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Abstract

Channel stabilisation with the lining of bed/ banks using cement-concrete (with/ without steel reinforcement as per
the size, depth, and capacity), geomembrane, polymers, canvas, ramped earth, vegetation, gravel/ stone pitching,
and brick blast is a common practice worldwide to save the adjacent flood plain areas from bank overflowing,
seepage, water logging/ salinity, loss of water in irrigation channels, maintaining required water levels and
strengthening of channels to be used as transportation means. A trapezoidal channel of cross-section 165 m? and
a lined perimeter of 42m was proposed to accommodate a super flood of 360 m’/sec discharge for a catchment
area of 1446 km? and 118 km length, using a projected heavy flood event of 6 cm precipitation in 8 hours for Swale
River to ascertain the material calculation and its environmental impact. This concrete lining would likely produce
an equivalent global warming potential/ embodied carbon dioxide (CO,) of 284 million kgCO ,eq (kilogram CO,
equivalent) with the projected use of around 271 million kg of cement concrete and 78 million kg of steel. The
enormous amount of embodied CO, emissions from this projected lining project suggested using natural means
of flood/ channel protection if feasible, or alternative supplementary cementitious materials with fibres should be
used to minimise the environmental impacts.

Keywords: Hydrology, materials science, channel stabilisation with lining, cement concrete, embodied CO,, environmental

impacts.

Introduction

The natural methods of floodplain restoration are short-lived,
limited and less efficient, especially for the extensive stretches
of more significant streams. This necessitates the incorporation
of structural methods of flood protection in the form of dams,
reservoirs, barrages, channels, the concrete lining of rivers and
the erection of artificial means/ hydraulic structures, which are
considered robust, strong, efficient and resilient but likely to
cause environmental/ ecological disorder due to use of cement
as a basic material (Nadir & Ahmed, 2022; Nadir et al., 2024;
(Nadir, 2024a; 2024b; )). Cement is the leading cause of the
carbon footprint of concrete in the construction industry. As
professionals in the field, the audience plays a crucial role in
finding and implementing sustainable solutions to this issue.
Cement is classified as third in the Green House Gas (GHG)
emissions after the iron and steel industries, but its large-scale
manufacturing/ utilisation of around 4.4 billion tons annually
makes it the most CO, embodied material in the world. Cement
emits 10% of GHG and 30% of global energy consumers
(Purnell, 2013; UNEP, 2020; Lupien, 2020; Obinna, 2023).

