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Zusammenfassung 

Mit dem Bevölkerungswachstum in den afrikanischen Ländern südlich der Sahara steigt auch 
die Nachfrage nach Wohnraum und Infrastrukturprojekten für die Beton benötigt wird, was zu 
einem erhöhten Bedarf an Zement für dessen Herstellung führt. Nigeria - das 
bevölkerungsreichste Land in der afrikanischen Region - hat einen massiven Ausbau der 
Infrastruktur eingeleitet, um unter anderem den durch die rasche Verstädterung und das hohe 
jährliche Bevölkerungswachstum verursachten Bedarf an Wohnraum zu decken. Die 
Herstellung von Zement, einem wesentlichen Bestandteil von Beton, stellt zwei große 
Herausforderungen dar. Erstens wird für die Herstellung und das Mahlen von Zement eine 
große Menge an Energie benötigt. Dies ist vor allem in Entwicklungsländern ein Problem, das 
den Zement verteuert. Zweitens ist die Zementherstellung für etwa 6 % bis 10 % der weltweiten 
Kohlenstoffdioxidemissionen verantwortlich. Die Kohlenstoffdioxidemissionen aus der 
Zementherstellung könnten durch eine kreislauforientierte Kohlenstoffwirtschaft mit 
Reduzierung, Wiederverwendung, Recycling und Beseitigung von CO2 verringert werden. 

Diese Studie befasst sich mit der Möglichkeit, die CO2-Emissionen durch den teilweisen Ersatz 
von Zement durch einen Zementersatz bzw. Betonzusatzstoff (Supplementary cementitious 
material (SCM)) zu senken. Die Leistungsfähigkeit zweier in Nigeria lokal verfügbarer SCMs, 
kalziniertem Ton (calcined clay (CC)) und Reisschalenasche (Rice husk ash ((RHA)), als 
teilweiser Ersatz für Zement in Mörtel und Beton wurde bestimmt. Der erste Teil befasst sich 
mit der Bestimmung des puzzolanischen Potenzials von nigerianischen kalzinierten Tonen 
(NCC) im Vergleich zu einem deutschen kalzinierten Ton und RHA als Teilersatz für Zement 
im Allgemeinen. Zu diesem Zweck wurden vier natürlich vorkommende Tonproben (zwei 
kaolinitreiche und zwei smektitreiche) aus verschiedenen Gebieten in der Nähe des 
Zementwerks Ashaka im nigerianischen Bundesstaat Gombe gesammelt und in einem Labor 
kalziniert. Die mineralogische Charakterisierung der Tone erfolgte mittels XRD. Die 
Hydratationskinetik der kalzinierten Ton-Zement-Systeme wurde durch isothermische 
Kalorimetrie überwacht. Die Verarbeitbarkeit wurde mit Hilfe des Fließmaßes bestimmt. Die 
Reaktivität der kalzinierten Tone wurde anhand der Löslichkeit von Si- und Al-Ionen und des 
Festigkeitsaktivitätsindex (SAI) bestimmt. Die erzielten Ergebnisse wurden dann mit dem 
deutschen CC für die spätere Verwendung bei der Herstellung von Beton verglichen, da die 
erforderliche Menge für die Versuche nur schwer aus Nigeria nach Deutschland zu 
transportieren ist.  

Reishülsen aus der Umgebung von Zaria im Bundesstaat Kaduna, Nigeria, wurden in einem 
Elektroofen kalziniert, um RHA zu erhalten und mit einer Labormühle gemahlen. Das RHA-
Pulver wurde mit den für die CCs verwendeten Methoden charakterisiert und anschließend 
bewertet. 

Für die Anwendung der oben beschriebenen CC und RHA in Beton sieht das 
Versuchsprogramm dieser Studie die Verwendung von selbstverdichtendem Beton (SCC) vor, 
um einen dauerhaften Beton herzustellen, der zudem einen guten Widerstand gegen das 
Eindringen von Chloridionen aufweist. Dies liegt daran, dass sowohl CC als auch RHA im 
Vergleich zu Zement einen höheren Wasserbedarf und eine größere spezifische Oberfläche 
(SSA) haben, was ihre Verwendung als teilweiser Ersatz für Zement in SCC kritischer macht. 
Ziel ist es, die anspruchsvollen physikalischen Eigenschaften von CC und RHA zu 
berücksichtigen und einen Pulver-Typ SCC mit einem niedrigeren Anteil an Portlandzement 
(OPC) zu entwickeln, um einen ökoeffizienten und dauerhaften SCC zu erhalten. Daher wird 
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zunächst der OPC zunächst teilweise durch 15 Vol.-% Kalksteinmehl (LP) ersetzt, was zu 
einem Portlandkalksteinzement (PLC) führt. Nachfolgend werden bis zu 40 Vol.-% des PLC in 
binären und ternären Mischungen durch CC und/oder RHA ersetzt. Für den Entwurf der SCC 
wird ein empirisches Verfahren verwendet. Der Bindemittelleim des SCC wurde zunächst unter 
Berücksichtigung der physikalischen Eigenschaften von CC und RHA entwickelt. Dieser 
Bindemittelleim bildet zusammen mit der feinen Gesteinskörnung (FA) einen 
selbstverdichtenden Mörtel (SC-M). Schließlich wurde der SC-M zusammen mit der gröberen 
Gesteinskörnung (CA) zum gewünschten SCC kombiniert. 

Zwei volumetrische Wasser-Pulver-Verhältnisse (Vw/Vp) wurden unter Berücksichtigung der 
physikalischen Eigenschaften von CC und RHA verwendet, zunächst Vw/Vp = 0,875 für die 
Referenzmischungen (PLC-SCC) und SCC-Mischungen, die in binären Systemen bis zu 40 
Vol.-% CC als teilweisen Ersatz für PLC in SCC enthalten. Für die Verwendung von RHA in 
SCC wurde ein individuelles Vw/Vp für jede Stufe des PLC-Ersatzes durch RHA verwendet. 
Für den Vergleich von Referenz-SCC und SCC, der mit binären und ternären Mischungen von 
CC und RHA hergestellt wurde, wurde ein Vw/Vp = 1,275 verwendet. Die Auswirkungen des 
teilweisen Ersatzes von PLC durch CC und RHA auf die Frischbetoneigenschaften des SCC 
wurden in einer Reihe von Tests untersucht. 

Alle untersuchten CCs und die RHA erfüllten die Anforderungen der ASTM C618 für die 
Verwendung natürlicher Puzzolane als Teilersatz für Zement. Die Eigenschaften der 
deutschen CC ähneln denen der metasmektitischen nigerianischen Tone (eingestuft als 2:1 
CC). Die metasmektitischen Tone wiesen eine größere SSA, einen höheren Wasserbedarf 
und weniger reaktive Si- und Al-Ionen auf als die metakaolinitischen Tone (klassifiziert als 1:1 
CC). Die beiden CC-Gruppen erfordern die Zugabe von Fließmittel (SP), um eine ähnliche 
Verarbeitbarkeit wie das OPC-Mörtelsystem zu erreichen. Sie können als Ersatz für OPC mit 
einem Anteil von bis zu 45 % in Kombination mit LP verwendet werden, wodurch mindestens 
eine Reduzierung der Treibhausgasemissionen der Stufe 1 erreicht wird. Auch RHA hat im 
Vergleich zu CC einen hohen Wasserbedarf und SSA und kann als Ersatz für bis zu 40 Vol-% 
Zement in SCC verwendet werden. 

Sowohl CC als auch RHA haben einen höheren Wasserbedarf als PLC, wobei der 
Wasserbedarf von CC um ein Drittel höher ist als der von PLC und nur eine Anpassung von 
SP erforderlich ist, um eine Viskosität zu erreichen, die mit der des Referenz-SCC vergleichbar 
ist. Hierfür wurde ein Vw/Vp = 0,875 sogar bis zu einem teilweisen Ersatz von 40 Vol.-% CC 
verwendet. Die führte allerdings zu einer erhöhten Viskosität. Die Verwendung von RHA als 
teilweiser Ersatz für PLC in SCC ist kritischer, da sein Wasserbedarf mehr als dreimal so hoch 
ist und im Gegensatz zum CC-SCC-System die Fließmittelanpassung nicht ausreicht, um das 
RHA-SCC-System fließfähig zu halten. Ein teilweiser Ersatz von PLC durch RHA bis zu 40 
Vol.-% ist ebenfalls möglich, wenn ein erhöhtes Vw/Vp ≥ 1,575 verwendet wird. Bei einem 
Vw/Vp = 1,275 waren alle SCC-Proben kurzfristigen stabil ohne sich zu entmischen. Selbst 
SCC, der mit 20 Vol.-% RHA als teilweisem PLC-Ersatz hergestellt wurde, behielt seine 
Fließfähigkeit bis zu 30 Minuten nach dem Mischen. Für die Bewertung der Fließfähigkeit wird 
die Verwendung von 20 Vol.-% RHA als teilweiser Ersatz für PLC als kritisch angesehen, da 
diese SCC-Mischung 30 Minuten nach dem Mischen derart ansteifte, dass sie ihre 
Selbstverdichtbarkeit verlor. 

SCC, der mit 20 Vol.-% CC hergestellt wurde, kann sowohl für die Herstellung von Fertigteilen 
als auch von Fertigbeton verwendet werden. Die Verwendung von 20 Vol.-% RHA und der 
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ternären Mischung aus 10 Vol.-% CC und 10 Vol.-% RHA führte jedoch zu einem hohen 
Fließwiderstand und einem schnellen Verlust der Fließfähigkeit nach 30 Minuten Mischzeit. 
Daher muss ihre Fließfähigkeit für Anwendungen über 30 Minuten hinaus verbessert werden. 

Bei einem niedrigeren Vw/Vp = 0,875 erhöhte ein teilweiser Ersatz von PLC durch 20 und 40 
Vol.-% CC die Druckfestigkeit von SCC geringfügig und steigerte seinen Chloridmigrations-
widerstand, wodurch sich die SCC-Qualität in Bezug auf den Chloridwiderstand von "Normal" 
auf "Gut" änderte und eine CO2-Einsparung von 32 % erzielt wurde. Die Erhöhung des Vw/Vp 
auf 1,275 führte zu einer Vergrößerung des durchschnittlichen Porendurchmessers von SCC 
und SCC, der mit 20 Vol.-% CC hergestellt wurde, wodurch sich die ursprüngliche Einstufung 
von SCC mit 20 Vol.-% CC von "Gut" auf "Normal" änderte. Während der mit RHA hergestellte 
SCC und die Mischung aus CC und RHA mit einem Vw/Vp = 1,275 die 28-Tage-Druckfestigkeit 
von SCC leicht erhöhte. Der Chloridmigrationswiderstand von 20 Vol.-% RHA ist dreimal so 
hoch wie der von SCC, der nur mit PLC hergestellt wurde und ist bei der ternären Mischung 
10 Vol.-% CC + 10 Vol.-% RHA noch doppelt so hoch. RHA ist in der Lage, den 
Chloridmigrationswiderstand von SCC zu verbessern und sollte zur Verbesserung der 
Mikrostruktur von SCC verwendet werden, der nur mit PLC hergestellt wurde.  
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Abstract 

As the population of sub-Saharan Africa grows, so does the demand for housing and other 
infrastructure that requires concrete, leading to an increased need for cement for its 
production. Nigeria - the most populous country in the African region – has embarked on a 
massive infrastructural development to meet among others the demand for housing caused by 
rapid urbanization and a high annual population growth. The production of cement, an 
essential component of concrete, presents two major challenges. First, a large amount of 
energy is required for its production and grinding. This is a problem especially in developing 
countries, making cement more expensive. Second, cement production accounts for about 6 
% to 10 % of global carbon dioxide emissions. It’s already well established that carbon dioxide 
(CO2) emission from cement production could be reduced through a circular carbon economy 
of reducing, reusing, recycling, and or removing CO2.  

This study considers the option of reducing CO2 emission by partial replacement of cement 
with a supplementary cementitious material (SCM). The performance of two SCMs locally 
available in Nigeria, calcined clay (CC) and rice husk ash (RHA), as partial replacements for 
cement in mortar and concrete was determined. The first part deals with the determination of 
the pozzolanic potential of Nigerian calcined clays (NCC) relative to German calcined clay and 
RHA as partial substitutes for cement in general. For this purpose, four naturally occurring clay 
samples (two kaolinite-rich and two smectite-rich) were collected from different areas in the 
vicinity of the Ashaka cement plant in Gombe State, Nigeria, and calcined in a laboratory. 
Mineralogical characterization of the clays was carried out by XRD. The hydration kinetics of 
the calcined clay–cement systems were monitored by isothermal calorimetry. Workability was 
determined using the flow table method. The reactivity of the CCs was determined by the 
solubility of Si and Al ions and the strength activity index (SAI). The results obtained were then 
compared with the German CC for later use in the production of concrete, since such a quantity 
needed for the concrete batches is difficult to transport from Nigeria. 

Rice husks from the vicinity of Zaria in Kaduna State, Nigeria, were calcined in an electric 
furnace to obtain the RHA and ground with a laboratory-scale mill. The RHA powder was 
characterized and subsequently evaluated. 

For the application of the CC and RHA characterized above in concrete, the experimental 
program of this study considers the use of self-compacting concrete (SCC) to produce durable 
concrete that has good resistance to chloride ions penetration. This is because both CC and 
RHA have higher water demand and specific surface area (SSA) compared to cement, which 
makes their use as a partial replacement for cement in SCC more critical. The objective is to 
consider the challenging physical properties of CC and RHA and design a powder type of SCC, 
with a higher replacement level of ordinary Portland cement (OPC) to achieve an eco-efficient 
and durable SCC. Therefore, first, the OPC is partially replaced by 15 vol-% limestone powder 
(LP), resulting in a Portland limestone cement (PLC), and up to 40 vol-% of the PLC is replaced 
by binary and ternary blends of CC and RHA. A rational mix design procedure for SCC was 
used for proportioning the quantities of SCC. The paste phase of the SCC was first designed 
considering the physical properties of CC and RHA and used as a medium to embed the fine 
aggregate (FA), which forms a self-compacting mortar (SC-M). Finally, the SC-M was 
considered as a medium for embedding the coarser aggregate (CA) that forms the SCC.  

Two volumetric water-to-powder ratios (Vw/Vp) were used considering the physical properties 
of CC and RHA, first Vw/Vp = 0.875 for the reference mixtures (PLC-SCC) and SCC mixtures 
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containing up to 40 vol-% CC as partial replacement to PLC in SCC. For the use of RHA in 
SCC, an individual Vw/Vp was used for each level of PLC replacement by RHA. For comparison 
of the reference SCC, and SCC produced with binary and ternary blends of CC and RHA, a 
Vw/Vp = 1.275 was used. The effect of partially replacing PLC with CC and RHA on the fresh 
properties of the SCC was investigated using a variety of tests. 

All the CCs and RHA studied met the requirements of ASTM C618 for the use of natural 
pozzolans as a partial replacement for hydraulic cement. The properties of the German CC 
are similar to those of the metasmectite Nigerian clays (classified as 2:1 CC). The 
metasmectitic clays exhibited greater SSA, higher water demand, and less reactive Si and Al 
ions than the metakaolinitic clays (classified as 1:1 CC). The two CC groups require the 
addition of a superplasticizer (SP) to achieve a similar workability class to the OPC mortar 
system. They can be used to replace OPC at replacement levels of up to 45 %, in combination 
with LP, there by achieving at least a “Level 1” reduction in greenhouse gas emissions. 
Similarly, RHA is characterized as having high water demand and SSA compared to CC and 
can be used to replace up to 40 vol-% of cement in SCC. 

