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Abstract:

The general perception of the most efficient method of embodied carbon reduction revolves around the
idea of material replacement, l.e., using alternative Lower embodied carbon materials.
While material substitution can be an efficient way of carbon reduction, the commercially available low-
carbon materials cannot get us a considerable reduction to reach Net Zero in our structures. Besides,
the technical challenges associated with the long-term durability and longevity of novel materials, and
difficulties related to specifying them by general practitioners are other factors slowing down the mass
adoption of alternative materials.
Design optimisation, to reduce the uptake of materials, is equally an efficient tool to reduce the
embodied carbon, and it is one that can be achieved without the risks of dependency on the supply
chain or durability concerns that can be faced by specifying alternative low-carbon materials.
This paper provides several case studies to demonstrate the importance of structural design
optimisation in our mission to Net Zero. Structural system optimisation and advanced lateral analysis
are among the topics that are covered to provide a quantitative perspective into the amount of carbon
saving that can be achieved.

Keywords: Embodied-carbon, Net Zero, Structural Optimisation, Digital Engineering

1. Introduction

The design and construction of buildings and structures is a significant contributor to global carbon
emissions and the construction industry has a vital role to play in the transition to a low-carbon economy.
With the global demand for new buildings and infrastructure projects increasing rapidly, it is imperative
to implement sustainable design practices to reduce the carbon footprint of structures. Implementing
carbon reduction strategies require a collaborative effort between architects, engineers, contractors,
and manufacturers to optimize building materials, design processes, and construction methods.

Up until recently, however, the general perception of the most efficient method of embodied carbon
reduction has been revolving around the idea of material replacement and improvements, l.e., using
alternative Lower embodied carbon materials.
While material substitution is an efficient way of carbon reduction, the commercially available low carbon
materials cannot get us a considerable reduction to reach to a Net Zero carbon emissions without
carbon offsetting in our structures.

Figure 1 summarises the results of an analysis of the GWP (Global Warming Potential or the carbon
equivalent of all greenhouse gas emissions) for commercially available low-carbon concretes in
Australia and compares them against the conventional GP and blended cement concretes. The GWP
data have been extracted from published EPDs (Environmental Product Declarations) [1]. At the time
of writing this article, there are still few major concrete suppliers that have not published their EPDs,
and their self-declared GWP numbers have not been used in this analysis as a result. Furthermore, the
extracted GWP data only includes the concretes used for building structures, and specific use-cases
such as high-slump concrete, tremie concrete, shotcrete concrete, etc. have been excluded. To simplify
the comparison, national average numbers have been calculated to establish the trendlines. Authors
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acknowledge that this averaging method introduces some error in the numbers, however a similar trend
can be established for each state and the employed method provides enough clarity on the message
intended to transfer.
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Figure 1. A comparison between the available low-carbon concrete and conventional concrete GWPs

As can be seen, depending on the type of concrete used initially which can be a 100% GP cement or
blended with Fly Ash (FA) or Slag (GGBS) or both, the amount of GWP saving varies between 20 to
35% for a 50 MPa concrete. It should also be noted that calculation of the exact amount of saving is not
a straightforward exercise as it requires establishing the carbon footprint of the business as usual (BAU)
designs. However, the type of concrete used in (BAU) designs varies for various structural elements.
For instance, post-tensioned slabs typically are constructed using blended FA cement concretes which
yields a lower carbon saving if compared against low-carbon options, as opposed to scenarios where
a 100% GP cement concrete has been used as the baseline. This highlights the importance of a
profound structural knowledge of the typical mix designs used for BAU designs.

Another difficulty when it comes to establishing a baseline to measure the amount of carbon saving is
the lack of enough information when it comes to historical jobs; publication of EPDs has only been
getting momentum in the past 2 years or so and the Carbon information of the materials in older projects
are typically not known or available.

Finally, not all low-carbon concretes (as an example) yield similar engineering and durability properties
which means that they will not be a like-for-like replacement for conventional concretes and detailed
structural and material engineering assessment will be required to specify them.

Considering the points highlighted above, and while carbon saving through material replacement
remains an efficient method and one of the main tools in our toolchest, structural engineers need to
look beyond the material replacement and find innovative methods to reduce the volume and tonnage
of materials in the first place.

