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ABSTRACT

The wotld's population is projected to grow rapidly in urban areas, with a projected 2.5 billion more
urban dwellers by 2050 (UN-DESA, 2019). This urban growth will notably concentrate in Less
Economically Developed Countries (LEDCs), where 16 of the top 20 most populous cities are
anticipated to be situated by 2100 (Hoornweg & Pope, 2017). LEDCs face a critical challenge in
meeting the demand for affordable housing due to various factors, notably the high material costs,
which can make up to 90% of residential construction expenses (Meikle, 2011). Most multi-story
housing in LEDCs relies on reinforced concrete frames with flat slabs. This structurally inefficient
system heavily depends on imported cement and steel for many locations. Compounding this issue,
in LEDCs, the construction sector contributes significantly to their annual carbon emissions,
sometimes doubling the global average and exacerbating the climate crisis (Yokoo et al., 2010).
Addressing the pressing need for affordable housing requires alternative, more efficient structural
systems that utilize affordable and environmentally conscious materials.

This thesis aims to address the challenge of affordable housing by proposing the implementation of
unreinforced barrel-vaulted earthen floor systems as an alternative to conventional concrete flat
slabs, which are often cost-prohibitive in LEDCs. While existing research predominantly focuses on
thin concrete shells for vaulted floors, this study emphasizes earthen vaulted floor systems, utilizing
locally available and cost-effective materials. Specifically, it analyzes the maximum spanning capacity
of three shallow unreinforced earthen barrel-vaulted floor typologies, examining their associated
costs and carbon footprints. Furthermore, the thesis investigates the feasibility of one of these
typologies by constructing and evaluating a physical 3m span prototype subjected to international
building code loads. The outcomes highlight the structural integrity, cost-effectiveness, and reduced
carbon footprint of earthen vaulted floor systems, offering insights into a more environmentally
conscious and economically feasible floor system typology for building construction in LEDCs.

Thesis Supervisor: John A. Ochsendorf
Title: Class of 1942 Professor
Professor of Architecture
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Vaulted factoty building - Rafael Guastavino St., 1891

Build your architecture from what is beneath your feet.

— Hassan Fathy
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1. Introduction
1.1. Motivation

Over the coming three decades, the United Nations forecasts a migration of an additional 2.5 billion
individuals to urban areas (UN-DESA, 2019). This urban expansion is notably concentrated in Less
Economically Developed Countries (LEDCs), where it is projected that by 2100, 16 of the top 20
most populous cities will be situated (Hoornweg & Pope, 2017). Among all LEDCs, those in Africa
hold significant prominence, as approximately 1.12 billion of the projected 2.5 billion new urban
inhabitants are expected to reside in African cities (UN-DESA, 2019). The rapid urban population
growth necessitates a substantial increase in infrastructure, particularly in housing infrastructure.
Corresponding to the substantial rise in urban population, the International Energy Agency (IEA)
estimates a global increase in built floor area of 235 billion m* by 2050. Approximately 80% of this
anticipated growth until 2030 is expected to occur in emerging countries (Weber et al., 2021).

| l‘Adclis Ababa, Ethiopia
‘ 35.8 M

1 [ ‘: .‘ J : | ‘
‘ ‘l l' I? L'
||| Iulul‘ T

@ European Union
Other emerging economies

North America
63
| China
] 461 billion m’ total Africa 2
! floor area in 2058 @ India
5 xisting

I:l 235 billion m* exis
floor area in 2817 Latin America

Other Advanced Economies

(b)

Figure 1: (a) Most populous cities by 2100 (Hoornweg & Pope, 2017); (b) Expected increase of floor area by
2050 by region (Weber et al., 2021)
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A study conducted by the World Bank reveals that, among the 88 countries categorized as low-
income or low-middle income, the average Gross Domestic Product (GDP) per capita ranges from
$1,026 to $4,035. When focusing solely on the 45 United Nations-designated least developed
countries, this figure diminishes to a range of $355 to $1,268 (World Bank Open Data, 2024).
Consequently, in light of constrained economic conditions, burgeoning population growth, and the
imperative for housing, LEDCs confront the urgent challenge of constructing a substantial volume
of affordable housing in the coming decades.

Meeting the housing demands of densely populated urban areas necessitates a shift towards multi-
story housing projects rather than single-family dwellings. Globally, the construction of multi-story
housing predominantly relies on reinforced concrete frames with flat slabs. Unlike in more
economically developed nations, where labor costs often dominate, construction expenditures in
LEDC:s are primarily dictated by material costs, particularly those related to the importation and
production of cement and steel. Studies indicate that materials can account for 60-90% of the total
cost of new construction in LEDCs (Meikle, 2011; Bah et al., 2018).

| LEDCs

| MEDCs

Figure 2: Housing construction cost breakdown by material and labor (Meikle, 2011)

The majority of construction materials, like cement and steel rebar utilized in reinforced concrete
design, are imported in LEDCs. For instance, data from the World Bank indicates that, on average,
Sub-Saharan African countries allocate approximately 11% of their annual imports towards metals
(World Bank Country Profile, 2021). While LEDCs are increasingly expanding local cement
production, particularly in Africa, many still lack sufficient production capacity and consequently rely
heavily on imports. For instance, a study conducted in 2017 revealed that, across Africa, the total
production capacity for cement was 10.2 million metric tons (Mt), while the actual consumption
amounted to 81.7 Mt (Leone et al., 2021). The necessity to import these primary construction
materials, compounded by the heightened costs associated with local production due to inadequate
scale, results in substantial markups, highlighted in Figure 3, and contributes to inflated market rates,
thereby elevating construction costs.
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Figure 3: (a) Price of cement in various countries compared to USA with African countries in green; (b) Price
of steel in various countries compared to USA with African countries in green (Leone et al., 2021)
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The International Comparison Program (ICP) in 2011 revealed that the average construction cost
for a low-rise mass market apartment building and a high-rise (11+ story) mass market building in
Africa amounted to $54/ft> and $70/ft, respectively (World Bank ICP, 2011). By compatison,
construction costs in the United States can range from $100 to $400 per square foot (Kilroy, 2024).
This discrepancy underscores the relatively high construction costs in LEDCs, considering their
significantly lower GDPs, which are often 20 to 30 times lower than that of the USA. However,
construction costs in LEDCs are only 3 to 5 times lower (Leone et al., 2021).

Reducing the amount of high-cost construction materials, namely cement and steel rebar, presents
the most apparent avenue for cutting construction expenses. In the context of a reinforced concrete
frame and flat slab structural system, a study investigating a theoretical 10-story concrete frame
building identified the floor system as a key area for potential reduction (De Wolf et al., 2016). Two
separate studies examining embodied carbon and embodied energy (direct proxies for the mass of
material) in over 600 built buildings across various programs demonstrated that, for a concrete
superstructure including foundations, 40-50% of the structural mass can be attributed to the slabs
(Huberman et al., 2015; Hattan, 2019). Additionally, recent data-driven modeling of over 100,000
parametric-designed concrete buildings revealed that in residential buildings, 48% of the building's
embodied carbon is in the slabs (Sory, 2023).

Furthermore, beyond the immediate goal of cost reduction, minimizing the use of cement and steel
also results in a significant reduction in embodied carbon. This is particularly crucial considering the
Intergovernmental Panel on Climate Change's (IPCC) plan outlined in 2018 to limit global warming
to 1.5°C. This plan entails reducing global CO, emissions to 45% of 2010 levels by 2030 and
achieving zero emissions by 2050 (IPCC, 2018). Given that the built environment accounts for
nearly 40% of global CO;emissions, with construction and building materials (primarily steel and
concrete) alone responsible for 13%, the reduction of embodied carbon in construction materials
becomes imperative (Architecture 2030, 2022).

Given the material and cost concentration in floor systems, this thesis focuses on reducing housing
costs in LEDCs by proposing an alternative to the traditional flat slab floor system. Specifically, it
introduces an unreinforced barrel-vaulted compression-only masonry floor system. Exploiting the
compression-only nature of vaults, this system significantly reduces steel usage while incorporating
low-strength materials like earthen masonry units instead of concrete or fired clay bricks, thereby
reducing costs compared to traditional floor systems. While this study emphasizes cost reduction,
the decreased reliance on cement and steel also aligns with global goals to reduce CO;emissions.

1.2. Background & Related Works
1.2.1. Current Floor Systems Standard

The standard for floor systems consists of slab systems, which may be entirely concrete (Figure 4-
A), typical in concrete frame buildings, or a combination of concrete and metal decking in steel
trame constructions (Figure 4-B). Slab-based floor systems are widely favored due to their
straightforward construction, simple formwork, architectural preferences, and shallow depths.
However, these structural systems function primarily under bending, resulting in higher stresses that
necessitate more material. Moreover, stress distribution in systems activated by bending tends to be
uneven (Figure 5), often leaving portions of the slab underutilized, thus constituting an overall
material inefficiency (Hawkins, 2020).
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Shear studs
| Concrete slab

(a) (b)
Figure 4: (a) Concrete flat slab in Ethiopia; (b) Composite metal deck floor system in Boston (Bailey, 2003)
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Figure 5: "Concrete stresses in a single-spanning RC slab at the point of bending failure ...” (Hawkins, 2020).
The figure highlights the large portion of the slab (white) that is not utilized under loading.

Certain contemporary slab systems, such as waffles, bubble decks, and hollow core slabs, have
recognized this inefficiency and introduced voids in areas of minimal utilization (Figure 0).
Nonetheless, these systems require additional formwork, entail more labor-intensive processes, or
necessitate materials like inflated plastic balls. In many LEDC:s, facilities for producing prefabricated
systems such as hollow core slabs or materials like inflated plastic balls for bubble slabs are not readily
available, thus perpetuating the predominant use of simple concrete flat slabs (Ismail, 2023).

(a) (b) (c)
Figure 6: (a) Waffle slab [Holedeck]; Bubble deck slab [Technology in Architecture]; (c) Hollow core slab
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1.2.2. Historic Efficient Floor Systems

The structural efficiency of vaults lies in their reliance on axial compression rather than bending,
enabling the use of brittle materials like stone and brick to span large distances. Arches and vaults
derive strength from their geometry, resulting in low internal stresses compared to masonry strength,
thereby minimizing the risk of crushing failure (Heyman, 1995). This characteristic led ancient
civilizations such as the Nubians and Romans to effectively employ arches and vaults for spanning
structures. Even in concrete flat slabs, a strut and tie model can be envisaged where the high
compressive force at the top (Figure 5) forms an internal compressive membrane (arch), while the
rebar at the bottom acts as a tie for the arch.

GuASTAYVINO RIB AND DOME SyYsSTEM

Stiffening Wall Light Weight Fill

Cross Section A.B

{n} {8}

Figure 7: (a) Guastavino Tile Arch Floor System (Ochsendorf, 2010); (b) Thrust line under moving point load
is always contained inside the stiffening wall or fill (Guastavino, 1893)

Leveraging the benefits of a vaulted form, In the late 19th to the mid-20th century, Spanish master
builders Rafael Guastavino Sr. and Jr. employed their “Tile Arch System,” utilizing layers of thin clay
tiles to make vaulted roofs and floor systems (Figure 7-A). The floor systems comprised shallow tile
vaults with a series of stiffening ribs, on top of which a flat walking surface spanned, or in lieu of the
stiffening ribs a lightweight fill was sometimes used (Figure 8). Beyond allowing for a spanning
surface, the stiffening walls and fill also play a significant role in allowing for a deeper structural
envelope allowing the vault to remain stable under asymmetrical or point loads. Due to their vaulted
systems’ cost-effectiveness and fireproof nature, The Guastavino Company constructed thousands
of such vaults until the mid-20th century, when they closed due to rising labor costs and the
popularization of concrete (Ochsendorf, 2010).

