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Rammed Earth school in a Gambian context

A study of how rammed earth can be used as load-bearing material when
constructing a school in The Gambia

LENA ALLGURIN, LINNEA BJELKVIK

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

The aid organisation Eivor Bjorkman Gambia Aid are planning to build a school
called Eivor Bjorkman Elementary in the neighborhood Brufut in The Gambia.
The school is decided to be built with rammed earth as the load-bearing structure.
In collaboration with Eivor Bjorkman Gambia Aid, Detail Group and Earth Lab
Studio, this thesis is investigating how a rammed earth school can be built in The
Gambia and what adaptations might be needed to the local context.

Through a pre-study about rammed earth and eight weeks of field studies in The
Gambia, challenges regarding earth building in the Gambian context as well as a
school context are identified and evaluated. The building process for rammed earth
is evaluated through workshops in Sweden and The Gambia along with a test method
developed and evaluated for achieving the compressive strength of rammed earth on
site. Specimens made with earth from both Sweden and The Gambia are rammed
and compression tested. A prototype of a shallow vaulted slab is constructed in
collaboration with a compressed earth block entrepreneur. The prototype is built
to assess if the design can be a possible slab option and how the building process
would have to be adjusted to be used in a rammed earth building. Simplified calcu-
lations are performed for verification of suitability. Several uncertainties connected
to construction in The Gambia are realized and discussed.

Common solutions to challenges are presented and possible adaptations to the Gam-
bian context and the school context are presented before a final choice of solution is
selected and motivated. It is concluded that one of the main challenges is protecting
the rammed earth structure from water, especially during the rainy season. This is
done by using a "boot" and a su [cieht roof overhang. Another important aspect to
consider is the erosion of the walls, which in the school context must be considered
thoroughly to withstand children using the school.

Keywords: rammed earth, earth building, The Gambia, school, field study, concep-
tual design, compressive strength test, workshop.






Acknowledgements

There are many people who have been part of this project and made it possible to
complete:

Firstly, we would like to thank Simon Rustas for the collaboration throughout the
project, and for introducing us to this school project in the very beginning. We are
very grateful for the cooperation in workshops, many discussions and the company,
both before and during the field studies in The Gambia.

We would also like to give an immense thank you to Aisha Jobe, who welcomed us
into her home and family and arranged our time in The Gambia. Our stay in The
Gambia became much easier with your help arranging meetings, showing us around,
getting food and having us experience the true Gambia. Without you, this thesis
would not be the same.

A big thank you to Eivor Bjorkman Gambia Aid for allowing us to be part of the
school project and helping us arrange the preparations for the trip. We are also
grateful for the collaboration with Detail Group who has given us input about the
design of the school, and EarthLAB Studio who have contributed with much knowl-
edge and literature about rammed earth.

Alpha Omar Jallow has been of great importance by taking part in the prototype
workshop and teaching us about compressed earth blocks, vaults and the construc-
tion process. Thank you for allowing us to do the workshop at your construction
site and helping us with the needed tools.

We would like to thank Future in our hands The Gambia, especially Augustine
Manneh, for informative meetings. Also Fake Bachata, Sanchaba Sulay Jobe Lower
Basic School and Mbolo Association for the study visits.

Thank you AMU for arranging the rammed earth workshop in Sweden, allowing us
to explore ramming on a larger scale.

Last, but not least, we would like to thank Shea Hagy and Robert Jockwer for the
supervision and valuable input throughout the work with this thesis. Your help has
been very useful to guide us through the twist and turns this thesis has taken.

Lena Allgurin & Linnéa Bjelkvik, Gothenburg, May 2023

vii






CEB

EBG-Aid
EB-Elementary
EPS

FIOHTG
MoBSE

NGO

PPP$

List of Acronyms

Compressed earth blocks

Eivor Bjorkman Gambia Aid

Eivor Bjorkman Elementary

Expanded polystyrene

Future in our hands The Gambia
Ministry of Basic & Secondary Education
Non-governmental organisation
Purchasing power parity dollar






Ay
Aef

< uv T

o]

o

— > Q@ =h ~h =
c

Nomenclature

Area [m?]

Equivalent compression area [m?]

E [edtive area under partially compressed area [m?]
Modulus of elasticity [Pa]

Horizontal reaction force [N]

Point load [N]

Vertical reaction force [N]

Average compressive strength [Pa]
Unconfined compressive strength [Pa]
Characteristic unconfined compressive strength [Pa]
Acceleration of gravity [m/s?]

Height [m]

Length [m]

Weight [kg]

Number of specimen [-]

Distributed load [N/m]

Material safety factor [-]

Strain [-]

Stress [Pa]

Stress adjusted to partially loaded area [Pa]
Standard deviation [Pa]

Concentrated bearing factor 1 < ®, < 1.5 [-]

Xi



xii



Contents

List of Acronyms IX
Nomenclature Xi
List of Figures XVii
List of Tables XixX
1 Introduction 1
1.1 Background . . . . . . . ... 1
1.2 Aimand objectives . . . . . . ... 2
1.3 Demarcation . . . . . . . . . . 3
1.4 Method . .. ... . . . . . 3
141 Readinginstructions . .. ... ... ... ... ... ..., 4
1.5 Social, ethical, and ecological aspects . . . .. ... ... ....... 4
2 Pre-study S
21 Rammedearth . .. .. .. ... . .. .. .. 5
211 Earth .. ... . e 5
2.1.2 Structural properties . . . . . . .. ... o 6
2.1.2.1 Compressive strength . . . . ... .. ... ..... 6
2122 Tensilestrength. . .. ... ... ........... 7
2.1.2.3 Bending tensile strength . . . . . ... ... ... .. 7
2124 Shear ... ... ... ... 7
2.1.3 Buildingprocess. . . .. .. ... ... e 7
2131 Earthtests . ... ... ... ... . ......... 7
2132 Formwork . ... ... 8
2.1.3.3 Rammingprocess . . . . . . . . . ... ... .. 9
2.1.4 Long-termeects oframmedearth . ... ........... 11
215 Erosion . ... .. 11
2.1.6 Protection againstwater . . . . .. ... ... ... ... ... 11
2.1.7 Existing standards and guidelines . . . .. ... .. ... ... 12
2.1.8 Comparison with conventional building materials . . . . . . . 13
22 TheGambia . . . . . . . . . . . . . 14
2.2.1 Climate in The Gambia . ... ... ... ... ........ 14
2.2.2 Signi cant natural hazards in The Gambia . . . . .. .. ... 14
2.2.3 History of the Gambian building industry . . . . ... .. .. 14



Contents

2.2.4 Educationin The Gambia . ... ................ 15
2.3 Physical exploration . . ... ... ... ... .. ... ... .. ... 15
2.3.1 Exploration of ramming process . . . . . . . .. .. ... ... 15
23.1.1 Earthmixing . ... ... ... ... ......... 16
23.1.2 earthtesting ... ... ... . ... ... ...... 16
2313 Ramming . .. .. .. ... ... .. .. .. ..., 17
2.3.2 Initial evaluation of test equipment . . . . . ... ... .. .. 18
2.3.2.1 Testequipment . . ... ... ... ... ....... 18
2322 Testmethod ... ................... 18
2323 Results ... ... ... .. ... . 20
2.3.24 DisCusSiON . . . . ... 20
2.3.3 Second evaluation of test equipment. . . . . . ... ... ... 21
2.3.3.1 Testequipment . .. ... ... ... ......... 21
2332 Testmethod .. ... ................. 21
2333 Results .. .. ... ... .. 22
2.3.3.4 Discussion . . . . .. ... 24
2.3.4 Final evaluation of test equipment. . . . . .. ... ... ... 26
2341 Testmethod .. .................... 26
2342 Results ... ... .. . ... ... 27
2.3.4.3 Discussion . . . . . ... e e e e 29
3 Field studies 31
3.1 Current built environment . . . . .. .. ... ... ... ... 32
3.1.1 Concrete block structure . . . . ... ... ... .. ...... 33
3.1.2 Roofstructure. . . . . .. ... . .. .. 35
3.2 Earth construction in The Gambia . . . . ... .. ... ....... 37
3.2.1 Compressed earthblocks . . . . .. ... ... ......... 37
3.2.2 Constructiondetails . . ... .. .. ... .. ......... 38
3.2.3 Rammed earth in The Gambia. . . . .. .. ... ....... 39
3.2.4 Perception of earth building in The Gambia . . ... .. ... 40
3.25 Economy. .. .. ... ... 40
3.3 Weatherin The Gambia . . ... ... ... ... ... ........ 41
3.4 School ... ... . . . . . 41
3.5 Physical explorations . . . .. .. ... .. ... .. .. .. ..., 44
3.5.1 Ramming with Gambianearth. . . . . ... ... ....... 45
3.5.2 Jartest . . . . ... e 46
3.5.3 Compressiontests. . .. ... ... . ... .. ... ..., 46
4 Conceptual design 53
4.1 Roof . . . . . e 54
4.1.1 Commonsolutions . .. ... ... ... ... ... .. ..., 54
4.1.2 Adaptations . . . . .. ... ... 55
4.1.3 Finalchoice . ... ... ... ... .. ... .. . .. . ... 55
4.2 OPeniNgsS . . . . o i e e e 56
421 Commonsolutions . .. .. .. ... ... .. .. .. ... 57
422 Adaptations . . . . . .. ... 57
423 Finalchoice . .. ... .. ... .. .. .. ... .. .. ... 57

