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Abstract: White topping is a popular road rehabilitation technique that uses Portland cement concrete
overlay on top of any existing bituminous pavement. However, this often results in additional cost
and carbon emission escalations which complicates market useability of the product. The current
study aims at comparing carbon emission and manufacturing cost of concrete topping mixes with
three different fibre types. The study optimises the benefits and promotes the use of effective materials
in sustainable road rehabilitation. Samples with polyolefin-twisted (F2) fibres indicated least carbon
emission escalation while the sample with polypropylene (F3) exhibited least cost escalation with
0.75% and 7.17% from the control sample respectively. A multi-objective genetic optimisation study
was conducted to identify the mix designs with least carbon emission and production cost escalations.
Sensitivity analysis illustrated that transport distance is a critical contributing factor for production
cost while carbon emission is highly sensitive to emission factors for transport and cement production.
These results indicate the importance of considering locally available materials and clean energy for
production processes. Future research can be focused on exploring the long-term environmental and
economic benefits including the durability characteristics to benchmark the sustainable benefits of
using waste fibre materials in the mix.
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1. Introduction

Road networks are a key connective infrastructure that facilitate social integration,
transportation, trade and economic growth of city or region. Easy accessibility, flexibility
in operations and reliability are key factors that enhance the quality of road transport.
In India since 1951, the road length has increased by 11 times to 4,690,000 km which
gives a road density of about 1.43 km per square km of land [1]. National highway
(NH) network is about 71,772 km, i.e., 1.7% of total road network and 40% of the total
traffic is transported through the national highway network. In addition, expressways,
state highways, major district roads, other districts roads and village roads constitute
the extensive road network. As a country which use road infrastructure for 60% of total
merchandise and 85% of total passenger traffic, India often oversees the importance of
efficient management and maintenance of road network [2]. As a key production-focused
country with strong industrialisation background, smooth and efficient movement of
merchandise and people is vital towards rapid development of the country.

Often developing countries like India are not able to keep up with the pace of excessive
usage and complete replacement of the existing road network. Therefore, over the last
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few decades major research studies have concentrated extensively on the use of alternate
pavement materials with a focus on improving the long-term sustainability. Previously due
to rich availability of materials, bituminous overlays had been the most common overlay
option for restoring and improving the structural capacity of the existing pavements of
Indian roads. However, the overlay often tends to degrade rapidly, hence failing its
purpose of long-term sustainability. Using a layer of Portland cement concrete on the
existing bituminous pavement, known as “white-topping” is a popular technique for
rehabilitating the existing surface [3]. Fibre-reinforced white topping is a relatively new
technique that can be effectively used to rehabilitate existing pavements as it provides
better flexural toughness, impact resistance and flexural fatigue life endurance as compared
to conventional white toppings.

However, commercialisation of these alternative products and concepts are often
restricted due to additional initial investment and lack of knowledge on long-term cost
savings and environmental benefits. Moreover, excessive usage of these materials can
provide adverse environmental effects which can cause both short-term and long-term
impacts on environments and societies. Thus, the current study presents a comparative
cost and carbon emission analysis of using fibre-reinforced white toppings as a road
rehabilitation method. The findings of the study will be useful for interested researchers
who are keen on promoting sustainable products in road infrastructure sector.

2. Background and Research Significance

As per NCHRP Synthesis 338, white topping is a layer of cement concrete laid on top of
an existing hot mix asphalt pavement as a rehabilitation alternative. It was recommended
that bonding condition between the two layers must be assumed during design and
construction stages [4]. Several previous studies have emphasised that the overlays help in
allowing the existing pavement to stay in place which will further contribute in reducing
the time required for rehabilitation [5]. White topping can be conventional, thin and ultra-
thin based on the thickness of the overlay. Conventional white topping overlay is usually
200 mm in thickness and is constructed without considering the bond between the overlay
and underlying pavement. Thin white topping is an overlay of concrete between 100 mm
and 200 mm and in most of the cases are constructed with an intentional bond to the existing
pavement. Ultra-thin white topping is an overlay of concrete with a thickness equal to or
less than 100 mm that requires a bond to the underlying pavement for higher performance.
Design and construction of conventional white topping is quite similar to cement concrete
pavements while thin white and ultra-thin white toppings are characterised by thickness,
spacing between joints and bonding provided with the underlying layer.