The conversion of limestone CaCO, into slaked lime CaO
after burning at 14500C is the most energy-intensive and CO,
emitting process of cement manufacturing, accounting for
around 80% of GHG emissions of cement concrete (0.8-0.9
tons of CO, per ton of cement manufacturing). Concrete main
ingredients are binder (cement responsible for up to 80% of
GHG emissions), fine/ coarse aggregate (responsible for up
to 5% GHG emissions), admixtures (responsible for up to
2% GHG emissions) and water (zero emissions) (Brander &
Davis, 2012; Gagg, 2014; Grand view research, 2020; Nadir &
Ahmed, 2021a; Garside, 2022a; Garside, 2022b; MPA, 2007;
Nadir et al., 2022b). The construction industry must adopt
low-CO, embodied construction materials while planning
any infrastructure, especially the water channels and proper
hydraulic designs, to shoulder the responsibility of reducing
carbon footprints. The total discontinuation of cement concrete
is not considered an immediate solution. It would likely
continue in construction like using fossil fuels for at least a
considerable future time, necessitating formulation of greener/
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sustainable eco-friendly materials by controlling/ reducing the
use of clinker (calcination of lime), reduced cement use, use
of alternative pozzolans, use of alternative materials for steel,
aluminium and plastic. Therefore, deliberate hydrological/
statistical studies and selecting sustainable construction
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materials are imperative for the catchment-level management
of water resources. Some examples of using cement concrete
and supplementary cementitious materials (SCMs) in
infrastructure construction/ hydro modifications are illustrated
in Figures 1 and 2.
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Figure 1: Hydromodifications, Channele/ Stabilisation (Synthetex, 2023)
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Figure 2: Uses of Cement Concrete and FRC SCMs in Greener Infrastructure Construction and Embankment Stabilisation
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Hydrological Studies and Flood Forecasting/ Prevention
Water channels supply drinking water, food, and transportation
means for humankind (Shirleyana & Anindya, 2012), but
unplanned mushroom growth/ urbanisation along the water
channels impact the ecology, hydrology and environment
(World Wildlife Fund (WWF), 2012). The construction of
hydraulic structures for flood protection, channel stabilisation
and taming the natural resources using artificial materials
like cement concrete/ steel and heavy hydro-modifications in
geography, natural profile/ alignment result in disturbed flow
and cue conflicts among the societies (Nadir & Ash, 2022).
Historical flooding and its damaging effects on human lives/
property are a few examples of the anthropogenic activities
in the floodplains of major rivers and their after-effects of
the modifications like the Yangtze River’s worst floods and
devastation caused by Yellow River in China, Mississippi
River in the USA, Indus in Pakistan, Ganges, Jumna and
Brahma Putra in India and Bangladesh, Elbe flooding in 2002
in central Europe, the UK flooding in 2007 mainly arising from
climatic changes and urbanisation/ modifications along natural
rivers flood plains (Prevention Web, 2008; Flood site, 2009;
Schleifstein, 2011; Shandana, 2012; Kumar, 2017; National
Mississippi River Museum (NMRM), 2018; WIKI2, 2019;
Kumar, 2020; Nadir & Ahmed, 2022; US Army Corps of
Engineers (USACE), 2024). All these damaging catastrophic
events necessitate the incorporation of preventive/ corrective
measures to avoid the re-occurrence of flooding events and
damages to lives/ property and channels themselves by
coordinated studies of hydrology, geography, geology, material
sciences, environmental impacts and careful designing/
selection of greener infrastructure construction materials for
all types of hydro modifications/ channel stabilisation.

Hydrological studies, statistical modelling and flood
frequency analysis are paramount activities before planning
any construction along the water streams (Stewart et al.,
1999; Helsel & Hirsch, 2010; Saleh, 2011; Renard et al.,
2013; Benameur et al.,2017). However, the effectiveness of
such hydrological studies largely depends on the selection of
statistical techniques/ software and the availability of data for
forecasting rainfall/ discharge in ariver using different statistical
formulas and software. Then, the estimated 10-200 year return
period for storm/ discharge events, lag time, hydrograph
analysis, catchment efficiency, exceedance probability,
probability distribution functions and the expected discharge
are calculated to design the suitable channel cross-section,
hydraulic structures and channel lining methods (Rowinski et
al., 2002; Millington et al., 2011; Renard et al . ,2013; Singo
et al., 2013; Bezak et al., 2014; Oke and Aiyelokun, 2015;
Saghafian et al.,2014; Deng et al., 2016; Kamal et al.,2016;
Rulfova et al., 2016; Mathwave Easy Fit 5.6 Pro, 2019; Liu et
al., 2022). These methods use estimation parameters based on
the length of the given data set (less than 50 entries or more
than 50 entries) (Rowinski et al., 2002; Cunnane, 2010; Nadir
& Ahmed, 2022). It is difficult to assess a precise flood event
trend; however, a predicted storm event based on the historical
flow pattern could demonstrate ideal conditions for flood/
storm forecasting. A unit hydrograph analysis is helpful in the

assessment of the effective runoff in a catchment by a storm
event for essential flood plain mapping/ zoning, estimation of
precipitation/ discharge in a river basin, catchment parameters
and rain/ flood frequency duration curves (Jena & Nath, 2019;
Adeyietal., 2020; Iresh et al., 2024; Iresh et al., 2024; Shashika
et al., 2024).

