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Abstract

Africa is urgently in need of adequate basic infrastructure and housing, and it is one of the continents where massive construction activities are on the rise.
There is a vast variety of potentially viable resources for sustainable construction on the continents, and consequently, the continent can bring innovative,
greener technologies based on local sources effectively into practice. However, unlike established concrete constituents from industrialised countries in
the global North, most of the innovation potentials from the African continent have not yet been the focus of intensive fundamental and applied research.
This clearly limits the implementation of more sustainable local technologies.

This paper presents a case for the need to first appreciate the rich diversity and versatility of the African continent which is often not realistically perceived
and appreciated. It discusses specific innovation potentials and challenges for cementitious materials and concrete technology based on local materials
derived from sources on the African continent. The unique African materials solutions are presented and discussed, from mineral binders over chemical
admixtures and fibres to reinforcement and aggregates. Due to the pressing challenges faced by Africa, with regards to population growth and
urbanisation, the focus is not only put on the technological (durability, robustness and safety) and environmental sustainability, but also strongly on socio-
economic applicability, adaptability and scalability. This includes a review of alternative, traditional and vernacular construction technologies such as
materials-saving structures that help reducing cementitious materials. Eventually, a strategic research roadmap is hypothesised that points out the most
relevant potentials and research needs for quick implementation of more localised construction materials.
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1 Introduction countries is expected to grow from the current 26% to 37% in
2050 [4]. This is because mineral binders such as cement are
an essential component of concrete, which is the material
used to build structures and infrastructures in the rapidly

Construction materials have enormous direct and indirect
impact on the global climate, not only for the huge energy

consumption but also the massive emissions of greenhouse developing global South as well as for maintenance and

grass.es. Cement ;')rod'uctlon alc?ne co'nsumes.a high volume' of retrofitting of the built environment in developed countries of
virgin raw materials, is energy intensive and involves chemical the global North

process technologies that pollute the environment. Thus, it
contributes significantly to global CO, emission. Global
cement production was estimated at 4.6 Gt/a [1] in 2015 and
continues to rise to expected values between 6 and 13.5 Gt/a
in 2050 [2, 3]. While cement production in China has reached
its maximum peak, the production in other emerging

To date, concrete is the only material in the world that can
meet the enormous global demand for construction materials
[4]. Any other materials used in the same quantity would
generate much higher carbon emissions and require more
processing energy [5]. Nevertheless, concrete is produced in
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huge volumes - it makes out approximately 50% by mass of
everything that the world produces — and therefore it
significantly contributes to global carbon emissions. Cement
alone is responsible for about 6 to 10% [4] and additional
contributions arise from manufacture, transportation and
construction itself. The situation is aggravated by the
projected increase in the world’s population from today’s 7.3
t0 9.7 billion in 2050 [6], which leads to an increase in demand
for housing and infrastructure. This, in turn, results in a direct
increase in the demand for concrete. This growing demand
has dramatic consequences for the global climate [4] and as
recently concluded by a Consensus of leading international
institutions of the built environment such as JCSS, RILEM,
IABSE, fib, CIB, ECCS [7], sustainable innovation at all level is
urgently required.

In the light of this, Africa becomes the region in the world
where sustainable innovation can have the greatest leverage
towards mitigation of the climate challenge, if strategic
actions be taken rapidly. The rate of population growth in
African urban regions is on average more than twice that of
the rural areas [8]. By 2050 today’s urban construction in
Africa will be quintuplicated [9], which will ideally take place
using sustainable, materials-saving, and environmentally
friendly technologies. However, since sustainable materials
inevitably call for local solutions fit for the specific purpose
and adapted to the specific boundary framework [8, 9], more
research in unknown or under-investigated alternative
resources and technologies is urgently required.

African research should focus on technologies that help
keeping the carbon emissions low. Today, Africa accounts for
only ca. 4.2 % of global carbon emissions (Fig. 1a.), while the
per capita carbon emissions in Sub-Saharan Africa (SSA) are
less than 5% of the emissions of a US citizen. Considering a
proposed annual carbon budget of 2.7 kt per capita to limit
the global warming to 2 °C [10], SSA is the only region in the
world that can stay below this threshold coming from
significantly below it (Fig. 1b.). The numbers for the Figs. 1a
and 1b were calculated based on country data from 2018
provided by [11], which were sourced from Carbon Dioxide
Information Analysis Center, Environmental Sciences Division,
Oak Ridge National Laboratory, Tennessee, United States.
This low per capita carbon budget gives Africa an enormous
potential, but also a high responsibility to become a global
green pioneer. In order to make this possible, research in the
relevant areas is inevitable.

