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PREFACE

These proceedings contain papers presented at the Young Concrete Researchers, Engineers 
and Technologist Symposium (YCRETS) held virtually from the 13th to 14th of July, 2021. 
The purpose of the symposium was to provide a platform for young researchers to discuss 
recent developments and applications in concrete and cement-based materials in South 
Africa, and Southern Africa at large. A wide range of themes were covered including 
new generation of construction materials, durability, monitoring and repair of reinforced 
concrete structures, challenges in the design and management of structures, sustainability 
and structural analysis.

Only selected papers were accepted for presentation at the Symposium. All the papers 
published in the proceedings with ISBN 978-0-9922176-3-1 were subjected to independent 
peer review by at least two members of the scientific committee before being accepted. 
A summary of the technical paper contributions by the participating institutions were as 
follows: University of Cape Town = 12.50%; University of the Witwatersrand, Johannesburg 
= 33.33%; University of Pretoria = 8.33%; University of KwaZulu-Natal = 4.17%; Joint 
South African Institutions = 12.50%; International institutions = 29.17%.

In addition to the selected technical paper presentations, two guest lectures were also 
presented at the Symposium. The first lecture, titled “Concrete and research: a mutually 
compatible duo“, was presented by Emeritus Professor Mark Alexander from the University 
of Cape Town. The second lecture, titled “Locating research and scholarship in frameworks 
of understanding in the discipline”, was presented by Professor Yunus Ballim from the 
University of the Witwatersrand.

Sincere thanks to the following individuals who contributed to the success of the Symposium: 
Mark Alexander, Yunus Ballim, Sunday Nwaubani, Mike Otieno, Billy Boshhoff, Elsabe 
Kearsley, George Fanourakis, Philemon Arito, Emmanuel Leo, Hans Beushausen, Gideon 
Van Zijl, Wibke De Villiers, Rakesh Gopinath, Patrick Bukenya, Manu Santhanam, Prabha 
Mohandoss, Bryan Perrie, Bolanle Ikotun, Walied A. Elsaigh, Inès Ngassam and Wolfram 
Schmidt for reviewing and ensuring a high quality of papers; Hanlie Turner and Natasja 
Pols for help in planning and organising the symposium. Special thanks go to Cement and 
Concrete SA, the custodians of this event.

A special acknowledgement is also extended to the authors and presenters who contributed 
to the proceedings and the success of the Symposium.

Ms. Janina Kanjee
Conference Chair
Lecturer, School of Civil and Environmental Engineering
University of the Witwatersrand, Johannesburg, SOUTH AFRICA
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FOREWORD

The idea of gathering young researchers together, to be in conversation with each other on 
a technical subject of mutual interest is unquestionably centred on the need to acculturate 
and develop the next generation of intellectuals -  in this case, in the field of cement and 
concrete materials science and technology. The motive force of the YCRETS Symposium 
idea is to be found, using Joseph Conrad’s words, in that “… which binds together all 
humanity – the dead to the living and the living to the unborn”. But there is also another 
reason: it is the social duty of young people to be disruptive, to question the handed-down 
“wisdom” that they receive and to stand on the shoulders of their elders so as to better 
see further horizons. The student must do better than the teacher – for the teacher to  
be successful.

In the foreseeable future, cement-based materials will continue to be of dominant use in 
infrastructure construction. However, this does not mean that these materials can continue 
to be used in the same manner, mainly because of their significant negative environmental 
impacts. The subjects and the papers presented at this YCRETS Symposium reflect the 
responses of the young research community, not only to an acknowledgement of the 
challenges but also to a willingness to develop the evidence base that will guide future 
practice and policy in more sustainable use of infrastructure materials. It is also about 
young researchers showing optimism in the possibility of a more environmentally sensitive 
and a more sustainable future world.

This symposium is being held in a time of tyranny by viruses, with serious hardship visited 
on homes and countries by the Covid-19 epidemic. Nevertheless, online platforms allow 
the global flow of ideas to continue, ignoring national and identity boundaries – even 
if as a second-best option to physical meetings. In this environment, it is important that 
researchers from a range of countries have chosen to participate in this symposium. The 
challenges to cement and concrete engineering are global in character and the answers are 
best to be found in shared conversations across the globe. 

The researchers participating in this 2021 YCRETS Symposium will find their ideas tested 
and contested – in the best tradition of the growth of knowledge and ideas – and all will 
leave with a better understanding of their own work and the location of their research 
activities in the broad landscape of current research in cement and concrete materials. 
Such symposium discussions are important if we are to ensure sensible and sensitive use of 
cement-based materials into the future.

Professor Yunus Ballim, July 2021
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INVESTIGATING THE USE OF ISOTHERMAL CALORIMETRY 
FOR PREDICTING PHYSICAL PROPERTIES OF CEMENTS 

 
Refiloe Mokoena (1), Tshepo Motau (2) and Georges Mturi (1) 

(1) Smart Mobility, Council for Scientific and Industrial Research (CSIR) 
(2) PPC Cement SA (Pty) Ltd 

 

 
ABSTRACT 

Isothermal calorimetry is a useful technique for studying the cement hydration process that 
measures the heat flow of cement paste during hydration. Standard cement properties, such as 
compressive strength, setting times and compatibility can be derived from calorimetry 
investigation. This becomes relevant in assisting with monitoring the strength development 
during construction activities and studying the thermal related behaviour of concrete structures. 
During this study, the heat generated from the cement hydration reactions was investigated of  
four different cement types, namely CEM II/B-V 32.5N, CEM II/B-V 42.5N, CEM II/A-M (S-
V) 42.5R and CEM I 52.5N. Correlations between the calorimeter results and the (i) initial 
setting time and final setting time; (ii) 28 day compressive strength and; (iii) fineness, were 
established for the cement types investigated. With the exception of early-day strength, the 
results indicated strong correlations between the investigated parameters and the cement 
hydration curves. This was particularly the case for the setting time of the cements with an R2 
value of 0.82 and 0.89 for the initial and final setting times respectively. 

 
Keywords: isothermal calorimetry, cement hydration, cement setting time, cement fineness, 
cement strength. 

 

1. INTRODUCTION 
Setting and strength development of concrete mixes are important variables in the 

construction program of concrete structures. The constructability of concrete structures can be 
highly dependent on the fresh properties of the concrete mix used, as this will inform various 
on-site activities such as formwork removal and surface texturing. In this paper, the initial and 
final setting times, early and 28-day compressive strengths and fineness of four South African 
cements will be assessed in relation to their respective heat of hydration curves from an 
isothermal calorimeter. 

Establishing the cement setting time and monitoring the early phase of strength development 
is valuable during the placement of concrete as it provides an indication of the optimum time 
for activities such as saw-cutting. Depending on the ambient climatic conditions, this can be 
between 4 – 18 hours after placement but it is typically recommended to be completed within 
24 hours [1].  

Currently, the South African standard test method for determining the setting time requires 
the use of a Vicat apparatus and makes a mechanical determination of the initial and final set 

PAPER 1
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for a given cement paste SANS 50196-3 [7]. There has been extensive research done to explain 
the heat rate evolution in relation to the setting time of cement pastes [2, 3, 4]. However, 
empirical test methods such as the Vicat test remain standardized for determining the setting 
times as a measure of a cement paste’s consistency.  

Development of internal heat stresses within concrete structures is also dependent on the 
cement hydration and it has the potential to cause excessive cracking when not properly 
managed. One of the contributing factors of the concrete’s heat evolution is the cement’s 
fineness, with fineness being a measure of the cement’s overall surface area and therefore 
indicative of the cement’s reactivity. This relationship has been shown by researchers such as 
Goodwin [5] who reported that the smaller cement particle sizes, i.e. less than 10 -15 µm are in 
fact, the most active. In addition, Goodwin [5] found typical ranges of fineness values for 
Ordinary Portland Cement (OPC) and rapid hardening Portland cement to be 3000 - 3500 cm2/g 
and 4000 - 4500 cm2/g respectively, indicating that rapid hardening cements have higher 
fineness values compared to OPC. 

The 28 day compressive strength of concrete is one of the primary mechanical properties 
used for engineering design and is determined in accordance with SANS 5863 [7]. Cement 
strength is determined using an appropriate press for mortar specimens as per the national test 
method SANS 50196-1 [6] for measuring the early (2 or 7 day) and 28 day compressive. These 
are widely accepted methods for concrete and cement strength determination but it is still 
debated whether such laboratory tests are truly representative of the in-situ concrete properties. 
Researchers such as Indelicato [9] have argued that even cubes cast from the same batch of 
concrete do not necessarily represent the in-situ concrete strength due to reasons such as the 
differences in specimen size, geometry, compaction and curing conditions; compared to the 
concrete structure being represented. Although Indelicato [9] did acknowledge that the strength 
values obtained from testing laboratory cube specimens can coincide with in-situ strength 
values from time to time. The findings prompted non-destructive test (NDT) methods for 
condition assessments of concrete structures as well as concrete pavement rehabilitations as 
demonstrated by Al-Abbasi & Shalaby [10]. 

The above cement properties are all reliant on the cementitious hydration reactions and can 
therefore be inferred using analytical techniques that quantify these reactions. This paper 
presents an investigation carried out using an isothermal calorimeter for determining the 
relationships between the heat output from cement reactions and the three cement properties 
indicated above, namely, setting time, fineness and strength. 

2. BACKGROUND 
Differential Thermal Analysis (DTA) is described as a testing technique that is used to 

measure the phase changes of materials by means of temperature measurements as a sample is 
subjected to constant heating or cooling [11]. The technique is therefore useful in studying and 
understanding the physical and chemical changes in materials due to changes in temperature. 
The output graphs from DTA analyses can be used to distinguish between endothermic and 
exothermic relationships. 

The use of DTA techniques can be dated back to Le Chatelier [12] who set up an experiment 
to automatically record the heating curve of the clays on a photographic plate in order to 
investigate the material’s phase change relationship. This was followed by other scientists who 
modified different aspects of how the temperature measurements were recorded from the 
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sample and reference material such as Boersma [13], which subsequently led to the 
development of the Differential Scanning Calorimetry (DSC) which measures the heat flux 
output as opposed to temperature. 

Isothermal (conduction) calorimetry is used to monitor the heat development of hydrating 
cements and is considered to be the most accurate method for cement pastes and mortar samples 
in comparison to adiabatic and semi-adiabatic calorimeters which are usually used for concrete 
samples [14]. Research on the use of calorimetry for cement and concrete applications began 
between 1923 and 1939 when Carlson [15] used a conduction calorimeter to investigate the 
heat development of cement. This sparked further research to gain a better understanding on 
the quantitative and qualitative effects of various cement constituents and additives on the heat 
of hydration [16, 17].  

Aschan [18] found that the hydration reactions that characterize the hardening process is a 
better method in establishing the setting time of cement paste, mortar and concrete in 
comparison to popular mechanical methods. During the study, a copper-lead electrode was used 
to establish the setting time through distinct increases of potential difference when the copper 
surface was oxidized. 

The cement industry saw significant developments in conduction calorimetry with the 
introduction of the Wexham calorimeter in 1970 by J.A. Forrester and then the Setaram heat 
flux calorimeter in 1990 which allowed the in-situ mixing of cements and recording of initial 
reactions. Subsequently, other researchers have investigated the heat of hydration using 
calorimetry techniques for their unique investigation. 

A report by Acker [19] on the contribution of the physical and mechanical properties of 
concrete on its mechanical behavior found that the two major influencing processes were (i) the 
heat of hydration resulting from the cementitious reactions and (ii) the natural drying of 
concrete elements. This given that these two phenomena caused major mechanical effects 
related to the internal stresses and strains on various structural elements.  

According to Lootens & Bentz [20], previous research has demonstrated the linear 
relationship between the compressive strengths of mortar specimens from 1-day and beyond. 
The research explored this relationship through the use of ultrasonic reflection and calorimetry 
on specimens for up to 3 days. From the investigation, it was found that ultrasonic reflection 
and calorimetry can be used to monitor the early (up to 8 hours) strength development of mortar 
and concrete. 

It is well accepted that the heat of hydration of cement pastes can be related to certain 
physical properties particularly, setting time and strength development during the early stages 
of hydration. However, little research has been conducted on the correlation of the different 
phases within the hydration process to the physical properties of the cement paste and concrete 
specimens. This paper presents a study that investigated the correlations between the heat of 
hydration, setting times and compressive strengths of four South African cements. 

2.1 Cement heat evolution 
The four major compounds of OPC, namely C3S, C2S, C3A and C4AF combine with water 

during hydration to form the various cementitious products. The cement hydration process and 
can be described as consisting of five stages as shown in Figure 1. The first stage is initiated 
when the cement is mixed with water. During the second/dormant stage, the paste is plastic and 
workable. The transition between dormant and setting stages is defined as the initial set. During 
the setting stage, the paste is typically stiff and unworkable. The transition between setting and 
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hardening stages is defined as the final set, after which, the paste is a rigid solid that gains 
strength with time [3]. 
 

 
Figure 1: Phases of cement heat of hydration [4] 

 
South African standards do not require testing for the heat of hydration of cements unless 

the cement is identified as a Low Heat Common Cements (LH). The solution calorimetry 
method or the semi-adiabatic method can be used to determine the heat of hydration which 
needs to be below a specified threshold of 270 J/g. Low heat cements are ideal for large mass 
pour applications. In these applications, the generation of excessive heat that can cause large 
amounts of thermal cracking is avoided.  

Typically, isothermal calorimeters are used for cement testing while adiabatic/semi-
adiabatic calorimeters are used for testing concrete specimens. The equipment used and 
methodology followed for the laboratory investigation presented in this paper is described 
below. 

3 METHODOLOGY 
Four different cements were tested using an isothermal calorimeter namely (i) CEM II/B-V 

32.5N, (ii) CEM II/B-V 42.5N, (iii) CEM II/A-M (S-V) 42.5R and, (iv) CEM I 52.5N. 
Approximately 3 g of each cement was mixed with approximately 2 ml of distilled water in a 
20 ml disposable glass ampoule for about 1 minute to produce a paste of uniform consistency, 
where an electronic syringe was used for mixing the cement paste. The ampoule was then placed 
in the isothermal calorimeter, connected to a computer for data capturing and securely insulated 
to prevent any heat loss where a constant temperature of approximately 20 ˚C was maintained. 

A reference ampoule containing water to balance the heat capacity of the sample ampoule 
was used in order to reduce the noise of the signal. The sample and reference ampoules were 
loaded at the same time to minimize the time to reach thermal equilibrium. The heat generated 
by the paste sample, in the isothermal calorimeter is sent as electric signals by a sensitive 
thermopile to the computer for recording and calibration. The heat of hydration generated for 8 
days from the start of the test was progressively recorded to obtain the total heat generated. The 
test was performed in accordance with ASTM C1679 [21].  
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4 RESULTS 

4.1 Heat of hydration results 
The plots showing the heat flux and the recorded heat of hydration during the test are shown 

in Figure 2 and Figure 3 respectively for the four cements used in this study. 
 

 
Figure 2: Heat flux plot 

 
Figure 3: Heat of hydration plot 

As illustrated earlier in Figure 1, the first heat flux peak occurs during Phase 1 of the cement 
hydration which is also known as the pre-induction period associated with the rapid release of 
Ca2+ and OH- ions into solution Ramachandran et. al., [22]. The second peak occurs at the end 
of Phase 3 and is associated with the final set according to Vazquez & Pique [4], this is 
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described as when the rapid crystallization of CH and CSH occurs. For the purpose of this 
paper, the second heat flux peak is analysed and discussed. 

It is also observed how the heat flux corresponds to the heat of hydration output shown in 
Figure 3, where the two major gradients are related to each of the heat flux peaks. While the 
heat flux presented in Figure 2, shows no significant activity after the second peak, the heat of 
hydration was still observed to increase, albeit at a much lower rate, for all the cements until 
the end of the test period at 8 days as seen in Figure 3.  

CEM II 42.5R showed the highest reactivity of all the tested cements with a total heat output 
of 190 kJ/kg at the end of the 8-day experiment. While this outcome was expected in 
comparison with the lower strength cements, this is also justified by the “R” classification used 
to indicate a faster strength gain usually associated with precast concrete elements. The time at 
which the second heat flux peak occurred is presented in Table 1, for each cement, as well as 
corresponding values for heat flux and heat of hydration. The last column is included to show 
the total heat of hydration at the end of the eight day experiment. 
Table 1: Summary of peak values and corresponding times 

Cement Heat flux 
(W/kg) 

Time 
(min) 

Heat of hydration 
(kJ/kg) 

8 Day 
Heat of hydration 

(kJ/kg) 
II 32.5N 1.00 2250 40.63 146 
II 42.5N 1.20 2045 43.91 152 
II 42.5R 1.90 1815 50.52 190 
I 52.5N 1.60 1800 49.03 185 

 
With the exception of CEM II 42,5R, the heat flux peak was observed to reduce with an 

increase in cement strength. CEM I 52.5N reached the second peak fastest at 1800 minutes, and 
15 minutes later cement type CEM II 42.5R reached its second peak. Almost 4 hours later, CEM 
II 42.5N reached its second peak, this was then followed by CEM II 32.5N, approximately 3.4 
hours later, which is also the lowest strength cement. 

4.2 Results of other cement properties 
Additional information of the respective cements was also provided from the cement 

manufacturer. This included test results of (i) initial setting time; (ii) final setting time; (iii) 
fineness; (iv) early day compressive strength; and (v) 28 day compressive strength. The results 
for each parameters are shown below in Figure 4 to Figure 6. 
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FFiigguurree  44:: Plot of setting time based on 
average results 

FFiigguurree  55: Plot of compressive strength based 
on average results 

 
FFiigguurree  66:: Plot of fineness based on average results 

The average setting time plot in Figure 4 shows a decrease in initial and final setting time 
based on the results as expected. The results also show that the setting times for CEM II 42.5R 
and CEM I 52.5N are similar with only 2.5 minutes between the two initial setting times and 
1.25 minutes between the two final setting times. 

As expected, the 28-day compressive strength results exhibit an increase with an increase in 
cement strength class as seen in Figure 5. A similar trend is observed for the 2-day strength for 
CEM II 42.5N, CEM II 42.5R and CEM I 52.5N. Due to the low compressive strength gain at 
2 days, the 7-day strength is reported for CEM II 32.5N instead of 2-day compressive strength 
results. 

The fineness results in Figure 6 show the increase in fineness as the cement classification 
increases except for the CEM I 52.5N which has the second lowest fineness value out of the 
investigated cements. 

4.3 Relationship between heat of hydration and other cement parameters 
In order to understand the relationship between the heat flux peak and the setting times, the 

correlation plots between the second heat flux peak and the parameters obtained from the 
manufacturer are also shown from Figure 7 to Figure 11. The averaged values used to develop 
the relationships were extracted from the raw data of all four cement properties and are 
summarised in Table 2. 
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FFiigguurree  77:: Correlation plot between heat flux 

peak and initial setting time 
FFiigguurree  88: Correlation plot between heat flux 

peak and final setting time 
 

 

 

 
FFiigguurree  99:: Correlation plot between heat flux 

peak and early day compressive strength 
FFiigguurree  1100:: Correlation plot between heat 

flux peak and 28 day compressive strength 
 

 
FFiigguurree  1111:: Correlation plot between heat flux peak and fineness 

 
 
 
 
 
Table 2: Cement properties 
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Cement 
Type 

Average Initial 
Setting Time 

(min) 

Average 
Final Setting 
Time (min) 

Average early 
day 

compressive 
strength (MPa) 

Average 28 
Day 

compressive 
strength 
(MPa) 

Average 
Fineness 
(cm2/g) 

II 32.5N 265 330 30 (7day) 47 3616 
II 42.5N 218 285 22 (2day) 52 3949 
II 42.5R 180 224 30 (2day) 59 4054 
I 52.5N 178 225 30 (2day) 62 3890 
 
The relationship between the setting times and time of the second heat flux peak is shown 

below in Figure 12 and Figure 13 where a strong correlation is observed for both initial and 
final set. 

  
FFiigguurree  1122:: Correlation plot between time of 

heat flux peak and initial set 
FFiigguurree  1133:: Correlation plot between time of 

heat flux peak and final set 

4.4 Discussion of results 
With the exception of fineness (R2 = 0.87), the first peak did not reveal much about the 

cement properties. Table 3 shows the summarised R2 values for the second heat flux peak and 
the investigated properties.  
Table 3: Linear regression values for the different cement parameters 

Parameter R2  
Initial set  0.82 
Final set 0.89 
Early day compressive strength 0.16 
28-day compressive strength 0.79 
Fineness 0.64 

 
It is observed from the results that there is strong correlation between the heat flux peak, 

setting times and 28-day compressive strength. Lower correlation was observed for fineness 
and no correlation observed for early day strength. The parameter with high correlation are 
noteworthy because it shows that the 28-day compressive strength can in fact be inferred during 
the early stages of hydration. Even though there is a strong correlation between the second heat 
flux peak and the investigated properties, with the exception of early day strength and fineness, 
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FFiigguurree  77:: Correlation plot between heat flux 

peak and initial setting time 
FFiigguurree  88: Correlation plot between heat flux 

peak and final setting time 
 

 

 

 
FFiigguurree  99:: Correlation plot between heat flux 

peak and early day compressive strength 
FFiigguurree  1100:: Correlation plot between heat 

flux peak and 28 day compressive strength 
 

 
FFiigguurree  1111:: Correlation plot between heat flux peak and fineness 
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stronger correlation exists between the time at which the second heat flux peak occurs and the 
corresponding setting times as  shown in Figure 12 and Figure 13, as opposed to the heat flux 
(W/kg). Given the strong correlation (where R2 > 0.99), this demonstrates how the setting times 
can be determined by assessing the heat output curves from a calorimeter. 

5. CONCLUSIONS 
An isothermal calorimeter was used in this study to investigate the relationship between 

five different cement properties and the heat evolution of four types of South African cements. 
The properties investigated were: 

• Initial and final setting time; 
• Early day (2 day or 7 day) and 28-day compressive strength and; 
• Cement fineness. 
Understandably, current standardized test methods use different equipment and specimens 

to measure each of the above properties as per the relevant test method. In this study it has been 
shown how these properties can also be inferred with the use of a single equipment, i.e. an 
isothermal calorimeter for cement, through analysis of the heat development during cement 
hydration.  

In fact, thermal analysis techniques have been shown useful for many types of cement and 
concrete studies, particularly to quantify the heat relationships that cause thermally induced 
cracking and also to assist engineers in making decisions related to material handling and 
construction activities that are dependent on the setting times and strength development of 
concrete.  

The following relationships were identified during this study: 
i. Strong correlation was found between the second heat flux peak (W/kg) and (a) setting 

times and (b) 28-day compressive strength for all the cements investigated. The highest 
R2 value (0.89) was that for final setting time. The heat flux peak was observed to 
decrease with an longer cement setting times and increase with higher cement strengths. 

ii. The strongest correlation found in this study was that for final setting time and the time 
at which the second heat flux peak occurred as opposed to the heat flux peak in point (i) 
above. This is in line with other researchers’ findings such as Ramachandran et. al. [22], 
Soroka [3] and Vazquez & Pique [4]. 

iii. Given the strong correlation (i.e. R2 > 0.99) of both initial and final set, this demonstrates 
how the heat output curves from a calorimeter can be used to determine setting times. 

iv. CEM II 42.5R exhibited the highest reactivity of all cements through analysis of the 
calorimetry output curves. The cement consistently showed the highest values at each 
of the heat flux peaks as well as overall heat output within the 8 day duration of the 
experiment. 

v. Early day cement strength showed no significant correlation with any of the heat flux 
peaks. 

vi. The value of the second heat flux peak reduced with an increase in cement strength. 
According to this study, three out of the five cement properties investigated can be inferred 
through analysis of its heat flux peak, namely initial, final setting time and 28-day compressive 
strength. 
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ABSTRACT 

The novel concept of CO2 sequestration in wet concrete mixes relies on permanent capture 
and storage of CO2 in the form of solid limestone within the concrete matrix. This technology 
is designed to alleviate a portion of the carbon footprint while ensuring that the strength and 
integrity of the concrete is not impaired. Sequestration occurs when CO2 is introduced into the 
freshly hydrating cement paste where it reacts with the main calcium silicate phases, forming 
calcite and silicate hydrate gel. In this study, CO2 was added to fresh concrete and mortar mixes 
during mixing. Two forms of CO2 addition were utilised: the first comprised carbonating the 
mix water and the second, CO2 within its solid state, commonly referred to as dry ice. The 
effects of CO2 absorption of mixes were physically and chemically investigated during a series 
of comparative tests. Results indicate a strong potential for concrete mixes treated with dry ice 
to reach acceptable flexural and compressive strengths after 28 days, suggesting that 
carbonation continues within the cementitious matrix past early age strength.  
 

Keywords: concrete, carbon dioxide, carbonation 
 

1. INTRODUCTION 
The anthropogenic CO2 load is an increasingly problematic secondary effect of the modern 

world. Cement production alone is responsible for nearly 7% of global CO2 emissions [14]. In 
an attempt to combat this, Carbon Capture and Storage (CCS) has become a popular field of 
study in recent years [5]. As concrete is the most universal building material, storage of CO2 
within it offers massive promise, offering a ‘greener’ solution to current industrial practices. 
During the production of cement, a calcination process occurs wherein calcite (CaCO3) is 
transformed into calcium oxide (CaO) as indicated in Equation 1.  
    CaCO3 → CaO + CO2 Equation (1) 

This reaction, along with the energy necessary to run the cement kiln, together comprise the 
CO2 released into the atmosphere. The chemical makeup of concrete has a direct effect upon its 
strength and durability. During the carbonation of freshly hydrating cement paste, the main 
calcium silicate phases present in the cement and the added CO2 react together to form calcite 
as well as silicate hydrate gel as shown in Equation 2 and 3 respectively.  
    3CaO∙SiO2 + 3CO2 + XH2O → SiO3∙XH2O + 3CaCO3 Equation (2) 

    2CaO∙SiO2 + 2CO2 + XH2O → SiO3∙XH2O + 2CaCO3 Equation (3) 
 
This reaction begins during the hydration of the cementitious phases with the added CO2. 

The products formed during these hydration reactions are calcium ions (Ca+) and carbonate ions 
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(CO3-2) respectively. When these ions bond together, they undergo an exothermic carbonation 
reaction in which calcite is produced as seen in Equation 4. This carbonation reaction is 
diffusion limited when it takes place in cement, responding with CaO individually as well as in 
the C-S-H phase [5]. 
    Ca+2 + CO3-2 → CaCO3  Equation (4) 

Various experimentation with CCS in concrete have been undertaken, with adjustments 
made in the means and methods of CO2 sequestration. From these, it was concluded that 
introducing CO2 to wet concrete during the mixing stage would utilize CCS on a larger scale, 
as opposed to it being exposed to mature concrete. The addition of CO2 to the concrete mix thus 
eventually accounts for the formation of calcite within the hardened concrete matrix. Moreover, 
the fresh properties of the mix are also said to experience an impact, such as accelerated drying 
times and decreased alkalinity. Further experiments [5] saw increased early-age compressive 
strengths of concrete cubes treated with varying concentrations of solid CO2 during the mixing 
phase. This strength increase is attributed to the formation of calcite within the hardened 
concrete. When carbonation takes place within a concrete matrix, carbonic acid is formed 
during the reaction shown in Equation 5: 
    CO2 + H2O → H2CO3  Equation (5) 

The creation of this acid results in a pH drop of the pore solution which is originally of a 
high alkalinity, usually a pH reading of above 12.5. Carbonation of hydrated Portland cement 
paste can reduce this value to as low as 8.3, which may be deemed problematic as the 
depassivation threshold of reinforcing steel is approximately 9.5 [7], thus potentially resulting 
in accelerated corrosion of reinforcement. However, this is said to be a possibility only when 
CO2 is exposed to mature concrete and its hydration phases [6]. Furthermore, the porosity of 
carbonated cement paste may change. This change can be manifested as a decrease in the case 
of Portland cement and an increase in the case of blended cement paste [4]. The chemical 
changes arising in cement paste when it is carbonated can be analysed using X-ray powder 
diffraction (XRD) and Thermogravimetric analysis (TGA). XRD is a reliable method to use to 
identify the phases present in the cement, as well as trends in the production and consumption 
of secondary hydration products like portlandite and ettringite [2]. TGA portrays the change of 
mass of a material sample as a function of time over a temperature heating rate. 

 

2. EXPERIMENTAL WORK 

2.1 Preparation of Mortar  
The mortar mix allowed for a comparative, small scale representation of the concrete mix 

which could be chemically analysed while disregarding chemically inert aggregates. The mix 
design for one batch of mortar consisting of a set of three prismatic specimens comprised of 
450 g of CEM II with a 20 % fly ash content, 1350 g of ISO standard sand and 225 g of water 
and possessed a 0.5 water:binder ratio. Each prismatic specimen had dimensions of 40 mm x 
40 mm x 160 mm. As the ultimate goal of this experiment was to test the structural suitability 
of a greener and more environmentally friendly building material, CEM II was chosen as it 
already contains fly ash as an admixture. 

Originally, three test mixes were created: the reference mix (Mix T) with the standard mix 
design, Mix A wherein one litre of mix water was carbonated using approximately 3.3 litres of 
CO2 and Mix B wherein one litre of mix water was carbonated using approximately 6 litres of 
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CO2. Mix water was carbonated one litre at a time using commercially available home 
carbonation equipment. Subsequently, it was decided to include two more mortar mixes, to 
which CO2 was introduced during the mixing stage in the form of dry ice in additions of 200 g 
and 300 g respectively per litre of mix water.  

Specimens from Mixes T, A and B were prepared for curing ages 1, 3, 7 and 14 days, while 
specimens from Mixes C and D were prepared for curing ages 1, 3, 7, 14 and 28 days. Directly 
following the mixing stage, the wet mortar from each mix was tested for its pH using an 
electronic pH probe and subsequently for its workability using the flow table test (ASTM 
C230). Mortar specimens were left to set for 24 hours in a humidity and temperature controlled 
room, whereafter they remained in a water bath until their respective curing ages were reached. 

Flexural strength testing followed by compressive strength testing were performed on the 
mortar specimens at the stipulated curing ages (EN 196-1). Thermogravimetric analyses were  
performed on mortar samples at their various curing ages. Pieces from the mortar specimens 
were stored in an oven at 60 ˚C for a duration of 24 hours to expel any remaining water, and 
thereafter ground into powder and stored in sealed, clearly marked packets to be used during 
TGA. During the test, the sample was covered by the TGA furnace and heated to a temperature 
of 800 ˚C at a rate of 20 ˚C/min in the presence of Nitrogen gas to induce chemical 
decomposition of the material. XRD analysis was performed on samples from each of the five 
mortar mixes at a curing age of 14 days. 

2.2 Preparation of Concrete 
A simple concrete mix design, with a water:binder ratio of 0.5 was chosen. The mix design 

per cubic meter comprised of 400 kg CEM II (containing 20 % fly ash), 200 kg of water, 900 
kg of dolomite sand and 900 kg of 10 mm dolomite aggregate. A reference mix (Mix 1) and a 
CO2 treated mix (Mix 2) were produced in order to run comparative tests. The CO2 for Mix 2 
was added in the form of carbonated mix water, with approximately 3.3 litres of CO2 used per 
litre of mix water. Directly following the mixing stage, both concrete mixes were tested for 
their pH level using an electronic pH probe. Thereafter slump tests were performed for each 
mix (SANS 5862-1) in the attempt to observe potential relationships between the added CO2 
and the resulting workability of the mix. Concrete specimens were cast into the required moulds 
and left to set for 24 hours in a humidity and temperature controlled room, whereafter they 
remained in a water bath until their respective curing ages were reached. 

The CO2 treated concrete was examined in order to determine whether its transformed 
chemical composition would impact its durability in any way. Test specimens comprised of 
circular disks, approximately 70 mm in diameter and 30 mm in thickness, cored and cut from 
previously cast cubes. Specimens were left in an oven for 7 days at a temperature of 50 ˚C in 
order to remove an excess moisture within the sample. The same set of specimens were used 
first in the oxygen permeability test, and later in the water sorptivity test.  