(a)

Figure 8: (a) Ribbed bartrel-vaulted floot/roof system in Boston Public Library (Ochsendotf, 2010); (b)
Shallow double curved thin tile vaulted roof system in Boston Public Library (1895)
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1.2.3. Modern Efficient Floor Systems

The imperative to combat climate change has spurred a renewed interest in utilizing geometric
principles for low-carbon construction techniques. The Block Research Group (BRG) at ETH —
Zurich exemplifies this paradigm shift through their prototypes, such as the Hilo Prototype, which
employs digital fabrication to create thin, doubly curved shell floor systems with vertical stiffeners
and post-tensioned rods or stiff corners to manage thrust (Figure 9-A). HilLo features a 20 mm thick
concrete shell made of fiber-reinforced, ultra-high-strength, self-compacting concrete optimized
through constrained optimization in a Thrust Network Analysis tool (Liew et al., 2017).

(a) (b)

Figure 9: (a) HiLo Prototype; (b) Explode view of Hil.o prototype formwork (Liew et al., 2017)

CNC milling, and wire-cutting techniques are utilized to produce double-sided formwork from
expanded polystyrene foam and timber (Figure 9-B). The success of these prototypes is evidenced in
their application at the building scale within the HilLo research and innovation unit in Dubendorf,
Switzerland. The incorporation of two funicular floors covering approximately 20 m2 with a

maximum span of 5.2 m resulted in a 70% reduction in concrete usage and a 90% reduction in steel
compared to conventional slab structures (Liew et al., 2017).
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Figure 10: Details of HilLo prototype employed in HilLo research & innovation unit (Ranaudo et al., 2021)
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Another efficient floor system proposed by Professor William Hawkins of the University of Bath
(Figure 11) entails a doubly curved mesh-reinforced thin concrete shell with a foamed concrete
topping surface. (Hawkins, 2020) suggests resolving thrust in the vaults through steel ties spanning
between columns or being positioned above the vault, albeit at the expense of introducing bending
forces in the columns. Prototype testing demonstrated the system's ability to withstand typical building
loads while achieving a 50% reduction in embodied carbon compared to flat slab structures.

Cylindrical Textile-reinforced Foamed
steel tie concrete shell concrete fill
{

AN

E_U
0

Figure 11: Hawkmg s vaulted floor systern conceptual des1gn and built prototype (Hawkms 2020)

Inspired by The Guastavino Company’s “Tile Arch System,” a recent master’s thesis by Sabrina
Gaitan from the Massachusetts Institute of Technology explores the feasibility of parabolic barrel-
vaulted Earthen floor systems. The proposed system (Figure 12) comprises a shallow barrel vault
constructed from compressed earth bricks (CEBs), followed by an infill material, and finished with a
CEB slab (Gaitan, 2021).

Earthen Brick Slab
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Figure 12: Gaitan proposed earthen vault system for a parabolic arch (Gaitan, 2021)

Gaitan’s work emphasizes the low stresses that result from utilizing vaults allows for the use of
earthen masonry units that are relatively weak but are much more affordable and have a lower
environmental impact. (Gaitan, 2021) explored vatious aspect ratios (span/5,10,20) as well as vatious
fill densities (1400 kg/m’ and 2400 kg/m’) and was able to show that a compressed earth brick with
a factored strength of 1.2 MPa could span was far as 7-9 meters under a typical live load of 1.9
kN/m?.

Another contemporary example (Figure 13) by Professor Mohamed Ismail moves away from vaulted
forms but instead focuses on reducing materials in bending activated systems. The system utilizes
numerical optimization to shape one-way ribbed slabs according to internal moments and stresses
minimizing material usage showcasing up to a 50% reduction in embodied energy compared to a flat
two-way slab (Ismail, 2023).
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Figure 13: Shaped one-way ribbed slab by Mohamed Ismail (Ismail, 2023)

1.2.4. Compressed Stabilized Earth Bricks

Compressed earth bricks (CEBs) and compressed stabilized earth bricks (CSEB) are low carbon
low-cost masonry units that are produced by compressing soil, sand, and small amounts of
stabilizing agents, such as cement or lime, under pressure. The properties of CSEBs, including
density and strength (ranging from 1500-2200 kg/m3 and 1-40 MPa), vary based on factors like soil
composition, compaction pressure, and stabilization amount (Murmu & Patel, 2018). Recently,
there has been growing interest in CSEBs for affordable housing due to their sustainability and cost-
effectiveness. These bricks utilize locally available materials, demand lower energy inputs than
conventional alternatives, and exhibit reduced embodied carbon. CSEBs typically contain 5-7%
cement, in contrast to the 10-15% found in conventional concrete used for structural slabs (Murmu
& Patel, 2018). Furthermore, unlike fired clay bricks, CSEBs do not require firing, significantly
reducing production energy. A case study by the MASS Design Group on the Rwanda Institute for
Conservation Agriculture project compared CSEBs and fired clay bricks, revealing that a 5% CSEB
had a global warming potential nearly five times lower than a locally sourced fired clay brick (0.04
kgCO2e/kg vs. 0.20 kgCO2e/kg) (Kitchin, 2021). Although the regional cost of CSEBs vaties,
recent literature consistently demonstrates savings ranging from 15-40% compared to fired clay
bricks across various countries (Abdel et al., 2023).

Figure 14: Various compressed stabilized earth bricks in Addis Ababa, Ethiopia and Boston, Massachusetts
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1.3. Research Objective & Contributions

Section 1.1 underscores the pressing need for affordable and environmentally sustainable housing
solutions within the next three decades, particularly in emerging economies. Additionally, Section 1.2
examines recent construction endeavors demonstrating substantial carbon reductions and presenting
promising options for eco-conscious buildings. However, existing research on efficient vaulted
floors, exemplified by projects such as Hil.o and Hawkins, primarily relies on thin concrete shells
utilizing advanced technologies like 3D printing and custom high-strength concrete mixtures
(Hawkins, 2020; Liew et al., 2017; Ranaudo et al., 2021). While these approaches enhance carbon
efficiency, their cost premiums render them economically unfeasible for many Less Economically
Developed Countries, where urban growth is concentrated. Moreover, prior work on earthen
vaulted floors, exemplified by Gaitan, is limited in scope, necessitating further exploration into floor
typologies, quantifying cost-effectiveness and embodied carbon, structural analysis under building
code loads, and validation of theoretical frameworks through physical testing.

Given the exigent demand for housing in emerging economies, there is a distinct necessity for
flooring systems that mitigate carbon emissions while prioritizing affordability. This thesis advances
the concept of earthen barrel-vaulted floor systems as a viable alternative. Specifically, it introduces
three shallow earthen barrel-vaulted floor typologies and assesses their maximum spanning capacity
under typical building loads. In particular this thesis focuses on single curvature vaults because they
are simple, efficient, and easy to construct in a multitude of environments. Furthermore, it quantifies
an earthen floor system's cost and carbon savings through a comparative case study with a
conventional concrete flat slab in Addis Ababa, Ethiopia, a representative LEDC context. Finally,
the thesis investigates the structural viability of one of these typologies by constructing and
evaluating a physical 3m span prototype subjected to international building code loads.

The overarching goal and primary contribution of this thesis are to address the following key
questions:

1. How do unreinforced earthen vaulted floor systems perform in terms of spanning
capacity under typical loads?

2. Are unreinforced earthen vaulted floor systems structurally viable based on full-scale
testing?

3. What are the cost and carbon savings associated with unreinforced earthen vaulted
floors compared to concrete flat slabs?

By addressing these questions, this thesis aims to underscore the structural integrity, cost-
effectiveness, and reduced carbon footprint of earthen vaulted floor systems, providing valuable
insights into a more environmentally conscious and economically viable typology for building
construction in LEDCs.
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2. Span Limits of Earthen Masonry Barrel-Vaulted Floors

An essential contribution of this thesis is examining the spanning capacity of earthen vaulted floor
systems under typical building loads. This section introduces three distinct shallow unreinforced
earthen barrel-vaulted floor typologies and employs a parametric workflow to explore their design
space. Utilizing 2D equilibrium analysis methods, the stresses within these systems are calculated
across different aspect ratios and spans.

2.1. Methodology

2.1.1. Floor Typologies

Figure 15 depicts the three proposed floor typologies. Each typology comprises a primary 5 cm
thick unreinforced CSEB parabolic barrel vault. Analogous to the Guastavino "Tile Arch System"
(Figure 7), Typologies SR (sparse ribs) and DR (dense ribs) incorporate stiffening walls to support
asymmetrical loads and provide a level surface for finishing. Typology SR features 10-centimeter-
thick stiffening walls spaced at 1 meter, while typology DR employs 5-centimeter-thick walls at 30-
centimeter intervals. Conversely, typology LF (light fill) substitutes stiffening walls with a lightweight
filler slab, akin to Figure 12.

Sparse Rib (SR) Dense Rib (DR) Light Fill (LF)

~

{A} {B} {ct
Figure 15: Earthen vaulted floor typologies; red surfaces (a), (b) represent imposed finishing surface loads.

All typologies assume a CSEB density of 2000 kg/m’ based on experimental results, as highlighted
in Chapter 3, and a literature review on CSEBs [26]. In typologies SR and DR, instead of specifying
a finishing surface, the analysis imposes finishing surface dead loads of 1 kN/m® and 0.5 kN/m?,
respectively. This acknowledges the unique context of each location, where finishing surfaces can
vary. For typology LI (Light Fill), no specific material is prescribed for the lightweight fill; instead,
the fill density is estimated at 1400 kg/m’, deemed reasonable for materials like aerated concrete or
crushed construction waste.

For structural safety, each barrel vault must resolve its outward thrust (Figure 16). While many
possible solutions exist for restraining the vault thrust this paper employs steel ties at each stiffening
wall (Figure 17) or in the case of typology LF which has no stiffening walls ties are spaced every 1
meter. Alternatives to ties include a ring beam or buttressing walls; a combination of systems can be
employed to increase redundancy (Figure 16-A). Figure 16-B shows a concrete ring beam system
which resolves thrust in both directions and is self-contained so if one bay fails the adjacent remains.
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Figure 16: (a) Options for resolving outward thrust (Hawkins, 2020); (b) Proposed ring beam system

2.1.2. Analysis Assumptions
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Figure 17: Earthen vaulted floor details and terminology

To analyze the forces in the vaulted floors, a 2D equilibrium analysis is performed on a single
tributary bay (Figure 17-A) for each floor system. This bay includes one stiffening wall segment, a
segment equivalent to the tributary width of the primary barrel vault, and a segment equivalent to
the tributary width of the topping surface. The tributary width, determined by the spacing between
stiffening walls, is set at 1 meter for typology SR, 30 centimeters for typology DR, and 1 meter for
typology LI, aligning with tie spacing due to the absence of stiffening walls. The primary CSEB
barrel vaults possess a uniform thickness (as defined in Figure 17-B) of 5cm, with stiffening walls
rising to a height of 5 centimeters at the center, referred to as the apex rise (Figure 17-B).
Furthermore, span measurement is taken from the centerline of the primary vault.
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Loading conditions encompass self-weight, finishing loads, and factored live and dead loads in line
with the International Building Codes (IBC) (International Code Council, 2021). During the analysis
the self-weight of the tributary bay is computed from a 3D model on top of which the applied
loading, Table 1, according to IBC is added.

Table 1: Applied Loading on Earthen Vaulted Floors by Typology

Safety v Safety | Finishing | Safety
polog Factor 2] | Factor kN /m?2 Factor
SR 1.5 1.5 2 1 8
DR 1.5 1.5 1.35 2 15 0.5 1 7.5
LF 1.5 1.5 2 ' 0 7

For analysis, all loading is linearly projected along the span of the tributary bay, assuming that loads
are transferred vertically to the primary barrel vault. Given a parabolic shape of the primary barrel
vault and linearly projected loads, the forces in the vault are computed as a three-hinge arch under
uniform loading (q), span (L), and rise (y):

2
Thrust = % 1)

Vertical = qz—L 2)

Since the stiffening walls and fill are assumed to only transfer loads vertically, they are excluded from
the tributary area. Thus, for calculating working stresses, the tributary area is taken as the tributary
width multiplied by the thickness of the primary barrel vault. Figure 18 shows a worked example of
how the calculation of maximum stresses is computed for a 5-meter SR typology vault.