Channel Lining Designing Parameters

The channels are lined to protect the water losses due to
infiltration in the soil during water transportation from head
to tail in different reaches. The unlined canal raises the water
table in the surrounding areas, causing saturated soil, water
logging and salinity, and loss of precious water (especially if
a channel is used for irrigation). The first and foremost design
parameter is the impact of lining on the environment/ ecology/
natural habitat of the stream. The economic consideration
comes next to deciding whether to construct a lined channel
or let it be in the natural strata. The velocity of water, erosion
control, structure/ alignment of channel (straight/ meandering),
water inflow/ capacity, resistance to storm flow, type/ nature
of soil strata of the channel catchment, area of the channel,
shape of the cross-section and use/ type of materials are a
few important considerations before finalising the decision of
lining the channels and use of materials/ techniques. Due to
ecological considerations, preserving channels in their natural
geographical profile is the best strategy. However, the areas
causing frequent overflowing of the banks/ flooding, erosion,
sediment/ gravel deposition, and safety to surrounding assets/
properties are considered for channel linning/ stabilisation,
even compromising the ecological implications. The necessity
of incorporating engineering solutions to safeguard the
channel embankments, structures (bridges, culverts, weirs,
notches) and human beings/ assets is prioritised with minimal
environmental impacts. Generally, the lining could be stone/
brick pitching, wooden logs, gravel revetment or vegetation for
a low discharge channel. Nevertheless, plain cement concrete
with/ without fibres, canvas, meshes, polypropylene tubes/and
reinforced earth/ panels are considered eco-friendly solutions
for a high discharge channel. However, for very high discharge
or in the case of poor bank strata, the use of reinforced cement
concrete is considered the long-lasting lining solution (Gnilsen,
1987; Leika et al., 2000; UK Centre for Ecology & Hydrology,
2022; Tahir et al., 2011; FSU, 2012; UK Centre for Ecology &
Hydrology, 2013; Memon et al., 2013; NRFA, 2015; Bakhshi
& York, 2016; Open Channels, 2016; Ditches and Channels,
2002; Section 44, 2016; The Constructor, 2018; CCLD, 2019;
Engineering Toolbox, 2019; Kumar, 2020; United States
Department of Agriculture (USDA), 2020; GOV.UK, 2021;
Wagas-Chaudhry, 2021; FEG, 2022; Scribd, 2015; Kim &
Lee, 2021; United States Department of Agriculture, 2022;
UK Centre for Ecology & Hydrology, 2022; Synthetex, 2023).

Methodology and Study Site

The empirical correlation between stream discharge and
stage gauge reading is then calculated using the empirical
relationship for respective daily stage gauge height; a total
volume of direct runoff per hour VDRH is calculated from the
total discharge (Doston, 2020; Scribd, 2015). The hydrograph
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analysis is helpful in the calculation of the intensity of a storm
in a specific catchment in a unit of time, which can then be
used to assess the multiple storm events’ intensities, their lag
timing in the conversion of the storm into a discharge from
the runoff basing on the catchment efficiency, infiltration,
geographical profile and geology taking into consideration
the manning N relationships/ strata material values, rational
method correlation and lag time formulas (US Geological
Survey (USGS), 2016; Engineering Toolbox, 2019; Chegg,
2023). The channel cross-section can be triangular for low
discharge capacity or trapezoidal/ rectangular for higher
discharge capacities. The trapezoidal cross-section is preferred
for its better stability with a 2:1 horizontal to vertical slope in
the form of 10-15 m panels with a proper jointing system. The
preferable thickness of lining for plain concrete is a minimum
of 10-20cm for PCC/ RCC and 20-50cm for bricks/ stone
lining (IS: 3873- 19192, 1993; Thomason, 2019; Highway
Design Manual, 2020).