Both CC and RHA have a higher water demand than PLC, with the water demand value of CC 
being one-third higher than that of PLC which required only an adjustment of SP to achieve a 
degree of deformability comparable to the reference SCC. Using a Vw/Vp = 0.875 made even 
a partial replacement up to 40 vol-% CC possible although with an increased viscosity. The 
use of RHA as a partial replacement for PLC in SCC is more critical because its water demand 
is more than three times higher and, unlike the CC-SCC system, the SP adjustment is not 
sufficient to deform the RHA-SCC system. Partial replacement of PLC with RHA up to 40 vol-
% is also possible if an increased Vw/Vp ≥ 1.575 is used. Using a Vw/Vp = 1.275, all the SCC 
specimens achieved the short-term segregation resistance of SCC, and even SCC produced 
with 20 vol-% RHA as PLC partial replacement retained its flowability up to 30 min after mixing. 
For the flowability retention evaluation, the use of 20 vol-% RHA as a partial replacement to 
PLC is considered critical because the excess mixing water was absorbed after 30 min of 
mixing, making the SCC mix stiffer and rapidly losing its flowability. Therefore, SCC produced 
with 20 vol-% CC can be used to produce both precast and ready-mix SCC. However, the use 
of 20 vol-% RHA and the ternary blend 10 vol-% CC + 10 vol-% RHA developed high flow 
resistance and showed rapid loss of flowability after 30 min of mixing. Therefore, their 
flowability retention needs to be improved for applications beyond 30 minutes.  

At a lower Vw/Vp = 0.875, partial replacement of PLC with 20 and 40 vol-% CC slightly 
increased the compressive strength of SCC and its chloride migration resistance, changing the 
SCC quality in terms of chloride resistance from “Normal” to “Good” and resulting in a CO2 
savings of 32 %. The increase of the Vw/Vp to 1.275 increased the average pore diameter of 
the reference SCC and SCC produced with 20 vol-% CC, which changed the initial grade of 
SCC with 20 vol-% CC from “Good” to “Normal” classification. While the SCC produced with 
RHA and the blend of CC and RHA with a Vw/Vp = 1.275 slightly increased the 28-day 
compressive strength of SCC. The chloride migration resistance of 20 vol-% RHA is 3 times 
that of SCC produced with only PLC, while that of the ternary blend 10 vol-% CC + 10 vol-% 
RHA is twice that of SCC produced with PLC only. RHA is capable of improving the chloride 
migration resistance of SCC and should be used to improve the microstructural densification 
of SCC produced with only PLC.   
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1 Introduction 

Global demand for housing and other concrete-based infrastructures has increased 
tremendously, especially in emerging economies worldwide [1, 2] leading to an increased need 
for cement to produce them. For instance, in Nigeria - the most populous country in the African 
region - demand for shelters and other civil engineering infrastructure has recently increased 
due to rapid urbanization and a high annual population growth rate [3]. To meet the country’s 
infrastructural requirements, the Federal Government of Nigeria in partnership with private 
investors embarked on massive infrastructural development, such as the construction of the 
Abuja world trade center, Eko Atlantic, and Lekki free trade zone. These projects and others 
ongoing in the country consume a large quantity of cement annually. Another reason for the 
increasing demand for cement is the need to maintain existing concrete structures and bring 
them in line with recent developments [4].  

Concrete and reinforced concrete usually remain the most widely used construction material 
to provide the needed infrastructures [4]. In reinforced concrete, a sufficient concrete cover 
usually serves to protect the reinforcement from adverse weather effects, harmful substances, 
and to improve durability. A dense microstructure can only be achieved if the concrete flows 
properly and embeds the reinforcement closely, filling all gaps and corners of the formwork 
without any kind of obstruction [5]. The integrity and ease of handling concrete determine its 
lifespan and application. Self-compacting concrete (SCC) is the concreting technique 
developed to provide durable and self-deformable concrete without the need for external 
compaction [6, 7]. In this concreting technique, the proportion of the coarse aggregate is 
reduced while the fine aggregate (FA) is increased to ease the rate of deformability of the 
concrete. Increasing the proportion of fines (powder) or the use of viscosity modifying 
admixtures can improve the segregation resistance of the SCC [6-8]. Consequently, higher 
amounts of cement in SCC lead to more cement consumption and hence increase the 
greenhouse gas emissions related to cement production. Despite its technological advantages, 
the market share of SCC is small due to some obstacles especially in developing countries [9, 
10]. First, SCC mixes are more sensitive even to a minor variation in constituent’s proportions 
[10, 11], change in materials properties [12, 13], and the production method adopted [10, 14]. 
Secondly, and eventually, the most important concern of SCC, is the high cost of its production 
due to the use of high dosages of chemical admixtures and the higher binder content [15]. 

The production of cement, an essential component of SCC, presents two major challenges. 
First, a large amount of energy is needed for its production and grinding. This is a problem 
especially in developing countries, making cement more expensive [16]. Second, cement 
production accounts for about 6% to 10% of the global carbon dioxide emissions [17]. Although 
the total per capita carbon dioxide emissions of sub-Saharan Africa in 2018 were only 0.81 kt, 
below the 2.7 kt threshold for limiting global warming to below 2 °C by 2050 [18], the rate of 
urbanization in the region is increasing rapidly compared to the rest of the world, leading to an 
increase in demand for shelter and other concrete infrastructure, with a consequently higher 
demand for cement [3]. For example, the cement production capacity of Nigeria was only 21 
Mt in 2015, but increased to 28 Mt by 2020, and it is expected to reach 53 Mt in 2040 [19]. 
Although total carbon dioxide emissions from cement production were estimated at 11 MtCO2e 
in 2015, they increased to 15 MtCO2e in 2020 and are expected to reach 28 MtCO2e in 2040 
[19]. 
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Carbon dioxide emission from cement production could be reduced through a circular carbon 
dioxide economy of reducing, reusing, recycling and or removing CO2. Technologies such as 
carbon dioxide capture, CO2 sequestering, concrete carbon dioxide-steam curing, clinker 
efficient cement are also widely adopted [20]. One of the potential pathways to decarbonize 
SCC is to use less clinker, as clinker is the main driver of embodied carbon dioxide in SCC. 
However, the main challenge is how to continue to benefit from the use of SCC with less clinker 
while ensuring its technical properties such as workability, strength and durability. Therefore, 
partial replacement of cement with SCMs that require less energy for production and release 
less CO2 is essential to reduce the cost of SCC and help limit global warming [21]. 

The SCMs used as partial substitute to cement in SCC include among others fly ash [22, 23], 
silica fume [23, 24], blast furnace slag [25, 26], rice husk ash (RHA) [27, 28] and metakaolin 
[29, 30]. These materials yielded positive results at optimal dosage levels. The use of fly ash 
and silica fume, especially at higher cement replacement rates, will no longer be possible in 
the near future; this is because, first, fly ash production declines with the reduction of coal-
combustion which is enforced to limit the global CO2 release. Right now, it is already hardly 
available in Africa or South America [31]. Second, the replacement-level of silica fume is limited 
due to its high-water demand and portlandite consumption as well as for economic reasons. 
Calcined clays and RHA could be alternative sources of SCMs for SCC production to sub-
Saharan Africa.  

Therefore, the current research is directed towards establishing the pozzolanic potentials of 
CC and RHA, and optimizing SCC mixes incorporating the binary and ternary blend of CC and 
RHA as partial replacement to cement. Four samples of naturally occurring clays in the vicinity 
of the Ashaka cement plant in Nigeria were analyzed for their potential use as partial 
substitutes for cement in concrete. These clays were analyzed from mineralogical, physical, 
and chemical points of view and compared with clay from southern Germany. The essence is 
to use the latter for the production of self-compacting paste, mortar, and concrete as quantities 
needed for all samples will be difficult to be transported from Nigeria. The first part of the study 
deals with the characterization of CCs and RHA as potential SCMs that can be used as partial 
replacement for cement in concrete generally. The scope of the work was then narrowed down 
to the development of self-compacting paste (SCP), mortar, and concrete with CC from 
southern Germany, and its fresh and hardening properties were tested. New workability 
windows/thresholds were proposed for self-compacting mortars (SC-M) produced with a high 
volume of CC as PLC partial replacement. The influence of RHA on the deformability 
characteristic of SC-M was also investigated, here the Vw/Vp necessary to deform different 
RHA substitution ratios up to 40 vol-% and its consequences on fresh and hardened properties 
of SC-M were established. Finally, mix design for binary and ternary blends of CC and RHA 
as partial replacement for PLC in SCC was developed. At this stage, the influence of CC and 
RHA on the rheological, flowability retention, hardened, and durability properties of SCC was 
determined. An estimate of the CO2 savings to be achieved by the partial replacement of PLC 
with the binary and ternary blends of CC and RHA is presented. 
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2 State of the art 

2.1 Global population and demand for housing and concrete infrastructure 

Rapid urbanization and a higher annual population growth rate increase the demand for 
housing and other concrete-based infrastructures, especially in emerging economies 
worldwide [1, 2]. The world population was 2.5 billion in 1950 and increased to 6.15 billion by 
2020. According to the United Nations World Population Projections (2022), it will continue to 
rise, reaching 9.71 billion in 2050, with the largest increase coming from Asia and sub-Saharan 
Africa. Sub-Saharan Africa in particular is projected to lead the world in urban growth by the 
end of 2050 [32], as both urban and rural populations increase [3], although at different rates. 
Sub-Saharan Africa urban is experiencing a surge in population growth owing to an increase 
in rural-to-urban migration in search of economic opportunities and access to basic services, 
leading to an increase demand for housing and other civil engineering infrastructure for 
economic growth and development. Housing and access to basic services are central to 
urbanization, but the majority of urban residents in the sub-Saharan Africa region face housing 
deficit, and live in poor housing conditions [32].  

Nigeria, the most populous country in the sub-Saharan Africa region, is experiencing rapid 
population growth and urbanization compared to other sub-Saharan Africa countries, resulting 
in the need for over 17 million housing units to reduce the housing deficit [33]. The Nigerian 
government established the National Housing Policy in 1991, and the Federal Mortgage Bank 
in 1989, and also embarked on massive infrastructural development in partnership with private 
investors, such as a new housing scheme to build 121,000 housing units in Kado Estate Abuja, 
the construction of Abuja World Trade Center, Eko Atlantic, the Lekki Free Trade Zone and 
the construction of 18,500 housing units in each state of the federation. All of these were 
initiated to ensure adequate and affordable housing for all Nigerians, but the housing deficit is 
still increasing, especially due to rapid population growth, low incomes, high-interest rates on 
mortgage loans, and high cost of building materials [33, 34].  

Most housing in Nigeria is privately owned, and this continues to be the case as the 
government and/or private investors do not provide adequate housing. The few available 
homes are purchased by a privileged few residents, most of whom have formal employment 
[35]. Due to the high cost of construction materials and low per capita income, building houses 
is becoming increasingly unaffordable [15]. Lack of access to quality building materials and 
affordable mortgage credit also increased the housing deficit and led to the use of non-durable 
building materials, resulting in early structural defects and collapses. Cement is the most 
commonly used material for the production of building elements and concrete. To make 
housing more affordable to Nigerians, a greater proportion of cement (up to 50 %) can be 
replaced by a SCM, which requires less activation energy compared to cement, as previously 
studied by [16, 36].  

It is obvious that SCMs can reduce the cost of cement and CO2 emissions, but the main 
challenge is to what extent we can replace cement with these materials and whether we can 
use them for special concreting methods such as self-compacting concrete (SCC). The next 
sections will explain the benefits of using SCMs in concrete as one of the partial pathways to 
reduce CO2 emission and what can be achieve from them will be made clear. 
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2.2 Potential pathways to reduce CO2 emission from cement production 

Global demand for concrete infrastructures is expected to continue increasing to accommodate 
rapid urbanization and increasing population growth in developing countries and to maintain 
existing concrete structures and bring them in line with recent developments in an already 
developed part of the globe [3, 4]. Concrete constituents are usually naturally sourced from the 
environment and processed at different levels, with coarse and fine aggregates requiring light 
processing compared to cement and other additives. In general, cement production requires a 
huge amount of energy for calcination and grinding, and up to 90 % of the greenhouse gas 
emissions associated with concrete production are from cement [37]. The cement industry 
currently contributes about 6 % to 10 % of global CO2 emissions [17]. This value is already 
high and is expected to increase if appropriate measures are not taken. 

One of the potential pathways to decarbonize concrete is to use less clinker per m3 of concrete, 
as clinker is the main driver of embodied carbon in concrete [4, 38, 39]. The research trend in 
the cement industry is currently geared toward establishing the potential of blended cement 
produced with the use of inert, hydraulic, or pozzolanic SCMs as a substitute for cement. 
Limestone powder, fly ash, slag cement, silica fume, natural pozzolans, and heat-treated agro-
waste are the most commonly used SCMs as partial substitutes for cement [22, 23, 28]. The 
use of some conventional SCMs in concrete, especially at higher cement replacement rates, 
will no longer be possible in the near future. For example, the production of fly ash is 
decreasing with the reduction of coal combustion, slag cement is not readily available, 
especially in countries with less industrial development, and the cement replacement by silica 
fume is also limited due to its high water demand [5].  

On the other hand, the use of CC, especially in combination with limestone powder (LP), has 
recently gained importance in the cement industry [40, 41] and could be an alternative source 
of SCM to Nigeria. Vast deposits of kaolinite and illite clay minerals are available in Nigeria 
and unlike other sub-Saharan African regions, Nigeria has a deposit of limestone across its six 
geopolitical regions as previously reported by [42]. With the use of CEM II/C-M (Q-LL), the 
clinker phase of the cement can be reduced by 50%, while at the same time achieving a similar 
28-day compressive strength as OPC [40, 41]. Greenhouse gas emission reduction of at least 
“Level 1” could be achieved by ternary blending CC and LP as partial replacement of OPC in 
concrete as already published in [16]. Additionally, the fact that agriculture is one of the leading 
economic sectors of sub-Saharan Africa, agricultural waste such as RHA, palm oil fuel ash, 
cassava ash, bagasse ash, bamboo leaf ash, and corn cob ash, are another viable source of 
SCM present in a significant amount to be used in concrete [3, 15, 43, 44].  

It is evident that the use of SCMs as partial replacement to cement reduced CO2 emissions. 
However, the main challenge is how to continue to benefit from the use of concrete with less 
clinker while ensuring its technical properties such as workability, strength, and durability. The 
open questions at this point are whether we can also achieve the same durability class as OPC 
if we reduce the clinker by 50 % and whether this type of cement is suitable for special concrete 
production technologies such as self-compacting concrete (SCC). 