The numbers in Fig. 2a were calculated based on country data
for 2018 taken from [13], which were sourced from National
Science Foundation, Science and Engineering Indicators.
Similar numbers were shown by other sources in 2015 [14].
The percentage of SSA is just a bit higher than that of
Switzerland (0.933%), although SSA has 125 times more
inhabitants. Switzerland is a country with a per capita GDP of
79214 USD in 2018, which is between 5.4 and 376 times
higher than the highest and the lowest African national per
capita income for the Seychelles with 14385 USD and Burundi
with 211 USD, respectively [15].
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Figure 1. Percentage contribution of different regions to the global
carbon emissions (a) and per capita carbon emissions for the
respective regions (b) (data source [11]).

Therefore, Switzerland can afford spending 2670 USD per
capita to be invested in research. In contrast, NA on average
spends 20.4 USD per capita expenses in research and SSA on
average 6.8 USD. South Africa spends the maximum, which is
60.96 USD and Madagascar spends the minimum, which is
0.05 USD (Fig. 2b). The numbers in Fig. 2b were calculated by
dividing the total regional research expenditure with the total
regional population. Regional data were derived from country
data provided by [16] based on UNESCO Institute for
Statistics; regional population data were derived from
country-specific data provided by [12] based on United
Nations Population Division, national statistical offices,
Eurostat, and United Nations Statistical Division.
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Figure 2. Scientific and technical journal output indexed in SCI/SSCI
from different regions in the world (a) (data source: [13]), and per
capita research expenses in these regions (b) (data sources: [12, 16]).

The low investment in research in Africa is mainly due to the
need to meet almost equally competing basic demands such
as food, health, education and infrastructure development,
using limited income. Therefore, it is likely that the limited
financial support for research in Africa will continue to be the
case for the next couple of decades, while at the same time,
the demand for rapid urban growth and infrastructure will
increase dramatically and calls for research progress.

With limited financial resources for research in Africa, it
becomes more relevant than for any other group of
researchers to concentrate on activities and projects that
have the maximum social impact. Researchers in Africa need
to channel and combine research capacity in those specific
areas that not only address local challenges but also have
global impact.

The socio-economic, cultural and historic African research

perspectives are globally extremely relevant and should have
greater impact in the world. Nevertheless, research in

construction and construction materials stands out because
of the dramatic climatic threats, the consequences of which
will affect the whole world. The urbanisation pressure along
with Africa’s unique offset position in terms of per capita
carbon emissions make research in sustainable, locally
sourced, and greener construction materials eminent. It is
also important to notice that materials and construction have
socio-economic, cultural, historic, and future determining
components since building activities and human
developments have always been mutually interacting [17].
Hence, research in these areas can also spark new research
frontiers of social and cultural relevance. In return, African
engineers and natural scientists should consider the social
relevance and impact of their research. Even with limited
financial resources and research output, such considerations
should make research addressing Africa be appreciated in
their own right relative to the other publications.

This paper proposes and advances a number of relevant and
innovative potential research-based solutions in the field of
construction materials with specific African and global
relevance that goes beyond the purely technical aspects. The
overview paper aims at inspiring and triggering future
research activities within a broader context, including the link
between materials and socio-economic implications, with
relevance for more sustainable, climate friendly, and local
construction.

2 Specific African boundary conditions

The African continent exhibits specific boundary framework
that significantly differ from those conditions that can be
found in regions where concrete looks back on a significantly
longer tradition and history, such as Europe, North America
and parts of Asia. This means, many existing rules and the
often applied European or US standards are not ideal for the
African framework. The boundary conditions within the
African framework are as follows:

e In contrast to many other regions where the cost of
cement is significantly lower than labour cost, in most
African countries cement is often the most relevant cost
in construction [18].

e  Ready-mixed concrete is not common practice in most
countries in SSA. The typically strained urban
infrastructure makes transportation times unreliable
and the costly long-distance transportation
requirements to areas with poor accessibility demand
for retarding admixtures. Despite the advantages of
ready-mixed concrete over site mixed concrete [19],
maximisation of its benefits will continue to be a
challenge on the continent.

e Much of the construction industry is conducted within
the informal sector which, depending on the country,
makes out between 20% and 89% of the non-
agricultural business in Africa [20].
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e Apart from NA countries and South Africa, clinker,
gypsum, admixtures and supplementary cementitious
materials (SCMs) are often shipped into African
countries from other countries and continents based on
market prices, causing enormous scatter in
constituents’ quality. At the same time, they lack well-
equipped and funded quality control laboratories. This
hinders their ability to cope with the vast variability of
products in the market, increasing the need for
robustness in the application.