Swale River is the northernmost tributary of River Ouse in
Yorkshire Dale, one of the fastest flowing water streams in
the UK, originating from the Birkdale Common, drains West/
South through Birkdale Deck, East/ North through Whites
undale Beck It. It flows easterly over the hamlet of Keld, passes
through significant settlements like Richmond and Catterick
southwards and ultimately joins River Ure at Myton-on-Swale
in the Vale of York near Borough bridge, stretching 118 km
length, draining a catchment area of 1446 km2, as shown in the
layout map in Figure 3 (Wikipedia Contributors, 2024). The
river catchment could generate a maximum of 140m?/sec base
flow discharge. However, the flow range of 10-80 m¥/sec is a
normal range for the river in a regular storm event. Therefore,
the designers must plan the flood prevention infrastructure’s
capacity/ strength/ placement to cater to a minimum flood
event of 150 m3/ sec (rounded up). However, for design
considerations, the forecast of maximum rainfall/ discharge is
done on 100-200 years precedence, which comes to be around
360 m¥/sec, 3 times more than the maximum base flow of 150
m?¥/sec. (Yorkshire Dales National Park, 2024; Yorkshire Dales
Rivers Trust, 2024; Walks in Yorkshire, 2024).
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Figure 3: River Swale Map (Swale Way Google Maps, 2024)

Results and Discussion

In another study conducted by the author on hydrology
(Nadir, 2024b), A 200-year-return period storm of 2.75 cm/
hr, generating a 200-year discharge event of 360 m3/sec in
Swale River, having a catchment area of 1446 km? based on
a 30% catchment efficiency index. Base flow is subtracted
from observed flow to obtain storm flow, and then, the total
runoff volume is calculated using Equation 13 or calculating
the area under the curve in the hydrograph (Table 1). The
equivalent rainfall depth RE has been calculated by dividing
VDRH by the catchment area in meters (1446,000,000 m?) and
multiplying it by 100 to get the equivalent rainfall depth in cm.

The difference between RT (6 cm) and RE (1.3 c¢m) indicates
4.7 cm of rainfall loss due to water absorption/ evaporation.
The infiltration index of around 30% has been calculated using
the expression RE/RI. The effective rainfall is obtained by
subtracting the infiltration index from the hourly rainfall of the
storm event. The hydrograph calculations are shown in Table
1. The unit hydrograph obtained by this calculation has been
used to calculate the storm hydrograph of any rainfall duration
for the same section/ catchment (Table 2) (Nadir, 2024b).
Total Discharge = 14130000 m*

Equivalent rainfall of total VDRH (in-depth cm) = RE =
14,130,000 /(1446x1000x1000) * 100 = 1.3cm
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Totalrainfall duringthestormevent=RT=0.25+2.75+2.75+0.25
=6cm

Total losses of rainfall volume in cm depth = RL = RT (Total
Rainfall) — RE (Equivalent Rainfall of total VDRH) = 6 — 1.3
=4.7 cm

infiltration index (@) = RE / RL = 1.3/4.7 = 28% ~ 30%
Effective rainfall = Total rainfall — @ (no negative value to be
considered)

Total Peak Discharge = 1200 m*/sec

30% Peak discharge after infiltration @ 30% catchment
efficiency = 360 m?/sec

Generally, in the given catchment area of Swale River in the
above data, flood events occurred after the peak rainfall witha 1
to 5-hour lag time and finished in 12 hours to return to the regular
base flow. The probability of getting high discharge runoff in
lesser lag time is higher in case of more rain in consecutive
intervals of time in wintery/ wet conditions, concluding that a
prolonged spell of rain has a higher probability of a flash flood
event (Nadir, 2024b).

Table 1: Quantities of discharge and precipitation duration for a 200-year predicted hydrograph analysis (Nadir, 2024b).