2.3 Self-compacting concrete 

In reinforced concrete, a sufficient concrete cover usually serves to protect the reinforcement 
from adverse weather effects, harmful substances, and to improve durability. A dense 
microstructure can only be achieved if the concrete flows properly and embeds the 
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reinforcement closely, fills all gaps and corners of formwork without any kind of obstruction. To 
achieve these attributes, concrete that requires very little compaction was first produced and 
used in Europe in the early 1970s [45]. At that time, the concept of SCC — without the 
application of external vibration or compaction — was still an imaginary vision. It was first 
proposed in 1986 and produced at the University of Tokyo, Japan, in 1988 [6-8]. More so, the 
need to reduce noise on the construction site, save energy, and compensate for the lack of 
labor, leads to the self-compacting method of concrete production. SCC is considered a high-
performance concrete that differs from conventional vibrated concrete (CVC) in its fresh 
properties, i.e. SCC deforms under the influence of gravity without the need for external 
compaction. SCC microstructure is considered dense and the method is environmentally 
friendly, as the noise caused by vibration is eliminated. The optimization of mix design towards 
self-compacting properties leads to superior qualities over CVC [8]. The modified flowing 
properties and segregation resistance both yield high homogeneity [28], a reduction of voids 
and higher early strength values [28, 46], an improved interfacial transition zone and hence 
higher durability [26, 47]. Also, the use of SCC improves the construction environment as the 
absence of concrete vibrators reduces noise pollution [45]. 

The flow of SCC, measured as the total spread of the mixture particles purely under the 
influence of gravity, is normally achieved by controlling the w/p and applying high range water-
reducing admixtures (HRWR) [48]. Besides the w/p, the proportion of finer and coarser 
particles and the application of viscosity modifying agents (VMAs) in the mix design is decisive 
for the segregation resistance of SCC [6, 49]. The mix design of SCC can be classified into 
three types. The powder type: here, the fluidity of SCC is achieved by a reduction in coarser 
aggregate (CA) content and the addition of HRWR. While the segregation resistance is 
achieved by increasing the percentage of fines [6, 7, 50]. This type is usually adopted for higher 
grades of SCC with a w/p of as low as 0.35. The VMA type: in this method, viscosity modifying 
agents are applied to provide the required segregation resistance of the SCC. Also, a small 
amount of HRWR is added to provide fluidity for the mixture [7, 51, 52]. This method is suitable 
for low grades of SCC with a w/p of 0.45. The combined type: this combines the use of VMA 
and increasing the percentage of powder, in controlling the segregation and fluidity of SCC. 
The combined type is usually employed for medium grades of SCC with a w/p of 0.40 [28, 51]. 

Unlike the CVC, SCC has no standardized method for its mix design due to its susceptibility to 
nuances in material characteristics and other environmental factors. The empirical method was 
initially adopted to produce SCC [6, 7]. In this method, the w/p as well as the dosage of SP are 
both adjusted to achieve the required degree of deformability, followed by the determination of 
the volume of fine aggregate (FA) required to produce a self-compacting mortar (SC-M). 
Finally, the required volume of CA is determined. Other methods used to achieve self-
consolidation include the yield stress and plastic viscosity method (rheometer method) and 
aggregate packing method [48, 53, 54]. Various limits have been set to achieve the desired 
deformability, viscosity, and segregation resistance of SCC based on the empirical design 
method [6, 7].  

Despite its technological advantages, the market share of SCC is small due to some obstacles 
especially in developing countries [9, 10]. First, SCC mixes are more sensitive even to a minor 
variation in constituent’s proportions [10], change in materials properties [13], and the 
production method adopted [14]. Secondly, and eventually, the most important concern of 
SCC, is the high cost of its production due to the use of high dosages of chemical admixtures 
and the higher binder content [15]. The cost of materials in SCC exceeds approximately 20 – 
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50 % of those for CVC [9]. Although, this can be partially compensated by rapid and easy 
placing [55]. The mix design of SCC, as discussed earlier, entails either a large reduction of 
CA and increased powder content or a small reduction in the CA content and the addition of 
VMAs. From a technological point of view, a lower content of CA in SCC might result in a lower 
modulus of elasticity, which may affect negatively the time-dependent deformation (creep and 
shrinkage) of SCC [56]. Higher binder content also increases the environmental impact. The 
method to achieve SCC with small changes in the coarse aggregate and the use of VMA, 
instead, leads to altered mechanical properties of the concrete [56]. To provide solutions to 
these problems, researchers have focused on the potential of SCMs in SCC production. The 
most commonly used SCM in SCC production includes fly ash [22], silica fume [23], blast 
furnace slag [57] rice husk ash [28, 58], and metakaolin [29, 30]. These materials yielded 
positive results at optimal dosage levels. Fly ash, blast furnace slag and silica fume will not be 
considered in this study due to the issues earlier pointed out. The use of CC and RHA as partial 
replacements for cement in SCC is considered due to their availability in Nigeria.  

2.3.1 Potentials of calcined clays as a pozzolan in concrete 

Calcined clays are dehydroxylated aluminosilicate pozzolanic materials that can partially 
replace cement at high proportions and improve the strength and durability of concrete. The 
great potential of CC is based on physical effects such as the filler effect [59, 60] and the 
adsorption of ions from the pore solution [61], as well as on the release of silicon and aluminum 
ions at early time of hydration [62, 63]. This is evidenced by a strong influence of the early 
clinker hydration in CC blended systems [64, 65]. Metakaolinite, as the most famous 
representative of CC, is the metaphase of the phyllosilicate kaolinite after calcination. The 
calcination temperature (500 – 650 °C) is chosen based on the dehydroxylation temperature 
of kaolinite. Kaolinite is a 1:1 phyllosilicate consisting of (SiO4) tetrahedral and (AlO6) 
octahedral sheets that are connected via OH-groups and aluminum cations [66, 67]. By 
dehydroxylation, the structure of metakaolinite becomes x-ray amorphous. Metakaolinite is the 
most reactive CC in concrete and mortar since it yields higher early strength when used as 
SCM compared to other CCs [5, 68, 69]. It reacts faster than other CCs and promotes in 
addition to the silicate the aluminate reaction especially in the presence of CaCO3, thereby 
stabilizing AFt and promoting the precipitation of hemi/monocarboaluminate AFm phases 
instead of monosulfates [70]. Cement can be partially replaced with up to 45 wt-% of a blend 
of CC and limestone (LC3 (limestone calcined clay cement) or CEM II/C-M (Q-LL)) without an 
adverse effect on its strength. 

When metakaolinite is used as a partial replacement for cement, it consumes high amounts of 
portlandite (CH) from cement hydration and forms more C-S-H due to its pozzolanic reactivity, 
which densifies the pore structure of SCC, resulting in a reduction of interconnected pores by 
creating more C-A-H and decreasing the diffusion rate of SCC [71, 72]. This increases the 
resistance to the ingress of harmful substances and improves the freeze-thaw resistance of 
concrete [73]. However, it decreases the deformability of SCC and increases its viscosity [5, 
30]. This is due to its higher water demand and higher specific surface area compared to 
cement [5, 74] and leads to the use of high dosages of SP to liquify the system and to keep 
the viscosity within the specified limit. Furthermore, unlike cement particles, CC particles have 
an overall negatively charged surface that can cause flocculation when added to the 
heterogeneously charged cement, thus requiring more SP to deflocculate the blended 
cementitious system [74, 75]. 
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In addition, the use of metakaolinite as a partial replacement for cement in large proportions is 
not economical. Metakaolinite is an expensive material due to its frequent use in other 
competing industries, as the price of pure metakaolinite is almost two to three times the price 
of cement in many countries [41]. Besides metakaolinite, the suitability of calcined common 
clays — with various types of 2:1 phyllosilicates and further inert components — as SCM has 
been investigated within the last few years [76, 77]. Although their application in CVC has been 
investigated in recent years, by [16, 78, 79], it should also be extended to SCC. 

2.3.2 Potentials of rice husk ash as a pozzolan in concrete 

Rice husk is a by-product of rice milling and consists of cellulose (50 %), lignin (25 % - 30 %), 
silica (15 % - 20 %), and moisture (10 % - 15 %) [80]. Calcination of rice husks removes 
cellulose and lignin, leaving a silica ash called RHA. The calcination temperature is maintained 
between 600 and 700 °C to keep the ash in the amorphous phase [27, 81, 82]. RHA consists 
of microporous, regular, and angular particles, having large specific surface area particle 
micromorphology [83-85] and contains a high amount of amorphous silica, designating it as 
pozzolanic material according to [86]. Its mesoporous structure absorbed a considerable 
amount of aqueous phase from the free water content of the paste, leading to an increase in 
viscosity. RHA derives its pozzolanicity from the optimization of proper calcination and grinding 
[27, 81, 82] and can be used as a viscosity modifying agent or as a partial replacement to 
cement in SCC [28, 87].  

The hydration mechanism of RHA in SCC is related to the consumption of CH and 
enhancement of precipitation of C-S-H due to its pozzolanic reactivity, which may lead to the 
refinement of pore size and densification of the binder matrix [88, 89]. These attributes make 
it possible to partially substitute cement with RHA up to 20 wt-% without an adverse effect on 
its strength and or durability [27, 58, 90]. Another possible reason for this could be caused by 
the ability of RHA to behave like an internal curing agent, whereby it continuously releases the 
absorbed free water from its mesoporous cellular structure for hydration, which facilitates the 
precipitation of more C-S-H in the system and densifies SCC microstructure [85, 91]. 

The major concern in using RHA as a partial replacement for cement in SCC lies in its peculiar 
physical properties. Its specific surface area and water demand exceed those of cement and 
metakaolin [5, 72]. Therefore, similar to silica fume, its use in SCC is limited due to its negative 
effect on the deformability characteristics of SCC.  

2.3.3 Influence of CC and RHA on SCC mix design 

Various methods have been developed for the design of SCC since, unlike CVC, SCC is 
susceptible to nuances in material properties and other environmental factors. First, Okamura 
and Ozawa [7] used an empirical design method to achieve self-compactability. In this method, 
both CA and FA are kept constant. The Vw/Vp and SP amounts are adjusted to achieve the 
desired degree of self-compactability. This method eliminates repeatability during SCC 
production. However, it is considered too complicated for practical application [48], and the 
Vw/Vp cannot be fixed based on strength, but rather on the self-compactability requirement. 
Later, methods based on rheometer tests were developed to characterize the yield stress and 
plastic viscosity of SCC [53]. Just like the previous method, this method does not take 
compressive strength as a determinant factor in designing SCC mixes and requires more 
sophisticated tools to measure the rheology. Su et al. [48] used the aggregate packing method 
to achieve self-compactability. Although this method simplifies the SCC grades, it yields the 
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required mix proportion for only medium to high strength concrete. Kheder and Jadiri [92] 
factored in compressive strength as a determinant in designing self-compacting mixes. Their 
method determines the water-to-binder ratio based on maximum aggregate size and 
compressive strength requirement. Similarly, Dinakar [93, 94] achieved self-compactability by 
considering the efficiency of pozzolanic materials added to SCC. With this method, even low-
grade SCC can be achieved, although it requires adjustment to all concrete constituents in 
case of a minute change. Moreover, Xie et al. [95] further considered even the fraction of the 
key oxides of a particular SCM to model both fresh and hardened properties of SCC. Their 
method permits achieving, both self-compactability and strength by knowing the exact 
characteristics of the SCC binder. 

The same mix design methods described above were adopted when cement is replaced with 
CC and RHA. For instance, CC can replace up to 20% of the cement in SCC at a low w/p of ≤ 
0.32 by simply increasing the SP dosage to properly deform the SCC-CC systems and achieve 
a similar workability class to SCC-cement systems [30, 96, 97]. The strength and durability of 
such concrete are improved by the pozzolanic reactivity of CC, although the viscosity 
increases. RHA-SCC systems, on the other hand, require an adjustment of the w/p value to 
achieve similar deformation properties as SCC-cement systems due to the high water demand 
and specific surface area of RHA. Typically, increasing the SP dosage is not sufficient to 
deform SCC-RHA systems. To achieve the self-compactability, the w/p is increased to 0.41 at 
the RHA replacement ratio of 15 % [27], and higher replacement ratios > 20 % require an 
increase in v/p to 0.55 to achieve self-compactability [72]. Both metakaolin and RHA were 
found to provide sufficient segregation resistance required in SCC mixes and therefore, 
eliminate the use of VMAs [28, 30]. Although the use of binary and ternary blends of CC and 
RHA as partial replacements for cement has been investigated in previous research, some 
questions regarding their influence on the fresh and durability properties of SCC remain 
unanswered.  

2.3.4 Research gap 

The present investigation started with a literature review on the suitability of blends of RHA 
and CC for the preparation of SCC, a review paper titled “Suitability of blending rice husk ash 
and calcined clay for the production of self-compacting concrete: A review” has been published 
[5]. The following research gaps were identified: 

▪ Previous studies have investigated the suitability of a multi-blend of CC and RHA for the 
production of the SCC. Most researchers focused on the use of metakaolin as CC, which 
is an expensive material due to its frequent use in other competing industries and is less 
available compared to CC with low kaolinite content. There is a lack of knowledge when 
it comes to the use of low-kaolinitic CC as a sole SCM or in combination with RHA as a 
partial replacement to cement in SCC, which could be a very promising combination e.g., 
several countries in Africa.  

▪ Also, previous studies have investigated the effects of blends of metakaolin and RHA on 
the SCC fresh properties, strength, and durability. However, the effects of these 
materials on the rheological properties of SCC in terms of yield stress, plastic viscosity, 
shear thickening behavior, flowability retention, plastic shrinkage, and drying shrinkage 
have not been reported [5]. 
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In addition to the research gaps identified in the review paper, the following points are also 
relevant:  

▪ Numerous investigations have established the pozzolanic potentials, hydration kinetics, 
interaction with superplasticizers, and the potential use of CC and RHA as partial 
replacements for cement in self-compacting mortar and concrete. The open question 
remains as, to what extent we can partially replace cement in SCC with CC and RHA to 
achieve higher CO2 savings without compromising the mechanical and durability 
properties of SCC. 

▪ Similarly, there are no previous studies in the literature on the potential use of low-
kaolinitic CCs like those available in Nigeria in LC3 cement. 
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3 Aim and objectives of the research 

The overall objective of the study is to use the locally available SCMs (CC and RHA) in Nigeria 
and produce a SCC that has good resistance to chloride penetration. The study is mainly 
divided into two parts and answers the following questions. 

i. Pozzolanic potentials of CC and RHA as partial replacement to OPC in general and the 
following open questions were considered. 

▪ Are the physical, chemical, and mineralogical properties of the Nigerian-CCs (NCCs) 
comparable to the German-CC (CT7) used for the investigation? What are the physical 
and chemical properties of the RHA? 

▪ How do the physical and mineralogical properties of the NCCs and CT7 affect their 
potentialities as partial replacements to cement in mortar? 

▪ What is the influence of RHA on the workability and compressive strength of mortar?  

ii. Influence of CC and RHA on mix design, rheology, hardened and durability properties of 
self-compacting paste, mortar, and concrete. The following open questions were 
considered.  

▪ How do CC and RHA influence SCC mix design? How does the water demand of CC 
and RHA affect the rheological threshold of the self-compacting mortar? Is the same 
Vw/Vp value used for the deformation of the self-compacting paste without CC and 
RHA also suitable for the deformation of the CC- and RHA- self-compacting paste? 
What influence do CC and RHA have on the SP demand?  

▪ What is the effect of binary and ternary blends of CC and RHA as partial replacement 
to cement (PLC) on the rheology, flowability retention, and flow resistance of SCC? 

▪ How do the binary and ternary blends of CC and RHA affect the hydration process of 
self-compacting paste? What influence do they have on the microstructural 
densification of self-compacting paste? 

▪ To what extent do the binary and ternary blends of CC and RHA influence the plastic 
shrinkage, drying shrinkage, and compressive strength of self-compacting mortar? To 
what extent can cement be replaced with CC and RHA in SCC to achieve a high level 
of CO2 reduction? 

