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Abstract

Building foundation systems are a significant but understudied contributor to embodied carbon emissions of the built environ-
ment, and typically use excess material in prismatic, bending-dominated typologies. This paper identifies and characterizes
a promising pathway for reducing the embodied carbon associated with reinforced concrete shallow foundations through an
alternative typology, thin shell foundations. The main focus is a quantification and comparison of the environmental impact
of typical spread footings and materially efficient shell foundations. Validated analytical engineering equations are applied
in a parametric design workflow for the same design load and soil bearing capacity. By iterating through this workflow
systematically, insights are gained regarding the applicability of shell foundations to various building typologies and site
conditions. Results show that for small column loads and weak soils, shells reduce embodied carbon by about half compared
to spread footings. For high applied loads, shells significantly outperform their prismatic counterparts, reducing the envi-
ronmental impact by almost two-thirds. Foundations are then considered within the context of a whole building structural
frame to determine the potential downstream savings when multiple systems are optimized to reduce material use and mass.
When floor slabs are shape-optimized in addition to using shell foundations, a building structural system can be constructed
for nearly one-quarter of the embodied carbon of a typical system. To take advantage of these potential savings, a method
for fabricating thin shell foundations, where earth is compacted and milled to create the formwork, is presented following a
review of digital fabrication methods.

Keywords Thin shell foundations - Low embodied carbon - Concrete shells - Digital fabrication - Robotic manufacturing

Introduction

Due to increasing global population, floor area is expected
to double by 2070 [1]. At the same time, the building sec-
tor contributes 40% of global energy-related carbon dioxide
(CO,e) emissions annually, with embodied carbon contribut-
ing 13% as a result of current construction practices [2]. The
impact of a buildings structure is significant, accounting for
over 50% of the embodied carbon on a project [3]. Therefore,
reducing carbon emissions from building structures will play
a critical role in limiting global warming to 1.5 °C above
pre-industrial levels and creating a more equitable future.
This research aims to reduce carbon emissions associated
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with reinforced concrete foundations by utilizing efficient
geometry while addressing the need for a significant increase
in adequate housing due to rapid urbanization.
Foundations are a highly impactful contributor to the
embodied carbon emissions of a building’s structural sys-
tem, accounting for up to 42% on average [4]. Historically,
materially efficient shell foundations have been built and
studied for their ability to save cost. In this research, exist-
ing analytical equations are applied in a parametric design
workflow to evaluate the environmental impact of conven-
tional prismatic foundations (spread footings) and shell
foundations for the same design loads to demonstrate that
a significant saving to a building’s overall embodied car-
bon can be achieved by utilizing foundations with efficient
geometry. By applying the parametric workflow system-
atically, insights are gained regarding shells’ applicability
to various building typologies and site conditions. Foun-
dations are then considered within the context of a whole
building to determine the potential downstream savings
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when multiple structural elements are optimized to mini-
mize material use and mass.

Shells are materially efficient due to their geometry. How-
ever, their complex curvature has hindered their implementa-
tion in contexts where skilled labor costs outweigh material
costs, particularly in the Global North. Digital fabrication
offers a pathway to economically build materially efficient
foundations as innovations have led to increased productivity
and reduced cost for construction applications, particularly
for complex elements [5]. In this paper, robotically milled
earth is proposed as a fabrication medium to cost effectively
manufacture thin shell concrete foundations while minimiz-
ing the embodied carbon of formwork.

Environmental impact of reinforced concrete
structural elements

Reinforced concrete (RC) structures are composite systems
comprised of a large volume of reinforcing steel and con-
crete. Due to the processes required to manufacture them,
both steel and concrete have a high ecological impact in terms
of their carbon emissions and their consumption of nonre-
newable resources. Construction accounts for over half the
world’s steel consumption [6] and cement production alone
contributed approximately 8% of anthropogenic CO, emis-
sions in 2012 [7]. Architects and engineers are pursuing many
approaches to reduce emissions including material substitu-
tion and material reduction [8]. However, foundations are
particularly challenging to build in materials other than RC.
Additionally, RC has and will continue to be a key component
in the sovereign development of countries around the world
[9] and, therefore, should not be ruled out as a building mate-
rial in all contexts. This suggests that developing methods for
using less RC initially will be a key component in reducing
building sector carbon emissions [10].

In this paper, embodied carbon (CO,e) refers to the environ-
mental impact of Cradle to Gate processes during Life Cycle
Assessment (LCA) stages A1-A3 according to EN 15978:2011
(See Sec. 3.1). Emissions from extracting and transporting raw
materials and manufacturing building materials are included,
while emissions associated with transporting them to site and
construction (LCA stage A4-5) as well as use stage (LCA stage
B) are omitted. This paper focuses on stages A1-A3 due to the
anticipated difference in material consumption for the respec-
tive foundation typologies, the specificity of the materials
studied (concrete and reinforcing steel), and the reliability of
embodied carbon values for these materials [11]. Additionally,
over 90% of emissions for in-situ and prefabricated elements are
attributed to LCA stages A1-A3 [12]. For this work, embodied
carbon and global warming potential are used interchangeably.

Reinforced concrete structural elements, specifically
the floor system, frame, and foundations, are the biggest
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contributors to embodied carbon in a building [13] for two
reasons: 1) most of these elements work in bending, which
is an inefficient method of load transfer requiring additional
material to satisfy the design loads, and 2) prismatic elements
(rather than elements with varying cross section responsive
to nonuniform internal force demands) are built for ease of
construction in contexts where labor costs outweigh material
Costs.

However, by utilizing RC only where it’s required struc-
turally, architects and engineers have demonstrated that sig-
nificant material and carbon savings can be achieved. Dif-
ferent approaches include optimizing the shape of a one-way
RC floor slabs [14], utilizing thin concrete vaulted floors
[15, 16], and shape-optimizing beams [17]. Most research
to date on structural optimization for embodied carbon
minimization has focused on visible structural elements.
However, foundations are a highly impactful and often over-
looked contributor to embodied carbon in buildings and thus
should also be studied for their potential to reduce carbon
emissions.

Embodied carbon of foundations

Existing embodied carbon databases that quantify the envi-
ronmental impact of foundations are summarized in Table 1.

The majority of studies are based on material take-offs
from built projects [4, 18, 20, 21], while two utilize bot-
tom-up structural design [3, 19]. In all analyses, only typi-
cal foundation typologies are evaluated (including spread
footings, rafts, and piles). This literature provides a valu-
able baseline to understand the significance of foundations’
contribution to carbon emissions, accounting for up to 42%
of a structure’s embodied carbon, on average. However, the
large range in values (42—-7%) can be attributed to the lack
of data on geology, allowable settlement, and foundation
typology, as well as different methods for collection, dif-
ferent building types, and the inclusion of different scopes
(LCA Stage A1-D) for embodied carbon calculation. This
lack of standardization limits the ability to analyze what
is contributing to the material intensity of these founda-
tions as well as which parameters they’re most sensitive
to. However, this limitation also offers an opportunity to
study alternative foundation typologies utilizing bottom-up
physics-based calculations to determine their environmen-
tal impact.