Rainfall Total Rainfall | R, Flow Observed storm Unit Runoff
Duration(h) | (cm/hr) Time (h) | Hydrograph m*/sec | Hydrograph m*/sec | Hydrograph | Volume m?
m?/sec
0 150 0 0 0
0-1 0.25 0 1 150 0 0 0
1-2 2.75 225 |2 350 200 50 720000
2-3 2.75 225 |3 800 650 162.5 2340000
3-4 0.25 0 4 1200 1050 262.5 3780000
5 900 750 187.5 2700000
6 750 600 150 2160000
7 550 400 100 1440000
8 350 200 50 720000
9 225 75 18.75 270000
10 150 0 0 0
11 150 0 0 0
Total 6 14130000
Table 2: Embodied CO, (kgCO e/kg) of Cement, aggregate and SCMs (Nadir, 2024b)
Time (h) | Unit Hydrograph | P1*UH | P2*UH | P3*UH | P4*UH | Storm Total
(UH.) Hydrograph (DRH) | Hydrograph (TH.)
1 0 0 0 150
2 50 100 100 250
3 163 325 0 325 475
4 262.5 525 150 675 825
5 187.5 375 487.5 0 862.5 1012.5
6 150 300 787.5 75 1162.5 1312.5
7 100 200 562.5 24375 |0 1006.25 1156.25
8 50 100 450 393.75 |25 968.75 1118.75
9 18.75 37.5 300 281.25 | 81.25 700 850
10 0 0 150 225 131.25 |506.25 656.25
11 0 0 56.25 150 93.75 300 450
12 0 75 75 150 300
1 0 28.25 |50 78.125 228.125
3 0 25 25 175
14 0 9.375 9.375 159.375
15 0 0 150
16 0 0 150
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Channel Lining Designing Parameters

After doing all the designing calculations, we could ascertain
that a storm of accumulated rainfall of 6¢cm could generate a
total discharge of 1200 m*/sec in the catchment. With a 30%
catchment efficiency/ infiltration index, only 360 m*/sec (30%
of total discharge 1200 m3/se) would enter the stream in 4-5
hours. A trapezoidal channel (Figure 4) of 15m base width,
40 m top width, 1 m freeboard, 1 m side extensions, 13.4
m side length, 0.2 m thickness, 6 m depth, 2.6 m/sec flow
velocity, area of cross-section 165 m?, wetted area of cross-
section 137.5 m?, wetted perimeter 41m, total lined perimeter
44 m, hydraulic radius 4m, side slope 2:1, and longitudinal
slope 0.045, manning n for concrete 0.013, was proposed to
accommodate 360 m?*/sec discharge, for a catchment area of
1446 km2, and 118 km length of the Swale River.
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Figure 4: Proposed Channel Cross-Section for Swale River
Channelization.

Material Calculations and CO2 Emissions by Concrete
Channel Lining

The required strength of concrete was considered 30 MPa
at 28 days of cube testing, the mix ratio is 1:2:3, and the
reinforcement requirement was taken as 1% of the concrete
(Team, 2018). So, the concrete and steel requirements were
calculated as follows:

Total concrete required =42 x 0.2 x 118000 = 991200 m?
Concrete weight = 991200 x 2400 = 2,378,880,400 kg =
2,378,880 tons

Cement required for 991200 m* of concrete in 1:2:3 ratio
(@274 kg/ m*) = 274 x 991200 = 271,588,800 kg = 271.589
tons of cement

Steel reinforcement (@1% = 78 Kg/m3)= 78 x 991200 =
77,313,600 = 77314 tons

The GHG emissions from concrete and steel required lining
of Swale River channels of the above-proposed cross-section
were calculated using embodied CO, data from Table 3 with
C25/30 concrete having 0.113 kgCO,eq/ kg and steel having
0.198 kgCO eq/ kg (Institution of Civil Engineers (ICE), 2011;
Obinna, 2023):

CO, emission from concrete = 0.113 x 2,378,880,400 =
268,813,485 kgCO,eq = 5,159,568 tons

Cement required for 991200 m* of concrete in 1:2:3 ratio
(@274 kg/ m*) = 274 x 991200 = 271,588,800 kg = 271.589
tons of cement

Cement CO, emission = 0.78 x 271,588,800 = 211,839,264
kgCO,eq = 211839 tons

Steel CO, emission =
kgCO,eq = 15308 tons
Total CO, emissions from the proposed channel = 268,813,485
+ 15,308,093 = 284,121,578 kgCO2eq = 284.12 million
kgCO,eq or 5,159,568 + 15308 = 5,174,876 tons 5.12 million
tons CO,.