An investigation of the impact of carbonation on the concrete’s pH level was conducted 
through an experiment in which 300 mm x 300 mm x 200 mm concrete specimens were cast 
from Mix 1 and Mix 2 and reinforcing was positioned within each specimen such as to create a 
voltaic cell. Sodium Chloride (NaCl) solution was periodically poured on the top surface of 
each specimen so as to accelerate the natural rusting process by inducing cyclic wetting and 
drying of the concrete. This corrosion experiment continued for 28 days, after which both 
specimens were broken in half and the exposed inner surface sprayed with a phenolphthalein 
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solution to give an indication of the concrete’s pH level. Thereafter, the reinforcement bars 
were cleaned from rust and weighed to determine the degree of corrosion suffered. 

 

3. ANALYSIS OF RESULTS 

3.1 Mortar Results 
Analysis of the mortar results suggest a higher rate of CO2 sequestration taking place in Mix 

C and Mix D. This is indicated in Table 1 by lower pH values and workability as well as greater 
amounts of calcite within the samples as predicted.  
 
Table 1: Summary of mortar results 

 
Flexural and compressive strength of the prismatic specimens from each mix are portrayed 

in Figure 1 and Figure 2 respectively. Prisms from the reference mix appear to have the highest 
strengths, followed by those from Mix A and Mix B, which increase in relative flexural and 
compressive strength with time. Mixes C and D indicate an even smaller retention of the 
reference mix’s flexural and compressive strength at early age. The general decline in strengths 
between prism of the reference mix and those of Mixes A, B, C and D can be attributed to the 
previous exposure to CO2. However, their steady increase in percentage flexural and 
compressive strength of the reference mix suggests the possibility of minimal strength 
differences between these mixes and the reference mix at later ages. 

Results thus imply that the addition of solid CO2 offers a more efficient sequestration method 
compared to the carbonation of mix water. 

  

 Mix T Mix A Mix B Mix C Mix D 

pH value 12.96 12.53 12.50 11.35 11.02 

Flow (%) 183 186 195 138 115 

Weight of calcite within sample at 14 days (%) 1.48 1.79 1.84 1.99 2.38 
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TGA curves relating percentage weight loss of the five samples at 14 days curing age as a 
function of temperature are indicated in Figure 3. A distinct dip is visible in every curve between 
600 ̊ C and   800 ̊ C, indicating the temperature region of calcite decomposition (decarbonation). 
The varying amounts of calcite within the mortar, most prominent in the case of Mix C and Mix 
D, within the mortar allude to the fact that CO2 has been captured inside the mortar as 
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anticipated. The percentage mass loss due to decarbonation can be further deduced as a result 
of this. 
 

3.2 Concrete Results 
Comparison of the concrete results revealed a certain difference in performance between the 

CO2 treated mix and the reference one. The pH readings for Mix 1 and Mix 2 were 13.30 and 
12.68 respectively. This discrepancy in values indicate a change in original concrete alkalinity 
which can only be attributed to the CO2 addition. While the lower value remains higher than 
the depassivation threshold of reinforcing, problems may arise when the concrete sets and 
hardens as the drop in alkalinity may potentially continue as a result of the hydration of products 
inside the concrete matrix. The slump was determined as an indication of the workability of the 
fresh concrete. The slump was measured as 90 mm for Mix 1 and 105 mm for Mix 2. The CO2 
addition in Mix 2 thus increased the workability with more than 15 %. This may be attributed 
to improved lubrication of the mix as a result of the entrained air present from carbonation of 
the mix water. The results for oxygen permeability and water sorptivity testing are summarised 
in Table 2. General observation of these values indicates good durability characteristics in both 
mixes. The permeability of concrete defines its ability to resist flow of a fluid within its 
hardened matrix. Permeability of Mixes 1 and 2 appears to be practically equivalent, with no 
significant variance which may be linked to the CO2 addition. 

 
Table 2: Summary of results from oxygen permeability and water sorptivity testing 

 
 
 
 

 

 Mix 1 Mix 2 

Oxygen Permeability Index 10.53 10.50 

Water Sorptivity Index (mm/hr0.5) 8.68 9.95 

Porosity (%) 9.49 10.62 

Figure 3: Fourteen-day TGA of mortar samples 
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Considering the data, sorptivity and porosity are depicted to be higher in the case of Mix 2. 
This behaviour is in line with the findings of [4], which states that carbonation may induce an 
increase in the pore structure of concrete produced with blended cements. While a rise in 
sorptivity and porosity in concrete are not ideal, the results of Mix 2 are still within the limits 
of good practice. However, care should be taken in cases where reinforcement is present or 
higher CO2 dosages are desired in the mix design.During the wetting-dry cycles of the 
accelerated corrosion test, qualitative changes were observed as a rust stain on the surface of 
the Mix 2 specimen (significantly larger than that on the surface of the Mix 1 specimen) began 
to appear. Figure 4 depicts, the specimens when they were halved and sprayed with 
phenolphthalein solution. 

 
Considering the specimen of Mix 1, there is a very fine colourless strip at the top right-hand 

surface which signifies a small reduction in pH in this region. A pH drop was only experienced 
near the top of the specimen, and any potential corrosion of reinforcement is limited to that 
region. The previously CO2 treated specimen of Mix 2, in contrast, displays an acidic region of 
substantial size near the top of its cross-section, entirely surrounding the first reinforcement bar. 
The drop in alkalinity caused by the extraction of sodium chloride ions within the NaCl solution 
into the concrete, further resulted in corrosion induced mass loss of the fixed reinforcement 
bars. The top reinforcement bar of Mix 1 experienced a mass loss of 2.07 % as opposed to that 
of Mix 2 which experienced a 6.41 % mass loss. Acidity was thus able to diffuse through a 
greater distance from the top surface of the Mix 2 specimen, similarly affecting the rest of the 
reinforcement bars, albeit to a lesser degree. This creates cause for concern as any reinforcing 
within CO2 treated cement is at a greater risk for corrosion.  

 

4. CONCLUSIONS 
Treating mortar and concrete with CO2 during mixing results in carbonation of the cement 

and alters the chemical composition of the mix on an elemental level. TGA results exhibited a 
considerable mass percentage of the anticipated calcite within samples of mortar mixed with 
dry ice during decarbonation of the sample. From XRD analyses calcite was found to exist in 
the least amounts within the reference mix, with increasing dosages present in Mixes A to D, 
correlating to the sequestration method used and difference in carbon content. Better CO2 
sequestration appears to have taken place in Mixes C and D where it was added as dry ice.  

Figure 4: Inner surface of Mix 1 (left) and Mix 2 (right) specimens 
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The strengths of mortar prisms from Mixes C and D showed substantially weaker results for  
early-age strength gain, however, a prominent increase in strength was noticed toward the 28-
day mark. This shows potential when considering strength development at later ages. In terms 
of durability aspects, it was found that sorptivity and porosity increased in the case of the CO2 
treated concrete mix, suggesting potential problems in the long-term durability of the concrete. 
This was further supported when results showed corrosion occurred at a faster rate in the CO2 
treated mix due to decreased alkalinity within it. Outcomes of the investigation prove that it is 
possible to sequestrate CO2 into mortar and concrete during mixing without significant negative 
consequences on the material properties, especially in their later age. This, however, is only 
true on condition that no steel reinforcement is present in CO2 sequestrated concrete.  
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ABSTRACT 

The construction industry is among the top three waste producers in South Africa. There is 
limited literature on the contribution of concrete and cementitious material to waste generated 
in the Construction and Demolition (C&D) category. The government outlines waste 
management strategies in the State of Waste Report (SoWR) which aim to minimise waste 
production levels and landfill issues; however, there is a poor understanding of the link between 
these strategies and practices in the industry. This study assesses the practices and strategies for 
the waste management of concrete and cementitious material on construction sites based in 
Braamfontein, Midrand, Rosebank, Menlyn and Johannesburg Central Business District. The 
results indicate that there is limited published literature on the management of concrete and 
cementitious waste produced in construction projects; also, that there is a partial practice of the 
Reduce, Re-use and Recycle strategies. There is poor adherence to the recent waste hierarchy 
model stated in the SoWR because practitioners are unfamiliar with the report. The study 
contributes to sustainable development practice in South Africa and recommends that the 
private and public sector should actively participate in transferring knowledge to practitioners, 
thus encouraging them to consciously practice sustainable waste management in the SoWR. 
 
Keywords: concrete, construction and demolition, project life cycle, waste management 

hierarchy, landfill. 

 

1 INTRODUCTION 
In 2018, the South African Department of Environmental Affairs (DEA) published a State 

of Waste Report (SoWR) which contained waste management legislations from 1989 to 2018 
[1]. These legislations inform the management of waste produced in South Africa including 
construction and demolition (C&D) waste, organic waste and municipal waste, among others. 
The SoWR, issued in 2018, [1] indicated that C&D waste contributed the third largest (13%) 
proportion of the total waste produced in the country. C&D waste can comprise a variety of 
materials including concrete, ceramics, glass, timber, and metals. However, the report does not 
provide this breakdown. Therefore, the proportion of concrete and other cementitious material 
waste in the lump sum C&D figures in the DEA report is potentially unknown. 

In South Africa, a large proportion of all the wastes produced end up in landfills. This 
strategy is common even in the disposal of C&D waste from the construction industry and poses 
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several environmental challenges. To overcome this challenge, the DEA legislation encourages 
practitioners to have proper Waste Management Plans (WMP) that are environmentally friendly 
[2]. 

2 SIGNIFICANCE AND SCOPE OF THE STUDY 
The study reported in this paper focused on the management of concrete and cementitious 

waste which is part of C&D waste considering that concrete is one of the most used materials 
in the construction industry and the second most used material in the world [3]. Although there 
are studies that have been conducted on C&D waste in South Africa [2], there is limited 
published literature on the management of concrete and cementitious waste specifically. One 
of the envisaged outcomes of the study is to create awareness of the current practices and 
strategies for waste management of concrete and cementitious waste in South Africa, and thus 
presenting a case for the need for improved approaches to managing concrete and cementitious 
waste. The findings of the study also contribute to the promotion of sustainable practices, 
thereby supporting the National Development goals of South Africa which call for the urgent 
implementation of the Nationally Appropriate Mitigation Action (NAMA) [4]. 

This study critically reviewed the current management practices and strategies for concrete 
and cementitious waste generated by construction projects in South Africa, China, Australia, 
Germany and Kenya. Due to time and cost constraints, the study was carried out on selected 
construction projects in South Africa’s Gauteng province. 

3 LITERATURE REVIEW 
Between 2011 and 2017, South Africa reported a relatively small per capita decline of 0.19 

in the total waste produced in the country [1]. This period also coincided with the introduction 
of waste management policies as reported in the SoWR which can lead to the conclusion that 
the policies contributed to the decline. However, it is difficult to apportion how much of the 
decline can be apportioned first, to C&D waste, and second, to concrete and cementitious waste. 
There is a gap for studies focusing on classified waste such as concrete, glass, wood, etc. 

When a concrete structure is demolished, the rubble material can be either be disposed of in 
a landfill or re-used or recycled on site. Disposal in a landfill is the last phase and least preferred 
option in the life cycle of a concrete structure [5]. Barnes [6] reported that in South Africa most 
concrete and cementitious materials waste is transported to a landfill but there are no records 
of exactly how much of the waste is disposed of. Abel [7] reported that there is a problem of 
illegal dumping of concrete waste in South Africa; this can be attributed to the country’s 
potential shortage of technology for processing waste material and limited published literature 
on the waste produced in construction sites. 

Strategies should be put in place to encourage the practice of re-using and/or recycling of 
the materials, and disposal on landfill last when managing concrete and cementitious waste. 
This is a grave-to-cradle approach that has been shown to have the capacity to decrease the 
quantities of concrete dumped in landfills [8]. Further studies are required to understand the 
capacity and limits on the utilisation of recycled concrete and other cementitious materials, and 
the perception of contractors on the utilisation of recycled concrete and other cementitious 
materials. 
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several environmental challenges. To overcome this challenge, the DEA legislation encourages 
practitioners to have proper Waste Management Plans (WMP) that are environmentally friendly 
[2]. 

2 SIGNIFICANCE AND SCOPE OF THE STUDY 
The study reported in this paper focused on the management of concrete and cementitious 

waste which is part of C&D waste considering that concrete is one of the most used materials 
in the construction industry and the second most used material in the world [3]. Although there 
are studies that have been conducted on C&D waste in South Africa [2], there is limited 
published literature on the management of concrete and cementitious waste specifically. One 
of the envisaged outcomes of the study is to create awareness of the current practices and 
strategies for waste management of concrete and cementitious waste in South Africa, and thus 
presenting a case for the need for improved approaches to managing concrete and cementitious 
waste. The findings of the study also contribute to the promotion of sustainable practices, 
thereby supporting the National Development goals of South Africa which call for the urgent 
implementation of the Nationally Appropriate Mitigation Action (NAMA) [4]. 

This study critically reviewed the current management practices and strategies for concrete 
and cementitious waste generated by construction projects in South Africa, China, Australia, 
Germany and Kenya. Due to time and cost constraints, the study was carried out on selected 
construction projects in South Africa’s Gauteng province. 

3 LITERATURE REVIEW 
Between 2011 and 2017, South Africa reported a relatively small per capita decline of 0.19 

in the total waste produced in the country [1]. This period also coincided with the introduction 
of waste management policies as reported in the SoWR which can lead to the conclusion that 
the policies contributed to the decline. However, it is difficult to apportion how much of the 
decline can be apportioned first, to C&D waste, and second, to concrete and cementitious waste. 
There is a gap for studies focusing on classified waste such as concrete, glass, wood, etc. 

When a concrete structure is demolished, the rubble material can be either be disposed of in 
a landfill or re-used or recycled on site. Disposal in a landfill is the last phase and least preferred 
option in the life cycle of a concrete structure [5]. Barnes [6] reported that in South Africa most 
concrete and cementitious materials waste is transported to a landfill but there are no records 
of exactly how much of the waste is disposed of. Abel [7] reported that there is a problem of 
illegal dumping of concrete waste in South Africa; this can be attributed to the country’s 
potential shortage of technology for processing waste material and limited published literature 
on the waste produced in construction sites. 

Strategies should be put in place to encourage the practice of re-using and/or recycling of 
the materials, and disposal on landfill last when managing concrete and cementitious waste. 
This is a grave-to-cradle approach that has been shown to have the capacity to decrease the 
quantities of concrete dumped in landfills [8]. Further studies are required to understand the 
capacity and limits on the utilisation of recycled concrete and other cementitious materials, and 
the perception of contractors on the utilisation of recycled concrete and other cementitious 
materials. 
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4 METHOD 
A qualitative approach was adopted for the study which was conducted in 2019. According 

to Minchiello [9], this method focuses on understanding human behaviour from the informant’s 
perspective and assumes a dynamic and negotiated reality. The data is collected through 
participant observation and interviews. In the method, data analysis is carried out through 
themes informed by the informants’ descriptions. This approach allowed for the exploration of 
an untapped area of study for C&D waste management in South Africa. Sinaga [10] reports that 
the advantage of the qualitative method is that it enables the researcher to “identify new and 
untouched phenomena; provide a deeper understanding of mechanisms; provide verbal 
information that may sometimes be converted to numerical form and reveal information that 
would not be identified through pre-determined survey questions”. However, the disadvantage 
with qualitative method is that it can restrict the researcher as the results are “general to the 
population, easily applied in statistical methods, and easily assessed in relations between 
characteristics” [10]. 

Construction practitioners formed the target population, with non-probability and purposive 
sampling methods being used to select the samples. According to Showkat & Parveen [11], 
non-probability sampling is characterised using; non-randomised methods to select the sample 
and judgement, convenience and access to the sample. It is less expensive, less complicated, 
and easier to apply. The results lack generalization of the sample to an entire population and 
generate valuable insight on an existing phenomenon or developing a new one. The sampling 
techniques include Convenience Sampling, Purposive Sampling, Quota Sampling and Snowball 
Sampling. 

In addition to the critical review of literature, case studies were carried out on five selected 
construction sites located in Braamfontein, Midrand, Rosebank, Menlyn and Johannesburg’s 
Central Business District (CBD), all in South Africa’s Gauteng province – see Table 1. The 
five construction sites comprised of one small, two medium and two large projects, as per the 
project classification criteria presented in Table 2 [12]. 

A survey questionnaire (available online at https://bit.ly/39GTFEv) was developed to source 
information from the target population. The development of the questionnaires was guided by 
the aim and objectives of the study, as well as a review of available literature. Ethics clearance 
was obtained from the University before commencing the study to facilitate the collection of 
data. A response rate of 22% was received on the questionnaires. The questionnaire feedback 
was the primary data for analysing the findings in conjunction with the interviews held on site. 
The [informal] interviews were conducted with the construction practitioners on site during the 
site visits and while distributing the questionnaires. The [informal] interviews were essential in 
the understanding and interpretation of the data collected. An inductive method was used to 
code the data, a process that facilitated a holistic view of the results to enable the generalization 
of the outcomes of the study albeit with the limitations mentioned earlier. 

The respondents in the study comprised civil engineers, site managers, safety officers, site 
agents, forepersons, managing directors and general workers. Also, they had varying site and 
professional experiences ranging from interns, junior workers to senior personnel. In terms of 
site experience, and considering all the respondents, 27%, 37%, 18% and 18% had 0–1, 1–3, 
10–15 and over 15 years of working experience. 
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Table 1: Construction sites sampled as Case studies 
Case 

study No. Location Type of construction Project size 

1 Braamfontein, Johannesburg Multi-storey accommodation Medium 
2 Midrand, Johannesburg Multi-storey hotel with office space Medium to large 
3 Rosebank, Johannesburg Multi-storey office Medium 
4 Menlyn, Pretoria Multi-story office, apartment and 

shopping centre 
Large 

5 Johannesburg Central Business 
District (CBD) 

Multi-story residential Small 

 
Table 2: Project sizing criteria of Case studies based on the guidelines by Wilson [12] 

Project aspect considered 
Construction site 

Case study 1 Case study 2 Case study 3 Case study 4 Case study 5 
S M L S M L S M L S M L S M L 

Size of project team (full-time equivalent) – – – – – – – – – – – – – – – 
Completion time ☐ ☒ ☐ ☐ ☐ ☒ ☐ ☒ ☐ ☐ ☐ ☒ ☐ ☒ ☐ 
Timeframe ☐ ☒ ☐ ☐ ☐ ☒ ☐ ☒ ☐ ☐ ☐ ☒ ☒ ☐ ☐ 
Complexity ☒ ☐ ☐ ☐ ☐ ☒ ☐ ☒ ☐ ☐ ☐ ☒ ☒ ☐ ☐ 
Strategic importance ☐ ☐ ☒ ☐ ☒ ☐ * * * ☐ ☐ ☒ ☒ ☐ ☐ 
Reputation importance ☐ ☒ ☐ ☐ ☒ ☐ ☐ ☒ ☐ ☐ ☒ ☐ ☒ ☐ ☐ 
Total cost ☐ ☐ ☒ * * * * * * ☐ ☐ ☒ * * * 
Level of change ☐ ☒ ☐ ☐ ☐ ☒ ☒ ☐ ☐ ☐ ☒ ☐ ☒ ☐ ☐ 
Dependencies and inter-related projects ☒ ☐ ☐ ☐ ☒ ☐ ☐ ☒ ☐ ☐ ☐ ☒ ☒ ☐ ☐ 

Overall project size Medium Medium-to-
large Medium Large Small 

S: Small-sized project 
M: Medium-sized project 
L: Large-sized project 
*: Information confidential 
'–': Information not available/provided 
 
As indicated in Table 2, none of the construction sites provided information on the sizes of the 
project teams. Table 2 can be interpreted as follows [12]: 
(i) Completion time takes less than six months, six to twelve months and more than 12 months 

for, respectively, small projects, medium projects and large projects. 
(ii) The complexity levels of small projects are manageable, the problem is easily understood, 

and the solution is readily achievable. In medium projects, the problem is either difficult to 
understand or the solution is unclear or difficult to achieve while in large projects, both the 
problem and the solution is difficult to define or understand and the solution difficult to 
achieve. 

(iii) Strategic importance in small projects is of internal interests only and thus have no 
reputation implications. In medium projects, there could be some direct impact on a low 
priority initiative with some reputation implications. Large projects affect core university 
service delivery and/or directly relates to key initiatives in a strategic plan and there are 
major reputation implications.  

(iv) In small projects the total costs are less than USD 25K, medium projects range from USD 
25K to USD 200K and in large projects the costs are more than USD 200K.  
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(v) Small projects have no major dependencies as their changes impact a single area. Medium 
projects have some low-risk dependencies and changes could impact several areas. Large 
projects have high-risk dependencies, and the changes could impact the entire project. 

5 RESULTS 
From the data collected, 46% of the respondents indicated that there was a designated 

strategy for the management of concrete and cementitious waste on site while 27% indicated 
that there was no strategy. The remaining 27% of the respondents were not sure if there were 
designated strategies for concrete and cementitious waste management. Amongst the 
respondents who indicated the presence of waste management strategies on site, "reduce, reuse 
and recycle" were the most cited strategies for managing concrete and cementitious waste – see 
Table 3. Based on the observations made during the site visits, there were waste management 
plans in all construction sites. It was therefore clear, from the responses received, that all the 
site workers were not familiar with the [formal] site waste management plans in place. Possible 
reasons for this may include (i) poor communication of the waste management strategies on the 
construction sites, or (ii) poor inculcation of a waste management culture in the organisation 
and on site. 

50% of the respondents in Table 3 indicated that backfilling is the primary form of re-use 
strategy for managing concrete and cementitious waste. 'Reuse' is one of the preferred methods 
of waste management in the SoWR. 39% of the respondents indicated that 'Disposal' is the next 
most used strategy after re-use. According to the respondents interviewed on site, the waste is 
collected from the site by formal waste management collectors for disposal in landfills. These 
findings corroborate the findings of previous studies [6] that South Africa faces excessive 
amounts of waste disposed of in landfills. The survey results indicate that ́ selling´ (or exchange 
of waste for money) is not utilized by any of the construction sites as a waste management 
strategy. The insufficient use of the exchange for money strategy suggests that there exists an 
opportunity to develop incentives that will encourage practitioners to sell waste as a form of 
managing the waste. 

Case study 1 (a medium multi-storey accommodation construction site) indicated that their 
construction project produced an estimate of 0.07 cubic meters of concrete and cementitious 
waste per day. Case studies 2, 3, 4 and 5 did not have an estimate and records of quantities of 
concrete and cementitious waste material produced on their construction projects. Due to 
minimal information provided by other sites, results from case study 1 cannot be generalized. 
These findings demonstrate why there is limited [published] literature on the amounts of 
concrete and cementitious waste generated in construction sites. Construction practitioners 
should be encouraged and incentivised to document the type and quantity of waste generated in 
their projects. 
The survey results in  

Table 4 indicate that up to 73% of the respondents support the notion that the management 
of waste concrete and cementitious material is necessary and important. However, the 
implementation of this seems to be poor based on the response rate of 64% indicating a non-
committal (neutral) stance. Nevertheless, these results present an optimistic perception of 
advancing the waste management of concrete and cementitious waste because the practitioners 
understand the underlying value. 
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Table 3: Waste management methods on the construction sites 
Waste management method Response rate 
Re-use 50% 
Disposal 39% 
Recycling 11% 
Selling (exchange for money) 0% 

 
Table 4: Responses on practices and strategies for managing concrete and cementitious waste 
Statement Strongly 

disagree 
Disagree Neutral Agree Strongly 

agree 
The management of waste concrete and cementitious 
material is a necessary practice in the South African 
industry 

0% 0% 18% 73% 9% 

The use of a waste management plan for waste 
concrete and cementitious material is well adapted in 
the South African construction industry 

0% 0% 64% 36% 0% 

6 CONCLUSIONS 
The study focused on current practices and strategies for waste management of concrete and 

cement-based materials in the South African construction sector. A desktop study (critical 
literature review) and a qualitative approach were used in the study in which questionnaires and 
informal oral interviews were used to collect data in five selected construction sites in Gauteng 
province, South Africa. The target population was site construction practitioners. 

The results showed that practitioners are generally aware of the traditional waste 
management hierarchy (i.e., reduce, re-use and recycle) and how it is implemented. However, 
they are unaware of the current waste management hierarchy in the State of Waste Report 
(SoWR). Nevertheless, the SoWR is a useful tool that construction practitioners should not only 
familiarise themselves with but also put in place systems in construction sites to implement. 
Given that construction sites are the primary sources of waste, accurate data on the type and 
quantity of waste generated, and how it is managed can be obtained therein. There is a need for 
the government to encourage and incentivise construction practitioners to collect and share this 
data. 

The waste hierarchy outlined in the SoWR should be implemented in construction sites. 
Practitioners should, in particular, be encouraged to put in place systems that aim at waste 
avoidance and reduction. The policies and legislation need to encourage practitioners to 
quantify the different types of waste produced in construction sites. This will improve the data 
available in South Africa and enable an objective up-to-date analysis to be carried out. 
Stakeholders involved in construction need to be educated on the importance of waste 
management. Stakeholders that need to be educated on waste management include construction 
practitioners, and in particular the Environment, Health and Safety (EHS) practitioners. This 
can be done through workshops, awareness campaigns and by creating website groups 
(including social media). The government should ensure that EHS practitioners are aware of 
the latest policies and legislations in the SoWR. 

The responses received did not indicate 'avoidance' and/or 'reduction' of concrete and 
cementitious waste material. If practitioners are educated on these practices, there will be a 
reduction in the amount of waste disposed of in landfills. According to the findings of this study, 
practitioners acknowledge that the management of concrete and cementitious waste is 
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necessary; therefore, both the private and public sectors should work together to incentivise 
construction practitioners to pro-actively consider recycling concrete and cementitious waste 
before resorting to disposal of the same in landfills. None of the construction sites sampled in 
this study indicated using recycled concrete; it will be beneficial to conduct studies to obtain 
the views of construction practitioners on the use of recycled concrete. Concrete and 
cementitious waste can be disposed of by sending the material to recycling plants to be crushed 
or recovered for reuse (e.g., aggregate or blocks) through waste management collectors. For 
recycling, the concrete and cementitious waste can be sent, through waste management 
collectors, to cement and concrete manufacturing plants and/or other similar plants that recycle 
the waste material. 

The scope of this study did not extend to investigating the role of the construction sector in 
self-regulating and developing organisational cultures that promote responsible generation and 
management of concrete and cementitious waste within the industry. Future studies are 
recommended to find out how the industry, and contractors, in particular, view self-regulation 
and development of cultures that promote responsible generation and management of concrete 
and cementitious waste. 
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ABSTRACT 

The cement demand is constantly increasing in Africa while the production of clinker is still 
not the most environmentally friendly process. Besides, the agriculture is this the backbone of 
the economy many African countries. Based on these two observations, more studies are now 
focused on the use of waste from agriculture in concrete technology. In this framework, the 
ashes of the bark of Mahogany tree were studied to be used as a supplementary cementitious 
material (SCM). This article presents the characterization of ashes produced by different 
process and the behaviour of Mahogany bark ash in a cement paste. The results show that the 
calcination of Mahogany bark induces ashes with a high content of calcium oxide. The 
composition of the ashes is not affected by the calcination mode. Moreover, the substitution of 
cement with the Mahogany bark ash increases the heat of hydration of the cement paste and this 
also affects the rheology of the modified cement paste. 
 
Keywords: Mahogany bark ash, SCM, characterization, calcination temperature, cement paste 

 

1. INTRODUCTION 
The demand of cement is in constant increase all over the globe but mainly in developing 

countries. This is due to the economic growth in these countries that lead to the development 
of infrastructures. This is the case for almost all the sub-Saharan African countries. Besides, it 
is in this region that the cost of the cement is still high compared to the rest of the continent. 
Moreover, it is clearly known that the production of clinker is not the most environmentally 
friendly technology in construction field, even though concrete is one of the most used materials 
on the earth. Indeed, the cement industry highly pollutes the environment since it produces 900 
kg of CO2 per ton of cement [1].  

In the case of African sub-Saharan regions, this observation is more blatant since this region 
hardly produces cement replacement like GGBFS or fly ash, and not even concrete chemical 
admixtures. Moreover, most of the sub-Saharan country economies are still based mainly on 
the agriculture. Indeed, this region is known for its extreme diverse agricultural products. 
Therefore, it is easy to imagine the huge amount of agricultural waste which is most of the time 



YCRETS 2021  33

Page  2 

not used. Though some agro-waste materials have already started to be used in the formulation 
of cements, such as rice husk ash and cassava peels [1], the majority remains unexploited. 

The Adaptation of systemic infrastructural concrete structures to environmental challenges 
and risks (INFRACOST) project aims to develop adequate materials for infrastructure 
rehabilitations in Sub-Saharan region and to promote more waste materials by using them in 
concrete technology. It was in the framework that some agro-waste were selected based on their 
availability to their possibility to be used as supplementary cementitious materials (SCMs). 
This was the case for the Mahogany bark. Mahogany is ranked as one of the best-known and 
most valuable tropical timbers on the international market [4]. Mahoganies are distributed 
across Africa in Benin, Ghana, Ivory Coast, Sudan, Togo, D.R Congo and Uganda. 327,119 m3 
of Mahogany wood were exported from Ghana alone from 2000 to 2015 [4], not including 
locally used wood. This shows that the waste from the Mahogany wood production is abundant 
enough for it to a good source of economical SCMs. 

This article focuses on the calcination of the Mahogany bark to obtain ashes and on the 
impact of Mahogany ash on a cement paste. The ashes were produced at different calcination 
temperatures, then they were characterized to select the one with the highest potential alkali-
reactivity. The ash with the highest potential alkali-reactivity was used to substitute the cement 
and the properties of the modified cement paste was analysed.  
 

2. MATERIALS AND TECHNIQUES  
2.1 Calcination  

To determine the optimal calcination temperature, a part of the Mahogany bark powder was 
calcinated at the following temperatures: 600, 700, 800, 900 and 1000 °C for an hour with a 
pre-firing of 20 min in an open flame to burn the organic phase that induces smoke. These 
calcinations were done in platinum crucibles. After the selection of the optimum temperature, 
the remaining Mahogany bark powder was calcinated in an electric furnace for 12 hours at this 
temperature. These second calcinations were done in ceramic crucibles.  
2.2 X-ray diffraction (XRD)  

X-ray diffraction was done on all ash samples from the initial burning process and the final 
burning process. All samples were grinded and compacted in the holder to ensure accuracy. 
The device used was made by Rigaku incorporating the Ultima IV X-ray diffraction (XRD) 
systems. The program used for XRD results analysis was Match! 3 version 3.8.3.151 64-bit. 
The reference database was Crystallography Open Database (COD). 
2.3 Chemical analysis and loss of ignition 

The chemical analysis and the loss of ignition of the ashes were realised in accordance to the 
European standard EN 196 [5]. 
2.4 Consistency  

The device used for this test was a CT3 Texture Analyzer made by Bookfield. The program 
used to collect the data was TexturePro CT V1.9 Build 35. The machine was set up to use a 
spherical probe of 12.7 mm of diameter that was lowered at a rate 1mm/s into the cement mix 
sample. The device measures the resistance exerted by the cement mix during the lowering of 
the probe. The samples were prepared in cylinder containers with the height of 32mm and a 
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diameter of 34mm. The samples were measured at 6 different time intervals after mixing: 0, 
0.5, 1, 1.5, 2 and 3h.  
2.5 Heat of hydration test  

The evolution of heat during hydration was measured for the control mix and all the mixes. 
A Thermometric TAM Air calorimeter was used to measure all the samples. The calorimeter 
was calibrated for 3g samples at 20°C. The samples were prepared in accordance with EN 196-
11 [5]. 

3    RESULTS 

3.1 Influence of the temperature on the calcination yield and on the composition of the 
Mahogany bark ashes  

The Table 1 shows that the loss of the matter increased with the calcination temperature. At 
600°C, only 13% of the bark ash was collected at the end of the calcination, while it was 
remaining only 7% of the matter at the end of the calcination at 1000°C. however, this yield 
seems to become constant from 900°C. These results are similar the one obtained with the rice 
husk that are also calcinated to be used as SCMs [2, 3, 6].  