There are numerous studies available on the literature that investigate the impact of an optimised design
on reducing the carbon footprint of structures.

Kaethner and Burridge [2] study examined the embodied carbon of different structural systems (steel-
framed, concrete-framed, and long-span) in three commercial building types. They found no consistent
lowest embodied carbon system due to material impact factor variability. However, once a system was
chosen, they identified opportunities for embodied carbon reduction through efficient design. The study
also revealed that a building's structure accounted for over 50% of the total embodied carbon and the
use of a long-span scheme increased the impact by around 10%.

Moynihan & Allwood [3] found that improving the efficiency of steel design is crucial to reduce embodied
carbon. In their study of 23 steel buildings, they discovered that the average beam utilization was below
50%, indicating overdesigning. Repetition across floor plates could ease design and fabrication burden,



as five beam sizes accounted for more than 75% of the beams in the floor plates. Thirion [4] explored
the potential reduction in embodied carbon by varying the steel cross-section along its length and found
up to 30% reduction. However, Thirion also found that a large portion of this reduction is due to
overdesign, similar to Moynihan & Allwood's findings. It is likely that designing beams closer to their
ultimate strength, rather than varying the cross-section, is the more cost-effective option.

This paper investigates the role of structural design optimisations on reduction of carbon footprint of
structures. A real-world case study is provided to demonstrate the amount of saving that can be
achieved by employing optimisation methods and changing the BAU approaches. Results suggest the
important role that design optimisation can play along with material replacement in any strategy to reach
Net Zero design.

2. Case Study: Structural grid optimisation

The choice of a structural grid directly impacts the floor geometry within a structural system. The floor
grid determines the locations and resulting spans between supporting columns within the building.
Different floor grid configurations have varying amounts of material required to meet strength,
serviceability, and durability standards set by governing codes and standards. This will impact the total
amount of embodied carbon within the structure. This study explores the relationship between different
grid and slab systems and their impact on embodied carbon during the A1-A3 stages of product design,
while designing to Australian Standards.

2.1. Methodology

RAPT (Reinforced and Post-Tensioned) is an analysis and design software widely used by structural
engineers to design reinforced and post-tensioned concrete systems. It is versatile in designing
concrete members and floor systems to national code systems including AS3600:2018, ACI 318-
99/UBC and EUROCODE 2.

In this study, RAPT was used to model two slab systems: (1) flat slabs, and (2) one-way banded slabs.
A hypothetical floor plate with square dimensions of 40 metres by 40 metres was modelled in RAPT to
design a multi-span continuous slab supported by columns spaced at different grid spans ranging from
7 to 15 meters, seen Figure 2 and in Table 1. The design was based on typical permanent and imposed
loads for three different loading scenarios: residential, commercial, and carpark, with values derived
from AS1170.1:2002 and presented in Table 2. Column sizes and reinforcement rates for each loading
scenario used are specified in Table 3.

Flat Slab

Columns

Figure 2. Example of a flat slab structure

Material tonnages were calculated for each slab model and normalised per m2 for comparison. The
global warming potential (GWP) of each material shown in Table 4 was used to calculate the total
embodied carbon potential for each slab system.

Reinforced concrete slabs were designed with post-tensioning (PT) to Australian Standards, specifically
the Concrete Structures code AS3600:2018, outlining minimum requirements for strength, serviceability
and durability seen in Table 5. Detailing requirements specified by AS3600 were kept consistent across
all slab models.



Table 1. Floor grid spans for various slab systems and loading scenarios

Building Type zlyastt)em Floor Grid Dimensions (m)
Carpark Flat Slab 70x70;, 75x7.5 80x80;, 85x85 9.0x9.0; 95x95;
10x 10
Banded 70x7.0; 75x75;, 8.0x80; 85x8.5 9.0x9.0; 95x9.5;
Slab 10x10
Commercial Flat Slab 70x7.0; 80x8.0; 9.0x9.0;, 10x10
Banded 70x7.0; 80x80; 9.0x9.0; 10x10
Slab 9.0x10; 9.0x11; 9.0x12; 9.0x 13; 9.0x 14
(rectangular grids)
Residential Flat Slab 70x7.0;, 75x75, 80x80; 85x85 9.0x9.0; 95x9.5;
10x 10