This special framework that deviates from most regions,
where concrete has been established on larger scale than in
Africa today, calls for non-conventional solutions — with
regards to materials and technologies.

3 Mineral binders

Worldwide applied standards for cementitious materials
consider fly ash (FA), limestone filler, and ground granulated
blast furnace slag (GGBS) as SCMs to modify performances
and minimise the clinker factor. However, FA and GGBS
hardly exist on the African continent, and thus are not a viable
option. Also calcined and natural pozzolana have been
considered, but in order to find acceptance in the market,
more research into their performance is required. Based on
the proven effectiveness of these materials [4, 21], these
materials can also become viable options in many regions in
Africa to lower carbon emissions and reduce costs,
particularly in the East African Rift Valley as well as in West
Africa and North Africa. Nevertheless, the option of natural
pozzolan could also compete with land in those areas where
subsistence and commercial farming are predominant, while
the challenge of disrupting the natural ecosystem with
associated pollution call for concern.

Another widely unexplored potential source of
supplementary materials is the mining industry. Mining is a
very strong industrial sector in Africa, unfortunately with
relatively little local added value. Exploring the possible use in
the construction sector of the huge volumes of wastes
produced by the mining activities may be a useful way to add
value, provided the heavy metal content can be kept below
the acceptable values [22]. Similarly, the large evaporite rock
deposits found in some countries of East and West Africa may
become a very valuable source of material for alkali-activated
binders.

Furthermore, limestone calcined clay cement (LC3) is a rapidly
emerging technology [4, 21]. LC3 can be produced from so
called dirty clays, which are not suitable for the ceramics
industry. If these clays are calcined they become more
reactive and show a synergistic effect with limestone, which
can significantly reduce the clinker factor. Africa has huge
deposits of clay, and the high clinker prices in most African
countries call for solutions where cost can be saved along with
carbon emissions.

Another relevant source of binder alternative comes from
agriculture such as the ashes of many by-products from food
processing such as cassava peels, rice husks, sugar cane
bagasse, palm kernel or maize cobs [23-29]. A major limiting
factor for the large-scale use of these wastes, which are often

produced by smallholders or cooperatives, is the relatively
small amount as well as the lack of infrastructure to collect,
monitor, control and homogenise the residues for further
industrial use. Therefore, the use of these materials in cement
plants is not economically viable in most places. Nevertheless,
ternary blending of the ashes from agro-based materials can
increase the supply and substantially reduce clinker
consumption. Meanwhile, more research is needed to
establish performance of ternary blends. Furthermore, the
African cement market consists of multiple players, including
many formal and informal smallholder brick producers, that
can make use of the bio-based pozzolans to reduce cement
for cost saving and to improve their carbon footprint. Using
agricultural waste, in this way, offers additional benefit of
being effective disposal, minimising environmental
challenges faced by the current disposing techniques in most
African countries.

In addition, materials such as natural gypsum and phospho-
gypsum which are, respectively, available in large reserves
and produced as by-products from the phosphate industry in
large quantities in Africa [30, 31], can be incorporated with
little processing in the construction of affordable housing. The
use of gypsum should be explored especially in the hot and
dry regions such as North Africa and Sahel in order to exploit
its heat and sound insulation properties in such areas.
Phospho-gypsum can be used in the brick and cement
industry, and in road construction [32].

With the right resources and a circular approach, a
combination of pyrolysis and vertical shaft kiln technology
would allow to produce organic components to be used as
admixtures or sealants before in a next step mineral
pozzolanic materials could be produced along with the
production of bricks and calcined clays [8]. Research in
circular and synergistic production processes requires
significantly more collaborative research between civil,
process, and environmental engineering.

4 Chemical admixtures for concrete

Water reducing agents have revolutionised the concrete
technology as they help to reduce the water content in
concrete without compromising the consistency. This, in
conjunction with supplementary chemical admixtures such as
retarders, accelerators and stabilising agents, eventually, led
to the development of new concrete types, the consistency of
which can be tailored to the specific process requirements. In
Africa the use of chemical admixtures is probably more
important than in many other regions in the world due to the
high temperatures as well as the wide range of construction
site environments from minimalistic equipment to fully
automated process chains.