Literature review and background

There are several areas of existing work that relate to com-
putational design optimization of foundations and efficient
foundation typologies. This section reviews them and pre-
sents the research gaps identified by this paper.
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Table 1 Non-exhaustive list of structural embodied carbon benchmarks that include mean embodied carbon contribution from foundations

Database / Publication Method of collection

Structural elements
included

Carbon Leadership
Forum Database [4]

DeQo Database [18]

Gauch et al. [19]

Thornton Tomasetti
Database [20]

Kaethner and Bur-
ridge [3]

EU-ECB Database
(France) [21]

Voluntary reporting
of material takeoffs
for built projects

Voluntary reporting
of material takeoffs
for med-large scale,
built projects

Bottom-up structural
design

Beacon; Revit mate-
rial takeoffs

Bottom-up structural
design

Voluntary reporting
of material takeoffs

Superstructure,
foundations

Foundations

Foundations

Foundations

Substructure

Foundations, base-
ment

LCA stages included Building program # of buildings/ Mean EC
samples contribu-
tion (%)
Varies (A1-D) Education, health- 557 42%
care, mixed, multi-
family, office, other,
public assembly
Al-A3 Commercial, data 200 27%
centers, education,
healthcare, hospi-
tality, residential
Al-AS5 Office 3000 22%
Not reported Educational 600+ across 23%
Residential all programs 199
Commercial 17%
Al-A4 Office 8 17%
Hospital 6 11%
School 6 11%
Varies (A1-C4) Not reported 486 7%

for built projects

Foundation optimization

To date, foundation shape optimization has focused on
a strict design space, limited to prismatic elements [23,
24]. Although insights are gained regarding the optimal
shape of the spread footing typology, marginal embodied
carbon savings are achieved. For example, when a multi-
objective optimization is performed for average cost and
average emissions, 7% (100 kg) CO,e can be saved across
1000 designs [23]. This is because the optimization does
not change the fundamental behavior of how the material
is carrying the load. By utilizing geometry that transfers a
column load to the soil below more efficiently, additional
material reduction can be achieved.

Additionally, there is a lack of academic literature on
foundation design optimization, when compared to other
structural elements. In a 2020 survey of peer-reviewed opti-
mization publications for RC structural components, a total
of 7 articles were found on foundations, compared to 152
for RC frame structures [25]. Yet, foundations contribute
between 7 and 42% of a structural system’s overall embod-
ied energy [4, 21]; therefore, foundations are both highly
impactful and relatively understudied.

Efficient or innovative foundations
through geometry

Historic examples suggest that material, and therefore
embodied carbon, savings can be achieved by optimizing the
geometry of foundations. Thin, RC shells are studied due to
their ability to distribute loads more efficiently through their
cross-section, reducing the quantity of material required
structurally. Shell foundations create a spatial system that
distributes the applied column loads primarily by in-plane
or membrane forces to the soil below (See Fig. 1b), rather
than through bending (See Fig. 1a) [26, 27]. As concrete
is utilized most efficiently in compression, a reduction in
concrete thickness and steel reinforcement can be achieved
if mainly compressive stresses are induced [28].

The first known modern example of an RC shell founda-
tion was designed and constructed by Félix Candela and
Carlos Recamier in Mexico City in 1953 [29, 30]. Since
then, the design and engineering methodologies for shell
foundations have been well established, with most literature
published to date from India and Russia [28]. India is the
only country with a building code devoted specifically to
shell foundations (consisting of the conical and hypar types)
which was authored by Nainan P. Kurian, the most prolific
author on the topic, upon which this work is based.

@ Springer
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Fig. 1 For design load P, (a)
typical spread footing, and (b)
hypar shell footing

A historical review is beyond the scope of this paper, but
a summary of previous investigations on shell foundations
by the authors found that the most substantial cost reduc-
tion on a built project was 72% when a shell mat founda-
tion was compared to a typical raft foundation for a factory
building in Konnegar, India [30, 31]. The majority of built
examples utilize shells due to the opportunity to save cost by
reducing material consumption. This is typical in contexts
where material costs outweigh labor costs, predominantly in
the Global South. Shell foundations are therefore relatively
understudied outside of this context.

Significant literature on the theory and application of
shell foundation engineering exists for a multitude of pure
shell forms. However, the environmental impact of their
deployment has not been quantified. Due to their ability to
substantially reduce material consumption, these precedents
provide motivation for revisiting shell foundations to deter-
mine the quantity of embodied carbon that can be saved by
utilizing efficient geometry.

Digital fabrication using earth

In contexts where labor costs drive construction costs, par-
ticularly in the Global North, elements that require more time
to build are often overlooked due to perceived expense. How-
ever, if a significant reduction in embodied carbon can be
achieved by building structural elements that are more com-
plex, the building industry is urged to confront the challenges
to fabricate them. Fortunately, innovations in digital fabri-
cation have led to increased productivity and reduced cost
for construction applications [5]. Therefore, contemporary
digital fabrication techniques such as 3D printing or milling
earth offer an economical pathway to achieving more com-
plex structural elements while reducing carbon emissions.
Earth as formwork is a familiar concept in shell design
and fabrication as demonstrated by Isler and Candela begin-
ning in the 1950’s [29, 32]. Advances in large scale additive
manufacturing hardware and software also demonstrate that
3D printing local earth can be achieved at building scale [33,
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34]. By utilizing this approach for foundations, the formwork
can stay in place, which offers an opportunity for low cost,
low carbon and no waste formwork, further reducing emis-
sions. One opportunity is to 3D print earth into the shape
required to receive an RC shell foundation. However, due to
the requirement for foundations to transfer the loads of the
building to the soil below, compacting the printed shape while
maintaining the complex geometry requires further study.

Subtractive CNC milling for complex formwork is an
alternative approach. This method typically relies on carbon
intensive materials such as high-density foam. Alternatively,
recyclable materials, such as frozen sand and ice, have been
deployed successfully as formwork for concrete elements
[35-37]. However, in these cases, the environmental control
of the experiment was critical to its success. Additionally,
topographical interventions have been studied at building
scale using an autonomous excavator [38]. The final forma-
tions were not tested for their ability to transfer structural
loads; however, much can be learned from these experiments
for load-bearing applications.

Research gap and research questions

Materially efficient alternatives to existing building sys-
tems are necessary to explore to limit global warming while
providing adequate housing for the increasing global pop-
ulation. Due to the lack of standardization across current
reporting methods, there is an opportunity to quantify the
environmental impact of foundations for various loading
conditions and soil types to understand their relative carbon
contribution using bottom-up physics-based calculations,
rather than top-down material take-offs. Computational
design is proposed to quickly iterate though these conditions
and to create generalizable data. Additionally, there is an
opportunity to explore alternative typologies and subtractive
digital fabrication methods for structural applications where
limited control on climate is expected, specifically for on-
site fabrication in heat stressed regions.
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The research questions that are central to this work are:

e To what extent can efficient geometry reduce carbon
emissions in foundations?

e Can we leverage digital fabrication to construct complex
geometry, if warranted by carbon savings?