Xiv



Contents

4.3 BOOt . . . . . e e e 58
4.3.1 Commonsolutions . .. ... ... ... ... .. ... ..., 58
4.3.2 Adaptations . . . . . . ... 59
4.3.3 Finalchoice . .. ... .. .. ... .. .. ... .. .. ... 59

4.4 Erosion . .. . ... e 59
441 Commonsolutions . .. .. ... ... . ... .. .. ... 60
44,2 Adaptations . . . . . . ... . 60
443 Finalchoice . ... ... ... ... .. ... .. . .. .. ... 61

45 Rammedearthwall . . ... ... .. ... ... ... ... ... 61

Prototype of vaulted oor slab 63

5.1 Vaulted oorsystem . ... .. .. ... ... .. .. ... 63

5.2 Initial prototype design . . . . . .. . ... L L 64

53 Workshop . . .. .. . . .. 65
5.3.1 Productionofblocks . .. .. ... ... ............ 65
5.3.2 Assemblingofslab . ... ...... .. ... ........ 66
5.3.3 Conclusions from workshop execution . . . . . ... ... ... 70

54 Implementation . . . . . . . . ... 70
5.4.1 Investigation of support options . . . . .. .. .. ... .... 71
5.4.2 Conclusions regarding shallow vaulted slab in school building . 72
5.4.3 Conclusions regarding shallow vaulted slab in rammed earth

building . . . . . ... ... . 72
5.4.4 Designproposalofslab . .. ... ................ 74

Discussion 75

6.1 Design proCesS. . . . . . . o i i e 75

6.2 Compressiontests. . . . . . . . . . 76

6.3 Uncertainties . . . . . . . . . . . ... 76

6.4 Prototype collaboration . . .. ... ... ... ... .. ...... 78

6.5 Perception of earth building . . . ... ... .. ... ... ...... 79

6.6 Outlook . . .. ... .. . .. 80

Conclusion 83

Test 1 in Sweden I

Test 2 in Sweden "

Test 3 in Sweden IX

Compression tests in The Gambia X1

Prototype calculations XVII

Implementation calculations XXV

XV



Contents

XVi



List of Figures

1.1 Map showing the location of The Gambia (Flappiefh, CC BY-SA
3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikime-

dia Commons). . . . . . . . ... e 2
2.1 Two common eldtestsofearthmix. . . . ... ... ... ...... 8
2.2 Picture showing formwork developed by EarthLAB Studio in use.

The form can be moved upwards and sideways alongawall. . . . .. 9
2.3 Example of homemade rammer consisting of a broom stick with a

dumbbell attached at the bottom. . . . . . .. ... ... ... .... 10
2.4 Jar test of the earth used for ramming thewall. . . . . ... ... .. 16
2.5 Picturesoftherammedwall.. . . ... ... ... ........... 18
2.6 Testingconguration.. . . . .. .. .. ... ... ... ... 19
2.7 Compression stress on partially loaded area. . . . . .. ... .. ... 20
2.8 Comparison between old and new test equipment. . . . . ... .. .. 21
2.9 Result showing stress-strain diagrams for the two cylinders of respec-

tive MiX. . . . . . 23
2.10 Result of jar tests with di erent clay content, 10% clay to the left,

unknown clay content in the middle, 15% to the right. . . . . .. .. 24
2.11 Pictures showing di erent failure modes of cylinders. . . . ... ... 25
2.12 Dried specimen before polished and compression tested. . . . . . . .. 26
2.13 Measured stress-strain relation for all seven cylinders. . . . . ... .. 28
3.1 Common constructions in The Gambia. . . . . ... ... ... .... 32
3.2 Ordinary concrete construction. . . . . .. .. .. ... ........ 33
3.3 Worker on concrete block wall casting a pillar. . . . ... ... .... 34
3.4 Steel roof looking liketiles. . . . .. .. .. ... ... ... ...... 35
3.5 Thatched roof with corrugated steel underneath. . . . . . ... .. .. 36
3.6 Ordinary street with protective walls. . . . . .. .. ... ....... 37
3.7 Construction site fora CEB house. . . . . . .. ... ... ... ... 38
3.8 Picture of Fake Bachata's house made from CEB with thatched roof

and seashell plaster. . . . . . .. ... .. ... .. .. ... .. ..., 39
3.9 Study visit at Mbolo Association, school made of CEB. . . . . . . .. 42
3.10 Study visit at a Sanchaba Sulay Jobe LBS. . . . . ... ... ... .. 43
3.11 Two earth mixes tested in The Gambia. . . . . . . .. ... ... ... 44
3.12 Rammed samples. Left: Bought earth from rammed earth entrepreneur.

Right: earth from road construction. . . . . ... ... ........ 45
3.13 Test set-up in The Gambia. . ... ... ... ............. 47



List of Figures

3.14 Tile broke during compression test, therefore the specimen result was

disregarded. . . . . . . . . 48
3.15 Relation between compressive strength and drying time . . . . . . .. 49
4.1 General representation of a challenge and its common and adapted

solutions . . . . . L 53
4.2 Common and adapted solutions for roof construction. . . . . .. . .. 54
4.3 Common and adapted solutions for openings.. . . . . ... ... ... 57
4.4 Common and adapted solutions for boot construction. . . . . . . . .. 58
4.5 Common and adapted solutions for erosion. . . . .. ... ... ... 60
5.1 CEBproduction. . . . . . ... ... ... 66
5.2 Construction process of the prototype. . . . . .. .. ... ...... 68
5.3 Final prototype. . . . . . . . . . 69
5.4 Sketch showing possible improvement of the springer shape. . . . .. 70
5.5 Supporting options for the vaulted slab. . . . . . ... ... ... ... 71
5.6 Sketch showing how the wall thickness can be adapted to the springer

shape. . . . . . . e 73

XViii



2.1
2.2

2.3
2.4
2.5
2.6

2.7

3.1

3.2

3.3

3.4

List of Tables

Components in earth and their particle size. . . ... ... ... ... 6
Properties of earth structures compared to conventional building ma-
terials. Data from Olsson (2022). . . . . . .. .. .. ... ...... 13
Compressive stress for blocks with various clay content. Test 1 -
03.02.2023 . . . . e 20
Failure loads for cylinders. Test 2 - 14.02.2023. . . . . . . ... .. .. 22
Failure loads for blocks. Test 2 - 14.02.2023. . . . . .. .. ... ... 24

Failure loads for cylinders, all rammed with the same earth mix. Test
3-08.03.2023. . . . .. 28
Elastic modulus for the cylinders as well as the mean elastic modulus

for all cylinders. Test 3 - 08.03.2023.

Failure loads for cylinders with bought earth, cylinder number 2 dis-
regarded. . . . . . . L 47
Failure loads for cylinders rammed with road construction earth and
eight days of drying.
Failure loads for cylinders rammed with bought earth and 5% added
CEMENL. . . . . . . e e 49
Failure loads for cylinders with varying drying time, rammed with

the road construction earth.