 
Table 1: Lost yield after the calcination of Mahogany bark at different temperatures  

Temperature  600°C 700°C 800°C 900°C 1000°C 
Lost yield 86.80% 87.40% 81.60% 93.24% 93.82% 

 
The composition of each of these ashes was found with the combination of their X-ray 

spectrum (Figure 2), and results of their chemical analysis (Table 2). The major observation is 
the presence of calcium carbonate (CaCO3) between 600°C and 800°C, which is transform into 
calcium oxide (CaO) above 800°C (1).  
 
CaCO3 → CaO + CO2        Equation (1) 
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Figure 1: X-Ray spectra of Mahogany bark ashes 

The other minerals found during the chemical analysis appeared on a very low amount (lower 
than 5%), except for the phosphor oxide that has a percentage of around 7% before 800°C and 
around 4% from 800°C. Therefore, the choice for the optimum calcination temperature was 
made based only on the amounts of silica and calcium oxide. Thus, the optimum temperature 
was 900°C, since the calcium oxide is at its highest percentage (58,99%) and the percentage of 
silica is similar the one at 800°C (13,35%). 
 
Table 2: Composition of the Mahogany bark ashes  

%  T 600 T 700 T800 T 900 T 1000 
Silicium SiO2 12.02 12.51 13.22 13.05 17.69 
Aluminium Al2O3 0.08 0.10 0.14 0.45 0.18 
Iron Fe2O3 0.07 0.07 0.22 0.20 0.22 
Titan TiO2 0.01 0.02 0.01 0.02 0.02 
Calcium CaO 2.76 4.12 32.55 58.99 2.26 
Magnesium MgO 0.29 0.37 1.42 3.15 0.17 
Natriumoxid Na2O 0.20 0.33 0.13 0.11 0.30 
Kaliumoxid K2O 7.02 7.42 4.02 5.12 4.50 
Sulfat SO3 3.76 3.50 1.49 2.86 4.71 
Phosphat P2O5 1.14 1.11 0.33 1.00 1.57 

Rest 72.65 70.45 46.47 15.05 68.38 

* 

* 
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* 

* * * * * * 
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3.2 Substitution of cement with Mahogany bark ash on a cement paste 

3.2.1 Evolution of the hydration  
The Figure 2 presents the evolution of the heat of hydration in function of the percentage of 

substitution of the cement by of the Mahogany bark ash. This heat increases and appears earlier 
with the increase of the substitution rate. This is due to the rapid and exothermic reaction of 
calcium oxide with water (2).  

CaO + H2O → Ca(OH)2        Equation (2) 
 

 
Figure 2: Heat of hydration of cement pastes modified with Mahogany bark ash 

This acceleration of the hydration induced by the Mahogany bark ash may be an asset for 
the cement paste in the case of the elaboration cementitious materials that aim to set quickly. 
However, this acceleration can also play against the durability of cementitious materials by 
creating extra-internal heat that can lead to microcracking [7]. Furthermore, the rapid hydration 
of the CaO can reduce water in the system, available for the cement hydration.   

3.2.2 Evolution of the hydration in presence of superplasticizer 
The Figure 3 shows that the use of a superplasticizer in a cement paste modified with the 

Mahoganybark ash did not efficiently affect the hydration of the cement paste. 
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Figure 3: Evolution of the heat of hydration of cement pastes modified with Mahogany bark 

ash with a superplasticizer 

3.2.3 Effect on the paste consistency  

 
Figure 4: Consistency of the cement pastes modified with Mahogany bark ash 

 
The results of the evolution of the consistency were presented on the Figure 4. Globally, the 

pressure applied on the samples started to increase after an hour, and the differences of pressure 
clearly appeared after 1,5h. Between 1h and 3h, the pressures of the cement paste without ash 
(control) and the one with 10% (MBA 10%) of ash were the highest, meaning they were the 
paste with the fastest setting. On the same period, the pressure of the three other modified 
cement pastes (MBA 5%, MBA 15%, and MBA 20%) were decreasing with the increase of the 

0,00E+00

1,00E+00

2,00E+00

3,00E+00

4,00E+00

5,00E+00

0 5 10 15 20 25 30 35 40 45 50

Po
w

er
,m

W
/g

T,hours

MBA 5%

MBA 5%P

Control

0

1000

2000

3000

4000

5000

6000

0 0,5 1 1,5 2 2,5 3 3,5 4

Pr
es

su
re

 in
di

ca
to

r

Time (h)

Control MBA 5% MBA 10% MBA 15% MBA 20%



YCRETS 2021  38

Page  7 

amount of ash. After 4h, the unmodified cement paste and the one with 15 and 20% of 
Mahogany bark ash were presenting the lowest pressures, while the one with 5 and 10% one 
had the highest pressures.  

 

3.2.4 Effect on the paste consistency in presence of superplasticizer 
The Figure 5 shows that the cement paste that contains both the ash and the superplasticizer 

(MBA 5%P) had the lowest pressure between 0,5h and 3h, while the unmodified cement paste 
had the highest pressure on that same interval. But at 4h, the modified pastes had similar 
pressures and higher than for the control one. According to these results, the superplasticizer 
tends to slow the settling of the modified cement paste.   
 

 
Figure 5: Consistency of a cement paste modified with Mahogany bark ash with a 

superplasticizer 

4    DISCUSSION  
Regarding the composition of the Mahogany bark ashes in function of the calcination 

temperature, the XRD spectra showed that there were some pics that were not able to be 
identified. This observation is aligned with the chemical analysis results. Indeed, for almost all 
the calcination more than the half of the samples could not be identified by this method. These 
results can be explained by the fact that the measurement methods used for the characterization 
of this bio-ash are the same commonly used for classic cementitious materials. Indeed, there 
was a limitation in the type of elements that can be analysed with the chemical analysis, for 
instance the carbon that could not be analysed. Therefore, these results could be questionable, 
and they should be confirmed by other methods of characterisation, more appropriate to bio-
based materials. 

In the same line, the outcomes on the consistency can also be doubtful. Indeed, it was showed 
that the almost all the cement pastes modified with the Mahogany bark ash slowly settled, 
compared to the unmodified cement paste. However, the Mahogany bark ash contained in 
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majority the calcium oxide, according to the results of their characterization. This was also 
illustrated with the increase of the temperature and the heat of the hydration observed with the 
calorimetry measurements because of the hydration of the calcium oxide. Therefore, it was 
expected that the modified pastes settle faster than the unmodified paste.  

Finally, there was no difference in the results when a superplasticizer was added to the 
modified cement paste.  
 

5    CONCLUSION 
This article deals with the influence of the temperature on the composition of the Mahogany 

bark ashes and their potential to be used as a SCM. The characterisation of these ashes showed 
that the classic methods and techniques used for the characterisation of cementitious materials 
might not be the most adequate for this bio-waste materials. Indeed, there was a huge part of 
the samples which could not be identified. Moreover, the behaviour of cement pastes, in which 
a percentage of cement was substituted with the Mahogany bark ash, tended to delay the 
settling. This result was not expected since the ash contained a high amount of calcium oxide 
which hardens rapidly with water. To sum up, it will be interesting to look for adequate methods 
and techniques for the bio-waste materials. 
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ABSTRACT 
The drastic surge in urbanisation and the constantly changing human lifestyle are the main 

contributory factors to the increased demand for concrete construction-related activities. 
Concrete is widely utilised for various structural applications, including rigid pavement 
construction, due to its superior mechanical and durability performance. However, the cement 
production process releases harmful greenhouse gases, leads to the depletion of calcareous 
materials and consumes significant quantities of energy. Therefore, there is an increased need 
for sustainable pavement designs that maintain a high level of service. In the case of rigid 
pavement applications, this can be achieved by incorporating alternate binder systems, such as 
paper mill ash (PMA). This experimental study aims to investigate the engineering performance 
of concrete manufactured with PMA. This was achieved by assessing the workability, 
mechanical and durability properties of concrete specimens containing 0%, 5%, 10%, 15% and 
20% of PMA as a supplementary cementitious material (w/b = 0.64). Based on the favourable 
flexural and tensile strength results that were obtained, coupled with the negligible CO2e 
emission value, it can be concluded that PMA is a viable alternate binder system for enhancing 
the serviceability and sustainability states of rigid pavements. 
 
Keywords: supplementary cementitious materials; rigid pavements; sustainability; paper mill 
ash 

1. INTRODUCTION 
Concrete pavements, also known as rigid pavements, are mainly used in roadways and 

various alternate transportation applications such as parking lots, airport aprons, toll stations, 
ports and military facilities [1, 2]. It has also been documented that concrete pavements achieve 
an improved service life and reduced maintenance costs when suitable design guidelines and 
precise construction processes are implemented [3, 4]. However, large amounts of Portland 
Cement (PC) and aggregates are used when constructing rigid pavements [5]. Furthermore, the 
cement production process has an increased carbon footprint and leads to the rapid depletion of 
calcareous materials [6, 7]. Therefore, the sustainability characteristics of rigid pavements can 
be enhanced by adopting a pavement design that integrates sustainable construction materials 
and achieves a consistent service level. Furthermore, there is a higher demand for alternate 
binder systems to address concerns surrounding the CO2 emissions resulting from the cement 
manufacturing industry [8-12]. The amount of cement produced for concrete construction 
purposes can be reduced by incorporating supplementary cementitious materials like paper mill 
ash (PMA) [5]. This experimental study aims to investigate the engineering properties (fresh 
state, mechanical strength, durability and frictional resistance), sustainability (CO2e) 
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performance and economic characteristics (material and construction costs) of concrete 
containing PMA. The overall goal is towards sustainable rigid pavement construction. 

2. MATERIALS AND METHODOLOGY 
2.1. Methodology: Assessment of the feasibility of PMA as an alternate binder system 
for rigid pavements 

The experimental research approach includes a critical analysis of paper mill ash-based 
concrete’s engineering performance, used to assess its viability for rigid pavement applications. 
The research approach consists of an experimental investigation of the fresh state, mechanical 
(compressive, flexural and tensile splitting strengths), durability and frictional resistance 
properties of concrete incorporating paper mill ash as supplementary cementitious material. A 
construction cost analysis and an assessment of the equivalent carbon dioxide (CO2e) levels 
were also used to provide a definitive answer to the feasibility of concrete containing paper mill 
ash for real-world applications. 

2.2. Methodology: Assessment of the economic feasibility of PMA as an alternate 
binder system for rigid pavements 

The economic feasibility of PMA as an alternate binder material for rigid pavements was 
assessed by performing a construction cost analysis for a typical rigid pavement scenario in 
South Africa. This cost analysis was based on the concrete platform or bullpen at the OneLogix 
Vehicle Distribution Facility situated in the Umlaas Road area (north-west of Durban). The 
bullpen area at the OneLogix Umlaas Road Vehicle Distribution Facility comprises of a 170 
mm thick unreinforced concrete surface bed with an average slope of 1:100. The surface bed 
area (including the entrance area) is estimated to be 13 500 m2. The main traffic movement 
within this area is predominantly focused on a 9 m wide access loop used by car carriers. The 
9 m wide section, which has an approximate length of 500 m, shows signs of premature failure.  

2.3. Materials 
Portland-Slag cement and PMA were the binding agents used for the experimental 

investigations in this research study. The cement (CEM II/B-S 42.5N Plus) satisfied the strength 
and quality requirements that have been outlined in SANS 50197-1. The PMA used in this 
research study was obtained from the Mondi Merebank Mill in Durban, South Africa. Based on 
the chemical composition results documented in Table 1, it can be concluded that the waste ash 
from Mondi Merebank is pozzolanic, as the summation of the percentage of the three main 
oxide constituents (SiO2, Al2O3 and Fe2O3) is greater than 50% [13]. In accordance with SANS 
5844, the relative density of the PMA was determined to be 2.25, which is significantly lower 
than the relative density of the cement (3.1).  
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Table 1: Chemical composition of paper mill waste ash sample from Mondi Merebank [14] 

Oxide Compound Percentage (by weight) 
CaO 32.58 
SiO2 35.83 
Al2O3 22.41 
Fe2O3 1.11 
MgO 1.55 
SO2 4.93 
K2O 0.43 
TiO2 1.16 

 
The fine aggregate selected for this research study was Umgeni River Sand (in accordance 

with SANS 1083), which had a fineness modulus of 2.39. Coedmore Quartz Stone (nominal 
size = 19 mm) was used as the coarse aggregate in this study. The quartzite stone was pre-
graded and conformed with the requirements in SANS 1083. Potable water (in compliance with 
the specifications outlined in SANS 51008) was added to the dry ingredients during the 
experimental study’s mixing and curing phases. 

2.4. Concrete mix design 
The experimental investigations were performed by using concrete mix designs containing 

0%, 5%, 10%, 15% and 20% of PMA as a partial replacement (by volume) for Portland-Slag 
cement. In accordance with Everitt [15], the Cement & Concrete Institute (C&CI) concrete mix 
design method was followed, and the proportions of each mix have been summarised in Table 
2. 
Table 2: Proportions of the concrete mixes used for this research study 

Designation w/b Water (l) Sand (kg) Stone (kg) Binder 
PC (kg) PMA (kg) 

0% PMA 0.64 40.6 137.7 212.7 63.4 0 
5% PMA 0.64 40.6 137.7 212.7 60.3 2.3 
10% PMA 0.64 40.6 137.7 212.7 57.1 4.6 
15% PMA 0.64 29.3 99.3 153.4 38.9 5 
20% PMA 0.64 29.3 99.3 153.4 36.6 6.6 

2.5. Casting and curing of laboratory samples 
The concrete samples used in the experimental study were cast and cured in accordance with 

SANS 5861-3. The dry materials, i.e., sand, stone, cement and PMA, were first mixed in a 
revolving drum tilting mixer for one minute. Water was then added, and the mixing process 
continued until the concrete achieved an even consistency, texture and colour. The cube (100 x 
100 x 100 mm & 150 x 150 x 150 mm), beam (100 x 100 x 500 mm), cylinder (Ø150 x 300 
mm) and slab (600 x 300 x 50 mm) moulds were then filled. A vibrating table was used to 
compact the concrete, while a trowel was used to finish the concrete surface. In order to 
determine the skid resistance properties of PMA concrete, a broom was used to add surface 
texturing (longitudinal and transverse) to the two slabs. The concrete samples were demoulded 
twenty-four hours later and cured under normal conditions until the 7-day strength tests. After 
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the 7-day period had elapsed, the specimens were removed from the curing bath and air cured. 
Alternatively, the two concrete slabs were air cured after they were demoulded. 

2.6. Testing procedures 
In accordance with SANS 5862-1, the slump test was used to quantify the fresh concrete’s 

workability properties. As outlined in SANS 5860, 5861-2, 5861-3 and 5863, the compressive 
strength was determined by crushing three concrete cube specimens with a hydraulic press 
equipped with two platens. In accordance with SANS 5864, the flexural strength performance 
was measured by crushing concrete beam specimens between two plates with two rollers that 
apply vertical point loads along the beam’s entire length. As described in SANS 6253, the 
laboratory test used to quantify the tensile strength properties consists of subjecting a concrete 
cylindrical specimen to compressive forces acting along diametrically opposed lines [16]. 

The durability of concrete containing PMA as a partial cement replacement was assessed 
with concrete durability index tests (oxygen permeability, water sorptivity and chloride 
conductivity). In accordance with TMH 6, the skid resistance and sand patch tests were used to 
assess the resistance to skidding of concrete slabs containing PMA. A desktop study was the 
selected method for analysing the equivalent carbon dioxide (CO2e) of a hypothetical 1 m3 
concrete mix. The average emission values documented in Table 3 were used in this study. A 
material cost analysis and construction cost analysis were used to evaluate the economic 
feasibility of PMA concrete for use in industry. Both cost assessments utilized market rates 
(Table 4) provided by local suppliers and the main contractor. 

 
Table 3: Average CO2e emission values for various concrete constituents [11, 16] 

Material Type Notation Avg. emission values (kg CO2e/ton) 
Portland-Slag Cement CEM II B-S 730 
Aggregates – 5 
Water – 1 
Paper Mill Ash PMA 0 

 
Table 4: Undelivered rates for the various constituent materials used to produce concrete 
containing PMA 

Material Rate Supplier/Source 
CEM II B-S R 92 per 50 kg bag Just Build 
Umgeni River Sand R 550 per m3 Umlaas Road Cartage 
Coedmore Quartz Stone (19mm) R 650 per m3 Umlaas Road Cartage 
Water R 36.52 per kL eThekwini Municipality 
PMA R 0 per kg Mondi Merebank 

3. RESULTS AND DISCUSSION  
3.1. Workability 

From the results documented in Table 5, it was noted that the addition of PMA as a 
supplementary cementitious material resulted in a reduced slump and workability performance. 
This is in agreement with the results obtained in past year research studies. The reduced 
workability of the fresh concrete can be attributed to the high-water demand needed by the 
PMA (which is finer than PC) for the formation of the hydration products [17]. The PMA 
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produced by Mondi Merebank contains high percentages of CaO, SiO2 and Al2O3. In 
combination with the presence of metakaolin in PMA, the high oxide content will accelerate 
the hydration of C3S, thus decreasing the setting time and reducing the workability performance 
of the fresh concrete [18].  

In accordance with the target slump ranges specified in SAPEM [19], it was determined that 
all PMA concrete mixes were suitable for fixed form paving operations, while the 20% PMA 
replacement level was the optimum concrete mix for slipform paving. It is also worth 
mentioning that concrete used for rigid pavement construction not only requires sufficient 
workability but should also retain sufficient rigidity to resist flow on roads with steep cross falls 
and gradients [20].  
 
Table 5: Results obtained from the slump test, equivalent carbon dioxide (CO2e) and material 
cost analysis 

PMA Content (%) Slump (mm) CO2e (kg CO2e) Cost (R/m3) 
0% PMA 84 284.35 R 1222.27 
5% PMA 70 270.7 R 1222.27 
10% PMA 65 256.98 R 1130.27 
15% PMA 60 243.32 R 1130.27 
20% PMA 35 229.6 R 1038.27 

3.2. Mechanical strength  
From the results achieved in Table 6, it was determined that the addition of PMA as a 

supplementary cementitious material improved the concrete’s compressive, flexural and tensile 
splitting strength compared with the results obtained for conventional concrete. This can be 
attributed to the higher concentrations of CaO, SiO2 and Al2O3 found in the PMA sample used 
in this study. The increased oxide percentages coupled with the presence of metakaolin will 
have a direct correlation with the PC-PMA hydration process, which results in the formation of 
additional C-S-H gel and improved strength properties [18]. The 5% PMA and 10% PMA 
concrete mixes achieved the highest 7- and 28-day compressive strength respectively, with 
reduced strength readings noted for subsequent PMA replacement levels. Likewise, the 10% 
PMA concrete samples achieving the highest 7- and 28-day flexural and tensile splitting 
strength readings.  

 The reduced strength readings noted for the PMA replacement levels after the optimum 
content can be associated with the higher PMA concentrations in these samples, which results 
in reduced pozzolanic reactivity and strength development [21]. The experimental results show 
that all concrete mixes containing PMA have satisfied the minimum 28-day characteristic 
compressive strength of concrete pavements (30 MPa) specified in SAPEM [20]. Likewise, all 
PMA concrete mixes have achieved the 28-day flexural strength target of 4 MPa for rigid 
pavements in South Africa [20]. 
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Table 6: Results obtained from the compressive, flexural and tensile splitting strength tests 

PMA 
Content (%) 

Compressive 
Strength (MPa) 

Flexural 
Strength (MPa) 

Tensile Splitting 
Strength (MPa) 

7 day 28 day 7 day 28 day 7 day 28 day 
0% PMA 18.17 25.42 3.05 3.96 1.53 1.98 
5% PMA 23.79 31.81 3.94 4.86 1.61 2.26 
10% PMA 22.53 32.17 4.48 5.67 1.89 2.68 
15% PMA 21.13 31.29 4.06 4.91 1.79 2.56 
20% PMA 20.12 30.84 3.91 4.24 1.76 2.44 

3.3. Durability 
From the durability index test results documented in Table 7, it was determined that there 

was no discernible trend between the oxygen permeability value and PMA content. The test 
results also displayed that the 20% PMA concrete samples achieved the highest oxygen 
permeability value and was classified accordingly. The water sorptivity results shows that all 
the concrete mixes exhibited excellent durability performance; however, there was no distinct 
relationship evident between the water sorptivity index value and the PMA replacement level. 
Likewise, the chloride conductivity results also indicated that all the concrete specimens 
achieved excellent durability performance. On closer inspection, there was no distinct trend 
between the chloride conductivity value and the PMA content. This contradicts with the initial 
observations made by Pillay et al. [5], where the durability performance was expected to 
improve as the PMA content increased. 

As described by Pillay et al. [5], the strengthening of the aggregate paste bond characteristics 
resulting from the incorporation of PMA will decrease the occurrence of localised impact 
stresses and cavitation of concrete pavements. Furthermore, the densified concrete 
microstructure of PMA concrete will also be an ideal design characteristic for combatting 
chloride attack and salt crystallisation in concrete pavements located in coastal/marine 
environments. However, additional tests are needed to clarify the inconsistent experimental 
results noted. 

 
Table 7: Results obtained from the durability index tests 

PMA 
Content (%) 

Oxygen Permeability Water Sorptivity Chloride Conductivity 
OPI (log 

value) 
Durability 

Class 
WS 

(mmh-0.5) 
Durability 

Class 
CC 

(mS/cm) 
Durability 

Class 
0% PMA 9.84 Good 4.66 Excellent 0.23 Excellent 
5% PMA 9.48 Poor 4.09 Excellent 0.20 Excellent 
10% PMA 9.52 Good 3.95 Excellent 0.25 Excellent 
15% PMA 9.20 Poor 4.20 Excellent 0.24 Excellent 
20% PMA 10.09 Excellent 4.29 Excellent 0.25 Excellent 

3.4. Frictional resistance  
The results documented in Table 8 noted that there was no discernible trend between the 

average skid resistance value (SRV), average texture depth (TD) and PMA replacement level. 
Aggregate texture, road gradation, pavement finishing technique, pavement age, and wear 
significantly influence rigid pavements’ overall surface texture characteristics [22]. Therefore, 
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the abovementioned trend was expected as PMA and CEM II/B-S have a fine material texture, 
while the type and quantity of aggregate material remained constant across all mix designs. 
Hence, it was concluded that incorporating PMA as an alternate binder material in rigid 
pavements has a minimal effect on the skid resistance performance. 

 
Table 8: Results obtained from the skid resistance and sand patch tests 

PMA Content (%) Surface Texturing Average SRV Average TD 

0% PMA Broom (longitudinal) 74 1.03 
Broom (transverse) 77 1.05 

5% PMA Broom (longitudinal) 73.2 1.02 
Broom (transverse) 77.4 1.06 

10% PMA Broom (longitudinal) 74.8 1.04 
Broom (transverse) 77.8 1.07 

15% PMA Broom (longitudinal) 73.8 1.02 
Broom (transverse) 76.6 1.03 

20% PMA Broom (longitudinal) 73.6 1.02 
Broom (transverse) 77.2 1.06 

3.5. Sustainability – Equivalent Carbon Dioxide (CO2e) 
It was determined that the CO2e of the concrete mixes decreased as the PMA content 

increased (Table 5). This trend was anticipated as the average CO2e emission value for PMA 
was zero. It is also worth noting that Mondi Merebank produces PMA by incinerating paper 
mill sludge, classified as a waste product, for energy recovery purposes. Improper disposal of 
the PMA can have a detrimental environmental impact. Therefore, utilising PMA as an alternate 
binder material for rigid pavement applications will reduce the PMA disposal process’s 
environmental impacts and simultaneously decrease the carbon footprint related to the cement 
manufacturing industry. 

3.6. Material cost analysis 
From the results shown in Table 5, it was noted that the cost per m3 decreased as the PMA 

content increased. This relationship was expected as the PMA was provided free of charge by 
Mondi Merebank. It is also worth mentioning that the 0% and 5% PMA concrete mixes had the 
same material cost, which is due to the fact that the cement and PMA were the only quantities 
that were changing per mix design. The cement quantities were measured per 50 kg bag; 
therefore the variation in the amount of cement used will not be detected in the material cost 
analysis. The same trend was also documented for the 10% and 15% PMA concrete mixes. 

3.7. Construction cost analysis 
The results documented in Table 9 indicate that the total cost of the construction work 

decreased as the PMA replacement level increased. The PMA had no material cost as it was 
obtained for free from Mondi Merebank. The transportation cost was the only cost variable 
associated with the PMA; however, it was also noted that in general the material costs were 
considerably higher than the transports costs. Therefore, the increased transport costs for each 
PMA replacement level will have a minimal effect in counteracting the corresponding decrease 
in material cost, which led to the documented reduced overall cost. From the favourable 



YCRETS 2021  47

8 
 

construction cost analysis results that were achieved in this study, it was concluded that concrete 
incorporating PMA as supplementary cementitious material is economically feasible 
construction material for use in rigid pavement applications. 

 
Table 9: Results obtained from the construction cost analysis 

PMA 
Content (%) 

Material 
Costs 

Transport 
Costs 

Plant 
Costs 

Labour 
Costs 

TOTAL 

0% PMA R456 865.38 R99 738.90 R177 934.00 R276 006.00 R1 010 544.28 
5% PMA R451 345.38 R101 238.90 R177 934.00 R276 006.00 R1 006 524.28 
10% PMA R445 825.38 R102 382.20 R177 934.00 R276 006.00 R1 002 147.58 
15% PMA R440 305.38 R102 382.20 R177 934.00 R276 006.00 R996 627.58 
20% PMA R434 785.38 R103 525.50 R177 934.00 R276 006.00 R992 250.88 

4. CONCLUSION 
This research study’s aims, and objectives primarily focused on identifying the benefits of 

utilising PMA concrete as a construction material for rigid pavements. The reduced workability 
performance and the improved mechanical strength performance proved that concrete 
containing PMA successfully meets the minimum strength requirements for rigid pavements in 
South Africa. The favourable strength and durability performance of PMA concrete also 
highlights the fact that it should not be restricted to concrete pavements only and can also be 
implemented for use in a wide variety of structural applications within the civil engineering 
industry. Furthermore, the positive findings that were documented from the equivalent carbon 
dioxide assessment, material cost analysis and construction cost analysis also indicate the 
benefits of utilising PMA based concrete as a construction material for concrete pavements. 
Therefore, it can be concluded that the research work undertaken in this study proves that 
concrete incorporating PMA as an alternate binder material is a feasible option for improving 
the sustainability and serviceability states of rigid pavements in South Africa. 
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ABSTRACT 

A ternary blend comprising of 43 grade Ordinary Portland Cement (OPC), Fly Ash (FA) 
and Metakaolin (MK) was prepared for use in Self Compacting Concrete (SCC), and its 
optimum composition was determined, with respect to the compressive strength. Different 
SCC mixes were tested for workability parameters, as recommended by EFNARC and Bureau 
of Indian Standards (BIS) viz., Slump flow, T-50 time flow, V-funnel, L-box, U-box and J-
ring. The concrete cubes of size 100mm were cast for all the mixes, and cured in Tap-water 
for determination of compressive strength and micro-structural changes at different ages. The 
compressive strength and micro-structural changes of ternary blended SCC (TBSCC) were 
compared with a referral SCC mix (RSCC) i.e., SCC containing only OPC. The optimum 
TBSCC and RSCC were exposed to Ammonium Sulphate solution (4% and 16%) for 
different periods, after 28 days of water curing, and its compressive strength and micro-level 
changes were compared. The micro-structural changes due to FA and MK inclusion were 
observed by X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM) and Energy 
Dispersive Spectroscopy (EDS). 
 
Keywords: self-compacting concrete, ordinary portland cement, ternary blend 

1. INTRODUCTION 
   Durability is the main concern for concrete because it is highly susceptible to aggressive 
environments viz., acid and sulphate attacks.  It is a serious issue due to the speed of damage 
of concrete structures worldwide. Ettringite is a very expansive compound which creates an 
internal pressure on the surrounding concrete. This leads to the formation of cracks, resulting 
in the loss of its mechanical properties. The sulphate ion responds to the hydrating cement, 
when the concrete specimens are exposed to its solutions, and generates expansive products 
that cause spalling and cracking [1, 2]. It is reported that a partial replacement of fly ash by 
metakaolin improves the mechanical properties, optimizes the microstructure, and reduces the 
level of damage due to sulphate attack [3]. 
 The behaviour of every material is related to its microstructure. The micro-structural 
analysis is the best way to find the reason(s) behind the performance of concrete because it 
controls the properties and behaviour of concrete. The mineral data obtained from micro-
structural study helps in interpreting the unique behaviour of concrete, and in finding the 
presence of other minor compound in the hardened concrete. MK mixed concrete showed 
improved micro-structural properties [4]. The SEM and EDS analyses of the specimens 
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provide the details of the additional compounds formed. The bond between 
particles/constituents is improved with the curing time because of the formation of additional 
C-S-H gel due to pozzolanic activity [5]. Nehdi et al. reported that SCCs incorporating binary, 
ternary and quaternary mineral admixtures showed improved resistance to Ammonium 
Sulphate exposure; the formation of ettringite was identified by SEM and EDS analysis [6]. 
The XRD and SEM analysis confirms the formation of hydrated phases such as gismondine 
[CaAl2 Si2O8 .4(H2O)] and C–S–H in SCC for higher FA and MK contents. It is reported that 
formation of gismondine, due to dissolution of Si and Al present in MK and FA, may have 
contributed to the increased compressive strength of SCC because of addition of hydrated 
lime [7]. Paul Brown et al. reported that the micro-structural evidence supports the hypothesis 
that ettringite formation precedes that of thaumasite. Associated cracking due to expansion 
provides a means for ingress of carbon dioxide which supports thaumasite formation [8]. The 
incorporation of mineral admixtures stabilizes the concrete and makes it more durable due to 
improved pore structure [9, 10]. 
 

2. EXPERIMENTAL INVESTIGATION 

2.1       Materials and their properties 
     For this research, a 43 grade OPC (Brand-MP Birla), conforming to IS: 8112-1989, was 
used.  Rounded Natural Sand (NS) falling in Zone II of IS: 383-1970 was used. The other 
important properties of the NS are: Specific gravity- 2.65; Fineness modulus- 2.7; Bulk 
density- 1680 kg/m3. The properties of 10 and 20 mm coarse aggregates are as follows: 
Specific gravity- 2.66 and 2.7; Water absorption- 1.0 and 0.9%; Fineness modulus- 6.7 and 
7.2; Bulk density- 1590 and 1560 kg/m3. The above values satisfy the requirements of IS: 
383-1970. The FA (Class-F; Colour- grey; Specific gravity- 2.13), satisfying the requirements 
of IS: 3812-2000, was purchased from NTPC-Unchahar (UP). MK (Off-white colour) was 
procured from Kaolin Techniques Pvt. Ltd, Bhuj, Kutch, Gujarat. The specific gravity and 
bulk density of MK as reported by manufacturer are 2.5 and 0.9 gm/mm2, respectively. A 
Naphthalene Sulphonate Based High Range Water Reducer (HRWR)/ Superplasticizer 
(Master Rheobuild @875) was used for maintaining the fresh properties as per the 
requirements. Table 1 presents the constituents of OPC and mineral admixtures. 
 
Table 1: Chemical properties of OPC and mineral admixtures 

Chemical Composition (%) OPC FA MK 
Silicon dioxide (SiO2) 20.05 59.51 51.46 
Calcium oxide (CaO) 62.95 5.0 36.05 
Aluminum oxide (Al2O3) 5.28 20.34 2.21 
Iron oxide (Fe2O3) 4.01 5.89 0.81 
Magnesium oxide (MgO) 1.5 1.5 0.18 
Potassium oxide (K2O) 0.95 1.92 0.28 
Sodium oxide (Na2O) 0.24 0.61 0.74 
Loss of ignition 3.12 0.35 0.96 
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2.2      Mix proportioning 

     The SCC mix of M25 grade was prepared using w/b ratio of 0.44, and the total binder 
content was kept constant (450 Kg/m3). The quantity of fine aggregate, coarse aggregate and 
dosage of superplastisizer were 890 Kg/m3, 750 Kg/m3 and 4.95 Kg/m3, respectively. The 
final mix proportion was 1: 1.98: 1.66 (Binder: Fine aggregate: Coarse aggregate).  