Rise at Apex = 0.025 m y=025m
I f
Vault Thickness i
0.05m 1
Wall Thickness 0.1 m ‘ L=5m {
Tributary Width 0.1 m
q =9.24 [kN/m]
v 7 Y L . — v Y ¥ | |
== =l L Resultant
e Thrust i —_—— !
V1 A D S
q = 9.24 kN/m? Thrust =116 kN Max Working Stress = 2.35 MPa
Applied Load + Self Weight qLz/ 8y [Resultant / Tributary Area] / 1000
Applied Load = 8 kN/m? Tributary Area = 0.05 m?
Self Weight = 1.24 kN/m? V1=V2=23kN Vault Thickness * Tributary Width
V,, = Volume Stiffening Wall =0.67 m? * 0.1 m = 0.067 m? qL/2

V, = Volume Primary Vault = 0.25 m? * Tm = 0.25 m®
p = Density CSEB = 2000 kg/m?
[(v,+ V) *p*9.81kgm/s?]/ [Tributary Width *L]

Resultant =117 kN
[(Thrust? + V22)]2

Figure 18: Worked example of calculating maximum working stress in sample 5-meter SR typology vault.
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A parametric model was created in Rhinoceros 3D to represent each floor typology. This model
served as the basis for the 2D equilibrium analysis shown in Figure 18. Each floor system was
sampled in 0.01 meters interval over a 0.5 -10.5 meter range for the vault span. Additionally, two
shallowness ratios, defined as the ratio of span to tise, are examined, with one set to span/10 and
the other to span/20.

2.2. Results

Span vs Compressive Stress of Vaulted Floor Typologies
6 \ \ \ \ | \ \ |

Span : Rise Ratio Vault Typology

Design B
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Max Woking Stress (MPa)
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Figure 19: Working stresses of earthen vaulted floor typologies; following on the work of (Gaitan, 2021)

Figure 19 illustrates that all floor typologies can span distances commonly found in mid-rise
buildings while maintaining low maximum working stresses. For instance, designs B and C, which
represent designs that are discussed in Chapter 5’s case study, show that even at a shallow aspect
ratio of span/ 20, both designs span a 5-meter distance while keeping maximum stresses under 2.5
MPa, as per the assumptions in section 2.1. This underscores the feasibility of utilizing CSEBs as
affordable, low-carbon masonry. The validity of these findings is further shown by the 3-meter scale
prototype discussed in Chapter 4, highlighted as Design A in Figure 19.
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A notable aspect of the results depicted in Figure 19 is that low stresses are observed across various
typologies, spans, and aspect ratios. While soil properties and CSEB strengths vary across different
locations (Murmu & Patel, 2018), the results indicate the feasibility of adapting the design to diverse
contexts by adjusting the typology or aspect ratio. Although only span/ 10 and span/ 20 are plotted,
additional ratios can be interpolated. Thus, as brick properties vary, a different typology can be
selected, the span-to-rise ratio can be reduced, or vault thickness can be increased. Moreover, while
this thesis focuses on CSEBs, other readily available construction alternatives, such as masonry units
made from construction waste or more traditional fired clay bricks can be employed in the proposed
system.

2.3. Discussion

This chapter has shown that various earthen vaulted floor typologies can span typical building spans
while maintaining low stress values. Notably, even at shallow aspect ratios of span/20, all three
typologies are able to maintain stresses below 6 MPa at extreme spans of 10+ meters, decreasing to
2.5 MPa and below at more typical building spans of 5 meters. These stress values are within the
strength range of typical CSEBs as shown in (Murmu & Patel, 2018) and later in Chapter 3, proving
that earthen masonry units can be applied to a vaulted floor form.

While confirming the structural feasibility of earthen vaulted floor systems, these findings have
limitations. A primary limitation is that the static analysis is confined to uniform loading condition.
With vaulted structures the primary failure mode is rarely crushing as highlighted by the low stresses
in Figure 19, but rather stability failure as described by (Heyman, 1995). Therefore, to make this
analysis more robust future analysis should consider asymmetrical loading as well as point loads
proving that the system stays stable in a similar fashion as Figure 7-B. Furthermore, this analysis is
confined to static behavior of the floor systems necessitating future exploration on the seismic
behavior.

Another point of discussion with the results is that despite the low stresses in Figure 19, it is critical
to emphasize that CSEBs exhibit inherent variability, demanding heightened safety considerations.
The vast range of strengths shown in (Murmu & Patel, 2018) as well as the results in Chapter 3
highlight this variability. As a result of this variability, this thesis gives the designh recommendation
that a safety factor of 3 be used on CSEB strengths. For example, if the maximum working stress in
the vault is 2.5 MPa, then a CSEB with at least 7.5 MPa strength is advised. Furthermore, it is
important to note that masonry construction especially vaults are more difficult to construct and
given they derive their strength from their geometry proper construction is critical. Therefore, while
smaller span-to-rise ratios such as 1/20 gives thinner floor profiles, it allows for little room for
construction error, prompting a recommendation of a 1/10 span-to-rise ration if concerns about
construction quality arise.

In summary, this chapter establishes the viability of earthen vaulted floor typologies for spanning
typical building distances with low-stress levels. It highlights the suitability of earthen masonry units
for vaulted floor constructions. However, it also points out the need for further, more
comprehensive research on the structural stability of the proposed systems.
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3. Compressed Stabilized Earth Brick Production and Performance

Chapter 2 establishes that the stresses within the proposed vaulted floor system remain within or
below the strength parameters documented for typical CSEBs in existing scientific literature. In
Chapter 4, a prototype of one of the floor typologies is presented. Chapter 5 of this thesis conducts
a comparative case study examining the cost and carbon footprint associated with flat slab versus
vaulted earthen floor systems within the Ethiopian context. Chapter 3 addresses the production and
properties of the CSEBs produced in Boston which were used in the prototype, as well as CSEBs
produced in Addis Ababa, Ethiopia where the case study is contextualized.

3.1. CSEBS in Boston
3.1.1. Brick Production & Material Properties

The CSEBs comprise four main constituents: Boston blue clay, Quikrete All-purpose sand, Soil
Cover brand crushed marble gravel, and Portland Cement. Boston blue clay sourced from a
construction site was sun-dried, ground, and passed through a 4.75 mm mesh sieve, as illustrated in
Figure 20.

e ———

Wet Clay From Site Sun Dry Clay Crush Clay Sieve Clay

Final Clay Product

Figure 20: Procedure to prepare Boston blue clay for mixing.

Four mix designs were examined, with varying ratios of clay, sand, gravel, and cement determined by
mass, as outlined in Table 2. The dry mixing of brick components was done using a concrete mixet.

Table 2: Boston CSEB Mix Designs

Cement

3% Gravel (3G) 35% 42% 20% 3%
3% No Gravel 3NG) 45% 52% 0% 3%
5% Gravel (5G) 40% 40% 20% 5%
5% No Gravel (5NG) 50% 45% 0% 5%

Following dry mixing, the soil was gradually moistened in a bin, with water added incrementally at
5% by mass intervals. Hand mixing was preferred due to the high clay content, which can lead to
clumping and uneven water distribution when using a concrete mixer (Figure 21). Optimal water
content was determined through a drop test, guided by (Niazi et al., 2020), ensuring the mixture
maintained neither excessive cohesion nor disintegration upon impact (Figure 22).
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Saturated Mix Squeeze In Palm Shape Into Ball Drop From ~1m
Figure 22: optimal water check of mix using field drop test

An aluminum mold measuring 10cm x 20cm x 5cm was employed for brick molding. The mold was
lubricated with oil, and the saturated mixture was filled in thirds, compacted using a 2-ton arbor
press, and leveled with a trowel and manual pressure. Subsequently, the bricks were left to rest for 3-
5 minutes in the sun before being demolded and air-dried. This procedure is delineated in Figure 23
and elaborated upon in Appendix A.

Fill 1/3 (3x) Compress (3x) Level Rest In Sun Demold
Figure 23: summarized procedure for brick compaction

Six bricks of each mixture type were manufactured, with three subjected to compressive strength
testing in the direction of a 20cm x 10cm face, and three in the direction of a 10cm x 5cm face
(Figure 24). Strength and stiffnesses are in Tables 3 & 4; stress-strain plots available in Appendix A.
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Testing Direction
Side direction
(10 cm x5 cm face)

A}

Testing Direction
In direction of compression
(10 cm x 20 cm face)

B}
Figure 24: Testing direction for compressive strength of CSEBs

Table 3: Boston CSEB 14 Day Ultimate Strength and Stiffness — Compressed Direction

Sample 2
mnmn
MPa MPa MPa [Pa MPa MPa MPa Pa
3NG 11 3 105 114 11 1 112 2.0
5G 5.9 115 8.4 95 8.1 84 7.5 98 2.1
S5NG 9.2 110 14.5 128 14.5 115 12.7 118 2.0

Table 4: Boston CSEB 14 Day Ultimate Strength and Stiffness — Tall Direction

MOE MOE MOE MOE
\Y IPq MPa [P’l 1Pa \Y IPq MPa MPa MPa

3G 1.51 364 116 281 254 2.0
3NG 4.0 677 2.4 811 782 757 2.0
5G 2.1 427 2.0 330 1.7 289 1.6 349 2.0
S5NG 4.2 1270 3.3 642 4.3 1113 4.0 1008 2.0
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{A} {B}
Figure 25: (a) 500 3NG bricks during left to air dry; (b) brick during 24-hour soak before compressive testing

Mix design 3NG was chosen for the prototype due to its superior cement-to-strength ratio.
Furthermore, the strength outcomes in the vertical direction were considered negligible due to the
influence of the slender aspect ratio. Five hundred bricks of mix design 3NG were produced for the
prototype. Following literature recommendations, curing was deemed complete after 30 days
(Auroville Earth Institute, 2020). Consequently, spot tests were conducted on three dry bricks at 50
days, along with three additional bricks soaked for 24 hours (Denoted as “Wet”) before undergoing
crushing tests. Results are outlined in Tables 5 & 6, with stress-strain plots provided in Appendix A.

Table 5: 3NG 50 Day Dry Ultimate Strength and Stiffness — Compressed Direction

AVERAGE

3NG 126 111 11. 5 155 131 1.9

Table 6: 3NG 50 Day Wet Ultimate Strength and Stiffness — Compressed Direction

Sample 1 Sampl AVERAGE
mmmml-l
IPa [Pa [Pa MPa [Pa [Pa MPa MPa /cm3
3NG 90 | 5.1 100 5.1 98 5.2 6.4

3.1.2. Retesting Bricks and Brick Prisms

In addition, several 3NG bricks were evaluated after eight months. Alongside individual brick
assessments, brick prisms were subjected to testing and constructed per ASTM C104 2021
standards. They comprised three bricks with two mortar layers (Figure 26-A). Two types of mortar
were investigated: a 1:3 cement-sand mixture and a mud mortar featuring a ratio of 1:4.5:11 for
cement, Boston blue clay, and sand, respectively. Results are delineated in Tables 7 & 8, while stress-
strain plots can be found in Appendix A.
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A} {B} {C}

Figure 26: (a) Cement prism post 30-day curing; (b) crushed prism; (c) crushed prism highlighting 45 degtree
typical shear failure

Table 7: 3NG 8 Month Dry Ultimate Strength and Stiffness - Compressed Direction

Sample 2

MOE IOE MOE
[Mpl [MPq [\IPq [MPa] [MPa]

ONell ¢1 | 73 144 7.3 72 1.9

Table 8: 3NG Prism Ultimate Strength and Stiffness - Compressed Direction

Sample Samr le 2 el AVERAGE
[MPa] | [MPa] DIPq [\IPq [MPq [MPa] | [MPa]
3NG Prism Cement Mortar 1.95 168 138 89 1.71
3NG Prism Mud Mortar 1.9 94 2.6 136 1.9 87 2.1 106

3.2. CSEBs in Ethiopia

3.2.1. Soil Selection & Brick Production

In contrast to the production process of Compressed Stabilized Earth Blocks (CSEBs) in Boston,
where an artificial soil was created by blending Boston blue clay and sand, soil from two
construction sites in Ethiopia was utilized. A soil characterization test was conducted on samples
obtained from two distinct regions within the capital city of Addis Ababa, Ethiopia, as depicted in
Figure 27. The soil characterization of these samples was conducted per BS 1337 Part 1-2 standards,
with the results detailed in Table 9; A comprehensive sieve analysis is available in Appendix A.
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{B}

Figure 27: (a) Soil map of Addis, Ababa [Ethiopia Ministry of Agriculture (MOA)]; (b) soil sample locations
Table 9: Ethiopia Soil Characterization
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Soil Type Sand Silt Cla
North Addis 21% 60% 19%
East Addis 17% 67% 16%
Augmented North Addis 50% 37% 13%
Augmented East Addis 50% 40% 10%

Following characterization, both soil batches underwent sieving using a 9.5 mm sieve. Literature
suggests that ideal soil for CSEBs should contain around 30-50 % sand content (Auroville Earth
Institute, 2020). Therefore, to achieve a target sand content of 50%, for both soil types, the existing
mass of dry sand in each batch was first determined by assessing its moisture content. Additional
construction-grade sand was then added, measured by mass, to augment the soil's sand composition.
The augmented compositions are detailed in Table 9.

