their dissemination [19]. In these terms, the scope of the study should include
the definition of the product system to be studied; the functions of this system or
compared systems; the determination of the functional unit/functional equivalent;
the system boundary; allocation procedures; selected impact categories and method-
ology for impact assessment as well as subsequent interpretation to be used; data
requirements; assumption; limitations; initial requirements for data analysis; type of
critical analysis, if applicable; type and format of report required for study.

The next step is to build up the LCI based on ISO 14,044, which demonstrates a
definition of the inventory analysis phase that involves the cradle-to-grave character
of the method; “life cycle assessment phase involving the compilation and quantifi-
cation of inputs and outputs of a product system over its lifetime. life cycle”. Table
1 illustrates the output results of the LCI step [21], including a list of data of the
environmental impacts to be evaluated at the next step of the LCA methodology,
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Table 1 Characterization of impact categories commonly demonstrated in studies

Adapted from Stranddorf and Hoffmann [21]

which is LCIA. At this level of the analysis, LCIA aims to give an overview of the
significance of the potential impacts of the examined product [22].

There are several methods to evaluate the extracted impacts from the LCI, hence,
it is highly important to choose the most appropriate method for each case study
[18]. LCIA can be distinguished within two levels: midpoints and endpoints [23].
At the midpoint impact assessment level, indicators are given along the environ-
mental mechanism,while at the endpoint impact assessment level, “Characterization
considers the entire mechanism to its end point, ie. it refers to a specific damage
related to the broader area of protection, which may be human health, natural envi-
ronment or natural resources” [24]. Finally, the interpretation level refers to permeate
the entire analysis process, where the findings of LCI and LCIA are to be consis-
tently combined with the defined Goal and Scope in order to draw conclusions and
recommendations [19].

3 Proposed LCA Methodology for HWBS

The objective of this work is to Present a methodological work flowchart for the
comparative application of LCA for HWBS in multi-family residential buildings,
as a way to obtain data for analysis regarding the environmental impacts of such
systems, taking into consideration the energy consumption during of the operation
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phase of HWBS and its impact on the living standards, combined with the LCA
database of the of the applied materials. The developed method herein is developed
based on ninemain phases, which guide the elaboration and evaluation of the projects
and their respective analysis and are the organization of the general phases ofmethod-
ological application of the LCA recommended by ISO Standards. At this level of the
analysis, the interpretation phase is divided into four distinct stages; Interpretation
(A), Interpretation (B), Interpretation (C) and Interpretation (D). Each stage has been
oriented and modified to verify the output results collected from the previous steps
(LCI and LCIA), as well as evaluating their quality, coherence and importance to
the study. Figure 1 describes in detail the steps contained in phases I, II, III, and IV
of the study, which are Goal and Scope Definition (A), Interpretation (A), Goal and
Scope Definition (B), and Interpretation (B), respectively.

The starting point of the analysis, as presented in Fig. 1 is to determine the envi-
ronmental profile of a certain HWBS. Phase I, Goal and Scope Definition (A), means
to conduct general definitions, function, and functional unit. At this level of the anal-
ysis, Item (I.1), presented in Fig. 1, means determining the general purpose of the
analysis to be performed. Such an objective must be clear and consistent with the
reality of the place of application so that it can be valid and have real importance in
the context in which it will be applied. The results of the analysis of the performance
of the HWBS during the operation phase can be used to make a decision about the
use of a particular type of system still in the design phase, with the general objective
being traced, for example, as the definition of the type of system, system to be used
for the distribution of water in a specific building type, or if a copper or PVC pipe is
defined in the project, given the observed impacts.

Item (I.2), presented in Fig. 1, means determining the target audience. In the case
of the building installation project, the target audience can be defined as the end user,
who will actually use the system and wants to know which one is most advantageous
in this respect, or the builder who will do the work and needs the best cost- benefit,
or it may be the own design team that needs the determination of the system that
consumes the least environmental resources or generates the least impact in order
to have a sustainable building profile that seeks environmental certification. Next,
item (I.3) determines the scope of the analysis. At this point, a phase of refinement
of objectives is to be included, defining the stages of application, scope, work team
involved and other important aspects to the elaboration. Moreover, the evaluated
function in the employed method can be traced in item (I.4). The main functions
of cold water, hot water and piped gas systems can be analyzed, considering that
the functions are closely linked to the uses of systems. The functional unit of the
study, presented in item (I.5) in Fig. 1, deals with the quantification of the determined
function or product performance characteristic. In these terms, the functional unit
must, in the case of building systems, be worked as a performance unit and not a
mass or metric unit.

Phase II, Interpretation (A), refers to identify stakeholders, focusing on a more
managerial profile of the process. Construction projects involves many stake-
holders (i.e. facility owners and users, project managers, project team members,
facility managers, designers and architects, allotment companies, shareholders of
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Fig. 1 Detailed flowchart of the proposed methodology of this work—Phases I to IV
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the company that develops the enterprise, the public administration, construction
workers, subcontractors and outsourced service providers, competitors, banks, insur-
ance companies, representatives of the surrounding community, the general public,
and others) [25].

Phase III, Goal and Scope Definition (B) begins by defining the product system,
inputs and outputs, which determines the life cycle design of the studied facility
systems, as well as the system boundaries. At this level of the analysis, it is neces-
sary to trace the processes and phases involved in the life cycle of the hydraulic
installations from the production of the component materials to the final disposal of
the system after the operation phase. Conducting the life cycle design of the studied
products leads to item (III.2), where the product system and system boundary are to
be determined. Item (III.3), presented in Fig. 1, necessitates defining the inputs and
outputs of the product system and data requirements. In this work, themost important
issue when building up the inventory of database is the quality, relevance, accuracy
completeness, and representativeness of the data due to technological and profile
changes of the products used to HWBS, taking into account the type and location of
installation, consistency and reproducibility of the products.

Phase IV, Interpretation (B), refers to validate the product system. For this, a
comparison should bemade between the determined life cycle and product system for
analysis with other similar related studies andmake adjustments that the professional
deems necessary to make the system as objective as possible with respect to the
results. This factor is extremely important to the legitimacy of the study, since the
geographical location and the local social and environmental profile have a direct
influence on the quantification and qualification of the impacts of a product system
represented by a building installation.

The second sequence of the detailed flowchart of the proposedmethodology if this
work is illustrated inFig. 2a, representedbyPreliminarySystemDesignDevelopment
(Phase V), Inventory Analysis (Phase VI), and Interpretation (C) (Phase VII).

Phases V and VI should begin concurrently or sequentially, as the first step in
the inventory phase is to define and organize data sources to enable collection, orga-
nized according to requirements. In order to obtain these, it is oriented to use an
internationally consolidated database, since the exact obtaining of the production
processes involved denotes time and resources. However, such a process may lead
to variability of results with respect to the actual life cycle of the examined system
and compromise the reliability and requirements of the data. Data collection at this
level of the analysis may involve the need for bibliographic and market research that
fosters the assembly of product system processes and guides the volume of materials
consumed for them.

PhaseV consists of the preliminary design of building systems for analysis objects
for the primary purpose of obtaining the data necessary to foster life cycle inventory
analysis, as presented in Fig. 2a. Hence, four main sequential activities related to
good engineering practices are to be defined, as follows:

(a) An architectural assessment of the needs and demands of the building should
be carried out.
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Fig. 2 Detailed flowchart of the proposed methodology of this work—Phases V to IX

(b) The project layout should be defined, taking into consideration elements such
as technical reserve location, water or power inlet leasing, internal distribution
pipe division, better leasing of equipment needed for system operation.

(c) The effective elaboration of the projects should be considered based on the
current norms and available database. Hence, one should seek to understand
the level of details that the project necessitates to meet the requirements of
the LCA methodology such as the specifications of buildings components,
taking into consideration that the LCA methodology involves processes such
as “cradle to grave”, that is, from the extraction and manufacturing phase
until the end of life; “cradle to gate”, that is, from the extraction until the end
of manufacturing phase; “cradle to cradle”, that is, from the extraction and
manufacturing until the end of life and recycling to be reused again [13].
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(d) The project materials and construction components should be quantified,
considering the use of the products that will actually be installed to increase
the reliability and completeness of the data obtained.

Phase VI, inventory analysis, is the elaboration phase of the projects that ends up
with obtaining the list of materials that fosters the inventory data. The data collection
requires obtaining data related to the life cycle of the components of the HWBS; a
factor that is intended to be performed with the help of a database, such as Ecoinvent.
This phase necessitates guiding the modeling of the product system with the aid of
LCA software, such as OpenLCA. System modeling often involves the combination
of basic processes and raw materials in the database to obtain the desired prod-
ucts [26], a factor that can create uncertainties in the process, given the insufficient
knowledge obtained about the process. production or misuse of processes. At this
level of the analysis, the data collection stages consider the database collections,
materials and processes data collection, and culminate in the data validation. The
data collected in the inventory should be evaluated against the data requirements
defined at the beginning of the study in a way to determine the relevance or discard
of collected data by screening the material.

Phase VII is Interpretation (C), where the correlation of data and elementary flows
is ranked in the classification of the collected data according to the defined flows for
the studied functional unit [27]. Thus, it is verified whether all flows considered have
consistent and sufficient data for the elaboration of the LCIA, if other data are needed
or if there is not enough data available for the definition of all flows. At the end of this
analysis, a decision should be taken whether to continue the process or to redefine
and redo the completed phases to ensure concise results. The carried inventory and
the refined product system facilitate proceeding to the LCIA and final interpretations,
which are detailed in the figure, Fig. 2b, which demonstrates the final phases of the
proposed methodology of this work.

Phase VIII, LCIA, means selecting the relevant impact categories to the study,
taking into consideration the history of application of LCA for analysis of hydraulic
systems. The major impact categories, as previously presented in Table 1, can be
exposed to global warming, human toxicity (carcinogenic and non-carcinogenic),
shortage of fossil resources and mineral resources and waste, impacts considered
directly related to the building systems of employment of the study. The next step
after selecting the impact categories, the LCIA step is to be conducted according
to the item (VIII.2), illustrated in Fig. 2b. Hence, it is important to consider the
midpoint impact assessment, which has less data uncertainties [28], using an impact
assessment method such as ReCiPe, which combines the Eco-indicator 99 and CML
methods, giving them an update regarding the content, deriving characterization
factors according to a midpoint approach (with 17 indicators) or endpoint (with 3
indicators) [29]. There is a fundamental relationship between midpoint indicators,
direct impacts, and endpoint indicators. The structure overview of ReCiPe impact
assessment method is presented in Fig. 3 [30]. Phase IX, Interpretation (D), which
necessitates evaluating the completeness, sensitivity and consistency of the data.
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Fig. 3 Structure overview of ReCiPe impact assessment method (Adapted by RIVM [33])

4 Results and Discussion

This work insights a Life Cycle Assessment (LCA) methodology to compare a
specific the environmental performance of two distinct HWBS (i.e. Natural Gas
Heating System and Solar Heating System) for multi-family residential develop-
ments.

The proposed methodology presented in this work intends to facilitates analyzing
the life cycle analysis of Hot Water Building Systems at early stages of building
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design, taking into consideration fromacradle-to-gate perspective; includingprimary
extraction of component materials, beneficiation and production and transportation
to the place of execution of the projected installation. Hence, the energy consumption
incorporated to them and their biogenic emissions are considered and given larger
dimensions of impact assessment.

Based on the expected results, an analysis of the impacts obtained can be
performed and the study is concluded by checking the quality of the conclusive
data and its reproducibility, defining improvements to the method and observed
limitations, and culminating in guidelines for the methodological application.

5 Conclusions

Population growth and technological development have made human activities
largely responsible for structural changes in the built environment at regional and
global levels. Building materials and their systems in the construction sector have
a direct influence on energy consumption and impact assessment over the entire
lifespan of Hot Water Building Systems. Hence, the novelty of this work is in
proposing an application of an environmental managementmethodology to empower
the decision-making process and encourage the selection course of Hot Water
Building Systems, taking into consideration the technical and economic aspects at
an early designing phase of buildings. The main objective of this work is to apply
the Life Cycle Assessment LCAmethodology to compare the environmental perfor-
mance of two distinct HotWater Building Systems; Natural Gas Heating System and
Solar Heating System, in a multi-family residential development.

The construction sector has a vast and direct influence on the environmental
impacts caused by human activities in the built environment at various scales. The
application of LifeCycleAssessmentmethodology at early stages of designing build-
ings could provide more information related to the environmental performance of the
building materials, building systems and building installations. Such useful informa-
tion could culminate in the reduction of passive impacts of construction projects over
their entire lifespan.At this level of the analysis, the life cycle impacts are highly inter-
dependent, so that one phase can influence others. For example, selecting building
materials can reduce the need for space heating, but can also increase built-in energy
and transportation-related impacts or change the lifespan of the building as a whole.

The proposed methodology presented herein has some limitations as to its imple-
mentation. The results of the application will provide a complex set of numerical
values for environmental impact indicators and a report with all related assump-
tions made during the analysis, which makes the interpretation of the results by
non-specialists in Life Cycle Assessment are difficult to be conducted. Particularly,
if there is insufficient comparative standard, which is considered as a determining
factor in the results of the analysis performed for buildings and building systems.
Another limitation of this work refers to the lack of an inventory database for South
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America and for local studies. The application of Life Cycle Assessment method-
ology depends on using existing data in global bases. Hence, it is highly important to
highlight the important role of the regionality of the case studies, taking into consid-
eration the heterogeneity of the natural, cultural and economic profiles among the
localities of the region. On the other hand, the determination of a methodological
standardization regarding the application of Life Cycle Assessment methodology for
building systems allows more professionals to be involved in this process, and data
can be obtained from the results of building applications, which can be a parameter
for other studies.
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Screening Regionally Available Natural
Resources and Waste Streams
as Potential Supplementary Cementitious
Material

Matea Flegar, Marijana Serdar, Diana Londono-Zuluaga,
and Karen Scrivener

Abstract The usage of industrial by-products and natural resources has already
been acknowledged as a viable option for lowering the CO2 emissions in cement
production. The utilization of locally available materials as supplementary cementi-
tious material (SCM) presents an opportunity to produce more sustainable cements
that could satisfy the growing concrete demand. However, the composition of these
materials is origin related and can differ from region to region. For that reason,
this study correlates the physical and chemical properties of local materials with
their mechanical performance when used as SCM. Twelve different samples were
collected: three slags, two fly ashes, one silica fume, and six clays. The R3 reactivity
test was performed together with compressive strength tests on mortars after 2, 7 and
28 days. Finally, the paper presents the most suitable materials prioritising the results
according to the obtained data. With the screening approach, this research brings
attention to the key parameters that are vital for preliminary SCM identification.

Keywords Supplementary cementitious materials (SCMs) · Screening of raw
materials · Reactivity · R3 test · Compressive strength

1 Introduction

Currently, the concrete consumption has grown such that it has become the second
most used material in the world after water [1]. This is due to the increase in demand
for housing caused by the increase in population. The developing countries contribute
to the increase in population and as a result these countries consume almost 70% of
all world cement [2]. With a “business as usual” strategy, it is estimated that cement
industrywill solely be responsible for 24%of total globalCO2 emissions byyear 2050
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[3]. Due to this, there is a strong need to unlock the potential of accessible materials
that can supply the growing demand for cement and lower the CO2 emissions without
compromising the performance and durability of concrete.

CO2 is emitted into two ways during the production of Portland cement clinker,
namely, (a) from the energy supply needed to heat the cement kiln, and (b) from
decarbonation of calcium carbonate (CaCO3) [4]. The first case accounts for 40–50%
of emissions in the production, while the chemical reaction of calcium carbonate
releases the rest. Considering the fact that the raw material in Ordinary Portland
cement (OPC) consists mostly of CaCO3 (75–79%) [4], high volume replacement of
clinker with supplementary cementitious materials (SCMs) can significantly lower
the mentioned emissions.

Nowadays, different types of cements are being used in the construction industry.
A certain amount of these cements contain a relatively small portion of SCMs which
are added primarily to reduce the cost or to improve the long-term mechanical and
durability properties of concrete [5]. Higher cement replacements and utilisation of
locally available materials could potentially serve as a way to reduce the carbon
footprint and produce more ecological solutions.

The availability of well-known and widely used materials, such as Fly ash and
ground-granulated blast-furnace slag (GGBFS), is expected to decrease in near future
and therefore, is opening the quest for potential alternative SCMs that meet the
growing demands [6, 7]. Industrial waste and natural resources are promising options
which can be found locally, and which possess physical and chemical properties that
could be beneficial. Some of these materials are discussed in this paper as a part of
a Swiss-Croatian collaborative project ACT, that is promoting the potential usage of
locally available materials as SCMs.

The potential beneficial effect of a certain raw material, when used in concrete,
cannot be recognised by a single property. Numerous studies have suggested different
chemical and physical tests that can be used for preliminary characterisation [8–10]
and for assessment of pozzolanic reactivity [11–13]. This study is focusing on the
chemical characterisation of raw state materials and the correlation of one reactivity
test (R3 test) with the compressive strength of blends with a 30% cement substitution.

2 Materials and Methodology

In this study, twelve potential SCMswere evaluated: two fly ashes (FA_T and FA_K),
two steel slags—basic oxygen furnace and ladle furnace slag (SL_BOF, SL_LF),
one densified silica fume (SF_D), one sample of iron silica fines (SL_Aru) and
six clay samples (C_Cu1, C_Cu2, C_Ora, C_Ilo, C_Mar, C_Top1). For the sake of
comparison, a sample of quartz powder (Q) was used to distinguish the pozzolanic
properties from the inert filler effect.

All materials originate from the South East Europe region and were collected as
a part of the ACT project. Before characterisation and testing, all materials, except
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silica fume and fly ash (Fa_K), were dried in an oven for 24 ± 2 h at 60 ± 5 °C and
then grinded in a disc mill for 30 s.

2.1 Material Characterisation

Chemical composition is considered as one of the starting points for characterisation
of any rawmaterials.Most widely used SCMs generally have a lower calcium content
than the OPC which results in a different hydrates formation and can have an effect
on the strength and durability [14].

Figure 1 shows the percentage of each chemical compound that is represented
in the material sample. The results were obtained by X-ray Fluorescence (XRF), in
accordance with the norm ISO/TS 16,996:2015 [15].