XiX



List of Tables

XX



1

Introduction

The Swedish aid organization Eivor Bjérkman Gambia Aid (EBG-AId) is an organi-
zation working with health care and education in The Gambia. They are planning
to build a new school called Eivor Bjorkman Elementary (EB-Elementary), in the
neighborhood Brufut, The Gambia. The Swedish architectural rm, Detail Group,

is developing a design of the school for the bought plot. The goal is to use local
building techniques and materials found on site to construct EB-Elementary in an
economical and sustainable way. Therefore, rammed earth is decided upon as the
main building technique. EarthLAB Studio, an organization specializing in earth
building and rammed earth, is also part of the project contributing with knowledge
about the technique. Based upon the pre-set parameters, this thesis aims to investi-
gate a possible rammed earth school in The Gambia in collaboration with EBG-Aid,
Detail Group and EarthLAB Studio. Parts of the work is done together with the
architecture student Simon Rustas.

1.1 Background

The use of earth as a building material has a long history all around the world.
Di erent techniques have been developed and used i.a. cladding earth onto an un-
derlying wall structure or constructing blocks with various ingredients. Rammed
earth is one of the older, vernacular building techniques where earth material, from
now on referred to as earth, is compacted into formwork to form a load-bearing
structure with relatively high compressive strength. Furthermore, the compacted
earth has bene cial properties regarding indoor climate and ecological sustainabil-
ity. Two examples of old rammed earth structures are parts of The Great Wall of
China and the city of Alhambra in Granada, Spain (Easton, 2007).

Earth is often transported away from the building site as excavation material, in-
stead of transported to the site like other building materials. One large benet of
using rammed earth is that earth is available all around the world, and in optimal
cases, the excavated earth from the building site can be used for ramming. This
is bene cial today when the construction industry is facing a great challenge with
building sustainable. Thus, the choice of rammed earth is tenable since it usually
reduces transportation, reduces the impact of manufacturing the building material,
and can easily be reused.
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The Gambia is a small country on the west coast of Africa, see Figure 1.1. It spreads
out around the Gambia river and is surrounded by Senegal, apart from the shore
along the Atlantic coast. The country is about 11 300 krh (Globalis, n.d.). The
country consisted of several kingdoms along the banks of the river and in the late
1800s it became a British colony (The Republic of The Gambia, 1988). It was sur-
rounded by the French colony Senegal and remained a colony until its independence
in 1965. The people of The Gambia are a mix of people from di erent tribes with
various backgrounds and religions. It has in uences from the African states prior to
the colonization, the British domination, and the development of the country after
autonomy. English is the o cial language in The Gambia, however, there are many
local languages more commonly used, e.g. Wolof, Mandinka and Fula.

Figure 1.1: Map showing the location of The Gambia (Flappiefth, CC BY-SA 3.0
<https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons).

1.2 Aim and objectives

The overall aim is to identify challenges when building a rammed earth school struc-
ture and propose contextually suitable solutions. The solutions should be based on
the ndings and help the school project make well-informed design decisions in ac-
cordance to local conditions.

Research question:
How do the local conditions impact the structural design of a rammed earth
school building in The Gambia?

Sub-questions:
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What are the local earth properties and how do they in uence the rammed
earth structure?

How can the structure be adapted to meet the local weather conditions?
Does the design have to be adapted to a Gambian building process?

Objectives:

Collect knowledge about rammed earth and how it is used today.
Learn about the Gambian weather, culture and building techniques.
Gain understanding of Gambian school environments and activities.
Build prototypes and evaluate the building process.

Identify construction challenges in the context.

Propose adapted structural design solutions.

1.3 Demarcation

Some demarcations to limit the scope of the project are set:
" Other earth building techniques than rammed earth for the load-bearing walls
are not considered.

No cost or carbon-dioxide equivalent calculations or comparisons are per-
formed for the conceptual design.

Calculations presented in the thesis are simpli ed and used to get an estima-
tion. More detailed calculations are required for the nal design.

N

1.4 Method
The thesis is carried out in three di erent phases:

Pre-study
Field study
Conceptual design

The initial pre-study phase aims to map rammed earth properties and how it is
used today through a literature review. The ramming process is evaluated through
theory as well as physical explorations. An initial perception of The Gambia, its
culture, weather and construction industry is also obtained together with the state
of the Gambian school system.

In the following phase, the Gambian context is explored through eld studies in the
urban area of The Gambia. Inspiration and knowledge about the Gambian context
is collected through observations, study visits, a workshop and interaction with the
local population. Further, the local earth properties are evaluated.

In the last phase, information and knowledge from the pre-study and eld study is
gathered and used to present conceptual design proposals handling challenges identi-
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ed in relation to a rammed earth school. The knowledge from theory and practical
experience from prototype building is implemented in the details and procedures of
the construction.

1.4.1 Reading instructions

This report is divided into seven chapters where thimtroduction  gives an overview
of the project and states the aim and research questions. Following is tiee-
study , which focuses on understanding rammed earth as a construction material,
its structural challenges and possibilities. The chapter also addresses information
about The Gambia to gain an initial understanding of the context of the country
as well as the school context. The pre-study chapter includes insights from physical
explorations from ramming and the development of a test method for testing com-
pressive strength easily in The Gambia.

Continuing, the Field study presents ndings from The Gambia. This chapter
focuses on understanding the local context, partly through interactions with local
constructors about standard processes, materials used and challenges faced. Interac-
tions with locals about weather and culture are also presented to further capture the
context. The understanding of schools and how they are used is evaluated through
visits to existing schools. The Field study chapter also contains evaluation and re-
sults from material tests performed in The Gambia. The tests are carried out to
investigate if the earth on site is suitable for ramming, or if it must be supplemented.

Following, the Conceptual design presents structural design suggestions based on
the ndings. The design suggestions take material properties, local conditions, and
the construction process into account. The chapteRrototype of vaulted oor

slab, describes how a oor slab prototype was designed and constructed in The
Gambia. Finally, the Discussion elaborates on the results of this thesis and the
Conclusion summarizes the ndings.

1.5 Social, ethical, and ecological aspects

By using local materials and building techniques, the project aims to be socially and
ecologically sustainable, with the possibility of improving the local labor situation.
The project is part of the revival of the old earth building techniques and can
possibly be used to spread the usage of them, reducing the environmental impact
of the construction industry in the country. Further, the United Nations has stated

a Convention on the Rights of the Child where countries have agreed on children's
rights and promised to protect them. The Gambia agreed to the convention in 1990
(Nderi, 2021). Some of these rights can be connected to the EB-Elementary that
will be built in an area where there is no other school close by. By realizing the
construction of the school, articles 17Access to information 28 Access to education
and 29 Aims of education can be enabled for the children in Brufut. Article 23
Children with disabilities and 31 Rest, play, culture, artscan be used to in uence
the design of the school (UN General Assembly, 1989).

4
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Pre-study

This chapter presents information based on the literature review carried out before
the eld studies. Firstly, rammed earth as a building material and technique is
described and possibilities and challenges are highlighted. Existing standards and
guidelines regarding rammed earth are reviewed. Further, information about The
Gambia and education in the country is presented. Finding possible parameters to
take into account when designing is the main focus.

2.1 Rammed earth

Rammed earth is an old building technique, used through decades where knowledge
has been passed down from craftsman to craftsman. In modern times, rammed
earth is not commonly used but has lately been rediscovered as a sustainable and
one hundred percent renewable building technique, given that no stabilizer is added.
Earth is available almost everywhere in the world which makes it accessible to the
common man, something that is important for the world's growing population. Old
earth structures, e.g. the city of Alhambra, prove that it can be a durable material.

Earth can be used as load-bearing material and helps keep a good indoor climate. An
earth structure's thermal mass helps keep a steady thermal climate and the earth can
absorb water vapor from the surrounding air and keep a somewhat steady relative
humidity. The ramming process is labor intensive, which can be expensive in the

industrialized world today. However, in developing countries where unemployment

is a problem, building with rammed earth could be an economical solution, since

the building material is cheap and the labor relatively inexpensive.