2.3      Test procedure 
     For the experiments, 100 mm cubes of different mixes were prepared. The RSCC and 
TBSCC specimens were cured for 28 days in tap water. Thereafter, these were exposed to 4 
and 16% Ammonium Sulphate solution for 180 days to study the durability and micro-
structural properties. 
     The compressive strength of specimens, at different ages, was determined in accordance 
with IS: 516- 1959. To determine the change in weight, one specimen from each mix category 
was weighed before exposure to Ammonium Sulphate solution and tap-water. After the 
required exposure, the mass of specimens was found. The weight change of specimens at 
specified time intervals was calculated. The micro-structural analyses were conducted by 
using XRD, SEM and EDS. 

3. RESULTS AND DISCUSSION 
3.1       Preparation of TBSCC 
     For the optimization of doses of FA and MK, 25 different mixes were prepared for 
different replacement levels of OPC by FA, MK, and FA+MK. The replacement levels of 
OPC with FA was- 5, 10, 15 and 20%, by mass. The replacement level of OPC with MK was- 
5, 10, 15 and 20%, by mass. For each replacement level of OPC with FA, replacement level 
of MK was also varied from 0-20%, at an interval of 5%. Total 150 cubes were cast and cured 
in tap water for 28 days and their compressive strengths was determined at 7 and 28 days. The 
optimum dose of FA and MK was found as 15 and 10%, respectively, with respect to the 
compressive strength. The TBSCC was prepared by using 75%OPC+15%FA+10%MK, as per 
the findings of Deep et. al [11]. 

3.2 Fresh and hardened properties 
3.2.1    Fresh properties 
       The workability parameters of SCCs were found by performing different tests, and are 
included in Table 2. It was found that the workability of TBSCC improved in comparison to 
RSCC.  
Table 2: Workability parameters of SCCs 
Tests  Results 

RSCC TBSCC 
Slump flow  670 mm 690 mm 
T
50

 time  4.5 sec 3.0 sec 
V- funnel  11.5 sec 10 sec 
L-box (h

2
/h
1
)  0.85 0.94 

U-box (h
2
-h
1
)  29 mm 20 mm 

J-ring  9.5 mm 6 mm 
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3.2.2     Hardened properties 
       The compressive strength of all mixes, exposed to different concentrations of Ammonium 
sulphate solution and tap water, were found at different intervals, and the results are 
represented in Table 3. 
 
Table 3: Compressive strength (N/mm2) of RSCC and TBSCC in different exposure 
conditions 
Period 
(Days) 

Exposure Condition 
Tap water 4% (NH4)2SO4 Solution 16%(NH4)2SO4 Solution 

RSCC TBSCC RSCC TBSCC RSCC TBSCC 
7 24.67 27.00 -- -- -- -- 
28 36.00 42.33 -- -- -- -- 
56 36.67 43.67 35.67 42.67 35.00 41.67 
90 37.33 45.33 36.00 44.00 35.33 43.00 
180 38.00 46.33 36.33 44.33 35.67 43.67 

 

3.3 Durability properties and microstructural analysis 
3.3.1    Compressive strength 
       The loss in RSCC's compressive strength after exposure to Ammonium Sulphate solution 
(4 and 16%) at 56, 90 and 180 days is 2.53%, 2.96%, 4.25% and 4.53%, 6.01%, 7.43%, 
respectively, with respect to those cured in tap water; while the respective improvements in 
TBSCC are 2.42%, 2.76%, 4.13% and 4.25%, 5.33%, 6.53%. Pera et al. [9] and Roy et al. 
[10] have also reported a similar pattern. The loss in compressive strength of both the SCCs 
are presented in Fig1.  
 

    
Figure 1: Compressive Strength loss of SCCs 

 
3.3.2    Weight change 
       Figure 2 shows the variation in weight change of, RSCC and TBSCC samples in 
Ammonium Sulphate solution (4 and 16%) with age. Maximum weight change was found at 
90 days, thereafter a decrement was observed. Most specimens underwent a continual 
increase in mass followed by a decreasing trend at advanced stages of the test. The former 
might be due to absorption and deposition of reaction products within the surface of 
specimens, while the latter might be linked to loss of surface and leaching to the surrounding 
solution. This result is similar to the findings of Roy et al. [10].   

0
1
2
3
4
5
6
7
8

4% 16%C
om

pr
es

siv
e 

St
re

ng
th

 lo
ss

 
(%

) 

Ammonium sulphate  concentration (%)  
& Exposure Period

56
days
90
days
180
days

RSCC

0
1
2
3
4
5
6
7
8

4% 16%C
om

pr
es

siv
e 

St
re

ng
th

 lo
ss

 
(%

) 

Ammonium sulphate  concentration (%)  
& Exposure Period

56
days
90
days
180
days

TBSCC



YCRETS 2021  53

Page  5 

   
Figure 2: Weight change of SCCs 

 
3.3.3    XRD, SEM and EDS Analysis 
       An XRD analysis of both the RSCC and TBSCC samples was conducted at 56 and 180 
days, cured separately in Tap-water and Ammonium Sulphate solution (4 and 16%). Figures 
3, 4 and 5 present the standard XRD results. Some of the significant crystalline phases 
identified are Quartz, Calcium Silicate Hydrate (C-S-H), Calcium Hydroxide (CH), 
Aluminum Sulphate, Monosulphate, Stratlingite, Potassium Aluminum sulphate hydrate and 
Ettringite. It is found that the TBSCC specimen exposed to the Sulphate solution have lower 
gypsum, ettringite and brucite intensity, which are mainly responsible for expansion and 
cracking cracking of the concrete. In contrast to the TBSCC, higher peaks of ettringite are 
observed in RSCC after exposure to the Sulphate solution. 
 
 
 
 
 
 
 
 
 

 (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 3: XRD traces of RSCC and TBSCC at 56 and 180 days tap water 
 

        
         (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 4: XRD traces of RSCC and TBSCC at 56 and 180 days Sulphate solution (4%) 
 

0
0,5

1
1,5

2
2,5

3

0 56 90 180

W
ei

gh
t C

ha
ng

e 
(%

)
4% Sulphate Solution
16% Sulphate Solution

Exposure Period (days)

0
0,5

1
1,5

2
2,5

3

0 56 90 180

W
ei

gh
t C

ha
ng

e 
(%

)

4% Sulphate Solution

16% Sulphate Solution

Exposure Period (days)

TBSCC

 



YCRETS 2021  54

Page  6 

       
 (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 5: XRD traces of RSCC and TBSCC at 56 and 180 days Sulphate solution (16%) 
 
In order to validate the internal microstructure obtained by XRD, SEM, the EDS study on 
both the RSCC and TBSCC was performed. The morphological changes in the specimens 
after curing in Tap-water for 56 and 180 days are presented in Fig 6; while, the similar 
changes for the specimens exposed to the Ammonium Sulphate solution (4 and 16%) for 56 
and 180 days are included in Figs 7 and 8. The corresponding EDS spectrum also verifies the 
formation of ettringite and Aluminum sulphate in the specimens exposed to Sulphate solution. 
In TBSCC specimen, the needle like crystals of ettringite were rarely seen; however, in RSCC 
specimen, these are clearly visible. 
 
 

    

    

 (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 6: SEM and EDS of RSCC and TBSCC at 56 and 180 days tap water 
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 (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 7: SEM and EDS of RSCC and TBSCC at 56 and 180 days Sulphate solution (4%) 
 

    

  
 

 (a)   RSCC and TBSCC at 56 days                    (b) RSCC and TBSCC at 180 days 

Figure 8: SEM and EDS of RSCC and TBSCC at 56 and 180 days Sulphate solution (16%) 
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4. CONCLUSIONS 
   Followings are concluded from the present study, 

• The workability of ternary blended SCC is improved in comparison to referral SCC. 
• The loss in compressive strength of RSCC is more in comparison to the TBSCC and 

increases with the exposure period and strength of the Sulphate solution. 
• The weight of SCCs increases up to 90 days, and then it decreases. 
• XRD analysis reveals that Ettringite, Aluminum sulphate and Potassium Aluminum 

sulphate hydrate are formed in the specimens exposed to the Sulphate solution and 
these are more dominant in RSCC than TBSCC. 

• SEM and EDS show the morphological and elemental composition of compounds 
formed and confirms the XRD results. 
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ABSTRACT 

This paper describes the results of an investigation to determine the viability of using waste 
rubber chips as a substitute for natural aggregate in producing structural concrete. The rubber 
chips used were obtained from shredded scrap tyres, which are costly to discard at landfill sites 
and often constitute undesirable environmental and health risks. A major focus of the 
investigation was to identify whether treatment of the rubber chips before batching would result 
in an improved rubberised concrete to be used in structural applications. Concrete mixes 
consisting of 0% rubber chips, were compared with those incorporating, 5%, 10% and 20% 
rubber replacement percentages for natural coarse aggregate. The water to binder ratio of 0.45 
and cement content were kept constant for all mixes. The results showed no significant 
difference in slump values for the differing rubber replacement values. The strength test results 
suggest that rubberised concrete has potential for use in structural applications, provided the 
level of replacement is below 17.5%, for untreated and treated samples, respectively. Dynamic 
test results suggest that high rubber replacements could be utilised for making concrete 
elements that do not experience high levels of mechanical stress but rather for elements that 
experience high levels of fatigue and dynamic loading. 

 
Keywords: rubberised Concrete, pre-treatment, compressive strength, dynamic loading 

 

1. INTRODUCTION 
In modern society, most importantly in the construction industry, the control and 

management of waste is a key facet in ensuring sustainable development. This sustainability 
not only should encompass environmental aspects, but also economic and social environments. 
Incorporating the widespread use of waste materials in the construction industry as a 
replacement for the current waste management act can help alleviate the stress put on the 
environment and landfill sites, while also creating employment opportunities. Dumping tyres 
in landfills requires a lot of space and acts as a breeding space for mosquitoes and other vermin. 
Besides this, there is economic value to be obtained through the reuse and recycling of waste 
tyres, creating a circular economy from cradle to cradle of tyre management [1]. Circular 
Economy can be seen as the process of reusing, recycling and remanufacturing products to keep 
them circulating within the economy [2]. 

The use of rubber in concrete as a replacement for aggregate has been progressing since the 
mid 90’s. Al-Fadhli, M. [3] carried out extensive testing on the static and mechanical properties 
of rubberised concrete and has found that current methods do not allow for rubberised concrete 
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to be used as a substitute for load bearing structural elements [3]. His results indicate an 
indirectly proportional relationship between loss of compressive strength of concrete and 
increased percentages of rubber as an aggregate replacement [3]. Little to no research has been 
done with regards to the static and dynamic properties of rubberised concrete in a South African 
context. Furthermore, most research that has been done has focused on replacing the fine 
aggregate and not the coarse aggregate in concrete. This provides a motive to further investigate 
both the static and dynamic properties of concrete with rubber particles as a coarse aggregate 
replacement from a South African perspective. This will help to deduce the feasibility thereof 
in terms of methods to create a structural concrete from chipped rubber particles, whilst 
examining the changes in dynamic properties and durability that will arise from replacing stone 
content with chipped rubber. 

 The study reported in this paper addresses the need for greater research to be conducted 
within this field, to further push sustainability in civil engineering and assuage the negative 
effects that waste tyres have on the environment. 

2. AIM 
The aim of this study is to identify a working range of rubber replacement percentages that 

can produce structural concrete. A second aim is to investigate the effect of soaking the rubber 
chips in a sodium hydroxide bath and coating the chips in metakaolin as a pre-treatment method 
to help mitigate the inevitable loss of compressive strength in rubberised concrete. Lastly, 
examining the dynamic properties of a rubberised concrete in comparison with a plain concrete 
control sample. 

3 METHODOLOGY 

3.1 Mix Design 
Before the mix designs were finalised, 3 trial mixes were done in accordance with the South 

African Concrete & Cement Institute (C&CI) design method, to determine the optimum 
moisture content to theoretically achieve a 75mm slump for the control mix design. Three 
different mix designs with water contents ranging between 225 kg/m3; 215 kg/m3 and 205 
kg/m3, were done using a principle of ratios. This method was used to ensure that no material 
was wasted, and excess water used whilst conducting three different slump tests each having 
different water contents. The method of ratios consisted of designing the initial mix in 
accordance with the C&CI method, and then performing numerous ratio calculations to 
determine the new quantities. The recorded slumps can be seen in Figure 1. 

With reference to the C&CI method as well as the new optimum water content, the mix 
designs were scaled to the required volumes for each batch consisting of cubes for compressive 
strength tests and beams for dynamic loading tests. A constant w/c ratio of 0,45 was used 
throughout the seven different batches, with the batch quantities for the treated and untreated 
rubber staying constant. Table 1 shows the final mix designs for the four different batches.  
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Figure 1: Trial cement mix with subsequent slump 

Table 1: Finalised mix Designs 
 Plain Concrete 5% Rubber 10% Rubber 20% Rubber 
Water (kg/m3) 230 230 230 230 
w/c Ratio 0.45 0.45 0.45 0.45 
Cement (kg/m3) 505 505 505 505 
CBD (kg/m3) 1670 1670 1670 1670 
Sand FM 3.26 3.26 3.26 3.26 
Stone K 0.94 0.94 0.94 0.94 
Stone (kg/m3) 1040 985 935 830 
Rubber (kg/m3) - 50 105 210 
Sand (kg/m3) 755 675 590 510 
Density (kg/m3) 2530 2445 2365 2285 
Density (kg/m3) 2530 2445 2365 2285 

 
3.2 Rubber Treatment 

The rubber was first rinsed in a water bath and sieved multiple times to get rid of excess 
nylon leftover from the shredding process and any excess dirt that may still be on the rubber. 
The sieving process also enabled the rubber to be sorted in a size range between 4.75 and 19 
mm, rendering it in a coarse aggregate range. 

After the rubber had been sufficiently sorted and cleaned, an appropriate quantity of rubber 
to meet the batch requirements for the treated rubber concrete was taken and soaked in a sodium 
hydroxide solution. The solution was a 20% sodium hydroxide diluted with water. The pH of 
water containing the rubber before the sodium hydroxide was recorded and found to be between 
7 and 8. After adding the sodium hydroxide, the pH of the solution was again measured and 
recorded as 13 before the testing kit was promptly dissolved by the solution. After sitting for 
twenty minutes, the solution was drained, and the rubber thoroughly rinsed multiple times to 
bring the pH back to its original state of around 8. After the treated rubber had been air dried, 
the rubber was then coated in a fine metakaolin coating to assist with the binding when in the 
concrete matrix. Going forward, the treated rubber will be referred to as TR and the untreated 
rubber referred to as UR. 
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4 RESULTS AND ANALYSIS 

4.1 Compressive Strength 

Figure 2: Compressive strength gain over 28 days 
 
All results obtained in Figure 2 were achieved by taking an average of three cubes crushed 

per mix over 3, 7 and 28 days after initially being cast. 
The control mix, which contained a 52.5 MPa rapid hardening cement, was designed to 

achieve a target strength of 59 MPa after 28 days. The control mix achieved a 28-day 
compressive strength of 72.4 MPa, far outperforming the expected compressive strength. This 
increase in strength can be possibly attributed to the use of a water to binder ratio of 0.45. A 
lower water content in relation to cement content is known to result in higher achievable 
compressive strengths in concrete.  

There is a general trend that can be seen in Figure 2 that an increase in rubber replacement 
percentage results in a significant loss in strength. Neither of the 20% replacement mixes 
achieved a 28-day strength higher than the structural concrete target of 25 MPa. There was also 
no discernible difference in the compressive strength values of the 20% treated and untreated 
rubber mixes over the 3, 7 and 28-day tests. This alludes to the possibility that treating the 
rubber has no positive benefits to mitigating strength loss when using rubber as a coarse 
aggregate replacement. 

The 5% and 10% rubber replacement mixes showed promising results. Both replacement 
values achieved 28-day compressive strength results far greater than the 25 MPa target. The 
10% untreated and treated mixes reached a 28-day strength of 38.3 MPa and 42.5 MPa, 
respectively. Despite those strengths falling way short of the strengths witnessed by the control, 
reaching only 53% and 59% of the control mix’s 28-day strength, we observed a significant 
strength increase over the treated mix when compared to the untreated mix. Treating the rubber 
before mixing and casting resulted in an increase of 4.2 MPa when compared to its untreated 
counterpart at 28-days. This increase in strength in the 10% treated mix however only occurred 
sometime after 7 days of curing.  
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At 28-days, the 5% treated and untreated mixes produced compressive strengths of 59.1 MPa 
and 55.6 MPa, respectively. Similar to the 10% mixes, we see a significant increase in 
compressive strength after treating the rubber before mixing and casting in comparison to the 
untreated mix. Promisingly though, the 5% treated and untreated mixes achieved 77% and 82% 
of the control mix’s 28-day strength.  

An interesting observation, as can be seen in Figure 3, was how the rubber seemed to hold 
the testing cubes together post crushing. The plain concrete samples exhibited the textbook 
hourglass failure pattern. However, the higher the rubber replacement, the less superficial the 
failure patterns became. It is thus assumed that the rubber within the cement matrix absorbs the 
tensile stress that the cubes undergo whilst being crushed. Therefore, rubberised concrete does 
not seem to experience the same brittle failure that plain concrete does. 

Figure 3: Post crushing failure patterns 

4.2 Dynamic Analysis 
Two separate methods were used to calculate the damping ratio of the beam specimens in 

order to assess the accuracy of the results. Three tests per beam were conducted to achieve an 
average damping ratio per beam specimen. It is known that plain concrete has a damping ratio 
of approximately 5% and that when replacing the aggregates with a percentage of rubber, this 
damping ratio would increase. This means that the time it takes for the load to oscillate through 
the structure and to be absorbed, returning to the equilibrium state would be less in a rubberised 
concrete than that of plain concrete. Figure 4 shows the setup of the dynamic analysis. 
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Figure 4: Setup of the dynamic analysis 

In brief, an impact load was applied to the concrete specimens and the logarithmic decay of 
the amplitude of the oscillations due to the force was measured. From this, the damping ratio 
was then calculated and can be seen in Table 2. 

 
Table 2: Average damping ratio using the MIT and INV methods 

 Average Damping Ratio (%) 
% Rubber Replacement INV-Method MIT-Method 
0 5.2 5.4 
5 8.9 9.3 
10 10.8 10 

 
It should be noted that an average damping ratio was calculated for each of the 5% and 10% 

rubber replacement for treated and untreated samples. This was done as due to the mixing and 
batching process; we cannot confidently specify the exact percentage of rubber as a mass 
replacement per specimen. There is no indication to believe that the treatment of rubber would 
result in results different to that of an untreated rubber specimen. Therefore, by taking the 
average over the treated and untreated damping ratios, we aim to mitigate the variability in 
results due to the possibility of varying rubber replacement percentages through samples of the 
same replacement values.  

Taking the average of the treated and untreated beam specimens results in a linear 
relationship. That linear relationship being an increase in rubber replacement percentage will 
result in a higher damping ratio in the specimen. This can be attributed to rubber having a higher 
damping ratio than the other constituents in the concrete matrix, therefore the scrap rubber will 
have an influence over the damping of the concrete. Most noteworthy is the similarity of the 
results between the two different methods used to calculate the damping ratio of the different 
beam specimens. Two methods providing similar values helps solidify the validity of the 
results. 

The 20% rubber replacement prism results were mitigated from the results as the values 
produced did not match the trend produced by the 5% and 10% replacement results. The 
reasoning behind the rogue 20% damping ratios can be attributed to the lack of precision in 
ensuring exact replacement percentages were met. 
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4.3 Analysis of Results 
The compressive strength results followed what literature had deemed to be the norm when 

replacing coarse aggregate with rubber. There is a clear linear relationship between increasing 
the percentage of rubber as a replacement and the loss of compressive strength. Along with that, 
there is also a linear relationship with increasing the rubber percentage and increased damping 
in the samples. With these two relationships, the optimum rubber replacement percentage can 
be calculated to still meet the minimum compressive strength requirements to meet the standard 
of structural concrete. Using the linear relationship developed from the treated and untreated 
rubber samples, the maximum rubber replacement percentage to still meet a compressive 
strength of 25 MPa for this particular mix design is 17.48% and 16.87% respectively.  

As seen evident from the results of the compressive strength tests, treating the rubber 
significantly mitigates the strength lost when using rubber as a coarse aggregate replacement. 
By mitigating the strength, a higher rubber replacement percentage is attainable before falling 
below the limit of compressive strength required to be used as a structural concrete. 

By increasing the rubber replacement percentage, the dynamic performance of the concrete 
greatly improves when compared to a plain concrete mix. The results in Table 3, using both 
methods and the values from the untreated rubber and treated rubber samples, the damping ratio 
of the specimens were all more than two and a half times that of plain concrete.  

 
Table 3: Maximum Rubber Replacement and Resultant Damping Ratios 

  INV Method MIT Method 
 Max Rubber (%)  Damping Ratio (%) Damping Ratio (%) 

UR 16.87 14.86 13.66 
TR 17.48 15.2 13.94 

 
The greatest benefit of using rubber as a coarse aggregate replacement, beyond the 

environmental benefits, is the increase in dynamic performance. It is thus recommended to use 
a rubberised concrete mix where concrete strength performance is not a paramount aspect of 
the project and where dynamic loading is great or occurs often. This will allow for high 
percentage replacements of rubber, greatly improving the dynamic properties and possibly 
increasing the fatigue life of the concrete.  

Another benefit is the lower density of rubberised concrete in comparison to plain concrete. 
The lower density will result in a lower self-weight and in turn lower dead load on the concrete 
structure. This will allow for a higher imposed load to be added and still meet the factor of 
safety requirements.  

Beyond the physical properties of rubberised concrete, the strongest driving factor for 
adopting rubberised concrete into the construction industry is that of sustainability. With the 
ability of recycling 100% of waste tyres on a large-scale, the construction industry will be able 
to significantly reduce the impact that waste tyres are creating on the environment. Just 
considering the lowest percentage replacement of 5%, that equates to 51.89 kg of rubber per 
cubic metre of concrete. That is equivalent of using six average 15-inch tyres (381 mm 
diameter) per cubic metre of concrete. 

For a sustainable future, the onus is on large industries to lead the way forward. Sustainable 
engineering and construction has the potential to alleviate current environmental concerns as 
well as ensuring these concerns are not prevalent for future generations. Rubberised concrete 
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provides a viable means to tackle the issue of waste tyres and the threat they pose to the 
environment as well as introducing a cost-effective process to increase the dynamic properties 
of concrete.  

It is from these results that we believe with further testing and researching, a rubberised 
concrete mix is not only sustainable but viable for use in the construction industry. 

5. CONCLUSIONS 
The results and data obtained over the various experiments conducted further reinforces what 

has been stated in literature beforehand. These statements being that introducing rubber into 
concrete as a percentage replacement for coarse aggregate will greatly reduce the compressive 
strength of concrete, whilst improving the dynamic properties of said concrete.  

• The 5% and 10% replacement mixes registered strength greater than the minimum value 
of 25 MPa associated with structural concrete whereas the 20% replacement mix fell 
below this minimum.  

• Soaking the rubber chips in sodium hydroxide and coating it with a layer of metakaolin 
resulted in a significantly higher 28-day compressive strength when compared to the 
untreated rubber mixes of equal percentage replacement.  

• Replacing coarse aggregate with chipped rubber greatly increases the damping ratio of 
concrete, critically resulting in better performance under shock loading.  

• It is recommended that rubberised concrete be utilised where strength performance is 
not critical and where the loads being applied are mainly dynamic in nature. 

• To ensure that mix designs and percentage replacements are accurate and performance 
across the board is normalised, precast sections of rubberised concrete should be 
employed.  

• Scenarios whereby rubberised concrete will have best performance include, roadside 
barriers, industrial warehouse flooring, platforms supporting mining machinery and 
railway sleepers.  
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ABSTRACT 

This paper presents an experimental study into the stress-strain behaviour of an unreinforced 
and un-grouted crumb-rubber modified masonry hollow concrete block prism under uniaxial 
monotonic compressive loading conditions. The investigation was carried out on the reference 
and modified masonry prism samples with varying content of crumb-rubber from end-of-life 
tyres partially replacing coarse aggregate (granite) by volume at 0, 5, 10, 15, 20, and 25%. 
Based on the results obtained, the stress-strain curves have revealed a convergent strength level 
deformation under compression. Furthermore, the results indicated a linear increase in the stress 
of the reference prism column before fracture at the maximum stress with the stress-strain curve 
considered as a ‘‘sharp peak’’. It was also noticed that increasing the crumb-rubber content has 
a significant effect on the maximum stress and strain of the prism columns. This variation 
reached about 74% at maximum stress with crumb-rubber content up to 25%. The result also 
revealed an increase of 49% and 30% in lateral and vertical (strain) respectively at maximum 
stress to the reference prism column and crumb-rubber content up to 25%. Thus, the increase 
in the plastic strain translates into an increase in the toughness with a gradual failure and high-
energy absorption capability. 
 
Keywords: concrete; masonry; crumb-rubber; specified strength; stress-strain 

 

1. INTRODUCTION 
Masonry hollow concrete blocks are widely used in many parts of the world due to their 
numerous relative advantages such as low cost, lightweight, high bearing capacity, and 
efficiency in terms of energy and acoustic performance [22]. The brittle failure behavior of 
hollow concrete blocks masonry in compression necessitates the utilization of alternative 
materials such as post-consumer tyre particles to enable it to be more ductile and also produce 
more sustainable concrete blocks [11] 
Post-consumer tyres are always embattled with the problem of how to dispose of them. 
Discarded post-consumer tyre into landfills and open fields pile up and create large voids under 
the surface and on the surface of land as the case may be which leads to the trapping of gases 
such as methane. The trapped gases can ignite at any given opportunity leading to 
uncontrollable fire [4]; such as the recent experience reported by [2] in Sesena, Spain where an 
uncontrollable fire rage through a pile of millions of kilograms (millions number) of tyres 
unleashing and releasing a thick black cloud of toxic fumes into the air at the dumpsite covering 
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100,000 square meters. The blaze was said to have lasted for days before it was controlled as 
the fire continues to burn inside even though it has been extinguished from outside. Open-air 
combustion of waste tyre pollutes the air and poison the groundwater with the release of 
benzene and heavy metals that produce dioxins which are linked to various serious health 
problems [4]. 
[21], revealed that every year around 9 billion kilograms of end-of-life tyres are discarded 
everywhere throughout the world, which was likewise evaluated to associate with one billion 
waste tyres generated annually [6] and [9]. 
Based on 2018 statistics with a 15% annual generation rate, it is estimated that around 37 
million waste tyres exist in Nigeria [18]. One of the most common ways of disposing of waste 
tyres is through open field disposal and combustion [17]. With this quantity, the large stockpile 
of waste tyre poses both environmental and health risks to its population.  
Waste tyres in form of chips, fibers, crumbs, and particles have been successfully incorporated 
into asphalt mix and used as a surface layer in a flexible pavement which is dated back to the 
1980s; results reveals that the modified asphalt had better resistance to skidding, reduce fatigue 
cracking and prolong pavement life span compared to the conventional asphalt mix [1, 7, 8, 13, 
5, 12]. The application of waste tyre derived aggregate in Portland cement-based materials 
mixes such as structural concrete and blocks has been exploded in past years using chips, fines, 
shreds, slit, fibers, and crumb-rubber to replace fine aggregate. Results revealed that 
compressive strength decreased with an increase in rubber tyre particle content however 
structural concrete and blocks for both load-bearing and non-load bearing structures can be 
produced with partial replacement of rubber particles up to 15% [15, 12, 10]. 
This present study is aimed at introducing crumb-rubber aggregate in various proportion as a 
partial replacement for coarse aggregate in masonry concrete mix and also investigate the  
the unit weight specified compressive strength, and stress-strain characteristics of masonry 
hollow concrete blocks prism column constructed. 

 

2. MATERIALS AND METHODOLOGY 

2.1 Material 
A general-purpose blended limestone Portland cement CEM II (42.5R MPa) with a specific 

gravity G of approximately 3.15 that conforms to BS EN 197-1:2000 was used in this work. 
The natural river quartzite sand smaller than 4.76mm but larger than 75μm with average bulk 
specific gravity (SSD) of 2.65 was used for both fine and medium-fine aggregate. It was graded 
with the appropriate zone of sieves according to BS EN 933-1:2012 to ensure that it conforms 
to BS EN 1260:2002+A1:2008 specification. Natural crushed (granite) with nominal maximum 
sizes of 9.52mm-10mm sourced from a local commercial quarry with average bulk specific 
gravity (SSD) of 2.66 was used. Tests were conducted on the coarse aggregate to ensure that it 
conforms to BS EN 1260:2002+A1:2008 specification. Crumb-rubber aggregate in Figure 1 
was derived from post-consumer tyres and processed to a nominal maximum size of 4 - 9mm 
with average bulk specific gravity (SSD) of 1.14. The surface of the crumb-rubber was treated 
by soaking in a sodium hydroxide (NaOH) which enhances the hydrophilic properties of the 
rubber and increases the intermolecular interaction forces between rubber and calcium silicate 
hydrate (C-S-H) gel which enhances the strength of the composite matrix [14]. Ordinary tap 
water was used for all concrete mixes and curing.  
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Figure 1: Crumb-Rubber Aggregate Used for Concrete Mix 

2.2 Mix Design and Manufacture of Hollow Concrete Block Units 
The mix design for the masonry hollow concrete block adopted was based on absolute 

volume method according to BS EN 206-1:2000, “Method of specifying concrete mixes”, A 
mix ratio of 1:1.5:3 and water/cement ratio of 0.42 was adopted for all the concrete mixes due 
to the high strength above the required minimum standard of 30N/mm2. Water cement ratio 
(w/c) of 0.42 was taken as the optimum because of the moderate compacting factor of 0.84 
(low) and high strength of 30.71N/mm2 attached to it. General-purpose masonry mortar with a 
strength grade of 20N/mm2 was produced with a mix ratio of 1:3 (cement: sand) and a w/c ratio 
of 0.6. The masonry concrete blocks (hollow) with the size 450 x 225 x 225mm were produced 
to the requirements given in BS 771-3(2003) with the use of a vibrating machine. Six various 
percentages of coarse aggregate (granite) partially substituted with crumb-rubber at 0, 5, 10, 
15, 20, and 25% by volume were used.  

2.3 Experimental Procedures 
Tests were conducted to assess the workability of the freshly mixed concrete which includes 

compacting factor in accordance to BS EN 12350-4:2009 and unit weight in accordance to BS 
EN 12350-6:2009 while the yield was computed based on ASTM C138-09. The density and 
compressive strength of masonry hollow concrete block units were determined according to BS 
EN772 -13 (2000) and BS EN 772 -1:2000 respectively after twenty-eight (28) days of curing.   
Masonry prism columns were constructed following ASTM C1314, wooden pallets of suitable 
sizes were prepared and used as a flat base upon which the masonry prism columns stand. A 
total of eighteen (18) masonry prism columns (230 x 720 x 230) mm were built as shown in 
Figure 2 in the same manner to investigate the effect of crumb-rubber on its properties. M20 
general-purpose mortar with the mixture consisting of Portland cement (CEMII) and sand in a 
proportion of 1:3 by volume and water/cement ratio of 0.6 was used for the mix and kept 
constant for all mixes. All prism columns were covered with polythene and left for 24hrs to 
gain an initial set before being moved to storage. The constructed columns were cured with 
water through sprinkling twice per day for 28 days to achieve the desired bonding strength of 
the mortar.  