To answer these questions, this research quantifies the
environmental impact of business-as-usual foundation design
by deploying a computational workflow to design spread and
shell footings (Sec. 4.1.1), evaluates the applicability of shell
foundations to various building typologies and contexts based
on their carbon saving potential (Sec. 4.1.2), quantifies the
downstream global warming potential saving when multi-
ple structural elements utilize efficient geometry to transfer
structural loads (Sec. 4.2), and investigates opportunities to
construct shell footings by compacting local earth and then
robotically milling it to act as formwork (Sec. 5.3).

Methodology

To evaluate the environmental impact of shell foundations
compared to prismatic (spread) foundations, the methodol-
ogy in Fig. 2 is used.

Embodied carbon comparison of shell and spread
foundations

Conceptual overview

Existing physics-based analytical equations that design and
size steel and concrete elements for shell and spread founda-
tions are parameterized in a computational workflow for two
reasons; 1) to understand the concrete and steel reinforce-
ment material takeoffs of a given design in order to calcu-
late the resulting embodied carbon, and 2) to quickly iterate
through various structural and geotechnical conditions to
output generalized data to understand the applicability of
shell and spread footings to various contexts.

Due to the fact that the only known building code for
shell foundations is from India, this research references the
National Building Code (NBC) of India for structural mechan-
ics, specifically the Indian Standard 456-2000: Plain and
Reinforced Concrete Code of Practice (IS 456) [39]. This code
can be compared to American Concrete Institute Code 318-19
(Building Code Requirements for Structural Concrete and
Commentary), but is more conservative in some regards [14].

This research studies how changes in the factored column
load (P = 1—5MN) and allowable soil bearing capacity (g =
72—575kN/m2) impact the overall carbon emissions of RC
shell and spread footings. The range of soil load bearing

Sampling over variables
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|
I

|

|
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|

|
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Calculate EC for each
design iteration

(See Sec. 3.1.4)

Fig.2 Methodology for structural design and embodied carbon com-
parison of spread and shell footings

@ Springer



Architecture, Structures and Construction

Table 2 Material properties for structural design and embodied car-
bon calculation * [22]

Material Embodied Carbon Density Strength
Coefficient* (kg/m3) o
(kgCO4e/kg) (MPa)

Plain concrete 0.15 2323 23

Steel, Rebar 1.99 7849 415

capacities, ¢, are extracted from Sect. 1806, Presumptive
Load-Bearing Values of Soils, of the International Building
Code [40]. Limits imposed by the NBC, material proper-
ties and geometric constraints are coded into a parametric
workflow.

It performs the required structural checks by code and
determines if those limits are met. If the limits are met, the
material volumes are extracted for the respective designs to
calculate embodied carbon.

A process-based LCA analysis for estimating embodied
carbon is used due to the specificity of materials studied
and the reliability of values for these materials [11]. The
embodied carbon coefficients, or cradle-to-gate material
coefficients, refer to the environmental impact of LCA
stages A1-A3 according to EN 15978:2011 and come from
the Inventory of Carbon and Energy database (Version 3,
2019) [22] (See Table 2).

This research focuses specifically on the embodied car-
bon impact of shallow foundations, given their ubiquity and
compatibility with algorithmic analysis (in contrast with deep
foundations, which require more site-specific information to
engineer and obtain material quantities with specificity).
While it’s possible to use advanced numerical techniques
such as form-finding or shape optimization to generate the
shell geometry, a hyperbolic paraboloid (hypar) is used due
to the extensive literature that’s been published on its struc-
tural and geotechnical performance and its ability to save a

Fig. 3 Inputs for parametric
workflow and resulting design
and embodied carbon values for
spread and shell foundations

Variables:
Factored column load

Allowable soil bearing
pressure

Material properties
Concrete strength
Concrete density
Steel strength

Steel density

Shell design
Rebar spacing
Column width

Hypar rise/length

Steel to concrete ratio|
for the edge beam

Embodied carbon
Concrete ECC

Steel ECC
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significant quantity of material in published historic exam-
ples [28, 29]. Additionally, hypars have a square footprint and
are ruled surfaces, which have benefits from a construction
perspective, particularly for supporting high loads in a typical
structural grid and incorporating reinforcing steel.

The workflow assumes that a column transfers the load
of the building axially to an aligned footing, located in the
center of a tributary area of 81m”. The geometry of the foun-
dation is constrained by the tributary area so as to prevent
overlap as the structural grid expands. It should be noted
that in typical foundation design, when the area of individ-
ual spread footings exceeds 50% of the building footprint,
a typological shift typically occurs, and mat foundations
replace individual footings. However, in this research, the
minimum material required to support the design load is
being calculated until the geometric constraint is reached.
This means that the embodied carbon values shown are
likely more conservative than the values that would result
from current construction processes.

The resulting structural design and embodied carbon val-
ues for a set of inputs in the parametric workflow are shown
in Fig. 3.

Structural design of spread footings

The structural design for spread footings follows the design
procedures outlined in Design of Foundation Systems [41].
These methods follow the Indian Building Code and are used
to ensure the fairest comparison with the shell foundation
engineering calculations, presented in the following section.
The key dimensions are described by Fig. 4a and the section
is shown in Fig. 4b.

Firstly, the bearing area of the spread footing is calculated
by dividing the column load, P, by the bearing capacity of
the soil, g, (Eq. 1). To calculate the area of steel and thick-
ness of concrete for the spread footing, the column load, P,

EC = 39,631 kg CO,

EC = 12,473 kg CO,
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Fig.4 (a) Dimensions of spread
footing, and (b) section of
spread footing

is first multiplied by a factor to safety (1.5) to get the fac-
tored design load, P,. After calculating the design punching
shear strength, 7., using Eq. (2), the depth of the footing, dps,
is calculated by setting the total shear force on the critical
section equal to the total resistance of the section in punch-

ing shear (Eq. 3), and solving for d,,; (Eq. 4).

b*=P/q )
7, =0.25/f, )
PIb* = (a+dy)" = 4r(a+d,)d, 3)

d, = h[(—Al + (4, —A3)0'5>/A4]A1 = (g) [(i-) +2

= (5 ](2) +of = [ (%)

[ (3

(b)

with the centerline of the reinforcing steel located at a depth, d.
The value, Zume depends on the strength of steel (see Table 2).
In this case, % = 0.479. Equation (7) is then used to find the
depth, d,,,, required for bending moment.