The difference between the types of materials can be seen from Fig. 1. All SCMs
show a higher amount of silica (SiO2) and a much smaller amount of calcium oxide
(CaO) when compared to OPC. Silica fume, as expected, holds the highest amount
of silica (>90%), while the slags have the least silica content. Fly ashes (Fa_T and
Fa_K) have a similar amount of silica and alumina, both having some portion of
iron oxide and other impurities. The CaO amount in these two samples is 11.5 and
13.5%, respectively. The clays show similar chemical composition even though they
originate from different locations. The BOF and LF slags have a significant amount
of CaO around 30% which is much greater than in other samples. They also hold
the highest amount of magnesium oxide (MgO). Additionally, the BOF slag consists
of a large portion of iron oxide (Fe2O3). Iron silica (SL_Aru), on the other hand,
is produced from iron slag so the content of Fe2O3 is expectedly high, while the
second-largest component is SiO2.
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2.2 The R3 Test

The R3 test, developed for RILEM TC-267 committee, was used to determine
the pozzolanic reactivity of the chosen SCMs. This was carried out at 40 °C by
isothermal calorimetry, obtaining the total heat release of hydration for 7 days of
pastes composed of the SCMs.

Prior to the test, all the SCMs and reagents were weighted, mixed and held at 40±
2 °C for 24 h. The formulation of the solid blends relies on the ratio of Ca(OH)2/SCM
and CaCO3/SCM of 3 and ½ respectively. In addition, an alkali solution 3 M of K
were prepared with KOH and K2SO4.

The pastes were prepared in a high shear mixer at 1600 ± 50 rpm for 2 min until
a homogenous paste was obtained. Immediately, they were cast in glass vial and
placed into the isothermal calorimeter. The cumulative heat release acquired were
reported per g of SCM, as can be observed in Fig. 2.

Figure 2 indicates the results of reactivity of each material by the R3 test method.
We can assume the pozzolanic property of each SCM, when they are compared with
the inert quartz. According to the given data, silica fume shows the highest amount
of heat release after 7 days but surprisingly has lower initial reactivity. Both fly ashes
have a similar performance of heat release, even thoughFa_T shows the biggest initial
reaction (first 10 h), and second largest 7-day reaction overall. The results for Fa_K
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indicate a slower initial reaction and a lower long-term reactivity (7 days). All of the
clays exhibit similar heat release performance, slightly faster heat release in the first
15 h of reaction followed by a slower reaction after 24 h. C_Mar and C_Ilo showed
the most promising results. According to the R3 test, C_Ora shows the lowest results
among clay samples. All of the slags showed very low reactivity. SL_LF shows some
amount of heat release (still lower than the least reactive clays), while SL_BOF and
SL_Aru are performing slightly better than the inert quartz powder. The SCMs were
labelled in the upper left corner of Fig. 2 startingwith thematerial holding the highest
values of the test.

2.3 Mortar Strength Test

For mortar preparation mixing proportions of the samples were kept constant, with
a 30% cement mass replacement for each SCM. The water to binder ratio was also
constant, 0.5. Standardized sand was used as aggregate and there was no need for
water adjustment. For each mixture, a volume of 1.5 L was mixed following the
norm HRN EN 196-1 (2016) [16], a sufficient amount to cast molds of 40 × 40 ×
160 mm. After casting the samples were covered with a plastic wrap and held 24 h
in laboratory conditions. When demolded they were cured under water until testing
time. Compressive strength test was carried out on 2 prisms after 2, 7 and 28 days
of curing age, according to the norm mentioned above. OPC mortars of CEM 1 45.2
R were also prepared for comparison.

The compressive strength results are shown in Fig. 3. All samples of blended
cement exhibited lower early age compressive strength (2-day) than OPC mortars.
Even though showing a slightly lower initial strength, Silica Fume outperforms the
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reference sample of OPC after 7 and 28 days. Among the fly ashes, Fa_T shows
more promising results after 7 days of hydration. C_Mar shows the second-best
compressive strength results after 7 days of hydration, and the highest compressive
strength amongst other clays. The 2-days and 7-days compressive strength of C_Mar
is almost identical to theOPC (34.76 and 54.56MPa).With the 28-days strength close
around 40 MPa, C_Cu1 and C_Ilo are ranked at the 3rd and 4th place, respectively,
with lower initial strength then the C_Mar clay sample. Sample C_Top1 shows
lower compressive strength results at all ages, than the before mentioned clays. Clay
samples C_Cu2, and C_Ora performed poorly when compared to other clays. The
slags, as the R3 test showed, presented the lowest values. The mean compressive
strength after 28 days is 28.91, 29.04 and 33.40 MPa for SL_LF, SL_BOF, and
SL_Aru, respectively. Again, the slags show slightly better results than the inert
quartz powder mixture.

Theorder of relative compressive strength results of samples after 28days is shown
in Fig. 4. The relative strength is defined as the ratio of strength results obtained from
the blends to the compressive strength results of the OPC mortar sample.

3 Conclusion and Further Research

The intent of reducing the ecological footprint in the production of cement has
opened a quest in research for high volume clinker replacement. This has led to
new approaches in unlocking the potential of new types of SCMs. By performing a
screening approach of possible materials for cement replacements, we can achieve
bigger replacements and faster utilisation of new SCMs.
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This study aimed at combining the 3 testing methods, chemical characterisation,
the R3 reactivity test and compressive strength, with the goal of evaluating the poten-
tial of different materials as SCMs. It was observed that the materials holding a
higher amount of silica, such as silica fume, fly ash and clays, performed better in
both the calorimetry measure and the compressive strength test. With the highest
amount of SiO2 and the best results of both the tests, silica fume demonstrates the
highest reactivity. When considering other material samples, FA_T had proven to be
more reactive than the FA_K sample of fly ash, while the C_Mar sample is the most
reactive amongst clays. The slag samples showed the lowest strength and cumulative
heat results, performing just slightly better than the inert quartz referent mixture.

It has been proven that the outputs of the R3 test can relate to the strength devel-
opment of mortar mixes and that the most promising SCMs for future research are
silica fume SF_D, fly ash Fa_T and clay C_Mar. These samples will be used in the
next steps of the ACT project where they will be evaluated on a concrete level.
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Thermal Performance of Compressed
Blocks Made from Construction
and Polyurethane FoamWaste

A. Briga-Sá , V. Neiva , D. Leitão , T. Miranda , and N. Cristelo

Abstract It is intended with the research work here presented to contribute to the
scientific knowledge regarding the incorporation of C&D and polyurethane foam
wastes in compressed blocks. Twomixtureswere defined considering the percentages
of 2.5 and 5% of polyurethane foam waste. Fly ash was used as a precursor and the
two mixtures were activated with a solution based on sodium hydroxide and sodium
silicate. Experimentalworkwas carried out to assess the blocks thermal performance.
Experimental measurements allowed determining indoor and outdoor temperatures,
heat flux and inner surface temperatures. The data acquired allowed to estimate the
values of the thermal transmission coefficient. It was concluded that an increase in the
percentage of polyurethane foam waste in the composition leads to an improvement
of the thermal behaviour. Values of 2.93 and 2.57 W/m2 °C were estimated for
the percentages of 2.5 and 5%, respectively, presenting higher values of thermal
resistance when compared with a common solution of ceramic solid block with the
same dimensions.

Keywords C&D waste · Polyurethane foam waste · Compressed waste blocks ·
Alkaline activation · Thermal performance · Sustainability
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1 Introduction

The rapid depletion of natural resources in modern society and the high amount of
generated waste have motivated research in this field towards more sustainable and
alternative building materials.

Construction and demolition (C&D) waste represents approximately 25–30% of
the amount of waste produced in the European Union (EU). In this context, C&D
waste has been defined as a priority by the EU with the main goal that by 2020
a minimum of 70% of non-hazardous C&D wastes shall be reused, recycled or
recovered, including as a substitute of other materials [1].

Furthermore, the demand for polyurethane is continually growing in EU. More
than 3.5 million tonnes of this insulation material are used each year and approxi-
mately 70% is presented in the form of foam. It is also estimated that about 20% of
it ends up as waste and a vast majority is taken to landfill, corresponding to about
460 000 tonnes per year.

Several studies have been carried out on the use of C&D and polyurethane foam
wastes in the construction industry, showing a high potential of these materials.

Research work has been conducted in order to analyse the possibilities of using
waste materials to produce bricks [2]. Different authors analysed the production of
fired bricks by using class F fly ash to replace clay and concluded that it increased
the compressive strength and decreased the water absorption [3, 4]. Freidin [5] anal-
ysed the production of bricks using polymerization and showed that they can be
produced from mixtures of fly ash, using sodium silicate solution as the alkali acti-
vator. Robayo-Salazar et al. [6] also developed research on the use of alkali-activated
C&D wastes and concluded that building materials, such as masonry mortars and
prefabricated elements, can be obtained. Sabai et al. [7] investigated the possibility of
recycling C&Dwaste to produce blocks. It was observed that the blocks using 100%
of recycled aggregates were weaker than those with natural aggregates. However,
given that a compressive strength of 7 N/mm2 was achieved, C&D waste could be a
potential resource for building material production rather than discarding it. Fewer
studies were found regarding thermal performance analysis of blocks. Bravo et al.
[8] concluded that using recycled aggregates fromC&Dwastes improves the thermal
performance of concrete mixes. Zhu et al. [9] also investigated the thermal properties
of recycled aggregate concrete and recycled concrete blocks. A value of 0.93W/m2 K
was obtained for the heat transfer coefficient of recycled concrete block masonry.

The behaviour of different polyurethane foams waste was analysed to assess their
potential use in construction materials. The study showed that the waste genera-
tion process determines the foam’s microstructure and the physical and chemical
properties, affecting the building materials performance and, consequently, offering
different possibilities of application [10]. The option of reusing polyurethane foam
waste, combinedwith pitch binders, andPU foamwaste as a dry aggregate in different
cement or gypsum matrices has also been researched [11]. Other studies show the
possibility to use this polymer to reduce the amount of sand in cement mortars [12–
14]. A study on the properties and thermal behaviour of plaster with polyurethane
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foam wastes showed that increasing the polyurethane quantity decreases the density
and mechanical properties of the plaster [15].

Nevertheless, there is still research that should be carried out in order to analyse
the thermal properties of building materials using these types of wastes.

In this context, this study aims to analyse the thermal performance of compressed
waste blocks (CDW) using C&D and polyurethane foam (PU) wastes and fly ash
(FA). Two mixtures were defined using different percentages of PU waste (2.5 and
5%), activated with a solution based on sodium hydroxide and sodium silicate. The
influence of different percentages of PU was discussed.

2 Materials and Methods

2.1 Materials Characterization

Construction and Demolition (C&D)Waste. The C&Dwaste (Fig. 1a) used in this
study was provided by a Portuguese recycling company. According to the technical
sheet provided, the material comes mainly from the demolition of small buildings,
recovered from illegal deposition [16]. It is a mixture of concrete, mortar, bricks,
glass, ceramics and wood, among others, and in accordance with the EU Council
Decision 2003/31/EC [17] it has the code EWC 1701 07 referring to a “Selected
C&D waste”. In order to prepare the C&D waste for the blocks production, it was
subjected to a drying oven at the temperature of 85 °C for 24 h. Then, it went through
a process of breaking of the clods (Fig. 1b).

C&D waste was characterized in what concerns to the particle size distribution
(LNEC E196 1966) [18], Fig. 2, maximum dry unit weight, optimum water content
(LNEC E197 1966) [19], Table 1, specific gravity (NP 83 1965) [20], Table 1, and
distribution of the constituents (EN 933-11 2009) [21], Table 2.

Polyurethane Foam Waste. PU waste was provided by a polyurethane producing
company with the particle size that can be observed in Fig. 3a. Given that it was

Fig. 1 General view of C&D waste: a before breaking of the clods; b after breaking of the clods
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Fig. 2 C&D waste particle size distribution

Table 1 C&D waste
geotechnical properties

Property Value

Maximum dry unit weight (kN/m3) 20.2

Optimum water content (%) 8.33

Specific gravity (kN/m3) 25.8

Table 2 Distribution of the constituents of C&D waste

Constituents Value

Concrete, concrete products, mortar, concrete mansory units, Rc (%) 25

Unbound aggregate, natural stone, hydraulically bound aggregate, Ru (%) 32

Clay and calcium silicate masonry units, aerated non-floating concrete, Rb (%) 12

Bituminous materials, Ra (%) 3

Glass, Rg (%) 2

Other materials, X (%) 26

Floating particles, FL(cm3/kg) 28.5

composed by particles with different dimensions, it was necessary to homogenize it
for its subsequent incorporation into the mixture and for that, it was sieved using a
1.60 mm square mesh sieve, Fig. 3b. In Fig. 4, it can be observed the microstructural
characterization of PU waste.

Fly ash. The fly ash, type F (Fig. 5), used in this work as a precursor, was provided
by a Portuguese thermo-electric plant and it has already been considered in other
research works [22] where its characterization was carried out. As regards to the
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Fig. 3 General view of PU waste: a before and b after using a 1.60 mm square mesh sieve

Fig. 4 Microstructural image of PU waste

Fig. 5 FA of type F
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Table 3 Chemical characterization of FA

Element Si Al Na Mg P S K Ca Fe Ti

% 48.81 21.77 1.31 1.56 0.58 1.17 4.42 3.85 14.74 1.79

particle size, it was verified that this fly ash presents a diameter of less than 45 µm,
which confirms its fineness.A chemical characterizationwas also done,whose results
are shown in Table 3, leading to the conclusion that fly ash has an activation potential
of approximately 75%.

Alkaline Activators. The alkaline activator solution was a combination of sodium
hydroxide and sodium silicate. Sodium hydroxide, originally in flake form, with a
specific gravity of 2.13 at 20 °C and 95–99% purity, was dissolved in distilled water
up to the desired concentration of 10 molal.

2.2 Compressed Waste Blocks Production

The production of compressed waste blocks (CWB) was carried out according to the
methodology that is normally used for the manufacture of compressed earth blocks
(CEB) [23]. Some recommendations presented in international standards ((UNE
41,410 2008) [24], (HB 195 2009) [25], (NZS 4298 1998) [26]) and research work
developed by some authors in this field [27–29] were taken into account in order to
verify the suitability of some of the materials used as regards, for example, with the
particle size distribution. As referred above, two different mixtures were considered
for the CWB’s production (Fig. 6), varying the percentage of PU wastes: 2.5%
(PU2.5) and 5% (PU5), Table 4, in order to analyse its influence on the blocks
thermal performance. FA was used as precursor and the resulting mixtures were
activated with a solution based on sodium hydroxide and sodium silicate.

Microstructural images of PU2.5 and PU5 mixtures are presented in Fig. 7. EDX
analysis were carried out at several points, near the particles of polyurethane and
away from them, and it was concluded that polyurethane is randomly distributed in
the mixture and there is no connection between it and the matrix. Thus, no preferred
chemical elements are identified near or far from the polyurethane particles.

Table 4 Composition of the mixtures used in the CWB’s production

Mixture Solids (%) Liquids (%) Solid/Liquid ratio (%)

C&D waste FA PU waste NaOH Na2SiO3

PU2.5 67.5 30 2.5 66.67 33.33 6.30

PU5 65 30 5 66.67 33.33 6.30
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a) b)

Fig. 6 CWBs with different percentage of PU waste: a PU2.5, b PU5

Fig. 7 SEM images of the mixtures: a PU2.5; b PU5

2.3 Thermal Performance Assessment

Experimental Setup. The experimental work to analyse the CWB’s thermal perfor-
mance was carried out in a test room with the dimensions of 4.00 m × 3.00 m ×
2.54 m, whose indoor conditions were controlled. The experimental procedure was
performed according to ISO 9869 [30] and Pereira [31] and has been successfully
applied in similar research works. A uniform high thermal gradient between indoor
and outdoor environments is desirable in order to guarantee a significant heat flow,
always occurring in the same direction across the analysed sample. In this case, these
conditions were obtained heating the test room, guarantying an interior temperature
with lower oscillation patterns. The measurement period occurred between the 3rd
and the 16th of June. Two panels made of CWB’s were built in the north oriented
external wall, Fig. 8, carefully fixed to the wall, surrounded by polyurethane foam to
avoid thermal bridges, non-insulated headers and other faults. Two heat flux sensors,
four inner surface temperature sensors (thermocouples) fixed in each panel and two
temperature sensors, one inside the test room and the other outside to measure the
exterior environment conditions, compose the experimental device. The heat flux
and the surface temperature sensors were fixed in the panel’s inner surface, in the
hollow zones of the blocks, as it can be seen in Figs. 8 and 9. The temperatures of the
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Fig. 8 Experimental setup for the CWB’s panels thermal performance assessment: a PU2.5; b PU5

Fig. 9 Location of the
sensors in the CWS blocks:
1—inner surface temperature
sensors (Tsi11 and Tsi21);
2—heat flux sensor (q1 or
q2)

internal and external environment (Ti(n) and Te(n)), the heat flux (q1(n) and q2(n))
and the inner surface temperatures (Tsi(n)) were measured continuously with 10 min
intervals (n).

Methodology. According to ISO 9869 [30] the thermal transmission coefficient
(U) of a material or a building system can be quantified given the heat flow that
occurs through the element when subjected to a temperature differential, as defined
in Eq. (1):

U (ntotal) =
∑ntotal

n=1 q(n)
∑ntotal

n=1 (T i(n) − T e(n))
(1)

where q(n) is the heat flow across the wall sample for the instant n; Ti(n) and Te(n)
are the interior and the exterior temperatures in the instant n, respectively; ntotal
is the total number of instants acquired during the measurement period. In ISO
9869 [30], it is recommended the use of interior and exterior temperatures instead
of the surface temperatures for the U value calculation. The use of two flux meter
sensors in each panel allows to obtain q1(n) and q2(n). Considering the values of the
temperature differential between the interior, Ti(n), and the exterior environments,
Te(n), it is possible to estimate the thermal transmission coefficients, U1(ntotal) and
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U2(ntotal), respectively, by applying Eq. (1). The thermal transmission coefficient of
the panel,U′(ntotal), is the average value ofU1(ntotal) andU2(ntotal), as presented
in Eq. (2).

U ′(ntotal) = U1(ntotal) +U2(ntotal)

2
(2)

This calculation methodology was applied for the two CWBs panels and allowed
to estimate the values of the thermal transmission coefficient resulting from exper-
imental measurements, which were compared with the values already known for
current construction solutions.

3 Results and Discussion

Data acquired during the experimental measurements allowed to obtain the variation
of the indoor and outdoor conditions in what concerns to the temperatures Ti and Te.
In Fig. 10, it is possible to observe that the stabilization of the interior temperature
was guaranteed, as much as possible, as required by the experimental procedure,
whose values varied between aminimumof 32 °C and amaximumof 37 °C, given the
temperature range that characterize the climatic zonewhere the experimental test took
place. The obtained values for the exterior temperature show this variation, where a
minimum of 10 °C and a maximum of 29 °C were verified. Furthermore, Ti values
were always higher than the ones obtained for Te, leading to obtain the necessary
conditions for the occurrence of heat flow through the panels and, therefore, the
reliability of the experimental test. A minimum and a maximum differential between
Ti and Te of 5 °C during the diurnal periods and 24 °C during the night, respectively,

Fig. 10 Variation of interior temperature (Ti), exterior temperature (Te) and heat flux (qi) values
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were verified. In what concerns to the heat flux variation, it is observed that higher
values are obtained for the CWB panel with 2.5% of PU and an average decrease
in q values of approximately 11% characterizes the panel with 5% of PU, Fig. 10.
This difference in the thermal behaviour of the two panels is supported by the values
obtained for the surface temperatures (see Fig. 11). As expected, higher values are
presented for the PU5 mixture. An average of 1.2% is verified for Tsi differential
between the two panels.