2.4 Test Set-up, Instrumentation, and Measurement 
The compressive strength of the un-grouted masonry prism column was tested following 

ASTM C1314 after curing for 28 days. A testing rig and lateral displacement gauges (dial 
gauge) were used for the test. 
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Figure 2: Construction of Masonry Hollow Concrete Block Prism Column 

 
A schematic description of the setup can be seen in Figure 3. Displacement gauges (dial 

gauge) were set up on each prism column to record the strain values during compression. 
Loading was applied uniformly to the top and bottom of the specimen. The load increased 
steadily so that failure is reached after 15 min to 30 min from the commencement of loading. 
The compressive load (stress) at initial cracks and final cracks i.e., the ultimate load was 
observed. The net cross-sectional area of the masonry unit determined following ASTM C140 
was used to calculate compressive strength for the un-grouted reduced-size prisms.  
 

    
 

Figure 3: Schematic Description and Picture of Masonry Prism Column Test Set up  
 
Equation 1 was used to determine the compressive strength of each prism column:  

                                                                                           Equation (1) 

Where fi is the compressive strength of an individual masonry prism column specimen, 
(N/mm2); fimax is the maximum load reached on an individual masonry prism column specimen, 
(N); Ai is the loaded cross-section of an individual specimen, (mm2).                                                    
The specified compressive strength (fm) was determined using Equation 2: 

 (N/mm2)                                                                                      Equation (2)  
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Where: Compressive Strength (N/mm2) and Correction factor = 1.08 

3. RESULTS AND DISCUSSION 

3.1 Compacting Factor, Yield, and Unit weight 
 The compacting factor (C.F) was observed to decrease significantly, reference masonry 

concrete mixes had a C.F of 0.84 (low workability) while the 25% rubberized mix had a C.F of 
0.77 (very low workability) indicating an 8.3% reduction. Incorporation of crumb-rubber tyre 
aggregate decreased the unit weight of fresh concrete mix from 2,436Kg/m3 to 2,191Kg/m3 
with crumb-rubber content up to 25% which indicates a 10.1% reduction.  

3.2 Density 
The density of control and rubberized masonry hollow concrete blocks samples indicates 

that the rubberized masonry hollow concrete blocks exhibited lower densities than the control 
mixes, also it can be deduced from the result that density reduces by 19%, with the reference 
concrete block units having an average net density of 2079 kg/m3 while 25% modified masonry 
hollow concrete block units have an average of 1686 kg/m3 which indicate a range of medium 
weight to normal weight.  

3.3 Compressive Strength (f) 
Compressive strength of rubberized masonry hollow concrete blocks results indicates a 

decrease in compressive strength with an increase in crumb-rubber content also a percentage 
loss of strength by 49% was observed with the reference units having a strength of 9.43N/mm2 
while 5, 10, 15, 20 and 25% crumb-rubber modified masonry concrete block units having a 
strength of 8.29N/mm2, 7.20N/mm2, 7.02N/mm2, 6.61N/mm2 and 4.84N/mm2 respectively. 
[11] reported a non-linearly decrease in the compressive strength of masonry hollow concrete 
block unit. He also mentioned that increasing crumb-rubber replacement from 0 to 37% 
decreased the compressive strength by 77.5%. However, increasing rubber replacement from 0 
to 20% decreased the compressive strength by 48.3%. 

3.4 Specified Compressive Strength (fm):  
Specified compressive strength (fm) results of rubberized masonry hollow concrete block 

prism column shown in Figure 4 indicates a loss of strength by 74% with the reference prism 
column having a strength of 5.02N/mm2 while 5, 10, 15, 20, and 25% rubberized masonry 
concrete block prism column have a strength of 4.72N/mm2, 3.31N/mm2, 3.23N/mm2, 
2.65N/mm2 and 1.32N/mm2 respectively. While conducting the compression test on the prism 
column, it was observed that the sides of prism columns were broken and several layers from 
the sides of the blocks were peeled off, which showed a larger deformation without complete 
disintegration and remained relatively intact after failure. The crumb-rubber aggregates were 
responsible for bridging the gap and keeping the broken parts together as one piece. This 
observation suggests a gradual change from brittle to more flexible behavior by using crumb-
rubber aggregates. This may be attributed to the characteristics of crumb-rubber as it has great 
flexibility and the ability to stretch and rotate around its axes. Hence, rubber particles inside the 
mix seemed to act as springs causing a delay in widening the cracks [3]. This trend was more 
pronounced by increasing the content of crumb-rubber aggregate. [10] reported that using 

=f
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Where: Compressive Strength (N/mm2) and Correction factor = 1.08 
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crumb-rubber generally reduced the compressive strengths of the investigated un-grouted 
masonry prisms with ratios ranging from 31 to 71% proportional to the rubber content. The loss 
in strength can be attributed to factors which include: i) The large disparity between the 
Modulus of Elasticity (E) for rubber particles and the cement paste ii) The high Poisson ratio 
(v) for rubber particles, which may encourage premature cracking under load iii) Weak bonding 
characteristics in the ITZ between the cement paste and crumb-rubber particles [16].  

 

 
Figure 4: Specified Compressive Strength of Rubberized Masonry 

Hollow Concrete Block Prism Column Against % CR Content 

3.5 Stress-Strain Behavior of Crumb-Rubber Masonry Concrete Block Prism Column  
The stress-strain relationship of crumb-rubber masonry hollow concrete block prism column 

can be seen in Figure 5. The behavior indicates a convergent strength level and deformation 
criterion under compression loads for these concrete mixes. There was a linear increase in the 
stress of the reference and modified masonry hollow concrete block prism columns until 
reaching the maximum stress before releasing the energy by fracture. The stress-strain curves, 
in this case, are “sharp peaks” therefore the stress-strain relationships were considered to be 
quasi-linear. Furthermore, it can be noticed that increasing the crumb-rubber content has a 
significant effect on the maximum stress and strain of the masonry prism column. Nevertheless, 
a remarkable variation in the stress and deformation was observed between the reference mix 
and the modified mixes. This variation reached about 74% at the maximum stress with crumb-
rubber content up to 25% as shown in Figure 5. The modified prism columns also revealed an 
increase in lateral and vertical (axial) strain up to 49% and 30% respectively at the maximum 
stress for the reference prism columns and crumb-rubber content up to 25%. This increase in 
the plastic strain translates into an increase in the toughness with a gradual failure and high-
energy absorption capability [19]. The displacement-load relationship of the modified masonry 
concrete block prism columns as shown in Figure 6 revealed that the maximum axial loads at 
failure were 130.78kN for the reference prism column implying a corresponding vertical (axial) 
displacement of 0.00139 and lateral displacement of 0.00076. while the 5, 10, 15, 20, and 25% 
modified prism columns recorded maximum axial loads of 122.89kN, 85.89kN, 84.02kN, 
69.13kN, and 34.28kN respectively with a corresponding ultimate displacement of 0.00180 for 
vertical and 0.00113 for lateral respectively with 25% crumb-rubber replacement which 

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30Co
m

pr
es

siv
e 

St
re

ng
th

 (N
/m

m
2)

% Crumb Rubber Content
Specified Compressive Strength (Prism )



YCRETS 2021  71

Page  7 

indicates a percentage loss in the vertical strain of 22.8% and lateral strain of 38.7%. It can also 
be observed that the displacement-load relationships were quasi-linear. 

            .  
Figure 5: Stress-Strain Relationship for Masonry Concrete Prism Column 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6: Displacement-Load Relationship for Concrete Prism Column 
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4. CONCLUSIONS 
i. The compacting factor (C.F) of masonry concrete was observed to decrease significantly by 

8.3%, the yield of fresh concrete mix increased slightly by 10.2%, and the density of masonry 
hollow concrete block unit reduced by 19% with 25% crumb-rubber content. 

ii. Compressive strength of 9.43N/mm2 was obtained for the reference mixes while the 
compressive strength of rubberized masonry hollow concrete block with 25% crumb-rubber 
content is 4.84N/mm2 indicating a loss of strength by 49%. Despite the strength reduction, 
load-bearing rubberized masonry hollow concrete blocks can be produced with 15% crumb-
rubber content which is above the minimum (7N/mm2) requirement specified in BS EN 771-
3. Also, Non-load bearing rubberized masonry hollow concrete blocks with strength above 
the minimum (>3N/mm2) specified in BS EN 771-3 can be produced with crumb-rubber 
content ranging from 16% to 25% which makes the material viable for building applications. 

iii. Specified compressive strength (fm) of masonry concrete block prism column decreased in 
strength with increase in crumb-rubber content, a percentage loss of strength by 74% was 
recorded with the reference prism column having a strength of 5.02N/mm2 while 5, 10, 15, 20 
and 25% crumb-rubber modified masonry concrete block prism column recorded strength of 
4.72N/mm2, 3.31N/mm2, 3.23N/mm2, 2.65N/mm2 and 1.32N/mm2 respectively. 

iv. The stress-strain relationship of crumb-rubber masonry concrete block prism column shows a 
quasi-linear relationship with an increase in the crumb-rubber content which has a significant 
effect on the maximum stress and maximum strain.  
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ABSTRACT 

This paper discusses the effect of recycled crushed concrete fines (RCCF) with particle sizes 
less than 75 μm on concrete properties. Specifically, the effect of RCCF at 10% and 20% by 
mass of cement on the density, slump, compressive strength and accelerated drying shrinkage 
of laboratory-made concrete mixes was investigated. The mixes were cast with a fixed 
water:binder ratio of 0.50. The incorporation of RCCF reduced strength, density, slump and 
accelerated drying shrinkage. There was no statistically significant difference in the magnitude 
of accelerated drying shrinkage across the specimens with RCCF. Generally, the performance 
of the mix cast using 20% RCCF was significantly lower than the control mix. The 
incorporation of 10% RCCF, in comparison with the control mix, did not result in a significant 
reduction in density, compressive strength and accelerated shrinkage. 
 
Keywords: recycled crushed concrete fines, construction and demolition waste, concrete, 
cement replacement. 

1. INTRODUCTION 
Notable strategies that have been used globally to mitigate the negative effects of increased 

cement consumption comprise the use of supplementary cementitious materials (SCMs) such 
as ground granulated blast furnace slag (GGBS) and fly ash (FA). SCMs produce concrete with 
improved durability and mechanical performance. Despite their superior performance, the 
declining steel production in Cape Town has resulted in fluctuations in the quantity of slag 
available for construction. Also, FA has become uneconomical due to high costs involved in 
freighting over long distances and the high carbon impact of coal combustion. It is evident, 
therefore, that the demand for fly ash and slag in Cape Town outstrips the supply - a situation 
that could potentially increase the cost of construction significantly in future. There is a need, 
therefore, to identify and investigate alternative cementitious materials that are affordable, 
readily available and in significant quantities to meet the long-term demand for construction 
with a minimum negative impact on the environment. Recycled crushed concrete fines (RCCF) 
from construction and demolition waste (C&DW) is such a material. The use of RCCF in 
concrete would also contribute to the efficient management of municipal solid waste [1–7]. 

Research on, and the use of, C&DW in concrete has been ongoing since the early 1940s [4, 
5, 7–12]. Limited research, however, has been done on the use RCCF in concrete production 
[3, 5, 7, 12–14]. Shui et al [9], Oksri-Nelfia et al [3] and Prošek et al [6, 7] specifically report 
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that sub-sieve recycled concrete fractions are yet to be adopted in construction. Studies [1–3, 6, 
7, 11–13, 15] have reported that the incorporation of RCCF in concrete and cement-based 
composites results in: reduced water demand for normal consistency, accelerated hydration of 
cement, negligible heat production during hydration, increased porosity and slump and reduced 
carbonation resistance and compressive strength. Contradictions have been reported on the 
effect of RCCF on slump, tensile strength and the overall fluidity of concrete [1, 3, 12, 13]. 

This paper presents the preliminary results from an ongoing study on the effect of RCCF on 
the following concrete properties: slump, density, compressive strength and accelerated drying 
shrinkage. The primary objective of this feasibility study is to assess the potential of RCCF as 
an SCM in concrete. This is one of the pioneer feasibility studies on the effect of RCCF in 
concrete cast using materials that are locally available in Cape Town and South Africa. The 
findings from this study will, therefore, inform future studies on the effect of RCCF on concrete 
cast using locally-available materials and the development of future guidelines on the use of 
RCCF in concrete. 

2. METHODOLOGY 
Three concrete mixes were designed and tested. The following materials were used: 

i. CEM II B-M (L), 42.5 N: limestone content = 20%, clinker content = 80%, fineness 
= 3500 cm2/g; density = 2790 kg/m3. 

ii. Dune sand: Fineness Modulus = 1.88, compacted bulk density = 1670 kg/m3. 
iii. Greywacke crusher sand: Fineness Modulus = 3.09, compacted bulk density = 1890 

kg/m3. 
iv. 13 mm Greywacke stone: bulk density = 1500 kg/m3, relative density = 2.71. 
v. Recycled crushed concrete fines (abbreviated as RCCF hereafter): density = 2590 

kg/m3, particle size < 75 µm. 
 
The mix designs are summarised in Table 1. 
 

Table 1: Concrete mix designs 

Mix component 
Mix ID 

Control 
(0% RCCF) 

10% 
RCCF 

20% 
RCCF 

CEM II B-M(L) (kg/m3) 450 405 360 
RCCF (kg/m3) 0 45 90 
Water (l/m3) 225 225 225 
Dune sand (kg/m3) 402.5 402.5 402.5 
Greywacke crusher sand (kg/m3) 402.5 402.5 402.5 
13 mm greywacke stone (kg/m3) 850 850 850 
Water:binder ratio 0.50 0.50 0.50 

 
Discarded laboratory-made concrete specimens of varying ages (older than 1 year) were 

mechanically crushed into small pieces using a hammer and a hydraulic compression machine. 
Utmost care was taken to minimise the inherent variability in the chemical composition of the 
discarded concrete by ensuring that they were from one source. The crushed concrete pieces 
were pulverised using a laboratory jaw crusher into fine powder. The powder extracts that 
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passed through the 75 µm sieve – i.e., RCCF - were collected for subsequent testing. The RCCF, 
dune sand and greywacke crusher sand were oven-dried at 105 oC for 48 hours. Oven-drying 
was used to remove moisture. The oven-dried sands were left to cool for at least 4 hours and 
thereafter stored in cylindrical steel containers. The fineness modulus and grading of the dune 
and greywacke crusher sands was done according to ASTM C 136 [16]. The dune and 
greywacke crusher sands were blended at a ratio of 1:1. The density of aggregates was 
determined according to ASTM C 29 [17]. A water to binder (i.e., CEM II B-M(L) and RCCF) 
ratio – abbreviated as water:binder or w:b hereafter - of 0.50 was used. This water:binder ratio 
was deemed to be representative of conventional concrete. Three concrete mixes were cast: a 
control mix and two test mixes containing RCCF at replacement levels of 10% and 20% by 
mass of binder. The maximum replacement level of 20% was informed by past studies [1, 3, 9, 
12, 15]. 

The dry materials – 13 mm greywacke stone, greywacke crusher sand, dune sand, cement 
and RCCF - were mass-batched and put in a 50-litre pan mixer. Thereafter, water was added to 
the dry mix in small increments after the mixer was switched on. The materials were mixed for 
five minutes. The slump of the freshly-cast concrete mixes was tested according to ASTM C 
143 [18]. The test for slump was repeated thrice and the mean of three test results calculated. 
The slump test results are presented in Section 3.1. Test specimens were cast in standard moulds 
depending on the specifications for the particular test. A vibrating table was used to compact 
the freshly cast concrete mixes. The mixes, after compaction, were covered in a dark polythene 
sheet and left to harden in an undisturbed state in the laboratory (temperature = 21 ± 2 oC; 
relative humidity 60 ± 5%) for 24 ± 8 hours. The hardened specimens were demoulded and 
water-cured in a bath maintained at 21 ± 3 oC for 3, 7 or 28 days depending on the test. Three 
replicate specimens were cast and tested for each material property under investigation. Tests 
for density and compressive strength were done on 100 mm cube specimens while those for 
accelerated shrinkage were done on 100 x 100 x 200 mm prisms. 

3. RESULTS AND DISCUSSIONS 

3.1 Slump 
The effect of RCCF on the slump of fresh concrete mixes is presented in Figure 1. 

 
Figure 1: Slump of fresh concrete mixes 

80

90

100

110

120

130

0 5 10 15 20 25

Sl
um

p 
(m

m
)

Percentage replacement (%)



YCRETS 2021  77

Page  4 

It can be observed, from Figure 1, that the incorporation of RCCF reduced slump 
significantly. The reduction in slump increased with an increase in RCCF content. This 
reduction has also been observed by other researchers [7, 12]. The observed reduction in slump 
could be attributed to the reduction in the volume of spherical cement particles due to their 
replacement with coarser RCCF particles. The coarse RCCF particles increase inter-particle 
friction during mixing and a corresponding reduction in slump. The reduction in slump could 
also be attributed to the high absorption of RCCF particles which would reduce the volume of 
water available for the lubrication of the concrete mix [3, 5]. Ma and Wang [1], while referring 
to other researchers, report that the surface of RCCF particles have pores which absorb water. 
The absorption of water in a mix would increase interparticle friction among the particles due 
to the reduction in water which acts as a lubricating agent. The increased friction would 
manifest as a reduction in slump. Prošek, et al [7] further attribute the reduction in slump in 
concrete containing RCCF to their high adhesion which results from their high specific surface 
area. 

3.2 Density 
The effect of RCCF on the density of the concrete is presented in Figure 2. 
 

 
Figure 2: Density of concrete at various RCCF replacement levels 

It can be observed, from Figure 2, that the incorporation of RCCF in concrete reduced its 
density. This observation is consistent with the findings of Lidmula et al [11]. The reduction in 
density, however, is not statistically significant. The observed reduction in density can be 
attributed to the reduction in the volume of cement paste. Cement particles were found to be 
denser (2790 kg/m3) than RCCF particles (2590 kg/m3). The partial replacement of cement with 
RCCF would thus result in a reduction in the density of concrete. Body et al [2, 13] and Prošek 
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et al [7] also report that the incorporation of RCCF increases porosity; with the porosity 
increasing with an increase in RCCF content. An increase in porosity due to the incorporation 
of RCCF would result in a reduction in density. From this result, it can be inferred that RCCF 
could find potential use in light-weight concrete construction. 

3.3 Compressive strength 
The compressive strength test results are presented in Figure 3. 

 
Figure 3: Compressive strength of concrete at various RCCF replacement levels 

It can be observed that the replacement of cement with RCCF resulted in a reduction in 
compressive strength at all ages. Similar trends and observations have also been reported by 
other researchers [1, 3, 7, 11–13]. While studies by Prošek et al [7] and Oksri-Nelfia et al [3] 
report that the replacement of cement with 20-30% RCCF by mass of cement would not result 
in a significant change in properties; the test results from this study do not support their 
observations entirely. The results from this study, however, are consistent with the findings of 
Ma and Wang [1]. The replacement of cement with 20% RCCF reduced compressive strength 
significantly at all ages. However, the difference between the compressive strength of the 
control mix and the 10% RCCF mix at all ages was not statistically significant.  

The observed reduction in strength due to the replacement of cement with RCCF could be 
attributed to the increased porosity of RCCF mixes [2, 6, 13], the low quantity of anhydrous 
cement in RCCF and the overall reduction in cement content in RCCF concrete mixes. A 
reduction in cement content results in a corresponding reduction in the volume of C-S-H formed 
during hydration [2]. A reduction in the volume of C-S-H, the main strength bearing component 
of concrete, results in a corresponding reduction in compressive strength. The reduction in 
strength, with all factors held constant, would be proportional to the reduction in cement 
content. Oksri-Nelfia et al [3] further report that the low anhydrous cement content in RCCF 
reduces the likelihood of hydraulic actions (and the formation of C-S-H) with would manifest 
as a reduction in strength. 
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3.4 Accelerated drying shrinkage 
The test results for accelerated drying shrinkage are presented in Figure 4. 

 
Figure 4: Accelerated drying shrinkage of concrete at varying RCCF content 

From Figure 4, it can be observed that the incorporation of RCCF in concrete reduced 
accelerated drying shrinkage significantly in relation to the control mix. The reduction in 
shrinkage could be attributed to the reduction in the volume of cement paste which is usually 
responsible for shrinkage in concrete. Also, anhydrous and hydrated cement and crushed 
aggregate particles in RCCF could have provided internal restraint to the shrinkage of the paste. 
The recycled sand and hydrated cement particles within RCCF also act as microfillers which 
would reduce the porosity of interfacial transition zones [6, 7]. These microfillers would also 
result in a pore-blocking effect which reduces interconnectivity in the pores; and a consequent 
reduction in the rate of loss of moisture (i.e., shrinkage) from the concrete. 

4. CONCLUSIONS 
The following conclusions have been arrived at based on the test results from this study: 

i. The replacement of cement with RCCF resulted in a significant reduction in slump. 
The reduction in slump increases with an increase in RCCF content. 

ii. The replacement of cement with RCCF results in a reduction in density. This 
reduction, however, is not significant. 

iii. The replacement of cement with 20% RCCF results in a significant reduction in 
compressive strength at all ages. The replacement of cement with 10% RCCF, 
however, does not result in a significant reduction in compressive strength at all ages. 

iv. The replacement of cement with RCCF results in a significant reduction in 
accelerated drying shrinkage. 
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ABSTRACT 

For a reasonable use of recycled aggregate in concrete applications, it is important to 
consider methods that can enhance the quality of these aggregates. The European Union-funded 
(Kolartic CBC) project “DeConcrete” attempted to identify some eco-efficient technologies 
that can be used for reusing concrete waste in construction materials. In this regard, different 
treatment methods for recycled aggregates have been studied, including heat treatment through 
microwaving, carbonation, and pozzolanic coating. The treatment methods are carefully chosen 
such that minimum secondary waste is produced, and thus, maximum material is recycled. In 
this study, the water absorption capacity and dry density of the recycled aggregate were 
evaluated and compared with those of the treated aggregate. The carbonation method, which 
simply involved exposing the aggregate to CO2, reduced the water absorption capacity by 10%. 
This method also facilitated CO2 sequestration and made the material further sustainable and 
eco-efficient. Moreover, carbonation when applied after pozzolanic coating drastically boosted 
the interfacial transition zone of the concrete formed with recycled aggregate, which in turn 
increased the compressive strength. Hence, a combination of treatment methods is more 
effective than individual treatments. In particular, methods that do not produce any secondary 
waste yield the best results.  
 
Keywords: recycled concrete aggregate, treatment, carbonation, pozzolanic coating, CO2 

sequestration 

1. INTRODUCTION 

In Europe, approximately 374 million tons of construction and demolition waste, excluding 
excavated soil, was produced in 2016 [1]. In Finland, out of the 800 metric tons of concrete 
recycled in earth constructions, approximately 200 metric tons is landfilled [2]. Although all 
the used concrete could be recycled for reuse with modern technology, approximately one-
fourth of the concrete waste ended up in landfill sites, whereas the remaining was used in 
nonvalue-added applications. Thus, the application of effective concrete recycling on the field 
remains limited. One of the major reasons that hinder the recycling of concrete aggregate in the 
new concrete production is the decrease in the strength properties of the concrete [3,4]. 
Recycled concrete aggregate (RCA) incurs the major issue of adhered cement mortar from the 
old concrete, which is porous and increases water absorption in the concrete [5,6]. Moreover, 
the composition of these waste aggregates varies significantly, and their physical properties 
substantially influence the concrete properties [7]. According to RILEM recommendations, 
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only 20% of the recycled coarse aggregate can be used for new concrete production, whereas 
the recycled fine aggregate cannot be used for structural concrete production at all. Hence, 
enhancing the properties of recycled aggregates using various treatment methods is essential to 
extend their application range [8, 9].  

The present study aims to determine the efficiencies of different treatment methods, such as 
abrasive action, carbonation, and microwaving, on RCA procured from the same demolition 
site in terms of the improvements achieved in RCA properties and the effects on the strength 
and water absorption capacity of the produced concrete.  

2. MATERIALS AND METHODOLOGY 

2.1 RCA  
The recycled concrete used in this study was procured from a local Finnish building 

demolition site. The original material was a mixture of concrete and impurities such as metal 
pieces, plastic, and electric wires. Concrete pieces were carefully handpicked and crushed into 
4–16-mm-diameter fractions by using a jaw crusher. Figure 1 shows the crushed RCA, which 
is ready to be treated.  

 

Figure 1: Treatment methods for the recycled concrete aggregate  
 

2.2 Treatment methods  
The treatment methods were designed to either remove the old mortar or to strengthen it. 

Removal of old mortar was facilitated through mechanical abrasion, which was performed 
using a bar mill (Wedag mill, 1 rpm, 300 s) without any crushing rod to avoid powdering of the 
recycled aggregate. The RCA was microwaved at 4 kW power and 2.45 GHz frequency for 600 
s to loosen the old mortar. After the mechanical abrasion and microwave treatments, the treated 
RCA was sieved through a pore size of 4 mm to detach the old mortar from the parent material. 
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Two other treatments, pozzolanic coating and carbonation, were performed to strengthen the 
old mortar in the RCA. Pozzolanic coating was performed using a blast-furnace slag paste 
formed with a water-to-binder ratio of 2, where 1 kg of RCA was mixed with 1.2 l of the slag 
paste and maintained for 24 h. After this time, excess slurry was drained off and the coated 
RCA was sealed in a plastic bag until testing. Carbonation of RCA was performed under the 
conditions of 10% CO2, 20°C temperature, and 60% relative humidity (RH) for 24 h. The RCA 
samples obtained from the four treatments are presented in Figure 1. In addition, a fifth 
treatment method was introduced, which combined pozzolanic coating with carbonation. In this 
treatment, the coated RCA sample obtained after 24 h was shifted to a carbonation chamber 
under the same conditions as those used for carbonation. 

2.3 Tests conducted on RCA 
The densities and water absorption capacities of the RCA samples were measured before 

and after the treatments. Density can be calculated as follows: 
ρ = !

"
           Equation (1) 

where ρ is the density (kg/m3), m is the mass of the RCA (kg), and V is the volume (m3) of 
the container.  
The water absorption capacity can be calculated as follows: 
Water absorption = #$%	#$'()%*+,-	#$'()%

+,-	#$'()%
	× 100%     Equation (2) 

where dry weight represents the mass of RCA dried at 105°C for 24 h and wet weight 
indicates the mass of RCA obtained after 24-h water immersion. 

2.4 Production of alkali-activated concrete  
The treated and untreated RCA samples were used to produce one-part alkali-activated 

concrete with blast-furnace slag and sodium hydroxide, where the binder-to-aggregate ratio was 
fixed at 1:2. In addition, the slag-to-sodium silicate ratio in the binder was set as 9:1 based on 
previous studies [10, 11]. The aggregate was obtained as combination of 33% standard sand 
(fine aggregate) and 64% RCA (coarse aggregate). The water-to-binder ratio for different mixes 
was maintained constant at 0.35. Cubical specimens of dimensions 15 cm × 15 cm × 15 cm 
were developed to measure the compressive strength and water absorption capacity on the 7th 
day of curing age. The specimens were cured in a humidity chamber at 20°C and 100% RH 
until testing. The samples broken after the strength testing were preserved in isopropanol to be 
observed using a scanning electron microscope (SEM). The samples were mounted in epoxy 
resin and polished for SEM studies.  

3. RESULTS AND DISCUSSION 

3.1 Properties of RCA 
The water absorption capacity of the concrete was found to be reduced with some of the 

treatments adopted, such as mechanical abrasion and carbonation (Figure 2). However, this was 
not the case for all methods, especially microwaving and pozzolanic coating. Mechanical 
abrasion removed some of the old mortar responsible for increased water absorption in RCA. 
In contrast, the microwave treatment loosened the old mortar but did not detach it from the 
aggregate. This can be the reason behind the increased absorption observed in microwaving. 
However, this contradicts the results obtained for a previous study conducted using microwave 
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heating of RCA, which yielded approximately 1.4% reduction in water absorption capacity and 
a corresponding increase in density [12]. Thus, a combination of microwaving with mechanical 
abrasion was expected to yield improved performance.  

 

 

Figure 2: Properties of recycled concrete aggregate 

Meanwhile, the pozzolan-coated RCA exhibited increased absorption values, which 
indicates that the applied pozzolan was not sufficiently hydrating and highly porous. This can 
be explained by the type of pozzolan used in the present study, as blast-furnace slag requires a 
co-binder for its activation. Hence, the coating enhanced the porosity of the aggregate, which 
resulted in increased water absorption. However, the density of the coated RCA was higher 
than that of the untreated RCA (Figure 2). Previous studies on RCA coating have shown 
significant improvement in concrete properties, though the properties of coated aggregate have 
not been reported [13, 14]. In contrast, the carbonation of RCA significantly reduces the water 
absorption capacity. It strengthens the old mortar by forming calcium carbonate products, which 
seals the porosity of the mortar [15]. Thus, the combination of pozzolanic coating and 
carbonation performs well in reducing the water absorption capacity, which is also reflected in 
the increase in density (Figure 2). 

3.2 Properties of RCA 
The compressive strength of the untreated and treated RCA samples is related to the 

aggregate properties discussed in section 3.1 (Figure 3). Mechanical abrasion improved the 
concrete strength by 17%, though there was no significant difference in the water absorption 
capacity. As expected, the microwave-treated and pozzolan-coated samples exhibited 14% and 
28%, respectively, reduction in concrete strength. Although the water absorption capacity of 
the microwave-treated RCA increased substantially (Figure 3), this was not reflected in the 
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water absorption capacity of the concrete produced with them. The strength of carbonated RCA 
increased by 21% (34 MPa), and even 42% (40 MPa), through the combination of microwave 
treatment with pozzolanic coating. According to previous research, pozzolanic slurry coating 
improved the workability of the concrete, whereas carbonation improved its the strength and 
durability properties [8]. Thus, the present study emphasized that RCA should be subjected to 
combined treatments to yield the benefits of different mechanisms involved in the different 
treatment methods. 

 

 

Figure 3: Properties of concrete with RCA 

The representative microstructure of the untreated RCA sample showed a clear interfacial 
transition zone (ITZ) between the old and new mortar regions (Figure 4). Although ITZ 
disappeared in the treated RCA, pozzolan-coated RCA showed an extra layer between the new 
and old mortar regions (Figure 4d). This layer should be the coating which should densify the 
old mortar in RCA whereas, it resulted in an extra layer affecting the strength and water 
absorption values negatively. The microwave-treated RCA showed mending of the old mortar 
in the RCA region, however with a highly porous microstructure which explains the issue of 
increased absorption in this mix (Figure 4c). RCA carbonation improved the uniformity in the 
microstructure (Figure 4e, 4f) by strengthening the old mortar with calcium products formed 
by CO2. Thus, pozzolanic coating enhanced the reaction and improved the binding of old and 
new mortar regions, resulting in a more uniform microstructure (Figure 4f). This explains the 
high strength achieved with carbonation alone and its combination with different coating 
methods. 
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Figure 4: Representative microstructure of concrete produced with RCA 

Old mortar 
New mortar 

RCA 

Old mortar 

Old mortar 
Old mortar 

Old mortar 

Old mortar 

New mortar 

New mortar New mortar 

New mortar 

New mortar 

ITZ 

RCA 

RCA 

RCA 

ITZ 

ITZ 

Layer 



YCRETS 2021  87

Page  7 

  4. CONCLUSIONS 

In this study, different RCA samples obtained from a single source were treated using the 
following four treatment methods: mechanical abrasion, microwave treatment, pozzolan 
coating, and carbonation. To understand the effects of different combinations of treatment 
methods, carbonation was attempted on pozzolan-coated RCA samples. Among the different 
treatments, carbonation appeared promising for improving the RCA performance. Carbonation 
products filled the pores in the old mortar region of the RCA, which helped in improving the 
ITZ between the old and new mortar regions. This was reflected in the strength improvement 
of the concrete formed of carbonated recycled concrete. Pozzolanic coating did not perform 
well when applied alone; however, its combination with carbonation outperformed other 
methods. Hence, it is worthy to attempt different combinations of treatment methods to utilize 
their benefits.   
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ABSTRACT 

Electronic waste (e-Waste) is the waste product derived from electrical and electronic 
equipment (EEE) which has reached its end of life. Although South Africa is one of the largest 
generators of e-Waste in Africa at 5.7kg/inhabitant, only 11% is recycled while a mere 25% of 
the plastic fraction termed waste electrical and electronic plastic (WEEP) is recycled per annum. 
This is due to the fact that WEEP contains a wide range of polymers and heavy elements at 
different stages of degradation. Thus, recycling of WEEP as replacement material for the 
natural aggregate in concrete can be advantageous. The aim of this research was to produce 
structural concrete with a minimum compressive strength of 25MPa at 28 days of curing while 
replacing both the coarse and fine natural aggregates simultaneously with different types of 
granulated WEEP in increments of 0%, 5%, 10%, 20% and 30% by volume while maintaining 
a constant w:c ratio of 0.52. The paper reviews the material and mineralogical properties, 
microscopy analysis of hardened concrete, compressive and tensile splitting strength and 
durability. Results showed that replacements of 30% WEEP attained the minimum compressive 
strength requirements while achieving acceptable water sorptivity and oxygen permeability 
indices. 
 