M, = (P,/2)((b - a)/2)* 5)

M, = [0.36(%) (1- 0.42% ) clbd? ©)

Bl b

Next, the ultimate bending limit, M

w

is calculated using Eq. (5). This value is set equal to Eq. (6), the moment resistance of a

balanced section of reinforced concrete, to ensure the section is not over-reinforced, which could result in the section failing by

crushing in the concrete before steel reaches yield. The neutral axis in a singly reinforced concrete section is located at a depth, x

0.5

Mu
Ay = (N

036 )| [1 - 0.42(22 )| [, + 1]

The higher value is taken from the depths calculated for
punching shear, dps, and bending moment, d,,,,, (Eq. 8) to
design the area of steel, A,. The depth for punching shear is
typically greater than the depth for bending moment in the
cases considered in this paper and is calculated to provide
sufficient thickness to avoid shear reinforcement. No rein-
forcement is specified for the top layer of the footing, as it
does not experience bending. Once the depth is defined, the

area of steel, A,, can be calculated using Eq. (9).

d = max(d,. dy,) ®

umax’

A
M, =087 Ad[1-—=X
u O-S[ ) < bdf/c> (9)

A rebar diameter is selected, @, and Eq. (10) is used to
calculate development length. Design bond strength, 7., is
prescribed by Cl. 26.2.1.1 in the Code [39] and is multiplied
by 1.6 for deformed bars in tension. The length of rebar is
then checked to make sure it satisfies the development length
using straight bars and subtracting for concrete cover, cov,
using Eq. (11). A minimum cover of 50 mm is required on
all sides of the spread footing, per Cl. 26.4.2.2.

L, =@o,/4+ 1.61,, (10)

Ld><b%a)—cov (1)

@ Springer
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The percentage area of steel is checked against a mini-
mum of 12% [C1:C1.26.5.2.1] and then the section is
checked to make sure it is not over-reinforced using Eq. (12).

0870,A, _ T
0.36f .bd ~ d

12)

As a check, the depth required to resist bending shear, d,,
is determined using Eq. (13), where the design strength of
concrete, 7,, is prescribed by Code [39].

a+2d
2

dys = (P, (b — N/, 13)

The calculated value of d,,; is checked to ensure it is less
than the maximum depth obtained from Eq. (7). If the depth
for bending shear is greater than the depth from 7, the depth
must be revised to satisfy bending shear.

For this study, within the geometric constraints of the
spread footing, the two structural checks that are not always
met are; 1) that the development length of the rebar is greater
than the width of the footing minus sufficient cover, and 2)
that the depth calculated for bending shear is greater than the
depth calculated for punching shear and bending moment.
For the development length, the initial design assumes that
rebar remains straight and is not turned up at the edge, due
to the added complexity of maintaining it in position while
concrete is poured. However, if sufficient development
length is not achieved, it is assumed that the bars will be
bent or hooked to achieve sufficient length. This occurs only
within a small number of combinations, at low applied loads
(0-IMN). To address the necessary depth to resist bending
shear, thickness is added incrementally until all structural
checks are satisfied for the given load case.

In parallel, a hyperbolic paraboloid (hypar) shell footing
is designed for the same inputs as the spread footing.

Fig.5 (a) Dimensions of shell
footing, and (b) section of shell
footing with forces

@ Springer

Structural design of hyperbolic paraboloid shell footings

The structural design for a hypar shell footing is completed
following design procedures outlined in Kurian’s textbook,
Shell Foundations: Geometry, Analysis, Design and Con-
struction [28]. The shell membrane, edge beams and ridge
beams are designed for simplified load cases. Uniform thick-
nesses are maintained, in line with Kurian’s example, to be
conservative. The rebar is designed to follow the curving
lines of principal tension, as the quantity of steel can be
reduced by half when compared to designing rebar to follow
the straight-line generators [28]. The key dimensions and
forces are described by Fig. 5a and b.

Hyperbolic paraboloid shells are investigated due to their
geometry. They are comprised of doubly curved, anticlastic
quadrants that can be constructed using straight line genera-
tors in either direction. This means hypars are both stiff and
more easily fabricated than other shell typologies. They have
also been deployed in applications throughout the world, as
demonstrated by Félix Candela’s examples in Mexico (See
Sec. 2.2).

The bearing area of the shell is calculated the same way
as Eq. (1) by dividing the column load, P, by the bearing
capacity of the soil, g, (Eq. 14). To calculate the area of steel
and thickness of concrete for the shell, the column load, P, is
first multiplied by a factor to safety (1.5) to get the factored
design load, P,. The membrane shear, ¢, is a function of the
geometry of the shell. For a hyperbolic paraboloid, the warp,
k, is calculated using Eq. (15), and the membrane shear is
then calculated using Eq. (16).

4a> =P/q (14)

k=f/a (15)
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Table 3 Geometric and material properties for ridge beam calculations
(28]

Steel to concrete ratio,y Column width, ¢ Rebar spacing

(m) (m)
0.05 0.4 0.15

t=P,[2k (16)

To calculate area of steel by strength, a safety factor
(0.87) and the following Eq. is used:

A, =1/(0.870,,) 17)
The thickness of the shell, %, can then be calculated using:

m = 280/(30,) (18)

h= (t/1.5)/(0.14f'6 —(m—1)A,) (19)

Once the concrete thickness 4 is calculated, it is checked
against a minimum thickness. If 2 < 120mm, 120 mm is
used, as prescribed by code. The percentage area of steel is
checked against a minimum of 0.5% and then the compres-
sive stress in concrete ignoring steel is checked against the
compressive stress in the equivalent section in the perpen-
dicular direction using Eq. (20). In the cases studied for this
paper, this condition is always met.

(t/1.5)/120 < (0.4f .)/1.5 (20)

The area of steel in the edge beam is calculated to satisfy
the maximum tension (located at the center of the beam)
using Eq. (21). The height and width of the edge beam can
then be found using Eq. (22).

A, =2t/(0.875,,) 1)
hyy = V(@21/15)/(m = (m = DA,,;) (22)

Geometry of the ridge beam is designed following the
steps outlined in Kurian’s Sect. 6.4 [28]. Some geomet-
ric parameters are variable, such as the column width and
rebar spacing, and are included as inputs into the parametric

workflow. The values used for the following experiments are
outlined in Table 3.

The area of concrete in the ridge beam is calculated using
Eq. (23), and the area of steel in the ridge beam is calculated
using Eq. (24).

A,y = Q1 V(@ +2)/04f , — p,  04f  + p, % 0.675,)
(23)

Asrb = Acrb *y (24’)

Embodied carbon calculation

The resulting structural designs from Sects. 3.1.2 and 3.1.3
are then used to calculate embodied carbon using the mate-
rial properties in Table 2. The volume, V, of concrete and
steel, respectively, are extracted from the workflow and
multiplied by their density, p, and embodied carbon coef-
ficient, ECC, to determine the total kg CO,e for each of the
elements (Eq. 25). It should be noted that the volume of steel
is not subtracted from the volume of concrete, as the differ-
ence is deemed negligible for the following experiments.

EmbodiedCarbon =V % p %+ ECC (25)

The resulting embodied carbon is evaluated for factored col-
umn loads that range from 1-5MN, with results highlighted for
2MN and SMN loads. The equivalent number of floors for a
2MN and 5MN load in various superstructure materials for an
office building with a 9 m span are highlighted in Table 4 [42].

