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MEPIAHWH

H mayxoopo tpoéxAnon g npdsPfacns 6€ 0kovopKa Tpootty] Kot Pudotun otéyao, 10img
070 TAQIGLO TNG OTEYUCTIKNG Kpiong otnv AQpiki, £xel evOlLQEPOV YO, TNV TPOCHETIKN
KOTOOKELN TplodldoTatn ektummon. H éAdenyn kotokiov, oe cuvdvacud Pe To avEavOouEVo
KOGTOG TV GUUPBATIKOV SOUIKADV VAIKOV, Ka1oTd avaykaio Tnv voBETnon KovoTOU®Y vEOV
TEYVOAOYLOV KATACKELNG. AVTI 1 peAETN a&loAoyel TNV V10BETNON TPIOIAGTATA EKTVTOUEVOV
apBpotdv doudv (3DPMS) o¢ o Koavotopo kot Brociun Avon yuo v EAAEWYN GTEYAoNS
otV Aepucn. [Tapovoidlel Aentopepds pa tprodidotota ekturmpévn katotkio ( Movéoda C),
10 Aoywopkd SAP2000. EmmAéov, eotialel otn chykpion Tpudv SOMK®OV TOPOAALYDV: Lol
napadoctokn ntpocéyyion (Tomog A), o cvuPatikn tetpadpoen kotackevn (Tomog B) ko
pio tprodtdotato eKTVTOUéV) Abon Pedtictomomuévn pe Koviapa evicyvpévo pe tveg (Tomog
C).

Tao amoteAéopato TG OOMKNG avAALoNG, WOwiTEPO TO OOYPALUATO POTNG KOAUYNG Kot
dVVAUNG SLITUNGNS TTOL TOPOVGLALOVTOL GE OLTH TNV EPYAGTN, KOTASEKVHOLV OTL 01 TOTYOL OO
TPLGOAOTOTO EKTVTOUEVO KOVIiapa Tayovg 15 cm tpospépouvv emapkn tepldmpila acareiog
évavtt aotoyiog kor poypmv. Emmiéov, ta anotehéopota g A&oddynong Kokiov Zong
(LCA) ka1 tov Kootoug Kvkrov Zong (LCC) katadetkviouV Tn SNUAVTIKY aveTEPOTNTO TOV
ocvotiuatog 3DPMS. H vioBémon tov Tomov C emtpénet dpactiky] HEI®WON TOV EKTOUTMOV
CO2 katb 84% yapmn otnv tomoAoyikn ferticTonoinomn tov tolywv kat ) ypron tov HPFRCC.



Amd oKovopkng dmoyng, n LeAétn amokaivntel eEowcovounon 42,2% 610 GuvolMkd KOGTOG,
Kuplog Adym g mApovg eEdAetyng Tov KOG6TOLG ELAGTLTIOL KO peimong 66% 6To KOGTOG
epyaciag. Mo molvkpirnplokn aviivon emPefaidvel OTL, TApd TNV LYNAOTEPT OPYLKY|
TEYVOLOYIKY EMEVOVOT, T0 3DPMS mpocpépet amotelecpaTikOTNTA TOYVTNTO EKTEAEGNC, TNV
TPLGOAoTOTH EKTOTMON).

H xataAnyet 610 copmépacpa 6tt 3DPMS dev eivar povo dopikd, aAld TpoceEpel emions o
PENALCTIKN TTOPELR TPOG TN PLOUNYOVOTOINGT) TPOGITMOV KOTOIKIMDV GTNV VITOGOYAPL0 APPIKY).

Aé&Eerg khewdd: Tpioddototn extommon ktipiov, SAP2000, 3DPMS, Agpikn, Zvupatikn
Kotaokevaotiky nébodog , modular katackevé, Cameroon, ctéyoon.
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ABSTRACT

The global challenge of access to affordable and sustainable housing, particularly in the context
of the housing crisis in Africa, has sparked increasing interest in additive manufacturing and
solutions such as 3D printing. The housing shortage, coupled with rising costs of conventional
building materials, necessitates the adoption of innovative new construction technologies. This
study evaluates the adoption of 3D-printed modular structures (3DPMS) as an innovative and
sustainable solution to the housing shortage in Africa. It presents in detail a 3D-printed house
(asingle-story unit C), modeled and analyzed using SAP2000 software. Furthermore, it focuses
on comparing three structural variants: a traditional approach (Type A), a conventional four-
story structure (Type B), and a 3D-printed solution optimized with ultra-high-performance

fiber-reinforced mortar (Type C).

The results of the structural analysis, particularly the bending moment and shear force diagrams
presented in this work, demonstrate that the 15 cm thick 3D-printed mortar walls offer
sufficient safety margins against failure and cracking. Furthermore, the Life Cycle Assessment
(LCA) and Life Cycle Cost (LCC) results demonstrate the significant superiority of the 3DPMS



system. Adopting Type C allows for a drastic 84% reduction in CO2 emissions by replying on
the topological optimization of the walls and the use of HPFRCC. Financially, the study reveals
a 42.2% saving on overall costs, primarily due to the complete elimination of formwork costs
and a 66% reduction in labor costs. A multi-criteria analysis confirms that, despite a higher
initial technological investment, 3DPMS offers unparalleled structural efficiency and speed of
execution, positioning 3D printing as a strategic lever for sustainable and economically viable

construction.

This research concludes that 3DPMS is not only structurally viable in the African context but
also offers a realistic pathway to the industrialization of affordable housing in sub-Saharan
Africa.

KEYWORDS: 3D concrete printing, SAP2000, 3DPMS, Africa, Conventional construction,

modular structures, Cameroon, affordable housing.
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1 CHAPTER 1: INTRODUCTION

1.1 Preface

In recent years, housing has become one of the fundamental pillars of socio-economic
development and stability in modern societies. In Africa, and particularly in countries with high
population growth such as Cameroon, the pressure exerted on urban systems by rapid
population growth has led to a structural deficit of decent, accessible and sustainable housing.
Conventional construction methods, although widespread, are now struggling to respond
effectively to this growing demand due to high costs, long completion times and the still limited
industrialisation of the building and construction sector. The emergence of 3D printing marks
a transformative era in technological progress, redefining the perception of traditional design
and manufacturing processes. Initially conceived for prototyping, this technology has now
permeated various fields, notably the construction sector, structures modular where it promises
to revolutionize outdated methods plagued by inefficiencies, high costs, and environmental

impacts [1].

3D-printing modular structures (3DPMS) is a novel construction practice in a 36-billion-dollar
industry by 2025. Also called additive manufacturing, the technology used 3D data to
manufacture products such as houses, bridges [2]. The construction process is fast, flexible in
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design, and requires minimal labor and materials. It has the potential to facilitate adjustability
to the growing population, is affordable to those most in need, and is climate-resilient to
ongoing climate change in cities of Africans countries. Currently, 3DP companies are engaging
with modularity [1].

Modular construction, a prefabrication process where buildings are built in separate modules
in a factory and then assembled on-site, is becoming increasingly widespread globally. This
method has notably developed in response to the COVID-19 crisis. It offers considerable
potential for creating adaptable, economical, and resource-efficient housing. Its main
advantages are reduced material waste, minimized disruptions on construction sites, and lower
overall energy consumption for buildings [3]. In Africa, the development of 3D-printed
modular structures (3DPMS) represents a major innovation. This process involves printing
house modules separately in 3D and then assembling them on-site [1]. This model combines
the cost-effectiveness and on-site construction of 3DPMS houses with the reusability and
adaptability of modular construction. However, this hypothesis requires further contextual

research in cities in low-income African countries.

wromonme MODULAR
3D PRINTING - HOUSING

Figure 1-1 Combining 3D printing and modular structures

Faced with these challenges, (3DPMS) technological innovation appears to be an essential
lever for redesigning social housing production methods in Africa. Among the emerging
solutions, 3D printing applied to construction stands out for its potential to radically transform

construction processes, providing increased opportunities for speed of implementation, waste
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reduction, material optimisation and architectural flexibility. Although this technology has
already been tested in several regions of the world, its application in the African context
remains largely unexplored, particularly from the perspective of structural engineering and
compliance with design standards.

1-Problematic

Despite significant advances in several countries around the world, the application of 3D
printing modular structures (3DPMS) to housing construction in Africa remains marginal and
insufficiently studied, particularly from a structural engineering perspective. The absence of
specific regulatory frameworks, the lack of local data on the mechanical performance of printed
materials, and uncertainties related to the adaptation of existing design standards are major

obstacles to its widespread adoption.

In Africa, the deficit in urban social housing raises a key question: how can we design and
build housing that is safe, sustainable, affordable, and quick to construct, while complying with
structural and regulatory requirements? Faced with this problem, it is necessary to assess the
technical and structural feasibility of 3D-printed modular structures (3DPMS) housing by
comparing it to conventional reinforced concrete systems. Such an analysis would determine
whether this technology can be a credible and complementary alternative to traditional methods

for meeting the growing demand for urban social housing in the African context.

2-Thesis main goal

The main goal of this work is to assess the potential of 3D-printed modular structures as an
innovative solution to meet the growing demand for urban social housing in Africa, with a

particular focus on Cameroon.
3-Research methodology

Figure 1.2 presents the methodological framework adopted in this study. The approach is based
on an in-depth documentary analysis, followed by a proposal for modular housing typologies
and a comparative study between conventional construction and 3D printing modular

structures, in accordance with the principles of structural engineering.
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4-Research methodology diagram

DOCUMENTARY LITERATURE -
. ANALYSIS REVIEW ON 3D PROPOSAL FOR 2
HOUSING PRINTING DEFINITION OF HOUSING UNITS
CHALLENGES IN HOUSING NEEDS
AFRICA - UN-Habitat, World 5
(Focus on Bank - Construction
Cameroon — - Academic Articles Technologies

- 4 fo 6 occupants ~Type A
- Urban social housing -Type B

urban social (APA) _ Printed Materials - Climate and

- Eurocodes (ECH1, - Structural ST SRS - 3D Modular Concept

EC2) Behavior

housing)

DESIGN
CONVENTIONAL
(Reinforced Concrete)

DESIGN IN 3D PRINTING

(Printed Walls)

- Assumptions of - Geometry

oads
- Simplified Calculations
- Eurocode 1 & 2

- Properties
- Mechanical
- EC Adaptation

CONCLUSIONS AND COMPARATIVE ANALYSIS
PERSPECTIVES
- Structural Performance CONCEPTUAL STRUCTURAL MODELING
- Applicability in Cameroon - Construction Time (Preparation using CAD)
- Limitations of the Study - Cost and Feasibility
- Future Recommendations - Environmental Impact)

Figure 1-2 Comparative study between conventional construction and modular construction using 3D
printing applied to urban social housing

1.2 Outline

The presents Master Thesis opens with an introductory chapter on housing needs in Africa
(Chapter 1), which establishes the socio-economic and demographic context of the study. This
chapter analyzes urban development trends on the African continent, particularly in Cameroon,
and draws comparisons with countries such as South Africa, Kenya, Nigeria, and Malawi.
Furthermore, the limitations of conventional construction techniques in meeting the demand
for large-scale social housing are examined, highlighting the need for innovative and
industrialized construction solutions.

Chapter 2, entitled “Literature Review on 3D Printing,” presents a comprehensive analysis of
existing research on 3D printing technologies. This chapter outlines the fundamental principles

of additive manufacturing in the construction sector, including printing processes, material
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properties, and the structural behavior of printed elements. Particular attention is paid to recent
international and African case studies of 3D-printed housing projects, as well as the current

advantages, challenges, and limitations of this technology from a civil engineering perspective.

Chapter 3 proposes two types of conventional housing and one modular type adapted to
housing needs in Africa. Designed to accommodate four to six occupants, these modular
dwellings meet functional, climatic, and socio-economic requirements. The chapter describes
the architectural layout, modular configuration, and preliminary structural concepts of this

housing, thus laying the groundwork for subsequent structural analyses.

(Chapter 4) presents the preliminary design of conventional construction for these 2 units.
Reinforced concrete structural systems are considered and simplified structural calculations are
performed in accordance with the provisions of the Eurocode. This chapter describes the load
assumptions adopted, the structural modelling approach and the verification at ultimate and
serviceability limit states, serving as a reference framework for comparison with 3D printed

solutions.

(Chapter 5) deals with the preliminary design of 3D printed construction for these units. The
structural behaviour of printed load-bearing walls is examined, taking into account material
characteristics, geometric constraints and construction sequencing. Simplified analytical
calculations and conceptual numerical modelling assumptions compatible with SAP2000 are
presented. The applicability of Eurocode principles to 3D printed structures is discussed,
highlighting the necessary adaptations and assumptions.

Chapter 6, Comparison and Conclusions, presents a comparative assessment of conventional
and 3D-printed construction solutions. Structural performance, construction efficiency,
economic implications and environmental considerations are analysed and discussed. The
chapter concludes with an assessment of the feasibility of implementing 3D-printed modular
housing in the African context and presents the main conclusions, limitations of the study and

recommendations for future research and construction projects.
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2 CHAPTER 2: INTRODUCTORY ON HOUSING
NEEDS IN AFRICA

2.1 General

In most countries around the world, “housing” is a concept that goes far beyond a simple
structure called a house, apartment, condominium, or room. Housing is closely linked to
notions of basic living standards (such as the services that must accompany a structure,
including water, electricity, and security of tenure); quality of life (i.e., whether the housing
provides access to amenities such as schools, parks, workplaces, and transportation services);
and future prospects for a family [4]. The concept of housing, as reflected in government
housing policies, includes all or part of these related concepts. Similarly, policies relating to
infrastructure, transportation, public services, education, economic growth, and rural and urban
land use planning have an impact on housing. Housing must therefore be considered a cross-

cutting issue that influences improvements in health, safety, and living conditions [4].

The African continent covers vast areas with a great diversity in geography, history, culture,
and housing [5]. In the African context, housing is generally approached from a development
perspective and seen as a means of reducing poor living conditions and improving the current

and future economic prospects of individuals and households living and working in African
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cities or developing cities. However, Housing is traditionally considered an urban issue, and
debates on housing in global research are highly focused on urban areas [6]. This approach is
repeated in this chapter, mainly because contemporary housing challenges are closely related
to the challenges posed by urbanization in Africa, a growing phenomenon across the African
continent [7]. After a brief overview of the history of urban housing policy in Africa for low-
income residents, where generalizations are unfortunately inevitable, the current relationship
between urbanization and housing is examined through three key emerging debates related to
low-income housing in Africa, which are discussed in detail.

Western Sahara .

Chad
Senegal

Guinea-Bissau”

Guinea ! :
7

Sierra Leone
Liberia

Equatorial Guinea — £+ |

Gabon—

Republic of —
the Congo

Namibia

[ North Africa

[ Sub-Saharan Africa
&Y Sahel Region

] Horn of Africa

Botswana ( Madagascar

/

‘Mozambique
| | \\ N
! ~ Eswatini
South Afriea |\ Lesotho
e

Figure 2-1 Map of Africa, Source: Retracted from on Scheinfeld, soi, & Tishk off (2010) [5]

[T Predominantly Congo-Niger Languages

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



11

Figure 2-2 Vernacular housing architecture in Figure 2-3 Vernacular housing architecture in
rural Uganda ( East-Africa) [5] rural Eswatini ( Southern-Africa) [5]

2.2 Population Growth and Urbanization in Africa

Africa has one of the fastest growing populations in the world. According to the United
Nations, the continent's population grew from around 1.2 billion in 2017 to over 1.4 billion in
2023, and is expected to reach nearly 2.5 billion by 2050 [8]. This demographic dynamic is
accompanied by an accelerated urbanization process, characterized by a massive influx of rural
populations to urban centers in search of economic opportunities and better living conditions.
The urbanisation rate in Africa, estimated at around 43% in 2022, remains below the global
average but is increasing at a significantly faster rate. According to projections, more than 60%
of Africa's population will live in urban areas by 2050 (UN-Habitat, 2020) [9]. This rapid urban
transition is placing considerable pressure on existing infrastructure, particularly in the housing
sector, which is often unable to meet growing demand. Unplanned urban growth frequently
leads to the expansion of informal settlements, characterised by poor construction quality, a
lack of basic services and increased vulnerability to natural hazards. This situation highlights

the urgent need to develop rapid, sustainable and affordable housing solution.
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Figure 2-4 Informal Settlement in Africa [5]

1. Housing deficit and socio-economic problems

The housing deficit is one of the major challenges facing urban development in Africa.
According to the World Bank, the continent has an estimated deficit of more than 50 million
housing units, mainly concentrated in low-income urban areas [10]. This deficit is reflected not
only in a quantitative shortage of housing, but also in a qualitative inadequacy, as existing
housing often fails to meet minimum standards of safety, health and sustainability. Housing is
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not only a source of household satisfaction; it is also, due to its high added value, a formidable

driver of economic growth [11]. Housing construction is an important economic indicator.

There are many reasons for this deficit. They include the high cost of building materials, weak
housing finance mechanisms, insufficient effective public policies and dependence on
traditional, low-industrialised construction methods. In many African countries, social housing
accounts for a marginal share of total housing production, leaving a large proportion of the

urban population without access to decent housing [5].

Economically, the housing deficit has significant repercussions, particularly in terms of
productivity, public health, and social cohesion. Limited access to adequate housing hinders

sustainable development and exacerbates social inequalities within African cities.
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2.3 Specific Housing Situation in Cameroon

Cameroon, one of the largest countries in sub-Saharan Central Africa, is facing a severe
shortage of low-income housing. It capital, Yaoundé, has population of about 2.44 million [13].
During the last 40 years, Yaoundé has seen unprecedented urban growth, with its population
rising tenfold since the ‘60s [13]. Despite implementing several housing policies, the deficit
continued to grow, especially with the continuous increase in population and other economic
and socio-cultural challenges. The housing problem basically relates to quantitative and
qualitative insufficiencies. On the supply side, various government strategies in the past have
been formulated towards overcoming the enormous shortage through several housing reform
programmes. Despite these past efforts, housing continues to be a mirage to ordinary
Cameroonians. Presently, there are various mass housing delivery programmes such as the
affordable housing scheme that utilise the public—private partnership effort and numerous
private finance initiative models that could only provide for about 3 % of the required stock
[14].

The country’s rapid urbanization, with more than half of the population now living in urban
areas and a significant concentration in cities such as Yaoundé and Douala [15], is a
determining factor in this situation. This demographic change, fueled by rural exodus to cities
in search of economic opportunities and a better standard of living, is putting considerable
pressure on existing urban infrastructure and housing supply, often leading to the proliferation
of informal settlements [8,14]. Cameroon perfectly illustrates the structural challenges of
housing in sub-Saharan Africa. The country is experiencing rapid urbanization, with more than
55% of its population living in urban areas in 2023, according to the report from the (National

Institute of Statistics of Cameroon, 2023).
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Figure 2-6 Informal settlement in Yaoundé, Cameroon [45]

The cities of Douala and Yaoundé alone account for a significant portion of housing deficit.
Compounding these difficulties, the Anglophone crisis has exacerbated housing insecurity,
particularly in the affected regions, leading to population displacement and additional pressure
on urban centers [17]. According to estimates by the ministry of housing and Urban
Development (MINHDU), the housing around 100,000 new homes, while actual production
remains well below this figure (MINHDU, 2021). Urban social housing for households of 4 to
6 people in Cameroon remains particularly insufficient. High construction costs, combined
with low purchasing power among the population, are contributing to the proliferation of
informal housing [18].
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Figure 2-7 Urbanization in Cameroon (total population vs. urban population), Source: Demographic
study of Cameroon (projections).