Keywords: aggregate, concrete, durability, strength, waste electrical and electronic plastic. 

 

1. INTRODUCTION 
South Africa is one of the largest generators of e-Waste in Africa at 5.7kg/inhabitant/annum 

which is much compared to Africa’s average e-Waste generation of 1.9kg/inhabitant/annum 
[1]. More troubling is the fact that only 11% of South Africa’s annual e-Waste is recycled and 
that e-Waste volumes are expected to grow by 10% per annum [2]. This growth rate is 
influenced by: social and economic development, increased consumer demand, perceived 
obsolescence and shorter replacement cycles among others (ibid). Electrical and electronic 
plastic (EEP) is the plastic fraction used for insulation, noise reduction, sealing, housing, 
structural parts and functional parts in electrical and electronic equipment (EEE) and 
contributes to on average 30% by weight. The most common plastic types found in EEP include: 
acrylonitrile butadiene styrene (ABS), polypropylene (PP), polystyrene (PS), polycarbonate 
(PC) and polyurethane (PU) which represents more than 70% of plastics found in EEE.  
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On the other hand, waste electrical and electronic plastic (WEEP) is the plastic fraction 
derived from EEP once it has reached its end of life. Sadly, the recycling of WEEP is very low 
at recycling percentages of less than 25% per annum globally [3]. This may be due to the 
difficulties faced when recycling WEEP such as: numerous amounts of additives incorporated 
into EEP (cadmium, chlorine, antimony and brominated flame-retardant compounds), 
insufficient labelling of EEP according to its plastic type and the wide range of different types 
of resins used [4]. Furthermore, in both the use and recycling phase the polymers in EEP 
degrade resulting in plastics with unpredictable and insufficient properties [5]. As such, 
alternative methods must be investigated to utilise this problematic plastic waste.  

One industry in which the use of WEEP is currently being considered, is in the construction 
sector. Previous studies have shown that the use of WEEP as a partial replacement for 
aggregates in concrete is possible. However, inconsistent or incomplete results were found 
among some literature. Lakshmi and Nagan conducted Studies on Concrete Containing e-
Plastic Waste and found a significant decrease in the compressive strength of the control mix 
at 25% replacement of the coarse natural aggregate with WEEP dropping from 19.8MPa to 
6.2MPa [6]. Liu et al., investigated the Performance of Recycled Plastic-Based Concrete by 
replacing 20% of the fine natural aggregate with PC/ABS WEEP and found a decrease in the 
compressive strength from 44.7MPa to 28.6MPa [7]. It is clear that although some research has 
been conducted in the use of WEEP as replacement material for the natural aggregate, very 
little has been researched pertaining to the microscopy, strength and durability of concrete made 
using different types of WEEP as aggregate replacement material. 

2. EXPERIMENTAL 

2.1 Materials used 

2.1.1 Binder material 
A high strength, rapid hardening ordinary Portland cement (CEM I 52.5 R) was used as 

binder material in this study. Table 1 and 2 present the chemical oxide composition and 
characteristics of the cement.  

The chemical oxide composition was determined by the author using a CAMECA SX5-FE 
electron probe micro analyser. The mean particle size was determined using an Anton Paar PSA 
1190 particle size analyser while the specific density and surface was determined using a 
Pentrapyc 5200e gas pycnometer and NOVAtouch LX gas sorption analyser. 

Table 1: Chemical oxide composition of Portland cement. 

Chemical oxide composition (%) 𝐴𝐴𝐴𝐴!𝑂𝑂" 𝐶𝐶𝐶𝐶𝑂𝑂 𝐹𝐹𝐹𝐹!𝑂𝑂" 𝑀𝑀𝑀𝑀𝑂𝑂 𝑆𝑆𝑆𝑆𝑂𝑂! 
1.01 67.05 0.68 1.23 23.52 

Table 2: Characteristics of Portland cement. 

Characteristics of Portland cement 
Mean particle 

size (𝜇𝜇) 
Specific density 

(g/cc) 
Specific surface 

(m²/g) 
16.199 3.632 1.934 
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2.1.2 Admixture 
The superplasticiser Sika®ViscoCrete®-3088 was used in this study which is chemically 

based on an aqueous solution of modified polycarboxylate ethers. 

2.1.3 Aggregates 

This study used both the fine and coarse (13.2mm) crushed natural aggregate as well as 
granulated WEEP. Granulated ABS, chemically blended PC and ABS (PC/ABS) and high 
impact polystyrene (HIPS) WEEP was bought from e-Waste recycling companies in Gauteng, 
South Africa. The granulated WEEP used had a maximum size of 6.7mm. Fig. 1 provides a 
sample representation of the granulated ABS, PC/ABS and HIPS WEEP used while Fig. 2 
presents the images of the aggregates surface topography at 5 000 times magnification using a 
Carl Zeiss Sigma Field Emission Scanning Electron Microscope (FESEM). 

 
Figure 1: Granulated WEEP. 

 a a 

 a a	
Figure 2: SEM imaging of the aggregates surface topography at 5 000 times magnification. 
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Table 3 presents the chemical compositions of all the different WEEP types used. The data 
was determined by the author using a CAMECA SX5-FE electron probe micro analyser. It is 
clear that ABS WEEP contained heavy elements in its polymetric matrix, namely: bromine (Br) 
and antimony (Sb), both of which are used as a flame retardant in EEP. Table 4 presents the 
particle density (SANS 5844), bulk density (SANS 5845), fineness modulus and dust content 
(SANS 1083) [8] [9] [10]. 

Table 3: Granulated WEEP elemental composition. 
WEEP type Normal weight (%) of elements 

𝐶𝐶 𝑂𝑂 𝐶𝐶𝐶𝐶 𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆 𝑁𝑁 Total 
ABS 77.19 3.26 1.76 14.49 3.30 0.00 100 
PC/ABS 91.65 1.03 0.00 0.00 0.00 7.33 100 
HIPS 81.47 17.55 0.97 0.00 0.00 0.00 100 

Table 4: Aggregate physical properties. 
Physical properties Stone Sand ABS PC/ABS HIPS 
Particle density (kg/m³) 2 890 2 580 940 1 190 1 390 
Bulk density (kg/m³) 1 660 2 060 520 580 580 
Fineness modulus - 3.4 - - - 
Dust content (%) 2.1 8.3 - - - 

D2.2 Concrete mix design 
The mix design replaced both the coarse and fine natural aggregate simultaneously by 

volume in percentages of 5%, 10%, 20% and 30% with either ABS, PC/ABS, HIPS or an equal 
blend of WEEP in a ratio of 1:1:1 using a water:cement (w:c) ratio of 0.52 and a superplasticiser 
to maintain a slump of 80mm ± 25mm. Figure 3 provides a description for the acronyms used 
to describe the mix designs presented in Table 5.  

The natural aggregate and cement were added to a 50L pan mixer. In the use of WEEP as 
replacement for the natural aggregate, WEEP was added before the stone. This was done to 
prevent the granulated WEEP from bouncing out of the pan during the initial mixing. The dry 
materials were mixed for approximately 2 - 3 minutes, after which the potable water was added. 

The fresh concrete was mixed for approximately 2 - 3 minutes. A slump test was performed 
according to SANS 5862-1 [11]. If the mix did not have a slump of 80mm ± 25mm, a 
superplasticiser was added directly into the fresh concrete and mixed for 1 - 2 minutes. Once 
the desired slump was achieved, compaction was carried out using a vibrating table. Concrete 
cube moulds were filled with approximately one third fresh concrete. They were then vibrated 
for approximately 5 - 8 seconds, after which they were filled with another third of the cubes 
volume and vibrated again.  

It should be noted that replacing 30% of the natural aggregate with different types of WEEP 
by volume will vary the overall density of the mix design. This is because WEEP have different 
particle size densities as shown in Table 4.  
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Figure 3: Mix design acronyms and meanings. 

Table 5: Mix design. 

Mix design 
Sand Stone WEEP Water Cement Total  

mass 
Super- 

plasticiser 
Slump 

kg/m³ % cement mm 
PC (Control) 931 706 0 

231 444 

2 312 0.00 80 
PC(ABS-5) 908 688 14 2 285 0.00 75 
PC(ABS-10) 884 671 28 2 259 0.00 70 
PC(ABS-20) 838 635 57 2 205 0.09 65 
PC(ABS-30) 791 600 85 2 152 0.16 68 
PC(PC/ABS-5) 908 688 18 2 292 0.00 80 
PC(PC/ABS-10) 884 671 36 2 272 0.00 80 
PC(PC/ABS-20) 838 635 72 2 232 0.00 55 
PC(PC/ABS-30) 791 600 108 2 193 0.12 55 
PC(HIPS-5) 908 688 21 2 289 0.00 75 
PC(HIPS-10) 884 671 42 2 266 0.00 75 
PC(HIPS-20) 838 635 84 2 220 0.04 60 
PC(HIPS-30) 791 600 126 2 174 0.12 60 
PC(Blend-5) 908 688 18 2 289 0.00 65 
PC(Blend-10) 884 671 36 2 266 0.00 65 
PC(Blend-20) 838 635 71 2 219 0.06 60 
PC(Blend-30) 791 600 107 2 173 0.18 65 

2.3 Interfacial transition zone 
The interfacial transition zone (ITZ) is often the weak link in concrete and is formed during 

compaction of fresh concrete whereby a film of water forms around the aggregate, leading to 
higher w:c ratios close around the aggregate [12]. Fig. 4 provides imaging of the ITZ between 
the natural aggregate in PC (Control) and WEEP in PC(Blend-30) at 5 000 times magnification. 
The ITZ is noticeable by the clear dark-sheath band between the natural aggregate and hardened 
cementitious paste (HCP) for PC (Control). Between the ABS WEEP and HCP there were 
numerous crystal formations as indicated by “1”. These crystals were formed during the 
hydration process, whereby calcium hydroxide (CH) formed between the aggregate and bulk 
paste when critical saturation was reached  due to the dissolution of calcium silicate, forming 
calcium and hydroxyl ions. CH grew into very large plate like crystals due to the excess water 
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around the aggregate producing a more porous system. As the hydration process continued these 
pores were filled with poorly crystallised calcium silicate hydrates, small crystals of ettringite 
and CH formed between the framework [12]. 

a a 

a a 
Figure 4: ITZ between aggregates used and the HCP. 

3. RESULTS AND DISCUSSION 

3.1 Hardened concrete properties 
Concrete cubes of size 100 x 100 x 100 mm were cast for both the compressive and durability 

tests. Concrete cylinders of size of 150 x 300 mm were cast for the tensile splitting strength 
tests. The specimens were water cured at a temperature of 23°C ± 2. The compressive strength 
tests were performed at 3, 7, 28 and 90 days at 0%, 5%, 10%, 20% and 30% WEEP 
replacements while the tensile splitting strength and durability tests were performed at 28 days 
at 30% WEEP replacement. 

3.1.1 Compressive strength results 
The concrete cubes were tested in accordance to SANS 5863 [13]. The cubes were loaded 

using a cube press-foote machine which had a maximum loading capacity of 1 000kN. Fig. 5-
8 compares the average compressive strengths of PC (Control mix) at different ages of curing, 
types of WEEP and percentage replacement levels.  

The compressive strength of the mixtures containing WEEP were observed to decrease as 
the percentage of substitution increased. Furthermore, it is interesting to note that there was 
little difference in the compressive strength of concrete made with WEEP at 20% replacement. 
However, there was a large drop in strength for concrete made using ABS WEEP at 30% 
replacement.  

Furthermore, it was found that replacements of 30% ABS WEEP continued to significantly 
reduce the compressive strength of PC (Control mix) by 55.1%, Blend WEEP by 37.7%, HIPS 
WEEP by 32.4% and PC/ABS WEEP by 32.0%. This could be as a result of the crystal 



YCRETS 2021  95



YCRETS 2021  96

Page  8 

3.1.2 Tensile splitting strength results 
The tensile splitting strength test was conducted according to SANS 6256 [14]. The cylinders 

were loaded using an Amsler machine which has a maximum loading capacity of 2 000kN. The 
tensile splitting strength test results are presented in Fig. 9. It was observed that the tensile 
splitting strength of concrete made without WEEP replacement had a higher tensile splitting 
strength compared to concrete made with WEEP replacement. 

There was little difference in the average tensile splitting strength between substitutions of 
HIPS or Blend WEEP. As with the average compressive strength of concrete, replacements 
with ABS WEEP yielded the lowest average tensile splitting strength results.  

Here it is clear that ABS WEEP substitution decreased the average tensile splitting strength 
of concrete mixed with ABS WEEP the most at 14.4%, followed by Blend WEEP at 10.7%, 
HIPS WEEP at 10.2% and PC/ABS WEEP at 7.9%. 

 
Figure 9: Tensile splitting strength results at 28 days. 

3.2 Durability of concrete 

3.2.1 Concrete durability indices 
The durability of concrete in South Africa can be measured by the oxygen permeability 

index, water sorptivity and porosity, and chloride conductivity tests and should meet the 
acceptable limits for durability indexes [15], as presented in Table 6. 

Table 6: Suggested ranges for durability of concrete [15]. 
Durability class OPI (log scale) Sorptivity (mm/√h) Chloride conductivity (mS/cm) 
Excellent > 10 < 6 < 0.75 
Good 9.5 - 10 6 - 10 0.75 - 1.50 
Poor 9.0 - 9.5 10 - 15 1.50 - 2.50 
Very poor < 9 > 15 > 2.50 

3.2.2 Oxygen permeability index 
The oxygen permeability index (OPI) test was conducted according to SANS 3001-CO3-2 

[16]. The average OPI results are graphically illustrated in Fig.10. All mixes had average OPI-
values > 9.5, indicating a good durability class.  
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Figure 10: OPI for concrete containing no WEEP and containing 30% WEEP. 

3.3.3 Water sorptivity 
The water sorptivity test was conducted in accordance to the Durability Index Manual [17]. 

The average water sorptivity results are shown in Fig 11. It was observed that the water 
sorptivity decreased with an increase in WEEP replacements. This indicated that the overall 
durability class increased for the majority of concretes made using WEEP.	

Figure 11: Water sorptivity for concrete containing no WEEP and containing 30% WEEP. 

3.3.4 Chloride conductivity 
The chloride conductivity test was conducted according to SANS 3001-CO3-3 [18]. The 

average water sorptivity results are graphically presented in Fig 12.	Results clearly show that 
ABS WEEP had the overall highest chloride and is classified as having poor durability. 

													
Figure 12: Chloride conductivity for concrete containing no WEEP and containing 30% 
WEEP. 

4. CONCLUSION 
The increase in EEE has resulted in vast quantities of WEEP discarded with no intention of 

re-use. This study has confirmed that ABS, PC/ABS, HIPS and an equal combination of the 
aforementioned WEEP can be used to partially replace both fine and coarse aggregates up to 
30% and attain the minimum compressive strength requirements for structural concrete (> 
25MPa) at 28 days. Replacement of WEEP for the natural aggregate reduced the compressive 
strength of concrete at 28 and 90 days while replacements of 30% ABS WEEP significantly 
decreased the compressive and tensile splitting strength of concrete the most. Concrete made 
using WEEP at 30% replacement for the natural aggregate had a good or higher durability result 
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in the OPI and water sorptivity tests but poor or lower durability result in the chloride 
conductivity test. 
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ABSTRACT 

This paper experimentally investigates the capillary pressure and porosity of masonry 
concrete block containing waste tyre (crumb-rubber) with varying ratios ranging from 0 - 25%, 
which was used to partially replace coarse aggregate (granite) by volume. The bulk density of 
masonry concrete decreased by 5.4% with crumb-rubber content up to 25%. Porosity (f) of 
masonry concrete (24 hours water absorption, vacuum saturation, satiation, and vacuum 
satiation porosity) increased with an increase in crumb-rubber content. The capillary pressure 
test result for both the initial and refined (modified) method shows a rapid increase from 0% to 
5% before gradually increasing with a further increase in crumb-rubber content up to 25%. The 
average capillary pressure value for the reference masonry concrete using the initial and refined 
method is 0.166MPa and 0.128MPa while the modified concrete with 25% crumb-rubber 
particles recorded 0.289MPa and 0.233MPa respectively indicating 74% and 82% increase 
respectively. Generally, the increase in capillary pressure can be directly linked to the increase 
in voids in the composite matrix which also increased the porosity. These results signify an 
increase in the capacity of modified masonry concrete to absorb water through the capillary 
rise.  

 
Keywords: crumb-rubber; masonry concrete; capillary pressure and porosity 

 

1. INTRODUCTION 
Increasing amounts of solid waste materials are being investigated across the world to 

supplement natural components of typical building mixes, like concretes and mortars, due to 
environmental reasons. According to [8] each year about 9 million tonnes of waste rubber-tyres 
are disposed of all over the world, which was also estimated to be around 1 billion tyres 
withdrawn from use in the world annually. Based on 2018 statistics with a 15% annual 
generation rate, it is estimated that around 37 million waste tyres exist in Nigeria [6]. In Nigeria 
one of the most common ways of disposing of waste tyres is through open field disposal, open-
air combustion most especially in our abattoir and the local commercial quarry where they serve 
as a source of fire for processing slaughtered animals and mining activities [5]. Many 
researchers have studied and developed various recycling methods for the re-use of waste tyres 
in construction materials [9]. 

Al-Sakini [1] has characterized crumb-rubber aggregate from end-of-life waste automobile 
tyres to have a low specific gravity (0.95 kg/m3), small water absorption (2-4%), low thermal 
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conductivity (0.14W/mk) high dynamic modulus and damping properties and high resistance 
to weather (i.e non-biodegradable). 

Masonry concrete in form of concrete blocks is becoming widely accepted as a construction 
material in our buildings, hence the partial replacement of mineral aggregates with rubber-tyre 
particles having low water absorption in concrete blocks would be a very good and promising 
way to utilize the large quantities of waste rubber-tyres. The use of waste rubber-tyres particles 
in masonry hollow concrete blocks would not only make good use of such waste materials by 
converting waste into a resource but could help to enhance some masonry hollow concrete 
blocks inherent properties such as water absorption. Masonry concrete blocks are porous 
material that interacts with the surrounding environment; their durability depends largely on 
the movement of water and gas as it flows through it.  

Capillary pressure is the energy required to transfer a unit mass of liquid from a partially 
saturated porous material to a reservoir of the same liquid at the same temperature and elevation 
[2]. Porosity and saturated permeability do not tell the whole story of water transport in porous 
materials. Water movement in porous building materials is almost completely driven by the 
action of capillary forces. [3] described a new experimental method of measuring directly the 
capillary pressure  of a wetting front. They showed that the capillary pressure is a material 
property and it defines the effective strength of the capillary forces that drive the absorption in 
a porous material. The method measures the equilibrium pressure of the air displaced and 
compressed ahead of the advancing wetting front. The pressure of air trapped in the wetted 
region is taken as the capillary pressure of absorption, using the assumptions of the ideal gas 
law.  

The objective of this study is to investigate the bulk density, porosity, and capillary pressure 
of the reference masonry concrete compared to the modified crumb-rubber masonry concrete. 

2. MATERIALS AND METHODOLOGY 

2.1 Material 
Crumb-rubber masonry concrete consists of cement, natural aggregate (fine and coarse), 

crumb-rubber from waste tyre, and water as shown in Figure 1. A general-purpose blended 
limestone portland cement CEM II (42.5R MPa) that conforms to BS EN 197-1:2011 with a 
specific gravity (G) of approximately 3.15 was sourced from a retail outlet and used for this 
study. Ordinary tap water (potable drinking water) sourced from Civil Engineering Laboratory 
was used for all concrete mixes and curing. Natural sharp river quartzite sand smaller than 
4.76mm but larger than 75μm that is free of clay, loam, dirt, and any organic or chemical matter 
with average specific gravity (saturated surface dry) of 2.65 and bulk density of 1,454 kg/m3 
was used as fine aggregate. 

 

     
Figure 1: Crumb-Rubber Aggregate Used for Concrete Mix 

y



YCRETS 2021  102

Page  3 

Natural crushed (granite) with nominal maximum sizes of 9.52-10mm and sourced from a 
local commercial quarry with a specific gravity of 2.66 and bulk density of 1635kg/m3 was 
used as coarse aggregate. Coarse rubber aggregate (crumb-rubber) from scrap tyres with 
nominal maximum sizes of 4 - 9mm, the specific gravity of 1.14 and bulk density of 528 kg/m3 
was used for this research. Crumb-rubber surface treatment method by soaking in sodium 
hydroxide (NaOH) solution was adopted for this research due to its effectiveness in enhancing 
the hydrophilic properties of the rubber and increasing the intermolecular interaction forces 
between rubber and calcium silicate hydrate (C-S-H) gel which enhances the strength of the 
composite matrix as reported by [4]. Two-kilogram (2kg) of Solid Caustic Soda (NaOH, 
Caustic Soda Pearls/Crystals ≥ 99.0%) was dissolved in 10 liters of water to form liquid caustic 
soda also called saturated sodium hydroxide solution (NaOH) with a concentration of 10% and 
pH of 14. Crumb-rubber particles were soaked in the saturated sodium hydroxide solution and 
stirred regularly to guaranty a uniform treatment of rubber particles for 24 hours under ambient 
conditions. The crumb-rubber particles were removed and washed with tap water and kept in 
laboratory condition for 24 h before use. 

2.2 Mix Proportions 
The mix design for the masonry concrete and crumb-rubber modified masonry concrete 

adopted was based on the absolute volume method according to BS EN 206:2013+A1:2016. 
Based on a preliminary estimate of the concrete mix design, a mix ratio of 1:1.5:3 with 
water/cement ratio of 0.42 and aggregate/cement ratio of 4.5:1 was used to produce a trial mix 
which was tested for compacting factor, strength, density and eventually subjected to 
adjustment before adopted and applied to all the concrete mixes. A total number of six (6) mixes 
were prepared: One control mix and five concrete mixes in which the 9.52-10 mm granite was 
replaced by crumb-rubber aggregate (4 - 9mm) at 5%, 10%, 15%, 20% and 25% by volume. 
The mix proportions were constant in terms of mix design ratio, water/cement ratio, sizes, type 
of natural and crumb rubber-tyre aggregate used for the study.  

2.3 Sample Preparation 
The sets of hardened masonry concrete blocks prism samples used in this work with 

dimensions 160 x 40 x 40mm, were derived from masonry hollow concrete blocks using a 
masonry cutting machine as shown in Figure 2.  

 

 
Figure 2 : Masonry Concrete Samples for Water Absorption Coefficient Test 
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2.4 Experimental Procedures 
(a) Bulk Density: 

The bulk density of masonry concrete was determined from the eighteen (18) sample cured, 
oven-dried and heated until a constant weight was achieved. It was then cooled in a desiccator 
and weighed to the accuracy of 0.0018 after which they were transferred to a beaker and heated 
for 30 min to release the trapped air. They were cooled and the soaked weight (w) was 
measured. They were suspended in a beaker containing water placed on a balance. The 
suspended weight was taken and the bulk density was calculated from Equation 1: 

Bulk Density                                                                                Equation (1) 

Where: w = Soaked weight, s = Suspended weight, and ρ = Density of water. 
 
(b) Vacuum Saturation Porosity (f) Test: 

Total accessible open porosity (f) was measured using this method as detailed in RILEM, 
CPC 11.3, and [7], although it is not a standard test method. In this method, the block was dried 
to constant mass at 70 °C ± 5 °C before being allowed to cool and weighed. The volume was 
determined. The eighteen (18) sample (average of three per test) was then placed in a vacuum 
chamber shown in Figure 3 which was connected by a hose to a rotary vacuum pump capable 
of producing a vacuum of ≈100 kPa. The chamber was evacuated and pumping was continued 
for 30 minutes. After which water was drawn into the vacuum chamber. When the sample had 
become fully immersed in the water drawn, the hose was removed from the water and air 
allowed to enter the vacuum tank so that atmospheric pressure forces water into the evacuated 
pores of the blocks. After 24 h of soaking the sample was removed from the water and weighed.  

  
Figure 3: Vacuum Saturation Porosity (f) Test 

The vacuum saturation porosity (f) was then calculated using Equation 2. 

                                                                                  Equation (2) 
 
 

(c) Water Absorption (24 Hours Soak) Porosity (Wm) Test:  
The water absorption porosity test was determined according to BS EN 772-21:2011. The 
eighteen (18) masonry concrete samples were dried to constant mass and allowed to cool to 
ambient temperature before being weighed and the dry mass (md) was recorded. Then they were 
placed on small pads in a tank of water at room temperature to allow water to be in contact with 
all faces. The masonry concrete blocks were left submerged for the desired time (24h in this 
study) then taken from the tank and surplus water is removed from their surfaces using a damp 
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cloth. They were weighed and the wet mass (mw) was recorded. Wm was determined using 
Equation 3: 

                                                                                           Equation (3) 

Where: mw = mass of the wet sample, md = mass of the dry sample 
The percentage was calculated at soaking times of 1min, 9 min, 25 min, 1 h, and 24 h. 
 
(d) Satiation Porosity (f’) Test:  

The satiation porosity also known as effective porosity was determined from one-
dimensional capillary absorption using a simple procedure of measurement with only one 
weighing needed at the point when the water has reached the top face of the sample. Eighteen 
(18) blocks were dried at 70 °C to constant mass, allowed to cool to ambient temperature, their 
volume determined before they were weighed and the dry mass recorded. They were placed on 
their bed faces on small pads in a tank to an immersion depth of approximately 5 mm of water 
at room temperature to allow water to be absorbed from the bed face only until the water reached 
the top of the block. They were then taken from the tank, surplus water removed using a damp 
cloth, weighed and the wet mass was recorded and converted to volume. f’ is equally calculated 
from Equation 4. 

                                                                        Equation (4) 
(e) Satiation Porosity (f’’) Under Vacuum Test:  

In this method, the satiation porosity was determined in the same way as the vacuum 
saturation porosity. The difference is that water was fed into the bottom of a vacuum tank and 
stopped when the block bed-face had an immersion depth of approximately 5mm. The eighteen 
(18) block samples remained under vacuum until the water reached the top of the block sample. 
Then the air was allowed to enter the vacuum tank and the block was removed from the water 
and weighed. The vacuum satiation porosity f’’ was then calculated from Equation 4. 

(f) Capillary Pressure (ψ) Measurement of Crumb-Rubber Masonry Concrete: 
Capillary pressure was measured using three rectangular prisms of dimensions 160*40*40 

mm for every sample which was cut from each type of block with the long axis of the prism 
parallel to the bed and stretcher faces of the block. After drying the samples to constant mass 
in an air oven at 70˚C, five faces (the four long faces and one small face) were sealed with 
several layers of impermeable membrane. The initial masses of the bars were recorded and they 
were then fully immersed in water as shown in Figures 4. 
 

                       
Figure 4: Samples Sealed with Impermeable Membrane, Weighed and placed in Water 
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The complete immersion of the samples enabled the detection of any air leaking through the 
sealed surfaces immediately by the appearance of bubbles. If bubbles appeared, the sample was 
recovered and recoated. The sealed sides ensured that absorption occurred only perpendicular 
to the inflow face.  
The samples were weighed at regular intervals until there was no further change in mass. The 
volume of absorbed water was determined from the mass increase, giving the volume of pores 
filled with water. The capillary pressure was determined using Equation 6: 

{ideal gas equation assuming constant temperature}                 Equation (5) 
Where: P1 = the pressure of the initial volume of air in the block before capillary absorption 
and it is equal to the atmospheric pressure (0.1 MPa), V1 = Initial volume of air (mm3) = vacuum 
saturation porosity * sample volume, P2 = Final pressure after absorption = trapped air pressure 
(MPa) and V2 = Final volume of air left after the capillary rise of water (mm3).  

                                                                                                            Equation (6) 

The capillary pressure (ψ) taken as P2 was calculated from equation 6 

3. RESULTS AND DISCUSSION 

3.1 Bulk Density (ρ) 
Bulk density for masonry concrete blocks determined is presented in Figure 5 which shows 

that the bulk density of masonry concrete decreased gradually with the increase in rubber 
content. The average bulk density of the reference masonry concrete is 2,577Kg/m3 while the 
crumb-rubber masonry concrete with 25% crumb-rubber content recorded a bulk density of 
2,439Kg/m3 respectively which indicates a 5.4% decrease in density with 25% replacement of 
crumb-rubber.  

     
Figure 5: Bulk Density (Kg/m3) of CR-MCB against % CR Content  
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3.2 Water Absorption (24Hours Soak) Porosity (f) 
The 24 hours water absorption porosity test of masonry concrete is presented in Figure 6. 

The results indicate that increase in crumb-rubber content increased the porosity of masonry 
concrete samples by 21% with 25% crumb-rubber replaced in coarse granite aggregate.  
 

       
Figure 6: Water Absorption Porosity Test of CR-MCB against % CR Content 

3.3 Vacuum Saturation Porosity (f) 
The porosity of masonry concrete using vacuum saturation test is presented in Figure 7. The 

result of the vacuum saturation porosity measurements provides a true porosity, i.e., per cent 
by volume, unlike the 24 hours soaking porosity test which many others do refer to as a 
substitute for porosity but not a porosity. The results show that the reference masonry concrete 
samples (0%CR) have a porosity of 23.69% while the 5, 10, 15, 20 and 25% have a porosity of 
23.75, 23.94, 24.03, 24.12 and 24.38% respectively.  

 

 
Figure 7: Vacuum Saturation Porosity (f) of CR-MCB against % CR Content 
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3.4 Satiation Porosity (f’) 
The results of satiation porosity also known as effective porosity of crumb-rubber masonry 

concrete blocks are presented in Figure 8. The results show that the reference masonry concrete 
blocks (0%CR) have a porosity of 13.62% while the 5, 10, 15, 20 and 25% have a porosity of 
13.78, 13.99, 14.10, 14.52 and 14.71% respectively.  

 
Figure 8: Satiation Porosity (f’) of CR-MCB against % CR Content 

3.5 Vacuum Satiation Porosity (f’’)  
The result of the vacuum satiation porosity measurements provides values very close to the 

vacuum saturation porosity (f) as shown in Figure 9. The results show that the reference 
masonry concrete (0%CR) has a porosity of 23.63% while the 25%CR have a porosity of 24.36% 
which indicate an increase with about 3.1%.’ 

 

                     
Figure 9: Vacuum Satiation Porosity (f’’) of CR-MCB against % CR Content 
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3.6 Capillary Pressure (ψ)  
The capillary pressure test result for both initial and refined (modified) methods is presented 

in Figure 10 which shows that the capillary pressure of crumb-rubber masonry concrete 
increased rapidly from 0% to 5% crumb-rubber content before gradually increasing with further 
increase in crumb-rubber content up to 25%.  

 

 
Figure 10: Capillary Pressure (ψ) of CR-MCB against % CR Content 

 
The average capillary pressure value for the reference masonry concrete using the initial 

method is 0.166MPa while the masonry concrete with 25% crumb-rubber content recorded 
capillary pressure of 0.289MPa which indicates a 74% increase in capillary pressure with 25% 
replacement of crumb-rubber. For the refined (modified) method, average capillary pressure of 
0.128MPa was recorded for the reference masonry concrete while the masonry concrete with 
25% crumb-rubber content recorded capillary pressure of 0.233MPa which indicates 82%.  