Often studies have highlighted the structural improvements despite the slight increase
in cost due to incorporation of fibres in the overlay concrete mix [4]. The ability to resist
shattering can be improved significantly using fibres in concrete [6]. A slight reduction
of workability will be induced in the concrete matrix due to the incorporation of fibres,
but this can be very well compensated by introducing superplasticizers into the mix.
Hybrid fibre reinforced concrete is basically a combination of different types of fibres, with
varying material properties which remain bonded together inside the concrete matrix while
retaining their identities and properties. Optimisation of fibre content is important as it may
provide the most practical solution with maximised economic benefits [7]. Several other
studies used both experimental and modelling analysis to compare different characteristics
of using fibre in road pavements. Jundhare et al. used a three-dimensional finite element
analysis for a 150-mm thick bituminous pavement resting on subgrade and a conventional
white topping of 320-mm thick overlay. After applying axle loading, nonlinear static
analysis was carried out and was found that the maximum stresses due to the wheel
loading and temperature differential along with deflections are within the permissible
limits [8]. Vandenbossch and Barman concluded that the reflection cracking performance of
an in-service pavements was influenced by the thickness of plain cement concrete overlay
and hot mix asphalt layer, panel size, climatic conditions, and the accumulated vehicle
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loads while the rate of development of cracks depends on the load-related stresses in the
overlay [9]. Increasing the thickness of both overlay and panel size exhibited the same
effectiveness in decreasing reflection cracking.

Several studies attempted to estimate and compare emissions and costs associated with
road construction [10-12]. These studies either predominantly estimated carbon emissions
or compared costs associated with the product manufacturing or the whole process of
road construction. A study conducted in Korea highlighted that carbon emissions of road
construction stage accounts for 75 to 86% of the total carbon emissions of the project,
exceeding carbon emissions in the other stages such as maintenance and demolition [13].
This indicates the importance of considering emission optimisation options at aggregate
level during construction stage of a road construction project. Several other studies have
attempted to estimate carbon emissions of road construction projects at network, provincial
or global level [14-16]. The focus of these studies was predominantly to evaluate and
compare emission profiles of different types of assets at different regions to facilitate future
decision-making and design processes. Several other studies have conducted investigations
on potential use of waste materials and fibre-reinforced composites in concrete pavement
applications [17-19]. However, the focuses of these studies were predominantly on the
mechanical, chemical or thermal characteristics of the specimens as compared to the
normal concrete pavements. One study evaluated the environmental impact of carbon-
fibre-reinforced polymer on reinforced flexural beams. The results indicated significant
reduction of global warming, human toxicity, ozone depletion impact categories of carbon
fibres in beams. Another similar study conducted the carbon emissions and cost analysis
of using glass fibre-reinforced recycled concrete [20]. The results indicated that 0.25%
glass fibre content can achieve cost savings in the concrete pavement specimens. A recent
study conducted economic and environmental analysis of using hooked steel fibre, glass
fibres, and polypropylene fibres in a concrete composite pavement [21]. Results indicated
that steel fibre is superior in mechanical performance while all the specimens provided
eco-friendly and cost-effective pavements. However, none of the studies have attempted to
find the optimal cost effective and eco-friendly solution with plastic fibre composites in
road pavement.

Some studies attempted to evaluate cost savings of white toppings in pavements.
One study estimated that for low to moderate traffic, white topping overlays can be used
as a cost-effective rehabilitation alternative with overlay thickness between 100 mm and
250 mm [22]. The study further illustrated that cost savings per kilometre can be achieved
for both ultra-thin white topping and thin white topping. Atakilti and Satish estimated
associated costs of 90 flexible pavements and 63 rigid pavements and observed that flexible
pavements are more economical for less traffic volumes. Despite extensive research studies
on exploring mechanical properties and economic benefits at separate levels, none of the
previous studies explored the benefits at an aggregate level [23]. Nevertheless, using a
white topping layer incurs additional initial cost and often contractors and engineers seek to
minimise the associated costs while maximising the benefits. Besides, using fibre materials
made from plastic would generate carbon emission burdens. However, none of the previous
studies have conducted an optimisation study to compare carbon emissions and manufac-
turing cost to optimise the material usage in road rehabilitation projects. This signifies the
importance and the contemporary requirement of undertaking the current study.