The housing deficit is estimated at over 1.5 million units, with annual demand increasing due
to population growth and rural exodus. In addition, the majority of construction is carried out
informally, without adequate technical control or strict compliance with structural design
standards.

2.4 Technical constraints and limitations of conventional
construction methods

In the construction industry, one of the most debated topics today is the comparison between
traditional construction techniques and modern construction methods. This discussion goes
beyond stylistic or technological preferences, touching on efficiency, sustainability, costs, and

long-term performance.
1. Conventional construction limitation

Traditional construction methods used Cameroon and many African countries are mainly based
on non-industrial techniques, characterised by a low level of mechanisation and a high
dependence on manual labour. This approach limits the speed of execution and reproducibility

of large-scale housing projects.
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2. Conventional construction practices
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These Practices encompass a set of methods perfected and passed down through the centuries.

They rely largely on non-industrial techniques developed locally and on the use of local and

natural materials such as stone, brick, wood, and raw earth. These techniques are deeply rooted

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



18

in cultural heritage and traditional knowledge of construction. Specifically, it involves the

practical application of all theoretical principles for the realization of a work in the processes

that involve:
e planning;
e design;

« physical construction;

o work management.

In terms of structural engineering, cast-in-place reinforced concrete constructions present
several constraints, particularly in terms of quality of execution, material control and
compliance with curing times. In addition, material losses and the production of construction
waste contribute to increased costs and a significant environmental impact. From a structural
point of view, although these systems are well regulated by standards (Eurocodes or national
standards), their low level of industrialization limits their effectiveness in responding to urgent
large-scale needs. These constraints are particularly significant in the context of urban social
housing, where reducing costs and lead times is a priority [19]. They justify investigating

innovative, industrialised construction methods, such as modular structures and 3D printing.

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



19

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



20

3 CHAPTER 3: LITERATURE REVIEW ON 3D
PRINTING

3.1 Introduction

The last decade has seen rapid advances in manufacturing technologies, leading to a gradual
transformation of the manufacturing sector. This gradual transformation is also being driven
by the emergence of digital manufacturing, in which 3D printing technology plays an important
role. Over the past five years, the literature has shown that 3D printing in the construction has
gained worldwide recognition due to its ability to build complex structures [20] and designs
while ensuring reduced waste in production processes, shorter production times, and

customization of product features [2].

3D printing construction, also known as ADDITIVE MANUFACTURING FOR
CONSTRUCTION (AMC) [1], is one of the most significant technological innovations in the
building sector over the past two decades. Initially developed for industrial rapid prototyping
applications, this technology has gradually been adapted to the scale of building construction,
attracting growing interest in academic research and professional practice [21]. In a global

context marked by rapid urbanization, a chronic shortage of affordable housing, and growing
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pressure on natural resources, 3D printing appears to be a promising alternative to conventional
construction methods. Several recent studies highlight its potential in terms of cost reduction,

speed of execution, waste reduction, and architectural flexibility [22]

This chapter aims to provide an extensive overview of scientific research on 3D printing in
construction [23], highlighting the technological principles, materials used, structural
performance observed, and existing applications in the housing sector, particularly social
housing. The main of this critical review is to help the reader to relate the present study with
previous research and justify the approach adopted for the African context [13].

3.2 Affordable Housing Crisis

The global shortage and crisis of affordable housing remains a major concern, with nations
around the world struggling to meet the growing demand for adequate and affordable housing
(Mercader-Moyano et al., 2021). Many developed countries face housing access challenges. In
the United States, a report by the National Low Income Housing Coalition (NLIHC) reveals
that a minimum-wage worker cannot afford to rent a two-bedroom apartment in any US state
(Aurand et al., 2023). Soaring property prices have marked the post-pandemic landscape of
most British cities. In London, the average house price is now more than ten times the average
annual salary, pushing countless people into poverty (Bricongne et al., 2023). Shared
accommodation, unsanitary housing and even homelessness are becoming alarming, while the

dream of homeownership is becoming increasingly distant for many (Broo et al., 2021).

The housing crisis is particularly acute in developing countries and, to a large extent, in Africa.
On the African continent, this crisis has specific characteristics, shaped by rapid urbanization,
high population growth, and economic disparities (Moghayedi & Awuzie, 2023) [24]. The
breakneck pace of urbanization in Africa poses a major challenge to access to affordable
housing. From a modest 15% in 1960, the continent's urbanization rate jumped to 40% in 2010
and is projected to reach 60% by 2050. This urban expansion is expected to triple Africa's urban
population over the next 50 years, profoundly reshaping the regional landscape (UN-Habitat,
2023). The affordable housing crisis in African markets is an urgent concern, particularly for
low-income urban households. As the African Centre for Affordable Housing Finance (CAHF,
2021) indicates, 85% of African countries face a significant challenge (see figure3.1). A
considerable proportion of low-income urban households lack the financial means to purchase

even the cheapest new homes offered by the private sector, even with mortgage financing. This
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underscores the urgent need to implement comprehensive strategies and interventions to
address the housing affordability gap, ensuring that more people have access to decent and

affordable housing solutions in the face of rapid urbanization and high demand.

African governments and policymakers face the immense challenge of managing the
continent's unprecedented urban growth and ensuring it translates into sustainable and inclusive
development (African Union, 2023). This requires strategies that consider the majority of their
population, particularly those living on or below low incomes. The urgent need for affordable
housing solutions becomes increasingly critical as urban populations swell, highlighting the
importance of strategic policies to address the housing needs of this rapidly expanding urban
population. African countries are supporting their low-income populations and improving their
quality of life-which is directly linked to the sustainability of cities and society-by offering

various social housing programs.
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Figure 3-1 Percent of affordability of cheapest newly built house in Africa [24].
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Despite the implementation of several national and international affordable housing programs
in Africa, challenges persist in meeting demand due to financial constraints and slow
implementation processes (Mahachi et al., 2022) [25]. These challenges are primarily attributed
to a lack of digitalization and innovation in planning, design, and construction procedures
(Moghayedi et al., 2022) [24]. Development costs and project durations in Africa contribute
significantly to the overall expenditure and timelines of affordable housing projects, mainly
due to the use of conventional materials, methods, and techniques. According to the Center for
Affordable Housing Finance (CAHF, 2023), construction costs account for more than 60% of
expenditures, for both low-rise and high-rise buildings. High-rise buildings intended for low-
income households are under construction across the African continent. Despite the relatively
low cost of land, often subsidized by the state, and the national government covering
infrastructure costs, 78% of the budget allocated to affordable housing projects is spent on
construction costs, legal and compliance fees, as well as professional fees and project

management, as illustrated in figure 3.1

The high cost of housing construction in Africa is primarily attributed to the lack of
standardized national models, necessitating the involvement of numerous professionals in the
planning, design, and approval processes. This, combined with the use of labor-intensive
construction methods, leads to increased waste and errors during construction (Windapo et al.,
2017). The result is costly and slow delivery of housing projects. Furthermore, these common
problems in affordable housing projects in Africa significantly impact the quality of these
homes, rendering them inefficient in terms of energy and thermal performance. Consequently,
these issues collectively affect the quality of life and sustainability of African households,

cities, and societies.

While most African countries have robust legislation and regulations governing technical
standards for housing design and construction, challenges remain. For example, the National
Housing Building Council's (NHBRC, 2015) Housing Construction Manual and the South
African National Standards (SANS 10400, 2016) provide essential guidelines and standards
for home construction. However, despite these government interventions and regulatory
frameworks, the housing sector still struggles to provide adequate housing, particularly for low-
income populations (Mahachi et al., 2022) [25]. This underscores the urgent need for an
innovative approach to housing projects. Recognizing this need, concerted efforts have been
made to integrate and promote innovation within the housing sector to expedite housing
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delivery. Integrating new materials and innovative construction technologies is pivotal in
addressing affordable housing issues while concurrently enhancing the quality and efficiency
of houses and achieving zero waste, zero-accident, and net-zero carbon housing (Moghayedi
& Awuzie, 2023) [24]. These advancements mark a paradigm shift toward sustainable and
environmentally conscious practices, aligning with global initiatives for climate resilience and

reduced ecological impact.
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Figure 3-2 Cost breakdown of different low-cost housing typologies in Africa [24].

3.3 Innovative Construction Technologies in the Housing Sector

In recent years, Africa has seen a significant surge in its commitment to innovation in the
housing sector, driven by the imperative to address the considerable challenges facing the
construction and housing industries. Several African governments, such as Kenya, Cameroon,
South Africa, and Ghana, have emphasized the importance of improving the housing supply
by leveraging innovation to accelerate the process while enhancing its quality and efficiency
(Mahachi, 2020) [25]. The terminology used to describe these innovations often ranges from
“INNOVATIVE BUILDING TECHNOLOGIES” (IBT), “INDUSTRIALIZED BUILDING
SYSTEMS” (IBS), and “MODERN BUILDING METHODS” (MBM), A reflecting a

technological renaissance in the construction field [24].
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Regardless of the terminology used, these innovations encompass diverse technologies,
ranging from prefabricated building materials (BMLSs), which include pre-designed house or
building components typically manufactured in a factory and assembled or printed on-site, to
sustainable materials and cutting-edge digital design tools. Most African governments have
adopted building standards and policies from developed countries, such as the BRITISH
MODERN METHOD OF CONSTRUCTION (MMCC) [24] or the AMERICAN
INNOVATIVE BUILDING TECHNOLOGIES (IBT) [24], regarding innovations in the
building and housing sectors. Some African countries, such as South Africa and Ghana, define
their policies and standards for innovative building materials and systems within the framework

of a certification agreement (Mahachi, 2020) [25].

In the field of affordable housing, innovation manifests itself in the substitution of conventional
construction products or processes with innovative technologies, such as 3D printing [24].
These technologies address a specific set of functions for various stakeholders, including
occupants, developers, investors, and other actors in the housing production chain. The success
of these innovative technologies lies in their ability to create added value through various
means, including increased functionality, improved performance, and enhanced sustainability
(Moghayedi et al., 2023) [24]. These innovative technologies can also be considered successful
if they improve productivity by reducing costs related to labor, materials, and equipment.
Ultimately, these new technologies have the potential to create value by improving systemic
efficiency, primarily through the reduction of construction cycles and operating costs (Olojede
etal., 2019) [26].

By establishing a standardized terminology, African countries are developing an innovative
approach that encompasses a wide range of construction practices. This inclusive definition
includes a broad spectrum of technological innovation methodologies, such as prefabrication,
on-site innovation technologies like 3D printing and robotics, new materials, and innovative
procedural advancements. Africa's journey with technological innovation reflects a dynamic
landscape of development, adoption, and adaptation, all geared towards addressing critical
housing and construction needs. While challenges remain, the potential of technological
innovation to revolutionize Africa's construction and housing sectors remains a promising

avenue for future growth and development.
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3.4 Overview of 3D-Printing Technology

Additive manufacturing in construction, also known as 3D printing [24], is a computer-
controlled manufacturing process that transforms a digital model into a solid 3D object.
Typically, in a 3D printing process, the object's digital model (often in STL format) is sliced
into a series of 2D layers using a specific algorithm, and then built layer by layer [27].
According to ASTM and ISO, existing additive manufacturing processes are classified into
seven generic categories based on the technology used to build the layers. Material extrusion
is also widely adopted in the BUILDING AND CONSTRUCTION (B&C) industry. This type
of additive manufacturing process involves selectively dispensing material through a nozzle or

orifice, according to the pattern of the object's 2D layer [24].

In 1983, Chuck Hull revolutionized the manufacturing industry with the invention of
stereolithography, a groundbreaking additive manufacturing technique. This innovative
process enables the creation of three-dimensional objects by precisely solidifying resin through
a photopolymerization reaction (Zhang et al., 2019). 3D printing in construction relies on the
same fundamental principles but typically uses cement-based materials as the primary
extrusion material (Tay et al., 2019). 3D printers generally use a modified cement-based
mixture, which is pushed through an extruder or concrete nozzle under precise three-
dimensional control. This extruder is driven by a computerized system, which builds the
structure layer by layer. Essential components of this process include a pump, a gantry or
robotic system, COMPUTER-AIDED DESIGN (CAD) and cutting software, and the necessary
materials. As a result, the construction process using this technology is largely automated
(Lediga & Kruger, 2017). For 3D printing to be successful in construction projects, various
aspects will need to be considered, such as the type of printer, the composition of materials,

costs, and social acceptability, among others.
3.4.1 General principles of 3D printing applied to construction

3D printing in construction is based on the principle of additive manufacturing, which involves
depositing material layer by layer from a three-dimensional digital model [20]. Contrary to
traditional processes, this approach largely eliminates the need for formwork, thereby reducing

construction time and the consumption of auxiliary materials [28].
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Khoshnevis (2004) was one of the first researchers to propose the concept of Contour Crafting,
a technique aimed at automating the construction of concrete structures through controlled
extrusion. Since then, various technological variations have been developed, including
Concrete Printing (Buswell et al., 2018) [20]. 3D Printing Technology of Cementitious
Materials (Manon Arréteau et al., 2023) [29]

Figure 3-3 Conceptual process of 3D printing construction

The general process consists of three main steps:

digital modeling of the building using BIM or CAD tools, translation of the model into machine
instructions (G-code), and controlled extrusion of the material along a predefined trajectory
(Lim et al., 2012). These steps make 3D printing highly compatible with integrated design and

modular prefabrication approaches [30].

3.5 3D Printing in the Housing Sector

3D printing offers numerous advantages when applied to the housing sector. Once optimized,
a 3D printer can reduce construction waste by 30% to 60% compared to traditional construction
methods, thanks to its precision (Zhang et al., 2019). Furthermore, the automated 3D printing

process reduces on-site labor requirements and, consequently, labor costs, which typically
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represent more than half of the expenditure in conventional housing projects, by 50% to 80%
(Zhang et al., 2018). Moreover, the system's design flexibility eliminates the need for
formwork, thus reducing project time and costs, particularly for housing with concrete
structures. Formwork costs typically represent 35% to 60% of the total cost of concrete
structures (Ma et al., 2018). This elimination allows for the customization of structural
elements, further reducing housing construction costs. Kreiger et al.'s study (2019)
demonstrated that 3D-printed construction is 10-25% more cost-effective than concrete block
construction and 25-37% cheaper than cast-in-place concrete construction, primarily due to
the elimination of formwork costs. 3D printing significantly improves architectural
adaptability, construction flexibility, and feasibility (Mahachi, 2021) [31]. This advancement
can lead to a remarkable reduction in design time, potentially up to 60%, while incorporating
the principles of lean construction (Wu et al., 2018).

These principles involve standardizing tasks and continuously improving processes to
streamline the construction process and eliminate inefficiencies. The architectural adaptability
and ease of construction of this technology not only contribute to cost reduction but also
facilitate rapid housing design and prototyping, directly reducing delivery times by 55% (Tay
etal., 2017).

LIFE CYCLE ASSESSMENT (LCA) provides insight into the environmental benefits and
challenges associated with 3D-printed housing construction. While 3D printing offers
significant advantages in terms of reduced labor and formwork costs, minimized waste,
accelerated production times, and increased flexibility and adaptability during the design and
construction phases, it is crucial to consider its impact on carbon emissions. Using 1.5 to 2
times more Portland cement in 3D printing than in conventional pouring significantly increases
the carbon embodied in the materials, contributing to approximately 20% of a home's total
lifecycle carbon emissions (Han et al., 2021; Sanjayan et al., 2018). Scientific studies have
explored strategies to mitigate the carbon footprint of 3D printing materials. Incorporating
green and recycled agricultural aggregates into 3D printed concrete (3DPC) has shown a
marginal effect on lifecycle carbon emissions, contributing to approximately 2% of the total
global warming potential when virgin aggregates are fully replaced with recycled concrete
aggregates (Han et al., 2021). With the aim of improving sustainability, researchers have
investigated alternative materials and mixtures. A study by Mohammad et al. (2020) suggests

that optimizing 3D-printed concrete mixes with fly ash and nanofibers can reduce the carbon
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footprint by more than 70%. Furthermore, substituting geopolymers for conventional Portland

cement has demonstrated an 80% reduction in greenhouse gas emissions compared to

traditional cement manufacturing (Bazli et al., 2023).
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Figure 3-4 Overview of 3D-printing applications [24]

According to Ma et al. (2022), whose study focuses on the mastery of 3D printing technologies

and developments, most applications of this technology are in the housing sector. However,

elements such as bridges and street furniture are more widely used in 3D printing, as shown in

Figure 3-4. Over the years, the sector has experienced significant growth, with companies and

organizations worldwide actively participating in its development. In 2014, Win Sun

demonstrated the potential of 3D-printed construction by printing ten houses (200 m?) in a

single day using high-quality cement and fiberglass (Puzatova et al., 2022). Subsequently, in

2015, an urban cabin was 3D-printed in Amsterdam, illustrating the use of bioplastic materials

for housing solutions. In 2018, ICON obtained a building permit for a 74.32 m2 house in 24

hours for $10,000, confirming the potential of 3D printing for affordable housing (Valente et

al., 2019). In 2021, Mario Cucinella Architects and WASP designed a prototype low-carbon
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housing unit entirely using 3D printing and clay as the primary material. This 60 m2 dwelling

is inspired by vernacular architecture and sustainable construction techniques.
3.5.1 Materials used for 3D printing in construction

The choice of materials is a central issue in 3D printing applied to construction. The most
commonly used materials are specially formulated cementitious mortars, incorporating
additives designed to improve rheology, interlayer cohesion, and mechanical strength. In
addition to cement-based materials, recent research focuses on the use of alternative materials
such as geopolymers, clay-based materials, and mixtures incorporating recycled waste[32].
These solutions are of particular interest for African regions, where the local availability of
resources and the reduction of carbon footprint are major priorities.

Several studies have focused on the rheological optimization of these mixtures to ensure their
printability, pumpability, and dimensional stability (buildability) (Le et al., 2012; Panda et al.,
2017). Bos et al. (2016) showed that adding short fibres improves the tensile strength and post-
cracking behaviour of printed elements. Other studies are exploring the use of alternative
materials, such as geopolymers, to reduce the carbon footprint associated with Portland cement
(Nematollahi et al., 2017; Panda et al., 2020). In the African context, many authors have
highlighted the benefits of using local materials, particularly stabilised lateritic soils, in low-
cost 3D printing processes (Houben & Guillaud, 1994; Wolfs et al., 2021). These approaches
are particularly relevant for large-scale social housing projects. Since the early 2000s, this
technology has developed rapidly, moving from the experimental stage to real-world
applications on a building scale. It is now seen as a promising solution to the challenges of
affordable housing, particularly in regions facing high demographic pressure and limited

resources, as is the case in many African countries.

3.5.2 Concrete extrusion printing.

Concrete extrusion printing (often called 3D Concrete Printing or 3DCP) is an additive
manufacturing method that involves depositing successive layers of mortar or concrete to build
structures without formwork. Concrete extrusion is most widespread technology for 3D
printing buildings. It uses a specially formulated concrete to ensure: 1. Good extrudability; 2.
Sufficient interlayer cohesion; 3. Rapid hardening without sagging. This technology is used by
several pioneering compagnies such as ICON (united states), COBOD (Denmark), and WASP
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(Italy). The COBOD BOD?2 system, for example, has enabled the construction of large-scale
residential buildings, including in Africa. (Bos, F., Wolfs, R., Ahmed, Z., & Salet, T. (2016).
Additive manufacturing of concrete in construction: potentials and challenges. 3D printing
systems in construction can be classified into two main categories: 1. Gantry systems; 2.
Robotic systems with articulated arms. Gantry systems are particularly well suited for the

construction of urban social housing due to their stability, precision, they are also easier to

deploy in an advantage for African countries.