However, most chemical admixtures used in concrete are
based on naphtha chemistry, and the global processing
typically takes place outside Africa. Therefore, most of the
chemical admixtures are imported. This makes the use of
chemical admixtures economically and environmentally
challenging.

Recent studies have shown that alternatives to the
established chemical admixtures exist, mostly based on
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polysaccharides [33-38]. Besides agents such as starch and
cellulose that are largely known products to modify the
viscosity of concrete and grout, other polysaccharides than
can be derived from by-products of food production or
directly harvested from nature have shown great potentials
to modify the rheological properties of cementitious systems.

e  The starch of cassava has pointed out to have moderate
plasticizing effect [23]. Since chemical admixtures are
typically added at low dosages to concrete, the starch
residues adhered to the peels can be used to derive
construction chemicals, so that the full tuber can be
used for food processing.

e  Acaciagum can be a very efficient water reducing agent,
which can outperform commercial polycarboxylate
ethers. The performance of the gum, however, depends
significantly on the region where it grows as well much
more than established plasticizers on the water to solid
ratio [37-39]. Hence, further research in the robust
application of such gum is required.

e The gum of the bark of Triumfetta pendrata A. Rich
pointed out to dramatically increase the thixotropy of
cement paste in combination with plasticizing
admixtures [37, 40, 41]. While the gum alone slightly
increases the plasticity of cement pastes, in
combination  with  supplementary  plasticizing
admixtures, it can create flowable consistency that
converts into a fully thixotropic structure after just a few
minutes [40], thus qualifying for a variety of special
applications, such as sprayed concrete, rendering, or
even 3D printing.

Many effects on the rheological properties can be explained
by polymer properties such as hydrodynamic radii, molecular
weights, and zeta potentials, but there is a wide variability of
performances, due to fertilizers, time of harvest, processing,
soil and other effects that need to be studied to make their
application more robust.

Plasticizers, stabilizing agents, thixotropy agents based on
locally sourced polysaccharides such as acacia gum, cassava
starch and the gum of triumfetta pendrata A. Rich are only a
few examples of application possibilities that can be found if
further research is put in polysaccharides. Due to its
biodiversity, Africa, thus, has an enormous opportunity to
develop novel and low-cost admixtures. They are
environmentally friendly and sustainable as well as
economically viable. Research activities in this area are just in
their infancy, and African researchers could spearhead this
bio-based path. Research activities have to be at the
threshold between civil engineering, materials technology,
chemistry and physics.

5 Local aggregates, fibres and reinforcement

Aggregates constitute between 70% and 85% by volume of
concrete. The wide variety of the minerology of natural
aggregates demand for intensive research in aggregates.

Lightweight aggregates can help reduce the dead weight, and
thus cement and materials in general. However, for larger
buildings, live loads typically dominate the loading effect, and

thus the savings due to the use of lightweight aggregates are
limited. Yet, often lightweight materials improve the thermal
insulation, which is important in the hot and humid regions in
Africa.

Large parts of Africa are covered by desert especially in the
poorest Sahel countries. The Sahara alone makes out about
30% of the continent. Dune sand is readily available in the
expansive desert regions in Africa (e.g. the Sahel countries)
with reduced need for extraction and processing. Laboratory
tests have shown that dune sand is suitable for use in ordinary
and self-compacting concrete as well as in sand concrete and
repair mortar [42] but more research is required on industrial
use.

The use of alternative agro-based aggregates in Africa should
also not be ignored considering the abundant agricultural by-
products in Africa [43, 44]. Plant-based fibres and
reinforcement can be used to enhance mechanical properties
of construction materials including concrete. For example,
plant-based fibres have been reported to have the potential
to increase the cracking resistance and enhance the post-
crack behaviour of cement-based construction materials [45,
46]. Although the supply of fibres is limited [47] compared to
the enormous concrete demand, the available fibres such as
sisal, flax, hemp, coconut coir, kenaf, palm tree, and others
can be selectively used in the manufacture of special
cementitious materials such as renders, repair mortars and
grouts. Combinations could also become interesting. Krobba
et al. have used a combination of DS and fibres of Stipa
tenacissima to produce a low cost environmentally friendly
repair mortar [48]. Research is still needed to study other
similar combinations for different environmental exposure
conditions.

Finally, Bamboo is an interesting reinforcement material in
concrete technology. One tenth of the global land areas,
where bamboo is grown, are located on the African continent,
half of which in Ethiopia [49]. Bamboo can be used as
reinforcement [50-52] while bamboo waste ashes would also
qualify as pozzolanic cement replacements [53, 54].