3. Research Methodology

The research methodology for the current study can be divided into five distinct
stages as shown in Figure 1. Stage 2 of the methodology was excluded from the system
boundary of the study as the content is covered in another publication. Stage 1 of the
methodology focuses on undertaking a thorough literature review to finalise the study
scope, models for analysis and define the objectives based on the research significance.
In stage 3, material production costs and carbon emission of the reference samples were
compared for the reference mix design samples. In Stages 4 and 5 the most optimum mix
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designs are obtained using different material contents and the resulting values are critically
discussed to facilitate effective decision-making.

Stage 1 significance, scope and the system boundary for the
current study

» Undertake literature review to identify the research ]

* Obtain the reference mix design and undertake the

physical and mechanical experiments to test the
feasibility of the product

* Undertake and compare cost and carbon emission
Stage 3 analysis for the reference mix design to understand the
economic and environmental impacts of the product )

N\

* Optimise the results with varying material content and

Stage 4 compare the results

* Obtain the most optimum results for effective decision

Stage 5 making

Figure 1. Research methodology for the current study.

4. Mix Design and Experimental Procedure
4.1. General Experimental Details

Materials used for the study including coarse aggregates, fine aggregates and cement
were characterised for their basic properties. Mix design for M40 (40 MPa) grade of
concrete was made using Indian Road Congress Code, IRC: 44-2008 [24]. Fibres of three
types namely type 1 (F1), type 2 (F2) and type 3 (F3) were used in the mix. Investigation on
previous studies highlighted that a mixture of two or more low modulus fibres in hybrid
form had not been explored. Therefore, a hybrid mix design (H1) using a mixture of all
three types of fibres of equal portions was also considered. Details and material properties
of the three types of fibres are listed in Table 1. Two of them were polyolefin based and one
was polypropylene based while all three were low modulus fibres. In addition to the four
fibre concrete mixes, a plain concrete mix (without fibre) was used as a control sample.

Superplasticizers were added into the concrete mix to improve the workability which
was reduced due to addition of fibre. Addition of superplasticizers further helps to reduce
the amount of water required without affecting the strength of concrete mix. The present
study used a polycarboxylic ether-based superplasticizer which is a light brown liquid with
specific gravity of 1.1 at 25 °C, pH of greater than 6.0 and a chloride ion content of less
than 0.2%.

About 45 cement concrete cubes of 150 mm x 150 mm x 150 mm size, 45 cylinders
of 150 mm diameter and 300 mm height and 30 beams of 500 mm x 100 mm x 100 mm
size were casted for all five specimen types and then cured prior conducting the tests to
determine the compressive, tensile and flexural strengths respectively. Total of 45 cube
specimens and 45 cylinders were selected to obtain the compressive and tensile strength
at 3 days, 7 days and 28 days while 30 beams were used to obtain the flexural strengths
at 7 days and 28 days respectively. Figure 2 represents casting details of the concrete
specimens. Rebound hammer test was conducted for the cube specimens to get a rough
estimate of the compressive strength. Compressive, flexural and split tensile strength
were also determined. Quality of concrete was analysed using ultrasonic pulse velocity
method and stress—strain relationships and modulus of elasticity of different mixes were
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determined. The resulting compressive, flexural and split tensile strengths are presented in
the current study.

Table 1. Properties of fibres used for the study.

No. Physical Properties F1 F2 F3
1 Material Polyolefin Polyolefin-twisted Polypropylene
2 Form Structured fibres in bundles Fibrillated Fibrillated
3. Length, mm 50 19 12
4 Colour Yellow Beige White
5 Tensile Strength, N/ mm? 618 400 250

6. Indicative Photograph

Carbon emission factor
7. 1.57 1.69 297
(kgCO, /kg)

(a) Moulds for casting

(d) Specimens after casting

Figure 2. Details of casting of concrete specimens for testing.