2.1.1 Earth

Earth originally comes from the earth's crust (Minke, 2006). The bedrock erodes
due to movements in the ground, such as thermal movements or freezing of water,
and falls apart in particles of di erent sizes. Depending on the size of the particle,

it is described as either clay, silt, sand, or gravel. Clay has the smallest particle size
and acts as the binding agent since smaller particles have a bigger speci c surface
area, which leads to higher cohesive forces. The de nition of the particle sizes for
the earth components is found in Table 2.1.
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Table 2.1: Components in earth and their particle size.

Earth component Particle size [mm]
Clay <0.002

Silt 0.002-0.06

Sand 0.06-2

Gravel >2

There are di erent properties of earth that can be determined. Some of them are
more relevant than others when used as a building material. According to Schild-
kamp (2009) the four most relevant earth properties are granularity or texture,
compressibility, plasticity, and cohesion. Granularity describes the particle size dis-
tribution in the earth, while compressibility describes how well the earth can be
compacted. Plasticity and cohesion are connected to each other, except plasticity
describes how well the earth can be molded and deformed, while cohesion describes
how adhesive the earth is, holding the particles together. These four earth prop-
erties a ect the structural properties of the nalized earth structure and can be
determined through earth tests either on site or with more accurate methods in
laboratories.

There are di erent kinds of clay, some common types being Kaolinite, Montmoril-
lonite, and lllite (Minke, 2006). These contain di erent minerals and are structured
in varying lamellar structures, which results in varying cohesion.

2.1.2 Structural properties

When the earth is rammed and form a structural element e.g. a wall, the element's
structural properties are of interest. Rammed earth is much stronger in compres-
sion compared to tension. According to Minke (2006), tensile and bending tensile
stresses in earth structures should be avoided. As earlier mentioned, the structural
properties depend on the earth composition but also the layer thickness and the
ramming technique used.

2.1.2.1 Compressive strength

According to Fabbri et al. (2022) the compressive strength of rammed earth range
between 0.3 to 7.0 MPa and depends on the molding water content, compaction
energy, particle size distribution, clay content, and dry density. The compressive
strength is directly proportional to the dry density, but the relation is unique for
each earth mix. The unique properties make it hard to specify a standard strength
applicable worldwide or even in neighboring regions. Fabbri et al. (2022) says that
the ideal scenario is to study the compressive strength of rammed earth experi-
mentally for each instance the earth is used for construction (p.128). This can be
done by eld tests or lab tests.
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2.1.2.2 Tensile strength

If possible, tensile stresses should be avoided in rammed earth structures. Tensile
strength depends on the quantity and type of clay as well as the water content in
the mix. The tensile strength of dry rammed earth is about 10% of the compressive
strength and ranges between 0.025 to 0.5 MPa (Minke, 2006).

2.1.2.3 Bending tensile strength

Bending tensile strength, similar to tensile strength, depends on the amount and
type of clay. In studied bending tests, the lowest bending tensile strength reached
0.017 MPa with Kaolinite clay, and the highest strength, 2.23 MPa, was reached with
Montmorillonite clay (Minke, 2006). In a study done by Otcovska et al. (2019), it
Is concluded, together with previous research, that a higher clay content gives an
increased bending tensile strength and a decreased compressive strength.

2.1.2.4 Shear

Since rammed earth is built up in layers it is important to investigate the shear
strength both within and in between the layers. Fabbri et al. (2022) discuss var-
ious studies and conclude that the shear strength can vary between 0.15 and 0.7
MPa and the shear modulus between 640 and 1582 MPa. It is found that the in-
terfacial shear strength is 0.055 and 0.118 MPa for earth containing 17% and 20%
clay respectively. However, in general little is known about how the clay content
a ects the shear strength. What can be concluded is that there is a signi cant dif-
ference between interface and intra-layer properties that must be considered when
constructing with rammed earth. The shear strength should be evaluated through
lab tests to gain the correct properties.

2.1.3 Building process

When building with rammed earth it is important to primarily prepare the site and
perform earth tests to obtain a good earth mix. Secondly, construct a formwork of
desired shape and nally compact the earth into the formwork. In this section, the
di erent stages in the process are described more in detail.

2.1.3.1 Earth tests

Earth tests can be carried out in a lab for more detailed speci cations regarding the
properties of the earth mix. Still, there are several tests that can be done on site
with rather easily accessible tools to get coarser results.

Two commonly used earth tests performed on site are jar test and ball drop test, see
Figure 2.1. The jar test is used to evaluate the particle size distribution of the mix
by lling one third of a transparent jar with earth, and then add water to the top.
The jar is thereafter shaken thoroughly to separate all the particles from each other
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and left for 24 hours for the particles to settle in di erent layers. The larger the
particles, the faster they fall to the bottom of the jar. After about 24 hours, di er-

ent layers can be seen, with the clay layer on top followed by the silt and sand, see
Figure 2.1a. Thus, the relation between the di erent particle sizes can be found for
the earth mix. The test can however be somewhat misleading due to voids between
particles, causing the layers to not fully represent the actual volumes. Therefore, it
Is used as a eld test and if more precise relations are desired lab tests are needed.

The ball drop test is used to nd the right moisture content of the earth mix. It

is an easy and quick method to evaluate the current mix when ramming. A ball of
the earth mix is formed by hand and thereafter dropped from a height of about 1.5
m. When the ball lands, the way it breaks indicates its moisture content. If the
ball breaks into many small pieces, the mix is not moist enough. If the ball does
not break at all, it is too wet, while if it breaks into a few large pieces, the moisture
content is good, see Figure 2.1b. However, if the ball breaks into many small pieces,
the mix can have enough water, but be too sandy. In a similar manner, if the ball
does not break at all, the earth can be either too wet or contain too much clay. It
is therefore preferred to perform a jar test before executing the ball drop test.

(@ A jar test showing di erent layers (b) A ball drop test result of mix con-
of the earth mix. sidered suitable for ramming.

Figure 2.1: Two common eld tests of earth mix.

2.1.3.2 Formwork

To construct anything in rammed earth, a formwork is needed. Most common is to
use wood or steel but other materials can be used as well. A typical formwork con-
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sists of surface material that is stabilized in both horizontal and vertical direction

to prevent bulging. The formwork is preferably lightweight and easy to assemble,
disassemble and reuse. EarthLAB Studio has created an example of e cient form-
work in wood, without fasteners, that can be moved upwards and sideways to build
up the wall in segments, see Figure 2.2. The formwork was created out of a research
project called In-Form (EarthLAB Studio, n.d.).

Figure 2.2: Picture showing formwork developed by EarthLAB Studio in use. The
form can be moved upwards and sideways along a wall.

2.1.3.3 Ramming process

According to Easton (2007), the ramming technique is equally important as the earth
mixture to obtain an optimal rammed earth structure. The ramming can be carried
out either with a traditional heavy wooden rammer or a slightly more modern steel
rammer. The steel rammer consists of a steel plate welded to a steel pipe where
the weight of the rammer can be adjusted by lling the pipe with sand. A rammer
can also be constructed with heavy materials found on site, see example in Figure
2.3. When compacting the earth, the weight of the rammer should be utilized. The
rammer should be raised approximately 30 to 45 cm and then dropped onto the
earth. Using a rammer of this kind is labor intensive and today some rammed earth
constructors use air compressors to speed up the ramming process. It is partly the
force, but also the vibrations created, that compacts the earth. The goal is to move
the particles into the densest possible position to achieve maximum strength and
prevent water from intruding into the structure. The best way to compact the earth

is therefore a repeated thumping.
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Figure 2.3: Example of homemade rammer consisting of a broom stick with a
dumbbell attached at the bottom.

When starting ramming, a layer of earth is placed into the formwork and compacted.
The compaction should begin along the formwork edge and nish in the middle to
reduce stresses on the formwork. When the earth is compacted to approximately half
of the original volume, a change in sound can be noticed according to Easton (2007).
The sound is reverberating from the formwork and indicates that the earth is fully
compacted. Some earth constructors prefer standing on top of the structure and be-
gin each layer by walking on the structure to make it settle before using the rammer.