Figure 3-5 Gantry system printer [33]

Figure 3-6 Gantry system printer used for building small size family homes [33]
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3.5.3 Printable concretes.

Printable concretes are cement-based materials optimized to meet the specific requirements of
3D printing [22]. They generally have: 1. Compressive strength ranging from 20 to 40 MPa; 2.
A modulus of elasticity lower than that of conventional concrete; 3. Low conventional
workability but good extrudability. Several studies have shown that these materials can achieve
mechanical performance compatible with structural standards, provided that the effects of
anisotropy are properly taken into account (Nerella et al., 2019). In the African context, the use
of local materials is a major challenge. Several studies are exploring the incorporation of:
1. recycled materials; 2. fly ash; 3. geopolymers. These materials reduce the carbon footprint
of construction and improve the environmental sustainability of 3D-printed housing (Pacheco-
Torgal et al., 2021). 3D printing has mainly been applied to social housing and emergency
housing, due to its ability to: 1. reduce construction time; 2. limit labor costs; 3. produce
repetitive housing of consistent quality. For example, ICON has built 3D-printed social housing
neighborhoods in Mexico, demonstrating a reduction in construction time of more than 40%

compared to conventional methods (ICON 2021).
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Figure 3-7 Three typical kinds of concrete 3D printing technologies [27] :

(@) Contour crafting, (b) Concrete printing, and (c) D-shape
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Figure 3-8 Concrete Printing by the University of Loughborough [37]

A high-performance printing concrete has been developed for the CP method, based on not
merely target hardened properties (compressive strength of 100 MPa and flexural strength of
10 MPa at 28 days), but also workability, extrudability and buildability requirements. A fibre
reinforced mixture has been designed, containing superplasticicer and retarder to increase
workability and strength (Le, et al., 2011).

3.6 Types of 3D Concrete Printers

A 3D Concrete Printing (3DCP) system typically consists of a motion system, a deposition
system, and a material feeding system. The motion system allows the deposition head to move
within a 3D space and can be classified into two types: Cartesian and Delta. The Cartesian
printer operates based on the Cartesian coordinate system, with the print head moving linearly
along each axis to deposit the filament. In the Delta printer, the print head navigates and is

positioned directly within the 3D printing space.

The deposition system normally refers to the nozzle(s). In the case of Contour Crafting (CC),
it also includes trowels to create the smooth outer and top surfaces of a layer, while for D-
Shape, it consists of a series of nozzles arranged in a straight line along a beam. The feeding
system for material extrusion processes includes the equipment needed to mix the materials,
pump, and deliver the composite to a hopper located on top of the deposition head. For D-shape
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printing, two components must be delivered to the printer: the liquid and the dry powder

mixture.

Figure 3-9 Current 3D concrete printers, [27]: (a) : four-axis gantry printer, (b) Six-axis
robotic printer, (c) crane printer and (d) a team of robots

Gantry robots with 3 or 4 degrees of freedom (DOF) (as shown in figure 3-9 (a)) and articulated
robots with 6 DOF or more (as shown in Figure 3-9 (b)) are the most widely used. The former
is primarily used in large projects, while the latter is generally adopted for producing smaller
objects. Crane systems (as shown in figure 3-9 (c)) have also been successfully adopted in
industry and universities. Gantry and crane-type printers have the advantage of being easy to
scale up and lower in cost.
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In contrast, robot sizes are generally fixed, making it difficult to increase the size of this type
of printer. However, the advantages of using a six-axis robot or robotic arm lie in its speed and
degrees of freedom, which allow for more printing tasks to be performed with greater

complexity per unit of time, compared to a four-axis gantry printer.

An alternative to printing with single large robots has been proposed by the Singapore Center
for 3D Printing at Nanyang Technological University-multiple mobile robots printing
simultaneously using localization and path planning technology working together, as illustrated
in Figure 3-9 (d). “Minibuilders” using resin-based materials are also described in detail by

(Nan et al.) and have proven to be lightweight, compact, and autonomously mobile.

3.6.1 3D Printed structures.

In January 2019, a School of Architecture team at Tsinghua University built Shanghai's world's
longest 3D-printed concrete 86-foot-long bridge. According to Tsinghua University, it was
built in 450 hours and cost around one-third less than a conventional bridge. MX3D, an
Amsterdam-based startup, created a stainless-steel bridge. After being made visible to the
public in 2018, the bridge is presently being tested and has sensors installed before being placed
across an Amsterdam canal. 3D Printed The first India post office was built in Bangalore.

Figure represents the above structures.
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——

2(a): Shanghai 3D- 2(b): Amsterdam  3D-
printed canal printed footbridge

2(c): India 3D-Printed

Post office j

Figure 3-10 3D printed structures
Technical Process the system generally relies on three main components:
1-The Pumping system: Delivers the fresh mixture from the mixer to the print head.

2-The Robotic arm or gantry: Controls the X, Y, and Z movements.

3-The Nozzle: Extrudes the material along a path defined by a digital file (G-code).
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Print Volume

Mobility

Degree of Freedom

Precision

Gantry System

Very large (building scale)

Fixed or on long rails

3axes (X,Y, 2)

High over large areas

Articulated Robotic Arm

Limited by arm reach

Easily transportable

6 axes for complex shapes

Very high for details

Table 3-1 Comparison of transportation systems

3.7 Advantages and Challenges of 3D Concrete Printing

38

The use of 3D printing technology offers numerous advantages over conventional

manufacturing:

e Manufacturing of sophisticated parts; reduced processes and resources; minimized part

weight; the ability to redesign parts; tool-free manufacturing; reduced waste; and

environmentally friendly production.

e In general, complex geometric shapes are difficult to manufacture using conventional

processes. However, components with complex shapes can be manufactured using 3D

printing. Thus, 3D printing offers great design freedom, even for the most complex

parts [34]

Furthermore, traditional manufacturing processes require numerous iterative steps,

such as casting, rolling, forging, machining, drilling, welding, etc., depending on the

complexity of the objects. The more functions a design incorporates, the more rapidly the

number of these steps can increase. However, the number of processes and resources required

could be significantly reduced thanks to 3D printing. Furthermore, the ability to print a hollow

part with a thinner outer shell, incorporating internal lattice structures instead of a completely

solid material, drastically reduces the amount of material, weight, and manufacturing time. 3D

printing thus offers the possibility of manufacturing lightweight parts [34]. Moreover, even a

minor design change can lead to a significant increase in manufacturing time using

conventional methods.
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In contrast, it is also possible to redesign parts using component optimization approaches; this
improves the structure while maintaining an appropriate durability/cost ratio [34]. In addition,
it has the potential to eliminate the need for machining tools. Indeed, it is an additive
manufacturing process that does not require a cutting tool to remove material, unlike
conventional manufacturing processes. Furthermore, material waste can be eliminated through
3D printing because there is virtually no material waste during the process. Since the creation
of the object generates almost no waste, it is an environmentally friendly approach. All these

advantages are illustrated in figure 3-11 by a cause-and-effect diagram.

less processes reduced materials
freedom of part design less iterative stages lattice structures
knotty geometrical shapes
O Advantages
of 3D
printing
technology
adiustmen
additive manufactuing less material costs
optimization
elimination of tolling eco-friendly

255 wasle
aolless manufacturing)

Figure 3-11 Cause and effect diagram for demonstrating merits of the 3D printing technology [34].

3.8 Disadvantage and Challenges of 3D Concrete Printing

At the same time, the adoption of 3D printing technology in the manufacturing industry
presents several drawbacks. These limitations hinder its use as a replacement for conventional

manufacturing methods.

For example, the use of 3D printing will lead to a decrease in the need for manual labor in
production. Consequently, this will have a significant impact on the economies of countries

that rely heavily on a large workforce in low-skilled jobs[34]. Furthermore, the capabilities of
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3D printing technology are limited in terms of the range of usable materials and the size of
objects that can be produced. Only a small number of materials can be processed and used to

create the final products [34].

The 3D printer imposes significant constraints on the size of the object produced, including
limitations on the dimensions of the build platform. In some cases, certain components may
require support structures during the 3D printing process, which necessitates post-printing
cleanup. A major drawback of post-processing is the need for time-consuming tasks, which can
lead to increased production time and costs. Moreover, this technology is viable for small-batch
production, compared to traditional manufacturing [34]. Traditional manufacturing processes,

such as injection molding and compression molding, still dominate mass production.

It is clear that a lack of repeatability is one of the main challenges associated with 3D printing,
due to the low precision required for manufacturing successive batches of identical
components. Furthermore, the surface finish quality of 3D-printed objects is unsatisfactory due
to the layer-by-layer manufacturing process. This layer-by-layer production results in
components with reduced strength, precision, and surface gloss [34]. All of these drawbacks
are illustrated by a cause-and-effect diagram in Figure 3-12

limited materials

Unemployment

copy of intellectual prope

obsolete of conventional techniques

dangerous items creatio restricted build size

low skilled labor countrie Disadvantages
of 3D printing

technology

gloss of the surfac

lack of repeatability time-consumini

layer-by-layer fabrication

operation cost increas:

low volume production

Poor surface finish
Low volume production|

Figure 3-12 Cause and effect diagram for demonstrating demerits of the 3D printing technology [34]
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3.9 3D Printing Experiences and Projects in Africa

The first large-scale applications of 3D printing in the housing sector emerged in the 2010s. In
China, the company WinSun has built several 3D-printed houses using prefabricated modules
(Zhang et al., 2018). In the Netherlands, the 3D Print Canal House project explored the
architectural and structural limits of the technology (Salet et al., 2018). In the field of social
housing, notable initiatives include the project led by ICON and New Story in Mexico, which

aims to produce affordable housing for low-income populations (ICON, 2019).

In Africa, although 3D printing applied to construction is still in its early stages, several pilot
projects and research programs have emerged in recent years, reflecting a growing interest in
this technology in contexts with significant economic and logistical constraints. One of the
most emblematic projects is the one carried out in Malawi in 2021, where the company
14Trees, in collaboration with LafargeHolcim and CDC Group, built the first 3D-printed house
on the African continent. This project demonstrated the ability of 3D printing to significantly
reduce construction time, with walls printed in less than 24 hours, while meeting structural

safety and sustainability requirements (14 Trees, 2021; World Economic Forum, 2021).
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3D printed house in Malawi by 14 Trees (2021) 3D housing project in Kenya (2022)

3D printed housing prototype in South Africa (2019)

Figure 3-13 3D housing in Africa

These projects highlight the advantages of the technology in terms of speed of execution and
cost reduction, while emphasising the need to adapt to local constraints, particularly climatic,
regulatory and socio-economic ones. South Africa is one of the African countries pioneering
the adoption of 3D printing in construction. In 2021, the country's first 3D-printed house was
built by the University of Johannesburg, demonstrating the technical feasibility of this
technology in an African context. In Kenya and Malawi, pilot projects supported by NGO and

international institutions have explored the use of 3D printing for the construction of
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community housing and light infrastructure. These projects highlight the technology's potential

to meet urgent needs while utilizing local resources [35].

In Kenya, several similar initiatives have been launched, particularly within the framework of
affordable housing programs supported by public-private partnerships. These projects highlight
the potential of 3D printing to address the urban housing shortage, while also promoting the
local industrialization of the construction sector (UN-Habitat, 2022). In South Africa,
academic research has primarily focused on developing printable materials using local
resources, as well as studying the mechanical behavior of printed elements. Work conducted
by universities and research centers has demonstrated the potential of low-cement concretes
and geopolymers for 3D-printed structural applications (Nematollahi et al., 2017; Panda et al.,
2020).

Country Project year Housing type Technology

Malawi 14Trees [35] 2021 social Concrete printing

Kenya Affordable 2022 Urban social Concrete printing
Housing Program

South Africa University 2019 prototype Geopolymer
Research printing

Table 3-2 Key 3D printing projects and initiatives under construction in Africa

These African experiences, while limited in number, underscore the strategic role of 3D
printing as a driver of innovation for social housing. They also highlight several major
challenges, including the lack of suitable regulatory frameworks, dependence on imported
technologies, and the need to train a skilled workforce. These observations reinforce the
relevance of this work, which aims to propose a structural engineering approach adapted to

African realities, and more specifically to the Cameroonian context.
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Comparison of Construction Time
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Figure 3-14 Comparison of average construction time between conventional methods and 3D
printing applied to housing.

Estimated Growth of Housing Deficit in Africa
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Figure 3-15 Estimated evolution of the housing deficit in Africa between 2000 and 2030 (in millions
of units)
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These projects highlight the advantages of the technology in terms of speed of execution and
cost reduction, while also emphasizing the need to adapt to local constraints, particularly
climatic, regulatory, and socio-economic ones. In Africa, pilot projects have been carried out
in Malawi and Kenya, demonstrating the technical feasibility of 3D-printed houses in resource-

constrained contexts (World Economic Forum, 2020).

3.10 The Modular Construction Paradigm in 3D Printed Modular
Structures

CONSTRUCTION INDUSTRY INSTITUTE (CIl) defines modular construction as "the use
of off-site construction (including a separate area on the site) and encompasses all work that
represents substantial off-site construction and the assembly of components and areas of the
finished project.” The implementation of modular construction has increased significantly over
the past few decades. Projects improve in several areas, such as cost, schedule, safety, etc.,
when this method is used correctly. Experts largely agree that modularization will lead to a
significant improvement in productivity in the construction industry over the next 20 years;

however, several challenges and obstacles limit its use in certain cases [36].

Over the past few decades, researchers have studied various aspects of modular construction.
Pasquire and Gibb studied the advantages and challenges of off-site production of building
components and found that experience plays the most important role in deciding whether to
use modular or traditional construction. Song et al. developed a tool to help decision-makers
assess the feasibility of modularization in their projects. Choi examined the relationship
between factors that can impact the success of a modular construction project and project
productivity, and indicated that there is a reasonable correlation between them. O'Connor et al.
found that when a construction project has a time constraint, modularization can be a useful
method for completing the project on time. The most significant challenges involved delays in
component assembly, overproduction, and long delivery times.

While several studies have focused on different aspects of modular construction, few have
compared the characteristics of traditional and modular construction to provide guidelines for
deciding which method is best for a specific project. This study aims to identify the advantages
and disadvantages of modular construction and compare them with those of traditional
construction in a descriptive manner. The results of this research will help stakeholders

determine whether traditional or modular construction methods are appropriate for a project.
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3.10.1 Advantages and limitations of modular construction

Modular construction has several advantages and disadvantages that must be considered when
using this method. Many advantages are related to improvements in cost, time, safety, quality,
productivity, environmental performance, etc. [20], while disadvantages are associated with
project planning, transportation and site limitations, initiation costs, lack of knowledge,
etc.[36]. These considerations are discussed below, based on information derived from the

literature.
e Advantages

The advantages of modularization and sources of information are discussed below. In general,
by carefully implementing modular construction methods, several advantages are observed in

broad areas such as quality, labor, cost, speed of construction, and environmental impact.
e Limitations
The limitations of modularization in construction are listed below.

1) Required accurate planning

2) Transportation challenge

3) Establishment cost and cost due to the complexity
4) Excessive coordination needed

3.10.2 Design for manufacturing and assembly

According to recent studies in digital fabrication (notably the work of Bock & Linner, 2016)
emphasizes that successful 3D printing requires designing the building with its fabrication in

mind. The modularity of components is pre-defined to optimize the printing process.

1. Standardization vs. Customization: Unlike traditional prefabricated construction,
which requires identical molds, modular 3D printing allows for mass customization.
Slightly different modules can be printed without increasing costs.

2. Service Integration: Current research focuses on printing modules that already include

conduits for electricity and plumbing, thus reducing post-printing work.
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3.10.3 In-situ printing Vs. Off-site modular printing

A crucial debate in the current literature concerns the choice between in-situ printing and off-
site modular production. While in-situ printing offers the advantage of monolithic structures,
researchers such as (Labonnote et al. (2016)) argue that off-site modular 3D printing is better
suited to regions facing logistical challenges, such as many African urban centers. Modular
printing allows for a controlled environment, thus mitigating the risks of "cold joints" caused
by high ambient temperatures and rapid evaporation, common in tropical climates.

In-situ (On-site): Requires transporting heavy machinery across often rugged terrain or areas
lacking infrastructure. Extremely sensitive to weather conditions (heat, wind). No transport

costs for structure.

Off-site (Modular): Printing takes place in a controlled environment (hangar). The logistics

costs can be limited to rational levels if the plant is close to the development area.

Advantages for Africa: Better concrete quality (fewer cracks due to sunlight), 24-hour

production.

3.10.4 Structural connections and joints in modular 3DCP

Connections are key elements of modular buildings, ensuring structural integrity through the
horizontal and vertical assembly of modules. Modular construction relies on three main types
of connections: (i) module-foundation connections, (ii) module-to-module connections, and

(iii) internal module joints.

The structural integrity of a 3D-printed modular building depends entirely on the efficiency of
the interface between the printed components. Unlike monolithic 3D printing, modularity
introduces "discontinuities™ that must be designed to transmit loads (compression, shear, and
tension). Interconnections between modules are a crucial aspect of modular construction,
enabling interaction between complete 3D modules, or "cells," and thus guaranteeing structural
integrity. Conversely, prefabricated construction generally relies on connections between
individual prefabricated structural elements, such as slab-to-wall or wall-to-wall connections.
Although this study focuses primarily on the 3D printing of modular structures, the analyzed

works concentrate mainly on connections between prefabricated elements.
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1) Wet joints (cast-in-place infill)
This is the most common method in current 3DCP projects (e.g., COBOD or 14Trees) [35].

a) Mechanism: Two printed hollow shells are placed side by side, creating a central cavity.
Traditional reinforcement (steel bars) is placed in this cavity, which is then filled with

conventional high-flow concrete or grout.

b) Advantages: This method creates a hybrid structure combining the geometric precision of

3DCP printing and the proven strength of reinforced concrete.

c) Disadvantage: It reintroduces traditional masonry work on-site, partially negating the speed

gains offered by 3D printing.

2) Dry mechanical joints (interlocking geometries)

Inspired by LEGO bricks or traditional masonry, these joints rely on the geometric precision
of the printer.

a) Mechanism: The modules are printed with male and female connectors (e.g., dovetail

joints, wedges, or tongue-and-groove systems).

b) Structural behavior: These assemblies offer excellent shear strength but are weak in

tensile strength. They often require a secondary fastening system.

c) Benefit for Africa: Ideal for circular economy models where houses can be
disassembled, moved, or expanded as the family grows.

3) Post-tensioned assemblies

This is the most advanced structural solution for 3D modular construction (developed notably
by Salet et al., 2018 at Eindhoven University of Technology).

a) Mechanism: Vertical or horizontal conduits are printed inside the modules. Once the
modules are stacked, high-strength steel cables (tensons) are inserted into the conduits

and tensioned using hydraulic jacks.

b) Structural Behavior: The tension of the cables compresses the printed layers,

eliminating tensile stresses and significantly increasing load-bearing capacity.

c) Advantage: Enables the construction of multi-story modular buildings without thick,
heavy columns.