{B}

Figure 28: (a) Sieving soils in Ethiopia through 9.5mm sieve; (b) adding additional sand to each soil type.
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Similarly to the practices in Boston, four mix designs were explored (Table 10). However, unlike the
mix designs utilized for Boston CSEBs, none of the mix designs for the Ethiopian context
incorporated gravel. This decision was informed by the lower strengths observed in Boston bricks
when using gravel mixes (Table 3). Instead, the four mix variations in Ethiopia varied in soil type
(East and North) and the degree of cement stabilization, either 3% or 7%.

Table 10: Ethiopia CSEB Mix Designs

Mix Name Cement
North 3% (N3) 48.5% 35.9% 12.6% 3%
East 3% (E3) 48.5% 38.8% 9.7% 3%
North 7% (N7) 46.5% 34.4% 12.1% 7%
Hast 7% (E7) 46.5% 37.2% 9.3% 7%

Following the preparation of dry mixes, the brick production process in Ethiopia closely resembled
that outlined for those made in Boston (as described in 3.1.1), with two notable alterations. Firstly,
due to the unavailability of arbor presses in Ethiopia, bricks were pressed using a hydraulic press at a
pressure of 4 MPa. Secondly, owing to the higher compaction pressure, the procedure deviated from
filling and compressing the molds in a series of layers; instead, the molds were filled and pressed in a
single operation.

{A} {B}

Figure 29: (a) Compaction of bricks using hydraulic press; (b) additional steel “lip” made to over fill mold to
be pressed in one pass.

As outlined in section 3.1.2, brick prisms were tested in Ethiopia, mirroring the methodology
employed for the Boston CSEBs. Similarly, two types of mortar were examined for each brick type.
For the cement mortar, a 1:3 cement-sand mix was utilized for both brick types. Regarding the mud
mortar, a ratio of 1:10:4 (cement-sand-soil) was applied for the 3% bricks, while a ratio of 2:10:3
(cement-sand-soil) was used for the 7% bricks. Results for these tests are presented in Table 15.
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Figure 30: (a) Construction of prism; (b) prisms during air drying period.

3.2.2. Brick Material Properties

Twelve bricks were produced for each mixture type, of which three underwent testing for dry
compressive strength in the direction of a 20cm x 10cm face (Figure 24). Additionally, three more
bricks from each mixture type were subjected to testing after being soaked for 24 hours. These tests
were conducted at 14 and 30 days to observe the strength progression during the curing process.
Similarly, six prisms were manufactured for each mixture type, three with mud mortar and three
with cement mortar. The results of these tests are presented in Tables 11-14. A significant limitation
in the data presented is that the testing apparatus did not measure strain, thus precluding the brick
and prism stiffness calculation.

{A} {B}

Figure 31: (a) Bricks during 24-hour soak; (b) bricks dissolving during 24-hour soak
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Table 11: Ethiopia CSEB 14 Day Dry Ultimate Strength — Compressed Direction

Sqm le 2 Sqm le 3 AVERAGE
o [MPa]
E3 4.2 5.9 3.3 4.4 1.6
N7 5.1 4.7 5.6 5.1 1.5
E7 4.8 5.1 5.6 5.2 1.6

E3 - - - - 1.6 -

N7 1.5 1.6 1.7 1.6 1.5 21

E7 2.9 2.2 2.5 2.5 1.6 16
*Blank boxes represent samples that dissolved while soaking

Table 13: Ethiopia CSEB 30 Day Dry Ultimate Strength — Compressed Direction

AVERAGE
[MPa] o[ / cm3]

E3 4.1 4.4 3.6 4.0 1.6

N7 46 43 4.1 4.3 15

E7 52 44 6.6 5.4 1.6

Table 14: Ethiopia CSEB 30 Day Wet Ultimate Strength — Compressed Direction

AVERAGE
o [MPa] Absorption [%]
N3 -
E3 0.9 0.9 0.7 0.9 1.6 5
N7 6.0 41 2.8 4.3 1.5 3
E7 3.9 41 5.4 4.5 1.6 1
*Blank boxes represent samples that dissolved while soaking

Table 15: Ethiopia CSEB Prism Ultimate Strength - Compressed Direction

Sqm le 2

Sqm le 3

AVERAGE
o [MPa]

N3 Prism Cement Mottar 1. OO 1. 35 .
E3 Prism Cement Mortar 1.0 0.7 0.6 0.7
N7 Prism Cement Mottar 1.4 1.2 1.2 1.2
E7 Prism Cement Mortar 1.5 0.8 1.3 1.2
N3 Prism Mud Mottar 1.2 0.9 1.1 1.0
E3 Prism Mud Mottar 1.3 - - 1.3
N7 Ptism Mud Mortar 1.4 1.2 1.2 1.2
E7 Prism Mud Mottar 1.6 1.6 - 1.6
*Blank boxes represent samples that were damaged before testing
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3.3. Discussion

This chapter underscores the viability of compressed stabilized earth bricks (CSEBs) by confirming
comparable compressive strengths in existing literature (Murmu & Patel, 2018). Figure 19 from
Chapter 2 demonstrates that all floor typologies can span distances typical of mid-rise buildings
while maintaining low maximum working stresses. Notably, even at shallow aspect ratios of
span/20, a 5-meter span earthen floor of any typology exhibits maximum stresses around 2.5 MPa,
decreasing to 1.25 MPa at span/10. The results presented herein showcase the production of CSEBs
in Boston and Ethiopia, attaining strengths exceeding 5 MPa. These results underscore the potential
of CSEBs as cost-effective, low-carbon masonry materials for vaulted floor systems across various
regions.

However, a concern requiring further investigation is the significant reduction in compressive
strength observed in prisms compared to individual bricks in both Addis Abab, Ethiopia and
Boston. Possible explanations include geometrically unfavorable aspect ratios of the testing prisms,
or weaker shear strength of the bricks, which may lead to lower failure stresses not evident at the
individual brick scale. These hypotheses warrant detailed material testing beyond the scope of this
thesis.

Furthermore, the considerable disparity in strength between CSEBs produced in Ethiopia and those
in Boston, along with their heightened vulnerability when soaked, necessitates further inquiry. One
plausible explanation may be Ethiopian soil's higher silt and lower clay content, resulting in reduced
compaction ability and increased water permeability. Future investigations should explore different
soil compositions by augmenting the clay percentage to levels more akin to those of Boston CSEBs.

Additionally, the labor-intensive and time-consuming nature of CSEB production, taking between
one and one-half hours per five bricks in both Ethiopia and Boston, raises concerns regarding
scalability. Given the extensive masonry required for the proposed floor systems, further research
into optimizing the manufacturing process of CSEBs and achieving consistency at scale is
imperative.

In summary, this chapter contributes to understanding CSEBs' potential as sustainable masonry
materials for vaulted floor systems. Yet, unresolved questions regarding prism strength
discrepancies, soil composition effects, and production scalability underscore the need for continued
research in these areas to realize CSEBs' full potential in construction practices.
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4. Earthen Masonry Barrel Vaulted Floor Prototype

Much of the existing literature on earthen masonry vaulted floor systems is limited to theoretical
calculations such as those presented in Chapter 2, and (Gaitan, 2021). The work described in this
chapter looks to validate the theoretical feasibility of these proposed systems by load testing a 3-
meter scale prototype of one of the proposed floor in accordance with International Building Code
loads.

4.1. Methodology
4.1.1. General Design

The prototype, as shown in Figures 32 and 33, is 3 meters in span, 1.5 meters in depth, and has a 5
cm thick primary batrel vault with a span-to-rise ratio of 1/20 giving a primary vault depth of 15 cm.
It has 10 cm thick stiffening walls spaced at roughly 50 cm and an apex rise of 2.5 cm. For the sake
of simplicity, the finishing surface was chosen to be 2 cm thick plywood piece spanning stiffening
walls without attachment, giving the vault floor a total depth of 27 cm (including mortar layers). The
entire vault sandwiched between two steel angles which rest on concrete hollow blocks which
elevate the vault in the air for ease of construction but have no structural attachment to the steel
angles nor vault. The vault thrust was managed by connected steel ties at the two center stiffening
walls. The primary vault and the stiffening walls were constructed with a 3% CSEB with an ultimate
strength of 11 MPa as described in Section 3.1.1.

Plywood Topping Surface

&
N

Primary CSEB Barrel Vault

Steel Rebar Ties

Steel Angles

CcMu

Figure 32: Exploded axonometric drawing of prototype
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Figure 33: Technical drawing of prototype [m]




4.1.2. Preliminary Structural Analysis
4.1.2.1. 2D Analysis

Following the procedures outlined in Section 2.1.2, a 2D equilibrium analysis was conducted on the
prototype. It underwent testing under an unfactored live load of 2 kN/m2, both in symmetrical and
asymmetrical configurations, and an unfactored double live load of 4 kN/m?2, again in symmetrical
and asymmetrical setups. Despite its demonstrated higher capacity, as illustrated in Figure 19, the
prototype was tested under these lower loads due to limitations of the available testing equipment,
which did not permit testing at the 7.5 kN/m2 building code load derived in Chapter 2. The
asymmetrical cases represent a more complex loading scenario that is more likely to induce stability
failures. Using the same assumptions in Section 2.1.2, that loads are transferred vertically, parabolic
shape of the primary barrel vault, and linearly projected loads, the forces in the vault are computed
as a three-hinge arch under combined symmetric and asymmetrical loading:

12
Thrust = E [ZqDead + CILive] ©)

: __ 4peadl qLivel
VertlCalNo Live Load Side — 2 + 3 (4)

. _ 9peadl 3qLivel
Vertical Live Load Side — 2 + 3 (5)

In addition to checking maximum working stress, a 2D thrust network diagram is drawn for each
vault to demonstrate the thrust line fits within the primary vault during asymmetrical loading. This
confirms stability per Heyman's Safe theorem, akin to the example of Guastavino in Figure 7-B. An
abbreviated calculations for the most critical load scenario for stability, asymmetrical load at 4
kN/m?, is presented in Figure 34. Detailed worked solutions for all load cases in Appendix B.

Upead T Y= 2:6 KN/m

Qg = 072 kN/m 0.78 kN 0.78 kN 0.78 KN 0.78kN 0.78 kN

022kN 0.22kN 022kN 022kN 022kN

R

f 12.5 kN |

0.22kN
022kN
0.22 kN
022kN
0.22kN

0.78 kN

0.78 kN

0.78 kN

0.78 kN

0.78 kN

Figure 34: Forces and thrust line in prototype under 4 kN/m? asymmetric live load
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Under all load cases, calculations showed that the working stresses remained well under the strength
of the brick, Table 16, as well as maintaining the thrust line withing solely the primary barrel vault
assuming conservatively the stiffening walls only transfer forces vertically from the plywood.