There are studies evaluating how layer thickness in uences compressive strength.
The studies are done on stabilized rammed earth but according to Fabbri et al.
(2022) the ndings are applicable also to unstabilized structures. The optimal layer
thickness is found to be 100 mm with thicker layers resulting in lower compressive
strength. Further, layers rammed in the bottom are found to be stronger than the
top layers (Easton, 2007). This is due to the surcharge force coming from ramming
superimposed layers, resulting in even better compaction of the bottom layers. One
should therefore be extra meticulous when ramming the top layers.

When the structure is rammed, it should be left to dry before loading. The strength

of rammed earth increases with drying time. According to Erden (2022), the drying
time should be about four to six weeks, depending on the thickness of the element.

10



2. Pre-study

2.1.4 Long-term e ects of rammed earth

Rammed earth is subjected to long term e ects, one of them being shrinkage. The
shrinkage is 0.25% to 1% and can occur due to high clay content (Erden, 2022),
(SADCSTAN, 2014). To reduce the shrinkage, the clay content can be reduced. If
the weather is dry and warm and the air moves su ciently it takes just a few days
for the shrinkage to stop (Minke, 2006).

Most rammed earth walls are rammed in sections that dry and shrink while the
next section is rammed (Minke, 2006). This shrinkage causes restraints for the
connecting section, which can result in shrinkage cracks. These cracks can cause
severe damage to the structure if capillary water can enter the cracks. A solution
can be to apply a lime mortar between the sections rammed at di erent times. The
mortar has a slower drying period and remains plastic until the ramming process
can continue. Shrinkage cracks can occur in all directions, not just between layers.
If cracks appear, the wall should be rendered or the cracks lled (SADCSTAN, 2014).

Similar to concrete, rammed earth shows creep deformations when loaded over time
(Erden, 2022). The creep is 0.02% and should be considered when designing the
structure.

2.1.5 Erosion

Rammed earth is water soluble, which makes it erode when water ows along its
surface (Erden, 2022). The water washes away small particles and gives it a rough
look where greater particles are visible. After a few years, the erosion stagnates
due to the change of surface roughness. When parts of the wall are washed away
the wall loses strength. Therefore, rammed earth structures have to be protected
against erosion and contact with water in general.

Erden (2022) writes that one way to take erosion into account is to uselculated
erosion This is a method where the wall is made 2-3 cm thicker to allow for erosion.
The eventual change of surface roughness hinders the water ow along the surface
from removing more particles. Usingrosion breakss an alternative solution where
tiles are placed horizontally in the wall every 40-50 cm. The erosion breaks aim to
reduce the velocity of the water along the surface, hence the erosion is slowed down.

2.1.6 Protection against water

When designing the structure, it is of great importance to protect it from water.
This as water dissolves the rammed earth. Protection of structures can be done
by using a boot, coat, and hat (SADCSTAN, 2014). The boot aims to protect
the lower part of the structure against the splashback of rain by making the lower
part of the wall water-resistant. Examples of solutions are rendering the surface,
using bricks or stone as protection, or adding a stabilizer to the lower part of the
wall. Another approach is to add an extra layer of rammed earth in the bottom and
replace it when eroded. The coat refers to protection against driving rain that can
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cause erosion of the walls. A possible solution can be to coat the wall surface with a
protective coating. The coating should preferably maintain the vapour permeability
of the rammed earth and be exible enough to follow the shrinkage of the earth
(Walker et al., 2005). Examples of coatings are lime renders, liquid silicate solutions
or linseed oil. Finally, the hat aims to protect the upper part of the structure with an
overhanging water-tight roof. The longer the overhang, the greater area of the wall
Is protected. According to the guidelines from SADCSTAN (2014), a wall height of
three times the depth of the overhang is su ciently protected.

2.1.7 Existing standards and guidelines

Rammed earth as a building technique was used long before building standards and
norms were developed. In some countries, there are building standards for earth
structures, for example in Germany and South Africa. However, in many parts of
the world, there are no well-developed norms or standards for designing and building
with the material.

Matsdotter (2020) describes in her master's thesis that one drawback when building
with earth is the lack of scienti ¢ basis, regulations and standardization applicable
to other conventional construction materials (p.16). Matsdotter claims that the
rammed earth regulations are most highly developed in New Zealand and Germany.

In a comparison made by Lee (2020), it is said that earth has never been a part of
the industrialization process of architecture. Therefore, in order to make earth pro-
li c in modern architecture, it is imperative to go through the process of legalization
via standardization of materials and technologies that the so-called industrial ma-
terials must-have. (p.1). When comparing standards and codes for building with
earth, Lee (2020) limited the comparison to codes in Germany, New Zealand, India,
the USA and Zimbabwe, which all include the rammed earth technique. All the
countries have authorized laws that can be categorized into four parts: earth, build-
ing material, building system, and general requirements. Even though the particle
size distribution was stated as the most important property of the earth, test meth-
ods for determining the particle size distribution were, according to Lee, unclear,
and simple eld tests were often used. At the building material stage, compressive
strength is stated as the most important property in all ve codes. The codes have
di ering views on adding stabilizers to the earth mix. Germany and New Zealand
are the only countries proposing working without stabilizers while the codes in India,
the USA and Zimbabwe require adding cement and lime. In India, the code allows
adding straw to the earth mix to stabilize the material.

On the building system level, the importance of shear strength to withstand horizon-

tal forces such as wind was stressed (Lee, 2020). The earth itself does not necessarily
have to take shear forces but the structural system in full must withstand all forces
acting on the structure. The codes also emphasize the importance of protection
against water in all forms since water is a threat to earthen structures. All stan-
dards provide details to prevent erosion. In New Zealand, India and Zimbabwe, the
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possibility to withstand water should be veri ed through tests such as spraying or
dropping water on the earth structure. In countries where earthquakes are a pos-
sible problem, e.g. New Zealand, India and the USA, seismic design is included in
the building codes. The building codes focus on the earth structure and commonly
take openings into account but only brie y touch upon connecting structures such
as roof, ceiling and oor and how they should be connected to the earthen struc-
ture. The design of the formwork and how it should be used is only mentioned in
the Zimbabwe code, even though the formwork greatly impacts the nal structure.
Maintenance of the earth structure was not covered in depth in any of the codes
and only some of the codes recommended painting or plastering in the construction
stage.

2.1.8 Comparison with conventional building materials

When comparing earth with other building materials that are more commonly used
in the industrialized world, it can be concluded that earth has the lowest load bear-
ing capacity in both compression and tension but is bene cial in other aspects. In
Table 2.2 material properties of rammed earth, concrete, wood and brick are listed
with data from Olsson (2022).

Table 2.2: Properties of earth structures compared to conventional building mate-
rials. Data from Olsson (2022).

Material properties Rammed | Concrete | Wood Brick
earth
Density [kg=nr] 2250 2200 500 1500
Compressive strengthj1P a] 0.5-5 10-130 7-64 12-65
Tensile strength MP a] 0.2-0.5 1-10 2.5-165 | 1.2-13
Shrinkage ratio P4 0.5-2 0.04-0.08 | - -
Drying period [days| 28-42 28 - -
Thermal conductivity [W=mK] 1.0 1.7 0.14 0.7
Speci ¢ heat capacity kJ=kgK] | 1.0-1.2 1.0 1.6 1
Embodied energy kgCCO?eq=n%] | 9.3 229 -680 565.2

Earth has equally high speci c heat capacity as concrete and bricks, which means it
requires the same amount of energy to heat the building. Rammed earth have lower
thermal conductivity than concrete, hence, heat is transported slower through the
material which dampens the heat uctuation inside a building. Regarding embodied
energy, rammed earth has a low value compared to concrete and brick. Wood has a
negative value since it captures C©while growing. Further, earth is 100% recyclable
which means that it can be reused without losing quality if no stabilizer has been
added.
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2.2 The Gambia

The Gambia is located below the Sahara Desert, along the Gambia River with Sene-
gal surrounding the country. Possible aspects to consider regarding the Gambian
climate, history of its building industry and education are presented in this section.