▪ What is the effect of replacing 20 vol-% cement with CC and RHA on the mechanical 
behavior and durability of SCC? How do these materials affect the chloride resistance 
of the SCC? 
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4 Materials and summary of the methods used 

4.1 Materials 

4.1.1 Sourcing and processing of the calcined clays and rice husk ash 

Four raw clay samples were collected from the areas of Nafada, Kwami and Billiri local 
government of Gombe state, Nigeria and denoted as Nigerian Raw Clay (NRC-1 to NRC-4). 
The NRCs were dried at 60 °C in the laboratory oven for 24 h and ground in the rotary disc mill 
(Retsch, RS 200) at 700 rpm for 5 min and calcined for 30 min using a laboratory muffle furnace 
at a temperature of 750 °C. After cooling to ambient temperature, they were subsequently 
ground in the rotary disc mill at 700 rpm for 5 min and labeled after calcination as NCC 
(Nigerian Calcined Clay)-1 to NCC-4. The raw material for the German calcined clay CT7 
(RCT7) was an Amaltheen common clay originating from southern Germany, which was 
calcined at 750 °C on an industrial scale. For the RHA, rice husks from the vicinity of Zaria in 
Kaduna State, Nigeria, were calcined at 650 °C for 2 hours in an electric furnace and ground 
with a laboratory scale mill to obtain the RHA. It contained 96.8 % wt-% amorphous silica, 
measured using X-ray diffraction with an internal standard. 

4.1.2 Properties of the research materials  

To determine the pozzolanic potential of CC and RHA, OPC - CEM I 42.5 R - conforming to 
DIN EN 197-1 [98] was used as a reference material to compare the performance of CC and 
RHA. It contained (wt-%) 61.6 C3S, 18.2 C2S, 5.8 C3A, 9.0 C4AF, 3.2 sulfates and 0.6 calcite 
as mineralogical phases according to the supplier’s information. To produce LC3 blended 
cement and simulate a PLC, the cement was substituted by 15 vol.% of LP. The LP contained 
99.8 wt-% calcite and 0.2 wt-% quartz, as determined by X-ray diffraction. Figure 1 shows the 
particle distribution of the research materials. 

 
Figure 1 Particle size distribution of the research materials 

An industrial isoprenyl oxy poly (ethylene glycol)-type polycarboxylatether-based SP with 
acrylic acid as anchor group and additional vinyloxybutyl poly (ethylene glycol) macromonomer 
was used in this study. It has a solid content of 38.6 wt-%, an anionic charge density of 1390 
µmol/g, a molecular weight of 25,992 g/mol, and a side-chain length of nEO = 31, according to 
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the supplier’s information. The respective SP dosages were determined as wt-% of the binder. 
Sand with a grading 0/4 mm, bulk density of 2.87 g/cm3, and having 7.6 wt-% passing of 125 
µm sieve was used as FA. While round gravels with a grading 4/16 mm, a particle density of 
2.68 g/cm3 and 2.7 wt-% passing sieves 0.125 was used as CA. 

4.2 Experimental methods 

4.2.1 Characterization of the research binder 

The thermal decomposition of the clay mineral phases was studied by thermogravimetric (TG) 
analysis conducted in Netzsch STA 449 F3 Jupiter equipment at a heating rate of 2 K/min. A 
similar test was also conducted for RHA to establish its calcination temperature. Further 
quantification of the mineralogical composition of the NRC was determined by X-ray diffraction 
(XRD) using a side loading preparation at a PANalytical Empyrean diffractometer, with Cu-Kα-
radiation (1.54 Å) at 40 kV and 40 mA. Rietveld refinement was performed using Profex-
BGMN. Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to 
determine the oxide content of the research binder after melt fusion according to DIN EN ISO 
11885 [99]. The Si- and Al- ion solubility of the CCs and RHA was evaluated by eluting the CC 
and RHA in NaOH solution (10 wt-%) for 24 h according to the method specified by [100]. The 
physical parameters of the binder determined include particle density (PD) measured with 
Helium Pycnometer according to DIN EN ISO 17892-3 [101], BET specific surface area (SSA) 
measured with HORIBA SA – 9600 series surface area analyzer, according to DIN ISO 9277 
[102], particle size distribution (PSD), determined using laser light diffraction by Bettersizer, 3P 
instrument [103] and water demand (WD) according to the Puntke method [104]. 

4.2.2 Performance in mortar and early hydration behavior of CC and RHA 

Two mortar series were investigated to evaluate the influence of the CC and RHA on the 
workability and strength activity index (SAI) of the binder. The first with binary blends containing 
CC and RHA only as a substitute for OPC at 20 vol-%. The second batch of the ternary blends 
contained a mortar produced with LP substituting OPC at 15 vol-% (forming PLC), and the 
remaining blends contained 55 vol-% OPC, 15 vol-% LP, and 30 vol-% of CC. The mortar 
constituents were mixed in a stainless steel 5 liters bowl mixer according to DIN EN 196-1 
[105]. The flow diameter of the fresh mortar was determined according to DIN EN 1015-3 [106]. 
Table 1 shows the gravimetric mix designs of the different mortar systems.  

Table 1 Materials mix designation 

Mix designation OPC [g] LP [g] CC [g] Sand [g] Water [g] SP [wt-%] 
M 450 - - 1350 225 - 
MCT7 360 - 73 1350 225 - 
MN-1 360 - 76 1350 225 0.30 
MN-2 360 - 80 1350 225 0.30 
MN-3 360 - 79 1350 225 0.30 
MN-4 360 - 81 1350 225 0.30 
MRHA 360 - 66 1350 225 0.40 
LC3 mortar mix design 
ML 383 57 - 1350 225 - 
MLN-1 248 57 113 1350 225 0.35 
MLN-2 248 57 121 1350 225 0.35 
MLN-3 248 57 118 1350 225 0.35 
MLN-4 248 57 121 1350 225 0.35 
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For the SAI, the mortar was poured into sets of 40 mm x 40 mm x 160 mm steel molds and 
compacted on a vibrating table according to [105]. The specimens were covered and stored 
moist for 48 h and then cured under water. The compressive strength was tested at 7, 28, and 
90 days using the Form + Test Prüfsysteme Alpha 1-3000 testing equipment at an increased 
uniform loading rate of 2400±200 N/s till failure. Early hydration behavior of the OPC, binary 
blends of OPC, and CC was monitored by isothermal calorimetric measurements using a TAM 
AIR 8-channel isothermal calorimeter. The test procedure is described in [36]. The heat flow 
was measured up to 48 hours and the result normalized to 1 g of cement.  

4.2.3 Self-compacting paste, mortar and concrete mix design 

From this point on, the research focuses on the use of CT7 as CC, the cement is PLC (OPC 
partially replaced by 15 vol-% LP). The amount of water confined by the binder was determined 
using the spread flow method. At a constant volume of the powder, Vw/Vp was varied in 0.1 
increments between 1 and 2. Four points were used for each binder system, and the relative 
spread was determined using Equation (1). The Vw/Vp was plotted against the relative spread, 
and the amount of water confined by the individual binder system (VwΓo) was determined by 
extrapolating the points to the vertical axis as described by [6].  

ΓRS = [d/do]2 - 1 (1) 

Where ΓRS = relative spread area, d = (d1 + d2)/2, d1 = largest flow diameter and d2 = diameter 
perpendicular to d1, and do = diameter of mini-slump cone, 100mm. 

The influence of CC and RHA on the amount of water confined by the PLC was determined 
and was used as the basis for establishing the Vw/Vp of the SC-P using Equation (2).  

Vw/Vp = [0.8 to 0.9] ∙ VwΓo (2) 

Where VwΓo = volume of water confined by binder in relation to its volume 

Self-compacting mortar was designed considering the average Vw/Vp required to deform SC-
P, and the volume of the fine aggregate (Vs) was set at 40 vol-% of the SC-M volume. The 
amount of SP is adjusted until for the individual SC-M systems self-compactability is achieved. 
The deformability of the SC-M systems was evaluated by measuring the slump flow with the 
mini-slump cone [36] and the range of Γm = 4.76 to 5.76 (equally to 24 cm to 26 cm) was used 
to assess the flowability and the viscosity (Rf) ranges from 0.91 to 1.43 s-1 (7 to 11 s) [36], while 
the segregation resistance of the SC-M was evaluated by visual inspection. To complete the 
SCC mix design, the volume of CA was adjusted along with the dosage of SP until it was 
maintained at 33 vol-% of the total volume of SCC. The air content was also set at 2 vol-% of 
the total SCC volume, according to [107]. 

Self-compacting paste mixes were produced according to DIN EN 196-1 [105]. The binder, 
mixing water, and the SP were added together and mixed for 4 minutes in a mortar mixer 
produced by Bluhm and Feuerherdt GmbH, Berlin, Germany. SC-M was produced by mixing 
the constituents for 8 minutes in the same mixer. The binder materials, FA, and two-thirds of 
the mixing water were mixed for 2 minutes, followed by a break of 1 minute to enable the 
addition of the remaining water and the SP. The entire mixture was then mixed for an additional 
5 minutes. 

The mixing sequence of SCC started with mixing the binder, FA, and CA for 1 minute in a UEZ 
ZM 50 concrete mixer (UEZ-MISCHTECHNIK), with a capacity of 60 liters and a mixing speed 
of 48 rpm. Two-thirds of the mixing water was then added while the mixer was running and 
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mixed for 2 minutes. The SP and the remaining mixing water were then added and the whole 
constituents were mixed for another 7 minutes.  

4.2.4  Fresh properties of self-compacting concrete  

The deformability of the SCC in the absence of obstacles was evaluated using the slump flow 
according to [108] while the J-ring test was employed to assess the passing ability of the SCC 
through an obstacle according to [109]. The viscosity of the SCC systems was assessed using 
both the T500 time and the V-funnel test according to [110]. The stability of the SCC was 
evaluated in two ways. First, using the sieve stability assessment method according to [111] 
and the washing test according to [112]. The uniform distribution of the CA in the SCC mixtures 
is monitored over time using a plunger method [113]. 

Rheology of the SCC in terms of the shear stress (τ), plastic viscosity (µ), and flow resistance 
were determined using a rotational rheometer, viskomat XL (Schleibinger Geräte) with a vane 
probe testing paddle at a constant temperature of 20 °C. The measurement started with the 
maximum rotational speed of 12 rpm for 80 s and decreased in 14 steps of 20 s each until the 
end of the measurement [114]. The recorded torque was used to estimate the yield stress (τ0) 
and plastic viscosity (η) of the SCC according to the Bingham model [115, 116] using Equation 
(3). The flowability retention of the SCC is monitored by calculating the flow resistance of the 
SCC mixtures over time (area under the curve) obtained by plotting the torque against the 
velocity as described previously by [103].  

𝑻 =  𝑮 +  𝑵 ∙  𝑯 (3) 

Where T = torque ≈ τ; G = y-intercept of the flow curve ≈ τ0; N = velocity ≈ γ˙; and H = the slope 
of the curve ≈ η. 

4.2.5 Portlandite consumption and porosity of self-compacting paste 

Portlandite consumption by the CC and RHA and the bound water in hydrate phases formed 
at 2, 7 and 28 days of curing were investigated by TG measurements in Netzsch STA 449 F3 
Jupiter instrument. The constituents of the SC-P were mixed according to [105] and filled into 
40 × 40 × 160 mm3 steel molds and stored in humid conditions for 48 h and then cured under 
water until testing. At the time of testing, a representative portion of the sample is manually 
chipped out from the inner part of the prisms and crushed to < 1 mm size using the laboratory 
pestle and mortar. Hydration of the pulverized binder was stopped by solvent exchange as 
described in [117]. Approximately 300 mg of the pulverized binder was placed in alumina 
crucibles and heated to 1000 °C at a heating rate of 2 K/min under a nitrogen atmosphere. 
The bound water was determined as weight loss (wt-%) from the TG measurements between 
25 °C and 400 °C, while the CH content was quantified from the weight loss between 400 °C 
and 490 °C using the tangent method according to March and Day [118].  

Mercury intrusion porosimetry (MIP) was used to evaluate the effect of CC on the pore 
structure of the binder at 28 days of hydration according to DIN 66133 [119]. Approximately 
1 cm3 of the hardened binder paste was manually cut out from the inner part of the paste 
prisms. The samples were stored in isopropanol for at least three days and subsequently dried 
at 70 °C in a ventilated oven. After drying, they were cooled and stored in a desiccator and 
tested using ThermoFisher mercury intrusion porosimeter with the pressure range of 400 MPa 
to 400 kPa to measure pore radii from 2 nm to 2 µm. Mercury density of 13.54 g/cm3, with a 
surface tension of 0.48 N/m and a contact angle of 140 ° were used as parameters for the MIP 
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experiments. The pore sizes of SC-P were classified into gel pores (2 – 30 nm), microcapillary 
pores (30 nm – 1 µm), capillary pores (1 µm – 50 µm) and air voids (> 50 µm). 

4.2.6  Plastic, mechanical and durability of self-compacting mortar and 
concrete  

Plastic shrinkage of SC-M at an early age was measured contactless using a shrinkage cone 
(Schleibinger Testing Systems, Buchbach, Germany) according to [120]. The measurement 
was started 15 minutes after water addition and lasted for up to 48 h [119]. Polypropylene foil 
was used to prevent the friction effect between the fresh SCC surface and the shrinkage cone. 
The SC-M drying shrinkage was measured on 40 × 40 × 160 mm3 prisms according to [121]. 
SC-M compressive strength was determined according to DIN EN 196-1 [105]. For SCC 
compressive strength measurement, fresh SCC was cast into 150 × 150 × 150 mm3 steel 
molds and stored moist for 48 h and then cured underwater until the test date. The 
measurement was performed according to [122] at 2, 7 and 28 days of curing on the Form + 
Test Prüfsysteme Alpha 1-3000 strength testing equipment with an increasing uniform loading 
rate of 2400±200 N/s until failure. The influence of CC and RHA on chloride resistance of SCC 
was investigated using a rapid chloride migration by applying an electric field axially to the test 
specimen to accelerate the chloride penetration, according to [123]. The depth of chloride 
penetration was determined on 100 x 50 mm3 cores drilled and subsequently sliced from 150 
× 150 × 150 mm3 SCC specimens at the age of 28 days of curing.  

4.2.7  Embodied energy and CO2 equivalent quantification  

The embodied energy (EE) and the CO2 equivalent (CO2-eq) of the different mix design used in 
the research work are estimated using equation (4), based on the EE and the global-warming 
potentials (GWP) of the individual concrete constituents obtained in the literature, as 
summarized in Table 2. 

𝐄𝐄; 𝐂𝐎𝟐−𝐞𝐪 = ∑ 𝒈𝒊 × 𝒎𝒊

𝒏

𝒊=𝟏

 (4) 

Where 𝑔𝑖  = EE or GWP per unit mass of constituent and  𝑚𝑖 = mass of concrete ingredient 

per m3 of concrete.  