In order to obtained the thermal transmission coefficient of the CWB’s panels,
Eqs. (1) and (2) were applied. The variation of U values during the measurement
period is presented in Fig. 12. The panel with 5% of PU is characterized by lower

Fig. 11 Variation of interior (Ti) and inner surface temperatures (Tsi) values

Fig. 12 Variation of the thermal transmission coefficient (U) values
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values of U when compared with CWB with 2.5% of PU. According to Eq. (2),
U’ values of 2.57 W/m2 °C and 2.93 W/m2 °C are estimated for PU5 and PU2.5,
respectively, leading to the conclusion that higher percentage of PU improves the
thermal performance of the CWBs. So, thermal resistance (R) values of 0.34 m2

°C/W and 0.39 m2 °C/W can be achieved for the blocks with PU2.5 and PU5,
respectively. When compared with a current solution of a ceramic massive block
with the same thickness (R = 0.13 m2 °C/W), CWBs present an improvement of the
thermal behaviour.

4 Conclusions

The aim of this research was to analyze the thermal performance of CWBs, whose
mixtures containing C&D waste, PU waste and FA were alkali activated. PU waste
was used in the composition with the percentages of 2.5% and 5%. Two panels
made of these blocks were subjected to experimental measurements and the results
obtained for the different percentages of PUwere compared. The results showed that
panels PU5 presented lower values of heat flux and a lower oscillation pattern in the
inner surface temperature curves, achieving higher values, comparing with the panel
PU2.5. Given these results, lower values of the thermal transmission coefficient were
estimated for CWBs with higher percentage of PU. It leads to the conclusion that
increasing the percentage of PU will contribute to an improvement of 15% in the
CWBs thermal resistance.
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A Short Review of Researches
on Mechanical Properties of Traditional
Chinese Timber Joints: From
Experimental Aspect

Lipeng Zhang and Qifang Xie

Abstract Mortise-tenon joints play important roles in Chinese traditional timber
structures. In fact, all the researchers in the field of timber building heritage protection
have ever conducted investigations to acquire the mechanical properties. However,
the seemingly overwhelming FE simulation and theoretical methods are ideal calcu-
lations, depending highly on many assumptions and the reliability of the adopted
material model, which make them hard to consider the real configurations and stress
state of the joints in tests and practical timber engineering. The other hand, most
tests were carried out by different researchers according to various standards, with
many uncertain factors, which makes the results loss their mutual comparability.
Thus related testing and analytical results are merely limited in the research stage,
and cannot be smoothly put into application. This dilemma faced in this field must
be broken to favor further researches and applications. Some resent voice comes
towards a more comprehensive and accurate testing protocols of timber joints, which
would definitely be helpful to reach a mutually obeyed standard. In this paper, the
authors attempt from experimental aspect to discuss part of the existing investigations
conducted on traditional Chinese mortise-tenon joints. Useful information such as
adopted wood materials (species, density, moisture content, etc.), model dimensions
(size effects), test measuring setups, loading methods and related operations, testing
results analysis methods, etc. are summarized and compared. Some future research
efforts are proposed. Related content will provide favorable reference for the future
researching and testing activities of both traditional and modern type timber joints.
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1 Introduction

Traditional Chinese timber structures (TCTSs) have a long history and are one of
the most precious culture heritages of the world, enriching the diversity of building
heritages, for example, the earliest existing TCTSSouth TempleHall ofWutaiMoun-
tain in China (Shanxi Province, Fig. 1a), the earliest existing Pavilion style TCTS
Guanyin Pavilion of dule Temple (Tianjin Fig. 1b), the highest traditional pagoda
Yingxian wood pagoda (In Shanxi Province, China, Fig. 1c), and the heaviest tradi-
tional timber building complex Beijing Imperial Palace (Beijing, Fig. 1d), etc. The
construction of such TCTSs were primarily formed the designing specifications at
that time called Ying-Zao-Fa-Shi by Li [1] in 1100 using traditional Chinese, but not
the simplified one. The only knowledge of TCTSs were recorded in this difficultly
understood book.

Although there is a long history of these typology of TCTSs, however, the protec-
tion activities of which are just things in recent several decades. Thus, Liang in 1984
initially started the earliest protective activities to translate it in modern Chinese to
make amuch easier understanding bymodern specialists. In the early 90s,Ma carried
out investigations from the construction aspects of this architecture. In 1992, further
summarized the vertical load transfer mechanisms through key components (beams,

(a) South Temple Hall of Wutai Mountain 
(rebuilt in 782) 

(b) Guanyin Pavilion of dule Temple (partly 
rebuilt in 984) 

(c) the highest traditional pagoda Yingxian 
wood (built in 1056) 

(d) traditional timber building complex Bei-
jing Imperial Palace (1420) 

Fig. 1 The outstanding representatives of TCTSs in China
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(a) Dovetail mortise-tenon joint (b) Straight mortise-tenon joint 

Beam 
Tenon, at the end of beam 

Mortise, opened in column 

Column 

Beam 

Tenon, at the end of beam 

Column 

Mortise, 
Opened in column 

Fig. 2 Commonly applied mortise-tenon joints in TCTSs

columns, bracket sets, and so forth) using concepts of static mechanics. Such early
groundbreaking works gave subsequent researchers accurate knowledge of the inte-
gral packing process of traditional Chinese timber buildings. Subsequent researches
were conducted byKing in 1996 to reveal the significance of themortise-tenon joints,
which profoundly affected directed the following focuses. So it can be said that the
real understanding of TCTSs by means of modern mechanical tools are things in
recent 25 years.

Mortise-tenon joints are the weakest link in TCTSs, connecting vertical columns
and horizontal beams together as lateral force bearing system, as displayed in Fig. 2.
They consume large amounts of energy in case of earthquakes through the compres-
sion and friction interactions between themortises and tenons. Thus the investigation
of such joints are greatly concerned by researchers.

In fact, basically all the researchers in the field of timber building heritage protec-
tion have ever conducted investigations to investigate the mechanical properties from
test, theoretical and finite element aspects. However, the seemingly overwhelming
FE simulation and theoretical methods are ideal calculations, depending highly on
many assumptions and the reliability of the adopted material model, which make
them hard to consider the real configurations and stress state of the joints in tests and
practical timber engineering. Thus related analytical results are merely limited in the
research stage, and cannot be smoothly put into application, which renders the exper-
iments to be the available methods under some complex circumstance. However, we
face another key issue that the wood species (including the physical and mechanical
properties) of those typical structures differ in different places and that the loading
schemeswere different. Thus all the different factorswere not controlled to be similar,
making the analysis results cannot be easily comparedwith each other. Such situation
is unfavourable to the achievement of an homogeneous results and must be broken
to favor further researches and applications.

A more comprehensive and accurate testing protocols of timber joints would
definitely be helpful to reach amutually obeyed test agreement. Thus in this paper, the
authors attempt from experimental aspect to discuss part of the existing investigations
conducted on traditional Chinese mortise-tenon joints. Some detailed information
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was summarized from the aspects of (1) the test models, including thewoodmaterials
(species, density, moisture content, etc.) and model dimensions (size effects), (2)
loading methods and measurement, and (3) testing results analysis methods, etc.
Some possible future research efforts are proposed. Related content will provide
favorable reference for the future researching and testing activities of both traditional
and modern type timber joints.

2 Test Model Aspect

Test studies onmortise-tenon joints are dedicated to grasp themechanical and energy-
consumptionmechanisms. Therefore different TCTSs prototypes are usually selected
from three sources, namelyYing zaoFa Shi (YZFS),Engineering practice ofMinistry
of works in Qing Dynasty (ZFZL), and recently some practical timber structures
(PTS). A simple summary of related investigations were given in Table 1.

2.1 Wood Material

Since the TCTSs prototypes were widely selected in the national range, meaning that
different woodmaterialsmay be used to fabricate themodels. However, they could be
divided into two parts according to the location, in northern China or Southern China.
The former case decided the use of pine species in TCTSs while the latter spruce,
which can be seen from Table 1. This is good for conducting results comparison
based on the available test data up to now, however, which was weaken by the fact
that the physical mechanics if these species had a big scatter.

Observed from Table 1, less attention was payed to the physical condition of the
wood material, especially the early tests. Thus in future researches, more attention
shall be payed to the conditioning of the timber before the manufacture of the joint
and also to the conditioning of the joints after their fabrication.

2.2 Model Dimensions

Related researches usually use different scaled models from different prototypes of
TCTSs since the restrictions of the laboratory conditions, the commonly adopted
schemes are listed in Table 1. It can be seen that the different prototypes and scale
ratios made the comparison between existing data a complicated work. Also, the size
effects on the rotational stiffness and hysteresis properties needed to be determined.

Lessons from Table 1 can be summarized as that more attention shall be payed
to the conditioning of the joints after their fabrication, e.g. the joint dimensions, and
fabrication details, the elapsed time between the fabrication and test, the detailed
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Table 1 Summary of related investigations on the mortise-tenon joints

References Mortise-tenon joints Materials

Prototypes Joints
type

Numbers Scale
ratio

Species Density
/g/cm3

MC /%

[1] YZFS B 4 3.52 Red pine – –

[2] YZFS B 10 3.52 Red pine – Air-dried

[3] YZFS B 4 3.52 Red pine – –

[4] YZFS B
C

3
3

3.52
3.52

– – –

[5] ZFZL B 8 2.65 Spruce – –

[6] YZFS C 6 3.52 – – –

[7] ZFZL B 12 8 Red pine – –

[8] PTS C 6 1 Spruce – –

[9] PTS A 6 2 Spruce 0.409– –

[10] ZFZL C
D

4
4

1.76 Spruce – –

[11] ZFZL D 18 6 White
pine

– –

[12] YZFS A 7 4.8 Dahurian
larch

– Air-dried

[13] ZFZL A 6 2 Spruce – –

[14] YZFS B 3 3.2 Dahurian
larch

– –

[15] YZFS B 1
5
1

4.8
3.2
2.4

Dahurian
larch

– 14.3

[16] YZFS A
A
A
A
A
A
C
D
A
C
D

1
1
1
1
1
2
2
2
1
1
1

1.6
2.4
3.2
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8

Dahurian
larch
Dahurian
larch
Dahurian
larch
Dahurian
larch
Dahurian
larch
Dahurian
larch
Dahurian
larch
Dahurian
larch
Spruce
Spruce
Spruce

– Air-dried

(continued)
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Table 1 (continued)

References Mortise-tenon joints Materials

Prototypes Joints
type

Numbers Scale
ratio

Species Density
/g/cm3

MC /%

[17] ZFZL B 6 3.2 Pine – –

[18] YZFS B
C
D

4
4
4

3.52
3.52
3.52

Pine – –

[19] PTS D 10 1.33 Spruce – –

[20] PTS D 3 1.76 Spruce – –

[21] PTS B
B

6
6

– Pine
Spruce

0.573
0.451

11.66
12.97

[22] ZFZL C 4 1 South pine 0.619 21.85

AStraightmortise-tenon joints,BDovetail joints,C Thoroughmortise-tenon joint,DSemi-thorough
mortise-tenon joints

closure between the mortise and tenon. These detailed information decides the accu-
racy and reasonability of themutual comparison between tests conducted by different
investigators.

On the other hand, the number of the replicates was likely not enough to support
the repeatibility of test results; thus later investigations shall be improve replicates.

3 Loading and Measuring System Aspect

The aims of joint tests are to understand the semi-rigidmechanicalmechanisms, grasp
the rotational performances and obtain the rotational moment-rotation relationship,
providing the required rotational stiffness data for the structural analysis of the timber
frames and even the whole structures. Therefore, related tests should arrange some
digital meters for the measurement of the rotation.

According to the literature survey, existing loading schemes can be primarily
classified into two kinds, namely the scheme of directly loading the mortise-tenon
joints and the scheme of first loading a frame and then indirectly calculating the
moment, as shown in Fig. 3.

The measurement system can usually record the forces along the loading direc-
tion and the rotation between the beam and column. It can be clearly observed the
loading methods in Fig. 3a are more efficient than those shown in Fig. 3b because
the conversion methods of the latter is more complicated than the former. Both these
caused great uncertainties on the calculation of the joint models.

Regarding the loading schemes, the several commonly used can be given as the
following pictures, Fig. 4. In fact, the proper selection of the loading schemes help
to assess the stiffness degradation of the joints. At present, most tests used Fig. 1a
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(a) Directly loading the joints. 

Beam 

Column 

Beam 

Column 

Vertical loading Horizonal loading 

(b) Loading single-span timber frame. 

Vertical loading Horizonal loading 

Loading direction Loading direction 

Fig. 3 Loading schemes of the joints involved in existing literature

Fig. 4 Loading schemes of the joints involved in existing literature

scheme to loading the joints, proposed by ISO 16,670-2003; while another series of
protocols were also described by Krawinkler et al. [23]. The cyclic loading protocols
are intended for the simulation of to some extent the ground motion; thus the present
protocols may not really reflect the realistic seismic loading history.
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4 Results Analysis Aspect

4.1 Documentation of Test Results

Regarding the test results, basically all the investigations will analyze the failure
observation, including the whole degradation process and the associated phenomena.
The documentation of such test data as detailed as possible can raise the reasonability
of the comparisonworks betweendifferent researches.On the other hand, the skeleton
curves and hysteresis loopswere automatically recorded by themeasurement system.
Thus the result of these curves to some extent are controlled by the loading scheme.

4.2 Result Analysis

Regarding the mortise-tenon joints, the rotational moment-rotation envelope and
hysteresis relationships are usually required and if possible shall be fitted using
some models for the sake of using them in the simulations of timber frames and
more complex structures. Therefore, if proper loading scheme are selected, more
reasonable models can be determined. In addition, if unified protocols standards are
adopted, test results may become easier to be compared, which for sure will boost
the research process.

5 Proposals for Future Development

The aims of this paper is at searching the deficiencies of the existing investigations
about the TCTSs to present some favourable suggestions for the future conduction
of related tests.

1. Different test results can be compared so as to reach a homogeneous researching
circumstance, which will be good for the upgrading of the efficiency through
the concerted efforts of relevant scholars in this field. It is easier to be observed
that more important unification works should be put into the test preparation of
the replicates and the recording the detailed information of these specimens.

2. More detailed information about the prototype, material properties, and if
possible the initial contact state of the mortise and tenon should be given, which
will post favourable advantage for the comparison between various tests.

3. In future investigation, more attention shall be payed to the conditioning of the
joints after their fabrication, e.g. the joint dimensions, and fabrication details,
the elapsed time between the fabrication and test, the detailed closure between
the mortise and tenon. These detailed information decides the accuracy and
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reasonability of the mutual comparison between tests conducted by different
investigators.
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The Effect of Recycled Fine Aggregate
Sourced from Construction
and Demolition Waste on the Properties
of Epoxy Resin Coatings

Kamil Krzywiński and Łukasz Sadowski

Abstract Worldwide development is currently accompanied with a fast growing
construction industry that is responsible for generating the highest amount of wastes
in the European Union (EU). On the other hand, the extraction of natural aggregate
is also high, with sand and gravel extraction coming out on top, generating a huge
amount of pollutants. This extraction has a negative influence on the environment
and does not provide a renewable material. In some countries, this resource is almost
finished. By 2020 the majority of the EU countries want to achieve at least 50%
recycling of construction and demolition waste due to its negative impact on the
environment. Thus, the main aim of this article is to analyze the impact of sustainable
utilization of the recycled fine aggregate (RFA), as a substitute for ordinary fine
aggregate (OFA; river sand), which was used as an extender in epoxy resin coatings,
on the properties of the epoxy resin coating. For that purpose, samples with different
partial substitution of the OFA with RFA: 0, 20, 40, 60, 80 and 100% were prepared
and macro tests for pull-off strength were performed. Based on the obtained results,
it can be concluded that RFA has a beneficial impact on the pull-off strength of the
epoxy resin coating. The summary evaluation of mechanical performance shows that
substitution of RFA by OFA in epoxy resin coatings has visible impact on reduction
of dispersion of strength results. The coating modified with RFA wastes become
more homogenous material in comparison to the specimens with OFA.

Keywords Coating · Epoxy resin · Recycled fine aggregate · Sustainable
technology · Reused wastes

1 Introduction

Recently the worldwide development is mainly based on fast growing construction
industry [1–4]. This grow created countless job places, houses, block of flats etc.
This tendency can still be observed. However, due to this tendency, the construction
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industry is responsible for generating the highest amount of wastes in the Euro-
pean Union (924 million tons in 2016; Fig. 1a). Most of the constructions are made
from concrete, which is in 75% made from aggregates [5]. Thus, the extraction of
the aggregates is very high (Fig. 1b) and still is growing. Moreover, extraction of
the aggregate (especially river sand) has very negative impact on the environment.
Therefore, actions should be taken to reduce this negative process.

The utilization of the recycled fine aggregate (RFA) is problematic and leads to
destroying the environment. There are well known approaches of possible utilization
of wastes [8–11]. The RFA has similar properties like the old concrete [12–16]. It
makes the application of this material considerably easy.

On the other side, the rapid growth of the industry is accompanied with growing
numbers of large area storage halls. Mostly, their indoor floors could be covered with
the cement mortar [17–19] or the epoxy resin coatings [20, 21]. The manufacturers
allowed to add a river aggregate (1–2 mm) as a filler inside the epoxy resin coating
to increase its volume. However, the extraction of river aggregate is mostly located
far away from places where it is used.

a)

b)

Fig. 1 Statistic for European Union countries: a waste generation in 2016 by economic activities
and households [6]; b recent sand and gravel extraction [7]
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Summarizing above, the main aim of this paper is to investigate the effect of
recycled fine aggregate sourced from construction and demolition wastes on the
properties and sustainable production of the epoxy resin coatings.

2 Materials and Methods

2.1 Concrete Substrate

One type of concrete substrate was prepared in wooden form with dimensions of
900 × 300 × 40 mm. This substrate was divided into twelve smaller parts. Each
part had a dimensions of 150 × 150 × 40 mm. The substrate was prepared using a
commercially available ready-mix concrete mixture class C16/20.