Interested readers can refer to the published works of RILEM
Technical Committee 236 on Bio-based Building Materials
(www.rilem.net) for more details on the properties and use of
natural fibres and aggregates.

6 Materials-saving structures

Rapid urbanisation inevitably leads to taller high-rise
structures. The need to slow down global warming as well as
the high construction costs demand for materials-saving
technologies. In this context, the fact that most urban
buildings required to cater for the growing population still
have to be built is a great opportunity for urban planners and
structural designers to explore materials-saving designs and
optimised use of materials.

In situations of rapid urban growth, real estate rapidly
increases in value, which drives the construction of taller high-
rise structures in order to maximise on the use of the limited
land-area and return on investment. However, from an
environmental perspective, taller structures are not ideal.



W. Schmidt et al., RILEM Technical Letters (2020) 5: 63-74

68

Since each storey in a high-rise building has to carry the sum
of the storeys above, vertical growth rapidly leads to wastage
of materials for vertical elements [55]. But there are more
structural parameters that affect the material requirement.

Fig. 3 shows an example of a calculation for the overall
material requirement of multi-storey structures relative to
the material requirement for the same number of elements
without being stacked on each other. The sample uses
common design equations for the dimensioning known from
textbooks. A simple structure is assumed for this example. It
has uniaxial single span floor slabs placed on single span
beams of 0.25 m breadth, which are supported by columns,
where the span for the slabs and the beams are equal. The
figure shows different parameter variations in comparison to
a reference structure with a span width of 5 m and a density
of 2500 kg/m3. The reinforcement was assumed to be 0.45%
for the slabs and 1.5% for the beams. The design steel
strength in the sample is 286 MPa, and the static height is
assumed to be 5 cm and 8 cm shorter than the calculated
height for the cross section for the slab and the beam,
respectively. The lever arm for internal forces was assumed as
85% of the effective depth. The live load was fixed to 2 kN/m?,
and all horizontal load cases as well as specific aspects such as
bearing pressure or punching forces were ignored. This
academic example is supposed to serve as an indication,
independently of standards and design tables, where in a
structures extraordinarily high cross sections are necessary
and material savings can be achieved by varying materials and
structural parameters.

In all cases, the overall material demand increases with
increasing number of storeys due to the larger cross sections
required for the vertical elements. At 50 storeys, the
additional material requirement varies between 3% and 11%.
Much more influence can be found from the span width. The
increase of the span from 5 to 6.25 m already increases the
material demand by approximately 30%, while a span of
12.5m already more than double the materials demand.
These high numbers indicate that for the sake of material
savings, architectural compromises might be required and
more mutual cooperation between architects and structural
designers has to be encouraged.

Increasing strength does not have a significant material saving
effect. The reason is that in the dimensioning of beams and
slabs the concrete strength play a less significant role for the
cross section. Nevertheless, higher concrete strength causes
that the extra material demand for higher structures
increases to lower degree relative to the case of lower
strength concrete relatively reduces the increase of material
demand due to higher numbers of storeys. Nevertheless, the
lower material demand in case of 50 storeys with higher
strength concrete relative to the lower strength concrete
should be considered with care, because higher strength
typically comes along with higher cement demands, which in
return increase the environmental footprint of these types of
concrete [56, 57]. A recent material parameter study on 14,
30, and 60 storey structures has shown that high strength
concrete could only help reducing the carbon footprint in the

60 storey structure [58], while at lesser storeys, lower
strength concrete had lower environmental impact.

Using concrete with lower density also helps reducing the
material demand up to 9% in the ten-story case and about 5%
in the 50-storey case. However, it has to be considered that
typically, lower density comes along with lower strength, or it
has to be compensated with higher cement demand.
Therefore, the application of lower density material has to be
discussed more specifically and depending on the full
concrete mix design.

This example shows some material and structural dependent
parameters that need combined consideration for overall
material reduction and reduction of the carbon footprint. The
specific African framework with high material and relatively
low labour costs, demands for alternative structural
dimensioning approaches, where material saving without
compromising the safety, is given special consideration.
Future researchers should, thus, focus more on the interface
between materials performances, and structural behaviour to
develop structures that are optimised for minimum material
requirements and carbon emissions.

In this context, structural engineers should also develop new
approaches how static requirements and durability
considerations can be conducted more holistically. Often the
durability related design criteria yield significantly higher
strengths than structurally required. Research into concepts
that consider both aspects jointly as proposed by [59] could
become more important in the future.