Embodied carbon impact of foundations in full
structural building model

The parametric workflow described in Sect. 3.1 is then
linked to a larger full building structural model, that com-
putes dimensions for RC structural members and incor-
porates shape-optimization results for embodied carbon
minimization for the floors and beams by Ismail and Muel-
ler [14]. Columns are designed to be moment-continuous,
and the cross-section is efficiently selected from typical
dimensions using Karamba 3D. The purpose of this study
is to understand how shape-optimized structural elements
can be used in combination to reduce the overall global

Table 4 Number of floors for a 2MN and 5MN column load for flat concrete, shape-optimized concrete, steel, and timber superstructures [42]

Superstructure

# floors for 2MN column load # floors for SMN column load

Flat RC two-way slab with RC frame

Shape-optimized RC one-way slab with RC frame

Composite steel deck and RC floor (steel deck) with steel frame
Cross-laminated timber (CLT) floor with timber glulam frame

- 3
9

3 9

11 24
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Table 5 Values used for designing full structural building model to evaluate the carbon saving potential of shape-optimizing floors, beams, and

foundations

#of Floors Span  Live load (kN/m?)  Superimposed dead load (kN/m?)  Soil Bearing Capacity ~ Concrete Strength  ECC (concrete)
(kgCO2e/kg)

6 10m 24 0.8 72kN/m? 40 MPa 0.2768*

“value taken from data in Table 6

warming potential (GWP) of an RC structural frame dur-
ing the design stage of a project. The lateral load resisting
system (LLRS) is not considered for this study, as is it
assumed that lateral stiffness is not the controlling factor
for the designs sampled [43]. The model is flexible and
parametric, allowing designers to vary a range of inputs.

For this study, the full building model is designed as a
typical mid-rise office building. The loads and material prop-
erties used for design are described in Table 5. The result-
ing column loads on the footings are 2.22MN for perimeter
columns and 4.43MN for internal columns, allowing for
comparison to the results presented in Sect. 4.1.

Since foundations are furthest downstream in a build-
ing’s load path, their size can be reduced if the mass of
structural elements upstream is reduced. By shape-optimiz-
ing floors, for example, a significant reduction to the column
load being resolved by the foundations results in a reduc-
tion in overall embodied carbon. Factored column loads, P,
are extracted from the larger building frame model and are
used as inputs for the parametric workflow described in
Sect. 3.1. Different combinations of shape-optimized floors
and foundations are studied to understand their interaction
and emissions reduction potential (Sect. 4.2.1).

A study to evaluate the impact of concrete strength and
shape-optimization of structural elements on embodied
carbon is also conducted (Sect. 4.2.2). For this study, a
range of embodied carbon coefficients are used, as emis-
sions vary with concrete strength. A linear regression is
used to approximate the embodied carbon coefficients of
reinforced concrete based on strength for the self-reported
Environmental Product Declarations for concrete in Mex-
ico in the EC3 database (See Table 6) [44]. Mexico is

Table 6 Embodied carbon coefficient based on concrete strength for
Mexico

Embodied Car-
bon Coefficient

Concrete Strength

20 MPa 0.1808
30 MPa 0.2288
40 MPa 0.2768
50 MPa 0.3248
60 MPa 0.3728
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chosen due to the high volume of concrete construction on
low bearing capacity soils. A concrete strength of 40 MPa
is taken as the baseline for the full building model design.

Results

The following experiments utilize the parametric workflow
outlined in Sect. 3 to size steel and concrete in foundations to
determine a shells ability to save embodied carbon through
efficient geometry.

Single element comparisons

The design of foundations is highly specific to the load being
imposed by the building above and the underlying soil strata.
Various combinations are highlighted below.

Embodied carbon comparison of spread footings
versus shell footings

Figures 6 and 7 present the embodied carbon quantification
of spread and shell footings for two soil types and vary-
ing column loads. For clay soil (¢ = 72kN/m?), hyperbolic
paraboloid shells save a significant amount of embodied
carbon when compared to a spread footing. For a 2MN
load, the shell saves 48% CO,e of the spread foundation
for the same applied column load and soil bearing capac-
ity (4,122 kg CO,e and 8,001 kg CO,e, respectively) (See
Fig. 6). As the applied column load increases, the perfor-
mance also increases. For a SMN load, the shell saves 63%
of the carbon emissions of the spread footing (12,319 kg
CO,e and 32,887 kg CO,e, respectively) (See Fig. 6). The
footings reach the geometric constraint of their tributary area
at a column load ~5MN in clay soils, ending the iterative
design process for both typologies.

As the bearing capacity increases from clay to sand (g =
96kN/m?), shells continue to outperform spread footings,
although the extent of their savings is slightly reduced. For
a 2MN load, the shell footing saves 39% CO,e of the spread
footing (3,612 kg CO,e and 5,945 kg CO,e, respectively)
(See Fig. 7). For a SMN load, the shell saves 56% of the
carbon emissions of the spread footing (10,807 kg CO,e
and 24,502 kg CO,e, respectively) (See Fig. 7). Although
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Fig. 6 Embodied carbon for
spread footing and shell footing
on clay soil (¢ = 72kN/m?)
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Fig. 7 Embodied carbon for 35,000
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the extent of the savings is reduced from clay soils, they are
still substantial and warrant exploration to determine how
to construct them.

This study is extended to all soil types in Sect. 4.1.2.

Applicability of shells to various contexts

Bearing capacities ranging from clay (¢ = 72kN/m?) to bed-
rock (g = 575kN/m?) and building loads ranging from 1 to
5SMN are iterated through to create generalized data for the
total embodied carbon of both a spread footing (Fig. 8) and
a shell footing (Fig. 9). This study allows one to compare the
relative environmental performance of the same foundation
typology for a given column load and soil type.

For the spread footing, a large range of embodied car-
bon values can be seen (Fig. 8). This is due to the fact that
spread footings require that the area of the foundation is

2 3 4 5
Factored Column Load [MN]

Spread Footing  ====Shell Footing

large enough to spread the load of the building to the soil
below, but also that they are sufficiently thick to resist bend-
ing, which is an inefficient method of load transfer. As the
column load increases in low bearing capacity soil, the
amount of material required to resist bending increases sub-
stantially, accounting for 32,887 kg CO,e for a SMN column
load. Therefore, spread footings are particularly inefficient
for this application.