Table 16: Max Working Stresses in Prototype Vault Under Various Load Cases

Max Working Utilization of Factored Utilization of
Stress Dry CSEB (10 MPa

Load Case

2 kN/m? Symmetrical 0.54 MPa 5.4% 16.2%
2 kN/m? Asymmetrical 0.39 MPa 3.9% 11.7%
4kN/m? Symmetrical 0.85 MPa 8.5% 25.5%
4 kN/m? Asymmetrical 0.55 MPa 5.5% 16.5%

One additional concern was analyzing the stress concentration near the support ties for the highest
stress case: 4kN/m?” symmetrical. Each tie takes half the entire vault’s thrust and two localized stress
blocks were analyzed the first being the tributary width of a single stiffening wall (Figure 35-A) and
the second more conservative being the width of two bricks (Figure 35-B). Both gave safe results as
shown in Table 17.

o 5

[
==
. 3y T1=H/2=3188kN L
E & & B H=6375kN B
T - 3» T2=H/2=31.88kN -
V1/2 V1/2 —_— -
638kN  638kN —

6.38kN 6.38 kN
{Al {8}

Figure 35: Stress concentration analysis; thrust and reaction forces solved in Appendix B - “Sizing Steel Tie”

Table 17: Critical Stress Based on Stress Block

) . _ Utilization of Factored Utilization of
Stress Block Stress Block Area Dty CSEB (10 MPa ) 33

Tributary Bay 1.38 13.8% 41.4%
2x Brick Width 3.25 32.5% 97.5%

Following this verification, the rebar ties were sized at 15.8 mm (5/8”) diameter for the highest
stress case, 4 kN/m’ symmetrically. Furthermore, the bending capacity of the steel angles was
verified as adequate given that the vault thrust against the angle for 0.5m on either side before
resolving the thrust at the tie (Figure 33). Detailed calculations for both are found in Appendix B.
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4.1.2.2. 3D Analysis

The 2D analysis was complemented with a 3D equilibrium thrust network analysis utilizing the
Thrust Network Optimization (TNO) plugin by BRG (Maia Avelino, 2023). The first verification
involved the symmetric loading case of 4 kN/m?’. The loading grid utilized is depicted in figure 36.
Notably, slight discrepancies exist between the grid and stiffening wall locations (delineated by
dashed blue lines in Figure 37) compared to the 2D analysis. This variance arises from the
prototype's as built dimensions, which measured 1.55 meters long, causing the stiffening walls to
shift from their anticipated positions. Similar to the 2D analysis the thrust line is limited to the
primary barrel vault.

TNO operates differently from the 2D analysis, as it considers load paths beyond just the rib
locations. Consequently, it distributes the self-weight of the vault across all nodes, visualized as
green dots in Figure 36. The red dots indicate points where the combined loads (rib load, plywood,
self-weight, and live loads) are applied, while the two orange dots at the ends represent small partial
loads from the nearby tributary area near the supports. Load values corresponding to the most
critical stiffening wall on the grid are labeled. It's noteworthy that the summed point load value
closely aligns with the 2D analysis, and the final results find a better minimum thrust solution.
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Figure 36: TNO analysis for 4 kN/m2 symmetrically loaded
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The same analysis was done for the asymmetrical case, shown in Figure 37, and again the analysis
found a lower thrust solution than the 2D solution shown in Figure 34. The blue dots represent the
points in the stiffening wall where only the rib load, and self-weight is applied, the remaining colors
represent the same as the previous example.

A caveat about the 3D analysis is that the single curvature barrel vault is mostly a 2-D problem, and
as a result the reductions in thrust found by a 3D analysis will be minor. Were the vault to be doubly
curved and supported on four sides the reductions between 2D and 3D analysis would be greater.
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Figure 37: Figure 36: TNO analysis for 4 kN/m2 asymmetrically loaded

4.2. Testing Results

The figures below show the completed vault, as described eatlier after construction, the vault was 5
centimeters longer than anticipated, however the stiffening walls ware adjusted to maintain the 1.5-
meter depth. For loading, the prototype was loaded with 20-liter buckets of water were spread out
on the vault, each bucket being 0.185 kN in load. The loading sequence was as followed:

1. 2 kN/m? asymmetrically; 25 buckets over half vault
2. 2 kN/m? symmetrically; 50 buckets over half vault
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3. 2 kN/m? symmetrically + 1.25 kN point load at center; 50 buckets over entite vault + two people
standing at center.

4. 4 kN/m?2 asymmetrically; 50 buckets over half vault

5. Premature failure reached before 4 kN/m? symmetrically.

The prototype withstood symmetrical and asymmetrical loads at 2 kN/m? for a sustained period.
When the two human point loads were added, there was a significant deflection without elastic
recovery, discussed in 4.3, however it remained stable. The vault stood for roughly 7 minutes after
being loaded at 4 kN/m? asymmetrically, but slowly deforming under the continued stress before

ultimately collapsing. The collapse was unexpected given the analysis on the undeformed geometry
shown in Section 4.1; the premature failure is expanded on in Section 4.3.

Figure 39: Completed vault floor prototype elevation view
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Figure 40: Completed vaulted floor prototype with author walking on top
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Figure 41: Twenty-five buckets being filled with water during 2 kN/m2 asymmetrical loading

Figure 42: 2 kN/m2 symmetric load case with 1.25 kN point load at center
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Figure 44: Vault at moment of collapse showcasing three bar hinge mechanism
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4.3. Collapse Analysis
4.3.1. Deformations

A clear observation while testing is that the prototype had unexpected deformations. Heyman’s
theory for masonry analysis which was used for both 2D and 3D analysis assumes that the masonry
is infinitely rigid so shape remains constant (Heyman, 1995). Furthermore, preliminary analysis
assumed that supports are fixed, while the steel angles were tied together preventing them from
sliding, they experienced slight rotations (in the scale of mm) under loading. While settlements of
this order are usually negligible the shallow aspect ratio at span/20 makes the design highly sensitive
to any support sliding.

While the horizontal displacements were not recorded, using snapshots from slowed down footage
the vertical displacement at the center and quarter point of the vault were able to be calculated,;
detailed calculations can be found in Appendix B. Using this information, the analysis framework
shown in Figure 45 was used to calculate the deformed shape of the vault; the deformed span and
aspect ratios are tabulated in Table 18 and shown in Figure 46.

Deformed Undeformed

b )
b’

AB=AB a’+b*=(2)*+ (b")? a’+b*=(a-8 )"+ (b+3,)*

Span’=Span + 23, Rise’ = Rise- 9,

Figure 45: Analysis approach for calculating deformed geometry of vault

Table 18: Deformations of Prototype Compared to Original Sate During Loading

.-- Spqn/ Rlbe
[m] | [m] [cm] mm [m]
21 3

2 kN/m? Asym. 0.15 0.15 015
2 kN/m? Sym. 0.15 3, 002 015 | 0.141
2 kN/m? Sym. and
25 I Do e | 15 015 | 25 2.3 3 13005 0.15 | 0.125 24
2
ARN/m? Asym. | o | e | 59 33 3 13007 | 015 | 0.112 26.8
@ Failure
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Figure 46: Deformed geometries of prototype during loading
4.3.2. 2D Analysis Revisited

The prototype was reanalyzed, using 2D equilibrium as done Section 4.1.2.1, for the 4kn/m’
asymmetric load using the ultimate deflected geometry which is 3.8 cm shallower than the initial
vault (red geometry in Figure 46) to see if it explained the vault failure. The first pass of calculations,
Figure 47, showed that even in the deformed state that it could maintain stability; full calculation in
Appendix B.

0.78 kN 0.78 kN 0.78 kN 0.78 kN 0.78 kN
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'
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Figure 47: Forces and thrust line in 0.47 cm strip of deformed prototype under 4 kN/m? asymmetric live load

This result is adequate for a first pass; however, it is not accurate because the hinge is allowed to
form right at the edge of the vault which is allowed under limit analysis because it assumes that
masonry is significantly stronger than the stresses in the vault allowing for an extremely small stress
block hence a hinge at the edge (Heyman, 1995). For this very shallow prototype because CSEBs are
a weaker masonry unit they cannot be treated as infinitely strong. Given this consideration, the
previous analysis is redone assuming stress blocks of 1 mm, 1 cm, 2 cm, 2.5 cm height by 47 cm in
depth - the tributary depth of a stiffening wall. An optimization loop is used to find the minimum
thrust solution for each. The resulting stresses and thrusts are shown in Figure 48.

46



0.78 kN 0.78 kKN 0.78 kN 0.78 kN 0.78 kKN

0.22kN 0.22 kN 022 kN 0.22kN 0.2ZkN

S S S B

o =14.94 kN / 0.00047 m*
¢ =31.8 MPa

«~— 1IMM

0.78 kKN 0.78 kKN 078 kN 0.78 kN 0.78 kKN

0.22kN 0.22kN 0.22 kN 0.22kN 0.22kN

o =15.72kN/ 00047 m*
g=3.18 MPa

1CM

0.78 kN 0.78 kKN 0.78 kN 0.78 kN 0.78 kN

0.22kN 0.22kN 0.22kN 0.22kN 0.22kN

g =16.50 kN / 0.0094 m*
o=175MPa

2CM

0.78 kKN 0.78 kN 0.78 kN 0.78 kN 0.78 kN

0.22kN 0.22kN 0.22kN 0.22kN 0.22kN

S N U S

o=16.90 kN /0.0118m*
o= 1.43 MPa

% 25CM

Figure 48: Limit analysis of a 0.47 cm wide strip of deformed prototype.
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4.3.3. Explanation for Failure

These results lead to the conclusion that even in its deformed state the vault should have stayed
stable so long as the strength of the masonry was 1.43 MPa or greater. This is in contradiction to
what was observed during testing, as the vault did collapse in response to the vault’s deformations.
This contradiction is what prompted the experiments in Chapter 3, Section 3.1.2 as it was
hypothesized that the bricks must have been weaker than expected or the confined masonry was
weaker than an individual brick. The retested bricks had an average strength of 8 MPa which did not
resolve the contradiction. The prism however shed some light on the findings; the average strength
of the mud mortar prisms was 2.1 MPa which is near the limit of 1.43 MPa (Figure 48-D).

When observing the failure of the vault it is important to note that the vault did not fail suddenly,
but rather it deformed slowly over seven minutes continually getting shallower until its ultimate
collapse. The main question in explaining the vaults failure is what caused this continued
deformation which can be attributed to three main factors: tie elongation, and shortening of the
vault due to elastic shrinkage, and local crushing of the mortar joints.

The continued flattening of the vault is first increased as a result of support settlement due to the
lengthening of the steel tie. If the collapse point is revisited assuming the vault had a strength of
2.1MPa, Figure 48-C represents the closets stable equilibrium state of the deformed vault. The thrust
in each tie at that point would be 25.9 kN which is calculated by taking the thrust at that point and
multiplying by 1.5/0.47, to represent the full vault and not one tributary bay, then dividing by two
because each tie takes half. The elongation of the 3 meter steel tie at this point would be:

o P 25.8 kN * 3000 mm e
= AE _ 0000196 mZ = 200,000,000 kPa ™™

Rearanging the equation in Figure 45, and inputing half the elongation as éh the corresponding
vertical deflection of 1.9 cm can be calculated as shown in Table 19. The vault at this point has
deflected a total of 5.2 cm from the original design, but a stable solution still exists (Figure 50).

Table 19: Deformations of Already Deformed Vault Due to Tie Lengthening

IR AT R
1’1’1 Il'l crn 1’1’111'1

ARN/m? Asym. |y g7 | 495 0.985 | 3.007 | 3.009 | 0.112 | 0.098
Deformed Geo.

098 m s Expected Deformed State
\ After Tie Elongation

09 m Outline of Deformed State
Right Before Colapse

Figure 49: Deformed shape of prototype after tie elongation
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In addition to tie elongation, the flattening of the vault is furthered as a result of elastic shortening.
The original analysis in Figure 45 dictates that the length of AB = A’B’ which physically represents
that the deformation of the vault is caused by support settlement because the length of the vault
remains constant. This is based on the limit analysis assumption that masonry is infinitely stiff, so
the compressive shrinkage of the masonry is negligible. However in the case of CSEBs it is known
that it they are not stiff material in comparison to masonry as shown by the stress strain plot in

Figure 51.