0.198 x 77,313,600 = 15,308,093

This study on the designing/ application of channel lining
demonstrates that constructing a 118 km long channel with a
20 cm thick RCC lined channel would likely contribute around
284.12 million kgCO,eq or 5.12 million tons. Therefore, it is
suggested that alternative pozzolanic/cementitious materials
and fibres should be used to partially replace cement/ steel in
the concrete to overcome this menace of CO, emissions from
the construction industry, especially on the water line.

Table 3: Embodied CO, (kgCO,e/kg) of Cement, aggregate
and SCMs (ICE, 2011; Obinna, 2023; Nadir et al., 2024).

Embodied CO, kgCO, e/ kg of cement, aggregate and SCMs

Materials Embodied CO, (kgCO,e/ kg)
Cement Type | 0.78
Sand 0.005
Coarse Aggregate 0.005
Ground Granulated Blast | 0.067
Furnace Slag (GGBS)

Pulverised Fly ash (PFA) 0.004
Silica fume (SF.) 0.028
Metakaolin (MK) 0.15
Natural Pozzolans (e.g., | 0.05
volcanic ashes, trass)

Calcined Natural Pozzolans | 0.2

(e.g., calcined clay, LC3)

Agricultural ashes /rice husk, | 0.1
palm ash (RHA, PA)

Limestone fines (CaCO,) 0.075
Alkali-activated materials /| 0.15-0.4
“Geopolymers.”

Steel 2.89
RCC 32/37 (110 kg/m3 of | 0.2
steel)

Aluminium 8.5

Applications of Pozzolanic Supplementary Cementitious
Materials (SCMs) in Channel Stabilisation,
Hydromodifications and Infrastructure Construction

The study evaluated that channelizing even in a small section
of around 118 km long, 42 m wide, and 20 cm thick concrete
1:2:3 lining with 1% steel reinforcement (20 mm c/c 300
mm) resulted in 284.12 million kgCO,eq or 5.12 million
tons. An emission of around 15 million kgCO,eq by steel,
212 million kgCO,eq by cement and 57 million kgCO,eq by
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fine/ coarse aggregate/ other materials would be contributed
by this channelisation project (a total of 279 million kgCO,eq,
contributed by 1:2:3 PCC 3000 psi or 21 MPa strength) alone.
However, the researchers have been endeavouring to formulate
SCMs by partial cement replacement in concrete with
pozzolanic materials to reduce the embodied CO, emission
potential and decrease the construction industry’s greenhouse
gas emissions. Some of the recommended established/ novel
materials have been listed in Table 4 to compare their embodied
CO, potential to that of cement. All partial replacement
pozzolanic materials, except for the metals, demonstrate
significantly less embodied CO, than cement. Nevertheless,
the use of metals (600-800 million tons annually) compared to
cement (around 3.5 billion tons annually) in the construction
industry is significantly less. Hence, the cumulative effect of
cement’s greenhouse gas emissions is much more pronounced
as the significant CO, emitter in the construction industry.
Cement is the second largest CO, emitter, responsible for 10%
of the global emissions after the power production industry
(35% CO, emissions), even more than the aviation industry
(7% CO, emissions) (Ahmed & Nadir, 2024).