Table 2 Embodied energy and CO2 emission of raw materials [124, 125] 

Constituents Embodied energy (MJ/Kg) Global-warming potentials (KgCO2-eq) 

OPC 4.727 0.83 
LP 0.35 0.017 

Calcined clay 3.48 0.4 
RHA 2.07 0.157 
FA 0.022 0.001 
CA 0.113 0.007 

water 0.006 0.0003 
SP 18.3 0.72 

Figure 2 shows the schematic representation of the laboratory experiment necessary to 
achieve the overall aim of the study.  
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Figure 2 Schematic representation of the research objectives 
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5 Main results 

The scope of the study is divided into two parts: First, the research gap related to the use of 
CC and RHA as partial replacement to cement in SCC is determined and published in [5]. Also, 
the pozzolanic potentials of CC and RHA as SCMs, partially replacing OPC at 20 vol-% in 
mortar were determined, and used as a basis to compare the performance of the Nigerian 
calcined clays (NCC) with the German calcined clay (CT7). In addition, the NCCs were also 
tested for their suitability as LC3 blended cement. Details of the characterization, pozzolanic 
reactivity, and CO2 savings that can be achieved by using NCC as a partial replacement to 
cement have been published in [16]. These two publications are the focus of the first and 
second objectives (block 1) of the research. The following results give a summary of the 
potentialities of NCCs, CT7, and RHA as pozzolanic materials in concrete. 

5.1 Characterization of the research binder 

5.1.1 Mineralogy of clays, chemical and physical properties of binders 

Table 3 shows the quantification of the various mineralogical phases of the NRCs and RCT7. 
RCT7 is common clay with 37 wt-% mica/illite as the main clay mineral, 22 wt-% kaolinite as 
the second major mineral, and 20 wt-% quartz. NRC-1 and NRC-2 were smectite-rich clays 
containing about 70 wt-% smectite and about 13 and 22 wt-% kaolinite, respectively. NRC-3 
and NRC-4 were kaolinite-rich clays (56 and 49 wt-%, respectively) and they contained more 
than 30 wt-% quartz as the second main phase. 

Table 3 Mineralogical composition of raw clays (wt-%) 

Phase [wt-%] RCT7 NRC-1 NRC-2 NRC-3 NRC-4 
Quartz 20 6 4 34 42 

Kaolinite 22 13 22 56 49 

Smectite - 71 68 - - 

Mica/Illite 37 10 - 6 6 

Rutile / Anatase 2 - 2 3 2 

Chloride 6 - - - - 

Gypsum - < 1 4 - - 

Calcite 7 - - - - 

Feldspar 5 - - - - 

The mineralogical composition of the NRCs was further confirmed by differential thermal 
analysis as depicted in Figure 3. NRC-1 and 2 showed a typical differential thermal analysis 
(DTG) curve pattern of a smectitic clay, while NRC-3 and 4 showed a DTG curve pattern of a 
kaolinitic clay, confirming the XRD results shown in Table 3.  
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Figure 3 Differential thermal analysis (a) and mass loss (b) of the NRCs 

The smectite-rich clays exhibited greater mass loss between 100 and 300 °C, which was 
related to the removal of water bound to the outer surfaces of the clay minerals. At an 
intermediate temperature (400 to 650 °C), the kaolinite-rich clays exhibited more 
dehydroxylation than the smectite-rich clays. Based on the TG results, the calcination 
temperature for all NRCs was set at 750 °C, i.e., between the dehydroxylation and 
recrystallization temperatures (red lines in Figure 3). While the calcination temperature of RHA 
was set at 650 °C based on the TG result presented in Figure 4.  

 

Figure 4 Differential thermal analysis (a) and mass loss (b) of the rice husk ash 

The chemical compositions and physical properties of all research binders are summarized in 

Table 4. 
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Table 4 Chemical composition and physical properties of the research binders 

Chemical 
composition (%) 

OPC LP CT7 NCC-1 NCC-2 NCC-3 NCC-4 RHA 

SiO2 20.1 0.6 53.2 55.0 54.3 68.1 68.2 90.8 
Al2O3 5.4 0.1 22.2 19.1 24.5 24.7 20.4 1.1 
CaO 60.7 56.4 6.5 1.3 1.9 24.7 0.2 1.0 

Fe2O3 2.9 0.1 8.0 7.7 9.5 2.5 8.2 0.8 
K2O - 0.1 3.5 1.8 1.5 0.4 0.7 2.0 
MgO 1.8 0.2 2.7 3.1 2.1 0.1 0.2 1.2 
Na2O 0.7 - 0.4 8.6 0.2 <0.1 <0.1 0.1 
TiO2 0.3 - 1.0 1.0 1.1 3.5 1.5 0.1 
SO3 3.4 - 2.0 0.8 1.9 <0.1 <0.1 0.2 
LOI 1.8 42.6 0.02 1.6 3.0 0.5 0.6 2.7 

Si/Al (ion solubility) - - 1.65 2.24 1.49 1.04 1.05 41.5 
Physical properties         

SSA, m2/g 1.0 1.6 3.9 95.9 75.4 16.7 32.0 160 
WD, wt-% 29 20 38 37.3 35.1 31.6 32.5 96 
PD, g/cm3 3.3 2.8 2.7 2.7 2.8 2.78 2.9 2.4 

d10, µm 2.6 0.8 1.9 5.4 2.9 2.3 3.6 5.4 
d50, µm 16.0 4.6 12.7 34.5 21.7 13.8 28.2 23.7 
d90, µm 42.8 20.7 33.7 155.0 85.8 61.0 72.3 56.5 

5.1.2 Influence of NCCs and CT7 on early hydration of OPC 

The influence of CT7 and NCCs on the early age hydration behavior of OPC is shown in Figure 
5. Three distinctive exothermic peaks could be identified. The first peak is related to the initial 
formation of the ettringite and is followed by a dormant period. The partial replacement of 
20 wt-% OPC with CT7 and all the NCCs have no significant effect on the formation and 
duration of the dormant period. The formation of the second peak (silicate) is related to the 
dissolution of C3S and precipitation of C-S-H and occurs after 12 h in the OPC system.  

 
Figure 5 Heat flow (a) and hydration heat (b) of OPC and OPC + CC systems 

Similarly, CT7 had no significant effect on the shape and occurrence of the second hydration 
peak. While the substitution by 20 wt-% NCCs resulted to a comparable acceleration of the 
silicate reaction for all four NCCs (occurrence after about 9 h). The third peak appeared after 
the silicate peak due to the depletion of sulfate leading to the dissolution of C3A and further 
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precipitation of ettringite (aluminate peak). The aluminate peak occurred in the OPC and CT7 
binder systems after about 28 hours of hydration. In contrast, a significant time shift in the 
aluminate reaction was observed for the NCC systems. The formation of the aluminate peak 
occurred after 25 h for NCC-1 and after 20 h for NCC-2 (mixtures with metasmectite-rich CC), 
while it occurred after 16 h for NCC-3 and after 14 h for NCC-4 (mixtures with metakaolin-rich 
CC) as shown in Figure 5a. Overall, a clear distinction could be made between silicate and 
aluminate reactions, and the onset of the aluminate reaction was evident in all NCC systems 
and CT7. Partial replacement of OPC with 20 wt-% NCCs and CT7 generally enhanced the 
heat of hydration of the OPC, partly due to the filler effect, which increased the nucleation sites 
and improved the hydration rate of the binder as previously reported by [126]. NCC-3 had the 
greatest effect, followed by NCC-2, while the other CCs showed similar trends, as depicted in 
Figure 5b. 

5.1.3 Pozzolanic potentials of CC and RHA 

The effect of partial replacement of 20 vol-% OPC with the NCCs, CT7, and RHA on workability 
(a) and compressive strength (b) of mortar is shown in Figure 6. Unlike the remaining CCs, the 
effect of CT7 on the workability of OPC mortar (M) is rather minor and requires no addition of 
the SP or adjustment of the w/p to attain a slump flow similar to the M system. All the NCCs 
require an adjustment of the w/p or addition of SP (0.3 wt-% SP was added to all of them) to 
achieve deformability similar to that of M, due to their higher SSA and water demand compared 
to OPC. Similarly, partial replacement of 20 vol-% RHA required adjustment of w/p or addition 
of SP to achieve deformability similar to M. In this case, 0.4 wt-% SP was added to deform the 
MRHA system. Both CC and RHA mortar systems achieved pozzolanic activity index (PAI) > 
75 % at 28 days of hydration, as shown in Figure 6b. MN-3 achieved a PAI > 100, while MN-1 
had the lowest value with a PAI = 80 %. MCT7, MN-2, MN-4, and MRHA have almost the same 
PAI of about 90 %.  

 
Figure 6 Influence of CC and RHA on workability (a) and PAI of mortar (b). The numbers placed 
above the bars in (b) denote the compressive strength values in MPa 
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5.1.4 Performance of the NCCs in the presence of LP 

One of the objectives of the study is to achieve higher OPC partial replacement with CC (mix 
design = 55 vol-% OPC + 15 vol-% LP + 30 vol-% NCCs). It has been previously shown that 
CCs perform better in the presence of LP and when ternary blended have the potential to 
replace a high proportion of OPC [16, 36]. For comparison, the MLN-1 to 4 systems were 
presented together with the ML system as depicted in Figure 7. Similar to the binary blended 
systems with NCCs presented in Figure 6a, all the ternary blends of NCCs and LP mortar 
systems require an addition of 0.35 wt-% SP to achieve a slump flow of ± 5 cm of the ML 
system. Similar to what was previously observed for PAI of NCCs, MLN-3 achieved a 
compressive strength value = 48 MPa, which is greater than that of ML. MLN-1 and 2 have a 
compressive strength of 36 and 38 MPa, respectively. While MLN-4 reached a compressive 
strength of 41 MPa as shown in Figure 7b.  

 
Figure 7 Performance of NCCs in the presence of LP 

5.1.5 Discussion 

In this chapter, all binders used for the research are characterized, the influence of CT7 and 
NCCs as partial replacements for OPC in mortars is compared, and the possibilities of higher 
partial replacement of OPC by NCCs in the presence of LP as a ternary blended binder are 
investigated. The NRCs can be broadly classified into two groups, namely the smectite-rich 
clays (NRC-1 and 2) and the kaolinite-rich clays (NRC-3 and 4). RCT7, on the other hand, is 
common clay with high mica/illite content. The reactivity of CT7 in terms of ion solubility (Si/Al) 
is intermediate between that of NCC-1 and NCC-2. In general, CT7, NCC-1, and 2 can be 
classified as 2:1-rich common CCs, while NCC-3 and 4 can be classified as 1:1-rich common 
CCs. The contents of SO3 and LOI, as well as the summation of the SiO2, Al2O3, and Fe2O3 
contents in all the CCs and RHA, are within the limits recommended by ASTM C618 [127] for 
natural and calcined pozzolan to be used in concrete. Considering the effect of the NCCs and 
CT7 on the early hydration behavior of the OPC, a clear distinction existed between the silicate 
and aluminate hydration maxima in all CC blended systems, except NCC-4, which had a strong 
overlap of these maxima. Therefore, at 20 wt-% CC replacement, only NCC-4 requires a 
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sulfate adjustment to prevent flash setting and ensure the sequential occurrence of the 
hydration maxima as previously observed by [60, 128]. All the CCs enhanced the heat of 
hydration of OPC at 48 h of testing. 

Considering the effect of CC and RHA on the workability of the mortar, the partial substitution 
of 20 vol-% CT7 had no significant effect on the slump flow of the OPC mortar and does not 
require w/p adjustment or SP addition to achieve similar workability to the OPC mortar system. 
Unlike CT7, all the NCCs and RHA require w/p adjustment and/or SP addition to achieve 
similar deformability to OPC. As for the CCs, although the NCCs have a water demand similar 
to that of CT7, they have a negative effect on the workability of the mortar by reducing the 
slump flow due to their high SSA compared to both OPC and CT7. More so, RHA affects the 
workability of the mortar due to its higher water demand and SSA as also previously observed 
by [80, 129]. Consequently, NCCs and RHA require an SP addition to achieve similar 
deformability performance to the OPC and PLC mortar reference systems. This would incur 
additional but negligible costs considering the ≥ 20 vol-% replacement of cement with a less 
costly material.  

Moreover, considering the development of the compressive strength, similar to the CT7 mortar 
system, the NCCs achieve 28 days PAI > than the minimum specified by ASTM C618 [127] 
for natural and calcined pozzolan to be used in concrete. The performance of the RHA is 
comparable to that of CT7 in terms of the 28 days compressive strength. The minimum 28 
days compressive strength achieved by the NCCs at 20 vol-% OPC partial replacement was 
44 MPa, which is enough for general production of concrete up to grade C35/45. For the 
ternary composite cement with the NCCs and LP, the same application holds for the 
metakaolin-rich NCCs, whereas for the metasmectite-rich NCCs, the compressive strength 
values at 28 days of curing were 36 and 38 MPa for MLN-1 and 2, respectively. This limits their 
use to general construction work under normal environmental conditions and the production of 
concrete up to grade C25/30. In practice, this concrete grade is sufficient for general 
construction works to provide the required concrete infrastructure in the sub-Saharan Africa 
region.  

The performance of the NCCs in terms of pozzolanic reactivity is comparable to that of CT7. 
The major difference identified so far in this research is the difference in physical properties 
such as SSA - which is due to the differences in mineralogical composition of the raw clays, 
and the PSD – which depends on the degree of grinding of the CCs, and additionally to the 
extent of treatment of the raw clays. For example, RCT7 was calcined and ground on an 
industrial scale, while the RNCs were calcined and pulverized in small quantities (≈1 kg) in the 
laboratory. The potentialities of the NCCs as SCMs partially replacing cement in mortar has 
been published in [16], and from this point, the research will consider the use of CT7 as CC 
for the production of self-compacting paste, mortar, and concrete, since such quantities 
needed for all samples will be difficult to be transported from Nigeria. OPC is partially replaced 
with 15 vol-% LP to form PLC blended cement. The essence of the LP addition is to reduce 
the friction between the particles of OPC and improve its deformability, in addition to the other 
benefits. This blended cement is used to produce the reference mixes for the research. 

5.2 Optimization of SCC mix design with the blends of CC and RHA  

The third objective of the thesis focuses on considering the challenging physical properties of 
CC and RHA to optimize SCC mix design and to measure its fresh properties. This was 
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achieved by designing and producing the paste phase of the SCC which was used as a 
medium to deform the fine aggregate, forming SC-M. The SC-M was used as a medium to 
deform the coarse aggregate, forming SCC. The outcome has been published in [36, 130]. 
The following summarizes the results obtained. 

5.2.1 Self-compacting paste design  

A stepwise rational mix design was adapted to optimize the final SCC proportioning of the 
constituents. First, the effect of CC and RHA on the ratio of confined water by the binder and 
the water demand of the respective binder systems was considered as shown in Figure 8a.  

 
Figure 8 Influence of CC and RHA on the ratio of confined water by binder (a) and the 
relationship between the water demand and the water confined by binder (b). The legends hold 
for both parts of the graph. 