For architects, considerations about sustainability might
require the acceptance of clearance limitations, which may be
perceived as limitation of the architectural degrees of
freedom. Nevertheless, Fig. 3 clearly shows that smaller spans
can save significant amounts of materials. It is a general
problem, that sustainable architecture by design limitations
are typically not directly visible to become appreciated by the
public. Therefore, research in architecture should also focus
on how, sustainable architecture can become more tangible
to the people. The development of architectural styles that
expose the supporting structural elements and the beauty of
material combinations rather than concealing them, could
create better grasp of the public for sustainable architectural
design.

7 Alternative, traditional and vernacular

construction

Due to the lack of viable alternatives for large scale
construction, concrete is one of the best construction
materials for mass construction in urban settlements.
However, as the preceding sections have shown, saving
cement and other materials is another important aspect in
construction in several African contexts. This, therefore, calls
for using cement only where it is structurally required, and
considering the vast variety of alternatives for non-structural
applications. Structural designers and architects have to
continue to develop concepts where material combinations
are optimised according to their specific behaviours.
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density.

The global South and Africa are extraordinarily diverse
showrooms of resourceful and economical answers to local
material and environmental constraints. This intrinsically
vernacular character of traditional habitat construction
materials and techniques — to use with measure what is
locally available and recyclable and invent locally optimised
solutions — is contrasting with the evolution of the modern
habitat construction sector, privileging a limited choice of
standardised and globalised materials and construction
solutions.

In this context, it is urgent to re-visit vernacular materials and
constructive cultures and to extract the key concepts which
are the result of centuries of applied research and which have
proven their raison-d’étre based on the experience of former
master builders [9]. Equally urgent is the need to broaden the
spectrum of criteria used to scrutinise materials and methods.
As we move toward a circular economy, full cradle-to-cradle
— and not cradle-to-grave -recyclability may become as
important as durability, if not more [7]. Social inclusiveness
and resonance with local culture should be considered on an
equal footing with strictly technical and environmental
parameters.

Unfortunately, due to marketing and globalisation, vernacular
materials and techniques are often considered as “old-
fashioned” and “for the low income groups in a society” in
spite of their superior sustainability. Therefore, research
should now focus on what the authors of this paper would call
“Vernacular Construction 2.0”, merging tried and proven
vernacular techniques with state of the art scientific materials
knowledge, in order to confer the capacity to provide habitat
with the same attractiveness, comfort, and real estate value
as modern contemporary habitat to selected traditional
materials and techniques without giving up what makes the
essence of vernacular: to be local, economical, efficient, and
indefinitely recyclable.

Construction with compacted raw earth is probably one of
the best examples where this approach could be
implemented. At high density, soil is a natural concrete with
remarkable hygrothermal properties and an exceptionally
low environmental impact [60]. Recent developments have
shown that almost all modern construction techniques used
with concrete — including self-placing casting or 3D printing
[60, 61] — can be used with raw earth also. Its Achilles’ heel is
low wet strength [62]. Rather than correcting this with
addition of cement and ruining its environmental advantage
and gaining only moderate strength [4, 19], a better solution
would be to find sustainable solutions [63]. Lime and natural
fibres can enhance the performance [64], also coatings and
architectural protective concepts can be a solution.

Another interesting research area is shell structures that
naturally avoid the tensile stresses, which typically cause most
challenges to materials. Africa has chiliads of experience with
shell structures [65, 66], and a revisit of their structural
advantages in combination with vernacular materials
supplemented with a state of the art knowledge based
approach could become a step into the future rather than in
the past. However, this calls for urgent trans-disciplinary
research between engineers, material scientists and
architects [37,38].

8 Robustness and application safety

Construction sectors in Africa are often highly influenced by
developed countries. Therefore, some, mostly urban
residential areas, have been developed based on foreign
models without consideration of the local population needs.
Practitioners also report that site planning is often not well
adhered to or ignored altogether, which adds up to the
problem and additionally compromises the structural
integrity of buildings. As a result of not well coordinated
implementation, often entire stretches in cities are unsightly,
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and the felling of large numbers of trees that comes along
with it results in lack of fresh air. The aftermath of
constructions in Africa may completely alter the green ground
cover of the continent. Waste generated in construction sites
are often not well disposed of so that dams and natural water
bodies such as rivers and lakes serve as a source for the
wastes. As part of urgently required regulatory guidelines,
proper disposal or recycling of construction materials need to
be addressed in future regulative research.