Table 2. Permanent and imposed loads for loading scenarios

Permanent Load Imposed Load

Building Type (kPa) (kPa) Reference

Carpark 0.50 2.50 AS1170.1 Table 3.1 — Light vehicle traffic areas
Commercial 1.80 3.00 AS1170.1 Table 3.1 — Offices and work areas
Residential 1.50 1.50 AS1170.1 Table 3.1 — Self-contained dwellings

Table 3. Column sizes and reinforcement rates for loading scenarios

Building Type Column Dimensions (mm) Reinforcement Rate (kg/m3)?
Carpark 300 x 1000 x 2900 300
Commercial square grids with
smaller spans ( < 600 x 600 x 3700 250
10m)
rectangular grids
with larger spans ( 700 x 700 x 3700 250
2 10m)
Residential 230 x 2000 x 3100 200

1 Column sizes have been selected from typical buildings with similar functions

Table 4. Global Warming Potential for materials and structural elements

Material  Element Global Warming Potential

(kgCO4/m3) 2
Concrete Columns 502
Slabs 338
Beams 338
Screed 326
Steel Reinforcement Bars 2.0
PT (Bonded Monostrand) 2.0

2The global warming potential for concrete elements is measured in kgCO2/m3 of concrete, whereas for steel
elements, it is measured in kgCO2/kg.



Table 4. Design requirements to Australian Standards

Requirement Criteria Adopted Value(s) Reference

Strength Design capacity must be equal to Appropriate capacity
or greater than the design action factors and ultimate
effect, for all critical cross-sections  limit state load

AS3600 Clause 2.2 —
Design for strength,

and regions. combinations have — AS3600 Equation 2.2.2,
o o E been used. — AS3600 Table 2.2.2 -
a= Ry = Eq Capacity Reduction
Factors
Serviceability Incremental deflection limited A< L — AS3600 Table 2.3.2 —
to span/500, =500 Limits for calculated
— Total deflection limited to not (L \éertlcal degleclztlsns of
larger than span/250 or 25mm Amax < min| >-025mm eams and slabs
Durability
Slab models have been — B1 exposure class, — AS3600 Clause 4.3 —

designed according to
Australia (Sydney) climate,
with an A2 exposure

— Adopted concrete Exposure Classification,

grade = 40MPa, — AS3600 Table 4.4 —
Minimum strength and

classification, — Adopted concrete : :
_ curing requirements for
- cover = 40mm,
— Minimum concrete strength of concrete
25 MPa for an A2 class, — Average

. AS3600 Table 4.10.3.2 —
prestressing for

— Minimum concrete cover of _ Required cover where
. crack control =
30mm for 25MPa concrete in 1 4MPa standard formwork and
an A2 class environment, ' ' compaction have been
used,

— A moderate degree of crack
control has been used. — As3600 Clause 9.5.3 —
Crack control for
shrinkage and
temperature effects

2.1. Results and Discussions

2.1.1. Flat Slabs

It was observed that for flat slab systems, commercial slabs have the highest embodied carbon per
square metre for all square floor grids, preceded by residential and carpark slabs. Based on this study,
the result in Figure 3 show that embodied carbon of commercial flat slabs is 2-8% higher than residential
and 12-17% higher than carpark slabs. This can be explained by the higher permanent and imposed
loading applied, necessitating deeper slabs to meet serviceability conditions (deflection) and durability
criteria (moderate degree of crack control).

It is noted that for all residential, carpark and commercial slabs, total embodied carbon across 7.0 to
8.0 metre spans experience minimal variation. When transitioning from 7.0 to 8.0 metre spans, the
embodied carbon of residential slabs reduces by 2.1%, reduces by 3.1% for carpark slabs, and
increases by 2% for commercial slabs. However, for grid spans greater than 8.0 metres, total embodied
carbon steadily increases at a faster rate — the highest embodied carbon observed in a 10 by 10 metre
commercial slab system, equating to 171 kgCO2/m3. Figure 3 indicatively shows that reducing the grid
span from 10 to 8.0 metres in a residential slab can result in a 12% reduction in total embodied carbon.
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Figure 3. Total embodied carbon of flat slabs across different grid spans and loading
scenarios

From Figure 3, it is evident that the “optimum” grid span length lies between 7.5 to 8.0 metres where
total embodied carbon is minimised. Residential flat slabs achieve their lowest embodied carbon
intensity of 139 kgCO,/m?2 within a 7.5 x 7.5 metre grid, carpark flat slabs attain 124 kgCO,/m?in an 8.0
x 8.0 metre grid, and commercial flat slabs producing 141 kgCO,/m?in a 7.5 x 7.5 metre grid.