At a constant volume of powder, PLC confined approximately a volume of water equal to the 
volume of solid - determined by extrapolating (on the vertical axis) the plot of Vw/Vp against the 
relative spread (as explained under section 4.2.3). PLC partial replacement with CC showed 
no significant effect on the volume of water confined and increased only by 12 vol-% of water 
at a substitution ratio of 40 vol-%. In contrast, partial replacement of PLC with RHA showed a 
significant effect on the volume of water confined by the binder, increasing to 76 vol-% at an 
RHA substitution ratio of 40 vol-%. However, the ternary blends of CC and RHA yielded no 
significant reduction in the ratio of water confined by binder due to the high-water demand of 
RHA, for instance, the ratio of water confined by 40 vol-% CC replacement is 1.15 and 
increased drastically to 1.37 when 5 vol-% of CC is replaced by RHA in the blend 
(35CC,5RHA). The ratio of confined water by the binder is related to its water demand, with an 
R2 = 0.91 as depicted in Figure 8b. The PLC and the binary blends with CC and RHA appeared 
on and/or below the regression line, while the ternary blends of CC and RHA appeared above 
the regression line. This could be due to the dominant influence of RHA on the physical 
properties of the ternary blended binder. Another possible reason for this behavior could be 
improper mixing of the two materials due to the variation in their surface morphology, as 
explained in [130]. 
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The Vw/Vp required to impart on paste self-compactability is calculated from the volume of 
water confined by the individual binder system, as shown in Table 5. PLC (0 CC + 0 RHA) 
requires an average of 0.87 Vw/Vp to achieve self-compactability. Partial substitution of CC 
showed no drastic effect on this value and therefore requires only a slight adjustment of this 
value or an increase of SP dosage to achieve similar deformability class as the PLC system. 
On the other hand, partial substitution of PLC with RHA requires a significant adjustment of 
Vw/Vp to achieve self-compactability. For instance, with partial substitution of 10 vol-% RHA, 
Vw/Vp already increased to 1.1, which is 21 % higher than the value required for PLC. In this 
case, SP adjustment is not sufficient to achieve the required degree of deformability because 
of the higher water demand and SSA of the RHA compared to PLC. Therefore, urgent 
adjustment of the Vw/Vp of the RHA and the ternary blended systems with CC and RHA is 
required to achieve a deformability characteristic similar to that of PLC. Consequently, the mix 
design will consider the individual effects of CC and RHA on the deformability of SC-M and 
establish what can be achieved by using these SCMs in terms of self-compactability 
requirement.  

Table 5 Average Vw/Vp required by individual binder system to achieve self-compactability 

CC 
RHA 

0 5 10 15 20 25 30 35 40 

0 0.87  0.87  0.91  0.94  0.98 
5  1.1  1.08  1.12  1.17  
10 1.10  1.16  1.2  1.24   
15  1.21  1.25  1.27    
20 1.26  1.3  1.35     
25  1.34  1.42      
30 1.37  1.47       
35  1.50        
40 1.51         

 

5.2.2 Self-compacting mortar design  

The influence of adjusting the Vw/Vp, SP dosages, and Vs to achieve a workability threshold of 
both the relative flow Γm (4.76 to 5.76) and relative flow velocity Rf (0.91 to 1.43 s−1) for the 
reference SC-M is presented in Figure 9 (red dot line). These attributes were accomplished at 
a Vs = 40 %, Vw/Vp = 0.875, and 0.45 wt-% SP and is denoted from here on as SC-M-1. It’s 
possible to increase the Vs to 48 % but at the expense of increasing the SP dosage. Higher Γm 
values indicate higher deformability tendencies and smaller Rf values indicate higher viscosity 
[131]. Figure 10 shows the influence of PLC partial replacement with CC and RHA on the 
workability threshold (Γm and Rf) of SC-M-1. Increasing the PLC replacement level by CC 
resulted in a decrease of both the Γm and Rf of the SC-M. With the here used replacement 
levels beyond 20 vol-%, a higher dosage of SP is required to improve the deformability of the 
SC-M. The established Rf values were difficult to achieve with replacement levels beyond 10 
vol-% CC. Nonetheless, the Γm were achieved with PLC partial replacement up to 40 vol-% 
CC. Therefore, the limits are adjusted to accommodate the effect of CC at higher replacement 
levels (blue dash line in Figure 10). 
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Figure 9 Influence of Vw/Vp, SP and Vs adjustment the Гm and Rf of SC-M, (a) = Гm and Rf 

thresholds recommended by [107] 

 
Figure 10 Influence of CC and RHA on the Гm and Rf of SC-M, (a) = Гm and Rf thresholds 
recommended by [107] and (b) = proposed Гm and Rf thresholds. 

The use of CC as partial replacement to cement decreased the deformability rate of SC-M and, 
therefore, a new lower Rf limit of 0.65 s−1 is proposed based on the experimental results 
obtained to accommodate up to 40 vol-% PLC replacement by CC. The upper limit of Rf (1.43 
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s−1) remains unchanged. Consequently, the established Γm upper limit has to be adjusted to 
accommodate SC-M with 20, 30, and 40 vol-% CC, as these mixes are still self-compacting. 
Therefore, a new SC-M workability window with Rf = 0.65 to 1.43 s−1 and Γm = 4.76 to 7.50 is 
proposed to accommodate cement replacement with up to 40 vol-% CC without an adjustment 
of the Vw/Vp as indicated by the blue dashes in Figure 10.  

The partial replacement of PLC with RHA required a complete adjustment of Vw/Vp to achieve 
deformability comparable to SC-M-1, the adjustment of SP alone is not sufficient. Therefore, 
for each replacement level with RHA, an increase of the Vw/Vp is urgently required due to the 
higher water demand and SSA of RHA. The summary of Vw/Vp and SP required to deform the 
individual RHA system is also shown in Figure 10. These basic mixtures of CC as replacement 
to PLC with a Vw/Vp = 0.875, with varying SP dosages, and RHA as replacement to PLC with 
an SP dosage = 0.4 – 0.5 wt-%, with varying Vw/Vp were used to establish the grade of SCC 
and the level of CO2 reduction that can be achieved with them. 

5.2.3 Self-compacting concrete mix design  

For SCC produced with the binary blends of CC as partial replacement to PLC, a Vw/Vp = 0.875 
was used and PLC was partially substituted with CC up to 40 vol-% and the mix design has 
been published in [97]. For the binary and ternary blends with RHA, considering that RHA 
poses a challenge to deformability at higher PLC partial replacement due to its high water 
demand, PLC partial replacement with RHA was kept at 20 vol-%. For comparison, the binary 
blend with CC was also kept at 20 vol-%, and the ternary blend was achieved using 10 vol-% 
CC + 10 vol-% RHA. Therefore, Vw/Vp = 1.275 required to impart self-compactability to the 20 
vol-% RHA binder system was considered to compare the influence of CC and RHA on the 
rheological and hardened properties of SCC. The Vs was adjusted to 44 vol-% of the total SC-
M volume, while the SP and the volume of CA (finally fixed at 33 vol-% of the total SCC volume) 
were adjusted until acceptable deformability was achieved. The volume of air (Va) was fixed at 
2 vol-% of the total SCC volume according to [107]. Criteria for assessing the deformability of 
SCC in the absence of obstacles (filling ability) include the slump-flow and V-funnel time as an 
indication of viscosity, while the use of a J-ring gives an estimation of the deformability in the 
presence of obstacle (passing ability). By adjusting the SP dosages, SCC-1 achieved a 
deformability class SF2 and viscosity class VF1 according to [132] as shown in Figure 11a. 
With a slight increase in the SP dosage, SCC-1-20CC achieved similar deformability to the 
SCC-1, with viscosity class VF1. SCC-1-20RHA requires an increased SP dosage to attain 
deformability class SF2 and viscosity class VF1 compared to SCC-1-20CC. SCC-1-
10CC+10RHA, exhibited a deformability and viscosity behavior somewhat in-between that of 
binary CC and RHA SCC. Similarly, by adjusting the SP dosages, the blocking tendency of the 
SCC decreases and it is possible to bring all the SCC mixtures to a passing ability class PJ2, 
classified according to [132] (Figure 11b). 
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Figure 11 Influence of CC, RHA and varying SP dosages on the deformability characteristics 
of SCC, data already published in [130] 

The final mix design of the research is divided into three areas: First, a mix design considering 
the effect of the binary blend of CC on the deformability of the SCC, in this case, a Vw/Vp = 
0.875, corresponding to w/p = 0.29, similar to what has used previously by [133], was used for 
the production of the self-compacting paste, mortar and concrete. Details of the rheological 
and hardened properties of the self-compacting paste and mortar have already been published 
in [36, 97] as part of this research. For comparison purposes, only the SC-M mix design will 
be presented in this report as shown in Table 6. The compressive strength obtained will also 
be presented in section 5.7.7 of the report. Similarly, the mix design of individual RHA 
replacement levels is also presented and what can be achieved from each RHA-SC-M system 
is going to be presented in section 5.7.7. 

Finally, to compare the blends of CC and RHA, a Vw/Vp = 1.275 (0.42 w/p equivalent) and 
varying SP dosages are used. This may particularly affect the stability of SCC-1 and SCC-1-
20CC (binders with lower water demand), since the viscosity of SCC largely depends on the 
w/p: The higher the w/p, the higher the flow rate of SCC, as previous studies with a w/p ≥ 0.5 
showed a VF time ≤ 6 s [134, 135]. When the w/p is < 0.4, SCC yields a VF time ≥ 6 s [97, 
136]. SCC-1 with 0.25 SP dosages is at the limit for both the filling and passing ability values 
but is considered suitable for the final SCC mix design. The selection criterion for the final SCC 
mix design is therefore based on SF ≥ 650 mm, VF ≥ 6 s and PJ ≤ 10 mm, and the proportions 
of the final SCC mix designations are presented in Table 6, and are used to determine the 
influence of CC and RHA on the rheology, flowability retention, compressive strength and 
chloride migration resistance of SCC. The SC-P mixes, presented under the final mix design 
section in Table 6, are used to determine the influence of the binary and ternary blends of CC 
and RHA on the formation of hydrate phases of SC-P and its porosity. Similarly, the SC-M 
mixes are used to determine the influence of CC and RHA on plastic and drying shrinkage of 
the SC-M.  
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Table 6 Self-compacting paste, mortar and concrete mix designations 

Mix designation Constituent 
[dm3/m3] 

 Vw/Vp OPC LP CC RHA Water FA CA SP [wt-%] 
Influence of CC on SC-M mix design, only SP is adjusted, Vw/Vp = 0.875 

SC-M-1 0.875 272 48 - - 280 400 - 0.45 
SC-M-1-10CC 0.875 245 43 32 - 280 400 - 0.45 
SC-M-1-20CC 0.875 218 38 64 - 280 400 - 0.50 
SC-M-1-30CC 0.875 190 34 96 - 280 400 - 0.55 
SC-M-1-40CC 0.875 163 29 128 - 280 400 - 0.60 

Influence of RHA on SC-M mix design, with adjusted Vw/Vp, SP = 0.45 wt-% 
SC-M-1 0.875 272 48 - - 280 400 - 0.45 

SC-M-1-10RHA 1.175 211 37 - 28 324 400 - 0.45 
SC-M-1-20RHA 1.275 179 32 - 53 336 400 - 0.45 
SC-M-1-30RHA 1.375 150 27 - 76 347 400 - 0.45 
SC-M-1-40RHA 1.575 119 21 - 93 367 400 - 0.45 

Final SCC mix design to compare the blend of CC and RHA, Vw/Vp = 1.275 and varying SP 
SC-P 1.275 374 66 - - 560 - - 0.05 

SC-P-20CC 1.275 299 53 88 - 560 - - 0.10 
SC-P-20RHA 1.275 299 53 - 88 560 - - 0.30 

SC-P-10CC+10RHA 1.275 299 53 44 44 560 - - 0.20 
SC-M-1 1.275 224 40 - - 336 400 - 0.15 

SC-M-1-20CC 1.275 179 32 53 - 336 400 - 0.20 
SC-M-1-20RHA 1.275 179 32 - 53 336 400 - 0.40 

SC-M-1-10CC+10RHA 1.275 179 32 26 26 336 400 - 0.30 
SCC-1 1.275 137 24 - - 206 289 323 0.25 

SCC-1-20CC 1.275 110 19 32 - 206 289 323 0.30 
SCC-1-20RHA 1.275 110 19 - 32 206 289 323 0.70 

SCC-1-10CC+10RHA 1.275 110 19 16 16 206 289 323 0.50 

5.3 Rheological properties and flowability retention of SCC 

5.3.1 Influence of CC and RHA on the segregation resistance of SCC 

One important attribute that determines the acceptance of SCC is its ability to deform uniformly 
and fill all formwork corners and reinforcement gaps without segregation. Depending on the 
intended use of the fresh SCC, the self-compacting properties are expected to be maintained 
until the SCC is poured into the forms. For short-term segregation resistance, within 30 minutes 
of mixing, the sieve stability and aggregate washing test indicate the stability of SCC. Figure 
12a shows the segregated portion of the SCC specimens determined by sieve stability. The 
segregated portion of all the SCC specimens is less than 11 wt-%, which is within the limit 
specified by [132]. The influence of CC and RHA on the uniform distribution of CA over the 
cross-section of fresh SCC evaluated by aggregate washing test is shown in Figure 12b. The 
mass deviation of the CA from the three segments of all four test specimens is less than 4 wt-
%, well below the limit of 15 wt-% specified in [112]. 
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Figure 12 Sieve stability segregation resistance (a) and aggregate wash test (b) of SCC 

For ready-mix SCC, extended flowability retention beyond 30 min may be required. The 
influence of CC and RHA on the flowability retention up to 90 min is monitored by 
sedimentation analysis using a plunger method as shown in Figure 13. SCC-1 and SCC-1-
20CC remain stable until 75 minutes, the plunger almost reaching the bottom of the cylinder. 
At 90 minutes the immersion depths decrease indicating that setting has started. SCC-1-
20RHA and the ternary blend SCC-10CC+10RHA also showed similar sedimentation 
tendencies. In this case, the stability retention lasts up to 30 minutes beyond which the plunger 
only sinks halfway down the cylinder, and at 60 minutes the penetration is virtually not possible 
due to the stiffening of the SCC surface. 

 
Figure 13 Flowability retention assessment of SCC 

5.3.2 Rheological and time dependent flowability retention of SCC 

The influence of CC and RHA on torque required to initiate and maintain displacement of SCC 
based on the applied shear rate measured with a viscometer is depicted in Figure 14. SCC-1 
yielded a torque of 66 Nmm at a lower velocity of 1 rpm, and 109 Nmm at the maximum applied 
velocity of 12 rpm at 15 min of testing to initiate and maintain displacement. These values 
increased to 133 and 228 Nmm, respectively after 90 min of testing. Similar to what was 
observed on the flowability retention assessment of SCC in Figure 13, SCC-1-20CC required 
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lower torque to achieve and maintain displacement compared to SCC-1, both at lower and 
higher velocities and at all test times. For the RHA binder system, on the other hand, at 15 min 
of testing, a torque of 102 Nmm was measured at a lower velocity and 180 Nmm at a higher 
velocity. These values increased significantly after 30 min of testing due to the stiffening of the 
SCC-1-20RHA mixture as a result of the higher water demand of RHA. The ternary blend with 
CC and RHA behaved somewhat in between the SCC-1-20CC and SCC-1-20RHA, the 
presence of the CC in the blend decreased the torque required to achieve displacement at 90 
min of testing by 53 and 59 % at lower and higher velocities, respectively, compared to RHA-
SCC system.  

 

Figure 14 Influence CC and RHA on the time-dependent displacement of SCC 

The yield stress and plastic viscosity of the SCC mixes were determined from the measured 
torque values induced by the applied velocity using a Bingham model as presented in Figure 
15. The measured yield stress and plastic viscosity of SCC-1 at 15 min of testing were 60 Nmm 
and 3.9 Nmm*min, respectively, which gradually increased to 120 Nmm and 8.2 Nmm*min, 
after 90 min of testing. SCC-1-20CC showed a similar increasing trend in yield stress and 
viscosity values as SCC-1. SCC-1-20RHA had yield stress of 88.5 Nmm and a plastic viscosity 
of 6.2 at 15 min of testing, which are 47 and 59 % higher than SCC-1, respectively. This yield 
stress and plastic viscosity values increased rapidly up to 90 min of testing, unlike the SCC-1 
and SCC-1-20CC systems. The ternary blend of CC and RHA on the other hand, had both, 
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lower dynamic yield, plastic viscosity values, and a smaller rate at which they increased 
compared to SCC-1-20RHA. 