Another major challenge in Africa is the lack of reliability of
the supply chains. Lack quality infrastructure (Ql) [67] and
testing institutions along with materials variability reduce the
robustness of construction technologies with direct
consequences for the serviceability and durability of
structures, and eventually enormous societal costs. The
financial means to establish a functioning Ql are still limited in
most African countries. However, this can be an advantage,
since overregulation is often detrimental to the urgently
required innovation. Therefore, African researchers should
develop priority areas where Ql systems can be developed
effectively and at given cost limitations. In this context,
researchers should collaborate with public bodies and
standardisation bodies. One focus area should be the safety
of structures during construction, since reportedly a high
number of structures already fail while under construction
[23].

In order to address the issue of quality control and site
observation the focus of research should be put on
implementation of smart mobile phone services and quality
control tools. The African population is relatively young,
compared to the rest of the world, and shows a high affinity
to uptake of digital tools. Web-based quality control tools for
the optimisation of mixture compositions, the usage of
chemical admixtures or for the conformity and quality control
of concrete production [68], up to adequate waste disposal
seem to be promising developments. Control chart based
systems, e.g. Shewhart or Cusum [68-71], the latter of which
has already been established in the conformity control of
ready-mixed concrete in countries like South Africa and
Kenya, can become bottom-up game changers. By providing
decision making tools for both customer and provider, thus,
effectively creating a balance between “over-control” and
“under-control” in steady production processes, excessive
material strength can be avoided without compromising the
safety level of the production.

9 Socio-economic aspects of construction

While the collaboration between civil engineering and
architecture seems to be obvious, the link to disciplines in the
social sciences and humanities is evasive and often neglected,
although construction inevitably interferes with the past and
future of the social environment. Architecture, material
choices, and building density define urban and rural
environments, they can also enhance or inhibit social
interactions between gender, income, religious, or ethnic
groups [72]. The rapid urbanisation in Africa offers a unique
opportunity for development to be more inclusive, and to
consider the unique social and cultural needs of people with

varying economic statuses across different genders and
religious groups. Nevertheless, today on average around 60%
of the urban settlers live in underprivileged, improvised, and
neglected settlements.

This brings to mind the issue of informal settlements and its
deleterious consequences on the quality of life and the built
environment in African cities. In fact, several cases of
demolition of informal housing leading to homelessness of
many residents have been observed in Nigeria, South Africa,
Kenya and other African countries [73, 74]. As observed by
Alabi [75], many of the informal settlements that had sprung
up contravened local planning regulations, hence the cases of
demolition. The persistence of informal settlements in African
cities is due to housing deficits and poverty, among other
factors. Thus, the use of environmentally friendly low-cost
materials acceptable to the building planning and control
authorities may be a prescription for improvement in the
quality of construction materials for formal or informal
housing in Africa where the governments have not been able
to adequately provide affordable housing units for the low-
income groups. At the ISEE-Africa conference 2019 [17],
several workshops concluded that the label “low-cost” in this
context has a negative connotation and is detrimental for the
market acceptance of sustainable, materials-saving solutions.
In order to avoid false public perception of environmentally
friendly materials, sustainable technologies should be
integrated more explicitly in curricula at universities and
institutions for professional development [59].

Construction also needs to consider the economic benefits
accruable to all stakeholders in the construction process i.e.
value for money to the client, cost efficiency for developers,
reduced maintenance and replacement cost for end-users,
and livelihood opportunities for community dwellers [76].
Achieving the desired socio-economic balance in the
construction industry will require intentional multi-
disciplinary research and collaborative learning between
engineers, architects, and other professionals from the social
sciences and humanities, which today is not always the case
[72, 77]. Such interdisciplinary research would stand out in
the world and could make research institutions in Africa
pioneers and leaders in sustainable materials and
construction technology.

10 Durability

A most important aspect in all construction in Africa is
durability — from design, specification, construction and
maintenance viewpoints. This is important to ensure that the
capital investments (e.g. roads, bridges, jetties, etc.) by
African governments are worthwhile both in the short- and
long-term. There are a number of potential durability risks for
concrete structures on the African continent. These
deterioration processes are exacerbated by the largely warm
and humid African climate, particularly in SSA, and the long
coastline on the African continent. Steel corrosion is the main
cause of durability failure in reinforced concrete structures; it
is caused by ingress of carbon dioxide (carbonation-induced)
or chlorides (chloride-induced) in concrete with the latter
being more pernicious than the former [78, 79]
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Concrete structures in coastal cities like Lagos, Dar es Salaam,
Cape Town, Mombasa and Mogadishu are exposed to marine
environments which trigger chloride-induced steel corrosion
especially if concrete quality is low, cover to steel is
inadequate, and monitoring and repair strategies are poor.
Apart from steel corrosion, other potential durability risks for
new and existing concrete structures in SSA include sulphate
attack, alkali-aggregate reaction, soft water attack and
microbial- or bacterial-induced degradation such as corrosion
of concrete in wastewater reticulation systems [80, 81]. With
the population growth and increasing industrialisation more
wastewater will be generated. Other potential durability
issues are linked to Aggregate Alkali Reaction, most
dominantly Alkali Silica Reaction (ASR). Since high
temperature and humid conditions are precondition for the
deteriorating gel to form from the aggregate reaction, the
African climate can boost ASR [82, 83]. To date, most African
countries have neither classified available aggregate sources
nor put guidelines in place. With continued urbanisation in
SSA,  durability  risks  will  undoubtably increase
exponentially [72, 73].