2.2.1 Climate in The Gambia

The Gambia has a sub-tropical savanna climate with a rainy season from June to
October (The Republic of The Gambia, 1996). The temperature diers slightly
between the coastal areas and the inland, with a mean temperature between 18
°C and 30 °C during the dry season from November to May (The World Bank
Group, 2021b). During the rainy season, the mean temperature ranges between 23
°C and 33°C. Overall, the mean temperature in the country as well as the minimum
temperatures has increased over the last 60 years. During the rainy seasons most of
the country's precipitation is received, a yearly average between 700 and 1000 mm.
Similarly to the average temperature, the average precipitation amount has changed
over time resulting in shorter rain seasons with less rain. Compared to Sweden, the
average amount of yearly precipitation is about the same, approximately 700 mm,
though in Sweden, this is more evenly distributed over the year (The World Bank
Group, 2021a).

2.2.2 Signi cant natural hazards in The Gambia

The World Bank Group (2021c) de nes some signi cantly hazardous weather con-
ditions occurring in The Gambia. The most common hazard is ooding, both of the
Gambia River and along the Atlantic coast. Each year about 20% of the country is
ooded, and larger ooding occurs occasionally a ecting many of the inhabitants.

The Gambia Standards Bureau (2018) states that ooding is a Very serious and
urgent problem... (p.15).

2.2.3 History of the Gambian building industry

The Gambia is a rather poor country with a gross domestic product per capita of
2 270 PPP$ in 2022, compared to Sweden with 53 300 PPP$ (Gapminder, n.d.-b).
According to The Republic of The Gambia (1996) the incomes in the country were
low in 1996 compared to the costs of housing due to high construction costs. The
high construction costs can be derived from the high costs of importing building ma-
terials. A large proportion of the building materials used before 1996 were imported,
causing expensive constructions where most of the money used left the country. In
1991, over 10 million US dollars left The Gambia due to import of construction ma-
terials. To reduce this, a suggestion was presented in the report to keep the money
within the domestic economy. It proposed importing less building materials and
instead using locally available materials and encouraging the local material industry.
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Another in uencing parameter for the lack of use of local building materials was,
according to a report from The Republic of The Gambia (1996), the building regu-
lations which were complex. The report says that the standards were set high and
complicated to combine with the use of local building materials. The standards were
evaluated and changed in 1995 to add more exibility and bene t the use of local
building materials and receive a building standard that would be more achievable
to the poorer population.

The existing construction labor in The Gambia can also be seen as part of the
di culties regarding the history of The Gambian construction industry. The report

by The Republic of The Gambia (1996) states that imported construction materials
and high standards required workers skilled in the more complicated procedures
used. This limited the supply of suitable workers, while there was a large portion
of workers available with less skills in these techniques.

2.2.4 Education in The Gambia

The Republic of The Gambia (2002) states in its constitution that All persons shall
have the right to equal educational opportunities and facilities... as well as ...basic
education shall be free, compulsory and available to all (p.15). It also states that
disabled persons should not be discriminated regarding the availability of education.
The education in The Gambia has traditionally been through verbal instructions and
imitation (The Republic of The Gambia, 1988). Nowadays, visual arts are part of
education as well as education in local languages and cultures. According to The
World Bank (2022), 73% of the youths aged 15-24 in The Gambia could read and
write in 2021. Data from Gapminder (n.d.-a) shows that 85.2% of primary school
aged children completed primary school in 2021.

2.3 Physical exploration

In this section, explorations of the ramming process and performed tests for evalu-
ating structural properties are described. The ramming process is assessed through
ramming projects of di erent sizes to gain experience and a feeling for the material
and the technique. A test method for evaluating compressive strength that can be
utilized on site in The Gambia is developed.

2.3.1 Exploration of ramming process

Initially, small samples were rammed with earth mixes of di erent clay content to get

a feeling for di erent mixes and how they appear and behave. The ramming process,
consisting of i.a. earth mixing, earth testing, and ramming were explored. Later,
a wall with an arch opening was rammed. The goal was to get an understanding
of the process in a larger scale and identify challenges along the way. An arch was
created in the wall to evaluate the arch technique as an alternative way to create an
opening.
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2.3.1.1 Earth mixing

Three mixes containing 10%, 15%, and 20% clay were prepared. The clay content
was adjusted by mixing clay with crushed stone and gravel, all bought in a store to
ensure that the correct clay content was achieved. It was noticed that a mix with
higher clay content feels more sticky while less clay gives a sandy feeling.

When mixing the earth for the wall, clay was taken from a gravel pit outside of
Gothenburg. Some obstacles were met that had not been discovered when mixing
the smaller samples. It was more challenging to mix wet clay with gravel. The clay
was wet and cloddish from the beginning and despite the fact that a concrete mixer
was used, it was much harder than mixing dry ingredients. In this case, the mix
was also too wet, so it had to be dried before it could be used. The cold and rainy
weather at the time made it di cult and time-consuming to dry the earth.

2.3.1.2 earth testing

One of the biggest challenges when ramming was to nd the right mix. The jar tests
gave a good indication of how much clay and silt the mix contained in total, but
it was noticed that the line in between the clay and the silt layers can be di cult
to identify. A large amount of earth was mixed, with an aim of 15% clay content.
As can be seen in Figure 2.4, the clay and silt together is clearly higher than 15%.
Since the jar test takes approximately 24 hours to settle it is hard to ne-tune the
mix while mixing.

Figure 2.4: Jar test of the earth used for ramming the wall.
The ball drop tests gave a quick result indicating the moisture content. It was
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noticed that the di erence between a too sandy and a too dry mix was hard to
distinguish from the ball drop test. The result also deviated signi cantly if a clay
clod was present in the ball. It was discovered that it can be bene cial to make
several ball drops of the same mix to reduce the uncertainties and conclude that the
mix is suitable for ramming.

2.3.1.3 Ramming

During the small ramming tests, it was noticed that the formwork easily moves up-
wards from the base plate causing the earth to leak, if the form is not entirely
fastened to the bottom.

When ramming the large wall, see Figure 2.5a, the formwork had to be moved up-
wards. The importance of placing the formwork completely vertical was discovered.
In this case, the upper part of the wall became slightly tilted due to the formwork
being heavier on one side, which was not realised until afterwards. This can be seen
in Figure 2.5b. The formwork should preferably not cover any part of the opening
where the earth is poured and rammed. This formwork had a part going across
the opening, see Figure 2.5c, which resulted in uneven ramming due to di culty of
ramming below the formwork piece.

During the ramming, a slight di erence in sound from the ramming was noticed.
When the earth had been compacted, the sound changed from rather mu ed to
more reverberation from the formwork. This made it possible to hear when the
earth was compacted enough.

For the arch opening, the catenary curve was used to achieve an e cient shape. To
ensure that the formwork can be removed, two wood pieces can be pushed into the
opening in the arch form, causing the form to fall slightly and be released from
the wall. The arch-formwork was kept within the wall during the drying time.
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(@ Rammed earth wall (b) Wall from the side. (c) Part of formwork cov-
with internal arch. The The upper partis slightly  ering the opening.
picture is taken just after  tilted due to formwork

ramming, with the arch-  not being completely ver-

form still in the wall. tical.

Figure 2.5: Pictures of the rammed wall.

2.3.2 Initial evaluation of test equipment

The rst test was conducted to evaluate the function of a self-built test equipment
as well as to evaluate how the clay content a ects the compressive strength of a
rammed earth specimen. The tests were carried out at Chalmers on the 3rd of
February.

2.3.2.1 Test equipment

The tests were conducted with the self-designed test device, built by Simon Rustas,
see Figure 2.6a. The equipment consists of a compression plate where the force is
applied to the specimen by tightening a screw-nut along a rod, pushing the compres-
sion area downwards. The rod is connected to a scale that shows the force applied.
Under the specimen, wood blocks are used to reach the desired height.

2.3.2.2 Test method

Three rammed blocks were tested, containing 10%, 15%, and 20% clay respectively.
The blocks were left to dry for eight days at room temperature before being tested
in compression. A steel plate was used to distribute the force over a 6x6 cm area, see
Figure 2.6b. The applied force on the specimen is calculated through equilibrium
according to Equation 2.1, including the relation between the lever arms of the test
equipment. The calculation procedure can be found in Appendix A.
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(@) Self-designed test device, built by Simon Rus- (b) Steel plate applying the
tas. load to the specimen.

Figure 2.6: Testing con guration.