The mix design quantities and mixing procedure were based on the guidelines given
in the code; IRC: 15-2002 [25]. The maximum cement content in the mix was determined to
be 425 kg/m?>. The details of the mix design are shown in Table 2. The fibre content in each
of the combinations was determined based on previous studies and guidelines provided
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in IRC: SP: 46-2013 [26]. Fibre amounts considered in each combination are illustrated in
Table 3.

Table 2. Mix design details of 1 m? of concrete.

Water Cement Fine Aggregates Coarse Aggregates Superplasticizer
Amount (kgs) 158.0 416.0 670.0 1196.0 2.45
Emission factor 0.0025 0.93 0.0048 0.083 52 x107°
Reference [27,28] [27,29] [27,30] [27,29] [27]

Table 3. Dosage of fibres in kg/m? and retail price.

No Type of Mix Fibre Dosage, kg/m3 Price per kg
1 Plain 0.00 -
2 F1 3.00 1500
3 EF2 1.00 1500
4 F3 0.90 376
5 H1 (F1 + F2 + F3) 1.50 + 0.50 + 0.45 -

4.2. Compressive Strength Testing Procedure

Compression tests were conducted using universal testing machine (UTM). The cubes
were placed over loading platform of UTM and load was applied over the cubes until the
specimen failed. Compressive strength was determined by obtaining the ratio between
the load at failure (N) and the cross-sectional area of cube as shown in Equation (1). The
average compressive strength was calculated by considering at least three samples. The
failed samples are illustrated in Figure 3. Compression test was done with the help of
compression testing machine.

Ultimate Load at Failure in N 1)
2

Compressive Strength in N/ mm? =

Area of cross section in mm

Figure 3. Specimens after compressive strength testing.

4.3. Split Tensile Strength Testing Procedure

Split tensile test was carried out by placing cylindrical specimens in the horizontal
form in between the loading surfaces of compression testing machine. Load was then
applied until failure. The test procedure adopted was based on the specifications given in
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IS: 516-1959 [31]. Due to low tensile strength and brittle nature, the concrete cannot resist
direct tension. Therefore, the result from this test is important to investigate the tensile
strength of the specimens. Split tensile strength is calculated using the Equation (2).

2xDP

. . . 2 _
Split tensile strength in N/mm* = ~d<h

&)

where, P is the ultimate load at failure in N, d is the diameter of the cylindrical specimen
in mm and h is the height of the specimen in mm. The specimens reinforced with fibres
illustrated better resistance to shattering as compared to plain control sample as shown in
Figure 4.

(a) (b)

Figure 4. Specimens after split-tensile strength testing. (a) Plain concrete specimen at failure. (b) Con-
crete specimen with fibres (F1) at failure.

4.4. Flexural Strength Testing Procedure

Two-point loading was applied to the specimen using a hydraulically operated loading
machine. A constant rate of loading of 400 kg/min was applied throughout the test until
the final load at failure was observed. The test was done as per IS: 516-1959 guidelines [31].
Flexural strength value is an indication of the modulus of rupture of the beam. Better
resistance to shattering due to incorporation of fibres in concrete specimens is clearly visible
in the beam specimen given in Figure 5.

Figure 5. Beam specimen after flexural test.
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Flexural strength of the specimen was calculated using the Equation (3).

Q xL

Flexural Strength in N/mm? = =~ —
& b xd?

®)
where, Q is the ultimate load at failure in N, L is the length of the span on which the
specimen is supported in mm, b is the measured width of the specimen in mm and d is the
measured depth of the specimen in mm.

5. Assessment Models and Methodology
5.1. Goal, Scope, System Boundary and Functional Unit

The main goal of this study was to identify, compare and analyse carbon emissions
and manufacturing costs related to production of concrete white toppings with inclusion
of fibres. The production of specimens was setup at laboratory scale to facilitate effective
comparison and enable potential environmental and economic improvements. Effective
comparison of environmental impacts and manufacturing cost is strongly dependent on
proper definition of functional unit of the product and hence the study adopted “one cubic
metre of concrete” as the functional unit.