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



49

Joint Type Load Transfer Ease of Assembly Suitability for Africa

Wet Joint Excellent (Monolithic) Medium (Requires grout) High (Uses local rebar/labor)

Dry Joint Good (Shear only) Very High (Fast) Medium (Requires high precision)
Post-Tensioned Superior (Seismic) Low (Requires equipment) High (For multi-story urban housing)

Figure 3-16 Summary of structural connections and joints in modular 3DCP

3.10.5 Benefits of 3D printed modular structures

The benefits of 3DCP are low cost, less time, sustainable, customisable, higher productivity

and safer compared to the traditional construction approach.

Low Less Higher

Cost Time suskamcble Q Customisable productivity
v G v

Figure 3-17 Benefits of 3D printing modular

3.11 Critical Synthesis and Positioning of the Present Work

Analysis of the literature highlights a significant gap in the African housing sector, particularly
in contexts of rapid population growth. However, most existing work focuses on experimental
studies or pilot projects conducted in industrialized countries: while traditional methods (types
A and B) are too slow to meet massive demand, current 3D printing projects are often too

expensive due to logistical difficulties on site and imported materials.

3.12 Positioning and Contribution of this Thesis

This research positions itself as a strategic turning point towards 3D-printed modular structures
(3DPMS). Unlike monolithic on-site printing, the 3DPMS approach prioritizes:
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a) Off-site manufacturing: printing hollow-wall modules in a controlled warehouse

environment to guarantee structural quality and overcome climatic constraints;

b) The use of high-performance hybrid materials: developing an economical mortar from
local resources to make 3D-printed modular construction (3DPMS) competitive for social

housing (type C);

¢) Modular integration: using standardized wet joints for assembling prefabricated modules,

ensuring durability equivalent to that of traditional reinforced concrete.

3.12.1 Comparative strategy

By comparing the traditional bungalow (type A) to its 3D-printed equivalent (type C), this
thesis provides scientific validation of the potential for time savings and waste reduction
offered by digital manufacturing. Furthermore, the reference to type B (R+4) allows us to
envision the future evolution of 3D printing towards multi-story urban housing, thus
demonstrating that modular 3D printing is a solution adaptable on a large scale for the African

continent.

The 3DPMS approach developed in this research is designed as a universal modular system.
Whether applied to a single-story house (type C) or an apartment building, the production and
logistics processes remain identical (from the warehouse to the construction site). This
standardization is essential for achieving economies of scale in the African social housing
market, the only variation being the internal structural reinforcement required for vertical loads.
This synthesis thus forms the scientific basis for the following chapters, dedicated to the

proposal and preliminary sizing of conventional and 3D-printed modular housing units.
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4 CHAPTER 4: PROPOSAL OF TYPICAL
HOUSING AND STRUCTURAL FRAMEWORK

4.1 Introduction

This chapter defines the architectural and structural models that serve as the basis for the
comparative analysis between traditional construction and the 3DPMS system (3D-printed
modular structures). To ensure a realistic assessment of the African housing market, and more
specifically that of Cameroon, the research focuses on a standardized model of "social
housing.” This model is analyzed through three typologies (A, B, and C) to evaluate its

adaptability, from single-family homes to apartment buildings.

4.2 ldentification of Housing Needs and Reference Models
4.2.1 The standardized 90m?social unit (Bungalow)

This study focuses primarily on a three-bedroom dwelling with a gross living area of 90 m2.

This size was chosen because it represents the most critical demand in the social housing sector
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in sub-Saharan Africa (lbrahim et al. (2022) ou rapports de 14 Trees (Holcim) au
Kenya/Malawi, reconciling financial accessibility and a decent standard of living for an

average-sized family.

Architectural features:

1- Living Area: A central lounge/Dining area (23.0 m?) designed for natural cross-ventilation.
2- Sleeping Rooms, three bedrooms, including a master room.

3-Service core: A Kitchen and a shared bathroom, grouped together to optimize plumbing and

3D printing paths.

4-Structural footprint: The plan utilizes a 150mm wall thickness, which is compatible with both

standard 15cm concrete blocks and the proposed 15¢m 3D-printed double-skin modules.

1) Structural typologies under study
To assess the feasibility of 3D printing in the African housing market, this research establishes
three comparative typologies based on a standardized architectural plan (2-to-3-bedroom

family home):

Type A (Conventional Single-Story House): Standard bungalow built using traditional
masonry (concrete blocks or bricks) with reinforced concrete lintels.

Type B (Conventional 4-Story Building): Multi-story residential building using traditional

reinforced concrete structures, serving as a reference for urban density.

Type C (3D-Printed Modular Single-Story House): The main focus of this thesis, composed of

3D-printed hollow-wall modules, prefabricated in a warehouse and assembled on-site.
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Figure 4-1 Architectural Floor Plan used for typologies A (conventional) and C (3DPMS)

4.2.2 The multi-story urban unit (Type B)

This study focuses on a conventional multi-story residential building. The architectural design
offers significant structural flexibility, which will be detailed in the structural analysis section
of Chapter 4.

1) Architectural configuration (ground floor & typical floor):
i.  Spatial distribution: Each floor consists of a large living area (21.8m?), a dining room,
a kitchen (10,9 m?), and two spacious bedrooms (Room 1: 15m?, Room 2: 10.9m?).

ii.  Vertical circulation: A dedicated stairwell (2.50m x 4.50m) ensures access to the upper

floors, serving as a critical element for the structural rigidity of the building.
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iii.  Outdoor Spaces: Each unit includes two balconies, providing essential outdoor access
and natural ventilation for the living and kitchen areas.
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Figure 4-3 Typical upper floor plan of the urban unit type B
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4.3 Structural Load Bearing System

1. Conventional unit (Type A & B)

The integrity of type A relies on a distributed load-bearing wall system. Gravity loads are
transferred to 15x15x40cm hollow blocks. Stability is ensured by confined masonry (tie-

columns and ring beams).

Type B uses a reinforced concrete frame, with the walls made of non-load-bearing infill. This

system is labor-intensive due to on-site formwork and curing times (Asprone et al. (2018).

2. 3D-printed modular units (Type C)

The 3DPMS system utilizes large-scale monolithic modular shells.

i.  Double-Skin Shell: two parallel 35mm mortar beads with an internal zigzag infill acts

as permanent stay-in -place formwork.

ii.  The Wet Joint (Type C): Structural continuity is achieved by casting cement composite

HPRCC columns into pre-engineered gaps between the printed modules.

4.3.1 Process selection: Off-site vs On -site 3DCP

The implementation of 3D concrete printing (3DCP) is based on two main operational
philosophies. This research adopts an off-site (warehouse) approach, justified by the specific

constraints of the African construction sector.

A. Environmental and materials control

According to Wolfs et al. (2019) [37], the interlayer bond strength is very sensitive to

evaporation and surface moisture.

I.  On-site 3DCP: Printing on a construction site exposes the material to wind and direct

sun, which accelerates drying and creates "cold joints.

ii. Off-site 3DPMS: By printing in a controlled warehouse, we ensure a constant

hydration rate, which is critical for the structural reliability of the load-bearing walls
(Type C).
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B. Geometric accuracy and constructibility

Leitdo et al. (2020) emphasize that “constructibility” (the ability to stack layers without
collapse) depends on construction management control.

i.  On-site: Requires a perfectly level foundation, which is often difficult and expensive

to achieve on-site.

Figure 4-4 3DPC construction process on-site

ii.  Off-site: Using a fixed industrial floor for the printer guarantees a tolerance of £2 mm

iii.  for the "Double-Skin™ modules, essential for the rapid assembly of wet seams.

Figure 4-5 3DPMS printing process in the factory
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Figure 4-6 Construction process of (a) off-site 3DCP and (b) on-site 3DCP [44]

4.3.2 Economic scalability in the African context

As Ibrahim et al. (2022) point out, the costs of deploying large-scale 3D printers can be

prohibitive for dispersed social housing projects. A centralized “housing factory” enables

continuous production (24/7), thus reducing the amortization costs of robotic equipment.

4.4 General Structural Design Hypotheses

1) Loading hypotheses (actions)

The structural analysis complies with Eurocode 0 and 1. The following actions are taken into
account for the limit state design (ULS/SLS) and will be detailed in Chapter 4:

i.  Permanent Loads (G): Self-weight of 3D-printed walls (mortar density ~ 2,400kg/m?®)

and slab systems.

ii.  Superimposed Dead Load (SDL): Finishes, partitions, and roofing (1.5-2KN/m?)

iii.  Live Loads (Q): Residential live load of 1.5KN/m?,

iv.  Wind load (W): Basic wind speed Vp=26m/s According to local African meteorological

data

v.  Seismic Actions (EQ): Horizontal components EQx and EQy calculated on the basis

of the seismic zone factor (agr) and soil type, as modeled in SAP2000.
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2) Simplified mechanical hypotheses for pre-dimensioning

i.  Traverse Isotropy: Compressive strength (fck) is assumed 15% lower in the vertical
direction to account for interlayer interfaces [37].

ii.  Effective Thickness (leff): For type C, teff = 70 mm (skins only).

4.5 Materials and Manufacturing Environment

1) Mix design and local materials

The research prioritizes local river sand (Dmax = 2mm) and OPC 42.5R cement. Chemical
admixtures (Superplasticizers and viscosity modifying agents=VMASs) are used to balance
workability (for pumping) and buildability (for stacking layers) Leitdo et al. (2020) or Wangler
etal. (2016).

2) The fixed warehouse advantages

Printing in a controlled environment is critical to eliminate cold joints and optimize curing.
This prevents plastic shrinkage cracks, common in hot African climates, ensuring the
mechanical hypotheses are consistently met.

4.5.1 Selection of 3D printing technology: Robotic arm vs. gantry system

The successful implementation of a 3D-printed modular structure (3DPMS) hinges on
choosing a printing technology that balances geometric precision, structural integrity, and
logistical feasibility. Two main technologies currently dominate the 3D concrete printing

(3DCP) market: gantry (Cartesian) systems and articulated robotic arms (6-axis).

Technical comparison and rational choice: The choice depends on your application or use
case.

Robotic arm is best for:

1. Highly complex geometries or curved structures
2. Projects requiring tool-changing (printing + milling + finishing in one cell)

3. Flexible production environments where the printer must adapt to multiple uses
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Gantry system is best for:

1. Large, repeatable parts with simpler geometries.
2. Applications where accuracy and surface quality are critical.
3. Cost-sensitive projects where speed and reliability outweigh extreme design freedom.

For the modular approach proposed in this research (typologies C), the articulated robotic arm
(6 axes), such as those developed by KUKA or ABB, was preferred to the gantry system (e.g.,
COBOD). The main reasons for this choice are as follows:

e Geometric versatility for assemblies: The 6-axis freedom of movement of a robotic arm
allows for the printing of complex shear keys and internal cavities necessary for wet
joint assembly. Gantry systems are generally limited to vertical extrusion, which
struggles to reproduce the complex interlocking geometries required for modular

structural continuity.

e Off-site (factory) precision: The use of a robotic arm in a controlled factory
environment (3D printing plant) protects the 25 MPa mortar curing process from the

high evaporation rates and thermal cracking typical of outdoor African climates.

e Scalability through prefabrication: The robotic arm can be mounted on a linear rail to
increase its reach, thus enabling the simultaneous printing of several wall modules. This
"production line" approach is more efficient for large social housing projects than

deploying a large gantry crane on a challenging construction site.
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Gantry System (COBOD BOD 2-5 x 8 x 2 printer) Articulated robotic arm

Figure 4-7 Comparison between a gantry system (left) and an articulated robotic
arm on a track (right) [35] [37].

4.5.2 The technology solution for 3DPMS

The chosen technological solution integrates a robotic arm, a high-pressure pumping system,
and a specialized print head (nozzle) enabling intermittent extrusion. This configuration allows
for precise positioning of reinforcement notches and technical conduits (electrical/plumbing)

directly during the printing process.

As Buswell et al. (2018) point out, “robotic arms offer the dexterity necessary for creating non-
standard geometries and for functional integration within printed layers, which is essential for
the next generation of modular construction.” Furthermore, the work of Wolfs et al. (2019)[37]
confirms that factory-printed modules using robotic systems exhibit better interlayer adhesion
due to stable environmental conditions, a key factor for the structural reliability of the Groud-

floor analyzed in this study.
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4.5.3 Modular fragmentation and transport

Modules are designed for standard flatbed trucks (max length 2.2m, max weight 1,500kg). This
allows 4 to 6 modules per trip, thus covering almost 50% of the external wall of a unit in a
single delivery.

On-site, modules are positioned via truck-mounted cranes. The wet Joints are then cast,
transforming individual 3D modules into a continuous, load-bearing structural system. This
reduces on-site wall construction time by 85% compared to traditional masonry.

4.6 Discussion

The theoretical framework of the 3DPMS system addresses the dual challenge of quality and
speed. By opting for a modular, warehouse-based system, the dependence on on-site labor and
the vagaries of weather conditions is reduced. While the precision of the hydraulic seal remains
a critical execution factor, the hybrid nature of the system (3D shell + reinforced concrete core)
ensures compliance with modern construction standards while utilizing local materials. This
structural and logistical foundation will be validated by the quantitative analysis presented in
Chapter 5.
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5 CHAPTER 5: PRELIMINARY DESIGN OF
CONVENTIONAL CONSTRUCTION FOR
THESE UNITS (TYPE A&B).

5.1 Introduction

After defining and justifying standard housing units in Chapter 4, this chapter details the
technical design of reference units using traditional construction methods. Unit A represents a
non-load-bearing masonry bungalow (90 m2), while Unit B is a four-story (R+4) reinforced
concrete frame building. This design establishes reference values for material consumption,
structural weight, and construction time, and also allows for subsequent comparative analysis

with 3D printing solutions.

The preliminary design aims to:

1. Define realistic dimensions for the load-bearing elements;
2. Verify the structural feasibility of the proposed units;

3. Establish a reliable basis for comparison in terms of materials, costs, and performance.
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The approach adopted is in line with the Eurocodes, while taking into account current practices
in sub-Saharan Africa, particularly in Cameroon and North Africa where the seismic risk is
very high.

5.2 Material Properties and Selection

In the absence of specific, widely harmonized local standards, the Eurocodes constitute a

reliable and recognized reference for engineering projects.

The materials selected reflect standard high-quality construction practices in the African urban

context.

1- Concrete (C25/30):

Used for all reinforced concrete frames (Unit B) and (Unit A).

Material fo MPa E (MPa) Yo a. fea MPa
Concrete 25 31000 1.5 0.85 14.17
C25/30

Table 5-1 Material properties of conventional concrete

The design strength concrete is:  f.q = ac-% — feqa = 0.85-5—‘:’; = 14.17Mpa  (5-1)
. .

Where:

fca: Design compressive strength of concrete (MPa).
a. . Coefficient accounting for long-term effects and the way load is applied (typically 0.85).

fok : Characteristic cylinder compressive strength at 28 days (MPa).

Yc : Partial safety factor for concrete (standard value is 1.5).

2- Steel reinforcement (S500):

High-yield ribbed bars for longitudinal and transverse reinforcement

Material fyk MPa E (MPa) Vs fya (MPa)
S500 500 2100 00 1.15 435

Table 5-2 Material properties of steel reinforcement
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Where:

fyd: Design yield strength of reinforcement (MPa).
fyk : Characteristic yield strength of reinforcement (MPa).

Vs : Partial safety factor for steel (standard value is 1.15).

3- Material properties (structural steel roof- unit A)

66

(5-2)

For the roof, we will use structural steel (profiles). The European standard is S235.

Material fy (N/mm?2) fu (N/mm2) E (MPa)

Poisson Ratio

5235 235 360 2100 00

0.3

Table 5-3 Material properties of construction steel

4- Masonry units (hollow concrete blocks):
Unit B (Load-bearing): 200 mm thickness, f, = 5.0MPa.
Unit A (Infill): 150 mm thickness, f, = 3.5 MPa.

Mortar (M5): cement-sand mix with fy, = 5.0MPa.
5- Roof truss:

Purlins: SHS at 1.1m spacing

Element Section Dimensions(mm) Material
Top Chords RHS 100 x50 x 3mm S235
Bottom Chords SHS 100 x 50 x 5 mm S235
Purlins SHS 80 x 80 x 4 mm S235
Webs SHS 75X 75 x4 mm S235
Hoof Liaisons SHS 100 x100 x 5mm S235

Table 5-4 Roof truss-unit A
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e Geometric assumptions
Floor height: 2.80 m
Internal headroom: 2.50 m
Standard spans: 1.10 t0 4.30 m
Initial thickness of element:
Slabs: 15 cm
Load-bearing walls: 15-20 cm

Beams: Section to be determined by preliminary sizing

5.3 Actions and Loading Conditions (Eurocode 1)
The structural elements are designed to resist the following characteristic loads:

1) Permanent actions (G)

Permanent actions Self-weight of RC Masonry walls Roofing/floor
(200mm) Finishes
Unit 25 KN/m?® 2.4 KN/m? 1.5 KN/m?

Table 5-5 Permanent actions
2) Variable actions (Q)

Roof Live Load: (non-accessible).

Variable Actions Q Residential Occupancy Roof Live Load

Unit 2.0 KN/m? 0.75 KN/m?

Table 5-6 Variable actions

3) Wind actions (W)

Wind calculations follow Eurocode 1 Part 1-4. For a standard urban area (site category I1I)
[38]:

Reference speed (Vb,0) =24 m/s (typical value in tropical/subtropical zones).
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Peak dynamic pressure (gp) calculated according to the height of the building (z).
TYPE-A (H = 2.80m): gp = 0.55KN/m? .
TYPE- B (H = 15m): gp ~0.85KN/m?,

Pressure coefficients ( Cp): +0.8 (in the wind ) and -0.5( downwind)

4) Metal roof actions (R)
Type: metal frame (square tube or angle trusses) + steel deck.

Estimated weight (Groor): 0.30 KN/m?

Maintenance charge (Qroof): 0.40 KN/m?

5.3.1 Seismic actions (Ag)
Based on a moderate seismic zone:

Reference Peak Ground Acceleration (Agr): 0.15 g
Behavior Factor (g): 3.9 (Ductility Class Medium - DCM for Unit B).

5.4 Load Combinations (ULS and SLS)

According to Eurocode 0, 1 and 8, combinations of loads were considered for gravity and
seismic design loads respectively concerning ultimate limit state (ULS). For analysis on
SAP2000, the following combinations will be applied in accordance with EN 1990[38]:

1-Ultimate limit state (ULS) — fundamental

This is the combination for the resistance of the sections (steel/concrete):
Gravity (static) condition: TYPE A

Combination: 1.35G+1.5Q (5-3)

Combination: 1.35G +1.5W (5-4)

Service Limit State (SLS) — characteristic: TYPE A
Combination: 1G+1Q (5-5)
Combination: 1G+1W (5-6)
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1-Gravity (static) condition: TYPE B

Combination:  1.35G+1.5Q+0.9Wj (5-7)

Combination: 1.35G+1.5Q+0.9Wy, (5-8)

2-Seismic (dynamic) condition: TYPE B
Combination: 1G+0.3Q = 1Ex + 0.3Ey (5-9)

Combination: 1G+0.3Q + 0.3Ex + 1Ey (5-10)

3- Service Limit State (SLS) — characteristic

For checking arrows and user comfort:

Combination:  1G+1Q+0.6Wx (5-11)
Combination:  1G+1Q+ 0.6Wy (5-12)
Where:

G: is the self-weight of the structure along with finishes and walls,
Q: is live loads like varying humans, households, machinery, etc,

Ex and Ey: are earthquake motion in x and y directions respectively based on the defined

response spectrum according to Eurocode 8.