655
P=m g 175 (2.1)
where: P = point load [N]
m = weight showed on scale [kg]
g = acceleration of gravity [m/S]

Observations were noted during testing and an equivalent compression stress was cal-
culated according to Equation 2.2. Since the block is only partially loaded, Swedish
Standards Institute (2008) (p.111) is used to calculate the adjusted compressive
stress, see Equation 2.3 and Figure 2.7.

P
= = 2.2)

=)
ad = quef (2.3)

stress [Pa]

P = point load [N]
A = area [nT]

ag = Stress adjusted to partially loaded area [A)
A¢ = e ective area under partially loaded area [rfj
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Figure 2.7: Compression stress on partially loaded area.

2.3.2.3 Results

The cracking loads and the failure loads of the blocks can be seen in Table 2.3. The
15% block reached failure at a load of 8.75 kN. For the 10% block and the 20%
block, compression failure was never reached due to lack of possibility to increase
the load further with the testing device, as the bolt was too short.

Table 2.3: Compressive stress for blocks with various clay content.
Test 1 - 03.02.2023

Compression
P ad
[KN] | [MPa]| [MPa]
10 % Crack 864 |24 1.1
Max load, no fail | 9.00 | 2.5 1.2
15 % Crack 7.15 | 2.0 0.92
Max load, fall 875 | 24 1.1
20 % Crack 6.64 | 1.8 0.85
Max load, no fail | 9.26 | 2.6 1.2

2.3.2.4 Discussion

Overall, during the compression tests, the cracks appeared at the top and grew
downwards when the load was increased. Cracks were seen in the 20% block before
testing. Since the clay content was higher in that earth mix, some cracks might
have appeared due to shrinkage, or from moving the specimen. Therefore, it was
not entirely clear when it started to appear new cracks and when the already ex-
isting cracks started growing. There was however one crack that was visibly larger
than others after the compression test was performed. In the same specimen an
elastic deformation was observed. The side surface was bulging out when under
high compression but most of the deformation was drawn back when unloaded.

The test equipment worked well overall. However, the rod where the load was applied
by tightening a screw-nut was too short to achieve a load high enough to break all
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the specimens in compression. This resulted in two test blocks not failing. For future
tests, higher forces are desired to reach compression failure for all specimens, which
can be done by extending the length where the nut can be screwed or by reducing
the steel plate area.

2.3.3 Second evaluation of test equipment

A second test was performed at Chalmers on the 14th of February. The compressive
strength and the stress-strain relation for four di erent earth mixes was evaluated.
The four mixes contained 10%, 15%, 20%, and unknown% of clay. Further, a new
calculation method for calculating adjusted compressive strength from a partially
loaded area was tested and evaluated.

2.3.3.1 Test equipment

Some alterations were made to the test equipment after the rst test. Two of these
were increasing the length of the rod as well as decreasing the anchoring loops
attached to the scale. This was done to increase the possible tightening of the test
equipment and thereby increase the applied load. Another alteration made to gain
higher compressive stresses was to reduce the steel plate size from 6x6 cm to 4.5x4.5
cm. The two steel pipes forming the lever arm were welded together instead of
clamped to decrease the loss of force to shear movements between the pipes.

(@) Old test equipment where parts to  (b) Updated test equipment.
be changed are highlighted.

Figure 2.8: Comparison between old and new test equipment.

2.3.3.2 Test method

Two small cylinders and one block from each mix was rammed and left to dry at
room temperature for eight days before being tested. The whole cross section of the
cylinders were loaded, the compression stress is therefore calculated using Equation
2.2.
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The uncon ned compressive strength for the blockd,, is the recalculated stress
taking the material outside of the compression area into account. This was done
according to Appendix C in Walker et al. (2005), see Equation 2.4. , is a fac-

tor taking the geometry outside of the compression area into account. The factor
should be between 1 and 1.5. In this case 1.5 is used to be conservative, assuming
failure just below the compression plate. y, is a material safety factor depending

on the experience of the workers and the test method used to determine the earth
properties. For this case, the factor is set to 1 since the material capacity should be
calculated without safety factors.

The height of the specimen was measured step-wise during loading, using a vernier
caliper. The heights were compared to the initial height to obtain the strain.

P wm
fe A (2.4)
where: f. = uncon ned compressive strength [Pa]
P = point load [N]
v = material safety factor [-]
b = concentrated bearing factorl < < 1.5[-]
A, = equivalent compression area [fi

2.3.3.3 Results

The results from testing are presented below together with observations. In the
following table, Table 2.4, the failure loads for the cylinders are presented, while in
Figure 2.9, the stress-strain relations for the two cylinders of each mix can be seen.
All the result data is found in Appendix B.

Table 2.4: Failure loads for cylinders. Test 2 - 14.02.2023.

Compression
P mean
[kN] | [MPa]| [MPa]
Cylinder 1 190 | 1.77
0
10% Cylinder 2 1.85 | 1.72 175
Cylinder 1 190 | 1.77
0
15 % Cylinder 2 1.13 | 1.05 1.41
Cylinder 1 134 | 1.24
0
20 % Cylinder 2 1.75 | 1.63 1.44
Unknown Cylinder 1 1.34 | 1.24 158
% Cylinder 2 2.06 | 191 '
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(@ 10 % clay (b) 15 % clay

(c) 20 % clay (d) Unknown % clay

Figure 2.9: Result showing stress-strain diagrams for the two cylinders of respec-
tive mix.

One of the cylinders of unknown % of clay cracked between the layers when lift-
ing the specimen before testing. The layers in this specimen were clearly visible
and relatively thin. The parts were stacked on top of each other and tested in the
same way as the other cylinders. The compression strength of this cylinder was the
highest of all cylinders, reaching 1.9 MPa. After unloading, it was noticed that the
specimen was broken between more layers than from the beginning, the cut being
close to perfectly at between the layers.

In Table 2.5, the failure loads for the blocks can be found. All the blocks were loaded
until failure and tended to crack at the corners of the compression plate of the test
equipment. The 10% and 15% blocks had compressive marks of about 2 mm when
unloading the blocks, while the other two blocks barely had any marks.
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Table 2.5: Failure loads for blocks. Test 2 - 14.02.2023.

Compression
P fe
[kN] | [MPa]| [MPa]
Block 10% 592 | 292 | 1.95
Block 15% 8.75 | 4.32 | 2.88
Block 20% 7.72 |3.81 | 254
Block Unknown% | 6.43 | 3.18 | 2.12

In Figure 2.10, the jar tests for the 10%, unknown % and 15% mix show that the
unknown mix has the most clay. The 15% mix correlated relatively well and showed
a result of 18% clay. The 10% mix indicated a clay content of 16% while the un-
known mix showed a result of 24% clay.

Figure 2.10: Result of jar tests with di erent clay content, 10% clay to the left,
unknown clay content in the middle, 15% to the right.

2.3.3.4 Discussion

When performing the tests, it was seen that the strain sometimes changed drastically
and sometimes not at all. It was therefore challenging to conclude anything about
the modulus of elasticity. The number of measuring points was deemed insu cient

and the measuring method was not precise enough. An improvement would be to
have more measuring points.

What can be seen from the results of the tests is that there are many parameters
a ecting the compressive strength. The ramming is in uencing as well as the parti-
cle sizes and its distribution within the specimen. If there are large patrticles, it has
more impact on the tested strength of the smaller cylinders, compared to the bigger
blocks, since the particle takes up a bigger portion of the cross sectional area.
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The cylinders showed di erent failure modes. In some specimens, the failure oc-
curred through crushing over the entire cross-section of the element, see Figure
2.11a. For other specimens, a diagonal shear failure occur, see Figure 2.11b. Al-
though, most specimens had a failure mode somewhere in between, with both crush-
ing and a shear-like cut. The di erent failure modes can occur due to varying load
application or uneven particle distribution within the specimen. The failure between
layers, that happened in one cylinder, is due to the lower bond strength between
layers compared to within a layer.

(@) Crushing failure (b) Shear failure

Figure 2.11: Pictures showing di erent failure modes of cylinders.

The cylinders tended to crush in the layer that was rammed last. This was con-
rmed by testing one of each cylinder with the last rammed layer up, and one with
the last rammed layer down. The tendency can be explained by the surcharge force
that compacts the bottom layers extra when ramming the layers above.