———

5 o=18.30kN /0.0094 m*
1 ¢=172MPa

Figure 50: Stresses in prototype after tie elongation
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Figure 51: Stress - Strain curve of Mud Prism 3
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Figure 52: Simplified 2 bar representation of deformed vault

Knowing this, the vault in Figure 49 is reanalyzed, simplifying it into two bars as shown in Figure 52
that have cross sections equal to the depth of the vault (0.05 m) and a depth equal to a tributary bay
(0.47 m). The shrinkage of each bar can be calculated using the modulus of elasticity from Figure 51:

PLyigne 183 kN * 1360 mm
AE  0.0235m?2 % 94,000 kPa

ALyigh: = =11.4mm

PLiesr 181 kN * 1660 mm
AE ~ 0.0235m?2 * 94,000 kPa

ALpese = =13.6 mm

The two values are added to conclude that the vault length shortens by a total of 25 mm. If the
combined length of the two bars is taken as an estimate of the curve length of the centerline of the
vault, the deformed vault for the same span of 3.009 meters, the vault would need to deflect an
additional 1.6 cm, meaning the vault has shrunk a total of 6.8 cm from the original design increasing
the span to rise ratio to span/36.5 from span/20.

Curve Length: 3.0175 m Curve Length: 3.0150 m

- Expected Deformed State
\ After Shrinkage
3.009 m
Outline of Deformed State

After Tie Elongation

0.78 kN 0.78 kN 0.78 kN 0.78 kN 0.78 kN

0.22 kN 0.22 kN 0.22 kN 0.22 kN 0.22 kN

213 kN 213 KkN
e

1.8 kN 32 kN

____________ 0=21.53kN/0.0118 m?
TN o=1.83 MPa

Figure 53: Analysis of deformed vault to meet shrinkage requirements
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Table 20: Summary of Elastic Vault Deformations

-- Ko<
cm mm
21 3

2 kN/m2 Asym. 0.15 015 015
2 kN/m? Sym. 0.15 3002 015 | 0.141
2kN/m? Sym. +
1.25 kN Point 15 | 015 | 25 | 23 3 13005| 015 | 0125 24
Toad
4kN/m? Asym. | 15 | 015 | 3.8 | 33 3 13007 | 015 | 0.112 26.8
2
ARN/m? Asym. |y 07 | 0910 | 52 | 0985 | 3.007 | 3.000 | 0112 | 0.098 30.7
Tie Elongation
4 kN/m? Asym.
Elastc Shrinkage _ _ 6.8 _ -1 3.009 | 0.098 | 0.082 36.5

The combination of support settlements and vault deformations explains the slow and shallow
flattening of the vault. Given the maximum stress is 1.83 MPa at the end of this deformation, Figure
53, which puts it near or in the plastic deformation region of the brick prisms shown in Figure 51,
the vault's failure makes sense. Already close to or at failure, the breaking point of the vault can be
attributed to local joint failures. While the individual bricks were 8 MPa and the prisms were 2.1
MPa, the mud mortar, which was not tested, could have been weaker. As a result, it is possible that
the mortar experienced more crushing (to create a larger stress block) than an adjacent brick. This
greater localized crushing at the mortar joints allows the bricks to rotate locally, making the vault
even shallower. The deformation due to local rotations and the fact that the mortar was crushed first
could not be calculated. However, this failure behavior is furthered greatly because the hinges at
failure formed precisely at the mortar locations, not in the bricks, as seen in Figure 44.
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4.4. Discussion

The testing and results carried out in this chapter expanded upon the limited existing literature of
the physical feasibility of vaulted earthen floor systems. Specifically, it was able to show that the
theoretical earthen floor systems such as those discussed in (Gaitan, 2021) and described in Chapter
2, with shallow aspect ratios span/20, can safely hold an unfactored building code live load of
2kN/m* symmetrically and asymmetrically.

While taking a big step in confirming the structural feasibility of earthen vaulted floor systems, the
work presented in this chapter has also brought to light critical areas for further research. One point
made clear by the large deformations observed is that while Heyman’s rules for limit analysis of
masonry vaults are a good starting point for analysis, further research on the deformation behavior
of earthen vaults is needed to understand and predict the real-world behavior of these systems.

Another area that requires further research is an investigation in the true strength of the composite
masonry mortar matrix used in the vaults. Without understanding what the strength of the two are
in composite calculation and explaining the structural capacity of the floor systems will be a
challenge.

A closing lesson from this prototype is the importance of construction details as well as robust
testing equipment. With respect to construction, Table 18 highlights that the 3.8 cm vertical
deflection of the vault at center can be attributed to a mere 6.6 mm horizontal settlement in the
supports. In this case the angles were tied but not bolted down thus unintentionally giving them the
room to slightly rotate and potentially have provided the 6 mm horizontal displacement that caused
such drastic vertical deflections at center. With respect to testing much of the collapse analysis was
pieced together using video footage, in the future using emended sensors, string gauges on the ties,
and targeted camera work will allow for a much more improved understanding of the internal forces
in the vault as well as how it is failing over time.

This chapter has advanced our understanding of vaulted earthen floor systems' structural feasibility,
confirming their ability to withstand building code live loads. However, it highlights the need for
further research into the nonlinear, both geometric and material, behavior of earthen vaults and the
true strength of composite masonry mortar matrix. Additionally, it underscores the importance of
meticulous construction details and improved testing methodologies to better understand these
systems' behavior. This chapter lays the groundwork for future investigations of building more
prototypes with the ultimate goal of a working prototype carrying a full factored residential load of 7
to 8 kN/m?
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5. Case Study: Cost & Carbon Savings

A void in the current scholarly discourse pertains to quantifying the embodied carbon and cost
efficiencies of earthen barrel-vaulted floor systems compared to conventional concrete flat slabs.
This chapter endeavors to bridge this gap through a case study examining the cost and embodied
carbon implications of two vaulted earthen floor designs vis-a-vis a flat slab within a recently
completed 15-story building in Addis Ababa, Ethiopia.

5.1. Context

5.1.1. Integrated Housing Development Programme

Ethiopia is an apt context for a case study on the feasibility of earthen vaulted floor systems due to
the substantial demand for affordable housing. In 20006, in alignhment with the United Nations'
Millennium Development Goals to furnish adequate shelter for the economically disadvantaged, the
UN, in conjunction with the Ethiopian government, established the Integrated Housing
Development Programme (IHDP). This initiative aimed to construct 400,000 subsidized
government housing units, with 175,000 units earmarked for the capital, Addis Ababa, between 2006
and 2010 These housing units were intended to be provided to citizens solely at the construction
cost, without any land payment (Alemu, 2021; UN Habitat, 2010).

The IHDP delineated three housing schemes: 10/90, 20/80, and 40/60. The 10/90 condominiums
encompass low-tise single ot two buildings, predominantly featuring studio apartments. The 20/80
condominiums comprise mid-rise 11-story structures, primarily housing one and two-bedroom
units, with 10% of the space (ground floor units) allocated for commercial purposes. The 40/60
condominiums constitute 13-story buildings, with two and three-bedroom units being the
predominant apartment sizes, alongside an increased commercial space of 20%.
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Figure 54: 2) 10/90 condominium; (b) 20/80 condominium; (c) 40/60 condominium
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Figure 56: 40/60 condominiums under construction on outskirts of Addis Ababa [Chatlie Rosser, 2017]
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The condo allocation mechanism proposed by the IHDP entails a lottery system wherein citizens
can register to be allocated a government-sponsored condo. Upon selection, individuals are matched
with an apartment based on their income and family size. For instance, recipients of apartments in
the 10/90 condo (targeting the lowest income group) must make a 10% down payment, with the
government-owned Commercial Bank of Ethiopia (CBE) extending a 20-year mortgage for the
remaining 90%. Similar structures apply to the 20/80 and 40/60 condos, which are tailored to low-
middle and middle-income households. Condominium ownership is transferred only upon the
winner's ability to pay down payment, with provisions for savings over specified periods (3, 7, and 5
years, respectively) for those unable to meet the initial payment (Keller & Mukudi-Omwami, 2017).

5.1.2. Shortcomings of Integrated Housing Development Programme

The IHDP, although successful to an extent, has faced challenges in meeting its ambitious targets.
As of 2019, the government had constructed and transferred 380,000 housing units to citizens,
falling short of the planned 400,000 units and nearly a decade behind schedule (Sendin, 2015).
Moreover, rapid urban population growth has exacerbated the housing deficit, necessitating an
estimated 1.2 million additional housing units, predominantly low-cost options, between 2013 and
2023. However, the IHDP's annual production capacity of approximately 25,000-35,000 units is
insufficient to meet the escalating demand (Sendin, 2015).

The exorbitant costs associated with construction materials pose a primary impediment to the
IHDP's ability to deliver subsidized housing at the required pace (UN Habitat, 2010). IHDP
condominiums employ concrete frame structures with concrete flat slabs and hollow block walls,
predominantly relying on imported materials (Figure 52). Consequently, the government's financial
constraints on importing the necessary volume of materials have hindered the expansion of
subsidized housing, exacerbating the housing deficit.

Beyond limiting the production rate of the housing units, high construction prices have also made it
difficult for low-income residents to afford the subsidized units. For reference one study in 2017
estimated that the 10/90 and 20/80 condos can have monthly loan payments ranging from 3,000 —
8,000 birr a month based on size (Keller & Mukudi-Omwami, 2017). A 2023 study estimated the
price of a one-bedroom IHDP condo has reached 1.25 million Ethiopian Birr roughly $23,000,
meaning the monthly loan payments have likely increased as well (Centre for Affordable Housing
Finance, 2023). These prices are too expensive for low-income individuals; given a level 1 federal
employee (for example a gate guard) in 2019 had a base salary of 1,100 birr and even a level 10
worker (a mid-level office worker) has a base pay of 5,300 birr a month (F.D.R. of Ethiopia, 2023).

In response to this, it is common practice for individuals who win the lottery but do not have the
down payment ready or don’t have the income to make the monthly loan payments to 1) illegally sell
their condominium spot to someone who can afford it or 2) add walls inside their already small
condo to rent a portion to someone (UN Habitat, 2010). This in effect has made the units
overpopulated bringing on other issue of health and safety or in the worst case made the housing
units inaccessible to the very people it sought to help.

The persisting housing demand and the ongoing challenges confronting the IHDP underscore the
relevance of Ethiopia as a context for evaluating the feasibility of earthen vaulted floor systems.
Adoption of these systems holds the potential to reduce structural costs, thereby facilitating the
construction of more affordable housing units.
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5.2.  Methodology
5.2.1. Floor Designs

The floor designs are tailored for a 5x8 meter column grid spacing (40 m?), reflecting Ethiopia's
typical slab span in the 10/90 and 20/80 mid-rise condo buildings (Alemu, 2021; Deribe, 2024). The
flat two-way concrete slab used in this comparison, provided by (Deribe, 2024), comes from a
recently built 15 story building which while not a government sponsored condo has a similar design.
This comparative slab, presented in Figure 57, is made from C35 concrete, is 17 cm thick with a
reinforcement ratio of approximately 0.7%.
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Figure 57: As built two-way flat slab details (mm)

The first earthen slab (EFV1), Figure 58, is a dense rib type, as defined in 2.1.1, with a 5-meter span,
8-meter depth, and a span/20 shallowness ratio. The total thickness, including the tile finishing
surface, is 37 cm. For this design a 2.5 cm thick ceramic tile finishing surface is proposed; if the
density of the tile is taken at 2000 kg/m’ a finishing surface load is 0.49 kN/m? is reached which is in
line with the assumptions set out in 2.1.1.