System boundaries for the current study involved a cradle-to-factory boundary in-
cluding acquisition of raw materials, transportation of raw materials and production of
the main product. Since the manufactured product was experimentally compared with
varying material content for performance, maintenance, usage and end-of-life life cycle
stages are assumed to be similar and hence excluded from the comparative analysis.

5.2. Mathematical Models and Inventory Analysis

The following mathematical models were used in the study to estimate carbon emis-
sion and production cost. Embodied emissions from raw materials used in concrete can be
determined from Equation (4).

Em = Z Qi X Ec,i (4)

where, Ey, is the embodied CO, emission of raw material (i) used in the mix design in
kgCO,-eq, Q; is the amount of i material used in kgs and E_ is the embodied carbon emis-
sion factor for it" material in carbon dioxide equivalents (kgCO,-eq/kg). The study used
raw material carbon emission factors published in ICE database for general context [29,30].
Carbon emissions due to transportation of raw materials and fossil-fuel operated equipment
can be determined based on the Equation (5).

Et (OI‘ Eeq) = 1000 (5)
where: Et and Eeq are the CO, emissions from transportation and equipment usage for
the fuel type (j) respectively, Qj is the quantity of the fuel type (j) in kL, EC; is the energy
content factor for fuel type (j) in GJ/kL and EF; is the CO, emission factor for the fuel
type (j) in kgCO,-eq/GJ. Carbon emission due to electricity consumption and material
manufacturing costs were determined from Equations (6) and (7). An average carbon
emission factor due to fossil fuel combustion in mobile vehicles and stationary equipment

is used as 0.159 kgCO, /t-km and 2.62 kgCO, /L respectively [32-34].
Eglec =Ee X P x h (6)

Cp=) UCm X Qm @)

where Egj. is the carbon emission due to electricity consumption, Ee is the carbon emission
factor in kgCO,-eq/kWh, P is the power of the machine in kW and h is the machine
operation hours. Cp, is the material manufacturing cost, UCy, is the unit raw material cost
and Qp, is the quantity of the m™ raw material type. Table 4 highlights the energy sources
used for electricity production in India and the average carbon emission factors.
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Table 4. Electricity mix in India.
Energy Source Coal Hydro Nuclear Renewable Natural Gas Diesel Reference
% Contribution 70.64 12.04 3.31 10.3 3.7 0.5 [35]
Average carbon emission
factor (kgCO, /kWh) 1.19 0.002 0.015 0.0012 0.41 0.84 [33,36]
Therefore, the weighted carbon emission factor for electricity was calculated as
0.861 kgCO, /kWh.
5.3. Sensitivity Analysis Using Monte-Carlo Simulation
The objective of the sensitivity analysis was to check the influence of several input
variables on the final output i.e., manufacturing cost and carbon emissions. The amount of
fibre content in the mix design was optimised in the multi-objective optimisation analysis
hence was not considered in the sensitivity analysis. The influence of only cement as
a raw material was considered in the sensitivity analysis as it is the most significant
raw material in concrete with high embodied carbon emissions and manufacturing costs.
Table 5 highlights the considered inputs for the sensitivity analysis. Curve fitting was
performed on each input variable data obtained locally and through published literature,
and the corresponding probability distribution was obtained. Uniform distributions were
assumed for transport distance and raw material as they were discrete values. Monte-Carlo
simulation (MCS) with 10,000 iterations were performed with a statistical significance of
0.05 to obtain the output functions. MCS is a powerful sampling method that has the
potential to perform parameter uncertainty analysis [37]. Simulations were conducted by
generating a random variable using boundary range values specified in Table 5.
Table 5. Input variables and the variations used for sensitivity analysis.
Input Variable Unit Range Distribution References
Transport distance km 10-200 Uniform -
Electricity emission factor kgCO, /kWh 0.03-1.13 Lognormal [33,38]
Transport emission factor kgCO, /t-km 0.12-0.25 Uniform [29,38,39]
Cement emission factor kgCO, /kg 0.62-1.14 Normal [40-42]
Diesel emission factor kgCO, /kg 2.61-3.20 Lognormal [33,38]
Raw material cost INR/kg 5% to 95% of the initial value Uniform -

5.4. Multi-Objective Function

The study used multi-objective genetic algorithm (MOGA) which is a well-known
multi-objective optimisation technique that can generate non-dominated optimal solutions
from the reference solution [43]. The technique is a slow convergence population-based
approach derived from natural selection in biological applications [44]. Based on the study
scope and objectives, cradle-to-produce carbon emissions and manufacturing cost were
considered in the optimisation problem and the Equations (8) and (9) were defined as the
objective functions.