4. CONCLUSIONS 
i. The bulk density of masonry concrete decreased with a percentage increase in crumb-rubber 

content up to 25%. The reference masonry concrete recorded 2,578Kg/m3 while 25% 
crumb-rubber modified masonry concrete has a bulk density of 2,439Kg/m3 which indicates 
a decrease of 5.37%.  

ii. Porosity (f) of masonry concrete samples (24 hours water absorption, vacuum saturation, 
satiation, and vacuum satiation porosity) increased with an increase in crumb-rubber 
content varying from 5, 10, 15, 20 and 25%. The increase in the porosity is related to the 
higher content of entrained air along with poor interfacial contact between the crumb-rubber 
particles and the cement paste, the masonry concrete mixes caused by the hydrophilic (non-
polar) nature of crumb-rubber particles attracting air around the surface of the aggregate 
during the mixing process causes a weaker bond between the non-polar and the polar 
particles, pores in crumb-rubber particles and the complex morphology of crumb-rubber.  
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iii.  Capillary pressure (ψ) of masonry concrete increased rapidly from 0.166MPa to 0.248MPa 
for 0% and 5% crumb-rubber content before gradually increasing up to 0.289MPa for 
crumb-rubber content up to 25%. Generally, the increase in capillary pressure for both the 
initial and refined method with an increase in crumb-rubber content can be directly linked 
to the increase in the volume of pore spaces (voids) as a result of weak bonding between 
the crumb-rubber and the concrete composite which increased the porosity and results to 
increase in the volume of capillary rise.   

iv. The result signifies an increase in the capacity of the modified masonry concrete to absorb 
water through the capillary rise. 
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ABSTRACT 

As the search for eco-friendly and affordable cement intensifies, geopolymer technology has 
become a viable option. Geopolymer technology offers a greener and cheaper means of 
producing cement-based materials which exhibit performance comparable to Portland cement. 
This technology could be instrumental in addressing the needs for adequate housing and other 
civil infrastructures in middle- and low-income countries. However, the utilisation of 
geopolymer technology depends on the accessibility of a steady source of aluminosilicates. One 
material that meets such a criterion is laterite. Laterite is abundantly found in most countries, 
situated in the tropical and subtropical regions of the world. Despite this, the potential of laterite 
as a source of aluminosilicates is yet to be exploited, and one of the limitations impeding the 
acceptance and development of geopolymer cement derived from laterite is the lack of 
information regarding its durability performance. Consequently, this paper presents the 
framework of an ongoing study on the viability of laterite as a source of aluminosilicates in 
geopolymerisation, with emphasis on the transport properties and corrosion of steel in laterite-
based geopolymer concrete. For this investigation, imaging analysis and nano-analytics will be 
employed to probe the microstructure. It is envisioned that the findings of this study will fill the 
current gap in knowledge regarding the afore-mentioned properties and further the use of 
laterite as a source of aluminosilicates in producing green and affordable cement. 

 
Keywords: geopolymer, laterite, microstructure, steel corrosion, transport properties  

 

1. INTRODUCTION 
The need for eco-friendly and affordable cement is the current driving force behind the 

research and development of alternative cements, such as those based on alkali or acid 
activation technology. One novel class of materials that falls in this category is geopolymer. 
Geopolymers are inorganic polymeric materials synthesised from the reaction of 
aluminosilicate materials (usually called the precursors) with an alkaline or acidic reagent. 
These materials consist of chains or networks of molecules linked by covalent bonds and have 
a broad range of applications [1].  

Geopolymer technology presents a promising opportunity of producing low cost and green 
cement-based materials, which is much needed in the least developed and developing countries, 
where the needs for low-cost housing, road infrastructure, water reticulation system, to name a 
few, are ostensible. However, the utilisation of this technology strongly depends on the 
accessibility of a steady source of aluminosilicates, as the availability of locally sourced 
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precursors is an essential factor in determining the acceptance and utilisation of alkali-activated 
binders [2].  

Considering that access to industrial wastes in underdeveloped and less-industrialised 
countries is a major problem, the need for other sources of aluminosilicate materials is self-
evident if geopolymer technology is to be utilised. Thus, the only available source of 
aluminosilicates that should be exploited in these regions is geological materials [3]. One 
potential geological material that could be used as a source of aluminosilicates and exists in 
vast quantities exceeding the likely global production of cement-based materials [2], but has 
not received the deserved attention, is laterite or lateritic soil.  

Laterite is a reddish or rust-coloured soil found mostly in the tropics and subtropics, 
developed as the result of long and intensive weathering of the underlying parent rock. This 
material is poorly crystallised, rich in iron and aluminium; and mainly consists of goethite, 
hematite, kaolinite, and gibbsite minerals. Laterite has long had a history of being used as a 
construction material. Dating back as far as 1000 years ago in Southeast Asia, laterite soil was 
cut in the form of large blocks and used in the construction of temples [4]. Apart from being 
used as a compressed stabilised earth block (CSEB) in modern time [5], laterite has also found 
usage in road construction, as road base material and road surface pavement [6], in the 
development of earth dams and the concrete industry as Portland cement replacement material. 
It has been proven that calcined laterite has pozzolanic properties and can be used as cement 
replacement in the production of Portland cement-based materials [7, 8]. Laterite or lateritic 
soil, as a construction material, suits the context of sustainability and is promising for middle- 
and low-income countries, most notably regarding chemical activation.  

Despite being a potential source of aluminosilicates, laterite has received less attention from 
researchers. There are scant publications on the use of laterite as an aluminosilicate precursor 
compared to the vast publications and reviews available on the properties, characterisations and 
performance of alkali-activated binders based on metakaolin, fly ash, and blast-furnace slag [9], 
which are considered the most-used aluminosilicate precursors [10]. Although there is a 
substantial amount of information on the mostly used aluminosilicate precursors, knowledge of 
these materials is not easily transferable, given that the properties and performance of alkali-
activated binders strongly depend on the chemical and mineralogical compositions of the 
aluminosilicate precursors as well as the mix design, activators, and the curing process. Thus, 
other potential sources of aluminosilicates, such as laterite, must be subjected to full scrutiny.  

2. LATERITE AS A SOURCE OF ALUMINOSILICATES 
Laterite, as a source of aluminosilicates, has just attracted attention in recent time, and most 

of the publications on the use of laterite as a source of aluminosilicates are under the name 
geopolymer. It is worth mentioning that this review only captures work on lateritic material 
sourced from the tropics or subtropics. Results from previous investigations indicate that 
laterite-based geopolymer is suitable for construction purposes. However, these investigations 
lack comprehensive information about the durability performance of laterite-based geopolymer. 
Obonyo et al. [11] investigated the suitability of using laterite as a solid precursor in 
geopolymerisation. In their study, portions of the laterite ranging from 15 – 35% by weight 
were calcined at 700 °C to serve as nucleation sites for the geopolymerisation. The authors 
examined the final product for stability in water, biaxial flexural strength, pore size distribution 
and the microstructure. They found that the final product exhibited excellent stability in water, 
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low porosity and water absorption, and flexural strength comparable to that of conventional 
concrete. Lamougna et al. [12] examined the influence of curing temperature and the amount 
of sodium hydroxide (NaOH), the sole activator, on the compressive strength of laterite-based 
geopolymer. The authors reported that both the curing temperature and alkali concentration 
influenced strength development. 

Similarly, studying the potential of utilising laterite as a raw material in geopolymerisation, 
Gualtieri et al. [13] studied the mechanical and microstructural properties of phosphoric acid 
activation and sodium silicates activation of laterite and found that the laterite-based 
geopolymer synthesised with phosphoric acid exhibited better mechanical properties and low 
porosity than the sodium silicates activation. Lamougna et al. [14] investigated the effects of 
replacing laterite with slag and calcite on the development of laterite-based inorganic polymer. 
The replacement level ranged from 5 – 50% and 2 – 20%, for the slag and calcite, respectively. 
The authors reported the calcite to have little influence while the replacement of the laterite 
with slag from 20% and above, had significant improvement on the compressive strength and 
the microstructure.   

Studying the influence of calcination temperature on fully indurated laterite, Kaze et al. [15] 
examined water absorption, flexural strength, and the microstructure of laterite-based 
geopolymer. The authors reported 500 °C to be the optimum calcination temperature in terms 
of flexural strength and dense microstructure. Still concerned with the performance of laterite-
based geopolymer, Kaze et al. [16] investigated the flexural strength, water absorption, porosity 
and microstructure of laterite-based geopolymer containing rice husk ask (RHA) at 10 – 40% 
replacement level, cured at room temperature and 90 °C. The authors reported significant 
improvement in the mechanical properties and microstructure of the laterite-based geopolymer 
containing RHA at higher replacement level and curing temperature. Kaze et al. [17] also 
investigated the effect of silicate modulus with varying NaOH concentration on the initial and 
final setting times, compressive strength and microstructure of laterite-based geopolymer cured 
at room temperature and found the setting times to decrease with increasing NaOH 
concentration while the compressive strength and microstructure improved with increasing 
concentration of NaOH and decreasing silicate modulus.    

As stated above, the current research on the activation of laterite as a cement-based material 
has focused chiefly on strength development, the influence of curing temperature, soundness in 
water, and the microstructure. None has detailed neither the flow behaviour of the fresh mix 
nor the durability performance regarding corrosion of steel, the most common deterioration 
mechanism associated with reinforced concrete [18] or the transport properties, which often 
serve as indicators of durability [19]. These are essential aspects that should be understood if 
alkali- or acid-activated laterite is to be utilised as cement-based material.  

3. SCOPE OF THE ONGOING INVESTIGATION 
The focus of this investigation is on the durability aspects of steel corrosion in laterite-based 

geopolymer concrete and its transport properties. However, the scope of this investigation also 
covers the rheology, setting times (initial and final) and reaction kinetics of the fresh mix, as 
well as strength development and microstructural analyses of the hardened laterite-based 
geopolymer concrete.   
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4. EXPERIMENTAL FRAMEWORK  

4.1 Laterite Characterisation  
Various techniques will be employed in characterising the physical and chemical properties 

of the laterite. The physical properties of interest are the particle size distribution, specific 
gravity, surface area and SEM micrography, while those of the chemical are the oxide 
composition, mineralogical phases, and elemental composition.  

As illustrated in Figure1, the characterisation of the laterite will begin with preliminary 
chemical analyses (XRF & XRD) to establish whether the material is suitable for this 
investigation. Subsequently, the laterite will be milled to pass a sieve size of 45 µm, and thermal 
analyses (DSC-TGA) will be conducted to determine the dehydroxylation temperature, 
followed by the calcination of a portion of the milled laterite. Next, the final chemical analyses 
(XRF, XRD and SEM/EDS) will be conducted for both calcined and uncalcined parts of the 
laterite. Then, the particle size distribution (PSD), specific gravity (SG), surface area (SA) and 
SEM micrography will be obtained. 

 
Figure 1: Flowchart of the Laterite Characterisation Process. 

4.2 Concrete Mix Designs 
Two (2) categories of mixes will be considered in this investigation, Geopolymer Mixes and 

Hybrid Mixes. Each category will comprise two mixes: consisting of calcined and uncalcined 
laterite. The geopolymer mixtures will consist solely of laterite as the precursor (100% laterite), 
while the hybrid will consist of 70 – 80% laterite & 20 – 30% Portland cement.  

All mixes will be activated with the same activator(s). The optimum mix design of the 
geopolymer mixtures will be achieved after several trial mixes, and the critical factors to be 
considered during the mix design process are the workability, setting at ambient temperature 
and strength development. The liquid-to-solid ratio, type of activator(s) and concentration will 
be determined during the trial mixes. Once the optimum mix design is established, the hybrids 
will be tailored to suit the sole laterite mixes in terms of consistency and workability.  

4.3 Rheology, Setting time and Reaction Kinetics    
The rheology of the fresh mix will be examined by a free flow test (slump) which will 

evaluate workability and consistency. Vicat apparatus will be used for the determination of the 
initial and final setting times, and the reaction kinetics (heat evolution) will be studied by 
measuring the heat released during the geopolymerisation process with an isothermal 
calorimeter.  
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4.4 Strength Development 
The strength development of the mixes will be explored using the compressive strength and 

splitting tensile strength tests. The compressive and splitting tensile strengths tests will be 
conducted in accordance with the South African National Standards, and the trend of strengths 
development will be tracked up to 52 weeks after casting. 

4.5 Microstructural Analyses 
The microstructural analyses cover phase identification of the products of geopolymerisation 

and analyses of the pore structures (porosity, pore size and pore size distribution). The pore 
structures will be analysed by SEM imaging and mercury intrusion porosimetry (MIP), whereas 
the phase identification involves XRD and EBSD in combination with EDS. EDS and EBSD 
will consist of both micro- and nanoscale analyses. The TGA technique will also be employed 
in the microstructural characterisation to complement results of the XRD and EBSD/EDS 
analyses.  

4.6 Durability Performance 

4.6.1 Transport Properties 
The transport properties of the laterite-based geopolymer concrete will be studied from the 

perspective of resistance to penetration. The resistance to penetration will be evaluated against 
gas permeation, moisture absorption, and chloride diffusion, and these will be assessed by the 
South African Durability Indexes. 

4.6.2 Steel Corrosion Resistance 
The steel corrosion resistance of laterite-based geopolymer concrete will be evaluated based 

on chloride-induced corrosion since chloride is the most aggressive corrosion-inducing species 
in the environment. This corrosion resistance study involves the depth of chloride penetration, 
the electrical resistivity, the half-cell potential, the corrosion rate, and the mass loss of the 
rebars. A Coulostat meter will be employed to measure the corrosion rate, electrical resistivity 
of the specimens and the half-cell potential of the rebars. The mass loss of the rebars will be 
evaluated by gravimetric analysis. A resistivity meter and half-cell meter will also be used to 
verify or complement the electrical resistivity and half-cell potential measurements, 
respectively, obtained from the Coulostat meter. 

5. CONCLUDING REMARKS  
This study seeks to examine the viability of laterite as a source of aluminosilicates with 

emphasis on the durability performance of laterite-based geopolymer concrete, which covers 
steel corrosion and the transport processes of gas permeation, moisture absorption, and chloride 
diffusion. These are essential durability aspects that should be understood if alkali- or acid-
activated laterite is to be utilised as cement-based materials. It is anticipated that the findings 
of this study will fill the current gap in knowledge regarding the corrosion of steel in laterite-
based geopolymer concrete and its durability-related transport properties and promote the use 
of laterite as a source of aluminosilicates in producing green and affordable cement.  
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ABSTRACT 
Geopolymer cements are alumino-silicate based binders, currently touted to be potential 

alternatives to traditional cement binders. Geopolymers are suggested to possess numerous 
beneficial properties, such as high chemical stability (durability), high-temperature stability 
and, low carbon footprint. This study sought to assess the performance of fly as set of fly ash-
based geopolymer concretes under acid testing (HCl). The mineral acid testing program 
attempted to determine the performance of geopolymer concrete specimens under static 
corrosion and erosion-corrosion. Static corrosion was simulated using HCl immersion tests 
while erosion-corrosion was simulated using the dynamic HCl test rig developed at the 
University of Cape Town. Portland cement and calcium aluminate cement concrete mixed with 
calcareous aggregates (dolomite) were used as control specimens, while geopolymer concretes 
made use of both siliceous and calcareous aggregates. The corrosion testing showed that the 
resistance of geopolymer concretes exposed to hydrochloric acid in dynamic and static 
conditions was significantly greater than Portland cement concrete and calcium aluminate 
concrete. The study also showed that the acid resistance of geopolymers can further be 
improved by pairing them with siliceous aggregates instead of calcareous aggregates. 

 
Keywords: geopolymers, hydrochloric acid, resistance, concrete. 

 

1. BACKGROUND 
Geopolymers have been touted as promising binders possessing superior acid resistance 

compared to traditional cement types [1] [2]. Acid resistance is a desirable property for 
infrastructure such as concrete sewer pipe, which is subjected to a complex biogenic corrosion 
process known as microbially-induced corrosion (MIC). Therefore a significant amount of 
attention has been placed on the resistance of concrete to microbially-induced acid corrosion. 
It is important to note that MIC is a complex phenomenon, wherein complexity arises from, 
complex sewer exposure conditions (sewer biome, temperature/client, effluent flow regimes 
etc.), the complexity of concrete as a composite material, and the complex interactions of acids, 
bacteria and corrosion products. 

Previously, researchers focusing on MIC resistance of concrete have cautioned against the 
use of mineral acid testing to assess the performance of cementitious materials subjected to 
microbially-induced corrosion (MIC) [3] [4]. This view is partly based on results emanating 



YCRETS 2021  117

Page  2 

from mineral acid tests that did not correspond to field measurements [3]. Furthermore, 
researchers [5] [4] suggest, in addition to the chemical stability of concrete, certain protective 
mechanisms between the concrete substrate and acid-producing bacteria (sulfur-oxidizing 
bacteria) have a strong bearing on corrosion performance [6]. One such mechanism by which 
the concrete substrate is thought to influence corrosion is by means of the bacterio-static effect, 
which manifests either through the presence of toxic materials within sound concrete [7], or the 
liberation of toxic corrosion products during corrosion [6].  

A second resistance mechanism is the release of protective precipitates such as alumina gel 
(AHx) in corroding calcium aluminate cement concretes, which are thought to act as a physical 
barrier, blocking acids from sound concrete [5].It should be noted that the two corrosion 
protection mechanisms identified above are not exhaustive and that they occur in addition to 
the chemical resistance of concrete. Thus, chemical stability plays a significant role in 
concrete’s resistance to both mineral acid corrosion and microbially-induced corrosion. To 
select durable materials for these corrosive environments, this study proposed that mineral acid 
tests could be a useful tool to measure the performance of competing concrete mixtures if the 
limitations of these tests are understood.  
 

2. MATERIALS AND METHODS 

2.1 Materials 
The types of cement used to produce concrete test specimens are shown in Table 1 together 

with data on their relative densities. Portland cement and calcium aluminate cement were 
intended to be used in control specimens. 

 
Table 1: Cement types used in the study 
Cement type and origin Relative density (of Hardened 

cement paste)  
Loose bulk 
density (kg/m3) 

CEM I, 52.5 R, Portland cement 
from PPC 3.1 1260 

Cement Fondu-calcium aluminate 
cement (Brand: Imerys) 3.3 1370 

Fly ash-based geopolymer cement 
developed by CSIR Smart Places. 2.5 1020 

 
Two classes of aggregate were used in the experiment, namely siliceous and calcareous 

aggregates. The five aggregate types are listed below in Table 2. 
 
Table 2: Aggregates used in the study 
Aggregate type Fineness modulus Chemical class 
Granite  4.65 Siliceous 
Ferro-quartz 4.79 Siliceous 
Dolerite 4.95 Siliceous 
Andesite 4.99 Siliceous 
Dolomite 5.28 Calcareous 
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2.1.1  Concrete mix designs 
A total of 7 concrete mixes were prepared for corrosion testing. All concrete mixes prepared 

in the study were “dry” mixes, which were subsequently compacted to achieve a dense concrete 
matrix. The control specimens were produced from Portland cement and calcium aluminate 
cements paired with dolomite aggregate according to the recipe provided in Table 3. 

 
Table 3: Mix design of control specimens 

Concrete mix component  

Mix proportion as a 
percentage of the 
total mass 

Mix Ratio 
(by mass) 

CAC/PC 23% 1 
Dolomite aggregate (fine: coarse ratio = 
33:44) 77 % 

3.35 

Water-cement ratio 0.37 
 

Geopolymer cement was paired with all 5 types of aggregate according to the mix recipe 
provided in Table 4. 

 
Table 4: Mix design of geopolymer concrete specimens. 

Concrete mix component 

Mix proportion as a 
percentage of the 
total mass 

Mass Mix Ratio 

Fly ash-based geopolymer 17% 1 
Aggregate (fine: coarse ratio = 33:44) 83 % 4.89 
Geopolymer solids to geopolymer 
liquids ratio (similar to water-cement 
ratio) 0.37 

 
*Concrete specimens prepared for the static test did not include coarse aggregate, however, 

the ratio of aggregate to binder was kept constant. 
* Because the density of fly ash-based geopolymer binder is significantly lower than 

Portland and calcium aluminate cement (see Table 1), the proportion of binder in the 
geopolymer concretes was reduced to have the volumetric ratio of binder to aggregate in the 
control specimens approximately equivalent to the Portland cement and calcium aluminate 
cement concrete mixes. 

2.2 Materials characterisation (XRD) 
To identify the crystalline phases of hardened cement paste and aggregate, X-Ray diffraction 

analysis was employed. The materials were analysed with a Malvern Panalytical Aeris 
diffractometer with PIXcel detector and fixed slits with Fe filtered Co-Kά radiation. The phases 
were identified using X’Pert Highscore plus software. 

2.2.1 Static corrosion testing 
Mineral acid attack under static conditions involved placing 50 mm concrete cubes in a 

hydrochloric acid bath (Figure 1). The pH was maintained between 1 and 1.1 by adding 
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concentrated acid into the PVC bucket while measuring the pH using a calibrated pH meter. 
Furthermore, the acid was fully replaced every 24 hours. The concrete cube specimens were 
first placed in water for 4 hours and their saturated surface dry mass was recorded together with 
their dimensions. Four cubes of the same type are placed into 5 Litres of acid (HCl) solution of 
pH 1. Four concrete specimens of each mix design were placed in a container and submerged 
in 5 litres of pH 1 acid solution. Therefore, the total initial surface area subjected to acid attack 
for each specimen was 150 cm2, and the total initial surface area of concrete specimens within 
a bucket containing 5 litres of pH 1 acid was 600 cm2. The ratio of initial surface area to the 
volume of pH 1 acidic solution is 0.12 m2/m3 (600cm2/5000cm3). 
 

 
Figure 1: Static test configuration 

The effect of corrosion on the concrete specimens was measured by taking the mass of the 
corroding specimens over a period of 800 hours. Mass measurements were taken twice every 
24 hours. 

2.2.2 Dynamic hydrochloric acid testing 
The dynamic acid test involves subjecting concrete specimens to both acid attack and 

abrasion simultaneously, making it a highly aggressive test. This test is typically conducted 
over 48 hours, however clear have been observed within 24 hours of testing ( [8], [9]). A 
compartment was filled with approximately 50 ℓ of a hydrochloric solution (pH=1). Cored 
cylindrical concrete specimens (78 mm diameter × 125 mm) were firstly pre-saturated with tap 
water for four hours. Thereafter they were immersed in the acid tank and rotated at 
approximately 16 revolutions per minute over rubberised rollers driven by rubber pulleys 
connected to an electric motor (Figure 2). A PVC brush is lowered onto the surface of the 
specimen to dislodge any loose erodible material forming at the surface of the specimen.  
 

50 mm concrete cubes 
of identical mix 

design 
 

5 litres of pH = 1 
HCl solution. 

10 litre PVC bucket 
with lid 

Plastic grid  
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Figure 2: Dynamic acid test configuration 

The effect of corrosion on the concrete specimens was measured by taking the mass of the 
corroding specimens over a period of 48 hours. Mass measurements were taken every two 
hours. 
 

3. RESULTS  
3.1  XRD analysis of hardened cement pastes 

Table 5, Table 6 and Table 7 show the minerals identified from XRD analysis and their 
proportions within the hardened cement binders. Furthermore, data on the solubility of the 
minerals identified via XRD analysis was collected from a mineral solubility database [10]. The 
hardened geopolymer paste was found to be primarily made up of amorphous content, while 
the crystalline phases were largely made up of mullite and quartz. In Portland cement hydrated 
paste, calcium bearing minerals such as calcite, Portlandite and hatrurite are soluble in acids. 
The amorphous phases are likely to be calcium silicate hydrates (C-S-H). X-ray diffraction 
graphs of Portland cement paste typically exhibit very broad bands due to their low crystallinity. 
The hydrated CAC paste has a high proportion of amorphous content. Krotite (12.8%), 
srebrodolskite (7.1%) and katoite (6.7%) make up the bulk (29.9%) of crystalline content.  

 
Table 5: Mineralogy of hardened geopolymer cement paste obtained by quantitative XRD 
analysis and the solubility of the identified mineral. 
Mineral Percentage Chemical 

formula 
HCl 

solubility 
H2SO4 

solubility 
Quartz 8.7% SiO2 Insoluble Insoluble 
Mullite 13.9% 3Al2O3·2SiO2 Insoluble Insoluble 
Hematite* 0.9% Fe2O3 Soluble Insoluble 
Sillimanite 3.5% Al2SiO5 Insoluble Insoluble 
Calcite* 1.0% CaCO3 Soluble Soluble 
Amorphous 
content 

72.0%    
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Table 6: Mineralogy of hydrated PC paste obtained by quantitative XRD analysis 
Mineral Percentage Chemical 

formula 
HCl 

Solubility 
H2SO4 

solubility 
Quartz 0.5% SiO2 Insoluble Insoluble 
Mullite 0.7% 3Al2O3·2SiO2 Insoluble Insoluble 
Calcite* 2.0% CaCO3 Soluble Soluble 
Portlandite* 6.3% Ca(OH)2 Soluble Soluble 
Hatrurite * 11% Ca3(SiO4)O (No data) (No data) 
Gypsum 0.5% CaSO4 Soluble Insoluble 
Amorphous 79%    

 

Table 7: Mineralogy of hydrated CAC paste obtained by quantitative XRD analysis 
Mineral Percentage Chemical 

formula 
HCl 

solubility 
H2SO4 

solubility 
Cristobalite 0.5% SiO2 Insoluble Insoluble 
Quartz 0.3% SiO2 Insoluble Insoluble 
Magnetite 0.2% FeO·Fe2O3 Soluble Insoluble 
Katoite 6.7% Ca3Al2(SiO4) 

(OH)8 
(no data) (no data) 

Dolomite 1.4% CaMg(CO3)2 Soluble (if 
heated) 

Insoluble 

Srebrodolskite 7.1% Ca2Fe3+2O5 (no data) (no data) 
Hedenbergite 0.1% CaFe2+Si2O6 Insoluble (no data) 
Krotite 12.8% CaAl2O4 (no data) (no data) 
Chromite 1.2% FeCr2O4 Insoluble Insoluble 
Amorphous 70.1%    

 
3.2   XRD of Aggregates 

Ferro-quartz XRD results show a high proportion of quartz mineral with minute quantities 
of hematite and biotite. Quartz has high chemical stability and thus can be considered fully 
resistant to acid attack. Biotite and hematite are both soluble in concentrated acids however, 
their contribution to total acid resistance is negligible as they constitute only 1% of the 
mineralogy of the ferro-quartz aggregate. 

 
Table 8: Mineralogy of ferro-quartz aggregate obtained by quantitative XRD analysis 
Mineral Percentage Chemical formula HCl solubility H2SO4 

solubility 
Quartz 99% SiO2 Insoluble Insoluble 
Hematite 0.1% Fe2O3 Soluble Insoluble 
Biotite 0.9% K(Mg,Fe)3AlSi3O10(OH)2 Insoluble Soluble 
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The mineralogy of dolomite is mainly constituted by dolomite crystals (75%) and quartz 
(24.1%). This aggregate, therefore, has high acid solubility as quartz constitutes only a quarter 
of its mineral composition.  

 
Table 9: Mineralogy of dolomite aggregate obtained by quantitative XRD analysis 
Mineral Percentage Chemical formula HCl solubility H2SO4 

solubility 
Quartz 24.1% SiO2 Insoluble Insoluble 
Dolomite 75.7% CaMg(CO3)2 Soluble Soluble 
Biotite 0.3% K(Mg,Fe)3AlSi3O10(OH)2 Soluble Soluble 

 
Labradorite is the main mineral found in dolerite aggregate at 58.5%. This feldspar mineral 

is soluble in HCl and H2SO4. The reaction of labradorite feldspar with aqueous solutions at pH 
= 1 and 2.0 produce a surface that is depleted in calcium and aluminium and is enriched in 
silicon [11]. 

 
Table 10: Mineralogy of dolerite aggregate obtained by quantitative XRD analysis 
Mineral Percentage Chemical formula HCl solubility H2SO4 

solubility 
Quartz 3.7% SiO2 Insoluble Insoluble 
Augite 16.8% (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6 Insoluble Insoluble 
Smectite 14 6.9% A0.3D2-3[T4O10]Z2 · nH2O Insoluble (no data) 
Labradorite 58.5% ((Ca, Na)(Al, Si)4O8) Soluble Soluble 
Muscovite 1.4% KAl2(AlSi3O10)(F,OH)2 Insoluble Insoluble 
Enstatite, 
ferroan 

12.7% Mg2Si2O6 Insoluble Insoluble 

 

Andesite aggregate has two minerals regarded as being acid-soluble, clinochlore and 
clinozoisite. They constitute 13% and 5.8% of andesite’s mineralogy respectively. Clinochlore, 
a mineral belonging to the chlorite group of minerals is soluble in acids is reported to be soluble 
in HCl [10].  

 
Table 11: Mineralogy of andesite aggregate obtained by quantitative XRD analysis 
Mineral Percentage Chemical formula HCl 

solubility 
H2SO4 

solubility 
Microcline 3.1% KAlSi3O8 Insoluble Insoluble 
Quartz 11.9% SiO2 Insoluble Insoluble 
Clinochlore 13% Mg5Al(AlSi3O10)(OH)8 Soluble Soluble 
Actinolite 18.1% Ca2(Mg,Fe)5Si8O22(OH)2 

 

Soluble (no data) 
Diopside, 
ferroan 

6.1% CaMgSi₂O₆ Insoluble Insoluble 

Albite 42.1% Na(AlSi3O8) Insoluble Insoluble 
Clinozoisite 5.8% {Ca2}{Al3}(Si2O7)(SiO4)O(OH) Soluble Insoluble 
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The mineralogy of granite aggregate is largely made up of acid-insoluble minerals. The 
major minerals detected by XRF are albite (48.3%), microcline (15.9%) and quartz (32.7%). 
Small amounts of soluble minerals are also present in the form of clinochlore and actinolite. 
 
Table 12: Mineralogy of granite aggregate obtained by quantitative XRD analysis 
Mineral Percentage Chemical formula HCl 

Solubility 
H2SO4 

solubility 
Albite 48.3% Na(AlSi3O8) Insoluble Insoluble 
Biotite 2.4% K(Mg,Fe)3AlSi3O10(OH)2 Insoluble Soluble 
Microcline 15.9% KAlSi3O8 Insoluble Insoluble 
Quartz 32.7% SiO2 Insoluble Insoluble 
Clinochlore 
llb-2 

0.6% Mg5Al(AlSi3O10)(OH)8 Soluble Soluble 

Actinolite 0.1% Ca2(Mg,Fe)5Si8O22(OH)2 Insoluble (no data) 
 
3.3   HCl corrosion testing 

The corrosion rates observed in both the static HCl test and the dynamic HCl test were 
generally linear when measured in terms of mass loss over time for the specimens tested. The 
averaged corrosion rates for each concrete mix type are ported in Table 13 for the static HCl 
test and Table 14 for the dynamic HCl test. 

 
Table 13: Ranked performance of GP/PC/CAC concrete mixes tested in the static HCl test 
Rank in 
resistance Concrete mix Corrosion rate 

(mg/cm2/hr) 
1 GP-ferro-quartz 0.056 
2 GP-granite 0.0587 
3 GP-andesite 0.086 
4 GP-dolerite 0.14 
5 CAC-dolomite 0.27 
6 GP-dolomite 0.54 
7 PC-dolomite 3.85 

 
Table 14: Ranked performance of GP/PC/CAC concrete mixes tested in the dynamic HCl test 
Rank in 
resistance Concrete mix 

Corrosion rate 
(mg/cm2/hr) 

1 GP-ferro-quartz 0.19 
2 GP-granite 0.44 
3 GP-andesite 0.46 
4 GP-dolerite 4.43 
5 GP-dolomite 21.1 
6 PC-dolomite 34.12 
7 CAC-dolomite 52.1 
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4. DISCUSSION 
XRD analysis showed that the three binders consisted of mostly amorphous phases. The 

amorphous content of Portland cement was 79%, calcium aluminate cement 70.1% and the 
amorphous content of geopolymer cement was 72%. Thus, only the mineralogy of the 
crystalline phases was characterised. Of significance was that the fly ash-based geopolymer’s 
mineralogy consisted of acid-insoluble minerals (under ambient temperature and pressure). 
Mullite (13.9%) and quartz (8.7%) were the main insoluble minerals in geopolymer hardened 
cement paste. Much of the insoluble mullite was attributed to fly ash used in the geopolymer 
binder. The crystalline phase Portland hardened cement pastes consisted mainly of portlandite 
(6.3%) and haurite (11%), which are acid-soluble minerals. The crystalline phase of calcium 
aluminate cement hardened paste was found to consist mainly of krotite (12.8%) and katoite 
(6.7%), the solubility of these minerals was not established. On the other hand, the mineralogy 
of aggregates was analysed to consist of crystalline phases (99% or more).  