As shown in Table 4 and Table 5 (Appendix I), if the partial
replacement of cement is considered beneficial with pozzolanic
SCMs, like using 30-60% ground granulated blast furnace slag
(GGBS), then a 27-53% saving in CO, emissions and a cost
saving of 5-10% can be achieved. Using 10-40% pulverised
fly ash (PFA) can reduce CO, emissions by 10-39% and
economise on the cost by 3-12%. Silica fume (SF) is obtained
from the silicon industry and is a costly material; therefore, its
2.5-10% use as SCM can reduce CO, emissions by 2-9%, but
the cost is likely to increase by 2%. Metakiolin is produced by
calcining/ dehydrating Kaolinite (naturally occurring clay) by
burning at 650-700 centigrade. It is abundant, like limestone,
and can be widely considered a partial replacement for cement.
Still, its calcination process makes it a higher CO, embodied
material with increased manufacturing cost. Still, its 5-20%
use can save on emissions by up to 16% with a cost benefit
of up to 3%. Rice husk ash (RHA) and palm ash (PA) are
agricultural waste ashes whose 2.5% to 10% use as a novel
material is under consideration and can result in reduced CO,
emissions by up to 9% and a cost-benefit of up to 3%. The
summary of embodied CO, and cost savings for some SCMs
has been listed in Table 4.

Table 4: Embodied CO, and Cost-Benefit Analysis - Partial Replacement of Cement with Pozzolanic Materials

Mix Material Total kgCO,e/m’ | %age Saving of kgCO_e m* | Cost/m’ GBP | %age Saving in Cost/m’
Control Mix with Cement | 274 0 323 0
SCM with GGBS 30% 201 27 307 5
SCM with GGBS 45% 165 40 299 8
SCM with GGBS 60% 128 53 290 10
SCM with PFA 10% 247 10 313 3
SCM with PFA 20% 221 19 304

SCM with PFA 40% 168 39 285 12
SCM with SF 2.5% 267 2 324 0
SCM with SF 5% 261 5 326 -1
SCM with SF 10% 248 9 328 -2
SCM with MK 5% 263 4 321 1
SCM with MK 10% 252 8 318 1
SCM with MK 20% 231 16 313 3
SCM with RHA 2.5% 268 2 321 1
SCM with RHA 5% 262 4 318 1
SCM with RHA 10% 251 9 313 3
SCM with PA 2.5% 268 2 321 1
SCM with PA 5% 262 4 319 1
SCM with PA 10% 251 9 315 3

Note: Positive values show benefits/ savings in reduced CO2 emissions and costs. The negative values show the increased cost.

In contrast, the detailed calculations of embodied CO,
emissions and cost-benefit analysis have been shown in Table
5 (Appendix I). The use of 1-2% (2-4 kg/m®) steel fibres,
polymer/ polypropylene fibres (PPF), polyethene terephthalate
(plastic bottles shredded fibres PETF) and coir (COF) or wheat
straw fibres (WSF) are also recommended for small channels/
tunnel lining instead of using steel reinforcement where tensile
strength is not the designing requirement. Fibre-reinforced
concrete (FRC) will likely impart up to 300% improved tensile

strength compared to plain cement concrete (PCC). It can help
in controlling/ stopping the creation/ propagation of cracks
due to plastic shrinkage/ settlement, thawing/ freezing, long-
term drying shrinkage, crazing, improved pore refinement,
enhanced impermeability/ post-crack ductility, resistance to
spalling/ reinforcement corrosion, reduced alkali-aggregate
reaction and further reduction of up to 56% in embodied
CO, and absorption of 1-2% global waste (Yin et al., 2016;
Chaturvedi et al.,, 2021; Nadir et al., 2022a; Adfil, 2023;
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Construction Placements, 2023; Bosun,2023; Ahmed & Nadir,
2024; Nadir et al., 2024). Suppose 10-17% (40-60 kg/m?)
steel fibres (0.75-1 mm, 50 mm long, aspect ratio of 50-67)
are used as it is considered a suitable alternative to 1% steel
reinforcement with the same shear force resistance and up
to 60% bending moment resistance (subject to the structural
design considerations, size/ capacity of the channel). In that

case, it could further reduce CO, emissions by 50% by not
using the steel bars for the reinforcement. It could reduce the
cost by up to 150%, as investigated in designing steel fibre-
reinforced concrete for tunnel lining, with at-par results using
1% steel reinforcement (78 kg steel per m3 of concrete) (Kim
& Lee 2021).
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Figure 5: Use STF-Based SCMs in Tunnel Lining (Kim & Lee, 2021).