Objective function 1: Minimise manufacturing cost, MC = Z G+Co+(Ct: (8

Objective function 2: Minimise carbon emissions, E; = Z y x (MEE+EE+TE) (9)

where, C; is the unit raw material procurement unit cost for rth material, Cp is the ma-
terial production cost of the final product “p” and (Ct), is the transportation cost to the
manufacture plant of the r" raw material. MEE, EE and TE are the carbon emissions

related to materials embodied emissions, equipment usage and transportation emissions in

“u_ 1

kg-emissions. “y” is the quantity of concrete in kg.
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The main objective of the study was to compare the carbon emissions and economic
savings of varying fibre content in the concrete mix design. The fibre content in the
concrete mix design and transportation distance are key factors that could influence the
total production cost and carbon emissions. Therefore, these two variables were considered
in the optimisation assessment and sensitivity analysis.

5.5. Limitations and Assumptions

Any study is subjected to limitations and assumptions based on the scope and objec-
tives of the study. The current study was subjected to following assumptions and limitations.

e  The study results were based on laboratory-scale production of materials, and mass-
scale industry production could exhibit different results.

e  The study assumed that fibres used in the mix are extracted from plastic materials and
the sorting, conversion process in the optimisation calculation.

e  The study considered a maximum fibre content based on the reference sample results
and assumed varying fibre content do not affect physical and mechanical characteris-
tics significantly.

e In instances emission inventories were not available, emission factors were obtained
from previously published literature.

e  Some other phenomena in concrete such as carbonisation and carbon sequestration
were not considered in the current study.

e  Waste treatment and transportation of concrete raw material are not considered in the
current study scope.

e  Retail prices were used for raw material procurement costs, and these may differ from
bulk costs.

e The study presented only compressive, split tensile and flexural strengths of the
samples to demonstrate strength characteristics of the samples.

6. Results and Discussions
6.1. Experimental Results

The resulting average compressive, split tensile and flexural test results of 15 samples
are illustrated in Figure 6.

60

a1
(=)

40
% 3 days
30
7 days
28 days
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N
(=)

=
o

Control F1 F2 F3 Hi1

@
Figure 6. Cont.



Future Transp. 2022, 2

273

4.5

N
ol

%= 3 days
w7 days

N

M 28 days

=
ul

Split Tensile Strength (N/mm?)

o
&

o

Control F1 F2 F3 H1

| | '
0 st KR
F1 F2

Control

a1

Iy

7 days

W

m 28 days

N

Flexural Strength (N/mm?)

F3 H1

Figure 6. Average experimental results of the different specimen samples. (a) Compressive strength
variation of samples in N/ mm?. (b) Split tensile strength variation of samples in N/ mm?. (c) Flexural
strength variation of samples in N/mm?.

Based on the results it was observed that all the samples containing fibre materials
exhibited superior 3 days, 7 days and 28 days comprehensive strength and split tensile
strength as compared to the control sample. In addition, when the results obtained in
compressive strength test and rebound hammer tests were compared, it was found that
approximately 65% of the strength obtained in compressive strength testing is obtained
during rebound hammer test.

Maximum increase of about 40% in split tensile strength was observed in case of
hybrid combination of fibres. Better interlocking between the fibres in the concrete matrix
can be attributed to this significant increase. The cracked specimens in hybrid combination
failed to split apart even after the occurrence of failure. This is due to the presence of fibres
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which resisted shattering of the specimens. Maximum increase of flexural strength was
observed around 30.11% mainly due to the incorporation of fibres in mono and hybrid
forms which provided better resistance to cracking due to the interlocking property of fibres.
All these preliminary test results indicated that the samples with fibres are comparable with
the control sample and can be utilised for cost and carbon emission optimisation study. The
experimental results are presented only to facilitate the comparable results for the carbon
emission and cost assessment.