2.2 Epoxy Resin Coating

The coating was made of commercially available three component-based epoxy
resin. The first (Component A, base) is a bisphenol-based epoxy resin. The second
component (Component B) is an aliphatic polyamines-based hardener. The third
component (Component C) is a fine aggregate. For 3 mm coating the weight ratio
of A:B:C is usually 100:25:75. All components were mixed together for 3 min to
obtain a uniform consistency. Curing of the concrete sample with epoxy resin was
performed in a controlled laboratory conditions with relative humidity less than 60%,
at the temperature of 21 ± 2 °C. The tests were performed after 7 days.

2.3 Aggregate

In order to reduce the volume of river aggregate in the epoxy resin the recycled fine
aggregate (RFA) has been used to replace partially the ordinary fine aggregate (OFA).
Therefore, six different samples were prepared (Fig. 2).

In this study OFA has been used. The properties of the OFA declared by the
manufacturer are presented in Table 1.

The grain size of RFA was very similar to OFA, what allowed to compare the test
results.



250 K. Krzywiński and Ł. Sadowski

1 2 3 4 5 6

1 2 3 4 5 6

15
0

15
0

30
0

150 150 150 150 150 150

900

1 2 3 4 5 6

river agg. 100%
recycled agg. 0%

river agg. 80%
recycled agg. 20%

river agg. 60%
recycled agg. 40%

river agg. 40%
recycled agg. 60%

river agg. 20%
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Fig. 2 Samples preparation process for each participation of aggregate added to epoxy resin

Table 1 River aggregate
properties

Property Description

SiO2 (%) 87.78

Loose bulk density of material (g/cm3) 1.50

Aggregate bulk density (g/cm3) 2.60

2.4 Pull-off Strength Test

It is possible to evalutate the pull-off strength using ultrasonic methods [22, 23],
however, in this study the destructive methotd was used. Impact of different ratio
of the river aggregate and the recycled aggregate added to epoxy resin on pull-off
strength of coatings was measured with pull-off strength test according to ASTM
D4541 [24]. For this purposethe automatic adhesion tester has been used. Each
sample was tested three times to obtain the average value of the pull-off strength, as
it was done in [25]. The loading rate was 0.05 MPa/s.
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Fig. 3 Pull-off strength test
results

3 Results

Figure 3 presents the obtained pull-off strength test results. It is visible from Fig. 3
that the lowest value of pull-off strength has been obtained for the sample no. 1
with 100% OFA added to epoxy resin mixture (1.19 MPa ± 0.29). Slightly better
results have been obtained for sample with 40% RFA participation with (1.48 MPa
± 0.30). Samples No. 2, 5 and 6 have similar pull-off strength. The jump and drop
of the strength for 20 and 40% of RFA is probably a reason of the two factors which
affected the results. The first reason is the dispersion of the selected places for the
test. The whole area cannot be verified because of the limits of the pull-off strength
test. Moreover, the observed failure mode for each tested sample was cohesive [26].
Thus, the impact of the concrete substrate near-surface zone area properties, which
is heterogeneous material, could also affects the results. Presented above factors had
an influence on the obtained results. However, each sample with RFA obtained better
result in comparison to reference sample with OFA. The concrete substrate detached
thickness varied from 2 to 7 mm. In the previous study [27] the thickness of detached
concrete substrate was much higher for textured surfaces, what had also impact on
higher pull-off strength.

4 Conclusions

Environmental protectionplays a key role for sustainable development. Processes that
have damaging impact on environment, should be regulated or changed in order to
reduce negative effects. In this work the negative effects were avoided by substituting
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the ordinary fine aggregate (OFA) with recycled fine aggregate (RFA) sourced from
industrial wastes. The following conclusions may be drawn from the work presented
in this study:

– every sample with RFA content obtained higher pull-off strength results, where
the sample 6 (with 100% of RFA) exhibit the best result (1.93MPa± 0.15). Thus,
the replacement of OFA with RFA has a positive impact on the pull-off strength
of epoxy resin,

– the pull-off strength results shows that substitution of RFA by OFA in epoxy resin
coatings has visible impact on reduction of dispersion of strength results.

Acknowledgements The authors would like to acknowledge the contribution of the COST Action
CA18224. https://www.cost.eu/actions/CA18224.
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Performance Evaluation of Warm
Recycled Surface Mixtures with Steel
Slag

P. Georgiou and A. Loizos

Abstract Development of sustainable asphalt mixtures for implementation during
the life cycle stages of road pavements is of supreme importance for minimizing the
environmental burdens. To this aim, recycling and reuse techniques offer significant
benefits in terms of resource conservation and emission reduction. Also, reduction in
production temperature of asphalt mixtures by means of warm mix asphalt (WMA)
technology results in reduced emissions, fuel usage and binder oxidation, and hence
may boost further the environmental but also economic benefits. This study inves-
tigates the performance of surface course mixtures designed with various contents
of reclaimed asphalt (RA) and EAF steel slag aggregates, and produced at reduced
temperatures by using organic additives. Performance evaluation of warm recycled
surface mixtures focused on stiffness and durability. The test results are discussed to
address whether the concurrent use of WMA and recycled/solid waste materials is
feasible in developing asphalt mixtures with high level of performance.

Keywords Asphalt mixtures ·Warm mix asphalt · Reclaimed asphalt · EAF steel
slag · Sustainability

1 Introduction

The criticality of implementing sustainability policies has becomemore acute in light
of growing evidence suggesting that human activities are jeopardizing the health
of the planet. A shift to the circular economy development is a crucial step for
decoupling economic growth from further unsustainable resource use and increased
CO2 emissions. With sustainability becoming a key part of the global agenda, the
European Commission has set a goal of a total CO2 saving of 55% by 2030. To this
aim, it should be noted that the transportation sector has been identified to account for
about a fifth of total CO2 emissions in the European Union [1]. Also, road network,
which is mostly comprised of asphalt pavements, serves over 80% of transportation
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needs and road transport emissions have been generally increasing since 1990. With
this in mind, development of sustainable asphalt mixtures for implementation during
the life cycle stages of road pavements is of supreme importance for minimizing the
environmental burdens.

Recycling and reuse techniques offer significant benefits in terms of resource
conservation and energy reduction. Reclaimed asphalt (RA) milled off road asphalt
layers with rotary drum cold milling machine or from a ripping/crushing operation,
has long recognized as a valuable component of asphalt mixtures. It may be used as
a useful surrogate of aggregates and bitumen required in the production of asphalt
mixtures [2]. TheutilizationofRAmaterial in roadpavement constructionhas beenof
great strategic importance for several reasons, including reduction of (a) construction
debris disposal into landfills, (b) quarries exploitation and increased use of nonre-
newable natural resources such as virgin aggregate and asphalt binder and (c) cost of
asphalt mix production. However, there are concerns over undesired heterogeneity
and intrinsic properties of the RA, such as aged binder and poor aggregate quality.
This has led road pavement engineering community to recommend characterization
of RA as a constituentmaterial of asphaltmixtures [3]. On the other side, the blending
phenomena of aged RA bitumen with virgin bitumen and recycling agents are not
fully understood, thus hindering the incorporation of high RA contents and design
of highly recycled asphalt mixtures [4–6].

The use of secondary (recycled) solidwastematerials in road construction projects
is also considered a sustainable strategy with great potential in further easing landfill
pressures and reducing the demand for quarrying minerals. Research has shown that
the Electric arc furnace (EAF) slag, which is one of the major by-products of the
steel industry, can be reused in asphalt mixes [7, 8]. The inherent properties of iron
and steel slag make it an ideal aggregate for surfacing asphalt products. Steel slag
aggregates has proven to appear good physical and mechanical properties, especially
demonstrating good resistance to fragmentation, surface wear by abrasion as well
in the polishing effect of vehicle tires. As such, the use of EAF slag in surface
course asphalt mixes is typically reported in partial or total substitution of the coarse
aggregates in order to enhance the frictional performance of these mixtures.

Over the last decades there is also a considerable striving in lowering mixing
and compaction temperatures of asphalt mixtures. Warm mix asphalt (WMA) tech-
nology is an emerging technology, recently gaining more acceptance and popularity
among asphalt industry compared to hot mix asphalt (HMA) as being an effec-
tive method to reducing mixing and compaction temperatures and subsequently the
energy consumption and emissions associated with conventional HMA production
[9, 10]. TheWMA temperature reduction is the result of developed technologies that
involve the use of organic additives, chemical additives, and water-based or foaming
processes.

In light of the above, a challenge emerges to put emphasis in designing asphalt
mixtures by appropriately combining recycled aggregates in high contents andWMA
for most enhancing pavement sustainability without sacrificing mixtures’ perfor-
mance. In this respect, this study investigates the performance of surface course
mixtures designed with various contents of reclaimed asphalt and EAF steel slag
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aggregates, and produced at reduced temperatures by using organic additives. Eval-
uation of warm recycled surface mixtures mainly focused on durability and stiffness
performance, complemented with assessment of degree of bitumen blending. The
test results are discussed to address whether the concurrent use of WMA and recy-
cled/solid waste materials is feasible in developing asphalt mixtures with high level
of performance.

2 Experimental Program

2.1 Description

To accomplish the study objectives, a set of asphalt mixtures for wearing course was
designed with EAF steel slag and varying amounts of RA (25, 40 and 50% by mass),
and incorporating WMA organic additive for lowering the production temperatures
(designated hereafter as ‘WMA_25R’, ‘WMA_40R’ and ‘WMA_50R’). Perfor-
mance properties of these mixtures subjected to short-term ageing were compared
to a reference mixture produced using HMA techniques (designated hereafter as
‘HMA’).

2.2 Materials

Steel slag aggregates, limestone fine aggregates, RA, polymer modified bitumen
(PmB) and WMA organic additive were used to produce surface course asphalt
mixtures. In all mixtures, EAF slag, produced during ferrous scrap melting in steel-
works, was used as coarse aggregates and limestone as fine aggregate and filler.
Reclaimed asphalt used in this study was produced from milling operations taken
place on a motorway. In order to characterize the properties of the RA material
a suite of tests was performed, including black and white particle size analyses
and determination of RA mineral aggregates properties after bitumen extraction, as
recommended in [3].

Table 1 lists the basic properties of aggregates.
Moreover, two SBS polymer modified bitumen were employed for preparing the

HMA and WMA-RA mixtures. A 25–55/75 PmB was used for the reference HMA
mixture, whereas for theWMA-RAmixtures a ‘softer’ PmB designated as 45–80/65
was selected to compensate for the aged bitumen of RA materials. For lowering the
production temperatures with respect to the HMA, the latter bitumen was mixed with
a synthetic Fischer–Tropsch (FT) wax, which is completely soluble in bitumen and
significantly reduces viscosity of the resulting bitumen blend (i.e. WMA bitumen),
thereby providing the potential for reduction in manufacturing temperatures of the
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Table 1 Physical properties
of aggregates

Property Steel slag
(coarse)

Limestone
(fine)

RA aggregates

Particle
density
(kg/m3)

3247 2603 2809

Water
absorption
(%)

1.8 1.6 1.4

Flakiness 5.7 – 9.6

LA abrasion
(%)

13.8 – –

Table 2 Characteristic
properties of bitumens

Property PmB
(reference)

WMA bitumen RA bitumen

Penetration
(0.1 mm)

45 44 15

Softening
point (°C)

75 68 70

asphalt mixtures up to 30 °C. Table 2 lists the main basic properties of virgin, WMA
as well as the RA bitumen.

2.3 Mix Design and Specimen Preparation

The target mixture of this study is a semi-open graded Asphalt concrete (AC) with a
nominal maximum aggregate size of 12.5 mm, which is commonly used in wearing
courses of Greek motorways. Four mixtures were designed in laboratory. Specifi-
cally, the aggregate grading curves were designed to conform to the grading limits
prescribed in the national technical specifications, and aimed to optimize both the
structural as well surface texture characteristics of asphalt mixtures. Reference mix
included steel slag as substitute for coarse aggregates and limestone sand, whereas
the remaining mixtures further included fractionated RA of increasing percent (i.e.
25, 40 and 50%). As shown in Fig. 1, all mixtures have almost the same grading.

The optimum bitumen content of all mixtures was determined using the Marshall
mix design methodology. With regard to the HMA, the optimum bitumen content
was 4.8% by aggregate weight; the same was also for the WMA-RA mixtures.

For preparing the HMA, steel slag and limestone where mixed with the specific
bitumen bymeans of laboratory planetary equipment. Aggregates weremixed in ‘dry
state’ for 30 s, then bitumen was added and the mixing time lasted in total 2 min.
Similar mixing time was followed for the recycled mixtures, although three cycles
were adopted in the mixing sequence; initially virgin aggregates were mixed, then
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Fig. 1 Grading of HMA and WMA-RA mixtures

virginwith RA aggregates and finally all-in aggregateswithWMAbitumen. It should
be noted that RA was previously fractionated in five fractions in order to minimize
potential variability related to RAmaterials, which can affect gradation andmixture’s
performance. Moreover, the WMA bitumen was pre-blended through a mechanical
stirrer with the organic additive following the producer’s recommendations and then
added to the all-in aggregates in quantity assuming full reactivation of RA bitumen.

After mixing, the loose mixtures were transferred to flat shallow pans and placed
in an air-drafted ventilated oven for short-term conditioning. The oven temperature
was adjusted to the desired compaction temperatures of 160 °C for HMA and 130 °C
for WMA-RA mixtures. Recycled WMA mixtures were conditioned at the planned
compaction temperature for 2 h, whereas HMA for 4 h and then compacted using the
impact compactor according to EN 12697-30 by applying 50 or 75 blows on each
side of the cylindrical sample depending on the subsequent testing procedure.

2.4 Testing Procedures

For each studied mixture, the following performance properties were evaluated;
compactability, raveling resistance and stiffness modulus.

Compactability properties of asphalt mixtures were evaluated through impact
compaction data by calculating the specimens’ air voids (according to EN 12697-
8) after being compacted using 50 and 75 blows, respectively. To this purpose, the
bulk density of test specimens was measured following the by dimensions proce-
dure prescribed in EN 12697-6, whereas the maximum density of the mixtures was
determined using the volumetric procedure defined in EN 12697-5.
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Raveling, defined as the progressive disintegration of an asphalt layer as a result
of the dislodgement of asphalt coated aggregate particles, represents one of the major
distresses related to durability of (semi) open graded mixtures. In this study, raveling
resistance was evaluated by means of Cantabro test (EN 12697-17). The Cantabro
test consists in subjecting asphalt compacted specimens to 300 revolutions, at 30
revolutions/min, inside the Los Angeles machine drum without charge of steel balls.
The particle loss (or mass loss) at the end of the test of such specimens indicates
the resistance to raveling of the corresponding mixture. Higher particle loss values
indicate a mixture with greater susceptibility to durability related distresses.

Stiffness modulus is a fundamental material property, hence can be considered as
a key element for characterization of asphalt mixtures performance and subsequently
the response of asphalt pavements under loading. In this study, the stiffness perfor-
mance of HMA andWMA-RAmixtures was characterized using the Indirect Tensile
Stiffness Modulus (ITSM) test (EN 12697-26). This test, which is non-destructive,
consists of sinusoidal load pulses applied along the vertical diameter of specimen and
characterized by the rise-time and transient horizontal deformation measured along
the horizontal diameter using linear variable differential transformers (LVDT). Typi-
cally, for 100-mm diameter specimens, the target peak transient horizontal defor-
mation is 5 µm and the target load pulse rise time is 124 ms. Five load pulses are
applied to the specimen and the averagemodulus is determined. The specimen is then
rotated 90° around its horizontal axis and further five load pulses are applied and the
resulting mean stiffness modulus is obtained. The stiffness modulus is calculated as
the average of these two mean values.

3 Results and Discussion

3.1 Compactability

Compactability properties were evaluated through impact compaction data by calcu-
lating the specimens’ air voids of HMA and WMA-RA mixtures after being
compacted using 50 and 75 blows per side. Data are shown in Fig. 2 as average
of four replicate specimens along with the standard deviation (error bars).

The results indicate clear differences between the reference HMA compacted at
160 °C and the two WMA mixtures with the highest RA contents (i.e. WMA_40R,
WMA_50R) compacted at 130 °C. The latter are characterized by air voids values
significantly lower than theHMA.Regarding theWMA_25Rmix, higher compaction
level compared to the HMA was achieved for the higher compaction energy (i.e. 2
× 75 blows). Hence, it can be concluded that the organic additive incorporated
in the recycled mixtures ensured better compactability with respect to the HMA
mixture, despite reduced production temperatures. It is also interesting to note that no
clear differences in compactability are generally detected due to varying compaction
energy, especially for the highly recycled asphalt mixtures.
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Fig. 2 Air voids of HMA and WMA-RA mixtures

3.2 Raveling Resistance

As mentioned previously, raveling resistance was evaluated by means of Cantabro
tests. Prior to Cantabro testing, all specimens were conditioned for 4–5 h at 25 °C in
a temperature controlled cabinet.

Figure 3 presents the results from the Cantabro tests.
In terms of particle loss results, similar raveling performance is depicted for

the warm recycled mixtures compared to the reference HMA. This is also affirmed
from Fig. 4, which illustrates the test specimens after being subjected to testing.
This demonstrates that the incorporation of high recycling rates in asphalt mixtures
produced at significantly lower temperatures than HMA does not affect adhesion

Fig. 3 Particle loss results of studied mixtures
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Fig. 4 Specimens of HMA and WMA-RA mixtures after Cantabro tests

properties when WMA organic additives are employed. It is also important to note
that the particle loss results for all studied mixtures of the order of 14% satisfies the
recommendedmaximum permitted value being 20%, as prescribed in ASTMD7064.

3.3 Stiffness Modulus

The stiffness performance of HMA andWMA-RAmixtures was characterized using
the ITSM test. Controlled deformation stiffness tests at a target deformation of 5 µm
were performed at a test temperature of 20 °C. Figure 5 presents the stiffnessmodulus
as a function of compaction energy applied to the test specimens.

As observed, the stiffness modulus of all studied mixtures increases with the
compaction energy. This manifests more in the case of WMA_25R mix and can
be attributed to the significant reduction of air voids achieved with increasing the
compaction energy (i.e. 75 blows). For this mixture the magnitude increase is of

Fig. 5 Stiffness modulus results of studied mixtures
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the order of 18%, whereas for the remaining mixtures range between 8 and 10%.
Moreover, comparison among the WMA-RA mixtures indicates that the stiffness
modulus increases with the increase of RA proportion, as expected. Specifically, the
stiffness modulus of WMA_40R and WMA_50R mixtures exhibited an increase of
13% and 25% with respect to the 25% recycled WMA mixture, respectively. The
improvement in stiffness modulus is attributed to the stiffening of blended bitumen
characteristics. It should be also noted that thesemixtures show similar or even higher
stiffnessmodulus compared to the conventional HMAmixture, thus denoting that the
lower production temperatures of recycled mixtures does not adversely affect their
performance. In any case, it is highlighted that all recycled warm mixes exhibited
adequate modulus values, which further suggests that can significantly contribute in
the bearing capacity of asphalt pavements.