 
Figure 15 Time dependent dynamic yield stress and viscosity values of SCC measured up to 
90 min after water addition 

The effect of CC and RHA on the flowability retention of SCC was further assessed by 
determining the change in the flow resistance of SCC over time, as presented in Figure 16. 
SCC-1 had a flow resistance of 933 Nmm/min measured 15 min after water addition and 
increased to 1900 Nmm/min after 90 min. Partial replacement of PLC with 20 vol-% CC had 
no significant effect on the flow resistance of SCC-1, whereas partial replacement of PLC with 
20 vol-% RHA had a great effect on the flow resistance of SCC especially after 30 min of 
testing. This is evident in SCC-1-20RHA, which already had a flow resistance value of 1388 
Nmm/min at 15 min, which is 30 % higher than SCC-1 and increased to 8205 Nmm/min at 90 
min of testing. SCC-1-10CC+10RHA showed similar flow resistance to SCC-1-20RHA up to 
30 minutes of testing, after which it increased less compared to SCC-1-20RHA. 

 

Figure 16 Effect of RHA and CC on the flow resistance of SCC 



Main results 32 
 

 

5.3.3 Discussion 

Short-term stability in terms of segregation resistance is an important attribute that determines 
the acceptability of SCC. The segregation resistance of all SCC mixes is within the specified 
limits by [112, 132] and even SCC produced with 20 vol-% RHA as PLC partial replacement 
retained its stability up to 30 min after mixing. For flowability retention evaluation, the use of 
20 vol-% RHA as a partial replacement to PLC is considered critical because the free water 
was absorbed after 30 min of mixing, making the SCC mix stiffer and rapidly losing its self-
compactability. The use of 20 vol-% CC as a partial replacement to PLC in SCC resulted in a 
decrease in the torque required to initiate and maintain displacement of the SCC. Although CC 
has a higher water demand than PLC, the reduced torque could be due to the higher dosage 
of SP used to deform the SCC-1-20CC system, despite both binder systems required almost 
similar Vw/Vp to achieve self-compactability, as shown in Table 5. 

Despite an increase in the SP dosages to deform the RHA-SCC systems, the use of RHA as 
a partial replacement for PLC resulted in an increase torque required to initiate and maintain 
displacement of the SCC due to higher water demand and SSA of RHA. All SCC mixes 
experienced an increase in the yield stress and plastic viscosity over time, which can be 
attributed to the loss of water from the SCC surfaces due to evaporation or the chemical 
reaction between the binder and mixing water leading to the initial formation of ettringite [137]. 
In all cases, SCC mixtures containing RHA exhibited higher values of yield stress and plastic 
viscosity due to their higher water demand. The rapid increase in yield stress and plastic 
viscosity is due to the increase in plastic stiffening caused by the continued absorption of the 
mixing water by the RHA particles. 

Both SCC-1 and SCC-1-20CC showed similar flow resistance tendencies over time, but SCC-
1-20RHA showed a significant increase in the flow resistance, especially after 30 min of testing. 
SCC-1-10CC+10RHA showed similar flow resistance to SCC-1-20RHA up to 30 min of testing, 
after which it increased less compared to SCC-1-20RHA. The decrease in the flow resistance 
of SCC-1-10CC+10RHA is due to the presence of CC in the blend, which reduces the water 
demand and SSA of the system. In general, by increasing the SP dosage, PLC partial 
replacement with 20 vol-% CC does not affect flowability retention of SCC up to 90 min and 
therefore, SCC-1-20CC can be used to produce both in-situ, precast, and ready-mix SCC. 
However, the use of 20 vol-% RHA and the ternary blend 10CC+10RHA developed high flow 
resistance and exhibited rapid loss of flowability after 30 min of mixing. Therefore, their 
flowability retention needs to be improved for applications beyond 30 minutes. 

5.4 Plastic, hardened and durability properties  

The fourth objective of the thesis deals with the study of the influence of CC and RHA on the 
formation of hydrate phases, portlandite consumption and porosity of self-compacting paste, 
plastic and total shrinkage of self-compacting mortar, compressive strength, and chloride 
migration resistance of self-compacting concrete. Results obtained have already been 
published in two journals [36, 130] and a conference paper [97]. In this section, the summary 
of the effect of binary and ternary blends of CC and RHA on the formation of hydrate phases 
of SCP and porosity up to 28 days of testing is presented. The plastic and drying shrinkage of 
SC-M and compressive strength are also presented. Finally, the compressive strength and 
chloride migration resistance of SCC are presented.  
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5.4.1 Formation of hydrate phases from the hardened SCP  

The influence of partial replacement of PLC with CC up to 40 vol-% at a Vw/Vp = 0.875 on the 
formation of hydrate phases, CH consumption, and porosity of SCP had already been 
published in [36] as part of this thesis. For comparison with the influence of a binary blend with 
RHA and a ternary blend of CC and RHA, the following results at a Vw/Vp = 1.275 are presented 
and discussed. Figure 17 shows the differential thermal analysis of the SCP specimens at 2, 
7 and 28 days of hydration. The first mass loss observed between 50 °C to 140 °C is due to 
dehydration of the ettringite (E) and calcium silicate hydrates (C-S-H), as previously reported 
by [138], and increases with hydration time for all the SCP specimens. The second mass loss, 
observed between 140 °C and 190 °C is attributed to the dehydration of the monophases 
(AFm) [139] and is more pronounced in the SCP with RHA partial replacement in all hydration 
stages. Calcium hydroxide (CH) decomposition occurs between 400 °C to 450 °C for all SCP 
specimens, while calcium carbonate (CaCO3) decomposition takes place between 600 °C to 
800 °C. The pattern of the formation of the hydrate phases is similar to what was observed 
previously by [36] when CC was used as a partial replacement for PLC in SCP. 

 

Figure 17 Differential thermal analysis of SCP specimens 

The CH content in g/100gbinder, quantified by the tangent method from the weight loss between 
400 °C and 450 °C of all SCP samples, is shown in Figure 18. SC-P has the highest CH content 
at each test age, while SC-P-20RHA exhibits the lowest CH content. The CH content of SC-P 
and SC-20CC increases with hydration age up to 28 days of testing. While the CH content of 
SC-P-20RHA and SC-P-10CC+10RHA increases up to 7 days and decreases at 28 days of 
testing. The CH content of SC-P-10CC+10RHA is halfway between that of SC-P-20CC and 
SC-P-20RHA at all test ages. 
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Figure 18 Influence of CC and RHA on the CH consumption 

5.4.2 Formation of hydrate phases from the hardened SCP  

Figure 19 shows the effect of CC and RHA on the specific pore volume (a) and average pore 
diameter of SC-P (b) measured by MIP at 28 days of hydration. PLC partial replacement with 
the binary blend of RHA and a ternary blend of CC and RHA decreased the average pore 
diameter of the SC-P, while PLC partial replacement with the binary blend with CC resulted in 
an increase in the pore diameter of SC-P due to its higher accessible porosity compared to the 
remaining SCP systems as explained in [36]. 

 

Figure 19 Influence of CC and RHA on porosity of SCP 

5.4.3 Effect of CC and RHA on plastic and total shrinkage of SC-M  

The plastic and drying shrinkage results of all the SC-M specimens are presented in Figure 
20. SC-M-1 and SC-M-1-20CC exhibit high plastic shrinkage, reaching -7.0 mm/m from water 
addition to about 7 h of hydration, while the partial replacement of PLC by RHA lowers this 
value to -5.2 and -6.5 mm/m in SC-M-1-20RHA and SC-M-1-10CC+10RHA, respectively. From 
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7 to 16 h after water addition, the plastic shrinkage rate of SC-M-1 decreases and yields a 
shrinkage value of -7.3 mm/m, while SC-M-20CC exhibits no further plastic shrinkage. The 
plastic shrinkage of SC-M-20RHA further increases to -5.5 mm/m and -6.6 mm/m for SC-M-
10CC+10RHA. Another phase of plastic shrinkage is from 16 to 48 hours of hydration. At this 
stage, the plastic shrinkage remains constant in all the SC-P specimens. For the total 
shrinkage, SC-M-1 and SC-M-1-20CC exhibited the same drying shrinkage tendencies for up 
to 14 days, after which SC-M-1-20CC shrank less than SC-M-1. SC-M-1-20RHA exhibited the 
highest initial drying shrinkage of all SC-M samples until it decreased after about 14 days and 
reached shrinkage values similar to SC-M-1 after 56 days. From 21 days and beyond, SC-M-
1-10CC+10RHA shrank more than the other samples. A detailed explanation of the 
mechanism behind the shrinkage behavior of the SC-M specimens at all stages has been 
published in [36, 130].  

 
Figure 20 Effect CC and RHA on plastic (a) and total (b) shrinkage of SC-M 

5.4.4 Compressive strength of self-compacting mortar and concrete 

Calcined clay has a lower SSA and water demand compared to RHA and requires a lower 
Vw/Vp to achieve self-compactability. This has a major impact on the compressive strength 
values achievable with the two materials, making it difficult to compare their effects on 
compressive strength development. In this section, three different compressive strength values 
are presented, first, the self-compacting mortar compressive strength values that consider only 
the deformation properties of SC-M produced with binary blend of CC using a constant Vw/Vp 
= 0.875 and a partial replacement of PLC by CC up to 40 vol-%, as shown in Figure 21a. 
Another set of SC-M compressive strength values considers the effects of partial replacement 
of PLC by RHA up to 40 vol-% using varying Vw/Vp required to achieve self-compactability for 
each RHA replacement ratio. Finally, the compressive strength development considering the 
effects of binary and ternary blends of CC and RHA as partial replacement of PLC in SCC 
using a Vw/Vp = 1.275 as depicted in Figure 21b. Partial replacement of PLC with CC using a 
Vw/Vp = 0.875 improved the compressive strength of the self-compacting mortar, and even at 
40 vol-%CC PLC partial replacement, the achieved compressive strength is comparable to 
SC-M-1. Partial replacement of PLC with RHA, on the other hand, requires an adjustment of 
Vw/Vp to achieve deformability comparable to SC-M-1. This resulted in a decrease in 
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compressive strength values, and each replacement level requires an adjustment of Vw/Vp, 
e.g., SC-M-1-10RHA requires a Vw/Vp = 1.175 to achieve self-compactability, resulting in a 40 
% decrease in compressive strength. SC-M-1-20RHA had the highest compressive strength 
value of 57 N/mm2 among SC-M made with RHA as a partial replacement for PLC. The Vw/Vp 
required for the deformability of each RHA-SC-M system and the corresponding compressive 
strength values are shown in Figure 21a. The comparison of the effect of CC and RHA as a 
partial replacement for PLC in SCC over the test period of 28 days was carried out using a 
Vw/Vp = 1.275 of each as a binary blend, and a ternary blend of 10CC+10RHA, as depicted in 
Figure 21b. SCC specimens produced with the binary and ternary blends of CC and RHA 
exhibited similar compressive strength values at 2 and 7 days, which are respectively, 8 % and 
21 % lower than SCC-1, due to dilution effect and consequently a reduction in the compressive 
strength. At 28 days, SCC-1-20CC reached a compressive strength value comparable to that 
of SCC-1, while SCC-1-20RHA and SCC-1-10CC+10RHA showed a slight increase of 6 % 
compared to SCC-1 due to the pozzolanic reaction of CC and RHA.  

 

Figure 21 Effect of binary and ternary blends of CC and RHA on compressive strength of SC-
M (a) and SCC (b) 

5.4.5 Effect of CC and RHA on rapid chloride migration resistance of SCC  

Figure 22 shows two sets of chloride migration resistance test results: (a) with Vw/Vp = 0.875 
and only a binary blend of CC replacing PLC at 20 and 40 vol-% in SCC, and (b) with Vw/Vp = 
1.275 and the binary and ternary blend of CC and RHA replacing PLC at 20 vol-% in SCC. At 
lower Vw/Vp (= 0.875), SCC-1 has a chloride migration coefficient (MRCM) of 13.8 × 10-12, which 
classifies it as having “Normal” SCC quality - 8 – 16 × 10-2 m2/s - according to non-steady state 
chloride migration resistance concrete classification [140, 141]. Partial replacement of PLC 
with CC decreased the MRCM of SCC-1 by 42 and 66 % at replacement ratios of 20 and 40 vol-
%, respectively, resulting in an improvement of SCC quality to the "Good" classification - 2 - 8 
× 10-2 m2/s - in both cases.  
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Figure 22 Influence of CC and RHA on chloride migration resistance of SCC 

Increasing the Vw/Vp to 1.275 increases the MRCM for SCC-1 and SCC-1-20CC to about 16 × 
10-2 m2/s, this changes the original classification of SCC-1-20CC from “good” SCC quality to 
“normal” quality, while SCC-1 retained its classification. The partial replacement of PLC by 
RHA and the ternary blend of CC and RHA decreases the MRCM of SCC-1-20RHA and SCC-
1-10CC+10RHA to 4.4 and 7.8 × 10-2 m2/s, respectively, classifying them as "good" SCC 
quality in terms of chloride migration resistance.  