5.5 Preliminary Sizing (pre-dimensioning)
55.1 TYPE-A: reinforced concrete frame with masonry infill

Description: A single-storey structure consisting of a reinforced concrete frame (columns and
ring beams) with non-load-bearing cement block infill and a lightweight metal roofing system.

1- Columns:

The preliminary sizing of columns for a ground floor with a lightweight roof is done using the

slenderness ratio (A) to avoid buckling, rather than pure compression (because the load is low).
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Calculation of slenderness: A = LTO (5-13)
Where:

(A): Slenderness ratio of the structural element (column or wall).
Lo: (buckling length) ~ 0.7- H=0.7-2.80 =1.96 m.

For a square post with side length a, the radius of gyration is (i) =

a
Niva

e Eurocode criterion: We generally limit A < 35 for safe preliminary sizing

19612

35 ~ 19.40 cm

(a) =

Minimum section retained: 20 x 20 cm

2- Ring beam:

To ensure that the deflection (&) remains within the permissible limits of Eurocode 2

(6 < L/ 250 or L/500), the height (h) of the tie beam is determined by the maximum span L

between two columns.

Height:

L L
~<h<-—
20 15
400

For a range of 4.00 m (400 cm): A,y < =

~ 20.0cm , — take: h,,;,, = 20cm ,

40

Ronax < 1—50 — 26.67cm —> take: h,,.. = 25cm

width: b= 0.4h — Dy q = 0.4-25 = 10cm  — take: bq, = 10cm

bpin = 0.4-20 = 8cm , — take b, = 10cm

b: It must correspond to the thickness of the infill wall to facilitate masonry

Minimum section retained: 15 X 25cm

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



71

3- Infill walls

Although they are not vertically load-bearing, their thickness t must meet a slenderness

criterion to prevent them from tipping over in the wind.

He He
A=< e — A=-<27 (5-14)

Where:

A : Geometric slenderness ratio of the wall.

H. ¢ Effective height of the wall.

t: Thickness of the wall (15 cm or 20 cm for standard hollow blocks).
27: The regulatory limit (threshold) according to Eurocode 6 (EN 1996-1-1) to prevent lateral

buckling and ensure structural stability.

If A >27, the wall is too thin for its height and risks collapsing due to wind pressure or seismic
vibrations.
For a wall height of H=2.80 m (280 cm), the minimum thickness (t) should be:

280

A = — =~ 10.38cm
27

Choice: The standard 15cm concrete block is therefore perfectly justified.
Material: Hollow concrete blocks.
Thickness (t): 15 cm (standard for exterior walls in bungalows).

Role: Non-load-bearing (dead load G applied to the foundation beams/beams).

4- Roof

Type: Galvanized steel sheets or corrugated steel sheets

Dead weight (G): 0.15 KN/m?
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55.2 TYPE B: (RC frame G+4)

The elements are sized to satisfy both strength (ULS) and stiffness (SLS) requirements:
Beams: Depth (h) estimated as L/12.

For 3.60 m span, h = 30cm (300mm). Width b = 20cm (200mm).

Columns: Sized for the accumulated axial load at the ground floor.
Ngq = 1.35:G + 1.5-Q

The minimum cross-sectional area A, is given by:

NEq
A, =2 ——— 5-15
¢ featpfya ( )

Where:

A, Required cross-sectional area of the concrete (m? or mm?).

Ng4: Design axial compressive force acting on the element at (ULS) (kN or N)
fea - Design strength of concrete (14.7 MPa for C25/30)

p : Steel ratio (value taken as 1% for preliminary sizing)
fyd : Design yield strength of the steel reinforcement (MPa)

Results: 30 x 30 cm columns are required.

Slabs: hg > 2L—8 ~ 150mm to control the deflection without details calculation.
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5.6 Structural Modeling and Analysis
1- Modelling assumptions
Supports: fixed for Unit B foundations; fixed for Unit A column bases.

Diaphragm action: floor levels in Unit B are modeled as "Rigid Diaphragms” to simulate

monolithic slab behavior.

Truss behavior: Internal members of the roof truss in Unit A are assigned "Moment Releases"

to ensure they only carry axial tension/compression.

2- Visual representation

According to Eurocode specifications using SAP2000, the respective structure was modelled
(figure 5.1 & 5.2), analysed and designed. The design specifications of the model are

mentioned below.

3- Design summary

®) &  © ®

415 315 4.15

C 20x20

C 20x20

©
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B15x25 B 15x25
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Figure 5-1 Ground structural drawing-TYPE A
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Figure 5-3 Model of the structure unit A

Figure 5-2 Typical floor structural drawing-TYPE B
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Figure 5-4 Deformed shape (dead) steel trust SAP-TYPE A

The verification of the design capacity under all load combinations was done using SAP2000's

inbuilt feature (figure. 5.5 & 5.6) and manually according to Eurocode 3 and Eurocode 2.

SAP2000

! . All steel frames passed the stress/capacity check.

)

Figure 5-5 Design capacity check steel trust using SAP- TYPE A
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SAP2000

All concrete frames passed the stress/capacity check or are
+ . designed. ’

Figure 5-6 Design capacity check concrete using SAP- TYPE A

Figure 5-7 Model of the structure TYPE B
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Mode number Time Period Frequency
1 0.46 2.13
2 0.42 2.33
3 0.40 2.45
Table 5-7 Modal properties- unit B
| 2 Deformed Shape (1356+1.5Q) |
—

Figure 5-8 Deformed shape of the structure TYPE B under the ULS fundamental load
combination (1.35G+1.5Q)

To evaluate the structural behavior under gravity loads, the deformed shape was analyzed under

the fundamental combination at Ultimate Limit State (ULS), defined as 1.35G + 1.5Q. As

illustrated in figure 5.8, the maximum displacements quantified at the critical roof joint (Node

164) are extremely small, reflecting high structural rigidity:
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e Horizontal displacement along X-axis (U,): -0.0008 m (-0.8 mm)
e Horizontal displacement along Y-axis (U,): 0.0002 m (0.2 mm)
o Vertical deflection (Us): -0.0017 m (-1.7 mm)

The maximum vertical deflection of 1.7 mm under full factoring gravity loads is negligible and
satisfies by a wide margin the deflection limits prescribed by Eurocode 2 and Eurocode 3
(L/250 or L/500), ensuring that no cracking or structural damage will occur in the slabs and

roof members.
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Figure 5-9 Displacement contour of the structure under seismic action Ex-Unit B (dimension mm)

As shown in the color gradient scale in (figure 5.9), the structural displacements are quantified
in meters (m). The maximum positive displacement reaches 4.9 mm (represented in blue at the
top right roof level), while the maximum negative displacement is -4.2 mm (purple zone),

which satisfies the inter-story drift limitations of Eurocode 8.
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Figure 5-10 Displacement of the structure under seismic action Ey-Unit B (dimension in mm)

As shown in the color gradient contour (figure 5.10), the structural displacement values are
displayed using SAP2000's scientific notation (E-3 m), which corresponds directly to (mm).
Under the seismic action in the Y-direction (E,,), the maximum positive displacement reaches
10.2 mm (top roof members shown in blue), while the maximum negative displacement is

-11.9 mm (shown in purple). These deformations are within the safe structural drift limits

regulated by Eurocode 8.

In figures 5.9 and 5.10, the deformation of the structure under seismic actions in both horizontal
direction (Ex and Ey) highlighted. Similarly, by observing all combinations, the behaviour of
structure was observed. The verification of the design capacity under all load combinations
was done using SAP 2000 inbuilt feature (figure. 5.11) and manually according to Eurocode 2

and Eurocode 8.
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Figure 5-11 Design capacity check- Type B

5.7 Analysis Results and Verification

1) TYPE B: multi-story concrete structure (C25/30)
The design follows Eurocode 2 (EN 1992-1-1) for Reinforced Concrete Structures.

section geometry
o Beam reference: B30x40 (Primary Beam, Typical floor)
e Width (b): 300mm
o Total Depth (h): 400mm
e Effective Depth: (d) : h- cover- Qcadre- Qmain/2=370 mm, with ¢ = 30mm
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5.7.1 Resistance verification (uls)

The beam is analyzed as a continuous member over spans of 4.5m to 5m.
critical internal forces

e Design Bending Moment (Mgq): 24KN.m
e Design Shear force (Ved): 42.0 KN

Bending moment resistance
We calculate the required reinforcement (As) for the 30x40 section:

e dimensionless moment (p):
(W = Mgg __ 24.0-10°
W a2 fyy 30037021417

= 0.0413
Since (n) < 0.167, no compression reinforcement required.
Lever Arm (z):
{=05-[1+V1—-2y|=0.978
z=(-d=0.978x0.370 = 361.8 mm
e required reinforcement of steel (A eq)

Mgg _ 24.010°
Zfyq  361.8434.78

Agreq = = 152.57 mm?

e minimum reinforcement check (EC2) :

A min = o.za’}c-;*:-b-d = 0.26 - 2300 - 370 = 150 mm’

e provide reinforcement: 3¢14 (Bottom) — Aj o, = 462.8 mm?

5- check: 461.8 mm?> 152.57 mm? — OK

Shear resistance
e design shear force (Vgz,) : 42.0 KN

e concrete shear capacity (V4 o) : For this section, (Vzg ) =~ 47.0 KN

Since: (Vggq) < (Vgra,), only minimum shear reinforcement is strictly required by code.
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provided links: ¢8 stirrups @200 mm spacing.

e check: OK

5.8 Serviceability Verification (SLS)

1- Deflection check:
Max. Vertical Displacement (u; ) : 7.5 mm (extracted from SAP2000 under SLS combination).
Span length (L): 4600mm
Allowable limit: ( ,4m):

L 4600
( 6adm) = % = m = 18.4mm

Verification: 7.5mm < 18.4 mm — Ok

The Analysis shows that all RC sections satisfy the capacity ratio (Demand/Capacity<1.0)
using the design strength fcs=14.17MPa.

5.8.1 Structural design calculation: typical column Type B

The design follows Eurocode 2 (EN 1992-1-1) for Reinforced Concrete Structures.

design criteria and axial resistance check

e Column reference: C35x35 (Ground Floor-most critical)
e Dimensions (b x h) : 350 x 350 mm

e Cross-section Area (4.): 122500mm?

e Effective Height (Ly): 0.7-L=2.10m

2- Design forces (uls)

The column is designed for combined axial load (N) and bending moment (M) due to
eccentricity.

e Axial force( Ng4): 164 KN
e Bending moment ( Mg,;): 38KN
axial resistance check:

The pure axial capacity of the concrete section alone is:
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(Ngac)=0.80" A, - f.q =0.80-122500 - 14.17 = 1388.6 KN — (Ngq )= 1388.660KN
check: Since: (Ngg) < (Nggc) — OK
e required reinforcement (Ay)
Normalized Axial Force (9): (9) = Ngq/(b-h-f ,)=0.094
Normalized Moment (p) : (n) = Mgy/(b-h-f.q) = 0.062
Required Steel Ratio: w = 0.05

Required Area (Agyeq )t Asreq = @ " Ac* % ~ 200 mm?
yd

Minimum Reinforcement (EC2) : A ;= 0.002- A, = 0.002 x (350x350) = 245 mm?or

0,10 % ~ 258 mm?

yd

Minimum RPA 99 (Algeria) : 0.8% - A, = 0.008 x (350 x 350) = 980 mm?
Provided Reinforcement: 8014, —A ,r0,= 8 X 1.54 =1232 mm?

Check: Agprop > Asreq — OK

T

e

Figure 5-12 Interface of column section design
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The N-M interaction diagram below shows the failure area of the 35x35 c¢cm section. We
observe that the design point Ny; =164kN, Mg, = 38kKNm is located well within the safety

zone. The stress ratio is low, which guarantees a large safety margin against unforeseen loads
or second-order effects (buckling).

5.9 Roof Truss & Ring Beam (type A)
The design follows Eurocode 3 (EN 1993-1-1) for Steel Structures.

5.9.1 Steel truss member verification (uls)

Member Section Force Type Design Resistance | Ratio Check
(mm) Force ( Np,ra) Ngq /
(Nga) Np,ra

Top chord | 100x50x3 | Compression | 8.3 KN 182.2 KN 0.045 Pass
RHS
Bottom 100x50x5 | Compression 10 KN 407.6KN 0.024 Pass
chord RHS
Webs-SHS | 75x75x4 Comp/Ten 12.8 KN 233.3KN 0.055 Pass
Purlins- 80x80x4 Tension 2KN 207.5 KN 0.01 Pass
SHS
Hoof-SHS | 100x100x5 | Compression 10 KN 446.5 KN 0.023 Pass

Table 5-8 Resistances are Calculated based on Eurocode 3 (EN 1993-1-1) for S235 steel grade

Sample check: Top Chord (compression)

e Section Type: RHS 100 x 50 x 3.0 mm (A=854 mm?)
e Section Type: RHS 100 x 50 x 5.0 mm (A=1330 mm?)

e Design Tension Resistance (N; rq)

Afy _ 854235

N; ga) = =2
(Neja) = 52 = 252

e Verification: 8.3 KN « 200.7 KN, CHECK — Safe

=200.7 KN

Sample check: Bottom Chord (compression)

e Section Type: RHS 100 x 50 x 5.0 mm (A=1330 mm?)

e Design Tension Resistance (N; gq)
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_Afy _ 1330235
(Nega) =52 =
mo

e Verification: 10 KN <« 312.5 KN, CHECK — Safe

=312.5 KN

Sample check: Webs (Tension)

e Section Type: SHS 75 x 75 x 4.0 mm (A=1110 mm?)

e Design Tension Resistance (N, rq)

(N ra) = ;‘i = 110258 - 260.85 KN

e Verification: 12.8 KN <« 260.85 KN, CHECK — Safe

Sample check: Purlins (Tension)

e Section Type: SHS 80 x 80 x 4.0 mm (W,,;,=32.5 cm?)

e Moment Resistance (M pq):

.103-
(M ga): = 222 = 22125 = 763 KNm

e Verification: 2 KN.m <« 7.63 KN.m, CHECK — Safe

Sample check: Main Hoof (Compression)

e Section Type: SHS 100 x 100 x 5.0 mm (A=1890 mm?)
e Design Tension Resistance (N; rq)

Afy 1890-235
(Nt,ra) = ” L=

mo

=444.15 KN

e Verification: 10 KN <« 444.15 KN, CHECK — Safe

5.9.2 Ring beam structural design (unit A)

The annular beam (ring beam) is designed to ensure the monolithic behavior of the structure
and to distribute the concentrated loads of the roof trusses (100x100 mm Hoofs) to the

supporting walls.

¢ Reinforcement calculation (uls)

Effective depth (d): 210 mm (assuming 30mm cover and ¢10)

We calculate the required reinforcement (As) for the 30x40 section:
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e Dimensionless moment (p):

Mgqg 8.5:10°
b-d?feq  150-2102-14.17

(w = = 0.091

Since (n) < 0.167, no compression reinforcement required.
e Required reinforcement of steel (A ,q)

Mgq 8.5-10°

A = = = 98.0 mm?
STed " z-fyq  0.95210-434.78

e Minimum reinforcement (Ag in):

Agi= 026 Lempd = 02625150210 = 42.6 mm?
’ Fyr 500

e Provided reinforcement: 4¢12 — Ag o, = 452 mm?

e Provided links: ¢6 stirrups @200 mm spacing.

Check: 452 mm?> 98 mm? — OK

i
59

-

]

Figure 5-13 Interface of column section design-unit A
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5.10 Summary of Material Quantities (BoQ Baseline)

1. Quantity take-off methodology

87

The quantities of materials for the conventional RC structures (Unit A and Unit B) were

extracted using a combination of SAP2000 material count tables and manual geometric

calculations for the non-structural elements (formwork and masonry).

Concrete volumes: Calculated based on the finalized sections (C20x20, C35x35, C30x30,
B30x40, B15x20)

Reinforcement: Estimated using the structural design ratios (Average of 100kg/m® for

beams/columns and 80kg/m? for slabs).

Formwork: Calculated by the contact surface area between the concrete and the timber/steel

molds.

2. Comprehensive material and formwork summary (conventional design)

Structure | Element | Material Total Total Total Formwork % CO;
Unit Type Length | Weight | Volume | Area (m?) of
(mm) (m) (Kg) (m3) Total
Mass
B15x25 93.85 8 966 3.600 51.60 2.2% 1076
C20x20 C25/30 56.00 5707 2.30 44.80 1.52% 685
RHS 38.05 287.00 0.036 / 0.8% 717
Bottom- 70.95 1058 0.135 / 0.29% | 2645
SHS
_ (Webs)- 49.51 441.00 0.056 / 0.12% | 1103
Unit A SHS Steel 235
Purlins- 103.05 983.00 0.125 / 0.27% | 2458
SHS
Hoof- 2.00 30.00 0.004 / 0.01% 75
SHS
Slab 15 15.00 148 775 58.40 389.20 40.4% | 17853
B20x40 440.00 112016 | 44.80 484 30.4% | 13442
Unit B C35x35 C25/30 281.40 86 137 34.45 394 23.4% | 10336
C30/B20 15.70 4 005 1.60 12.5 1.1% 481
TOTAL 1150.51 | 368405 | 145.46 1376.12 100 % | 50 871

Table 5-9 Establishes the conventional baseline for the project
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3. Key observation for future comparison
Concrete: p = 2500kg/m?
Steel: p = 7850kg /m®

a) Quantitative analysis of materials
The project has a total structural weight of 368 405 kg or 368.40 t. The distribution shows a
massive predominance of reinforced concrete in Type B (G+4), representing 94.5% of the total
project mass. Type A, although lighter, presents a geometric complexity with more than 230

linear meters of steel profiles to be assembled.
b) Environmental impact (COz)
The total carbon footprint is estimated at 50 871 kg of CO»
Concrete (2 500kg/m?) generates approximately 43 873kg CO2 (0.12kg CO2/kg)
Steel (7 850kg/m?) generates approximately 6 998kg CO2 (2.5kg CO2/kg).

« The carbon emission factors used for this life-cycle estimation are derived from generic
European ENVIRONMENTAL PRODUCT DECLARATIONS (EPD) for construction
materials, considering a standard mix for C25/30 concrete (0.12Kg CO2/kg) and structural
sections of S235 steel (2.5kg CO2/kg). »

The steel in unit A, although representing only 0.76% of the total mass, is responsible for 13.7%
of the project's CO2 emissions, highlighting the importance of optimizing these sections in
Chapter 6.

3. Construction complexity (formwork and assembly)
Conventional construction requires the use of 1 376 m? of formwork. This figure is a direct
indicator of labor costs and on-site cycle time. For unit A, the multiple sections (RHS, SHS,

Hoof) result in a high number of welds and mechanical fasteners.
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Structural Weight Vs. CO2 Impact per element (Baseline)
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Figure 5-14 Correlation between structural mass and embodied carbon across all building
components

This graph compares the total weight and CO2 emissions between unit B (G+4 reinforced
concrete building) and unit A (single-story building with steel frame). Concrete is the main
contributor to the carbon footprint due to the large volume of material required.

Observation: Although its weight is very low (close to zero on the left-hand scale), its CO2
emissions are proportionally high. Explanation: Steel has a much higher carbon intensity per

kilogram than concrete, which explains this visual difference.
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Distribution of Formwork Area (1 376.12 m?)