When calculating the uncon ned compressive strength according to Equation 2.4,

it is assumed that the failure always occurs directly below the compression plate.
This might not always be the case, but it is di cult to tell exactly where the failure
occurs. Hence, it is concluded that when testing the compressive strength in the
test equipment, cylindrical specimens where the whole cross-section is loaded gives
more reliable results.

Something noticed during the testing was that the top of the specimen was not al-
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ways completely at. This can result in unequal load distribution on the specimens,
which might have caused stress concentrations. Cracks sometimes appeared before
the compression plate was completely in contact with the specimen. The calculated
stresses can therefore be lower than what the specimen was subjected to. The actual
application area could not be estimated. The calculated stresses should however be
on the safe side since the full contact area is used for the calculations, but the actual
area might have been smaller. To avoid this source of error in future tests, the top
surface can be polished at before performing the test.

2.3.4 Final evaluation of test equipment

To further evaluate the test equipment, a third compression test is carried out with
more samples. This time with cylindrical samples where the load is distributed over
the entire cross section. According to Fabbri et al. (2022), the specimen should have
a diameter between 100 to 150 mm and a diameter-to-height ratio of 1:2. Since the
test equipment is unable to apply loads high enough to break dimensions of that
size, the diameter is reduced to 70 mm and the height to approximately 140 mm.
Figure 2.12 shows the seven test cylinders. The test was performed at Chalmers on
the 8th of March.

Figure 2.12: Dried specimen before polished and compression tested.

2.3.4.1 Test method

Seven rammed cylinders were left to dry at room temperature for eight days before
tested. The earth mix used for all the cylinders was the same as when ramming the
wall, jar test can be seen in Figure 2.4. This time, a separate steel plate was used
to distribute the load over the entire specimen and the stresses were calculated ac-
cording to Equation 2.2. The characteristic uncon ned compressive strength of the
cylinders was calculated according to Equation 2.5, using Equation 2.6 and Equa-
tion 2.7 from Appendix A in Walker et al. (2005). The result was compared to the
recommended characteristic uncon ned compressive strength which is a minimum
of 1.0 MPa. Worth noticing is that the test is not performed exactly as described
in the literature, with e.g. other drying conditions and specimen sizes.

fou=fa 165, 1 (2.5)
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P
fa = T (26)
S B R —
= ( fa)z (2 7)
n 1 n 1 .
where: fcu = characteristic uncon ned compressive strength [Pa]
fa = average compressive strength [Pa]
n 1 = Standard deviation [Pa]
= stress [Pa]
n = number of specimen [-]

The strain is measured every 5 kg on the scale. The vernier caliper is placed between
the supporting plates. The modulus of elasticity is calculated using Equation 2.8.

E = (2.8)

where: E = modulus of elasticity [Pa]
stress [Pa]
" = strain [-]

2.3.4.2 Results

The results from the compression test is presented in Table 2.6. In Figure 2.13 the
measured stress-strain relation is presented and in Table 2.7 the calculated elastic
modulus. The elastic modulus for respective specimen is calculated as the slope
between the third and the second last measuring point. All the result data and
calculations can be found in Appendix C.
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Table 2.6: Failure loads for cylinders, all rammed with the same earth mix. Test
3 - 08.03.2023.

Compression
P fa fe
[KN] | [MPa]| [MPa]| [MPa]
Cylinder 1 748 | 1.94
Cylinder 2 6.26 | 1.64
Cylinder 3 449 | 1.17
Cylinder 4 501 |1.30 |1.50 | 1.08
Cylinder 5 5.21 | 1.35
Cylinder 6 583 | 151
Cylinder 7 6.14 | 1.60

Figure 2.13: Measured stress-strain relation for all seven cylinders.
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Table 2.7: Elastic modulus for the cylinders as well as the mean elastic modulus
for all cylinders. Test 3 - 08.03.2023.

Compression
E Emean
[MPa] | [MPa]

Cylinder 1 149

Cylinder 2 445

Cylinder 3 66

Cylinder 4 147 | 218

Cylinder 5 156

Cylinder 6 59

Cylinder 7 505

2.3.4.3 Discussion

As can be seen in Table 2.6, the test gave a relatively unambiguous result for the
compressive strength. There are three specimens around 1.5 to 1.6 MPa, and two
around 1.3 MPa. Then there are Cylinder 1 and Cylinder 3 deviating more than
the others, one on the high end and one on the low end. The average compressive
strength is calculated to 1.50 MPa, which is the exact limit for a one-storey building
according to Keable and Keable (1996). When comparing to the construction guide-
lines from Walker et al. (2005), the limit of 1.0 MPa for characteristic uncon ned
compressive strength is reached with a calculated strength of 1.08 MPa.

The results suggests that the test equipment can give an indication of the compres-
sive strength and its suitableness if adequate number of test specimens are tested,
although lab tests will be necessary to achieve exact properties.

One of the main problems with the testing is to obtain a at enough compressive
area to assure an equally distributed stress in the specimen. Although the surface
was polished with sandpaper before loading, it was not completely at. According
to Walker et al. (2005), the most e cient solution would be to add a thin layer of
plaster on both ends of the specimen to ensure at compression areas. This was not
possible for this test, but can be done in a lab.

The modulus of elasticity varied between the specimens, see Table 2.7. The mean
value, E nean, IS Within the expected range for rammed earth of 100-500 MPa (Walker
et al., 2005). The values varied to a large extent depending on the points used for
the calculations where the corresponding measuring points were used for all speci-
men. The third and the second last point were chosen to be the most representative
for all the curves. The rst three were disregarded since the plate might need some
pressure to settle. De ection just before the failure was hard to measure since the
specimen collapses and therefore the last measuring point was also disregarded.

Conclusions drawn from this test are, i.a. that larger cylinders are the best geometry
of specimens due to the possibility of achieving relatively uniformly rammed speci-
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mens without corners a ecting the stress distribution. Further, there is no need for
recalculations of the e ective area if the entire cylinder is loaded. To achieve a more
reliable indication of the compressive strength, several cylinders rammed in a similar
way and of the same earth mix, should be tested. Hence, the average compressive
strength, f,, can be compared to the limit presented by Keable and Keable (1996),
as well as the characteristic uncon ned compressive strength,,, compared to the
limit stated by Walker et al. (2005). These conclusions will be used when testing the
earth in The Gambia. However, the stress-strain relations and modulus of elasticity
is considered too time-consuming and complicated to perform in a reliable way on
site.
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Field studies

By spending eight weeks in the urban area along the west coast of the country, ob-
servations regarding the Gambian culture, weather, current built environment and
existing earth constructions were made. In this chapter, the knowledge and the
insights gained are presented. The considered aspects were encountered through
observations and study visits as well as interactions with people in The Gambia.
Ramming and compression tests of local soil mixes were performed. Further, a
workshop was done which is described in Chapter 5. Cultural aspects, which are
not vital to answer the research question, are presented in orange boxes. These
boxes can be read if extra input regarding the country and its culture is of interest.

From getting to know the people of the country, some important cultural
and local aspects are discovered. There are many dierent tribes and lan-
guages co-living in the country which creates an open environment. Overall,
the people of The Gambia are friendly and welcoming. They are helpful
and share with each other. As Salif, chef at a hotel, describes the mentality
of the Gambian people: If someone goes hungry, you share your food with them.

The family is important and they often live together in a house or compound

in multi-generational homes. They help each other looking after the children

and take care of the household. When the parents grow older, they usually
move in together with their children who take care of and provide for them.

Overall, the people in the country are poorer than people in Sweden. Money
is lacking and many jobs are occasional, not providing a continuous income.
The tourism industry is important for the economy and the tourism season is
commonly from October to end of April. For people working within tourism,
the rest of the year can consist of occasional jobs, or no work. The unstable
economical situation can sometimes be seen at construction sites. The con-
struction starts even though the money is not enough to complete the whole
structure. When money runs out it is paused until there is money to continue.
Finishing the construction can take months or years depending on the nancial
situation.

Observations have mainly taken place along the west coast of The Gambia, on
the southern bank of the river. From these observations, along with interactions
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