Longer spans require greater load-bearing capacity which causes the slab to experience higher vertical
deflection. As a result, deeper slabs are required to meet deflection limits (4/L. ) specified by Australian

Standards. To meet durability considerations, additional reinforcement and PT is needed to
complement deeper slabs for crack control. Therefore, greater quantity of material is required when
increasing grid spans, exemplified in Figure 3 which examines the quantity of concrete within flat slab
systems, consisting of columns, slabs, and screed.
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Figure 4a, 4b, 4c. Composition of (4a) residential, (4b) carpark and (4c) commercial flat slabs.

Figures 4a, 4b and 4c show that increasing grid spans lead to a decrease in concrete column volume
across all loading scenarios. This can be attributed to the reduction in the number of columns required
to support a slab with consistent dimensions as the grid span length increases. For residential flat slabs,
there is a 45% reduction in total column volume equivalent to 0.018 m3/m?2 when moving from 7.0 to 10-
metre grids. Similarly, the total column volume reduces by 44% (0.011 m3/m?) for carpark slabs and
45% (0.017 m3/m?) for commercial slabs.

A similar increasing trend can be observed with slab volumes within the structural systems displayed in
Figures 4a, 4b, and 4c. The minimum slab depth used in this study is 0.2 metres to address fire-
resistance criteria outlined in Clause 5 of the Australian concrete AS3600. Figure 4 shows that a 0.2-



metre deep slab has been adopted for residential, carpark and commercial slabs. A greater slab depth
is required for longer spans. The slab volume of commercial flat slabs increases by 45% (0.09 m3/m?)
when moving from 7.0 to 10-metre grids. Likewise, for carpark and residential slabs, there is a 35%
(0.07 m3/m2) and 30% (0.06 m3/m?) increase, respectively.

Screed is an additional topping material used to level and smooth a concrete surface before applying
finishes. It typically comprises of a mixture of building materials such as cement, ceramics, lime-sand,
marlstone to enhance durability, abrasion-resistance, and waterproofing. This study considers the
application of screed in the design of residential and commercial buildings, which directly affects the
total concrete volume of slabs requiring screed for finishes. Carparks do not require screed as they are
not designed with additional finishes and are not intended for long-term occupancy or residency,
negating the demand for screed.

Figures 4a and 4c show there is a direct relationship between screed volume and span length. For
residential slabs, the screed volume increases marginally for slab spans greater than 7.5 metres,
averaging a 0.001-0.002 m3/m? increase. However, this relationship is not observed in commercial slabs
as there is a sudden increase in screed volume for 9.5 and 10.0-metre grid spans, indicating a 0.004
m3/m2 increase when moving from a 9.0 to 9.5 metres grid. It is also noted that residential slabs require
a greater screed volume across all grid span lengths.

The volume of screed required is related to the geometry of a plate supported at its corners and subject
to a uniformly distributed load. The resulting vertical deflection over a two-way spanning slab is
parabolic in the slab’s planar axes, illustrated in Figure 5. Existing literature relating to plate theories
including Timoshenko, Kirchhoff-Love, and Mindlin plates investigate the phenomenon of plate bending
further. Each theory carries its assumptions and criteria; however, the mathematics and literature
concur that deflection depends on parameters including plate thickness, stiffness, and material linearity.

Figure 5. The deflected shape of a plate under a uniformly distributed load, supported at its
corners

In this study, all concrete has been assumed to be a linear-elastic material with the same Young’s
modulus and hence, stiffness. From Figures 4a and 4c, it is observed that the volume of screed required
varies proportionally with slab depth. This can be attributed to plate bending becoming more apparent
for larger spans because greater vertical deflection is observed.