Columns (Unit A) Ring Beam (Unit A)
3% 1%

m Slabs (Unit B) = Beams (UnitB) = Columns (Unit B) Ring Beam (Unit A) = Columns (Unit A)

Figure 5-15 Formwork surface distribution

NB: Beams and columns in unit B represent the largest share of manual labor for formwork

5.11 Conclusion: Conventional Design as a Baseline for Modular
Innovation

The data extracted in this baseline study highlights several critical points for the 3DPMS (3D

Printing Modular Structures) evaluation:

The structural analysis conducted in this chapter using SAP2000 and Eurocode (2 & 3)

standards confirms that the conventional design of units A and B is structurally sound. These
calculations provide the mandatory safety limits (Ngg, Mgq, Vpgq) that any alternative

construction method must satisfy.

However, the conventional approach reveals several limitations that justify the transition to 3D
Printing Modular Structures:
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5.11.1 Standardization vs. flexibility:

Conventional reinforced concrete (unit B) and steel trusses (unit A) rely on linear, prismatic
elements. While safe, they require extensive on-site labor, formwork, and manual assembly,

leading to potential human error and material waste.

5.11.2 Structural redundancy:

The analysis shows that many sections are under-utilized. In a Modular 3D Printing approach,
we can relocate this "passive"” material into optimized, factory-printed modules that are lighter

and easier to transport.

While the conventional design ensures structural integrity, it remains labor-intensive and
geometrically limited. The following chapter will explore how 3D Printing Modular Structures.
The improvements regarding construction speed achieved through modularity will be indicated
and the creation of smarter, lighter, and more sustainable structural units by 3D printing will
be highlighted.
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6 CHAPTER 6: PRELIMINARY DESIGN OF 3D
CONSTRUCTION FOR (TYPE C).

6.1 Introduction

The construction sector, worldwide and particularly in Africa, is undergoing an unprecedented
digital transformation, driven by the need to reduce its carbon footprint and optimize resource
use. Following the analysis of conventional structures presented in the previous chapters (units
A and B), this chapter presents an innovative structural design based on 3D-printed modular
structure technology (3DPMS). Unlike traditional methods, the 3DPMS system involves
breaking down a building into distinct, computer-optimized components, printed off-site by
robots, and then assembled into a monolithic whole. In this work, the 3D-printed modular
structures (3DPMS) technology. (3DPMS) of type C (bungalow) is a chosen construction
structure. It combines the geometric freedom of 3D concrete printing (3DCP) with the
structural reliability of cement mortar. Unlike units A and B, which rely on traditional masonry
and cast-in-place frames, the 3DPMS system uses pre-printed hollow modules that serve as

permanent formwork for hybrid wet joints. Given the advantages of this technology, and also
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considering the African context and its complexities, such as the climate, off-site
manufacturing is assumed. The modules are printed in a controlled environment, then

transported and assembled on-site.

Unit C (Single-Storey): Study of a lightweight, single-story structure (based on the geometry
of Unit A).

1-Problem Statement and Rationale

The traditional method of pouring concrete into rigid formwork imposes geometric limitations
and generates significant material waste. The 3DPMS concept is based on two technological

pillars:

e 3D Concrete Printing (3DCP): Which allows for complete freedom of form and the
elimination of formwork.

e Modularity: Which divides the structure into prefabricated components with
millimeter precision, facilitating rapid "Plug & Play" assembly on site.

2-Objectives

The objective of this preliminary design phase is to translate the structural requirements of
units A (defined in Chapter 4) into an automated construction system. The following objectives

are set:

e Optimize the cross-sections of the load-bearing elements (columns and walls) using
geometric infill.
e Reduce the overall density of the structure.

e Evaluate the environmental benefit (CO2 emissions) compared to the reference design.

3-Modular decomposition methodology

The 3DPMS design does not follow traditional formwork rules. It imposes a new approach to
formwork segmentation:

Macro-Wall Modules: Self-supporting wall segments with internal cavities.

Structural nodes: Column/ring beam junction modules designed to accommodate continuous
reinforcement.
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Module types:

According to the architectural plan, the grid is 4.15 m x 3.15 m. For off-site printing and
transport, division of these dimensions to avoid exceeding 2.00 m to 2.50 m modules is
recommended, to enable be easier to handing without heavy lifting equipment, which can be

limited in African countries.
e Solid linear module: length 2.07 m (for 4.15 m sections).
e Corner module (L): To ensure rigidity at the building's corners.
e Opening module: pre-printed with integrated window/door placement.
without heavy lifting equipment, which can be limited in African countries. To justify this
logistics strategy, a weight estimate of a single 3D-printed wall module was conducted.
Considering a standard module size of 2.50 m in length, a grid height of 2.50 m, an assumed
effective printed wall thickness of 0.15 m (accounting for hollow/corrugated internal patterns),
and a concrete density of 2300 kg/m?3, the total volume of one module is:
V=2.50 x 2.50 x 0.15 = 0.938m?
Consequently, the estimated weight of a single printed section is approximately:
W= 0.938 x 2300 kg/m®= 2157.4 kg (2.15tonnes)

Although a weight of 2.15 tonnes is significantly lighter than a full-scale monolithic precast
wall, it cannot be handled manually and requires light on-site lifting equipment, such as a small
mobile crane or a compact telehandler. This size limitation successfully avoids the need for

heavy-duty, high-capacity tower cranes that are rare or costly in remote regions.

6.1.1 Logistic And robotic technology selection

The 3DPMS framework adopts an off-site manufacturing strategy. Following the comparative
study by Garcia de Soto et al [39], a 6-axis robotic arm mounted on a linear rail was selected

for production.

e Justification: This configuration offers greater freedom of movement than gantry
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systems, enabling the printing of complex internal structures [40].

e Efficiency: Off-site printing eliminates the climatic disturbances (heat/humidity)
typical of the African context, ensuring homogeneous curing of materials (Moghayedi,
2023) [39].

6.2 Analysis of Challenges and Selection Criteria

In accordance with the realities of the African context and the requirements of high
performance, we justify here the fundamental technical choices.

1. Assembly tolerances and construction joints

In 3D concrete printing (3DCP), the geometric accuracy is on the order of £5 to 10 mm due to

the expansion of fresh mortar (swelling) and shrinkage during drying.

3D Printed Concrete (3DCP) —%

Tolerance in X-axis —

Z 7, _— Cast-in-Place High-Strength
Lateral Load Non-Shrink Grout
Transfer (Fill after alignment)
—— Shear Key Connection

(£10 mm)
P ,( : /
7
; Tolerance in
Serpentine é Y-axts (£5 mm)
4
= L, — Infil v res
g
8
3D Printed Concrete Assembly Gap for Tolerances: Top View
(3DCP) Tolerance Zone . Absorb 3DCP Geometric Accuracy Y
Printedly Filaments 15 mm Technical Gap (¢5to 10 mm)
(Assembly Tolerance) 5

Figure 6-1 Assembly joint concept between 3D-printed wall panel (Cross-section view)

(Source: Author's own illustration, adapted from standard 3DCP).
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The Assembly Joint Concept: To assemble the 2.075 m modules, it is essential to

provide a 15 mm technical gap between each panel, as illustrated in figure 6.1

Function: This joint absorbs surface imperfections in the printing layers.

Waterproofing: The joint is sealed externally with a bead of elastomeric sealant and

internally by pouring structural mortar into the shear key (the connecting post).

Rationale: The introduction of explicit assembly tolerances guarantees on-site
constructability without requiring costly mechanical rectification of the prefabricated

modules.

Network integration (mechanical, electrical, plumbing)

One of the biggest advantages of the double-wall design is the elimination of chases (wall

grooves) after construction.

3.

Opening design: During the slicing phase, vertical and horizontal openings are
programmed into the infill (the zigzag pattern).

Conduit routing: Electrical conduits and water supply pipes are pre-installed in the

central cavity of the wall before the concrete slab is poured or the roof is installed.

Wall-foundation interface (detail on raft foundation)

The raft foundation distributes the loads, but the interface with the printed wall is critical for

stability and moisture control.

Bedding Layer: A 2 cm layer of self-leveling mortar is applied to the raft slab before
the module is installed. This corrects any unevenness in the raft slab and ensures

uniform load transfer.

Capillary Break: A damp-proof course (bituminous or resin) is applied at the base of
the wall to prevent moisture from rising from the ground into the printed walls (a

common phenomenon in humid tropical climates).
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e Anchoring: The reinforcing bars protruding from the raft slab are inserted into the
empty cells of the module, creating a rigid connection after pouring.
6.2.1 Module design and typologies (type C)
A. Architecture of unit C (bungalow - non-seismic)

For a climate like Cameroon's, a double wall is ideal because the air gap acts as natural thermal
insulation against the heat. unit C is a direct adaptation of unit A. It prioritizes speed of

installation.

Module type: Double-walled wall panels (15 cm for total).

Estimated weight: Approximately 800 to 950 kg per module (depending on fill level). It can
be transported by a small truck with a lifting arm.

Connection system: Male-female interlocking for positioning, followed by pouring micro-

concrete into the corner posts only.

Structure: The ring beam modules incorporate recesses for the steel frame bolts. The building

is decomposed into structural volumetric modules.
Printed walls: 2 walls, each 5 cm wall thick bonded by a zigzag mesh (Infill).

Column optimization (wet joints): The 20x20 cm columns in the plan become the joint points.
In 3DPMS, we print hollow walls that stop just before these columns posts with a 12 cm
diameter gap. Once on-site, we place the reinforcement in the void and pour the mortar. This

creates a very strong monolithic structure.

Integrated cavities: The modules are printed with vertical hollow cores to be used as

"structural conduits" for cast-in-place concrete reinforcement (Hybrid System).
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Figure 6-2 Cavities layout to incorporate services [31].

Infill: A "Sinus" or "Truss" structure between the two walls to ensure structural connection
during printing.

Internal gap: 10 to 15 cm.
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Figure 6-3 Plan of a typical low-income modular home, for printing purposes
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Note: Gross floor area: 102m?, gross internal area: 90 m?, Foundation: raft, Roof: steel sheet

on trusses steel. The wall height is 2.5 m, the total wall area of 230m?.

6.2.2 Assembly system and structure

The choice was made for a foundation slab and a lightweight roof, which means that the wall
will mainly be subjected to simple compression.

Raft foundation/wall connection: Reinforcing bars (rebar) left in the foundation slab will be

inserted into specific cells in the 3D-printed wall, which will then be filled with micro-concrete.

Figure 6-4 Integrating steel reinforcement to 3DPMS [28].

Vertical reinforcement: A hollow column is planned at each module junction (approximately
every 3 meters) to accommodate a 10 or 12 mm rebar and pour a bonding concrete. This creates
a "hidden framework™ within the 3D printed structure. Horizontal reinforcement (top of wall):
The final printed layer can form a U-shaped channel to receive the perimeter reinforcement
that will support the metal roof.
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(c) |

Figure 6-5 Application of vertical reinforcement in 3DPC [27]. (a) (b) Manual placement of reinforcements and
(c) direct deposition of concrete on the side pre-tie reinforcement cage.

6.3 PRELIMINARY DESIGN PARAMETERS FOR 3DPMS

6.3.1 Material properties selection and anisotropy

The use of standard C25/30 concrete (the aggregates are too large) is not recommended in

3DPMS.

In contrast, a High-Performance Fiber-Reinforced Cementitious Composite

(HPFRCC) would be ideal. The 3DCP mortar (C40/50) used for 3DPMS is inherently
orthotropic. To account for the reduced bond strength between printed layers, a Stiffness

Reduction Factor is applied in the Software model.

Material Property Symbol 3D Printed Infill Concrete SAP 2000
Mortar (RC)

Compressive fok 40MPa (C40/50) | 30MPa (C30/37) | 40N/mm?

Strength

Tensile Strength fetm 3.5MPa 2.9MPa 3.5MPa

Young’s Modulus E, 35GPa N/A 35000MPa

(Vertical)

Elastic Modulus E 35GPa 32GPa

Anisotropy factor a 0.8 N/A 0.8E,
(Horizontal)

Poisson’s Ratio ' 0.2 0.2 0.2

Density p 2300Kg/m?® 2500Kg/m?® 2400Kg/m?®

Yiel Strength fyk N/A 500MPa

(Steel) (B500B)

Table 6-1 Materials properties and selection
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e Printable mortar: Typically, a fine-grain mortar with a high cement content and silica
fume
e Selection criteria: The C40/50 3D mortar is selected for its rapid setting and high

initial strength, which is essential for printing self-supporting modular shells without

formwork.
4.5
z 4
E 3 Upperbound  Meanstrength Characteristic strength
- ¢ __ y=2.41x°%% y.=1.51)0.13 (10% defective)
< 8 iR ST 9 R?=0.81 y=1.210%18
® e 25 ’ - : R*=0.75
c o ] ,
o - 3 @
7 B T -
< - --4__ $
8 5T i, S s TR ¢ s
1 T § - g"—-"ii“'"‘ % @
v | W | | DT e ~{ “*——...___-8
Lower bound Seereaats ’ Q@ " —-—. -y
S5 T vy=og0® T — . I
+
direct 15m 30m  1h 2h 4ah 8h 18h1d 3d 7d
tensile oL .
strength Printingtime gap (m - minute, h - hour, d - day)

Figure 6-6 Schematic of the layer-by-layer interface showing the potential

weak planes between layers [37]

A. Geometric assumptions and topology optimization
The 3DPMS modules utilize a "Webbed" internal topology (Sinusoidal or Trapezoidal). This

geometry is chosen to maximize the Moment of Inertia (I) while minimizing the total mass of

the building, which is critical for seismic performance in unit D.

Mass reduction: 3DPMS walls allow for a 40% volume reduction compared to solid

reinforced concrete walls.

Equivalent thickness (t.sf): For SAP 2000 modelling, the hollow wall is represented by an

3
V12-Iyepbed

equivalent shell thickness: t.rr = b
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Insulation Filled Cavity Exterior Exterior Concrete Layer

X" Unsupported ONCre Triangular " Triangular Webbing
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Figure 6-7 Showing different "wall topologies” (zigzag, sinusoidal, etc.) to illustrate the
3DPMS wall section [40]

B. Type C - 3DPMS bungalow

Regarding the type C (9.5 m wide) plans. Printable layer: we assume a joint width of 50 mm.

1. Wall topology: Instead of a solid wall of 150 mm for unit C, we assume a double-
walled structure (two printed shells of 100 mm for unit C with sinusoidal or triangular

infill (core). Internal cavity: 50 mm for unit C (air/insulation or infill).

2. Total wall thickness: Maintained at 150 mm to match the architectural plans, with a
void ratio of 40 to 50% applied to the "wet joints" to account for the interface between
the 3D printed shell and the cast-in-place infill.

3. Modularization: The structure is divided into transportable elements (e.g., Room 1 as
a single module) to be printed at the factory and assembled on-site.
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4. Hybrid columns: 200x200 mm 3D printed shells with a 120x120 mm RC core
(4®10).

5. Roof: Light-gauge steel (LGS) trusses anchored to a 3D printed ring beam.
Roof load =~ 0.5 KN/m?
6. 3DPMS shell (t): 50 mm (C40/50 Mortar)

7. Modular alignment: All vertical conduits (voids) are assumed to be perfectly aligned
to ensure rebar continuity.

e Calculation of Effective Area (Aeff) for a 1-meter linear wall section:
Agross = 15cmx100cm =1500cm?
(Aeff) = Agross X 1(1- @) = 1500x 0.55 = 825cm?/m or = 82 500mm?/m

NB: void ratio (@) : 45%. This means only 55% on the 15cmx100cm section is actual
HPFRCC.

2- Preliminary compressive strength verification

The preliminary design follows the limit state philosophy (uls/sls) adapted for additive
manufacturing. The characteristic compressive strength of the 3D-printed mortar is set at f,,=
40 MPa. To account for the anisotropy (weakness between layers), we apply a reduction factor
azq= 0.80

fea = “3‘1’;’; dkad - 220 ~ 21.33 MPa (1)

Where:

fea3ppms @ Design compressive strength of the 3D-printed modular structure.
a34: Reduction factor for 3D-PMS (0.80)

fer3a: Characteristic compressive strength of the HPFRCC

v+ Partial safety factor for HPFRCC (1.50).

Note:

The use of azg= 0.8 instead of the usual o= 1.0 a= 1.0 or 0.85 is a cautious approach specific
to 3D printing to compensate for the lack of formwork and layer adhesion
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e Axial load capacity (vertical loads)

For the type C (bungalow), the wall consists of two 50 mm skins, providing an effective

thickness () of 100 mm. The design resistance per linear meter of wall Ngg 54 is:

NRd,3d = fcd3d X Aeff =21.33%x82500=1 759 725 N/m ~ 1759.7 KN/m

6.3.2 Preliminary validation

The maximum vertical load at the base of the 90 m? type C (including roof and self-weight) is

estimated at = 10 kN/m.

Npa3p _ 1759.7

Safety Factor: SF = ~ 176
NEga3p 10
Verification:
NEgd NEd,3d
O-bearmg support Area — fcd,3d Acffaa (1-b)
Where:
NEgq 3q: Calculation load (in Newtons).
Agff 3q : Effective contact area (in m?)
feazq : Design resistance of the printed material
10 000
~ 0.12MPa

Obearing = m

0.12MPa < 21.33MPa — check ok

Conclusion: The 40 MPa mortar provides a massive safety margin for gravity loads in single-
story units, allowing for potential optimization of the wall thickness or reduction in cement

content.
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Slenderness and buckling (instability) check:
This is the main risk for thin walls.
e Slenderness: (y)

According to Eurocode 2, the slenderness ratio of an isolated wall is:

Y=—=—= (1.0

Where:
lo: Buckling length

i : Radius of gyration

a
i =—= 0.044m

V12

Where a=0.15m (rectangular of wall thickness)

If we consider the wall hinged at the top and bottom [,= H= 2.5m

2.5

= o042~ >

14

Note: A y > 140 is very high. This means that the wall alone is unstable.

Load-bearing capacity N, : With a concrete cross-section of 0.1 m2 per linear meter, the
theoretical resistance is enormous (3000 kN/m2), which proves that the design is largely safe

for a lightweight roof.

The calculated slenderness ratio (y = 57) remains well below the stability limits of a single-
story structure. Despite the specific nature of layer-by-layer 3D printing, the wall maintains
high structural integrity. The theoretical load-bearing capacity (Ng4) is significantly higher
than the actual service loads (max. 10 kN/m), resulting in an exceptionally high safety factor.
This confirms that the HPFRCC-printed wall is not only buckling-resistant but also
significantly oversized for a lightweight roof, thus ensuring a robust and durable structure.
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6.3.3 Actions and loading conditions (Eurocode 1)

In the context of 3DPMS (3D Printed Modular Structures), three distinct loading phases must

be analyzed to ensure structural integrity from the factory to the final type C.

The loads for the 3DPMS are similar to those of unit B, with one crucial addition:

Dead loads (G): significantly lower than those of unit B (approximately 40% reduction due to

hollow printed sections). The self-weight is calculated based on the net cross-sectional area

(Anet) of the printed shells and internal webs.

Gappms =p X Aper = 0.1m2x 23KN/m3=2.3 KN/m. For 2.5m, Gappms = 2.3X 2.5=5.75 KN/ml

Wall self-weight=p- gV = 23 X 0.1 X 2.5 = 5.75KN /m Linear

0.1= Real thickness

Live loads (Q): standard loads for a dwelling (1.5 to 2.0 KN/m?2).