The design space for shell footings is much flatter than
spread footings, meaning they perform similarly in a range
of soil types (Fig. 9). This makes their performance particu-
larly advantageous in low bearing capacity soils (sand, clay,
gravel), as opposed to the spread footing, which requires a
significant amount of material and results in large quantities
of carbon. However, for high bearing capacity soils (bed-
rock), spread footings outperform shells (See Tables 7 and
8). This is explored in more detail in Fig. 10.
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Fig.8 Impact of column load 35,000 t - 32,887 kg CO,e
on embodied carbon for spread K
footings for a range of soil bear- 30,000 ||
ing capacities /
T 25000 \
o
(@]
% 20,000
‘.E 15,000
% 8,001 kg CO,e
E 10,000
860 kg CO,e 3,680 kg CO,e
5,000
0
1 2 3 4
Factored Column Load [MN]
Clay [72 kN/m*2] Sand [96] ——Gravel [144] ——Sed. Rock [192] ——Bedrock [575]
Fig.9 Impact of column load 35,000
on embodied carbon for shell
footings for a range of soil bear- 30,000
ing capacities
T 25,000
o
6]
% 20,000
§ 15,000 12,319 kg CO.e
E 10,000 6,440 kg C0.e
4,364 kg CO,e
5,000 2,111 kg COe —~_ /
0
1 2 3 4
Factored Column Load [MN]
Clay [72 kN/m"2] Sand [96] ——Gravel [144] ——Sed. Rock [192] ~——Bedrock [575]
Table 7 Total embodied carbon for spread and shell footings in various soils for 2MN load
Foundation Typology Total EC, Clay Total EC, Sand Total EC, Gravel  Total EC, Sed. Rock  Total EC,
(kgCO,e) (kgCOye) (kgCO,e) (kgCOye) Bedrock
(kgCO,e)
Spread 8,001 5,945 3,896 2,876 860
Shell 4,122 3,612 3,062 2,762 2111
% change of total CO,e from spread to shell -48% -39% -21% -4% +46%
Table 8 Total embodied carbon for spread and shell footings in various soils for SMN load
Foundation Typology Total EC, Clay Total EC, Sand  Total EC, Gravel Total EC, Sed. Total EC,
(kgCO,e) (kgCOye) (kgCO,e) Rock Bedrock
(kgCO,e) (kgCO,e)
Spread 32,887 24,502 16,134 11,961 3,680
Shell 12,319 10,807 9,468 8,666 6,440
% change of total CO,e from spread to shell  -63% -56% -41% -28% +75%
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Fig. 10 Total EC contribution
for spread and shell footings
resulting from soil bearing
capacity and column load

Column load
[MN]

In order to compare the performance of the two typolo-
gies, the design space is visualized in 3 dimensions (See
Fig. 10). Column load is shown on the x-axis [MN], soil
bearing capacity is shown on the y-axis [kN/m?], with the
resulting embodied carbon shown on the z-axis [kg CO,e].
It should be noted that this visualization represents the
range of soil types that are present, not their prevalence.
For example, it is rare to see bedrock present at the sur-
face of site stratigraphy, and it is more common to see
lower bearing capacity soils such as clay, sand and gravel.
Therefore, one should focus on the embodied carbon sav-
ing potential of these lower bearing capacity soils as hav-
ing broader potential applicability to many sites.

The significant savings that shells achieve for low bear-
ing capacity soils and high applied column loads are promi-
nent in Fig. 10. However, this is not always the case. Spread
footings outperform shells where the applied column load
is low and in high bearing capacity soils, which is indicated
by the gray surface being located above the tan surface.

This is attributed to two findings; 1) that the minimum
concrete cover for reinforcement in shells results in a thick-
ness much greater than the thickness required to satisfy the
structural demands, and 2) the added curvature of the shell
for a small footprint increases total material quantities. To
satisfy the structural design code, the minimum shell thick-
ness is set at 120 mm to provide sufficient thickness for
cover. In theory, however, the shell could be substantially
thinner.

This suggests that alternative reinforcement can be
explored, such as fibers or fabric, to reduce the thickness
and total embodied carbon by removing steel in the shell
surface entirely. Another opportunity to reduce embodied
carbon in the shell is to shape-optimize the edge beam and

Embodied Carbon
[kg COLe]

o
5®

Bearing capacity
[kN/m?]

Spread footing

M shell footing

Okg 33,000 kg

ridge beam, which are currently designed as prismatic ele-
ments. As the tension of the edge beam is highest in the
center of the shell edge and reduces to zero at the corner,
the shape could be optimized to reflect this. Reinforcement
continuity would be a challenge in this study but warrants
further exploration. Shape optimization can also be applied
to bending-dominated solutions, such as spread footings.
If these prismatic elements are transformed to carry the
building load more efficiently, material reduction can be
achieved.

The environmental impact of concrete (Fig. 11) and steel
(Fig. 12) to total embodied carbon is extracted from the
study above to determine their respective contribution to the
overall design. The total embodied carbon of both the shell
and the spread footing comes almost entirely from concrete.
This explains why the surfaces in Fig. 11 are very similar to
those of Fig. 10. The quantity of concrete is more sensitive
to applied loads than to bearing capacity, with the highest
divergence between the shell and spread footing occurring
at low bearing capacity soils. As the bearing capacity of the
soil increases, the difference in concrete volumes and GWP
between the shell and spread footing decreases significantly.

The volume of steel contributes much less to the overall
embodied carbon of foundations than concrete (Fig. 12).
Unlike floors, spread footings do not experience bending
in the top layer of the concrete and, therefore, don’t require
steel there. In contrast to concrete, steel is more sensitive to
the bearing capacity than to the applied load. For low bear-
ing capacity soils, steel volumes are more comparable for
spread and shell footings. However, as the bearing capacity
of the soil increases to bedrock, shells require significantly
more steel than spread footings, as spread footings experi-
ence minimum bending.
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Fig. 11 Partial EC contribution
from concrete for spread and
shell footings resulting from soil
bearing capacity and column
load

Column load
[MN]

Fig. 12 Partial EC contribution

from steel for spread and shell

footings resulting from soil

bearing capacity and column

load .

Column load
[MN]

Full structural building model global warming
potential reduction

The full structural building model analysis evaluates how
geometrically efficient structural elements can be used in
combination to reduce the overall GWP of an RC structural
frame. In this study, floor slabs and foundations are designed
using conventional methods and then optimized using effi-
cient geometry to compare the environmental impact of
these typological changes. Since a building’s structural ele-
ments are interrelated, reducing the mass of upstream struc-
tural elements through optimization has a direct impact on

@ Springer
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the loads being resolved by the foundations. If large-scale
material savings are desired to limit carbon emissions, struc-
tural systems must be considered holistically.

Impact of geometrically efficient floors and foundations
on building frame GWP

The methodology in Sect. 3.2 is utilized to determine the
reduction in GWP if various structural elements that typ-
ically work in bending utilize efficient geometry for clay
soils (g = 72kN/m?) (See Fig. 13). If the floor slabs are
shape-optimized in isolation, a reduction in the structures
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Fig. 13 Structural systems
that typically work in bending

include flat one-way spanning
floor slabs, beams, and spread
footings

Fig. 14 The savings in global
warming potential of the
structural frame when (a) floor
slabs are optimized (64%), and
(b) floor slabs are optimized
and shell foundations are used
(72%) for the conditions out-
lined in Sect. 3.2

GWP of 64% is achieved. By shape-optimizing only the
beams, a reduction of 4% GWP is achieved and switching
from spread to shell foundations saves 20% GWP.