The second earthen slab (EFV2), Figure 59, is a sparse rib type, as defined in 2.1.1, with a 5-meter
span, 8-meter depth, and a span/20 shallowness ratio. The total thickness, including the tile finishing
surface, is 42 cm. The finish, called out at the bottom of Figure 59 and similar to the composite deck
in Figure 4-B, consists of a 1 mm thick corrugated steel deck and a 3.5 cm thick light weight C25
concrete slab, resulting in a total finishing thickness of 7 cm. If the density of the concrete and steel
is taken at 1400 kg/m’and 1400 kg/m’ respectively, a finishing surface load of about 0.91 kN/m? is
reached which is in line with the assumptions set out in 2.1.1.

56



5000

Figure 58: Earthen Vaulted Floor Design 1 (mm)

Figure 59: Earthen Vaulted Floor Design 2 (mm)
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5.2.2. Embodied Carbon Coefficients and Material Costs

Table 21 represents A1-A3 embodied carbon coefficients (ECC) of building matetials in kgcoz./unit.
To obtain values that most closely relate to Ethiopia, the Rwanda Embodied Carbon Calculator
(RwECC), a collaborative effort by the MASS Design Group, ARUP, and The University of
Rwanda, was the source (MASS Design Group, 2023). The Inventory of Carbon & Energy database
(ICE) is used for any unavailable values (Hammond et al., 2019). With respect to CSEB choice,
Chapter 3 showed that 3% and 7% cement stabilized bricks with a strength of 5+ MPa could be
achieved in Ethiopia thus the value in Table 21 which is for a 5% brick in Rwanda is deemed a fair
estimate of ECC for the CSEBs used in the proposed designs.

Table 21: Embodied Carbon Coefficients

Densiy [kg/m3] | BCC [kgeon]

C35 Concrete 2400 339 / m’ RwECC
LW C25 Concrete 1400 270 / m3 RwECC
1:3 Mortar 1800 0.2/ kg RwECC
Steel Corrugation 7850 1.44 / kg ICE
Steel Tie (Rebar) 7850 1.2 / kg RwECC
5% Cement CSEB 2000 0.041 / kg RwECC
Clay Tile 2000 0.22 / kg RwECC

The material and labor costs presented in Table 22 were obtained through an interview with a local
engineer (Deribe, 2024) and data collected from CSEBs testing in Ethiopia. Formwork costs are
conservatively taken to be the same cost for both vaults and concrete slabs. Regarding masonry
labor, the local rate for masonry work is $2/m’ However, due to the increased complexity of vault
construction, this is assumed to increase to $6/m> Lastly due to variation from project to project,
concrete labor costs are not given per square meter but rather estimated to constitutes 35% of the
total structural material cost; this which was derived from an interview the author had with an
engineer’s audit of 15 recently constructed buildings (Deribe, 2024).

Table 22: Cost of Material and Labor

C35 Concrete $241 m3
LW C25 Concrete | $185 m?3
1:3 Mortar $139 m?3
Steel Corrugation $31 m?
Steel Tie (Rebar) $2 kg
5% Cement CSEB $93 m?3
Clay Tile $8 m?
Formwork* $30 m?
Masonry Labor* $6 m?
Concrete Labor* 35% %

For each design a 3D model of the floor system was made, and the total volumes and masses were
recorded and multiplied by the ECC to get the total embodied carbon and cost.
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5.3. Results

Figures 60 shows that both earthen vaulted floor design cases have significant reductions in cost.
EFV1 showed a 62% reduction in cost while EFV2 showed a 42% reduction in cost. Some notable
points include that in the case of EFV2 46% of the total cost of the floor system is in the finishing
surface alone with 35% of that being the steel corrugation. Thus, while having fewer stiffening walls
does cut the cost of masonry labor by nearly a quarter, the premium for the corrugation is not worth
it. Comparing the two vaulted structures to the slab the key savings comes from the reduction of
concrete and rebar which in the slab sum to $81/m? which is already more than the entire EFV1

and nearly equal to the entire cost of EFV2.
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CSEB EVF2 - Earthen Vaulted Floor System 2
Formwork

® Mason Labor

@ Mortar
Rebar

Figure 60: Cost per m? breakdown of case study floor systems

Table 23: Cost per m? Breakdown of Case Study Floor Systems by Percentage of Total

[ | Percent of Total Cost
Material / Labor

Fl

C35 Concrete 28.1
LW C25 Conctrete - 11.2 -
1:3 Mortar 1.7 1.1 -
Steel Corrugation - 34.8 -
Steel Tie (Rebar) 8.0 5.6 17.6
5% Cement CSEB 10.3 6.7 -
Clay Tile 13.8 - -
Formwork* 50.0 32.6 19.0
Masonry Labor* 15.5 7.9 -
Concrete Labor* - - 35.2
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As is the case with cost, Figures 61 shows that with respect to embodied carbon that both earthen
vaulted floor design cases have significant reductions in cost. EFV1 showed a 74% reduction in
embodied carbon while EFV2 showed a 50% reduction. As anticipated the concrete and the rebar in
the slab make up its entire carbon footprint with the concrete alone being more than the two
earthen designs in their entirety. Comparing EVF1 to EVF2, again the composite finishing surface
of EVF2 comes at a premium making up 75% of the design embodied carbon, and its additional 18
kgcoz./m” make it three times more carbon intensive than the clay tiles used in EVF1.
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Figure 61: Embodied carbon per m? breakdown of case study floor systems

Table 24: Embodied Carbon per m? Breakdown of Case Study Floor Systems by Percentage of Total

T Percencof Toul Con

Material / Labor | EVF1

C35 Concrete 81.0
LW C25 Concrete - 38.9 -
1:3 Mortar 5.2 2.7 -
Steel Corrugation - 36.2 -

Steel Tie (Rebar) 15.8 8.3 19.0
5% Cement CSEB | 31.6 | 13.9 -
Clay Tile 47.3 - -
Formwork* - - -
Masonry Labor* - - -

Concrete Labor*
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Looking at the weight of the three systems both earthen typologies are similar to one another, both
being less than half the mass of the slab (42% and 47%). This in itself is impressive, yet the notable
reduction in weight is even more compelling considering that as a result of reduction at the floor

level, the size and mass of columns and foundations can be reduced, providing even further savings
in embodied carbon and cost.
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Figure 62: Weight per m? breakdown of case study floor systems

Table 25: Weight per m? Breakdown of Case Study Floor Systems by Percentage of Total

_ Percent of Total Cost

Material / Labor
C35 Concrete

LW C25 Concrete

35.1

97.3

1:3 Mortar

3.2

1.9

Steel Corrugation

4.3

Steel Tie (Rebar)

1.1

1

2.7

5% Cement CSEB

70.9

57.8

Clay Tile

24.9

Formwork*

Masonry Labor*

Concrete Labor*
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5.4. Discussion

The present chapter addresses a notable void in the scientific literature by quantifying the embodied
carbon and cost savings associated with earthen barrel-vaulted floor systems compared to traditional
concrete flat slabs. Through a detailed case study involving two earthen vaulted floor systems and
employing prevailing market rates for materials and labor costs, the investigation demonstrates that
earthen vaulted floor systems can offer cost savings of up to 62% compared to a comparable slab.
This finding underscores the economic feasibility and favorability of these floor typologies.
Furthermore, the study reveals significant environmental benefits, with carbon savings reaching as
high as 74%, thus highlighting the system's positive environmental impact.

While the initial findings of this study are promising, it is imperative to acknowledge the limitations
inherent in this case study. A primary constraint lies in the reliance on estimated values for the costs
and embodied carbon of materials and labor, which are often adaptations from related sources and
may not reflect precise figures. For instance, the assumption that masonry labor for vaulted
structures is three times more expensive than for walls may not hold universally, potentially
impacting the accuracy of the results. Similarly, lacking a pre-existing market for CSEB in Ethiopia
necessitated deriving pricing assumptions based on traditional fired clay bricks and the production
of CSEBs outlined in Chapter 3. However, the actual cost of CSEBs at scale remains uncertain and
warrants further investigation for precise estimation. Hence, future research endeavors should
prioritize refining this case study by constructing a full-scale prototype, tracking actual costs in
Ethiopia, and conducting additional case studies in other LEDC contexts to understand potential
variations in cost savings.

An additional constraint of this case study is its restricted focus on analyzing floor systems solely at
the floor level. To enhance the comprehensiveness of the findings, it would be advantageous to
redesign an entire 20/80 or 40/60 condominium, encompassing various floor typologies, from the
foundation upwards. Such an approach would provide a holistic understanding of different floor
designs' potential carbon, cost, and weight savings. One example of second-order effects is that
while using the vaulted floor might reduce mass at the floor level by 50%, it might require more
complex columns that increase their reinforcement or mass so that the total savings might be less
than 50%.

In summary, this chapter illuminates the viability of earthen barrel-vaulted floor systems compared
to traditional concrete flat slabs. However, it acknowledges limitations such as reliance on estimated
costs and the absence of an established market for Compressed Stabilized Earth Blocks (CSEBs) in
Ethiopia. Future research should refine methodologies and explore broader structural implications
to provide more accurate economic and environmental benefits assessments, thus aiding sustainable
construction practices and addressing affordable housing challenges.
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6. Conclusion

6.1. Summary of Contributions

This thesis addresses three critical questions regarding low-cost, low-carbon earthen vaulted floor
systems:

1. What is the spanning capacity of unreinforced earthen vaulted floor systems under typical
loads?

2. Are unreinforced earthen vaulted floor systems structurally viable in full-scale testing?

3. What are an unreinforced earthen vaulted floot's cost and carbon savings compared to a
concrete flat slab?

Regarding the first point, Chapter Two demonstrated that various earthen floor typologies can span
typical residential floor spans while maintaining stresses below 6 MPa at a 10-meter span and 2.5
MPa at a 5-meter span. These findings validate the system's potential, highlighting stress levels
consistent with low-cost and low-strength masonry units such as compressed earth bricks. This
chapter also contributes that for safety that a span to tise ratio of L./10 is most adequate when using
earthen bricks in LEDC contexts.

Concerning the second research question, Chapter Three introduced a construction technique for
producing Compressed Stabilized Earth Blocks (CSEBs). Furthermore, it showed that CSEBs with
strengths suitable for constructing the proposed floor system can be produced in different contexts,
achieving strengths of 5 MPa in Addis Ababa, Ethiopia, and over 10 MPa in Boston. Chapter Four
validated the theoretical framework for earthen vaulted floor systems by constructing and testing a
large-scale prototype, demonstrating its capacity to hold up to building code live loads of 2 kN/m2
symmetrically and asymmetrically.

Addressing the last research question, the case study in Chapter Five illustrated that earthen vaulted

floor systems are more affordable and carbon-efficient in Ethiopia, with potential cost savings of up
to 62% and carbon reductions of up to 74% compared to a concrete flat slab. This underscores the

suitability of the proposed system for use in Least Economically Developed Countries (LEDCs).

6.2. Limitations and Future Work

Regarding the theoretical framework, despite promising results, this thesis acknowledges several
limitations. The analysis only considers uniform loading conditions, overlooking potential instability
issues, which are often the primary failure modes in vaulted structures. Future analyses should
incorporate asymmetrical loading, as demonstrated in the prototype in Chapter Four. Additionally,
seismic behavior needs further exploration.

Regarding CSEB production and physical validation of the floor system, there is a need for deeper
exploration into understanding the strength of CSEBs when laid into a prism and vault, as shown by
the significant reduction in CSEB strengths when tested individually versus as part of a prism.
Furthermore, the material and geometric nonlinear behavior of earthen vaults requires study to
validate the theoretical framework up to a factored building code load of 7 kN/m?2.
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Lastly, the case study's reliance on estimated costs and embodied carbon values introduces
uncertainties, emphasizing the need for further refinement through real-world case studies and
market analysis. Additionally, case studies need to be expanded to include the entire building
structure, which would provide a more comprehensive understanding of carbon and cost impacts.