Lifting/handling loads: given the modularity of these elements, a dynamic factor (generally

1.5 x self-weight) must be added to account for stresses during lifting and transport by crane.

Action Type UnitC Reference
Dead Load (G) Self-weight (3D Calculated by SAP 2000
shells)
Live Load (Q) 0.8KN/m? EN 1991-1-1
Roof Load (RL) 0.5KN/m? Light steel truss
Wind Load (W) 0.75 KN/m? Eurocode 1: Action on structures-part 1-4: General
Actions-Wind actions
Suction (Tailwind) -0.4 KN/m? Eurocode 1: Action on structures-part 1-4: General

Actions-Wind actions

Table 6-2 Action and loading conditions

« It is critical to address the absence of an earthquake load. Although a comprehensive seismic

design according to Eurocode 8 is a critical step for major structures in seismic zones, it has

been justifiably neglected for the primary, simplified structure analyzed in this report.
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The project's main focus is on a single-story, lightweight structure with very low overall mass.
For such a configuration, the wind-induced forces (listed in table 6.2 and calculated with
Eurocode 1) are significantly higher and are, therefore, the determining factor for the overall
stability and member sizing. Consequently, the wind design envelops the seismic design, and

the earthquake actions are considered not governing and have been omitted. »

A. Load Combination ULS/SLS
1-Gravity (static) Condition

Combination: 1.35G +1.5Q @)
1.35G +1.05Q +1.5W (b)
0.9G +1.5W (c)

2- Service Limit State (SLS) — Characteristic
Combination: 1G+1Q d)

B. Lateral Force Resisting System (LFRS)
The 3DPMS structure is classified as a bearing wall system.

e Behavior factor (R): R = 3.5. This value is chosen because the "hybrid wet joints"
(vertical columns cast inside printed cavities) provide the necessary confinement and

ductility required for shear wall systems.

C. Layout Plan (Section Strategy) for Type C

For your walls of 4.15m and 3.15 m, here is the proposed modular division:

Module Ref Type Quantity Dimension L- I- H Weight
(Kg)
M-STD-01 Linear 4.15m 2 207.5x15x 250 cm 930
M-ANG-02 L-shaped angle 2 100 x 100 x 250 850
(Thickness 15cm)
M-OUV-03 Central 3.15m 1 115 x 15 x 250 (with 450
bay)

Table 6-3 Layout plan for unit C
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Implementation planning (project lifecycle)
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framing and finishing

touches

Stage Activity Duration location
Sl G-Code preparation 2 days Design office
and slicing
S1-S2 Print the 12-15 5 days Factory
modules needed
S2-S3 Wet curing of concrete 7 days Factory
(Strength building)
S3 Delivery by flatbed lday Construction site
truck and lifting
S3 Pouring of structural 1 day Construction site
joints (columns)
S4 Installation of the roof 3days Construction site

Conceptual visualization:

Table 6-4 Sample timeline for a small house prototype

This is a representation of how a 2.07m module (half of the 4.15m wall) would be structured.
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Figure 6-8 Segmentation of walls in the 3DPMPS case study
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As shown in figure 6.8, the architectural layout is fully adapted to the modular 3DCP design
strategy. The long external walls (specifically the bottom-left section surrounding the Living
and Dining areas) are segmented into individual, independent 2.07 m printed panels instead of
being built as a single continuous monolithic structure. Each panel boundary features a physical
gap representing the technical assembly joint, matching the logistical and structural

specifications outlined in this project.

Bathroom
Kitchen

[T 7777 7A

= L, I, aliway
? Dining Room

This modular joint detail is a
good start. Are the individual
modules also 2.07m

Room 3

Living Room

N

g
7

Figure 6-9 Architectural floor plan detailing wall segmentation and modular joint
distribution

As annotated in figure 6.9, the continuous wall layout has been segmented to reflect the
modular 3DCP constraints. To ensure standardization, the maximum nominal length for the
individual straight wall modules is maintained at 2.07 m. Variations only occur at specific
intersections or corner configurations to maintain the overall building dimensions while

housing the 15 mm technical assembly joints.
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Figure 6-10 Structural model for 3DPMS type C

| 2 Deformed Shape (ULS1:1.356 +1.5Q) | v

Figure 6-11 Deformed shape of 3DPMS structure under gravity loading conditions.

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



112

As displayed in figure 6.11, the structural response and deformed shape of the 3DPMS model
are evaluated under the Ultimate Limit State (ULS) combination, explicitly configured as 1.35
G +1.5Q. This simulation accounts for the permanent dead loads (G) multiplied by a partial
safety factor of 1.35, combined with the variable live loads (Q) amplified by a factor of 1.5 in
compliance with Eurocode structural design standards. The visual mesh displacement
highlights the critical stress zones around the window lintels and structural openings, verifying
that the maximum numerical displacement remains within the structural safety thresholds

required for the concrete envelope.

[ 2 Deformed Shape (ULS 2 : 1.35G+1.05Q+1.5W) | v X

Figure 6-12 Deformed shape of the 3DPMS structure under the ULS load combination
including wind laod (1.35G +1.05Q+1.5W)
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Figure 6-13 Deformed shape of the 3DPMS structure under the SLS characteristic load
combination (1G + 1Q).

[ Deformed Shape (MODAL) - Mode 11; T = 0.01885; f = 53.05886 ] v X

Figure 6-14 Deformed shape of 3DPMS type C (Modal)
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Mode number Time Period (S) Frequency (Hz)
1 0.0432 23.14
2 0.0299 33.41
3 0.0292 34.19
4 0.0286 34.85
5 0.0280 35.69
6 0.0259 38.57
7 0.0254 39.37
8 0.0247 40.33
9 0.0198 50.48
10 0.0195 51.12
11 0.0188 53.05
12 0.0180 55.42

Table 6-5 Modal properties - type ¢

Modal analysis of the 3DPMS type C structure reveals a very high fundamental frequency of

23.14 Hz for the first mode, associated with a very short period of 0.0432 seconds.

These results allow us to draw the following structural conclusions:

High structural rigidity: The high fundamental frequency (greater than 20 Hz) indicates that
the 3D-printed HPFRCC structure exhibits exceptional rigidity. This characteristic is typical of
monolithic or shell-like structures, where the material's high modulus of elasticity and the wall

geometry provide significant resistance to deformation.

Dynamic stability: Since the natural frequencies are significantly higher than the typical range
of common environmental vibrations (such as wind or machinery, generally 1 to 5 Hz) and

seismic excitation peaks, the risk of resonance is practically nil.

Negligible natural period: The very short period (0.04 s) confirms that the building will
behave as a rigid body during dynamic events, meaning it will experience very little
displacement under the effect of lateral or vertical vibrations. In summary, the modal properties
confirm that the type C bungalow is dynamically stable and possesses sufficient rigidity to

ensure the comfort and safety of its occupants.

6.3.5 Connection details:

Shear key: A5 cm x 5 cm vertical groove on the contact faces.
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Technical duct: A 100 mm circular opening at the joint for pouring a reinforced concrete tie
beam on site.

Vertical Reinforcement Internal Shell
Cavity

N .
ln /
= mN
[ &)
-~ N Groove Joint A <
o >
= e i
structural infill
External Shell

Figure 6-15 Cross-section of a modular wall with a length of 50 cm
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3D Printed Concrete Shell Interlocking Male-Female
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Figure 6-16 3D Printing modular wall joint details
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Figure 6-17 Connection: Male-Female interlocking
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6.4 Analytical Verification of Wall Stability

To validate the numerical results obtained with SAP2000, a simplified analytical study is

performed on a typical wall section.

Although a comprehensive global finite element model of the entire structure has been
developed using SAP 2000 to capture the true boundary conditions and load paths, a simplified,
localized analytical study is performed here as a conservative sanity check.

For this preliminary verification, a one-meter-wide strip of the wall is isolated and evaluated
under an idealized, conservative cantilever boundary condition. It is critical to note that treating
the lateral sides as entirely free significantly overestimates the structural slenderness compared
to the physical building execution, where neighboring printed modules are structural connected
and provide mutual lateral restraint. Consequently, this simplified calculation acts strictly as a
lower-bound safety verification; if the isolated, highly slender strip satisfies the stability criteria
under uniform wind loads, the actual interconnected modular assembly will inherently

guarantee a much higher safety factor.

-110
-132.
-154
-176
-198.
-220. s
242
-264. ==

Figure 6-20 Vertical normal stress diagram of the 3DPMS wall panel layout
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Stress diagram S22 represents the vertical normal stresses within the 3D-printed wall under

service loads. The following observations can be made:

Stress distribution: Negative values (cyan to yellow/orange) indicate that the entire wall is
functioning correctly in compression. The maximum compressive stress reached is
approximately-220 to -242 kN/m?2 (or 0.22 to 0.24 MPa), located at the base of the columns
(piers) on each side of the window opening.

Arching effect: A clear "arching effect” is observed above the opening. Loads from the roof
are deflected around the window and concentrated in the vertical columns. This explains the
higher stress intensity (yellow/orange areas) on the sides of the opening compared to the areas

directly above or below.

Structural safety: The maximum stress of 0.24 MPa is extremely low compared to the nominal
compressive strength of the HPFRCC material (fcd,30) = 21.33 MPa). The material is used at

less than 2% of its total capacity, confirming a considerable safety margin against crushing.

Base reactions: The stress concentrations at the lower corners are consistent with the nodal
reactions described previously, showing how the load is transferred to the foundation.

119
102
85
68
51
34
17

-17
-34
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-68
-85
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Figure 6-21 Horizontal normal stress-diagram of the 3DPMS wall panel layout

3D PRINTED MODULAR STRUCTURES AS A POTENTIAL SOLUTION TO INCREASED HOUSING DEMANDS IN AFRICAN COUNTRIES.



120

Stress Diagram Sii illustrates the horizontal normal stresses (along the X-axis) in the 3D-

printed modular structure wall. The following structural behaviors are observed:

Tension and compression zones: Unlike diagram Sz, (vertical), which is almost entirely in
compression, diagram Si1 shows a combination of tension (positive values, blue) and

compression (negative values, orange/red).

Lintel behavior: The most critical areas are located directly above the window openings
(lintels). The blue areas (tops of the openings) indicate local tension (= +100 to +119 kN/m?).
This behavior is typical of a lintel whose beam-like section above the window tends to curve.
The red/orange areas (corners of the openings) show local horizontal compression where the

arch effect redirects the forces towards the vertical columns.

Material performance: Even in the tensile zones, the maximum stress of 0.12 MPa
(119 KN/m?) is extremely low. Since HPFRCC (High-Performance Fiber-Reinforced
Cementitious Composite) has a significant tensile strength (usually > 4 MPa), these stresses

are easily absorbed by the material without the need for additional steel reinforcement.

Global stability: The majority of the wall remains in a neutral or low-stress state (yellow
zones, ~ 0 to 17 kN/m?), confirming that the horizontal spreading of loads is well-managed by

the wall's geometry.

Conclusion: The horizontal stresses are negligible compared to the material's capacity. The
3D-printed HPFRCC provides sufficient tensile resistance to handle the 'beam effect' above the

windows without cracking.”
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Figure 6-22 Shear Stress diagram of the 3DPMS wall panel layout

The shear stress distribution (S12) was analyzed under the most critical load combination for
lateral stability: ULS 2 (1.35G + 1.05Q + 1.5W). This stress is particularly important in 3D
concrete printing as it represents the 'sliding’ force between the printed layers (inter-layer

shear).

Stress distribution: The diagrams show that the shear stresses are concentrated around the
corners of the window openings and at the vertical edges of the walls. This is where the lateral

wind force and the vertical loads create a 'racking' effect.

Peak values: The maximum shear stress recorded is approximately 114 to 133 kN/m 2 (which
equals 0.11 to 0.13 MPa).

Inter-layer safety: In 3D concrete printing, the bond strength (shear capacity) between layers
is typically between 0.5 MPa and 1.5 MPa for high-performance mixtures like HPFRCC.

peak stress: 0.13 MPa

Capacity: =1.0 MPa
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Conclusion: The maximum shear stress is nearly 8 times lower than the expected interlayer
bond strength. This confirms that there is no risk of delamination or sliding between the layers
under extreme wind conditions."
6.4.1 Verification of wall stability
1. Input parameters
Wall height (H): 2.50 m, Wall thickness (e): 0.15 m, Unit width (b): 1.00 m,
Wind pressure (gw): 0.75 KN/m?, Concrete tensile strength (f ctm): 3.5 MPa (3500kN/m?)
1) Calculation of bending moment (Mmax)

For a cantilever beam under a uniform load, the maximum moment occurs at the base
(encastrement):

qw'H  0.75-2.52
2 2

Mmax -

= 2.34KN.m

2) Geometric properties (moment of inertia)

The rectangular section's moment of inertia (I) and the distance to the extreme fiber (y) are:

I_b-e3_1.0-0.153

— 4
17 12 = 0.00028125 mm

e
=—-=0.075

3) Maximum tensile stress (a;)

The stress due to bending at the base of the wall is:

Mmax "y _ 2.344-0.075

— 2
I~ 0.00028125  02>07KN/m

Oy =

o, = 0.625MPa
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4) Factor of Safety (FOS)

The Factor of Safety against layer separation (tensile failure) is:

3.5
FOS = Jerm _ 35 _ 5.6

Conclusion: The analytical calculation shows a Factor of Safety of 5.6, which is significantly
higher than the standard requirement (FOS > 1.5). This confirms that the 15 cm 3D-printed
wall is structurally stable against wind loads in the African context.

5) Tensile strength verification (layer adhesion)

In 3D concrete printing, the interlayer bonding is the most vulnerable part of the structure. We
must ensure that the tensile stress (ot) induced by the wind does not exceed the design tensile
strength of the mortar (feim).

6) Calculation of section modulus ((Wer)

The section modulus represents the geometric resistance of the wall cross-section to bending:

W b-e?
el — 6
Forb=1.00mand e =0.15m:
1.00- 0.152
Wey = ————= 0.00375m3

7) Calculation of maximum tensile stress (0 ;;4x)

Using the maximum bending moment calculated previously (Mmax=2.344 kNm):

Mpa — 2.334
= = = 625.07 KN/m?
Ctmax = 0T = 0.00375 /m

Ot max = 0.625 MPa
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e Verification against material limits

The design tensile strength provided is fem=3.5 MPa.

The condition to be satisfied is: ¢ ax < foem » 0.625MPa < 3,5MPa (Verified)

8) Combined axial stress (self-weight+bending)

In reality, the self-weight of the wall (G) provides a favorable compression that counteracts the

tensile stress from the wind.

e Self-weight at the base (N):

N=Volume xDensity =~ (1.0 x 2.5 x 0.15) x24 KN/m*® = 9.0 kN

9
1.0-0.15

e Compression stress (a.): o, = % = = 60 KN/m? = 0.06MPa

eNet Tensile Stress (0pe¢): Onet = 0t max — 0 = 0.625 — 0.06 = 0.565 MPa

Conclusion: Even without considering the stabilizing effect of the self-weight, the 15 cm wall
maintains a high factor of safety (FOS=5.6) against tensile failure. This confirms that the
printed layers will remain bonded under extreme wind conditions in the african region.

9) Results of efforts (diagrams)

A. Shear force (V)

The maximum shear force is found at the extremities (top and bottom):

-l 0.75-2.5
Viax =~ = =——— = 0.9375KN

The diagram is a straight, inclined line passing through zero in the middle of the wall (1.25 m).
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B. Bending Moment (M)

At the supports (Top and bottom fixed ends):

q-1?
Msupport = 75~ = 0.3906 KN.m

In the middle of the wall (bay):

q-1> 0.3906
Mspan = W = 5 = 0.1953 KN.m
10) Visualizing the diagrams
1. Wall Scheme 2. Shear Force (V) 3. Bending Moment (M)
s —0.938kN —0.391 (|
)|
\()
[
EE— |
g=0.75kN/m —> L=25m () | |+0.195kNm
—
>
N (+) '
=)
< X +0.938kN  —0.391 7

Figure 6-23 Visualizing the diagrams of 3DPMS
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6.5 Economic Feasibility Study
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This estimate is based on current market prices (Europe/Africa) converted into Euros. The aim
is to show that even if the material is more expensive, the savings in time and labor offset the

cost.

A. Direct unit costs (estimate)

Expenditure Item Unit Unit Price Unit Price (3DPMS)
(Conventional)
Material
(Concrete/Mortar),
Material m3 110 € (C25/30) €450 (High-
(Concrete/Mortar) Performance 3D
Mortar)
Steel Reinforcement) kg 1.20 € €1.50 (Special Joint
Steel)
Formwork m? €25 (Rental/Labor) €0
Labor m? €45 (Complete Team) | €15 (Robot Operators)
Logistics/Transport Unit 1,500 € €3,000 (Modular

Lifting Crane)

Table 6-6 Sample for costs estimation

B. Comparative analysis (example for a wall of 20 m?2)

e Conventional Construction:

Concrete (20 cm thick):

20 m3 x 110 €= 2,200 €

Formwork: 200 m3 x 25 € = 5,000 €

Labor: 100 m3 x 45 € =4,500 €

TOTAL 1: 11,700 €
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Concrete (15 cm thick):
15 m3 x 110 €= 1,650 €
Formwork: 150 mé x 25 € = 3,750 €
Labor: 100 m3 x 45 € = 4,500 €
TOTAL 2: 9,900 €
e 3DPMS construction (modular):
3D mortar (10 cm - double wall): 10 m3 x 450€ = 4,500 €
Formwork: 0 €
Labor (quick assembly): 100 m3 x 15€ = 1,500 €
Lifting (crane/rental): 2,000 €

TOTAL 1: 8,000 €
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Unit Conventional construction 3DPMS Construction Cost
Cost
Type A 9,900 €
Type B 11,700 €
Type C / 8,000 €
Total price 21,600 € 8,000 €

Table 6-7 Comparative for costs for wall

Although the cost of raw materials (high-performance 3D mortar) is approximately four times

higher than that of conventional C25/30 concrete, the total cost of a project using the 3DPMS

technique is reduced by about 30%. This reduction is primarily due to the complete elimination

of formwork costs and a significant reduction in on-site labor time. Furthermore, the 40%

reduction in material volume, thanks to the optimized cell geometry, partially offsets the

additional cost of the 3D printing ink.
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e Summary of the preliminary design model

3DPMS Element Unit Quantity Estimated Gain/
Conventional

HPFRCC mortar m? 16.86 - 40% (due to empty
spaces)

Steel (Joint kg 4100 - 30% (optimization)

reinforcement)

Formwork m? 0 -100%

Printing time hour 120 Massive speed gain

Table 6-8 Summary table of quantities 3DPMS.

¢ Quantitative analysis: material efficiency and environmental impact

To evaluate the feasibility of the 3DPMS Type C bungalow, a detailed material take-off was extracted
from the SAP2000 model. This data allows for a precise calculation of the bill of quantities (BoQ) and

the project's carbon footprint.
Bill of quantities (BoQ) - volume of materials

The total weight of the building structure is 412.95 KN, or 41.1 tonnes, which is equal to 42,100 kg,

distributed between the printed mortar walls (surface elements) and the structural ring beams (frame

elements).
Element Type Weight (KN) Estimated Volume (m®)
3D Printed Walls (Area) 322.83 13.18
Ring Beams & Frames 90.13 3.68
TOTAL 412.96 KN 16.86 m®

Table 6-9 Summary table of bill quantities BOQ.
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Calculation based on a HPFRCC density of p=2,500 kg/m® (24.5 KN/m?3).