3.4 Assessment of Degree of Blending

Based on the ITSM results, a complementary analysis is elaborated to assess the
degree of bitumen blending (DoB) particularly for the highly recycled mixtures, for
which limitations for broader use still exist around the world, based on a practical
approach suggested in a recent study [6].

The hypothesis behind is that the ITSM test is sensitive to bitumen stiffness. As
such, the ratio of stiffness modulus of recycled WMA mixtures to that of reference
HMA can be used as indicator to quantify the degree of interaction and blending
between bitumen reactivated from the RA and virgin bitumen during the manufac-
turing process of asphalt mixtures. In this study, if the WMA-RA mixtures show
similar stiffness modulus values to HMA, then the DoB is considered 100%. Lower
stiffness ratio values indicate less degree of blending which can be attributed to less
diffusion of virgin bitumen into the aged RA bitumen. Figure 6 presents the DoB
results.

It can be seen that for a given mixing time and temperature, the degree of blending
achieved for the WMA_40R and WMA_50R mixtures was estimated to be 100–
110%. This finding indicates that a significant part of RA bitumen was reactivated
during manufacturing process, which in turn suggests that the incorporation of high
contents of RA on asphalt mixtures is feasible, even for those produced at reduced
temperatures with respect to HMA.

4 Conclusions

This study investigates the performance of surface course mixtures designed with
various contents of reclaimed asphalt and EAF steel slag aggregates, and produced
at reduced temperatures by using organic additives, compared to a reference HMA.
Based on the present study results, the following conclusions can be drawn.
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Fig. 6 DoB results

The compactability (in terms of air voids) of recycled surface mixtures with steel
slag was better compared to HMA, despite reduced production temperatures. There-
fore, by incorporating organic additives the compaction temperatures of recycled
mixtures have the potential to be reduced by 30 °C.

The Cantabro test results suggest similar raveling performance for the warm recy-
cled mixtures compared to HMA. Also, the particle loss results satisfy technical
requirements for material acceptance.

The WMA-RA mixtures showed comparable stiffness modulus at 20 °C to the
HMAmixture, with increasing trend inmodulus values associatedwith incorporation
of higher RA contents. Also, based on the stiffness ratio of recycled WMAmixtures
to that of HMA, it can be considered that a significant part of RA bitumen was
reactivated during the manufacturing process resulting in a high degree of blending
between aged and virgin bitumen.

The above preliminary results indicate that coupling WMA and recycled/solid
waste materials are feasible in developing asphalt mixtures for surface courses with
a high level of performance. These results being complemented with evaluating
resistance in moisture damage and fracture along with functional characteristics will
enable us to fully characterize these mixtures performance.
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Sustainable Polyurethane Plasterboard
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Abstract The introduction of polyurethane waste from the production of cars into
gypsum plasterboards in its matrix is studied. This new plasterboard is compared to
commercial gypsum plasterboard; therefore, the doses and the uses of both materials
are the same. The prefabricated material is entirely characterized under the Stan-
dard EN 520:2005+A1 by the following tests: bulk density, maximum breaking load
under flexion stress, total water absorption and surface hardness. The results indi-
cate that the use of polyurethane waste makes the plasterboard lighter as the density
of the polyurethane is lower than the gypsum one. The water absorption increased
when the amount of residue increased. The lower density leads to a higher porosity,
what permits a higher absorption of water and much better thermal isolation. It also
reduces its mechanical performance while preventing the board from breaking since
only small cracks appear. Besides, the elastic properties of the polyurethane make
the surface hardness decrease. With respect to mechanical properties, plasterboard is
susceptible to the mechanical impact damage. Although the flexural strength of the
plaster specimens decrease as the amount of the waste increase, it remains within the
minimum reference value required by standard. Non-combustibility test is determi-
nate on the basis of experimental data obtained according to Standard EN 13501-1.
Turning waste into a resource is one key to a circular economy, the employ of this
polyurethane waste for the fabrication of plasterboards could contribute to maximize
the reuse of this kind of waste.
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1 Introduction

According to PlasticsEurope-The facts 2019 [1], the European’s plastic demand
in 2018 reached 51.2 MT, 2.5% higher than in 2016 [2] from which 7.9% is
polyurethane. Polyurethane is a thermostable polymer that changes its chemical
composition when heated. Due to this process, the polyurethane cannot be melted
and reformed, what leads to a difficult and not profitable recycling process; therefore,
this waste is sent to landfills or burnt in order to produce electricity sending out pollu-
tants to the atmosphere. The European Union is promulgating directives as a way to
control the environmental impact of burning wastes (Directive 2010/75/EC) [3] and
sending them to landfills (Directive 2008/98/EC) [4], this control is through taxes,
making both process more expensive and encouraging the search for new recycling
and reusing processes.

Several researches have studied the improvement of one or several characteristics
of gypsum plasterboards when added different types of polymeric wastes [5, 6].
The addition of these polyurethane wastes into the gypsum matrix has been proven
to produce lighter products, what reduces the transportation costs and makes the
assembly easier. It also enhances its thermal properties, making it possible to avoid
the use of insulation layers or reducing their width [7–9]. There are no previous
studies in which polyurethane is mixed with other waste products, what leads to the
use of “dirty” wastes, increasing the reuse in polyurethane-producer industries.

The aim of this study is to produce gypsum plasterboards with polyurethane waste
from the car industry, creating lighter products with enhanced thermal properties
while reusing a residue. This prevents that the waste ends up in landfills or burnt.

This work is a continuation of the results obtained in the LIFE REPOLYUSE
Project “Recovery of polyurethane for reuse in eco efficient materials” and it aims
to improve the replicability of the project since this new polyurethane waste has
different origin and composition in comparison with the polyurethane waste used in
the project.

2 Experimental Process

2.1 Raw Materials

Gypsum. The gypsum used is provided by Placo, Saint-Gobain [10], classified as
A1 (Gypsum conglomerate) by Standard EN 13279:2009 [11] and as E-35 according
to traditional naming.

It is classified as Euroclass A1 (no fire contribution), with a purity value >90%
Re (Fig. 1).

Polyurethane Waste PU (AT). The polyurethane waste (PU (AT)) comes from the
excess of car ceiling production in the car industry Grupo Antolín, in Burgos.
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Fig. 1 Gypsum used in the investigation

The waste appears in panels with the following composition Re (Fig. 2):

• Cardboard with fiberglass.
• Polyurethane foam.
• Cardboard with fiberglass.
• Polyurethane foam.
• Reinforcement plate.
• Unweaved fabric.

Characteristics of the grinded waste:
Bulk and true density: 94.9 kg/m3 and 1761.6 kg/m3 respectively.
Table 1 shows the elemental analysis of the waste material.

2a 2b

Fig. 2 Waste before (a) and after (b) the grinding

Table 1 Elemental analysis (CHNS)

Carbon Hydrogen Nitrogen Sulfur

47.33% 4.20% 3.05% 0.00%
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3a  3b 

Fig. 3 Additive used in the investigation (a), viscosity test (b)

It was not possible to get a powered sample in order to study its grading with the
method of X ray diffraction.

Additive. A super-fluidifier, alcohol-based is used. Re (Fig. 3a) In order to study its
viscosity, 48.5 mPa s, the Standard EN ISO 2555 [12] is followed Re (Fig. 3b).

2.2 Justification of the Dosage Used

The purpose is to use as much residue as possible while enhancing the properties
of the final product, therefore, a volume replacement ratio of (1/1.5) of gypsum A1
with PU (AT) is used. Previous studies with different polyurethane wastes [8] have
shown that with different dosages (1/3 and 1/4) its mechanical properties decrease
and with the dosage (1/2), its fire performance is inadequate. On the contrary, with
a lower replacement ratio, the thermal enhancement and the environmental impact
are negligible.

The industrialized process requires a liquid mixture of the materials, with a
water/gypsum ratio of 0.95 and a super-fluidifier (0.5% regarding the water weight).
In order to study the effect on the properties of polyurethane plasterboard in relation
to a reference gypsum plasterboard, in which the only variable is the addition of
waste, the parameters will be the same to the ones mentioned above.

2.3 Fabrication Process

Two types of plasterboard are produced, onewith 1 part gypsumand1.5 parts PU (AT)
waste, and super-fluidifier additive (PYL Y1.5AT), and another one as a reference
with gypsum A1 and super-fluidifier additive (PYL Y0).
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4a 4b 4c

Fig. 4 Manual mix (a), mold filling (b) and leveled out (c)

Process. The same process is employed for both plasterboards. The gypsum is dried
in the stove (40± 2) °C for 48 h, and then it is homogenized and stored in a moisture-
tight container. Later, the gypsum and the PU (AT) residue are weight in the same
container and homogenized. A release agent is applied only to the mold.

Afterwards, the water and the additive are weight andmixed, and then the gypsum
and the polyurethane are added to themixture. Themixture is manuallymixed during
30 s Re (Fig. 4a) and mechanically mixed during 90 s. Then it is poured into the
mold Re (Fig. 4b) and levelled out to get rid of the excess of material Re (Fig. 4c).
It hardens for 24 h; it is removed from the mold and introduced into the stove (40 ±
2) °C until a constant mass is obtained.

2.4 Gypsum Plasterboard Characterization

The gypsum plasterboards are characterized under the Standard EN 520:2005+A1
[13] by the following tests: bulk density,maximumbreaking load under flexion stress,
total water absorption and surface hardness. This standard specifies that the tested
product should be cut out from a commercial gypsum plasterboard with different
sizes according to the test.

For this tests, plasterboards of (400× 300× 15) mm are used due to the difficulty
of making commercial size ones in the laboratory, and each test is done in 3 different
plasterboards.

The Standard EN 12667:2002 [14] is followed for the thermal performance test,
in which plasterboards of (300 × 300 × 20) mm are used.

Non-combustibility test is determined under Standard EN13501-1:2019 [15]. The
test tubes must be cylindrical, with a volume of (76 ± 8) cm3, a diameter of (45+0

−2)
mm and a height of (50 ± 3) mm.

Bulk Density. It is obtained by weighting the tested product. It is done first while
the plasterboards are wet after removing them from the mold and then once they are
dry in the stove (40 ± 2 °C) until a constant mass is obtained.

Maximum Breaking Load Under Flexion Stress. It determines the load that the
prefabricated product can support before breaking. A force is applied in the center,
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with a speed of (250 ± 5) N/min. The plasterboard stands on two parallel cylinders
with a radius of 10 mm and separated (350 ± 1) mm. The precision has to be 1 N.

Total Water Absorption. The mass increase percentage in relation to the initial one
is determined after the plasterboard is immersed in water (23 ± 2) °C for 2 h ±
2 min. Once it is removed from the water, the excess of surface water is cleared, and
weight with a precision of 0.1 g.

Surface Hardness. This test determines the superficial mark caused by a steel ball
of 50 mm diameter (510 ± 10) g, projected from a free fall height of (500 ± 5) mm.
This process is done 3 times per plasterboard. Once it is done, two perpendicular
diameter of the mark are measured with a precision of 1 mm.

Thermal Performance. It determines the thermal resistance bymeans of guarded hot
plate and heat flow meter methods, from which the thermal conductivity is obtained.
The thermal resistance is calculated with the equation Eq. (1).

TR = Width (m)/Thermal conductivity (λ) (1)

Non-combustibility. This test allows studying the performance to non-
combustibility of the test tubes in specific conditions under the Standard EN ISO
1182.2011 [16]. This performance can be extrapolated to a real situation. The test
tubes must be prepared according to the Standard EN 13238:2010 [17].

3 Results

3.1 Bulk Density

The bulk densities of the plasterboards, both wet and dry are shown in Table 2.
The bulk density of the gypsum plasterboards with PU (AT) is lower, this could

be due to two factors. There is a substitution of the main material (gypsum) with
a new material (PU (AT)) with a lower density, and the new material absorbs more
water, which is evaporated during the hardening, leading to a higher porosity [8].

Table 2 Bulk density results

Naming Results (kg/m3)

Wet Dry

PYL Y1.5AT 1407.20 884.42

PYL Y0 1508.33 963.86
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3.2 Maximum Breaking Load Under Flexion Stress

Table 3 shows the average value of the results of the test.
The results show that the breaking load decreases when the residue is added to

the mixture. This can be because of three aspects: PU (AT) is less dense (94.9 kg/m3)
than gypsum (879.6 kg/m3); the residue absorbs more water that evaporates during
the hardening, creating holes, and making the plasterboard lighter but less resistant;
by replacing the resilient material, gypsum, by another one that is not resilient,
polyurethane, the resistance capacity of the final product decreases.

Figure 5 shows the behavior of the plasterboard during the test.
The plasterboardwith PU (AT) has better elastic properties, being able tomaintain

the fracture load over time even after the breakage andminimizing the risk of collapse.
This is due to the fiberglass of the polyurethane waste. As we can see in PYLY1.5AT
plasterboards Re (Fig. 6a), cracks are opened after the breakage, whereas in PYL Y0
plasterboards Re (Fig. 6b), the plate collapses.

Table 3 Maximum breaking load under flexion stress results

Naming Results (N)

PYL Y1.5AT 240

PYL Y0 387

0
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0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.01 0.24 0.71 1.38 2.26 3.33 4.52 6.02 7.84
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PYL Y1,5AT PYL Y0

Fig. 5 Breaking load graphic
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6a 6b

Fig. 6 Breaking load test PYL Y1.5AT (a), PYL Y0 (b)

Table 4 Total water absorption results

Naming Results (%)

PYL Y1.5AT 9.03

Y0 5.25

7a 7b

Fig. 7 Total water absorption test PYL Y1.5AT (a) and Y0 (b)

3.3 Total Water Absorption

Table 4 shows the results for the test Re (Fig. 7).
The decrease of the density leads to an increase of the porosity of the plasterboards,

what means a higher absorption and retention of water capacity.

3.4 Surface Hardness

Table 5 shows the test results.
The results show that by introducing PU (AT) the surface hardness decreases due

to the elastic nature of the waste, making the size of the mark bigger. This elastic
nature also allows that the plasterboard does not break Re (Fig. 8) contrary to the
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Table 5 Surface hardness results

Naming Results (mm)

PYL Y1.5AT 14.44

PYL Y0 14.28

Fig. 8 Surface hardness test PYL Y1.5AT

Fig. 9 Surface hardness test PYL Y0

reference plasterboard Re (Fig. 9), allowing the prefabricated material with PU (AT)
to resist higher forces without breaking.

3.5 Thermal Performance

Table 6 shows the results of the test.
The test should be done with plasterboards with flat surfaces, what is impossible

for gypsum plasterboards with PU (AT), as it cannot be done in the laboratory due
to the nature of the material, therefore, the results are not valid. In order to calculate
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Table 6 Thermal performance results

Naming Thermal conductivity (W/m*K) Thermal resistance (m2*K/W)

TEST PYL Y1.5AT 0.388 0.0387

EQUATION PYL Y1.5AT 0.151 0.0993

PYL Y0 0.25 0.06

the thermal conductivity, Eq. (2) is used. This equation was determined in a previous
research [8]. As it is explained in the research, the equation can be used for mixtures
with polyurethane mixed with other residues

y = 0.0002x − 0.0256 (2)

According to the standard EN ISO 10456:2012 [18], the thermal conductivity of
gypsum plasterboards with a bulk density of 900 (kg/m3) is 0.25 (W/m*K).

The addition of PU (AT) to thematrix produces a decrease of 39.6%on the thermal
conductivity relative to the reference material. This is due to two main factors, the
thermal properties of the residue and the porosity of the plasterboards. As it was
proven in previous studies [7], the values obtained for polyurethane plasterboards
are similar to other construction materials used for thermal insulation.

3.6 Non-combustibility

The reference test tubes are produced with gypsum A1, 1% fibers and 0.5% super-
fluidifier additive. Table 7 shows the results for the test.

The reference test tubes have an Euroclass classification A1, meanwhile, the test
tube with PU (AT) would not get, at first, the Euroclass classification A2 due to the
duration of sustained flaming, it should be ≤20 s according to the standard. In order
to be sure that the final product with PU (AT) will not get classified as A2, more
test should be done EN ISO 1716:2011 [19] and EN 13823:2012 [20]. According to
CTE-DB-SI [21], section 4, for ceiling and wall lining, the Euroclass classification
must be B or C.

The decrease in the non-combustibility result is because the polyurethane
introduced in the matrix is mixed with combustible materials.

Table 7 Non-combustibility results

Naming Duration of sustained flaming
(s)

Temperature rise of furnace (°C) Loss of mass (%)

Y1.5AT 433 25.2 30.63

Y0 0 9.5 21.01



Sustainable Polyurethane Plasterboard for Construction 277

4 Conclusions

The bulk density of the gypsum plasterboard with PU (AT) is lower due to two
aspects, the real density of the residue is lower than the gypsum one, and the residue
absorbsmorewater during themixing process, but it evaporates during the hardening,
leading to an increase on the porosity.

The breaking load decreases, and even the plasterboard does not break, cracks are
opened. This behavior is due to the elastic properties of the residue and the fiberglass.

The increase of the porosity produced by the lower density leads to a higher
absorption of water (3.78% higher).

As it happens in the breaking load, the surface hardness decreases when the
residue is added to the matrix, but the plasterboard does not break because of the
elastic nature of the PU (AT).

Thermal resistance is higher in gypsum plasterboards with PU (AT) as a result of
the insulating properties of the residue and the porosity of the plasterboard.

The addition of PU (AT) does not allow the final product to obtain an Euroclass
classification A2 at first, but the results show that it is likely that it could obtain an
Euroclass classification A2 or B, with which it will fulfill the requirements of the
standards for its use in interior lining.

This new gypsum plasterboards with PU (AT) aremore sustainable as they require
less natural resources and prevent the polyurethane waste from ending up in landfills
or burnt, reducing theCO2 emissions, what presents an alternative to the development
of new construction materials.
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Treated Municipal Solid Waste (Biomass)
Based Concrete Properties—Part II:
Experimental Program

Massoud Sofi , Lino Maia , Junli Liu, Ylias Sabri , Annie Zhou ,
Tawab Frahmand, and Priyan Mendis

Abstract Municipal Solid Waste (MSW) management is a worldwide problem
growing proportionally the earth human population. The practice of incinerating
garbage has ceased in some parts of the world because of air contamination and
other public health issues. Environmental impact of landfilling is ever increasing.
There is clearly a need to adopt cost-effective alternatives to treat MSW. This paper
is a part of a major work that considers MSW based biomass as a partial replacement
of sand in concrete. The product is an exciting and eco-friendly alternative for the
building industry. Here, in this paper, compressive and flexural tests are conducted
on samples containing 5, 10 and 15% replacement of sand by biomass. Results are
presented and discussed in a view to include biomass in concrete intended for certain
type applications in the construction industry such as temporary works.