6.2. Carbon Emissions and Manufacturing Cost Results

The resulting manufacturing costs and carbon emissions for the samples are presented
in Figure 7. As expected, incorporation of fibres increased both carbon emissions and
production costs. However, carbon emission increase was within 2% of the control sample
while manufacturing cost increases were between 7% and 90%. Sample F1 exhibited the
highest cost and carbon emissions. The hybrid sample, H1 also displayed relatively high
costs and carbon emissions mainly due to the presence of F1 fibres in the mix. The results
infer that increasing F2 and F3 fibre content in the hybrid mix could provide the minimum
cost and carbon emissions escalations leading to a more sustainable output.

6.3. Sensitivity Results

Sensitivity analysis using Monte-Carlo simulation was conducted to identify the
significant inputs that have high sensitivity towards the outputs, i.e., carbon emissions
and costs. The resulting carbon emission variation and cost variation distributions with
10,000 iterations are illustrated in Figure 8. The lower and upper limits of each box represent
the first quartile (Q), median (Q,) and the third quartile (Q3) values respectively, with the
minimum and maximum values also indicated at the extremes in the box plots. The “dots”
in the box plots represent outliers. The results are then compared with the carbon emissions
and costs of the control sample to identify the significance of each input on the final output.
The cement emission factor has the most significant influence on carbon emissions with
the highest sensitivity. This is mainly due to high quantity of cement used in the mix
design, variations in the production processes and variations of energy sources. Several
outliers at both ends indicated that there could be few instances with both sustainable and
unsustainable cement productions. In addition, transport distance, carbon emission factor
for transport vehicles were recorded as significant inputs that could influence the total
carbon emissions. Results indicated that transport distance has high sensitivity to emission
variation, ranging from 521 to 594 kgCO, /m?.

Sensitivity analysis results indicated that transportation distance is more important
for manufacturing cost than the raw material cost of cement. This is important in the case
of large countries with long travel distances. These results indicated the importance of
exploring the possibilities of reducing virgin cement from mixes and use of locally available
materials to reduce the transportation impacts. Due to the dynamic nature in the case
of road construction and rehabilitation, prioritizing procurement plant to optimise the
transport distance is important to minimise the total carbon emissions and costs.

6.4. Multi-Objective Optimisation Results

The results from the sensitivity analysis identified emissions from cement production
as the most sensitive input for carbon emissions. Therefore, cement content in the opti-
misation problem is kept a constant. In addition to the fibre content, transport distance
is considered as a variable in the optimisation problem. To satisfy the two objectives in
Equations (8) and (9), the following constraints are considered.

e  The minimum and maximum fibre content limits were assumed as the fibre content in
F1 sample and H1 hybrid mix respectively (0.9 < F1 + F2 + F3 < 3.0) and F1, F2, F3 > 0;
Transportation distance was considered as a discrete value;

Transportation cost was considered as a function of the travel distance and the weight
of the materials transported;
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Figure 7. Manufacturing cost and carbon emissions of different mix designs. (a) Cost per m? of
sample (INR). (b) Carbon emissions per m3 of sample (kgCOy).
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Figure 8. Sensitivity analysis results.