The total volume of 16.86 m? for a complete bungalow represents a significant optimization
compared to traditional reinforced concrete structures of similar dimensions, which typically
require 25-30% more material due to formwork constraints and standardized block sizes.

e Carbon footprint analysis (CO2 Emissions)

The environmental impact is assessed by multiplying the material volume by the embodied

carbon coefficient of the HPFRCC mixture.

CO: intensity of HPFRCC: Estimated at 480 kg CO2/m? (reflecting high cement content
and fiber reinforcement). Total emissions: 16.86 m®x480 kg/m3=8,092.8 kg CO:x.

The 3DPMS Type C bungalow generates approximately 8.1 tons of CO.. For a social housing

unit, this is a competitive result.

e Comparison Table of Life Cycle Costs (LCC) in Euros (€)

Category Conventional Conventional 3DPMS
TYPE A TYPE B
Materials 2450 8500 2800
Labor 2250 12000 750
Formwork 3750 15000 0
Equipment 350 2500 1100
Maintenance 2100 5000 1800
Recycling 950 3000 400
TOTAL LCC (€) 11,850 € 46,000 € 6,850€

Table 6-10 Comparison table of life cycle costs in euros (€)

Regarding the variation in maintenance costs according to the three construction methods:
while metal roof maintenance remains a common basis for all types (Type A and 3DPMS), the
total operational maintenance values presented in table 6.10 differ due to the distinct envelope

properties of each material.
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Conventional type A and B systems require regular exterior plastering, crack repair, and paint
maintenance throughout their lifespan, with type B involving a larger and more complex
volume or surface area of maintenance. Conversely, the 3DPMS variant uses a highly durable
and specialized 3D-printed concrete mix, exhibiting increased resistance to environmental
degradation. The 3DPMS maintenance budget is primarily allocated to the localized
application of hydrophobic sealants and protective coatings on the joints of the automated
layers, which reduces structural interventions over time and significantly optimizes the total
lifecycle cost to €1,800.

6.6 Conclusion

In conclusion, the preliminary design of the 3D Printed Modular Structures (3DPMS) for units
C demonstrates a paradigm shift from traditional labor-intensive methods to a technology-
driven assembly. By leveraging the geometric freedom of 6-axis robotic arms and the structural
efficiency of hollow-core modules, the proposed system achieves a theoretical mass reduction

of approximately 40% compared to the conventional RC units analyzed in chapter 5.

The hybrid integration of 'wet Joints' ensures that the modular assembly maintains the
structural, while the double-skin topology provides passive thermal insulation suitable for the
Cameroonian climate (type C). This chapter has established that 3DPMS is not only technically
feasible under Eurocode 2 and 8 frameworks but also offers a significant reduction in on site
logistical constraints by eliminating 100% of the vertical formwork. These quantitative
findings provide the necessary baseline for the socio-economic and environmental comparative

analysis presented in the final chapter.
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7 CHAPTER 7: COMPARATIVE ANALYSIS AND
CONCLUSION

7.1 Introduction

The transition from a theoretical design to a viable construction system requires a rigorous
comparative framework. This chapter constitutes the final stage of the research evaluation,
where the conventional reinforced concrete system (modeled and quantified in Chapter 4) is

compared to the proposed 3D-printed modular structure (3DPMS) (developed in Chapter 5).

The main objective of this comparison is to validate the hypothesis that additive manufacturing,
when integrated with modularity, can surpass traditional African construction practices in
terms of speed, cost, and structural efficiency, without compromising safety according to

Eurocode standards and the local condition.
To ensure a fair comparison, the following methodology is applied:

Quantitative performance: Direct comparison of material quantities and total mass between
the solid reinforced concrete sections of unit B and the 3D-printed mortar-optimized hollow-

core sections of unit C.
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Constructibility and logistics: Analysis of time per square meter, comparing the sequential
nature of formwork and on-site curing with the parallel workflow of off-site printing and on-

site assembly.

Economic and environmental viability: Synthesis of life cycle analysis (LCA) and cost
estimation, assessing whether the additional technological cost of 3D printed mortar is offset

by the elimination of formwork and the reduction of labor-intensive processes.

By synthesizing these four dimensions, this chapter aims to provide a clear decision matrix for
urban planners and government agencies in African countries, demonstrating that 3DPMS is

not simply a technological curiosity, but an evolving industrial solution to the housing deficit.

e Structural efficiency and material optimization:

The structural performance of the proposed 3D printed modular structure (3DPMS) is
evaluated against the conventional reinforced concrete (RC) system analyzed in Chapter 4. The

comparison focuses on optimizing the strength-to-weight ratio.

e Structural reduction and geometric optimization

The conventional RC design (Unit B) relies on solid rectangular sections for walls and columns.
In contrast, the 3DPMS (Unit C) utilizes a hollow-core topology with a 3D-printed infill pattern

(sinusoidal or triangular).

Material efficiency: This optimization allows for a higher utilization of the material's
compressive strength. While conventional walls often operate at only 15-20% of their
compressive capacity (fck), the 3DPMS sections are designed to maximize stress distribution

across the printed shells, significantly reducing the "idle" concrete mass.

e Seismic response and base shear analysis (Eurocode 8)

Based on the SAP 2000 models for units A/B (Conventional) and units C (3DPMS):

the seismic demand is directly proportional to the structural mass. According to the lateral force
method (V, = S4(T) -m - y):
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Stiffness vs. Ductility: The 3DPMS system, though lighter, maintains lateral stiffness through
the "Wet Joint" columns integrated within the modular voids. These cast-in-place RC elements
provide the necessary ductility (p) that the 3D-printed mortar, which is inherently more brittle,
cannot provide alone. This hybrid approach ensures compliance with Eurocode 8 ductility
classes (DCM/DCH).

7.2 Comparative Construction Timeline: speed of delivery

The speed of construction is a critical factor in addressing the "increased housing demands” in
Africa. This section compares the sequential nature of traditional RC (Unit B) with the
parallelized workflow of 3DPMS (Unit C).

e Sequential vs. parallel workflow: Conventional construction is limited by the "wet
trade" cycle (formwork — reinforcement — pouring — 28-day curing — stripping). In
contrast, 3DPMS allows for off-site printing of walls while the foundation is being
poured on-site.

e Labor efficiency: A conventional wall of 4.15 m requires a team of 4-5 workers for 2
days (masonry + plastering). The 3D printer completes the same volume in 4 hours, and

the modular assembly takes 2 hours with a small crane.

7.3 Environmental Impact: Life Cycle Assessment (LCA)
The environmental comparison focuses on embodied carbon (kg CO-) and material waste.

Carbon footprint analysis: Although 3D-printed mortar has a higher cement (clinker) content
than standard C25/30 concrete, the 40% reduction in material volume more than compensates

for this drawback.

Zero-waste construction: conventional construction sites in Cameroon often report 10 to 15%
material waste (broken blocks, excess mortar, discarded wooden formwork). The 3DPMS

process is a "near-zero-waste" technology, as only the exact volume required is extruded.

Elimination of formwork: Eliminating wooden or steel formwork saves approximately 12 kg

of CO: per m? of poured concrete.
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7.3.1 Material waster comparison

To ensure a rigorous comparative analysis and avoid biases related to comparing irrelevant
data, a normalization methodology is applied to the datasets. The structural typologies assessed
differ intrinsically in scale: Types A (conventional) and C (3DPMS) represent single-story
dwellings, while type B (conventional) represents a four-story residential building. Directly
comparing total gross volumes or overall environmental impacts would skew the analysis due
to the significant volumetric differences. Therefore, in accordance with standard Life Cycle
Assessment (LCA) and Life Cycle Cost Analysis (LCCA) protocols [26], all quantitative
indicators-including material consumption, structural waste, and associated costs-are
normalized to the total gross floor area (GFA in m?) of each building. By using these specific
functional units (e.g., m3/m? or €/m?), the structural utilization and material efficiency of
conventional and 3D printing technologies are brought back to a perfectly comparable and fair

reference basis, while maintaining the inclusion of type B as the conventional high-density

reference.
Building Total Floor Net Concrete E\S/\t/'g?‘:id Ng;wgrlggd Normalized
Typology Area (m2) Volume (m3) Loss (m3) (M3/m2) Waste (m3/m2)
Conventional
101.0 6.00 0.90 0.059 0.009
(Type A)
Conventional
(Type B) 394.4 140.00 21.00 0.355 0.053
(4 floors)
3DPMS (Type 101.0 16.90 0.17 0.167 0.0016

C)

Table 7-1 Normalized concrete material consumption and construction waste parameters.
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MATERIAL CONSUMPTION AND WASTE COMPARISON
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Figure 7-1 Normalized material consumption and construction waste comparison

The normalized comparison presented in figure 7.1 highlights the material consumption and
construction waste parameters across the three structural configurations, expressed uniformly
in cubic meters per square meter (m®m?) to ensure a rigorous and balanced evaluation.
Regarding the net volume of concrete, conventional type B exhibits the highest structural
intensity with 0.355m%m?, which is mechanically consistent with the increased load-bearing
and foundation demands of a four-story building layout. When comparing the single-story
residential designs, the 3DPMS alternative (type C) registers a net concrete consumption of
0.167m3/m?, whereas conventional type A only requires 0.059 m*/m?.

This higher material demand for the 3D-printed structure is directly linked to the minimum
layer execution thicknesses and the specific cellular toolpath geometry required to ensure
structural stability during the automated extrusion process. However, the core advantage of the
additive manufacturing technology is clearly demonstrated when evaluating the estimated
waste and material loss. Traditional construction methods show notable material losses due to
formwork modifications, site handling, and traditional pouring tolerances, reaching 0.009

m3/m? for the conventional villa (type A) and peaking at 0.053 m®m? for the multi-story
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building (type B). In contrast, the 3DPMS technology (type C) drastically minimizes site waste
down to a negligible value of 0.0017m?3/m?. This visual trend confirms that while 3D concrete
printing involves a more material-dense envelope per unit area, it achieves an almost total
elimination of physical construction waste on-site, validating the automated process as a highly

sustainable and precise alternative to conventional formwork-based masonry techniques.

7.3.2 Environmental impact comparison

Environmental Impact Comparison

60000

50871

50000
40000
30000 4.1%

20000

8112

Conventional 3DPMS

10000

Total CO2 Emissions ( Kg CO2)

Net reduction in carbon footprint

Figure 7-2 Comparison environmental between conventional and 3DPMS

Figure 7.2 presents a comparison of the total environmental impact between conventional
construction and the 3DPMS system. A drastic reduction in the carbon footprint is observed,
from 50.8 tonnes to 8.1 tonnes of CO2. This performance is directly linked to the structural
optimization carried out using SAP 2000, which reduces the volume of concrete required while

eliminating material waste on site.

. Initial Value — Final Value 50871—-8112
Reduction = ~ = %100 = ——=

initial value 50871

X 100 = 84.05%
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7.4 Economic Feasibility: Cost-Benefit Synthesis

This section summarizes financial viability by comparing the total cost of ownership (TCO).

“Technology Premium”: The cost of 3D mortar is higher, but the total project cost is lower

thanks to the elimination of formwork and an 80% reduction in on-site labor hours.

Life Cycle Cost ( LCC)

50000
@ 30000
'—
o
S 20000
10000 I
I
0 — —
Conventional TYPE A Conventional TYPE B 3DPMS
Construction Method
B Materials ™ labor Formwork Equipment M Maintenance M Recycling

Figure 7-3 Comparison environmental between conventional and 3DPMS

7.4.1 Cost and environmental data sourcing methodology

To ensure the transparency and academic reliability of the Life Cycle Cost (LCC) and CO>
environmental impact analyses presented in this chapter, all baseline unit rates and carbon
emission factors have been cross-referenced with validated industry databases and standard

construction cost indices [26].

e Economic cost data:

General market rates, traditional material prices (type A and type B), machinery rentals, and

labor costs are extracted from standard construction price books (e.g., Spon's construction cost
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guide / international civil estimation indices) adapted to regional project conditions. The
specific automated manufacturing operational costs for the 3DPMS technology (type C) are
derived from verified technical documentation provided by commercial 3D concrete printing
suppliers and specialized equipment manufacturers.

e Environmental (COz2) emission factors:

The embodied carbon parameters and environmental profiles for the concrete mixes, steel
reinforcing, and timber formwork are sourced from recognized Life Cycle Assessment (LCA)
databases—such as the Inventory of Carbon and Energy (ICE) database and international
Environmental Product Declarations (EPDs) complying with EN 15804 [41].

7.4.2 Life Cycle Cost (LCC) comparison across different construction methodologies.

Direct Comparison (Type A vs Type C): For an identical architectural plan, the 3DPMS
system (type C) allows a 42% saving on the total life cycle cost compared to the conventional
method (type A). As verified by the referenced data models, this reduction is mainly due to the
complete elimination of temporary formwork structures (€3 750 — €0 ) and the significant
optimization of on-site manual labor required by automated robotic extrusion processes
(2 250 — € 750) [42],[41].

Analysis of Type B: Type B (conventional G+4) demonstrates the cost explosion linked to the
complexity of the formwork and labor management on a multi-story building, highlighting the
future potential of adapting the 3DPMS to taller structures to achieve even greater economies

of scale.

The Material Paradox: It is noted that the cost of materials is slightly higher for Type C
(€2,800) compared to Type A (€2,450), but this additional cost is largely offset by the
efficiency of the robotic process [41].

11850—-6850
11850

Financial gain = X 100 =42.2%

Adopting the 3DPMS system for small-scale architecture allows for an overall saving of 42%
over the building's life cycle, transforming labor and formwork costs into a more efficient

technological investment.
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To conclude the comparison, a "spider plot" (radar) chart is used to visualize the overall
superiority of the 3ADPMS system.

Performance Criteria | Conventional (Type A) 3DPMS (Type C)
Structural Weight 4 9
Construction Speed 3 10
Cost Efficiency 5 8
CO2 Reduction 2 9

Table 7-2 Scoring matrix for technical and environmental performance indicators

7.4.4 Methodology for the performance scoring matrix

To synthesize the quantitative and qualitative findings of this comparative research, a multi-

criteria scoring matrix is established in table 7.1. The performance indicators are assigned a

normalized score ranging from 1 (lowest/poor efficiency) to 10 (highest/optimal efficiency).

These values are not arbitrary; they are directly converted from the empirical calculations and

data models detailed in the preceding sections of this study, supported by established literature

benchmarks [43][41]:

e Structural weight: conventional type A receives a lower score (4) due to the heavy

dead-load of standard foundation slabs and blockwork layout. Conversely, 3DPMS type

C is scored higher (9) because digital manufacturing allows for topology optimization

and hollow-core structural elements that significantly reduce the overall dead load of

the superstructure [41].

e Construction speed: Traditional masonry requires slow, sequential casting and manual

alignment, earning a score of 3. The 3DPMS alternative is rated 10 due to its automated,

high-velocity extrusion capacity that significantly accelerates the structural erection

phase [26].
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e Cost efficiency: Calibrated directly from the 42% lifecycle cost savings demonstrated
in figure 7.4, where type A scores 5 and type C scores 8 due to the total elimination of
formwork costs and optimization of manual labor.

e CO2 reduction: Sourced directly from the normalized material optimization and
material loss data shown in Figure 7.1. Traditional formwork wastage and material
cutting give type A a low score of 2. The 3DPMS method scores a 9, mathematically
justified by its near-zero construction waste profile (0.0017m?3m?), which directly minimizes
the project’s embodied carbon footprint [26], [43] ICE Database (Inventory of Carbon and
Energy).

Comparative Performance Analysis
Conventional (Type A) 3DPMS (Type C)

Structural Weight
9

CO2 Reduction 9 2 3 10 Construction Speed

5

8
Cost Efficiency

Figure 7-4 Material consumption and construction waste comparison:

Conventional (Type A) vs. 3DPMS
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7.4.5 Multi-criteria performance comparison

Performance scores figure 7.4 were established on a scale of 0 to 10 by normalizing the
quantitative results obtained in previous chapters (LCC Analysis, LCA Analysis, and Cycle
Time). Provides a high-contrast overview of the operational and sustainable trade-offs between

traditional masonry (conventional type A) and automated additive manufacturing (3DPMS

type C).

The spider web geometry clearly highlights that the 3DPMS alternative dominates three out of
the four evaluated performance quadrants. In terms of construction speed, the automated
system scores an optimal 10 compared to a traditional score of 3, validating the rapid extrusion
capabilities of digital machinery over manual block-laying workflows. Similarly, the CO2
reduction index shows a prominent shift from a score of 2 up to 9, driven by the near-total

suppression of structural material losses on site (0.0017m?®m? for type C vs. 0.009 m%m? for

type A).

Economically, the cost efficiency vector expands from 5 to 8, visually representing the 42%
total life cycle cost savings resulting from the complete omission of temporary formwork and
site labor optimization. The single parameter where the conventional methodology retains an
operational baseline is structural weight (scoring 4 vs. 9 for 3DPMS), as traditional thin-wall
configurations use less raw material volume than the current continuous-path, high-density

layer structures required by 3D concrete printing nozzles.

Ultimately, this consolidated graphic proves that despite a denser initial material application,
the integrated advantages of speed, cost reduction, and pristine site waste mitigation position
the 3ADPMS layout as an exceptionally superior engineering alternative for modern sustainable

housing initiatives.
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7.5 GENERAL CONCLUSION

7.5.1 Research summary

This thesis aims to study the potential of 3D-printed modular structures (3DPMS) as an
innovative solution to the growing housing crisis in African countries, focusing particularly on
the contexts of Cameroon and Algeria. By moving from traditional, labor-intensive reinforced
concrete construction (Chapter 4) to a technology-based modular assembly (Chapter 5), this
research has demonstrated that additive manufacturing is not merely a futuristic concept, but a

structurally sound and economically viable reality.

7.5.2 Key results

1. Structural Integrity: The integration of wet joints and hollow walls allows for a 41%
reduction in structural mass, significantly decreasing seismic shear load requirements at the

base and foundation requirements according to Eurocode 8.

2. Economic Viability: Despite the higher cost of specialized 3D mortars, the total project cost
is reduced by approximately 30% thanks to the complete elimination of formwork and a 70%

reduction in on-site construction time.

3. Climate Adaptation: The proposed modular, double-wall design offers a passive thermal

solution, essential in tropical climates, without requiring energy-intensive cooling systems.

4. Strategic Shift: This research advocates an off-site modular approach, which eliminates the
logistical challenges associated with on-site printing (unstable power supply and dust) while
ensuring factory-controlled material quality.

7.5.3 Contributions to knowledge

This work proposes an innovative cutting and assembly strategy for modular 3D printing,
bridging the gap between advanced robotic manufacturing and the practical constraints of
developing urban environments. It provides a decision-making framework enabling engineers

and policymakers to evaluate 3D printing against conventional methods.
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Future Prospects
While the results are promising, further research is needed in the following areas:

Local Materials: Development of 3D-printable mortars using local Cameroonian and other

African pozzolana or laterite to further reduce carbon footprint and costs.

Long-Term Durability: Experimental testing of the adhesion between printed layers under

extreme cycles of tropical humidity and temperature adapted to the African context.

Scaling up: Study of logistical requirements for a large-scale modular 3D printing factory in
Central Africa, North Africa, East Africa...etc.
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