As concrete is relatively weak in tension, reinforcing bars and PT are needed to reinforce the concrete
slab. Figures 6a, 6b and 6¢ show the relative proportions of reinforcement and PT mass within a
structural slab, and their variation with grid span and loading scenarios. It is observed that with
increasing slab spans, there is an average 10-15% switch from reinforcing bars to PT within the slab.
This can be explained by the initial requirement for reinforcement bars to meet minimum reinforcement
demand for bending of slabs, outlined in AS3600 Clause 9.1, as well as maintaining a moderate degree
of crack control and an effective prestressing force for durability. As a result, post-tensioning utilisation
is more prominent with structural systems with larger spans.
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Figure 6a, 6b, 6¢c. Composition of steel within (6a) residential, (6b) carpark, and (6c)
commercial flat slabs.

Figure 6d compares the total mass of reinforcement (reinforcement bars and PT) for different loading
scenarios. It can be observed that there is a positive linear relationship between total reinforcement
mass and grid spans. This can be explained by the requirement for deeper slabs for larger grid spans,
and hence, more reinforcement is needed for crack control and effective prestressing. Commercial
slabs require an average of 5-15% more reinforcement than carpark and residential slabs because they
are subject to higher permanent and imposed loading. When moving from 7.0 to 10 metres spans, all
loading scenarios depict a 3-4kg/m? increase in total reinforcement mass.
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Figure 6d. Comparison of Reo and PT mass for loading scenarios.

2.1.1. Banded Slabs

This study compared the total embodied carbon of flat and banded slabs for carpark and commercial
loading. The advantage of banded slabs is the inclusion of band beams to increase the stiffness of the
slab along column supports, enabling the imposed loading to span one-way as opposed to a two-way
flat slab configuration. The result of a one-way spanning band-beam system is thinner, lighter slabs
spanning between stiff beams.

A comparison between flat and banded slabs for carparks is seen in Figure 7a, which shows a reduction
in total embodied carbon choosing banded slabs over flat slabs, regardless of grid span. Banded slabs
with a grid span of less than 8.5 metres show a similar relationship with flat slabs where the total
embodied carbon decreases marginally by 1-4kgCO,/m2. As explained earlier, this is due to minimum
reinforcement requirements relating to slab depth. However, for grid spans greater than 8.5 metres,
embodied carbon within banded slabs increases more rapidly due to the need to increase the amount
of reinforcement and PT for serviceability requirements.
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Figure 7a, 7b. Comparison between flat and banded slabs under (7a) carpark loading, and (7b)
commercial loading.

At an 8.0m grid span, the total embodied carbon of banded carpark slabs is minimised, equating to 114
kgCO2/m2, representing an 8% reduction when compared with an equivalent flat slab (124 kgCO,/m?).
As indicated in Figure 6a, the greatest range of increase between flat and banded carpark slabs is 28%,
suggesting that significant savings can be achieved when switching from a flat to banded slab for
carpark loading. A similar trend can be observed for commercial slabs in Figure 7b. For each grid span,
the total embodied carbon of flat slabs is greater than banded slabs. For example, a banded slab with
a 10.0-metre grid can achieve a 20% saving in total embodied carbon when switching from a flat slab
system. The total embodied carbon of a banded commercial slab is optimised at an 8.0-metre grid,
resulting in 125 kgCO,/m? of embodied carbon that equates to a 15% saving (when compared to the
equivalent flat slab that has an embodied carbon intensity of 147 kgCO./m?). A substantial embodied
carbon reduction can be achieved from flat to banded commercial slabs, reflecting a 37% total range
increase.

8. Conclusion

While replacement of conventional construction materials with low-carbon alternatives is an efficient
method of reducing the embodied carbon of structures, the state of the current technological
advancement mandates coupling the material replacement method with other design methods to
increase the saving amount. This paper investigates the impact of structural design optimisation of slabs
on the embodied carbon for various geometry and loading boundary conditions. The results suggests
a considerable saving of between 12-37% for various slabs. These numerical findings also highlights
the importance of engagement of structural engineers and collaboration with the architects and various
stake holders at the early stages of the design development where there is still opportunity to introduce
smart decision-making in the structural design process.
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