Keywords Municipal solid waste · Biomass · Concrete ·Mechanical properties

1 Research Objectives

The findings reported in the present paper belongs to a major works reported in two
Parts. The Part I is an overview of the state of the art and the literature review of
the topic [1]. The Part II is reported in this paper and is related to the experimental
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program and the corresponding findings. The research aims at reducing the amount
of municipal waste produced by human activities goes into landfill. Using treated
municipal waste by ART technology in the construction industry, specifically in
concrete production, has been proposed. The optimummix design by replacing parts
of the material in the traditional concrete (cement, aggregates and water) will be
investigated in this research. Besides, the mechanical properties such as compressive
strength and flexural strength of the biomass concrete will also be tested in this
research.

2 Experimental Programs

2.1 Methodology

After a comprehensive literature review, there is only limited literature that discussed
the usage of treated municipal solid waste (TMSW) or organic biomass (OB) in
the concrete that was produced by the new ART technology. The report has only
addressed the microstructure, chemical component and limited discussion of the
mechanical properties of the biomass concrete. Therefore, several laboratory tests
were decided to determine the mechanical properties (i.e. flexural strength test and
compressive strength test) of the biomass concrete and discover the optimummixture
of the concrete. Besides, a few pieces of research share similar research objectives
but put emphasis on different types of biomass ash concrete; thus, the results of the
experiment and the literature review are expected to be similar.

According to the literature review that has been conducted, most of the research
focuses on the replacement of cement by biomass ashes. However, the new material
is different from the material that has been studied previously. It has distinct charac-
teristics and is not appropriate to replace cement in this case. Therefore, the partial
proportion of sand will be replaced by the biomass ashes (TMSW) proposed in this
topic.

The experiment will be testing three different mixture of concrete, namely 5, 10
and 15% replacement of sand to TMSW; whereas, the studies for 20% and higher
replacement rate of concrete can be further studied in the future. The previous
research shows the high-water absorbent characteristics of the organic biomass, a
constant highwater-to-binder ratiowas used for all experiments.Additionally, several
studies suggest that biomass concrete has lowearly strength. Therefore, hydrated lime
should be added into the mixture to promote early strength in biomass concrete [2].
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2.2 Materials

The materials to be used in the experiment are Ordinary Portland Cement (OPC), dry
river sand, 7 and 14 mm coarse aggregate, water, TMSW (provided by Bioelektra,
residue from the ART technology), and hydrated lime (Table 1).

2.3 Procedures

Specimens Preparation. There are three steps in preparing the test specimens, which
are mixing, cast and curing.

Mixing. The concrete samples were mixed according to the concrete mix prepared
beforemixing. During the experiment, themeasurement of thematerial was recorded
to the accuracy of 0.2% for cement, water, sand, coarse aggregate, biomass ash and
hydrated lime.A small amount ofwaterwas added into 7 and14mmcoarse aggregate,
whereas water of 1%weight of the sand was added into the sand. This helps promote
the reactivity between the cement paste and the binder.

All the measurement was recorded and report according to AS 1012.2. Below are
the mixing procedure after weighing all materials:

(a) Put sand and coarse aggregates into the mixer and had them mixed for 3 min.
(b) Added cement and hydrated lime into the mixer and continued mixing for

3 min.
(c) Supplemented water into the mixture and kept mixing for 2 min.
(d) Supplemented biomass ashes into the mixture and kept mixing for 2 min

additionally.

Casting. The shape and diameter for each test specimen are specified in relevant
standards. For compressive strength, the test specimen shall satisfy the following
requirement: (1) the diameter of the test specimen is 100 mm in diameter; (2) the
shape of the test specimen is a right cylinder, and the height is twice the diameter
of the test specimen, which in this case, 200 mm (AS 1012.8.1). Also, the test
specimens were prepared according to AS 1012.8.1. Whereas, for the flexure test
specimen, it is a rectangular beam with a cross-section of 100× 100 mm and height
of 350 mm. The test specimens were prepared according to AS 1012.8.2. All test
specimens were compacted using vibration for removing air bubbles. For each type
of mixture undergoing different curing duration, three specimens were prepared for
both compressive and flexural strength test.

Curing. Finally, all test specimens were stored in room temperature for air curing
due to the characteristics of municipal waste. The biomass in the concrete is water
absorbing, thereforewater curing could be inappropriate as themechanical properties
of the biomass concrete would be heavily influenced.
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Table 2 The dimension of test specimens as per Australian Standards

Test Cross-section Height/length Shape Standards

Compressive strength test 100 200 Cylinder AS 1012.8.1

Flexure strength test 100 × 100 350 Cuboid AS 1012.8.2

Testing

Compressive Strength Test. The test specimens for compressive strength test were
casted according to the dimension given in Table 2. Since the expected concrete
strength is low, ranging from 10 to 80 MPa, the restrained natural rubber capping
system should be adopted. The preparation before testing followed clause 6.3.2 AS
1012.9 and the procedures described in clause 8 AS 1012.9 were applied to the
experiment. The ultimate compressive strength and the failure mode of the concrete
were recorded.

Flexural Strength Test. The test specimens for flexure test were prepared with the
dimension mentioned in Table 2. The procedures of conducting the flexure test were
specified in clause 6 AS 1012.11. Set-up of the flexural strength test is shown in
Fig. 1. Equation (1) defines modulus of rupture that shall be recorded in the final
report:

fcf = PL(1000)/BD2 (1)

where, f cf = modulus of rupture (MPa)

P = maximum applied force indicated by the testing machine (kN)

L = span length (mm)

Fig. 1 Setup of the flexural strength test (AS 1012.11)



286 M. Sofi et al.

B = average width of the specimen at the section of failure (mm)

D = average depth of specimen at the section of failure (mm).

3 Results and Analysis

Both compressive and flexural strength of specimens were investigated and recorded.
All results obtained from the tests are the average result of three identical concrete
mix design at the same curing days.

3.1 Compressive Strength

The compressive strength of BM10 is higher than BM5 and BM15 in 3-day, 7-day,
14-day and 28-day curing, as presented in Table 3 and Figs. 2, 3 and 4. This is perhaps
because BM5 has too much void in the concrete as the water escaped during mixing
and curing stage, leading to partial cement paste not effectively reacting with water.
Other reason could be there is not enough municipal waste (aggregate) for the mix
design, where it escaped during the mixing stage.

Table 3 Average compression strength of BM5, BM10 and BM15

Concrete mix Average compression strength (MPa)

3-day 7-day 14-day 28-day

BM5 12.88 14.42 16.36 19.16

BM10 19.22 22.00 24.79 29.60

BM15 17.38 21.14 22.78 27.70
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Fig. 2 Compression strength results based on curing duration
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Fig. 4 Compression
strength development of
BM5, BM10 and BM15
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On the other side, there is excessive amount of municipal waste in BM15, which
lumps together and does not mix well with the cement paste. Consequently, the
compressive load could not be transferred evenly to the whole concrete. This is
caused by the lower compressive strength in the municipal waste lumps, which is
shown in Fig. 6d. The reaction between water and cement paste in stages increases
the compressive strength of the biomass concrete proportionately, which is shown in
Figs. 3, 4. Figures 5, 6 and 7 shows the observed failure modes.
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Fig. 5 a Shearing failure mode; b splitting failure mode

Fig. 6 a Shearing failure at 45° angle, b splitting failure at the bottom edge of the biomass concrete,
c the mixture of shearing and splitting failure, and d municipal waste lump in biomass concrete
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Fig. 7 a Compression test and b surface of the BM5 after compression test

3.2 Flexural Strength

The flexural strength of BM10 is slightly higher than BM5, and BM15 is 3-days
testing; however, they converge into almost same flexural strength towards 7-day,
14-day and 28-day testing, which is shown in Figs. 8 and 9. From the experimental
results, it indicates that BM15 is slightly higher than BM5 and BM10 by 0.3 and
0.1MPa, but overall, they have similar flexural strength at 28-days curing. Figure 10a
shows the failing pattern and the overall setup of the flexural test.
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Fig. 8 Flexural strength test results based on curing duration
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Fig. 9 Flexural strength development of BM5, BM10 and BM15

Fig. 10 a Flexural strength test failing pattern, and b flexural test for BM5 at day 28

4 Discussions

It is expected with the increased proportion of sand replaced by biomass, the strength
and the cured concrete would decrease while the density is designed to be identical
to ordinary concrete. However, from the results presented in Tables 3 and 4, it is
found that:

(1) The density of samples with a replacement rate of 5% (BM5) have a mean
density of 2100 kg/m3 which is noticeably lower than the density of samples

Table 4 Average flexural strength of BM5, BM10 and BM15

Concrete sample Average flexural strength (MPa)

3-days 7-days 14-days 28-days

BM5 2.25 3.23 3.67 4.37

BM10 3.12 3.26 3.62 4.53

BM15 2.92 3.02 3.91 4.60
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with replacement rates of 10% (BM10) and 15% (BM15), having a mean
density of 2324 kg/m3 and 2312 kg/m3 respectively.

(2) The standard deviation of density ascends with an increased rate of replace-
ment.

(3) The compressive strength of samples with 10% sand replacement outperforms
the compressive strength of samples with 5 and 10% replacement.

(4) Sampleswith 15%biomass replacement havemoreflexural strength comparing
to other samples.

(5) The development of both compressive and flexural strength shows a linear
pattern after three days, which indicates the strength may subject to further
development.

4.1 Characteristics of Biomass

Biomass is amix of organic and inorganicwastewith inconsistent chemical and phys-
ical properties. Therefore, the higher replacement level could lead to increasing vari-
ation in the concrete strength, as reflected by the standard deviation of the strengths.
It also absorbs water which reduces workability and hydration activity resulting in
lower strengths. Additionally, due to its fibre-like structure, the flexural strength
increases with an addition of biomass, which can still be observed after concrete
hardening (Fig. 10b). During the bending testing, the fibre-like components in the
biomass can bridge the cracks. In other words, the presence of fiber-like components
prevents opening of the microcrack elsewhere in the matrix [3]. However, the water-
absorbing feature of biomass hinders the effective reaction to take place which bonds
particles together.

4.2 Lower Density and Strength for BM5

As biomass is added to concrete to replace sand, the density of the reference concrete
is reduced. The biomass absorbs the water in the mortar before it has time to hydrate.
Insufficient water present to participate in the chemical reaction with cement causes
lower strengths of BM5. BM10 andBM15. The higher the biomass content, the lower
the strength.

4.3 Comparison Between BM10 and BM15

It is found that the compression strength of BM10 is slightly higher than the compres-
sion strength of BM15 at different stages. In terms of flexural strength, BM15 outper-
forms BM10 by a small amount, but the difference can be ignored at the 28-day
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stage. Although the theoretical optimum strength will be closer to 10% replace-
ment rate, more usage of biomass is recommended. Such low strength concrete can
be used in non-structural members or members subject to minimal load; thus, the
aim is to increase the usage of biomass instead of achieving higher strength. A 5%
more replacement rate can mean a significant amount in mass production of biomass
concrete as an effective way of waste treatment.

4.4 Recommendation on Future Research

It is recommended to perform testing with 10%, 15% or even higher replacement rate
of biomass and seek an area of application. Modulus of elasticity, splitting tensile
strength are also anticipated to be investigated for different levels of replacement.
Additionally, it is also worth attempting wet curing to avoid water escape and maxi-
mize hydration reactions. Finally, it is recommended to test the strengths in longer
terms, e.g. 40, 60, 120 days etc. As compared to sand, biomass tend to retain more
moisture immediately after mixing; the retained water may participate in the reaction
over a longer period. The extended development is reflected by the linear shape of
the plot and shows a trend to develop for a more extended period continuously. Thus,
it is worth testing the strengths of samples cured for a longer period.

5 Conclusion

Followings are the conclusion drawn based on the results obtained from the research:

(1) The compressive strength of the biomass concrete at 10% replacement of sand
is higher than 5 and 15% replacement rate.

(2) The distribution of the load throughout the concrete is not even based on the
failure mode observed from the compression test.

(3) The flexural strength of the biomass concrete with 15% replacing level is
slightly higher than that with 5 and 10% sand replacement.

The conclusion of the studies indicates the feasibility of mixing municipal waste
into concrete mix design which will help in reducing waste production and prevent
more waste goes into landfill.

The results presented indicate that although the strength reduced with increase of
biomass contents, flexural strength remains in the same range as the reference mix.
More experimental work needs to be conducted to increase the confidence level in
the results.
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Treated Municipal Solid Waste (Biomass)
Based Concrete Properties—Part I: State
of the Art
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Abstract Municipal Solid Waste (MSW) management is a worldwide problem
growing with the increase of global human population. The practice of incinerating
garbage has ceased in some parts of the world because of air contamination and other
public health issues. Environmental impact of landfilling is ever increasing. There
is clearly a need to adopt cost-effective alternatives to treat MSW. This paper is a
part of a major work that considers MSW based biomass as a partial replacement
of sand in concrete. The product of the global work is an exciting and eco-friendly
alternative for the building industry, especially concrete intended for certain types
of applications in the construction industry such as temporary works. Here, in this
paper, an overview of the state of the art on the topic is presented.
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1 Introduction

1.1 Technology of Waste Treatment

Waste generation is an inevitable by-product of human activities. On a global
scale, approximately 3.5 million tonnes of municipal solid waste (MSW) are being
produced daily [1]. In the year of 2010–2011, Australia alone has a waste production
of 2.2 tonnes per capita. Although 60% of this generated waste was either recycled
or recovered, there is still 40% of the remaining sent for landfill disposal. Over time,
the degradation of the waste resulting in the landfills to emit leachate and gases
to the environment and waterways. It is estimated that landfills have contributed
approximately 20% of the global greenhouse gases (methane and carbon dioxide)
emissions and leachings of toxic chemicals, such as mercury, arsenic, beryllium,
boron, cadmium, lead, thallium and hydrocarbon compounds, into the environment
[1], causing harmful threats to human health, environment and ecological system.
Furthermore, landfills cause nuisance, such as flies, odours, smoke and noise, while
the increase in vermin surrounding landfills becomes an issue with other adverse
health effects, such as congenital disabilities, respiratory illnesses and even cancer
[2].

However, as the technology for waste management improves, there are many
methods to treat MSW effectively and environmentally friendly. For example,
Bioelektra Group has invented the Advanced Recycling Technology (ART) of MSW
for waste treatment. It operates unsorted MSW using the innovative RotoSTERIL
mechanical heat treatment technology. This revolutionary method is based on a new
incredibly useful technological process which uses the autoclave roto sterile BCG
7000, a machine that has been designed to treat unsorted MSW in the sterilization
process.

The waste is physically and chemically processed. The waste is also sterilized to
eliminate odours. Besides, theMSWcollected from the householdwill be transported
to the ‘reception hall’, which is the only place that the workers contact the MSW.
This design of the waste management facility has significantly reduced the growth
of bacteria and pests that brings harmful threats to the human and surrounding envi-
ronment. Materials such as metals, plastic and glasses are separated during different
stages of separation using advanced technology (i.e. magnetic separator, laser detec-
tion optical sorter etc.) leaving 30% of the entire processed waste as biodegradable
fraction also called biomass.

Finally, all the separated fractions are collected and transferred to be recycled
recovered and reused, leaving nowaste to be landfill, promoting the circular economy
and sustainable development [3]. Bioelektra Group has a pilot plant in Rozanski in
west Poland which has been operational for nine months, and it has proven the
reliability and practicality of the ART technology on recycling MSW.
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1.2 Pollution by Construction Material Production
and Green Alternatives

The destruction of the environment always tags along with the development of the
city and technology. These human activities have resulted in many major natural
severe disasters such as wildfires, tsunami, flooding and drought event, depletion of
the ozone layer, rising of sea level, global warming etc.

The construction and mining industries have contributed a significant proportion
to these events. The activity of producing and transporting construction material
has emitted a high amount of carbon dioxide (CO2). Amongst all the construction
material, the highest CO2 producing ingredient is cement [4]. Cement production in
China was 1.39 billion metric tons in 2008 [5], accounting for 50% of the world’s
output [6]. Large quantities of air pollutants are emitted from cement production,
including SO2, NOX, CO, and PM, and therefore cement industry has been identified
as a primary source of pollution in China. Cement production is expected to reach
3.5 billionmetric tons by the end of 2050 if its consumption remains constant globally
[7].

The fundamental utilization of Ordinary Portland Cement (OPC) is to make
concrete and mortar. The reason why cement is popular and widely used over other
constructionmaterial is due to its ability to hold the structure together and is relatively
cheap compared to other construction material such as steel and timber. To promote
sustainable and green construction in the industry, the behaviour of including agri-
cultural waste and industrial waste into concrete or mortar have been studied and
implemented in the field. There are several benefits associatedwith it, which provides
for enhanced mechanical properties, energy-efficient and cost-effective.

1.3 Research Objectives

This research aims at reducing the amount of municipal waste produced by human
activities goes into landfill. Using treated municipal waste by ART technology in the
construction industry, specifically in concrete production, has been questioned. The
work is reported in two Parts. Part I is the present paper where an overview of the
state of the art on the topic is presented. The Part II is related to the experimental
program and the corresponding findings.
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2 State of the Art

2.1 Utilization of Organic Biomass Ashes in Australian
Construction Industry

The use of organic and inorganic wastes has always been a featured topic and has
attracted more attention in recent years [8]. One of the major drivers is rapid popu-
lation growth and urbanisation, which result in ascending waste treatment demand
[9]. Currently, the most commonly used methods for waste treatment are landfill and
waste-to-energy incineration, which has been a long-term environmental concern
[10]. Common issues with landfill include contamination of land and underground
water [11] due to leaching and the high cost of maintenance associated with it [12],
which makes it a non-economic and risky way of waste treatment.

Although waste-to-energy (WTE) is widely adopted to transform waste into
energy [13], Connett [14] argued that it is not a suitable way of treating waste,
considering sustainability as the key issue in the twenty-first century. Besides, air
pollution due to combustion [15] and its low efficiency [16] prompt new ways of
waste treatment need to be investigated.

Another driver is that cement production is one of the significant sources of
greenhouse gas emission including sulfur dioxide, nitrogen oxides, carbonmonoxide,
particlematters and carbon dioxide [7, 17] and it generates 5–7%of all anthropogenic
carbon dioxide. Furthermore, there are potential hazards affecting workers’ health
as it is being handled during transportation and occupation [18].