Itis therefore incumbent on the researchers and stakeholders
in Africa to be actively involved in the development of local
solutions to tackle these durability problems, and/or adapt
existing solutions to meet the local needs using locally
sourced materials and technologies. These solutions will
involve but are not limited to:

e characterization of locally available alternative
construction materials (cements, aggregates, surface
coatings, fibres and admixtures);

e application of locally-adapted performance-based
durability design, specification and construction
approaches as opposed to using the traditional purely
prescriptive approaches [84, 85]. South Africa, which
uses a suite of three locally-developed durability index
tests (oxygen permeability, water sorptivity and
chloride conductivity [86], is a typical example in Africa
in this regard, and

e Incorporation of durability-related content in the
curricula for engineering and the built environment
programmes in higher education institutions expose
and sensitize learners to the need for durable
structures.

11 Adaption to growth

The rapid urbanisation in Africa is inevitable and will coin
future developments and perspectives all over the continent
much more than any other relevant research topic. Despite
the tremendous urban growth, it must not be forgotten that
in most African countries rural areas also grow, albeit less
rapidly. Therefore, research should focus more on possible
synergies between urban growth and rural development.
Many agro-based materials that are sourced from rural areas
can be converted to structural materials for urban use [40, 87,
88]. This way, urban growth can enhance livelihoods in rural
areas, thus triggering development and employment
opportunities. Ideally, circular concepts should be studied,
evaluated and promoted depending on the specific boundary

framework. Reasonable technology combinations, e.g.
pyrolysis and vertical shaft kiln, can derive organic
admixtures, bio-based binders, LC3 and bricks in a combined
process chain with minimum carbon emissions [8].
Depending upon the framework, alternative processes can be
developed, but this requires intensive interdisciplinary
research.

Eventually, the predictability of the urban and rural growth
requires the development of settlements that are sustainable
for the people, this includes hybrid traffic concepts including
a strong focus on non-motorised traffic, the development of
urban livelihoods in synergy with climate friendly
technologies such as urban mining and urban farming.

The development of these concepts requires interdisciplinary
research activities. An important research focus should be the
scalability within the given framework. In this context it will
be important to look at the diversity of Africa in its entirety.
Concepts that may be reasonable in West Africa may not be
automatically applicable in East Africa — at least not without
adaption. The research in tailored best-practice solutions,
thus, should be encouraged regionally and in collaboration
with local industry, politics, and societies. The fact that
construction is labour-intensive is an added value to the
extent that an investment in construction could result in
employment opportunities for different categories of artisans
and professionals who are inevitably needed for the supply of
materials or conversion of materials in the construction value
chains ranging from acquisition of land to completion of
construction projects.

12 Closing remarks

Outside Africa, the diversity and versatility of the continent is
often not realistically perceived and appreciated. The
dimensions and the complexity call for a vast variety of
solutions to tackle the recent and future challenges in
construction. Since Africa plays a central role in mitigating
negative climate effects caused by construction activities,
intensive research actions are required in Africa for the
benefit of the entire world. Unfortunately, the research
budget has been low on the continent and is predicted to stay
relatively low.

Therefore, collaboration between African researchers is
needed to focus on research topics that are of eminent
importance to addressing local needs. In Africa, this means
more focus has to be put on climate friendly construction
materials and technologies to accompany the rapid
urbanisation. Africa’s outstanding starting position, its huge
deposits of promising yet not well studied materials and a
generation of agile researchers that is ready for change, the
potentials to convert African construction business to an
innovation and sustainability driven export hit.

Some relevant topics that require more research focus have
been presented and discussed in this paper. They can be
distinguished between materials, construction technology
and maintenance. A summary is given in Fig. 4.
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