Floor slabs contribute the majority of the embodied carbon
of a building’s upstream structural elements [45, 46]. As foun-
dations are the last element in the load path, acting to resolve
the weight of the building to the soil below, the demand on the
foundations is reduced substantially if elements are optimized
upstream. In isolation, switching from a spread footing to a
shell footing on clay soil achieves a saving of 20% GWP (for
the soil bearing capacity studied). However, if this switch is
implemented in combination with shape-optimizing the floors,
a total GWP reduction of 72% is possible, as floors contribute
the majority of carbon emissions in the structural frame (See

Spread
footings

Fig. 14), and have the most potential to limit emissions. How-
ever, for high bearing capacity soils, such as sedimentary rock,
no additional GWP saving is achieved if shell foundations are
implemented for reasons described in Sect. 4.1.2.

Impact of concrete strength and geometrically efficient
floors and foundations on building frame GWP

The impact of concrete strength is also studied to determine
if additional carbon savings can be achieved when floors are
shape-optimized and shell foundations are used (See Fig. 15).
The same concrete strength is used for the structural frame,
floors and foundations being designed for each scenario.
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Clay

Fig. 15 In most cases, lower
strength concrete is associated
with lower total emissions for
the respective combinations of
optimized structural elements.

Sand Gravel Sed. Rock

As the soil bearing capacity

increases, the benefit of utiliz-
ing optimized footings lessens.
100% GWP corresponds to

the baseline design outlined in
Table 5 with flat floor slabs and
spread footings
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Table 9 Impact of concrete strength on total structural frame global warming potential for clay soils for optimized floor slabs and foundations.

*Baseline scenario used to calibrate model (See Sec. 3.2)

Concrete Strength Embodied Carbon Flat floor slabs Flat floor slabs Optimized slabs Optimized
Coefficient Spread footings Opt. footings Spread footings slabs
(% GWP) (% GWP) (% GWP) Opt. footings
(% GWP)
20 MPa 0.1808 104.3 77.3 344 25.7
30 MPa 0.2288 100 78.3 34.6 26.7
40 MPa 0.2768 100* 81.2 357 28.3
50 MPa 0.3248 101.8 84.8 37.2 30
60 MPa 0.3728 103.7 88 38.6 31.7

As expected, based on the results from Sect. 4.2.1, the
most substantial GWP saving is achieved by shape-optimiz-
ing RC floors. By combining shape optimized floor slabs
with shell foundations, ~ 72—79% reduction in total GWP for
the structural frame can be achieve for clay soils, depending
on concrete strength. In all scenarios (with the exception of
flat floor slabs and spread footings for 20 MPa concrete),
lower strength concrete is associated with lower total emis-
sions for the respective combinations of optimized structural
elements. Since the embodied carbon of concrete typically
increases with strength for standard mix designs, any mate-
rial reduction achieved by using higher strength concrete
is offset by the increased emissions. This suggests that low
strength and low embodied carbon materials may also be

@ Springer

substituted for virgin concrete, further reducing shell foun-
dations’ total emissions. Additionally, utilizing shell founda-
tions has the biggest impact in low bearing capacity soils,
with only marginal savings achieved by implementing them
in high bearing capacity soils (See Table 9).

In summary:

e The CO,e saving potential of utilizing shell foundations
in lieu of prismatic foundations depends largely on the
soil bearing capacity as well as the optimization of struc-
tural systems further upstream.

e Concrete strength has a lesser, but notable impact on the
saving potential of shell foundations.
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Fig. 16 (a) Filling timber form-
work with adobe mixture, and
(b) tamping adobe

Thin shell foundation prototype using
digital fabrication

This paper demonstrates the potential for shell foundations
to reduce embodied carbon significantly. However, a key
question remains as to how to construct them in an eco-
nomically competitive manner, given the relative geomet-
ric complexity compared to spread footings. This section
proposes and evaluates a method for robotically milling
compacted earth as in situ formwork to fabricate thin shell
footings economically.

Robotically milled earth formwork for thin RC shells

The curvature and thinness that results in material savings
in shell foundations also makes them more time-consuming
to construct using traditional building methods when com-
pared to prismatic elements. Taking inspiration from the

Fig. 17 Robotic milling of
adobe to act as formwork for
thin concrete shell (a) roughing
pass one, and (b) roughing pass
three

(a)

Fig. 18 (a) Final adobe
formwork for thin RC shell
foundation prototype, with
(b) linework overlaid to show
curvature of surface

(b)

application of digital fabrication to construct complex or
nonstandard geometry, robotically milled earth, or adobe, is
explored as formwork for the RC shells (Fig. 16).

Fabrication approach

The proposed fabrication method is experimentally tested on
a 1:17.5 scale thin-shell footing prototype measuring 230 mm
square in plan. A KUKA-brand six-axis industrial robot arm is
used in conjunction with a ceramic metal loop end-effector for
this experiment. A toolpath for the robot is programmed using
the KUKAlprc (parametric robot control) plug-in for grasshop-
per. This toolpath successively removes layers of adobe from a
flat plane to the doubly-curved hyperbolic paraboloid surface
which acts as the formwork for the desired shell geometry. The
KUKA traces back and forth across the adobe successively
loosening material with the loop tool while a shop vacuum
is simultaneously removing the loosened material until the

(b)
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Fig. 19 (a) Vertical timber
members added to perimeter of
adobe formwork, and (b) thick-
ness of first layer of concrete
being checked with 3D printed
template

Fig.20 (a) Rebar added along
principal stress lines, and (b)
second layer of concrete applied
to adobe formwork

final form is achieved. Roughing passes are used (Fig. 17) to
remove the initial layers, then a finishing pass achieves the
final formwork geometry (Fig. 18). A more uniform surface
can be achieved by increasing the number of finishing passes
at the expense of additional fabrication time. However, the
bearing capacity of a shell has been shown to increase with an
increase of roughness at the interface between the soil and shell
[28], which is why a perfectly smooth surface was not desired.
Concrete is then cast on the adobe formwork to create a thin
shell foundation prototype (Figs. 19 and 20).

Various adobe mixes were tested for their ability to be eas-
ily milled while maintaining the desired formwork geometry.
In this experiment an adobe mixture consisting of 42% clay,
42% sand, 16% water was used. Once the adobe is placed in
the timber formwork (Fig. 16a), it is compacted using a tamp
(Fig. 16b) to prepare it for milling. Future work will include
performing a direct shear test on the adobe mixture to evaluate

Fig.21 (a) Side view of cured
concrete shell foundation, and
(b) cured concrete shell founda-
tion on adobe formwork
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(b)

the strength parameters of the material to compare to local
soils as well as fabricating a full-scale prototype to evaluate
fabrication accuracy and to evaluate the environmental impact
of the robotic processes, which has been shown to account for
around 5% of a thin concrete shell floor system [47].