The total fibre content (F1 + F2 + F3) in the optimisation problem is kept in between
the fibre content of F1 sample and Hybrid sample (H1) to maintain the experimental results
obtained in the reference mixes. Lower constraint of 0.9 fibre content corresponds to the
F3 sample content and highest fibre content of 3.0 corresponds to the H1 sample content.
Therefore, with the assumption that each fibre content is non-zero, having a mix of fibre
content between these values is likely to have satisfactory physical strength as compared to
the reference sample. Multi-objective optimisation using genetic algorithm was performed
in MATLAB with 100 generations. The resulting Pareto Front is illustrated in Figure 9
where carbon emissions and production costs are represented for a functional unit of 1 m3
of concrete mix. Pareto Front provides globally optimised solutions through the closet
convergence from the output points. The non-dominated optimised solutions obtained
from the population often is dependent on the context in which it is evaluated [45]. The
process then removes dominated solutions in each generation. Based on the observations
in Figure 9 three optimal regions can be identified for further discussion. The two extreme
solutions in the Pareto front provide non-dominated solutions for fibre contents that can
achieve highest cost savings and carbon emission savings respectively. Solutions at the
top of the results (mix designs) convergence can achieve around 0.4% carbon emission
savings for every 1 m? of concrete used. However, the two most feasible options provide
both non-dominated optimised mixed designs with high carbon savings and production
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cost savings. Project stakeholders can select the most feasible fibre content based on the
project objectives. Technical capability of the fibre combination content of the optimised
mix designs then needs to be validated using experimental results.
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Figure 9. Pareto spread with non-dominated optimised solutions.

The resulting fibre content of the optimal mix designs in the three regions of the
Pareto front is presented in Table 6. The fibre content is rounded up to the closet second
decimal and therefore, the total might slightly differ. As seen, all the optimum solutions
minimise the F1 fibre content due to high material price and the carbon emissions. How-
ever, F1 cannot be removed from the optimisation problem because the highest strength
characteristics were obtained in the hybrid mix sample (Figure 6). However, future studies
can be focused on validating these mix designs through experimental investigations for
satisfactory strength results.

Table 6. Fibre contents (in kg) in the optimal mix designs (per m?).

Region F1 F2 F3 Emis:/;o(liaé:coaria tion % Cost Escalation
High-cost saving 0.70 0.70 0.50 0.33 47.07
High-cost saving 0.80 0.70 0.40 0.30 49.33
High-cost saving 0.90 0.60 0.50 0.35 50.08

Feasible 0.70 0.65 0.55 0.34 45.93

Feasible 0.90 0.70 0.30 0.28 51.59

High carbon savings ~ 0.90 0.70 0.40 0.33 52.35
High carbon savings ~ 0.90 0.70 0.50 0.39 53.10
High carbon savings  0.70 0.90 0.40 0.34 52.35

7. Conclusions and Future Research

The study used four fibre combinations including F1 (Polyolefin), F2 (Polyolefin-
twisted), F3 (Polypropylene) and a hybrid mix (H1) which included a combination of
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the above three fibre types. The experimental results of the study illustrated that incor-
poration of fibres significantly increases compressive strength, split tensile strength and
flexural strength of the samples. H1 sample recorded the highest performance with 8.73%,
39.93%, 30.11% increase in compressive strength, split tensile strength and flexural strength
respectively as compared to the control sample. However, carbon emission and cost anal-
ysis indicated that mix samples containing F2 and F3 have the least carbon emissions
and production cost escalations with a percentage increase of 0.57% and 7.17% respec-
tively as compared to the control sample. Sensitivity analysis identified transport distance,
embodied carbon emission factor for cement and transport emission factor are the most
sensitive parameters to carbon emissions. Multi-objective genetic optimisation algorithm
was developed to find the most optimum fibre content with least cost and carbon emission
escalations. Optimisation analysis presented optimal mix designs in the Pareto front of
fibre contents with least carbon emission and production costs escalations. The findings of
the study are useful for interested project stakeholders who wish to utilise cost-effective
and environmentally friendly road rehabilitation practices. The current study considered
the effect of using virgin fibre materials in the white topping application in roads. However,
further research can be concentrated on exploring the use of waste fibre materials in the
mix to reduce the carbon emissions. Besides, future research can be focused on exploring
the long-term environmental and economic benefits including the durability characteristics
to benchmark the sustainable benefits of the product. Similar methodology could also be
adopted to compare carbon emissions and production costs of various road rehabilitation
techniques to benchmark practically feasible options. The current study used production
and supply chain data related to laboratory-scale production. Therefore, only small sav-
ings of carbons emission and production costs were obtained in the optimisation results.
However, if the same is used in a road construction case study, significant carbon emission
and cost savings can be achieved. Hence future research is suggested on comparing and
optimising carbon emissions and cost savings of using white topping in a road construction
case study considering all the supply chain data.
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