Conclusions

The construction of hydraulic structures without proper
catchment studies results in climatic variations and flooding
disasters. To overcome previous hydromodifications/proposed
construction, they entail the integration of hydrology/
structural engineering and material sciences. Most greenhouse
gas emissions from the construction industry are attributed
to cement concrete, the second most used material on earth
after water, due to its ease of use, mechanical properties
and engineering utilisations. A particular focus on selecting
greener material is needed before constructing hydraulic
structures/ channel lining due to embodied impacts on the
environment and quality. Eco-friendly pozzolanic SCMs
with the incorporation of fibres can be used for infrastructure
construction, channel lining, and hydro modifications in the
water streams with reduced embodied CO,, lesser ecological
impacts and enhanced engineering properties.
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Appendix I

Table 5: Detailed Calculations of Embodied CO2 and Cost-Benefit Analysis — Partial Replacement of Cement with Pozzolanic

Materials (SCMs)
Embodied CO; and Cost-Benefit Analysis - Partial Replacement of Cement with Pozzolanic Materials
Cemernt
Replacement Aggrsgate  kgCOu2k Aggregste Pomolans Total Savingof Savingof  %age Saving of Costimi’ %age 55\:“19

Mi: Materisl Cement (kg) Material(Kg) (kg) g kgGOwe  kgCOwekg kgCOmeim’  kgCOuefton kgClee/m kgGOweiton kgCOwe/ bnor mi 'GBP in Costim’

Control 220 0 1700 0.78 0.005 0 74 805 0 0 0 323 0.0
GBS 20% Jeic”] 102 1700 0.78 0.005 0067 20 =2 72 214 feid 07 5.1
GGES 45% 187 153, 1700 0.78 0.005 0067 165 84 108 3 0 228 7.6
GGES E0% 128 204 1700 0.78 0.005 0067 128 T 146 ] ) 250 10.1
PFA 10% 08 24 1700 0.78 0005 0004 247 7T 27 7B 10 313 232
FFA 20% 2 68 1700 0.78 0.005 0004 el 650 53 155 18 304 53
PFA 0% 204 1268 1700 0.78 0005 0004 168 84 08 an = 285 1.8
SF 2 5% 215 85 1700 0.78 0.005 0028 267 TEE 7 15 2 324 -0.4
oF 5% ) 17 1700 0.78 0.005 0028 21 767 12 = 5 328 -0.8
SF 0% 208 24 1700 0.78 0.005 0028 248 730 26 75 E] 225 -1.7]
WS ) 17 1700 0.78 0.005 0.15 =) TR 11 2 4 321 0.7
MK 10% 208 24 1700 0.78 0.005 0.15 52 742 22 =) 5 215 1.5
K 20% e 68 1700 0.78 0.005 015 2 678 42 126 16 313 22
RHA 2 5% 35 85 1700 0.78 0005 0.1 268 788 6 17 2 321 0.7
RHA 53 273 17 1700 0.78 0.005 0.1 62 7 12 24 4 215 1.5
RHA 10% 306 34 1700 0.78 0005 0.1 251 737 23 68 ] 313 23
PAZE% 215 2.5 1700 0.78 0.005 0.1 -] TER 6 17 2 32 0.6
FA 5% Eec) 17 1700 0.78 0005 0.1 2 7 12 22 4 313 13
FA 10% 08 24 1700 0.78 0.005 0.1 251 7T 22 [ ] 315 25

Pos itive vales of 3age show savings and negative valuss show inoresse inwvalues compared to PCC 1:2:2 mic
All the mixes heve been considered wsing 1:2:3 pb mix ratio for & fair comoerison purpose:
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