6.3. Closing Remarks

The findings of this thesis underscore the potential of earthen barrel-vaulted floor systems as a
sustainable and cost-effective solution to housing challenges in LEDCs, holding significant
implications for the construction industry. These innovations can transform building practices by
offering a cost-effective and environmentally sustainable alternative to conventional floor systems,
facilitating the rapid and affordable construction of housing infrastructure in urban areas. This

addresses the urgent demand for affordable housing options for the projected 2.5 billion additional

urban residents by 2050 while contributing to inclusive and environmentally conscious urban
development aligned with global sustainability objectives. Through continued research and
implementation efforts, earthen barrel-vaulted floor systems can pave the way for a more equitable
and sustainable future for urban populations worldwide.
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Appendix A — CSEBs

Procedure for Making CSEB

Legend
Brick Mold Tampening Plate Arbor Press Rubber Mallet Metal Scrapper Brush
Layerl

1 - Fill brick mold 1/2 to 3/4 of the way full with soil mixture.

2 -Move the plate to one side and apply pressure to the center of the plate using the arbor press.
Move plate to opposite side and repeat. Move plate to the center and repreat once more.
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3 - Move plate to left side and apply pressure to top left corner, bottom left corner, and center of right edge
of plate using the abor press. Move the plate to the oppsoite side and apply pressure at the top right cor-
ner, bottomright corner, and center of left edge of plate.

4 - Wet newly compacted surface. Then apply three holes in the center of the brick using a stick or similar
object like a scredriver or pencil.

Layer 2

1-Fill brick mold 3/4 to just under the top of the way full with soil mixture.
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2 - Move the plate to one side and apply pressure to the center of the plate using the arbor press.
Move plate to opposite side and repeat. Move plate to the center and repreat once more.

3 - Move plate to left side and apply pressure to top left corner, bottom left corner, and center of right edge
of plate using the abor press. Move the plate to the oppsoite side and apply pressure at the top right cor-
ner, bottomright corner, and center of left edge of plate.

4 - Wet newly compacted surface. Then apply four holes inset from the corner of the the brick using a stick
or similar object like a scredriver or pencil.
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Layer 3

1 - Fill brick mold past the top making a mound above the top of the mold.

2 - Move the plate to one side and apply pressure to the center of the plate using the arbor press.
Move plate to opposite side and repeat. Move plate to the center and repreat once more.

bed

3- The mound should still be present above the top of the mold, but now maore compacted.

4- Move the plate each corner so that half the plate is hanging off the mold (see image below) and hit the
center of the plate with a mallet. Do the same at each side of the center of the brick as well.

P o9
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e & &

5-Athin, flat, and level mound should be present protruding slightly above the surface of the mold.

6- Using the metal scraper, gently scrape off and level the thin mound leaving the brick flush with the top

of the mold.

7- Lightly brush the surface of the brick with water. Once wet, using a consdierable amount of pressure,
use your finger and palms to rub the surface of brick smooth using circular motions.

¢ €

8 - Let the brick rest for 2-5 minutes and then demold.

< €
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Boston CSEB 14 Day Stress Strain Plots - Compression Direction
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Boston CSEB 14 Day Stress Strain Plots - Tall Direction
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Boston 3NG CSEB 50 Day Stress Strain Plots

Dry Bricks
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Boston 3NG CSEB 8 Month Stress Strain Plots
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Mud Mortar
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Ethiopian Soil Sieve Analysis

East Addis Soil Sample
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North Addis Soil Sample
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Appendix B — Prototype Structural Analysis

2D Equilibrium Analysis of Prototype

Symmetrical Building Code Live Load

Live Load
Surface Load = 2 kN /m?

Tributary Width = 0.47 m
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Resuleant = 12.7 kN Max Stress = 0.54 MPa
Toral Tributary Dead Load = 2.17kN = (V12+ H2)2 = Resultant / Tributary Area
9= 072 kN /m = (2.5%+ 12,592 = (12.7 kN)/(0.47m*0.05m)/1000
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Asymmetrical Building Code Live L.oad
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Tributary Vault Volume = 0.071 m? . .
Single Stiffening Wall Volume = 0.03 m’

CSEB Desnity = 2000 kg/m’ " "
CSEB Dead Load = 1.98 kN Vi=144kN H=8.94kN
Plywood Volume = 0.09 m? =(q,..L/2) + (q,, L/8) = (L/16y)[2q,,,,+ qy,..]
Tributary Plywood Volume = 0.028 m’ = (0.72kN/m* 3m /2) + (094 kN/m* 3m /8) = [(3m)*/(16)(0.15m)][4.04 kN/m]
Plywood Desnity = 700 kg/m* V2=241kN Resultant = 9.2 kN
Plywood Dead Load = 0.19 kN = (9 1/2) + (39, L/8) = (VI H)"

Total Tributary Dead Load = 2.17 kN = (0.72kN/m* 3m /2) + (3'0.94kN/m *3m /8) = (2.41%+ 8.94%)'2

Ypea= 072 kN /m Max Stress = 0.39 MPa

= Resultant / Tributary Area
= (92 kN)/(0.47m"0.05m)/1000

05kN 05kN 05kN 05kN 05kN

0.22kN 022kN 022kN 022kN 0.22kN ‘ \ \ \ \

b

8.94 kN

1.44 kN
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Symmetrical Double Building Code Live Load

0.15

U\

Live Load
Surface Load = 4 kN /m?

Tributary Width = 0.47 m

q,,,.= 1.88 kN /m

Dead Load
Primary Vault Volume = 0.227 m*

Tributary Vaule Volume = 0.071 m*

Single Stiffening Wall Volume = 0.03 m? m
CSEB Desnity = 2000 kg/m* ‘ s

Vi i V2
CSEB Dead Load = 1.98 kN ‘

Plywood Volume = 0.09 m? V1=V2=39kN H=195kN
Tributary Plywood Volume = 0.028 m? =qL/2 =qL"/8y

Plywood Desnity = 700 kg/m’ = (2.6 kN/m)(3m)/2 = (2.6 KN/m)(3m)*/(8)(0.15m)
Plywood Dead Load =0.174N Resultant = 19.9 kN Max Stress = 0.85 MPa
Toral Tribucary Dead Load = 2.17 kN =(VI*+ H)” = Resultant / Tributary Area

ooy = 0-72 kN /m = (3.9% 195 = (19.9KN)/(047m°0.05m) /1000

0.78kN 078kN 078kN 0.78kN 0.78kN 0.78kN 078kN 0.78kN 0.78kN 0.78 kN

RN EEe.

39KN ' ' ‘ 39N

0.78 kN
0.78 kKN
0.78 kN
0.78 kN
0.78 kN
0.78 kN
0.78 kN
0.78 kN
0.78 kN
0.78 kN

99



Asymmetrical Double Building Code Live Load

-~
|
—
=

0.15 _
% 047
=]

Live Load Qs T Y
Surface Load = 4 kN /m? R l 1 \ \ l } J

Tributary Width = 0.47 m | ! ! . : :
H 1 .
q,,.= 1.88 kN /m 5 . e

© 2.6kN/m
Dead Load 0.72kN/m
—l ]

Primary Vault Volume = 0.227 m®

Tributary Vault Volume = 0.071 m?
Single Stiffening Wall Volume = 0.03 m?

V1 H vz

CSEB Desnity = 2000 kg/m?
CSEB Dead Load = 1.98 kN V1=18kN H=125kN
Plywood Volume = 0.09 m’ = (quL/2) + (g, 1/8) = (L/16y)[2qp,+ gy,.]
Tributary Plywood Volume = 0.028 m* ~ ~ (0.72kN/m*3m /2) + (188 kN/m*3m /8) = [(3m)*/(16)(0.15m)][4.04 kN/m]
2=3.2 _

Plywood Desnity = 700 kg/m* V2=32kN Resultant = 12.9 kN
Plywood Dead Load = 0.19 kN = (Quu/2) + (3, L/8) = (VI+ HY)

= (0.72kN/m*3m /2) + (3188 kN/m*3m /8) = (3,224 12.5%)'

Total Tributary Dead Load = 2.17 kN
p.pg= 072 kN /m Max Stress = 0.55 MPa

= Resultant / Tributary Area
= (12.9 kN)/(0.47m*0.05m)/ 1000

0.78kN 0.78kN 0.78kN 0.78kN 0.78kN
022kN 022kN 0.22kN 022kN 022kN \ I \ \ \

A R

125kN : ] f f ] : 125 kN

3.2kN

_a 022kN
% 0.22kN

“x 022KN
0.22 kN
0.22kN

0.78 kN
) 0.78 kN
0.78 kN
- 0.78 kN

078 kN
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Sizing Steel Ties

1 i
0.15 _

Live Load 9 = Qiead T Give
Surface Load = 4 kN /m?
Tributary Width = 1.5 m
q,,.=6kN/m

Dead Load
Primary Vault Volume = 0.227 m®

Single Stiffening Wall Volume = 0.03 m?
Total Stiffening Wall Volume = 0.12 m?
CSEB Desnity = 2000 kg/m’

CSEB Dead Load = 6.81 kN

Plywood Volume = 0.09 m?

Plywood Desnity = 700 kg/m’

q=8.5kN/m

Plywood Dead Load = 0.62 kN V1=V2=12.7SkN H=63.75kN
Total Tributary Dead Load = 7.43 kN =qL/2 = qL¥/8y
Qpeaa= 2-5 kN /m = (8.5 kN/m)(3m)/2 = (8.5N/m)(3m)*/(8)(0.15m)

Tie Size

345 MPa Threaded rods are used; Yeild Strength 210 MPa
(24.375 kN / 210 MPa) / 1000 = 116 mm?
Required Diamter = 12.2 mm (~1/2")

Picked Rod Diamter = 15.8 mm (~5/8")
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Verifying Steel Angle Deflection

- N

N
[y2)
n
(=}

(=] (=} o

3 n & ©

o ol = -
[32)
bt}
[=]

- K
10mm |,

42.5kN/m

L
I 1 1 T T i) -
] 0.165 0695 1.135 1665 183
[ Locai Displacement Y fmm)
Location (m) Total Deflection (mm)

0.695 omm

0915 0.457 mm

1135 0mm
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Prototype Deflection Analysis

Unloaded & Asymmetrical 2 kN/m?

57:5
60.9

Symmetrical Loading 2 kN/m?*

8=04cm §=09cm

L

57.1
60.0

[em]

Symmerrical Loading 2 kIN/m? + 1.25 kN Point Load at Center

55.8
58.4

Asymmetrical Loading 4 kN/m* Right before faliure

8=-2.7cm 8,=-3.8cm

54.8
57.1
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Asymmetrical Double Building Code Live Load — Deformed Geometry

3.013 Y
L T i
; +
Live Load Qdead T Diive

Surface Load = 4 kN /m?

Tributary Width = 0.47 m

q,,.= 1.88 kN /m

2.6 kN/m
Dead Load 0.72 kN/m
Primary Vault Volume = 0.227 m® l l l l l

Tributary Vault Volume = 0.071 m®

Single Stiffening Wall Volume = 0.03 m?

CSEB Desnity = 2000 kg/m’ ? 3 |
V1=18kN H=16.6kN

CSEB Dead Load = 1.98 kN
= L/2) +(q, L/8 =(L?
Plywood Volume = 0.09 m (qd“d ) (q"’” ) (L2/169)[2Gp0+ 4]
= (0.72kN/m*3.01m /2) + (L88kN/m *3.01m /8) = [(3.01m)¥/(16)(0.112m)][4.04 kN/m
Tributary Plywood Volume = 0.028 m?*
V2=32kN
Plvwood Desnicy = R Resultant = 16,9 kN
ywood Desnity = 700 kg/m (0. L/2) + (3, L/8)
= G — 2, g2y
Plywood Dead Load = 0.19 kN i " (VI*+ FF)
= (0.72kN/m*3.01m /2) + (3.01*1.88 kN/m * 3m /8) _ (3-22+ 16.62)1/1

Total Tributary Dead Load = 2.17 kN
Ypeus = 072 kN /m Max Stress = 0.72 MPa

= Resultant / Tributary Area
=(16.9 kN)/(0.47m*0.05m) /1000

0.78 kN 0.78 kN 0.78 kN 0.78 kN 0.78 kN
0.22kN 0.22kN 022kN 0.22kN 0.22kN

R
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