Moreover, China’s new policy of tightening controls on importing foreign waste
has pressurised first-world countries like Australia relying on exporting for waste
treatment. Additionally, it is suggested some other major importers like Malaysia
and Thailand have also announced a tightening of their waste importing policies
while others were taking actions forcing Australia to look for new ways to treat or
export approximately 1.29 million tonnes of waste [19]. Despite the political issues
associated with these changes, it is crucial for the world, especially for countries like
Australia, relying on exporting for waste treatment.

2.2 Organic Biomass Ash from ART

Thematerial in this researchwill be focusing on isMSWtreated byVortex-oscillation
technology. MSW quite differ from agro-waste and is widely available from every
household. Agro-waste consists of animal waste (e.g. manure, animal carcasses),
crop waste (e.g. cornstalk, sugarcane bagasse, pruning), food processing waste and
hazardous and toxic waste (e.g. pesticides, herbicides, insecticides) [20]. In contrast,
MSW comprises of paper, plastic, cardboard, metals, glass, rags, kitchen waste, food
waste, rubber, ash and fine etc.
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The treatment of MSW through Vortex-oscillation technology involves sequen-
tial step and involves sterilization of the waste material. Later organic part is then
separated from the inorganic component and further treated as aforementioned. The
final product ready for mixing is low-weight, not reactive and having a fibre-like
microstructure [8]. This method minimises treatment cost and environmental impact
while also having a positive social impression.According to Sofi et al. [8], the sustain-
ability to use treated MSW (TMSW) produced by the ART technology as partial
replacement of construction material is expected and demonstrated in the future.
According to Bioelektra, the TMSW created is sterile and free of contaminants [3].
Besides, it has high energetic value, low humidity and other physical characteristics
which make it an ideal alternative replacement of the construction material for green
energy production.

3 Previously Investigated Materials

The increasing need for creating eco-friendly construction materials as sustainable
solutions to both waste treatment and building material production inspires profes-
sionals with diverse backgrounds. A wide range of materials has been studied by
scholars from different parts of the world. Among these studies and researches,
agro-waste like rice husk [9, 21] and its ash [18], bagasse [21], oil palm shell [22],
corn [10], oyster shell [9], ground coffee waste [23], coconut shell [24] and plant
ashes [25] and industrial waste like wood ash [11], treated waste foundry sand [12],
wood fibre [26], biomass boiler ash and green liquor dregs from paper from waste
paper industry [27] are investigated. Fibres material is mostly used to replace parts
of the aggregates in the concrete while most of the ashes were used to replace cement
in the mixture.

Even though the wide range of waste materials have been studied, the use of
municipal waste in the fabrication of concrete has yet to be further investigated.
It has been partially explored by Syarif et al. [21] but only as a component of the
“recycling organic waste” which is treated by burning to a temperature of 1450 °C
before it is ready for mixing as part of concrete.

3.1 Characteristics of Biomass Concrete

Mechanical Properties

Organic waste materials, mainly biomass ash from various agriculture waste act
differently when participating as part of the cementitious mixes depending on their
chemical characteristics and the amount being added.

According to Martínez-Lage et al. [27], concrete with 10% paper ashes replace-
ment of cement has higher compressive strength at 7 and 28 days of maturity
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compared to the OPC concrete. Besides, this statement is further supported by a
literature review [28] stating that there is an increase in mechanical strength when
the substitution rate of cement to wood fly ash is at 10%. However, there is a result
showing that the higher substitute rate of cement in the concrete, the lower the strength
of the concrete [8].

A replacement of 0–20% of either binder or aggregates in cement is most widely
experimented by researchers, whereas some tested higher replacement rate of 40%
[29]. Generally, additional wastematerial would reduce the compressive strength and
flexural strength as supplementary waste material would dilute the cement within the
mix and absorb water, reducing pozzolanic reaction rate [30].

Most studies have tested a replacement rate of 20% of the cement and the result
for this proportion level of waste replacement provides an adequate strength of the
concrete [9, 11, 12]. However, Sofi et al. [8] tested the vortex-treated biomass and
the sample containing 20% was still wet and did not bind together. Therefore, they
concluded that the maximum dosage of vortex-treated biomass should not exceed
15%. The vortex-treated biomass is also the material being studied in this research.
The conclusion from the previous research helps to identify a proper range of dosage
for the replacement material.

Workability

Workability as another critical feature of concrete mix is also affected by adding
waste replacements, especially biomass ashes. The smaller particle size of biomass
ashes gives it a larger surface area to react with other materials, which leads to the
increased water demand of the concrete mix and reduces consistency to maintain
required slump value [15]. Certain materials such as bamboo, sisal and oyster shell
also have higher water absorption ability to cause increased water demand [10]. It is
commonly known that the higher amount of water in the concrete mix will primarily
reduce the strength of hardened concrete; this makes workability become one of the
challenges of using biomass materials as a replacement in concretes.

However, some researchers have been trying to study concrete with biomass
component (mainly agro-waste) [28, 30]. They utilize superplasticizer to improve
the workability of the concrete mix and metakaolin to enhance the strength of the
hardened concrete [28, 30]. The researches show that the addition of superplasti-
cizer into the mixture has successfully increased the workability of the concrete
mix. Nevertheless, from these literature reviews, there is no equation or ratio to
determine the dosage of superplasticizers. Therefore, it can be concluded that the
dosage of superplasticizers is dependent on the targeted slump of each research. In
this research, superplasticizers will also be incorporated into the concrete mixture to
enhance concrete performance.
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3.2 Factors Affecting Concrete Strength

Aggregates

Aggregates account for about 60–80% of the concrete volume and are approximately
70–80% of its weight. Therefore, it is imperative to add the right aggregates into the
concretemix to obtain satisfactory strength. Aggregateswill determine the concrete’s
elastic, thermal properties and dimensional stability of the concrete. Aggregates’
features such as toughness, shape, size, density, soundness and specific gravity will
also determine the concrete’s mechanical properties and workability [31]. According
to Haque et al. [32], the compressive strength of the concrete increases with larger
aggregates. Vilane and Sabelo [33] stated that increase of aggregate size will improve
the workability of the concrete. However, Ogundipe et al. [31] claimed that a partic-
ular aggregate size in a specific concrete mix gives optimal compressive strength and
using larger aggregate will decrease the strength of the concrete. Also, finer aggre-
gates are recommended in the concrete mix to make it more resistant to flexural
stresses.

Curing Method

Different curing methods will affect the concrete strength. According to Araldi et al.
[34], humidity and temperature will affect the behavior of concrete. There are several
curing methods such as sprinkle of water, membrane curing and steam curing etc.
Themost common practice for concrete curing found in lots of researches is standard
curing in which the samples are submerged into water at room temperature at 23 °C.
Li et al. found that steam curing has satisfactory performance on the removal strength
of concrete with large amount of mineral admixture like FA and GGBS [35].

Water-to-Cement Ratio (w/c)

For pure OPC cement with certain amount of cement content, the lower w/c ratio
contributes to higher compressive strength [36]. This is due to the decreased distances
between cement particles when the w/c ratio is lower [37]. However, the use of
very low w/c ratio could adversely affect the workability [36]. According to the
experiment conducted by Felekoğlu et al. [38] on fresh self- compacting concrete,
the optimumwater to cement (w/c) ratio ranges from 0.48 to 0.6. Besides, Elinwa and
Mahmood [39] utilized w/c ratio of 0.565 in the wood ash concrete. Moreover, due
to the existence of carbon which will promote the water absorbability in the concrete
will result in reduced workability of the cement paste. Similarly for the biomass
concrete, the biomass as fiber material could absorb water and reduce workability
of concrete. Therefore, superplasticizers shall be used in the experiment to achieve
targeted workability.
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4 Conclusions

Based on the literature review and on the previously investigated materials, it could
be concluded that incorporating municipal solid waste like biomass in concrete
can produce more sustainable concrete. It helps in reducing waste production and
preventing more waste to go into landfill. The biomass concrete should be air-cured
as the municipal waste in the concrete will absorb more water and become weaker
if it is cured underwater. It is crucial to check such possibility in an experimental
program, which is reported in the Part II having the title ‘Treated Municipal Solid
Waste (Biomass) based Concrete Properties – Part II: Experimental program’ [40].

Acknowledgements This research is financially supported by the Melbourne Research Scholar-
ship offered by the University of Melbourne and the Australian Research Council’s Discovery
Early Career Researcher Grant (DE170100165, DE 2017 R1). This work is financially supported
by: Base Funding—UIDB/04708/2020 of the CONSTRUCT—Instituto de I&D em Estruturas e
Construções—funded by national funds through the FCT/MCTES (PIDDAC). This work is funded
by national funds through FCT—Fundação para a Ciência e a Tecnologia, I.P., under the Scientific
Employment Stimulus—Institutional Call—CEECINST/00049/2018.

References

1. Mian, M.M., Zeng, X.L., Bin Nasry, A.A., Al-Hamadani, S.M.Z.F.: Municipal solid waste
management in China: a comparative analysis. J. Mater. Cycles Waste Manag. 19(3), 1127–
1135 (2017)

2. Zhang, D., Huang, G., Xu, Y., Gong, Q.: Waste-to-energy in china: key challenges and
opportunities. Energies 8(12), 14182–14196 (2015)

3. Bioelektra Group: Bioelektra Group Homepage (2019). Available: http://bioelektra.com/en/
4. Petkar, S.S.: Environmental Impact of Construction Materials and Practices (2014). Available:

https://www.researchgate.net/publication/290427381_Environmental_Impact_Of_Construct
ion_Materials_And_Practices?channel=doi&linkId=56973eca08aea2d74374bf64&showFullt
ext=true

5. Hu, H., Kavan, P.: Energy consumption and carbon dioxide emissions of China’s non-metallic
mineral products industry: present state, prospects and policy analysis. Sustainability 6(11),
8012–8028 (2014)

6. Salazar, K., Kimball, S.M.: Mineral Commodity Summaries, 2009. Government Printing
Office, Washington (2009)

7. Lei, Y., Zhang, Q.A., Nielsen, C., He, K.B.: An inventory of primary air pollutants and CO2
emissions from cement production in China, 1990–2020. Atmos. Environ. 45(1), 147–154
(2011)

8. Sofi, M., Sabri, Y., Zhou, Z., Mendis, P.: Transforming municipal solid waste into construction
materials. Sustainability 11(9), 2661 (2019)

9. Prusty, J.K., Patro, S.K., Basarkar, S.S.: Concrete using agro-waste as fine aggregate for
sustainable built environment—a review. Int. J. Sustain. Built Environ. 5(2), 312–333 (2016)

10. Mo, K.H., Alengaram, U.J., Jumaat, M.Z., Yap, S.P., Lee, S.C.: Green concrete partially
comprised of farming waste residues: a review. J. Clean. Prod. 117, 122–138 (2016)

11. Udoeyo, F.F., Inyang, H., Young, D.T., Oparadu, E.E.: Potential of wood waste ash as an
additive in concrete. J. Mater. Civ. Eng. 18(4), 605–611 (2006)

http://bioelektra.com/en/
https://www.researchgate.net/publication/290427381_Environmental_Impact_Of_Construction_Materials_And_Practices%3Fchannel%3Ddoi%26linkId%3D56973eca08aea2d74374bf64%26showFulltext%3Dtrue


Treated Municipal Solid Waste (Biomass) Based Concrete … 303

12. Kaur,G., Siddique, R., Rajor, A.: Properties of concrete containing fungal treatedwaste foundry
sand. Constr. Build. Mater. 29, 82–87 (2012)

13. Ryu, C., Shin, D.: Combined heat and power from municipal solid waste: current status and
issues in South Korea. Energies 6(1), 45–57 (2013)

14. Connett, P.: Municipal waste incineration: a poor solution for the first century. Presented at the
4th Annual International Management Conference, Amsterdam (1998)

15. Ban, C.C., Ramli, M.: The implementation of wood waste ash as a partial cement replace-
ment material in the production of structural grade concrete and mortar: an overview. Resour.
Conserv. Recycl. 55(7), 669–685 (2011)

16. Zhang, D.L., Huang, G.Q., Xu, Y.M., Gong, Q.H.: Waste-to-energy in China: key challenges
and opportunities. Energies 8(12), 14182–14196 (2015)

17. Bildirici, M.E.: Cement production, environmental pollution, and economic growth: evidence
from China and USA. Clean Technol. Environ. Policy 21(4), 783–793 (2019)

18. Vishwakarma, V., Ramachandran, D.: Green concrete mix using solid waste and nanoparticles
as alternatives—a review. Constr. Build. Mater. 162, 96–103 (2018)

19. OECD:OECDEnvironmental PerformanceReviews:Australia 2019.OECDPublishing (2019)
20. Agamuthu, P.: Challenges and opportunities in agro-waste management: an Asian perspective.

In: Inaugural Meeting of First Regional 3R Forum in Asia, pp. 11–12 (2009)
21. Syarif, M., Sampebulu, V., Tjaronge, M.W., Nasruddin: Characteristic of compressive and

tensile strength using the organic cement compare with portland cement. Case Stud. Constr.
Mater. 9 (2018)

22. Mannan,M.A.,Ganapathy, C.: Concrete froman agriculturalwaste-oil palm shell (OPS). Build.
Environ. 39(4), 441–448 (2004)

23. Kua, T.A., Arulrajah, A., Horpibulsuk, S., Du, Y.J., Shen, S.L.: Strength assessment of spent
coffee grounds-geopolymer cement utilizing slag and fly ash precursors. Constr. Build. Mater.
115, 565–575 (2016)

24. Ganiron, Jr., T.U.: Sustainable management of waste coconut shells as aggregates in concrete
mixture. J. Eng. Sci. Technol. Rev. 6(5) (2013)

25. Gonzalez-Kunz, R.N., Pineda, P., Bras, A., Morillas, L.: Plant biomass ashes in cement-based
building materials. Feasibility as eco-efficient structural mortars and grouts. Sustain. Cities
Soc. 31, 151–172 (2017)

26. Xu, R.S., He, T.S., Da, Y.Q., Liu, Y., Li, J.Q., Chen, C.: Utilizing wood fiber produced with
woodwaste to reinforce autoclaved aerated concrete. Constr. Build.Mater. 208, 242–249 (2019)

27. Martínez-Lage, I., et al.: Concretes and mortars with waste paper industry: biomass ash and
dregs. J. Environ. Manag. 181, 863–873 (2016)

28. Teixeira, E.R., Camoes, A., Branco, F.G.: Valorisation of wood fly ash on concrete. Resour.
Conserv. Recycl. 145, 292–310 (2019)

29. Shah, P.A., Mehta, J.G., PathariyaSaraswati, C., RanaJaykrushna, A., Patel, A.N.: Sugarcane
baggase ash and pozzocrete as an techno-economical solution in design mix concrete. Indian
J. Appl. Res. 4(5) (2014)

30. Zeidabadi, Z.A., Bakhtiari, S., Abbaslou,H.,Ghanizadeh,A.R.: Synthesis, characterization and
evaluation of biochar from agricultural waste biomass for use in building materials. Constr.
Build. Mater. 181, 301–308 (2018)

31. Ogundipe, O.M., Olanike, A.O., Nnochiri, E.S., Ale, P.O.: Effects of coarse aggregate size on
the compressive strength of concrete. Civ. Eng. J. Tehran 4(4), 836–842 (2018)

32. Haque, M., Tuhin, I., Farid, M.S.S.: Effect of aggregate size distribution on concrete
compressive strength. SUST J. Sci. Technol. 19(5), 35–39 (2012)

33. Vilane, B.R.T., Sabelo, N.: The effect of aggregate size on the compressive strength of concrete.
J. Agric. Sci. Eng. 2(6), 66–69 (2016)

34. Araldi, P., Balestra, C.E.T., Savaris, G.: Influence of multiple methods and curing temperatures
on the concrete compressive strength. J. Eng. Proj. Prod. Manag. 9(2), 66–73 (2019)

35. Li, M., Wang, Q., Yang, J.: Influence of steam curing method on the performance of concrete
containing a large portion of mineral admixtures. Adv. Mater. Sci. Eng. 2017, 1–11 (2017)

36. Neville, A.M.: Properties of Concrete, 5th edn. Pearson Education Limited, England (2011)



304 M. Sofi et al.

37. Bentz, D.P., Aitcin, P.C.: The hidden meaning of water-cement ratio. Concr. Int. 30(5), 51–54
(2008)

38. Felekoglu, B., Turkel, S., Baradan, B.: Effect of water/cement ratio on the fresh and hardened
properties of self-compacting concrete. Build. Environ. 42(4), 1795–1802 (2007)

39. Elinwa, A.U., Mahmood, Y.A.: Ash from timber waste as cement replacement material. Cem.
Concr. Compos. 24(2), 219–222 (2002)

40. Sofi,M.,Maia, L., Liu, J., Sabri,Y., Zhou,A., Frahmand,T.,Mendis, P.: TreatedMunicipal Solid
Waste (Biomass) Based Concrete Properties—Part II: Experimental Program. In: Springer in
RILEM Bookseries of the 3rd RILEM SPRING Convention (2020)



Recovery of Phosphorous from Sewage
Sludge Ash Prior to Utilization
as Secondary Resource in Concrete
and Bricks

Lisbeth M. Ottosen, Gunvor M. Kirkelund, and Pernille E. Jensen

Abstract Sewage sludge ash (SSA), which today is residual waste, can be separated
into two resources, phosphorous and a particulate material for use in production of
concrete or brick, by electrodialytic separation (EDS). Three SSAs from different
sewage sludge mono-incineration plants were included in this investigation. Overall
they had similar characteristics, but still the differences meant that the EDS process
needs optimization for each ash type. Under the same experimental conditions, 80%
P was recovered from two of the SSAs whereas only 65% was recovered from the
third SSA. After EDS, the investigation points at a decrease in Ca and P may be
beneficial if using the SSA-EDS in concrete. The investigation also showed that
the investigated SSAs had high Fe contents, which may be problematic if used in
brick production. In conclusion, the investigation points at a potential for SSA to be
considered as secondary resource in the construction materials after EDS.