Following the fabrication of the formwork, concrete is cast
on the adobe to create a thin shell foundation. First, timber
formwork is added to the perimeter of the shell (Fig. 19a) and
a layer of plastic is added to ensure the adobe does not remove
moisture from the concrete as it’s curing which may cause it
to crack. As concrete is applied, the thickness is checked with
a 3D printed template (Fig. 19b) to ensure uniform thickness.
After the first layer of concrete is applied, reinforcing bars are
evenly spaced with rebar chairs inserted into the clay to keep
them in place (Fig. 20a). Concrete is then spread evenly on
top of the reinforcing bars until the formwork is coated with
an even thickness of concrete (Fig. 20b).
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Observations and results

The resulting thin concrete shell foundation (230 x 230 mm)
can be seen in Fig. 21. Milling adobe effectively achieves the
doubly-curved geometry required to construct a hyperbolic
paraboloid shell, while allowing the formwork material to
be compacted prior to fabricating the final form. This pro-
cess can be scaled up using autonomous robots and larger
scale end-effectors either to route or scrape the material into
place in a similar manner as proposed here. Challenges that
were experienced at this scale, such as creating rebar chairs
for the reinforcement within a shell thickness of approxi-
mately 9.5 mm, are not necessarily applicable at building
scale. However, challenges such as the potential for the adobe
mixture to dry out the concrete during curing is also possible
at full scale and needs to be considered. The surface rough-
ness generated from the loop may also improve the shell/soil
interface but requires further study.

Conclusion

The purpose of this paper is to identify and characterize the
opportunities that shell foundations offer for mitigating the
carbon emissions causing the climate crisis and to encourage
architects and structural engineers to revisit shell founda-
tions as a means to reduce material consumption in building
structures.

Business-as-usual construction practices have led the
building sector to contribute 13% of today’s GHG emis-
sions in the form of embodied carbon [2]. Foundations are
an unseen source of carbon emissions in our buildings; how-
ever, if global warming is to be limited, we must consider
their impact. This work demonstrates that by utilizing shell
foundations, which take advantage of efficient geometry to
transmit loads to the soil, material consumption and embod-
ied carbon can be reduced substantially in specific contexts.
Additionally, contemporary digital fabrication methods pro-
vide an opportunity to manufacture the complex curvature
required for shell foundations in contexts where their imple-
mentation has been perceived as economically disadvanta-
geous thus far.

Summary of contributions

The contributions of this research can be summarized as
follows:

e This paper presents the first quantification and compari-
son of the environmental impact of typical spread foot-
ings and shell footings for a variety of building condi-
tions across a range of soil types.

¢ In summary, hyperbolic paraboloid shell footings save a
significant amount of embodied carbon when compared
to spread footings in low bearing capacity soils, with the
greatest CO,e savings at high applied loads. In locations
where bedrock is present, spread footings are the more
materially and carbon efficient typology due to minimum
concrete cover requirements for reinforcement and the
added curvature of the shell. However, in the majority of
cases studied, the CO,e saving potential of utilizing shell
foundations warrants consideration for implementation.

e The finding that the CO,e saving potential of utilizing
shell footings also depends largely on the optimization of
structural systems further upstream. The GWP of a build-
ing’s structural system can be reduced by nearly three-
quarters when efficient foundation geometry is combined
with shape-optimized floor slabs in low bearing capacity
soils. Concrete strength has a lesser, but notable impact.

e This paper demonstrates an approach for constructing
doubly curved concrete shells through an experimental
prototype using robotically milled earth as formwork.

Potential impact

By promoting efficient geometry for structural elements, sig-
nificant carbon savings can be achieved in rapidly urbanizing
areas with weak soils. If deployed in isolation, shell foot-
ings have the potential to save almost half of the embodied
carbon compared to typical spread footings for low rise or
light-weight buildings (with a column load of approximately
2MN). As the height and/or weight of a building increases,
(to a column load of approximately 5SMN), the CO,e sav-
ing potential also increases by up to two-thirds. If efficient
geometry is utilized for both a building’s floors and founda-
tions, the same floor area can be built with one-quarter of the
global warming potential of a structural system constructed
using typical prismatic elements. As construction will neces-
sarily increase to keep up with the growing global popula-
tion, this significant reduction in carbon emissions allows for
more floor area to be built, while substantially reducing the
carbon emissions that would be incurred using business-as-
usual construction methods.

This significant reduction in carbon emissions is possible
today, however, has been inhibited by the complexity of the
geometries and unfamiliarity of the typologies. Fabricating
earth formwork for complex shell geometry using subtrac-
tive robotic milling provides a pathway to implement thin
shell foundations in locations where labor costs typically
outweigh material costs, in order to lessen the building
industry’s contribution to the climate crisis and ultimately,
to limit global warming. Additionally, utilizing earth for
formwork reduces the associated cost, material consump-
tion, and emissions for the formwork, itself.

@ Springer
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Limitations and future work

The work presented here evaluates isolated thin shell foun-
dations against one typology of typical shallow founda-
tions that work in bending, the spread footing. There is the
potential to expand this investigation to other typologies,
including friction piles, which do not work in bending.
Additionally, the optimization of the shell shape through
form-finding or evaluating other pure shell forms could
lead to additional carbon savings in isolation or in a mat
configuration and warrants further exploration. Reinforce-
ment, such as reinforcing fibers or a reinforcing textile,
that doesn’t require substantial cover from concrete may
greatly reduce total concrete consumption in the shell,
further taking advantage of its efficient geometry. This
also has the potential to extend the applicability of shells
to higher bearing capacity soils and low column loads,
where spread foundations currently outperform them.
The interaction between multiple shells in a linear or mat
arrangement could also provide additional structural and
material reduction benefits. Additionally, this study can be
extended to lower strength or reclaimed materials, which
have the potential to further reduce emissions associated
with foundations.

In practice today, design and engineering teams rely on
site-specific stratification surveys provided by geotechni-
cal engineers to engineer custom foundations for individual
projects, rarely with consideration of carbon minimization
strategies. Alternatively, on projects that don’t require site-
specific information, conservative assumptions are often
used, resulting in overly material intensive solutions that
incur significant economic and environmental costs. This
work aims to establish a workflow that can be deployed to
make data-driven assessments of where emissions savings
can be achieved economically through shape optimization
of foundations and other structural elements, depending on
site conditions. Extending the full structural building model
workflow to other superstructure materials and other spans
would provide insight regarding the ideal spans for different
contexts, as changing the span would affect optimization of
the horizontal spanning elements as well as the column loads
and number of columns. Including the LLRS would further
strengthen the analysis, as it can account for around 13%
of a structure’s total embodied carbon in a low- to mid-rise
building [48]. Therefore, identifying where materially effi-
cient foundations and related technologies have the largest
emissions saving potential by linking this workflow to site-
specific geotechnical data is an opportunity to promote urban
growth while reducing environmental impact.

@ Springer

Concluding remark

Since construction will necessarily continue at high rates to
meet global demand, alternative building methods must be
explored to limit carbon emissions in the building sector.
By highlighting the costly environmental impact of founda-
tions, this work seeks to encourage architects and engineers
to more holistically understand and quantify the potential
impact of our design choices. Substantial carbon savings are
possible, today, using geometry that efficiently uses material
only where structurally necessary. Although these forms are
more complex than the geometries that are typically built,
the potential to save a significant portion of a building’s
embodied carbon warrants their consideration. Thin shell
foundations are especially relevant for buildings with high
column loads and should be considered for deployment in
rapidly densifying areas with weak soil.
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