5.4.6 Discussion  

Increasing the Vw/Vp from 0.875 to 1.275 has a noticeable effect on the performance of CC as 
a partial replacement for PLC in SCC. At higher Vw/Vp (1.275), the DTA peak due to the 
dehydration of carbonate AFm phases is not evident in the SC-P and SC-P-20CC systems in 
TG measurements at 2 days of hydration due to the increase of the Vw/Vp, as was the case 
when Vw/Vp = 0.875, as published in [36]. This could decrease the volume of hydration products 
in the SCP-CC system and lead to less densification of its microstructure. In addition, a 
decrease in the compressive strength and chloride migration resistance of SCC-1 and SCC-1-
20CC is observed when the Vw/Vp is increased from 0.875 to 1.275, which is due to the 
decrease in the volume of hydrate phases in the microstructure, leading to an increased 
average pore diameter and thus a decrease in chloride resistance of the SCC. In contrast, 
RHA and the ternary blends of CC and RHA enhanced the precipitated carbonate AFm phases 
at Vw/Vp = 1.275 even at 2 days of hydration and continued to increase up to 28 days of 
hydration. This increased the volume of the hydration products in the system, resulting in the 
densification of the SCC microstructure and refining its porosity, leading to an increase in both 
the 28-day compressive strength and the chloride migration resistance of the SCC. Using a 
Vw/Vp = 1.275, both CC and RHA reduced the CH content of SCP. The reduction of the CH 
content at 2 days of hydration is mainly due to the dilution effect. Simultaneously, CC and RHA 
provide more nucleation sites for the precipitation of hydration products at this stage of 
hydration, as previously observed by [36, 126]. The relative decrease in CH content at 7 days 
of hydration is due to the dilution effect and the initiation of the pozzolanic reaction of CC and 
RHA, which consumes CH. At 28 days of hydration, CH consumption is significant, especially 
in SC-Ps with RHA as a partial substitute for PLC, due to the pozzolanic reactivity of the CC 
and RHA. 
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The reduction in plastic shrinkage after 7 hours of hydration by the partial replacement of CC 
and RHA in SC-M could be attributed to the fact that both act as nuclei for the formation of 
hydration products at an early stage of hydration, thereby increasing the volume of the 
hydration product and densifying the SC-M microstructure as observed previously by [142]. In 
addition, RHA is expected to behave similarly to shrinkage-reducing admixtures in reducing 
the plastic shrinkage of SC-M, as it delays the setting time of the blended cement as observed 
by [87, 143] when shrinkage-reducing admixture was used to improve the plastic and long-
term shrinkage behavior of concrete. Another possible explanation could be due to the release 
of the early absorbed water by the RHA particles, thereby increasing the internal relative 
humidity of the SC-M and reducing the autogenous shrinkage at an early age of the SC-M 
[144]. Beyond 28 days of testing, CC decreased the total shrinkage of SC-M, partly due to the 
increase in the volume of hydration product and or due to lower amount of evaporable water 
caused by the pozzolanic reaction of the CC, which consumes more water, as previously 
reported by [96] in the case of using metakaolin as partial replacement for cement. SC-M-1-
20RHA shrank more than other specimens up to 7 days of testing, which was due to rapid 
evaporation of the absorbed water from the surfaces of the SC-M-1-20RHA specimens, 
because, according to [145], the absorbed water has a higher mobility than the water in the 
capillary pores and can evaporate easily, leading to an increase in drying shrinkage. After 7 
days of testing, the total shrinkage of SC-M-1-20RHA decreased and was equal to that of SC-
M-1 after 56 days and 91 days. The improvement in total shrinkage could be due to the further 
release of absorbed water by RHA to prevent the decrease in internal relative humidity of SC-
M and thus a decrease in total shrinkage. This phenomenon was previously explained by [144] 
when RHA was used as an internal curing agent in cement paste. From 21 days of testing and 
beyond, SC-M-1-10CC+10RHA shrank more than any other specimen due to continues 
evaporation of the absorbed water from its surfaces. 

In practice, the w/b and the strength of the binder determined the strength and durability class 
of the concrete and thus its application [132, 146]. Partial replacement of PLC by up to 40 vol-
% CC is possible using a w/p = 0.3, although with an increase in SP dosage. For all partial 
replacements of PLC by CC in SC-M, compressive strength of about 90 N/mm2 was achieved, 
which is sufficient for the production of high-strength SCC with wide applicability in different 
durability classes. A w/p = 0.36 is required for 10 vol-% RHA, which increases to 0.42, 0.45 
and 0.50 for 20, 30 and 40 vol-% partial replacement, respectively. The SC-M compressive 
strength obtained with RHA as partial replacement for PLC, as shown in Figure 21a, can 
respectively produce SCC grades C50/60, C55/67, C40/50, and C30/37 for 10, 20, 30, and 40 
vol% RHA PLC partial replacement ratios. Therefore, higher PLC partial replacement with RHA 
up to 40 vol% is also possible if a higher w/p of ≥ 0.5 is used. This concrete could also have a 
wide range of applications, e.g., in exposure classes XC, and some classes of XD and XS 
exposure according to [146]. 

5.4.7  CO2 savings from the use of CC and RHA in mortar and SCC  

Estimating the CO2 savings that can be achieved by partially replacing cement with SCM is 
difficult due to the variability of their properties, extraction methods, and the extent of 
processing required. To obtain an approximate estimate of the CO2 savings from the partial 
replacement of cement with CC and RHA, the embodied energy (EE) and CO2-eq of the binary 
and ternary binder blends with CC and RHA are compared with those of OPC and PLC binders 
in both mortar and SCC, based on the EE and global-warming potentials of the individual 
concrete constituents obtained in the literature [124, 125], as summarized in Table 2. Figure 
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23 shows the effect of partial replacement of OPC with 20 vol-% NCC and 15 vol-% LP + 30 
vol-% NCC on the EE and CO2-eq of mortar. Compressive strength (CS) values were added as 
an indication of relative performance. The OPC mortar system (M) has an EE of 2593 
MJ/m3

mortar during its entire life cycle and is expected to release 451 kg/m3 CO2 to the 
environment. 

 

Figure 23 Influence of the NCC on the EE and GWP of OPC- and PLC-mortar 

Partial replacement of OPC with 20 vol-% NCC resulted in an 8 % reduction in the total EE 
and an 11 % reduction in the CO2-eq of the mortar. Further partial replacement of OPC with 
ternary blends of 15 vol-% LP + 30 vol-% NCC resulted in a 23 % reduction in total EE and a 
31 % reduction in the CO2-eq of the mortar. When considering the savings that can be achieved 
by directly replacing OPC with an SCM, the actual performance of the SCM in terms of 
pozzolanic reactivity must be considered. Considering the 28 days compressive strength 
values of the ternary blended binder (PLC + 15 LP + 30 NCC), only the MLN-3 and MLN-4 
systems achieve the minimum PAI of 75 % of the reference OPC, so in this case it can be 
concluded that only the MLN-3 and MLN-4 mortar systems can save 23 % of the total EE of 
the reference OPC mortar system and achieve a CO2 saving of 31 %. For the MLN-1 and MLN-
2 mortar systems, the 28-day compressive strength corresponds to the 32.5 R cement grade. 
Therefore, the comparison can only be made with an OPC reference mortar produced with 
cement type 32.5 R. 

Estimating the CO2 savings from using CC as a partial replacement for PLC up to 40 vol-% in 
SC-M is straightforward because the SC-M-CC achieves a similar 28-day compressive 
strength class to the reference SC-M, as shown in Figure 24. The SC-M-1 system has an EE 
of 4058 MJ/m3

SC-M and is expected to release 703 kg/m3 CO2 to the environment. Partial 
replacement of PLC with CC at 10, 20, 30 and 40 vol-% reduced the EE by 2, 7, 10, and 12 
%, and CO2 by 4, 10, 16, and 20 %, respectively. The EE and CO2 savings obtained by the 
partial replacement of PLC with up to 40 vol-% CC are lower than those previously obtained 
with the MLN-3 system, which is due to the fact that the comparison in this case is performed 
with a PLC-blended cement system that already contains 15 vol-% LP (LP has both low EE 
and global warming potential compared to OPC), while the comparison previously performed 
was with the OPC binder system.  
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Figure 24 Influence of the CC and RHA on the EE and GWP of SC-M 

Partial replacement of PLC with RHA in SC-M, on the other hand, requires an adjustment of 
the Vw/Vp to achieve self-compactability. This resulted in the reduction of the proportion of PLC 
in the systems, coupled with the low values of the EE and the global warming potential of RHA, 
leading to a reduction of the EE of the system by 20, 29, 37, and 44 % for the replacement 
ratios of 10, 20, 30 and 40 vol-%, and CO2 savings of 20, 31, 40, and 51 %, for the replacement 
ratios of 10, 20, 30 and 40 vol-%, respectively. The EE reduction and CO2 savings values 
achieved by the partial replacement of RHA are very high compared to their actual 
performance in terms of compressive strength values. Therefore, as already explained in the 
case of the MLN-1 and MLN-2 systems, the comparison should only be made considering the 
appropriate grade of cement. 

The EE and CO2-eq of SCC are estimated in two stages, first considering Vw/Vp = 0.875 and 
CC replacing PLC at 20 and 40 vol%, and second using Vw/Vp = 1.275 and the binary and 
ternary mixtures of CC and RHA replacing PLC at 20 vol-%, as shown in Figure 25. The EE of 
SCC-1, using Vw/Vp = 0.875 is 2654 MJ/m3

scc and 440 kg/m3 CO2 is expected to be released 
into the environment. Partial replacement of PLC with CC at 20 and 40 vol-% reduces EE by 
7 and 11 %, and CO2 savings of 9 and 20 %, respectively. When the Vw/Vp is increased to 
1.275, the EE of SCC-1 decreases to 2361 MJ/m3

Scc and 384 kg/m3 CO2 is expected to be 
released to the environment. Partial replacement of PLC with binary and ternary blends of CC 
and RHA reduced EE by 6 %. CO2 savings of 10, 16, and 13 are achieved by partial 
replacement of PLC with 20 vol-% CC, 20 vol-% RHA, and 10 vol-% CC + 10 vol-% RHA, 
respectively. 
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Figure 25 Influence of the CC and RHA on the EE and GWP of SCC 
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6 Summary and conclusions 

The research focused on investigating the potential of high cement replacement by binary and 
ternary blends of calcined clays and rice husk ash to decarbonize self-compacting concrete. 
The pozzolanic reactivity of these supplementary cementitious materials was first established 
and their effect on mix design, fresh, rheological, and hardened properties of self-compacting 
paste, mortar and concrete produced with Portland limestone cement was assessed. The 
following can be summarized and concluded from the outcome of the study. 

• The Nigerian calcined clays can be broadly classified into 2:1 common calcined clays 
(NCC-1 and 2), having similar characteristics with the German calcined clay (CT7), and 
1:1 calcined clays (NCC-3 and 4). All the Nigerian calcined clays require w/p 
adjustment and/or SP addition to achieve similar deformability to OPC when used to 
replace OPC at 20 vol-% or in combination with limestone powder to replace OPC at 
45 vol-%. The minimum 28 days compressive strength achieved by the Nigerian 
calcined clay mortar at 20 vol-% OPC partial replacement was 44 MPa, which is enough 
for general production of concrete up to grade C40/50. For the ternary composite 
cement with the Nigerian calcined clays and limestone powder, the same application 
holds for the 1:1 Nigerian calcined clays mortar systems, whereas for the 2:1 Nigerian 
calcined clays mortar systems, the compressive strength after 28 days of curing was 
36 and 38 MPa for MLN-1 and 2, respectively. This limits their use to general 
construction work under normal environmental conditions and the production of 
concrete up to grade C30/37. In practice, this concrete grade is sufficient for general 
construction works to provide the required concrete infrastructure in the sub-Saharan 
African region. Therefore, the 1:1 Nigerian calcined clays can be used in combination 
with limestone powder to produce grade C40/50 concrete, whereas, the 2:1 Nigerian 
calcined clays can be used in combination with limestone powder to produce grade 
C30/37 concrete.   

• The reference self-compacting concrete deformed at a Vw/Vp = 0.875. The use of CC 
as a partial replacement for PLC up to 40 vol-% achieved deformability comparable to 
the reference system at the same Vw/Vp = 0.875 with an increased SP dosage. The use 
of RHA as a partial replacement for PLC, on the other hand, requires urgent adjustment 
of the Vw/Vp even at a lower replacement level to achieve similar deformability to the 
PLC systems; SP adjustment alone cannot provide the required degree of 
deformability. The Vw/Vp must be increased to 1.175, 1.275, 1.375 and 1.575 at the 
partial replacement levels of 10, 20, 30 and 40 vol-%, respectively. Therefore, to 
achieve a strong and durable SCC with broad applicability, the partial replacement of 
PLC with RHA should be maintained at 20 vol-%. Although Higher PLC partial 
substitution with RHA up to 40 vol-% is also possible using a higher Vw/Vp of ≥ 1.575, 
this concrete could also have a wide range of applications, for instance in exposure 
classes XC, and some classes of XD and XS. Therefore, it’s possible to produce SCC 
with fairly higher cement replacement with both RHA and CC leading to the reduction 
of the issues related to the use of higher volume of cement in SCC.  

• The segregation resistance of all SCC mixes produced with binary or ternary blends of 
CC and RHA with 20 vol-% partial replacement of PLC is within the specified limits by 
[112, 132] and even SCC produced with 20 vol-% RHA as PLC partial replacement 
retained its flowability up to 30 min after mixing. For flowability retention evaluation, the 
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use of 20 vol-% RHA as a partial replacement to PLC is considered critical because 
the excess mixing water was absorbed after 30 min of mixing, making the SCC mix 
stiffer and rapidly losing its flowability. The use of 20 vol-% CC as a partial replacement 
to PLC in SCC resulted in a decrease in the torque required to initiate and maintain 
displacement of the SCC, while the 20 vol-% RHA has the opposite effect. Therefore, 
SCC-1-20CC can be used to produce both precast and ready-mix SCC. However, the 
binary blended mix SCC-1-20RHA and the ternary blend SCC-1-10CC+10RHA 
developed high flow resistance and showed rapid loss of flowability after 30 min of 
mixing. Therefore, their flowability retention needs to be improved for applications 
beyond 30 minutes. SCC with a high content of RHA, 20 vol-% and above, is 
recommended for the production of precast SCC elements only, due to the short 
flowability retention window required by precast SCC compared to ready-mix SCC. 
Although additional treatment may be required to improve early age strength 
development of RHA-SCC systems. 

• SCC produced with RHA as PLC partial replacement showed higher flow resistance 
and viscosity and increased both the static and dynamic yield stress of SCC. This effect 
is reduced to some extent by ternary blending CC and RHA. Therefore, the proportion 
of RHA shall always be kept low, perhaps at 5 vol-%, in the binary and ternary blended 
SCC mixture, when flowability retention beyond 30 min is required, for example in the 
ready-mix concrete. 

• At a lower Vw/Vp (= 0.875), partial replacement of PLC with 20 and 40 vol-% CC 
increased the compressive strength of SCC-1 and increased its chloride migration 
resistance, changing the SCC-1 quality in terms of chloride resistance from “Normal” 
to “Good”. The increase of the Vw/Vp to 1.275 increased the average pore diameter of 
SCC-1 and SCC-1-20CC, which changed the initial grade of SCC-1-20CC from “Good” 
classification to “Normal” classification. The SCC produced with RHA and the blend of 
CC and RHA with a Vw/Vp = 1.275 increased the 28 days compressive strength of SCC-
1. The chloride migration resistance of 20 vol-% RHA is 3 times that of SCC produced 
with only PLC, while that of the ternary blend 10 vol-% CC + 10 vol-% RHA is 2 times 
that of SCC produced with only PLC. RHA is capable of improving the chloride 
migration resistance of SCC and should be used to improve the microstructural 
densification of SCC produced with only PLC.  

• The ternary blend of kaolinite-rich Nigerian calcined clays and limestone powder 
replacing OPC at 45 vol-% resulted in the reduction in total embodied energy and CO2 
equivalent of the mortar. The same performance was recorded for the smectite-rich 
Nigerian calcined clays, but it should be noted here that the smectite-rich Nigerian 
calcined clays with the blend 55 OPC + 15 LP + 30 NCC did not reach the 75 % PAI of 
OPC even after 90 days of testing. Therefore, the savings in embodied energy and CO2 
can only be compared with the 32.5 R cement grade. When used as a partial 
replacement for PLC in SCC, both the binary and ternary blends of CC and RHA 
resulted in savings of the embodied energy and CO2. However, RHA blended binders 
provide more CO2 savings compared to CC blended binders. Therefore, up to 20 vol-
% RHA can be used to decarbonize SCC.  

• Calcined clays can replace PLC up to 40 vol-%, using a Vw/Vp = 0.875, and improve 
the compressive strength and durability of SCC. On the other hand, the selection of the 
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promising mix design for the binary and ternary blends with RHA depends on the 
intended use of the SCC. If maintaining flowability beyond 30 min is important, a Vw/Vp 
= 1.275 is recommended, while the proportion of RHA replacement should be kept 
minimal, perhaps as low as 5 vol-%. If improving the compressive strength and 
durability is important, Vw/Vp = 1.275 is recommended, and the proportion of RHA can 
be increased to 20 vol-%. 
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