Keywords Sewage sludge ash · Phosphorous · Supplementary cementitious
material · Fired clay bricks

1 Introduction

Ashes from incineration of sewage sludge (SSA) are often residual waste, i.e.
removed from the overall material cycle. The ashes might be secondary resources.
Research is carried out on utilization of SSA as supplementary cementitious material
in concrete [1–4] or clay replacement in fired clay bricks [5–8]. However, attention
should be payed to the high content of phosphorous (P), as P is a finite, essential
resource, which is in list of critical raw materials for the EU [9]. The P concentration
in SSA is typically 5–10 wt% [1], and even higher concentrations have been found,
11wt%P [10], 11.9wt%P [11] and 12.3wt%P [12]. The P content in phosphate rock
is generally reported as P2O5, and the economic grade varies from 25 to 37% P2O5

[13], corresponding to 11–16 wt% P. The P content in SSAs are thus generally lower;
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however, some SSAs have concentrations in the same range. Since the P concentra-
tion is high in SSA, P recovery should be considered prior to use in construction
materials, otherwise P is lost for recovery. The high P content in SSA has reached
awareness in some EU countries and legislation supporting/requesting P recovery,
e.g. in Germany, where the sewage sludge ordinance includes requirements for P
recovery from SSA [14]. Research and development are progressing to implement
P recovery from SSA. The methods under development are based thermochemical
treatment or acid extraction, the latter being reported most extensively in literature.

Research on recovery of P from SSA and following use of the SSA in construction
materials is scarce. Donatello et al. [15] used sulfuric acid towash out P and tested the
pozzolanic activity of the SSA. The acid washing decreased the pozzolanic activity
according to the SAI and Frattini tests. Kappel et al. [16] used EDS (described in
Sect. 1.1) for recovery of P prior to use in mortar. They reported a loss in compressive
strength from 60 to 55 MPa when 20% cement was replaced with SSA after EDS
treatment (SSA-EDS) and milling. They noted that the workability of mortar with
SSA-EDS decreased. Ottosen et al. [8] reported a screening with SSA-EDS as clay
replacement in bricks (10–60% replacement). The apparent density decreased and the
porosity increased with increasing clay substitution. When firing the brick material
with 60% clay replacement at 1050 °C a significant glassy phase formed. The results
generally showed that 60% replacement of claywas probably toomuch, butwith 10%
replacement, the properties were changed only slightly compared to the reference.
The mentioned investigations points at potential uses for the SSA after P recovery,
but the potential needs unfolding prior to a full evaluation of the options.

Evaluating the use potential for use of SSA secondary raw material includes
knowledge on amounts and variety in SSA characteristics over time and between
plants. Worldwide, 1.7 mio tons SSA are produced annually and the amount is
increasing [17]. At a local, Danish scale, the two large (out of three) sewage sludge
incinerators have an annual production of about 20,000 t SSA (containing 1000–2000
t P). Annually, 13,500 t P is applied as commercial fertilizer in Denmark [18], i.e.
8–14% of this P could be recovered from SSA. Denmark uses 4–5 mio m3 concrete
annually [19] corresponding to 1–1.5 mio tons cement. After acid recovery of P,
about half of the SSA is left [10], i.e. 10,000 tons in the Danish case. Thus, SSA
after P recovery can replace only about 0.2% cement in average. However, the SSA
has coloring potential for the concrete [2] and brick [8], which gives the construction
materials with SSA new interesting aesthetical potentials, possibly adding value to
these materials. To scale the use of SSA as secondary resource it is beneficial if the
SSA characteristics varies only little over time and between plants so the P recovery
processes and the mix design for construction materials need minimum of adjust-
ments. In this investigation, SSA from three different mono-incineration plants were
collected and treated by EDS. The aim is to investigate if the differences between the
three ashes are in a range, where they can be considered being the same rawmaterial.
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1.1 Electrodialytic Separation for Recovery of Phosphorous

EDS recover P and remove heavy metals simultaneously in a two compartment elec-
trodialytic cell [10] (Fig. 1). The compartments are separated by a cation exchange
membrane, which only allows cations to pass. The SSA is suspended in water in
the anode compartment. When the electric DC current is applied, the anolyte with
SSA suspension is acidified due to electrolysis of H2O at the anode (H2O → 2H+

+ ½O2 (g) + 2e−). During the acidification, heavy metals and P are extracted from
the SSA, but whereas the cationic heavy metals are transported by electromigration
over the cation exchangemembrane and concentrate in the cathode compartment, the
extracted P remains in the filtrate of the SSA suspension as negatively charged ions
or neutral molecules. Hereby simultaneous extraction and separation is obtained. At
the end of the treatment, the recovered P is in the filtrate of the anolyte and the solu-
bilized heavy metals in the catholyte. Filtration separates SSA-EDS and the filtrate
with the recovered P. Previous research has shown 80–90% recovery by EDS [10,
20].

2 Materials and Methods

The work includes SSAs from three different mono-incineration plants for sewage
sludge, where the sludge was incinerated in a fluidized bed combustor. The sewage
sludge incinerated originated from treatment of urban wastewater. The three ashes
are: SSA-A. From Germany, SSA-B From Spildevandscenter Avedøre, BIOFOS,
Denmark, and SSA-C from Lynetefællesskabet, BIOFOS, Denmark.

Fig. 1 Principle of EDS cell. During treatment, the ash is suspended in water in the anode compart-
ment where P concentrates in the filtrate, and the heavy metals electromigrate into the catholyte
passing the cation exchange membrane (marked as dotted line)
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2.1 Ash Characterization

Concentrations of P, Al, Ca, Fe, K, Mg, Na, P, S, Cu, Pb and Zn were measured
after pre-treatment (acid digestion) in accordance to Danish Standard DS259: 1.0 g
ash and 20.0 ml (1:1) HNO3 was heated at 200 kPa (120 °C) for 30 min. Filtration
through 0.45 µm filter. Concentrations were measured with ICP-OES in the filtrate.
SSA pH was measured in suspension: 10.0 g ash in 25 ml distilled water. After 1 h
agitation, pH was measured directly in the suspension with Radiometer electrodes.
Loss on ignition (LoI) was found after 30min at 550 °C.Water content wasmeasured
as weight loss after 24 h at 105 °C. Three to five replicates of each of these analyses
were made. Solubility in water was evaluated as weight loss after washing 50.0 g
SSA in 500 ml distilled water three times.

2.2 Electrodialytic Separation Experiments

TheEDS laboratory cell followingFig. 1was used. The compartmentswere separated
by a cation exchange membrane (CEM) from IONICS. The electrodes were made of
platinum coated titaniumwire (diameter 3mm) and the length of the electrodes inside
the cell was approximately 4 cm. The power supply was Hewlett Packard E3612A.
OneEDS experimentwasmadewith each of the three SSAs. The experimental condi-
tions were similar. The SSA was suspended in tap water. The liquid:solid ratio of 14
was obtained by suspending 25 g SSA in 350 ml water. The SSAwas kept suspended
by an overhead stirrer (RW11 basic from IKA). In the cathode compartment 500 mL
0.01 M NaNO3 adjusted to 2 with HNO3 was circulated. The experiments were
conducted at a constant current of 50 mA applied to the electrodes. The duration of
all experiments was 1 week (chosen from experiences in [8]).

3 Results

3.1 Characterization of SSAs

Some characteristic of the three SSAs are in Table 1.
In general, the characteristics for the three SSAs were quite similar. The three

ashes all had a distinct rusty-red color. The solubility of the SSAs was between
1.4 and 2.0% showing that the ashes contained a minor soluble fraction. They all
had a low water content, which means that chemical reactions during storing have
been limited. The SSAs were alkaline meaning that hydroxides were leached or
formed when suspending the SSAs in water. The major differences between the
SSAs (in Table 1) were: (I) The LoI was very low for SSA-A and SSA-B (0.2 and
0.3%) revealing a good incineration. LoI for SSA-C was higher (3%), (II) The Fe
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Table 1 Selected
characteristics of the three
investigated SSAs: pH,
conductivity, LoI, water
content and solubility and
concentrations (found by acid
digestion)

SSA-A SSA-B SSA-C

pH 11.4 ± 0.2 9.8 ± 0.01 10.2 ± 0.05

LoI 550 °C (%) 0.3 ± 0.005 0.6 ± 0.02 3.0 ± 0.12

Water content (%) 0.2 ± 0.04 0.3 ± 0.2 0.2 ± 0.05

Water solubility (%) 1.4 1.9 2.0

Al (g/kg) 17.5 ± 0.8 21.3 ± 0.3 13.8 ± 0.5

Ca (g/kg) 119 ± 4.5 122 ± 2.0 139 ± 3.6

Fe (g/kg) 93.4 ± 3.6 68.3 ± 1.6 41.5 ± 0.2

K (g/kg) 6.7 ± 0.3 5.4 ± 0.05 4.3 ± 0.03

Mg (g/kg) 9.0 ± 0.3 15.4 ± 0.3 15.4 ± 1.8

Na (g/kg) 2.5 ± 0.07 2.7 ± 0.03 2.1 ± 0.05

P (g/kg) 92.9 ± 4.2 91.8 ± 1.5 56.8 ± 2.3

S (g/kg) 7.9 ± 0.2 6.9 ± 0.03 n.m.

Cu (mg/kg) 2090 ± 90 490 ± 3 500 ± 2

Pb (mg/kg) 97 ± 0.7 158 ± 1 103 ± 5

Zn (mg/kg) 2490 ± 127 2160 ± 34 2840 ± 13

concentration was only half in SSA-C compared to SSA-A, (III) The P concentration
was low (56.8 g/kg) in SSA-C compared to the two other SSAs (about 90 g/kg) and
(IV) The Cu concentration was about 4 times higher in SSA-A than in the two other
SSAs.

3.2 Recovery of Phosphorous and Separation of Heavy
Metals by EDS

Table 2 shows the P recovery andmass loss from the three EDS experiments. Figure 2
shows the distribution of P, Cu, Pb and Zb at the end of the EDS experiments.

Mass balances are given as the mass of an element in different parts of the EDS
cell at the end of the experiment over the mass of the element initially in the SSA.
The mass balances for the different elements in the three EDS experiments were
between 85 and 115% (data not shown), which are acceptable. The exceptions from

Table 2 pH of SSA and mass
loss by the end of the 7 day
EDS experiments

EDS-A EDS-B EDS-C

Mass loss (g) 9.8 11.6 12.2

Mass loss (%) 39 46 49

Recovered P (%) 65 81 82

Percentage of recovered P (in anolyte filtrate) and removed Cu, Pb
and Zn (in cathode compartment)
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Fig. 2 Distribution of P, Cu, Pb and Zn in the electrodialytic cell at the end of the three EDS
experiments (SSA = solid ash residue, anolyte = filtrate, cathode compartment = at cathode + in
membrane + in catholyte)

this are Pb in experiment SSA-A (mass balance 145%) and Fe in all experiments
(68–75%).

The P recovery was very similar in the EDS experiments B and C, where about
80% P was in the anolyte filtrate by the end of the experiments (Fig. 2). In EDS-A
on the contrary, only 65% P was recovered into the anolyte and 29% remained in the
SSA. The Cu, Pb and Zn released from the SSA during EDS were removed into the
catholyte, and thus the separation of P and heavy metals was successful. In all three
SSAs, 70–75% Pb was still in the SSA after EDS, which was the highest percentage
of the three heavy metals in every of the experiments. Few percentages of more Zn
than Cu was recovered in every experiment, and the order in percentages remaining
in the SSA was the same for Cu and Zn: SSA-C > SSA-B > SSA-C.

3.3 Characterization of SSA-EDSs

Characteristics of the three SSA-EDSs are in Table 3. The SSAs were acidified from
the original alkaline to acidic (3.4–4.2), and the acidification had resulted in a SSA
mass loss of between 39 and 49% (Table 1). There is no correlation between final
pH after EDS and mass loss. The major differences in the concentrations are: (I)
Significantly higher Ca and P concentrations in SSA-EDS-A than in the two other
SSAs, (II) The Fe concentration was about half in SSA-C compared to the two other
SSAs, (III) A much higher Cu concentration in SSA-EDS-A, which was also the
case before EDS (Table 1), and (IV) the Zn concentrations were different in all three
ashes.
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Table 3 Selected
characteristics of SSA-EDSs

SSA-EDS-A SSA-EDS-B SSA-EDS-C

pH 3.4 4.2 3.6

Al (g/kg) 7.4 ± 0.1 12.3 ± 0.5 9.1 ± 0.8

Ca (g/kg) 23.2 ± 0.4 6.7 ± 0.4 4.5 ± 0.4

Fe (g/kg) 95.3 ± 1.2 91.5 ± 3.8 46.1 ± 2.1

K (g/kg) 2.9 ± 0.04 3.8 ± 0.2 3.4 ± 0.3

Mg (g/kg) 3.2 ± 0.05 4.0 ± 0.2 4.6 ± 0.6

P (g/kg) 40.1 ± 0.6 16.6 ± 1.0 7.4 ± 0.5

S (g/kg) 2.0 ± 0.05 0.8 ± 0.05 n.m.

Cu (mg/kg) 1210 ± 0.1 460 ± 0.4 430 ± 2.8

Pb (mg/kg) 162 ± 0.4 191 ± 0.1 160 ± 2.2

Zn (mg/kg) 1040 ± 0.2 1630 ± 0.8 2890 ± 12

Concentrations are based on acid digestion

4 Discussion

The EDS recovery of P was successful (in relation to the 80% recovery target [14])
from experiments EDS-B and EDS-C, whereas only 65% P was recovered from
experiment EDS-A. The P concentrations were very similar in SSA-A and SSA-B
(Table 1). The experimental conditions were the same, and thus the acid production
from the electrolysis at the anode was the same. The pH reached the lowest level
in SSA-EDS-A (Table 3). Thus, the buffering capacity for SSA-A was less than
for the two other SSAs, which corresponds well to SSA-A containing the largest
the fraction not being dissolved during EDS. The difference in P extraction must
be found in differences in the P speciation in the SSAs. The P speciation was not
determined in the present study, but the EDS results clearly points at the importance
of an increased understanding of the P speciation. Whitlockite (calcium magnesium
phosphate mineral) has previously been determined in SSA [21], but otherwise little
has been reported on P speciation in SSAs. The knowledge gap also includes the
link between the firing characteristics at the different incinerators and incineration
parameters, which are known to play amajor role in the ash characteristics for another
type of biomass ash, namely wood ash [22].

The distinct rusty-red color revealed a high iron oxide content. The Fe concentra-
tion in Tables 1 and 3 were measured after acid digestion, and shows the acid soluble
concentration of Fe rather than the total concentration. In [23] it was found for two
SSAs that the concentration of Fe was two times higher when measured as total
concentration by XRF than by ICP after acid digestion after DS259 (as in the present
investigation). The Al, Ca, K, Mg, P and S concentrations found with XRF were
generally in good agreement with the concentrations after acid digestion according
to DS259. Figure 3 shows the acid soluble concentrations of Al, Ca, Fe K, Mg and
P in the investigated SSAs and SSA-EDSs found after DS259 (Tables 1 and 3).
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Fig. 3 Acid soluble concentrations [g/kg] of Al, Ca, Fe, Mg, P and S in the three ashes before and
after EDS

Based onXRD analysis, Kappel et al. [16] identified quartz, feldspar and hematite
in SSA and SSA-EDS (in SSA samples from the same plant as SSA-B). Cheeseman
et al. [21] reportedquarts,whitlockite andhematite in anSSAfromUK, andAnderson
[24] quartz, calcite, hematite, anhydride, feldspar and glassy phase ~70% in another
SSA from UK. Thus, quartz and hematite were identified in these reported cases.
The quartz may originate from the fluidized bed. The high concentration of hematite
is due to the use of iron salts to precipitate P in the wastewater treatment facility,
which is the most commonly used chemical. Other facilities use Al as major salt and
this strongly influences the chemical properties of the SSA [5, 23].

The most significant decrease during EDS was in the Ca concentration followed
by P (Fig. 3). The total Fe concentrationmust be expected higher than the acid soluble
fraction in Fig. 3 (as mentioned in the paragraph above), but as seen the acid soluble
fraction increased, however, taking the solubilized fraction during EDS into account,
Fe has overall been removed from the SSAs. The elements in Fig. 3 do not account
for the major mass of the SSAs. As quarts was reported present in SSAs [11, 21, 24],
and since quarts sand (the part originating from the fluidized bed) is insoluble during
EDS, Si must be expected prevailing in the investigated SSA and SSAs as well.

In relation to concrete, EN450-1 (2012) opens for the use of co-combustion
ashes with coal and sewage sludge. The investigated ashes are though from mono-
incineration of SSA. However, comparing the concentrations of Ca, Mg, P and S
(calculated to oxides) to the requirements described in EN450-1 (2012) might point
on limitations in the use, if the upper concentrations in the requirements are exceeded.
Requirements are that the reactive Ca shall not exceed 10% CaO per mass, the total
MgO content shall not exceed 4%, the total content of P2O5 not 5% and the SO3

content shall not exceed 3%. The methods prescribed used in EN450-1 (2012) are
not the same as used in the present investigation, but the comparison of the measured
concentrations and the prescribed limiting values points at some issues, where further
investigations are needed. These points are marked in orange in Table 4, and as seen
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Table 4 Contents of Ca, Mg, P and S in the SSAs and SSA-EDSs compared to limiting values in
EN450-1

The colors indicate concentrations needing more investigation (orange) or concentrations, which
seems non-problematic (green). It must be stressed that these are indications since the analysis used
are not the same as prescribed in EN450-1

it is the content of CaO and P2O5 in all three SSAs before EDS, and P2O5 in SSA-A
after EDS. Table 4 indicates that the problematic issues with high concentrations of
CaO (which can potentially be reactive) and P2O5 were solved during EDS, however,
a thorough investigation is needed to conclude.

In relation to brick production, the hematite content was considered responsible
for formation of a glassy-like phase when clay/SSA-EDS was fired at 1050 °C, a
phase strongly influenced the properties of the brick material [8]. Even though the
total concentration of Fe was not determined in the investigated SSAs and SSA-
EDSs, the Fe concentration was very high in all cases as the acid soluble (DS259)
concentrations were between 4% (Table 1) and 9.5% (Table 3). This is thus a general
point for further investigation in relation to use of SSA-EDS in brick manufacturing.

5 Conclusion

SSA is a potential resource for the critical raw material P, and some countries
have legislation supporting/requesting P recovery. In Denmark, about 7–14% of
the imported commercial fertilizer could be replaced with P extracted from Danish
SSAs. EDS is a method under development for P recovery. The current investigation
showed, that method need optimization for the actual SSA, since sufficient P was
recovered from only two out of the three SSAs, when using the same experimental
parameters. After P recovery, about 50–60% of the SSA remains after EDS, and this
fraction was evaluated as raw material for concrete or brick on basis of the chemical
composition. The SSAs all contained a high content of Fe (both prior to and after
EDS), and this content should be investigated in relation to use in bricks, as iron
oxide is known to form a glassy like phase in bricks, changing the properties. For
use in concrete, the high concentration of Ca (which can be problematic if reactive)
in SSA was decreased during EDS to a low, and likely non-problematic level. The
same goes for P. The investigation points at EDS having potential to separate SSA
into two resources, P and material for production of construction materials. It also
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points at P speciation and mineralogy/composition of the treated SSA to be major
focus points in future research.
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