Even though this study was focused on geopolymers, the control specimens also exhibited 
noteworthy behaviour. The performance of the CAC-dolomite concrete mix in the dynamic HCl 
test was significantly poorer than its performance in the static HCl test. The reduced 
performance of the CAC-dolomite concrete mix in the dynamic HCl test is attributed to the 
protection provided by alumina gel (AHx) being rendered ineffective by the abrasive action of 
the bristles in the dynamic HCl test. Under the static HCl test, the most resistant fly ash-based 
GP concretes (GP-ferro-quartz) provided a 69-fold improvement in acid corrosion resistance 
when compared to PC-dolomite concretes and a 4.82 fold improvement in acid corrosion 
resistance when compared to CAC-dolomite concretes. CAC-dolomite concrete was found to 
have the highest difference in performance between the dynamic HCl test and the static HCl 
test. 

The results from the dynamic acid test showed that the resistance fly ash-based GP concretes 
under erosion-corrosion is significantly higher than both CAC and PC concretes. Under the 
dynamic HCl test, the best performing fly ash-based GP concrete (GP-ferro-quartz) provided 
up to a 180-fold improvement in resistance when compared to PC-dolomite concretes, and up 
to a 275-fold improvement in resistance when compared to CAC-dolomite concretes.  
Furthermore, the highest acid resistance was achieved using geopolymer concretes with 
siliceous aggregates. In the geopolymer concrete mixes, aggregates with a low proportion of 
soluble minerals such as ferro-quartz and granite produced concrete mixes with the highest acid 
resistance. 

5. CONCLUSION 
The study showed that geopolymer concretes offer a significant improvement to traditional 

binders under static and dynamic HCl testing. Static testing is used to approximate the 
conditions under static corrosion whereas dynamic testing is used to approximate the condition 
of erosion-corrosion. The resistance of geopolymer concrete to HCl corrosion can generally be 
improved by paring geopolymer cement with siliceous aggregates in the concrete mix. The 
study found that geopolymer cement paired with ferro-quartz aggregate yielded the lowest 
corrosion rates in both the static and dynamic HCl test. Calcium aluminate cement concrete 
paired with dolomite aggregate provided with lowest resistance in the dynamic HCl test. This 
result is attributed to effectiveness of a protective gel in calcium aluminate cement, referred to 
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as alumina gel (AHx) by researchers [6] [5] is rendered ineffective under dynamic HCl test 
conditions.  
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ABSTRACT 
Reinforced concrete structures in the marine environment experience early deterioration 

problems due to chloride-induced steel corrosion. High chloride concentrations available and 
the waving action in exposure conditions such as the marine tidal zone makes the steel 
reinforcement vulnerable to corrosion. For this reason, modern procedures for reinforced 
concrete design are aimed at designing concrete that can resist weathering as well as corrosion 
to maintain quality and serviceability when exposed to the harsh marine environment. The use 
of blended cements in modern concrete production is notably increasing. This is because the 
introduction of supplementary cementitious materials (SCMs), such as ground granulated blast 
furnace slag (GGBS), fly ash (FA), silica fume (SF), etc., to produce blended cements in 
concrete technology produces dense and impermeable concretes. However, SCMs show 
different characteristics and performance under different exposure conditions. The main aim of 
this paper is to critically review the influence of blended cements on the rate of corrosion in 
concrete exposed in a marine tidal zone. This paper also explores the suitability of the 
classification of exposure zone in the marine environment used in European standards (EN 
206), adopted in South Africa. 

 
Keywords: blended cement, reinforced concrete, chloride-induced corrosion, corrosion rate, 
marine tidal zone.  

1 INTRODUCTION  
Reinforced concrete (RC) structures in the marine environment experience premature 

deterioration problems due to chloride-induced steel corrosion. High chloride concentrations 
available and the waving action in exposure conditions such as the marine tidal zone make the 
steel reinforcement vulnerable to corrosion. Depending on the exposure conditions, chloride 
ions in seawater can penetrate the concrete by diffusion, convection, permeation, and wick 
action [1]. However, a combination of convection and diffusion is the dominant mode of 
chloride transport in a marine tidal exposure conditions.  

For steel corrosion to be initiated, a certain amount of chlorides (referred to as chloride 
threshold) at the level of steel is required [2, 3, 4]. Consequently, the passive protective oxide 
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layer around the steel reinforcement, which is formed as a result of high pH conditions (ranging 
from 12 – 13) in the concrete pore structure is disturbed and subsequently leading to corrosion 
initiation [5]. The corrosion initiation is followed by the formation of cracks, spalling of cover 
concrete, etc. in the propagation phase [6]. The propagation phase is mostly influenced by the 
availability of moisture and oxygen [1, 5].  

Modern design procedures are aimed at designing RC structures that can resist weathering 
and corrosion to maintain quality and serviceability when exposed to the harsh marine 
environment. The use of blended cements incorporating supplementary cementitious materials 
(SCMs), such as ground granulated blast furnace slag (GGBS), fly ash (FA) and silica fume 
(SF) in modern concrete production has therefore increased. This is because blended cements 
produce dense and impermeable concretes [7] that improve the durability of RC structures 
[9,10].  

This paper critically reviews the influence of blended cements on steel corrosion in RC 
structures in a marine tidal zone. This will enable engineers with the knowledge to enhance the 
service life of reinforced concrete structures with blended cements. It also explores the 
suitability of the classification of exposure zone in the marine environment used in European 
standards [11], adopted in South Africa [12]. 

2 SUPPLEMENTARY CEMENTITIOUS MATERIALS 
Supplementary cementitious materials (SCMs) are used to partially replace a portion of plain 

Portland cement (PC). FA, GGBS, and SF are the most commonly used SCMs in South Africa. 
These materials are categorised as pozzolans and hydraulic materials [13]. The incorporation 
of SCMs in concrete improves its durability properties through pozzolanic or hydraulic activity, 
or a combination [13]. 

For example, low calcium FA, SF and other natural pozzolans such as metakaolin (calcined 
clay) and volcanic ash exhibit pozzolanic behaviour when used in concrete, whereas high 
calcium FA exhibits both pozzolanic and hydraulic reactions. In contrast, GGBS exhibits 
limited hydraulic behaviour due to its ability to form hydration products when in contact with 
only water [13]. For this reason, hydraulic SCMs can, independently of plain PC, harden or 
gain strength, however when jointly used with PC, chemical reactions are accelerated [13].  

Guneyisi et al. [14] studied the properties of different SCMs and their durability performance 
when used in concrete. A performance variation in reinforcement corrosion and concrete 
resistivity was observed, where other SCMs yielded better resistance to reinforcement corrosion 
than others, based on their replacement levels.  Further, they highlighted that the performance 
variation was attributed to SCM physical, chemical, and mineralogical composition as a result 
of their production and the properties of the raw material used. Other studies found that SCMs 
reduce the amount of calcium hydroxide in concrete due to the dilution effect and pozzolanic 
reaction [15, 16]. As a result, the reduction of calcium hydroxide weakens the passivity of the 
reinforcing steel [17]. Therefore, careful consideration of the type and the content of the SCM 
to be used in a particular concrete mixture is paramount because of the varying impact of SCM 
on concrete properties, which in turn influences their durability performance. The reader is 
referred to Thomas [13] for in-depth details on the origin of SCMs. 
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3 THE INCLUSION OF BLENDED CEMENTS IN CONCRETE 

3.1 Influence of blended cements on corrosion rate 
 
Lopez-Calvo et al. [18] studied the influence of cover depth on the corrosion of steel in high-

performance concrete (HPC) against the concrete quality and specimen crack width in 
laboratory simulated tidal conditions. The concrete contained corrosion inhibitors and 20% fly 
ash. A reduction in corrosion rate was observed in concrete specimens containing fly ash, 
regardless of the concrete cover and crack width. Similarly, Otieno et al. [19] conducted an 
experimental study on chloride-induced corrosion of steel in an accelerated (cyclic wetting and 
drying) and natural marine environment. A variation in cover depth of 20 mm and 40 mm was 
employed. The concrete specimens were made of 100% PC and a partial replacement of the 
Portland cement with SCMs (30% FA or 50% GGBS). They observed that the inclusion of 
SCMs results in a significant decrease in corrosion rate at a given cover depth. 

In a recent study, Baten et al. [20], checked the corrosion vulnerability of RC structures using 
different blended cements and a variation in cover depth. In concrete mixes containing 30 - 40% 
of GGBS, the results yielded moderate resistance to corrosion. The study further pointed out 
that the performance of GGBS concretes improved with the increase in cover thickness and 
higher compressive strength values. Whereas concrete mixed with 30 - 40% FA yielded higher 
corrosion resistance even at lower cover depths but with slow strength development. The high 
corrosion resistance may be attributed as a result of higher silica content and a larger amount 
of calcium-silicate-hydrate (C-S-H) in FA concretes, with the latter leading to a more refined 
pore structure, hence stifled corrosion [21]. 

Further, Otieno [10] showed that the diffusion coefficient values of GGBS concrete, at 
different water to cement (w/c) ratios, were lower than those of FA concretes. This indicated 
that, based on the replacement levels used in that study, GGBS concrete had better durability 
performance than FA concrete concerning the ingress of chlorides, moisture and oxygen, hence 
lower corrosion risk. The better performance of GGBS than the other SCMs was also observed 
in a review by Yi et al. [22]. These studies reveal that SCMs show different characteristics and 
performance. Hence, it is important to provide engineers with enhanced knowledge to 
specifically select binder types suitable for a particular exposure zone, consequently assisting 
in improving the service life predictions of structures in the tidal zone of the marine 
environment.  

Scott and Alexander [23] studied the influence of binder type, cracking and concrete cover 
on the rate of corrosion and resistivity in chloride-contaminated concrete. The specimens were 
exposed to cyclic wetting and drying. The results showed that SCM concretes (incorporating 
FA, GGB and SF) had higher resistivity compared to PC concrete, thus reducing the rate of 
corrosion of reinforcement. Therefore, they concluded that in blended concretes, concrete 
resistivity governs the occurrence of corrosion and results in low oxygen diffusion. Also, the 
results of Chang et al. [24] concur with these findings. Where the incorporation of GGBS 
resulted in low oxygen diffusion due to a denser microstructure exhibited by blended concrete. 
Therefore, an understanding of the influence of oxygen and moisture content on the corrosion 
rate is significant, especially for structures in a marine tidal zone, taking into account the 
influence of drying and wetting durations and SCMs under varied cover depths. 
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3.2 Influence of blended cements on chloride ingress 
 
Chloride ingress is the primary cause of corrosion of reinforcement in chloride contaminated 

reinforced concrete structures. The concrete pore solution, concrete quality, exposure 
conditions, curing regime, cement composition, etc. influence chloride penetration into 
concrete [25]. 

Simcic et al. [26] investigated the chloride penetration profiles for mixtures exposed to cyclic 
wetting and drying conditions for 21, 42, 84, 105, and 126 days. The concrete mixtures 
incorporated unmodified and modified (with fly ash) cement. From their results, modified 
concrete showed lower chloride concentrations compared to the unmodified concrete in each 
observation. This was as a result of the dense microstructure in modified concrete. Also, 
Thomas and Moffatt [27] reached similar conclusions, where concretes incorporating SCMs 
(such as GGBS, FA and SF) yielded lower chloride penetrations than the PC concrete for 
structures exposed to different marine conditions (including tidal zone) for 25 years. 

The use of supplementary cementitious materials as a partial replacement for Portland 
cement in concrete applications shows a high chloride binding capacity and great resistance to 
chloride penetration to the level of reinforcing steel [25, 26, 27, 28, 29], thereby limiting the 
rate of corrosion in blended concretes. Furthermore, Chalhoub et al. [30] investigated the 
critical chloride threshold values as a function of cement type and steel surface. It was found 
that a low w/c ratio increased the chloride threshold value. Furthermore, blended concretes also 
exhibited higher chloride threshold values for the same low w/c ratio. These findings support 
the conclusion by Angst et al. [31] that concrete quality (which is affected by w/c ratio and 
cement type) influences the transport mechanism of aggressive fluids and gasses in concrete in 
aggressive environments such as the marine tidal zone, hence the significance of concrete 
quality in concrete durability assessments as well as service life predictions. 

Moradllo et al. [32] quantified the convection zone depth and its influence on chloride 
profiles and service life prediction of concrete structures in a marine tidal zone for five years. 
The convection zone is generally known to consist of high chloride concentrations. Two w/c 
ratios (0.35 and 0.5) and silica fume were used in the mix. The concrete with low w/c ratio of 
0.35 yielded a 50% decrease in the convection zone depth compared to a w/c ratio of 0.5 due 
to the high permeability of the latter. 

Guneyisi [33] examined the effect of initial curing on chloride ingress and corrosion 
resistance using different binders. The results showed that initial curing had an influence on 
chloride penetration for all concretes. Nevertheless, the rate of chloride ingress and corrosion 
was found to be dependent on the w/c ratio as well as the cement type. Similarly, the influence 
of w/c ratio as well as cement type on chloride diffusion and corrosion rate was also noted by 
van der Wegen et al. [34].  

4 REVIEW OF EXPOSURE CLASSIFICATION IN SANS 10100-2: 2013 
This section explores the suitability of the classification of exposure zones in the marine 

environment used in European standards (EN 206-1), adopted in South Africa (SANS 10100-
2) [35]. The standard classifies the marine tidal zone and splash and spray zone as the most 
severe exposure conditions. However, the results from the field observations presented in 
Moore [1] challenge this classification because of a notable difference in corrosion severity, 
with the tidal zone exhibiting little or no signs of corrosion. Furthermore, findings from 
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laboratory investigations of the same study, suggest an adjustment of the tidal zone to the 
submerged category based on the thickness of concrete cover (greater than 30 mm). However, 
it should be noted that the study only focussed on the use of PC in concrete, and due to the 
difference in concrete resistivity, concrete pore solution, oxygen diffusion rate, etc., when using 
blended cements, the results may differ. Hence, there is a need for further research when using 
SCMs. 

Therefore, the classification of exposure classes indicating the severity of corrosion damage 
need to be refined taking into account the type of cement used and cover depth adopted. This 
will enable more precise durability design specifications depending on the exposure classes, 
leading towards sustainable design practice. 

5 CONCLUSIONS 
In this study, a review of the influence of blended cements on the corrosion rate of reinforced 

structures is presented. The study also explores the suitability of the exposure zone 
classification in the marine environment as per the adopted standard in South Africa. The 
following conclusions can be drawn:  

• The inclusion of SCMs such as fly ash, ground granulated blast-furnace slag and silica 
fume, as partial replacement for PC, results in a more refined concrete microstructure 
and high concrete resistivity. Consequently, it leads to a reduction in the corrosion rate. 
Notably, GGBS concretes are reported to exhibit better durability performance than 
other SCMs from the reviewed studies.  

• SCMs as a partial replacement for Portland cement in concrete applications show a high 
chloride binding capacity and great resistance to chloride penetration. Furthermore, the 
reviewed literature also reveals that the w/c ratio is influenced by the performance of 
SCMs to inhibit chloride penetration, where chloride ingress was inhibited even at 
relatively high w/c ratios. In addition, the concrete cover was shown to influence the 
reduction of diffusion of oxygen to the level of the reinforcement.  

• Studies from the literature suggest that the current exposure zone classification of the 
marine tidal zone must be adjusted to the submerge category taking into account the 
influence of cover depth. However, more research, based on more field investigations 
and the incorporation of SCMs, is needed to support this notion. 
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ABSTRACT 
This study involves research on the influence of steel fibre reinforcement on the ballistic 

resistance of concrete. Concrete panels were cast with varying thicknesses and fibre volumes 
and subjected to a kinetic energy related ballistic attack. A .30-’06 hunting rifle using specially 
loaded ammunition was used to simulate the kinetic energy of ballistic attacks performed by an 
AK-47. The failure mechanism has been identified to consist of the Crater and Crushed 
Aggregate regions which are dependent on the Compressive Strength of the concrete and the 
Scab region, which is dependent on the Tensile Strength of the concrete. The ballistic resistance 
of the concrete panels was determined by taking volumetric measurements of the failure 
regions. Ultrasonic Pulse Velocity tests were conducted to determine the crack formation and 
propagation caused by the ballistic attacks. By incorporating the use of steel fibres, the 
Compressive and Tensile Strength of the concrete panels were improved which led to an 
increase in ballistic resistance of the concrete panels as well as an increase in damage 
mitigation. It has also been found that an increase in the thickness of the concrete panels led to 
an increase in overall ballistic resistance of the concrete panels. 
 
Keywords: concrete ballistics, fibre reinforcement, impact testing 
 

1. INTRODUCTION 
 “Sweat saves blood” – Erwin Rommel. 

Radicalized terrorist groups have become a problem as of late. These groups target the 
civilian population with mass shootings and explosives. It is therefore important to design and 
construct infrastructure to protect those who may be a target. Some countries experience a high 
crime rate consisting of criminal activities that includes gun related violence with drive-by 
shootings as an example. These activities influence the lives of innocent civilians and lives may 
be lost. It is thus important to find building materials that can withstand impact loading by 
absorbing energy without shattering under impact. Unreinforced concrete is normally deemed 
to be brittle, and it is known that steel fibres can be added to concrete mixtures to improve 
ductility and increase absorption before fracture [1].  

There are existing standards for the development and standardization of ballistic protection, 
for both vehicles and body armour. NIJ [2], Alpineco [3] and NATO’s STANAG [4] are but a 
few of the standards specifying the standardization of ballistic armouring, but none of them 
include the standardization, development and applications for the ballistic resistance of 
concrete. Although extensive research has been conducted on the impact resistance of concrete 
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[1, 5-10, 12, 13], only limited design guidelines have been developed that can be used to design 
concrete exposed to high impact loading. 

In this study, the effect of steel fibre reinforcement on the ballistic resistance of concrete was 
investigated. The study is of experimental nature. Research was conducted on the failure 
mechanism of concrete under high velocity impacts and the material properties that were sought 
after to increase the ballistic resistance of concrete, such as an increase of both compressive and 
tensile strengths. Experiments were set up and performed in order to determine any significant 
performance improvements of the concrete panels. The experiments were divided into two 
groups, the first comprised of a range of tests to determine the material properties of the concrete 
used to construct the panels and the second, to determine the ballistic performance and 
resistance of the concrete panels. The results were analysed, and various conclusions have been 
reached regarding the relationships between the material properties of the concrete and the 
ballistic resistance that the panels provided. 

2. FAILURE MECHANISM OF CONCRETE UNDER HIGH VELOCITY 
IMPACTS 

When a projectile traveling at a high velocity impacts a concrete target, it induces a 
longitudinal compressive wave. Depending on the thickness of the concrete, the compressive 
wave reflects back as a tensile wave once it hits the unconfined face at the back of the target. If 
the amplitude of this tensile wave exceeds the tensile strength of the concrete, it forms cracks 
in the concrete and propagate existing cracks [9]. 

The failure mechanism of concrete under high velocity impacts can be divided into three 
regions [9], as illustrated in Figure 1. The first region is the crater and crushed aggregate region. 
This region is dependent on the compressive strength of the concrete. Literature has shown that 
the crater is of conical shape and the volume of the crater is inversely proportional to the square 
root of the compressive strength [10]. The second region is the cracking region, which is 
dependent on the tensile strength of the concrete. The third region is the scab region. Scabbing 
is the loss of material at the back of the concrete target. This region is dependent on the tensile 
strength as well as the thickness of the concrete target. Due to the dependency of the scab region 
on the thickness of the concrete target, it may or may not occur. If the concrete target is of 
sufficient thickness, the longitudinal wave induced by the impact may dissipate and scabbing 
will not occur. 

It is important to now clarify the definition of perforation. If the velocity of the projectile is 
such that it penetrates the target and the tip of the projectile protrudes from the back of the 
target, or the projectile leaves a hole such that light can shine through, the velocity of the 
projectile meets the U.S. Army’s criterion for perforation [11]. If the velocity of the projectile 
enables it to pass through the target but has no energy, the velocity of the projectile meets the 
U.S. Navy’s criterion of perforation [11]. The use of the above-mentioned definitions for 
perforation depends solely on the practical application of the target. For the purpose of the 
study, the U.S. Army’s criterion for perforation will be used. 
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Figure 1: Failure Mechanism of Concrete Under High Velocity Impacts [10] 

Various thickness definitions may be given to the concrete target, which consists of 
combinations of the three regions of the failure mechanisms as well as referring to perforation 
[12]. The Perforation Thickness (tp) may be defined as the maximum thickness at which a 
projectile will perforate the target. All three failure regions are found in the Perforation 
Thickness, where the crater and scab regions may be directly linked together (given that the 
target is thin enough) or they may be connected via a “tunnel” caused by the penetration of the 
projectile. An increase in thickness leads to the Scabbing Thickness (ts), which is the minimum 
thickness at which scabbing occurs without perforation taking place. An increase in thickness 
surpassing the Scabbing Thickness leads to the Scabbing Limit Thickness (tSL). This is the 
minimum thickness of the target to prevent scabbing from occurring. 

3. MIX DESIGN AND MATERIAL PROPERTIES 
The mix design consisted of a CEM Ⅱ 52.5N Portland Cement, Undensified Silica Fume, 

Fly Ash, Ground Granulated Blast Furnace Slag, Dolomite sand (< 4.5mm), Dolomite stone (< 
9.5mm), Spring Steel Micro Fibres, Polypropylene Fibres and CHRYSO OPTIMA 100 
Superplastisizer. A water-cement ratio of 0.4 was used. Spring Steel Micro Fibres with 
2500MPa tensile strength, 13mm in length, 0.2mm in diameter and aspect ratio of 65 were used. 
The amount of steel fibres varied for four different mixes. Mix 1, the control, had 0.0% fibres, 
whereas mixes 2, 3 and 4, contained 1.5%, 3.0% and 4.5% fibres respectively, with relation to 
volume. Polypropylene fibres were added to the mix to reduce the amount of initial shrinkage 
cracks that could propagate further during the ballistic testing. The mixing, casting and curing 
took place in the Civil Engineering Laboratory of the University of Pretoria. Table 1 contains 
the material properties of the various mix designs and Table 2 contain the respective standard 
deviations. The compressive strength as indicated in Table 1 is the average 28-day water cured 
strength obtained from three 100mm cubes while the indirect tensile strength was obtained from 
four split cylinder tests conducted on 100mm diameter cylinders. The direct tensile strength 
was taken from the average of 3 prisms in the shape of a “dog-bone” with a square cross-section 

tp
ts

tsl

PRODUCED BY AN AUTODESK STUDENT VERSION

P
R

O
D

U
C

E
D

 B
Y

 A
N

 A
U

T
O

D
E

S
K

 S
T

U
D

E
N

T
 V

E
R

S
IO

N

PRODUCED BY AN AUTODESK STUDENT VERSION

P
R

O
D

U
C

E
D

 B
Y

 A
N

 A
U

T
O

D
E

S
K

 S
T

U
D

E
N

T
 V

E
R

S
IO

N

Crater & crushed 
aggregate region 

Cracking region 

Scab region Scab region

Cracking region

Crater & crushed
aggregate region



YCRETS 2021  136

Page  4 

of 50mm sides. The “dog-bones” were pulled along the longitudinal axis until failure occurred. 
The direct tensile test also indicated that the failure mechanism of the fibres within the concrete 
matrix was of shear failure where the fibres pulled out of the matrix instead of fracturing. This 
was due to a weak bond-strength and indicated that the full tensile potential of the fibres was 
not utilised. The modulus of elasticity was determined by taking the average of measurements 
from two cylinders, 200mm in length and 100mm in diameter, cured for 28-days. 
 
Table 1: Summary of Material Properties 

Fibre 
Percentage 

[%] 

Compressive 
Strength 

[MPa] 

Tensile Strength [MPa] Modulus of 
Elasticity 

[GPa] 
Direct Indirect 

0.0 78.3 3.5 4.9 33 
1.5 103.8 4.7 9.7 37 
3.0 114.6 5.9 13 44 
4.5 115.3 7.2 14 41 

 
Table 2: Standard deviations of Material Properties 

Fibre 
Percentage 

[%] 

Compressive 
Strength 

[MPa] 

Tensile Strength [MPa] Modulus of 
Elasticity 

[GPa] 
Direct Indirect 

0.0 4.22 0.40 0.34 0.71 
1.5 6.56 0.56 0.17 0.62 
3.0 5.55 0.32 0.88 1.05 
4.5 2.79 0.39 0.49 1.60 

4. BALLISTIC TESTING AND RESULTS 
The ballistic testing was performed at the Bluegum Valley Shooting Range located near 

Bronkhorstspruit. It is an outdoor shooting range located within a plantation. The trees of the 
plantation as well as the embankments situated on the sides provide for excellent wind 
protection.  

The targets were placed 20m from the firing station and velocity measurements were taken 
at 10m from the target. The method of exponential decay, shown in equation 1, was used to 
calculate the impact velocity of the projectile, assuming a constant drag coefficient, Cd, of 0.33 
with nI as the impact velocity [m/s], nX the velocity at point of measurement [m/s], X as the 
distance from the target [m], rair the density of air at standard conditions (1.225kg/m3), m as 
the mass of the projectile [kg] and d as the projectile diameter [m]. The mean projectile mass 
was 9.23g reaching an impact velocity of 780m/s, producing 2 808J of kinetic energy. 

𝜐𝜐! =	𝜐𝜐" ∗ 	𝑒𝑒
!"∗$%&'∗(∗)*∗*

+

,-       Equation (1) 
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The firing station consisted of an elevated table and the rifle, a .30-’06 SAKO, was propped 
up with a special sandbag used for precision shooting. The rifle has a 1:12 twist rate. A 
Prochrone Chronometer was used for velocity measurements as shown in Figure 2 (a). A steel 
frame was constructed to hold the concrete panels in a fixed position. Pieces of threaded rod 
were used to screw the panels tightly in place. The threaded rods, however, did not screw 
directly to the concrete panels. Pieces of flat bar were used to distribute the forces evenly. The 
influence of the addition of steel fibre reinforcement with respect to the ballistic resistance of 
concrete panels is clearly illustrated in Figure 2 (b), (c). The unreinforced concrete panel was 
completely destroyed due to its brittle nature. 
 

a) b) c)  
Figure 2: a) Prochrono chronometer, b) unreinforced concrete panel, c) fibre reinforced 

concrete panel 

The following measurements were taken in order to gauge the ballistic performance of the 
fibre reinforced concrete panels: crater diameter and volume, perforation percentage and the 
Ultrasonic Pulse Velocity over the thickness of the panel both before and after being subjected 
to ballistic attack. 

When examining the crater inflicted by the projectile, a general trend can be found. It can be 
seen in Figure 3 that for both the diameter and the volume of the crater, a decrease in size occurs 
with an increase in the percentage volume of steel fibres. It can also be seen from the same 
graphs in Figure 3, that with an increase in compressive strength, a decrease in crater diameter 
and volume occurs. This confirms that the crater and crushed aggregate region is indeed 
dependent on the compressive strength of the mix, as stated in the literature. When examining 
the crater diameter alone, it can be seen that the 50mm panel experienced the least amount of 
damage. This is due to the 100% perforation that occurred for mixes 1 and 2 containing 0.0% 
and 1.5% volume steel fibres respectively, as can be seen in Figure 3. With 100% perforation, 
the projectile leaves the panel with residual velocity and therefore the panel has less kinetic 
energy to absorb. With mixes 3 and 4 containing 3.0% and 4.5% volume of fibres, an increase 
in compressive strength occurred. In conjunction with the increase of compressive strength, the 
increase of volume of fibres lead to the formation of a mesh that enabled the panel to capture 
the projectile, thus resulting in perforation percentages less than 100%. 

When examining the 75mm and 100mm panels, both a decrease in crater diameter and 
volume occurred. This is due not only to the increase in both compressive strength and volume 
of fibres, but also due to the increase in thickness of the panels. An increase in the thickness 
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leads to an increase in the energy absorption capability of the panels, due to the increased 
longitudinal wave dissipation that occurs.  

Lastly, regarding the perforation percentage, panel thickness and compressive strength, it 
can be seen that for the thicker panels (75mm and 100mm) that neither the fibre percentage nor 
the compressive strength of the mixes have a significant effect on the perforation percentage. 
When concrete is subjected to high strain-rates, it experiences an increase of compressive 
strength [13]. This is caused by the combination of the lateral inertial confinement effect as 
well as material behaviour. This increase of compressive strength can be quantified by the 
Dynamic Increase Factor (DIF) and is dependent on aggregate properties and specimen size 
[13]. Therefore, an increase in specimen size will cause an increase in the DIF which results in 
a decrease in perforation percentage.  

When examining the thinner panel (50mm) in this regard it can be seen that a significant 
increase in compressive strength occurs with the addition of 1.5% volume fibres, but no 
decrease in perforation percentage occurs. When the volume of fibres was increased from 1.5% 
to 3.0%, a slight increase in compression strength occurred, but a significant reduction in the 
perforation percentage occurred. This suggests that the quasi-static compressive strength does 
not play a role in the perforation percentage of the concrete panels, but rather the volume of 
fibres present in the mix and the thickness of the panels. The explanation for this is the 
combination of the longitudinal wave dispersion that occurs as well as the mesh-formation that 
is provided from the fibres.  
When considering the ultrasonic pulse velocity of the panels it can be seen from Figure 3 that 
after the ballistic attack, a general decrease in the difference in ultrasonic pulse velocity, ∆UPV, 
(from before being subjected to ballistic attacks) occurs with an increase in volume of fibres in 
the mixes. When examining the 75mm and 100mm panels, it can be noted that there is a slight 
increase in ∆UPV from 3.0% to 4.5% volume fibres. This is due to dispersion problems of the 
fibres within the matrix. Voids are formed within the matrix which increase the readings 
obtained from the ultrasonic pulse velocity tests. Furthermore, an increase in the modulus of 
elasticity occurs with the addition of fibres but tapers down from 3.0% to 4.5% volume fibres. 
This is due to dispersion problems of the fibres. 
When observing the significant increase in modulus of elasticity that occurs with the fibre 
volume increase from 1.5% to 3.0%, it can be seen that the ∆UPV reading remains almost 
constant for the 100mm panel and only decreases slightly for the 75mm panel. This indicates 
that the modulus of elasticity is a weak indicator of the energy absorption capabilities of the 
concrete panels under high velocity ballistic attacks and that the volume of fibres yet again has 
the greatest effect. The ultrasonic pulse velocity readings of the 50mm panels were neglected 
due to unreliable readings which was caused by the increase in damage experienced by the 
panels during the ballistic attacks. 
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■50mm ••75mm ¨̈100mm -Compressive Strength ��Modulus of Elasticity 
 

 

 
Figure 3: Crater diameters and -volumes, perforation percentage and difference in 

ultrasonic pulse velocity for all panels whilst considering the compression strengths and 
modulus of elasticity of the mixes 

5. CONCLUSIONS 
It can be concluded that an increase in the volume of fibres in this specific concrete mix 

contributes to a positive influence on the material properties beneficial to the ballistic resistance 
of the concrete panels. An increase in the volume of fibres resulted in an increase in the 
compressive and tensile (both direct and indirect) strengths of the concrete mix. This led to a 
decrease in crater diameter and volume as well as penetration depth. It should be noted that a 
fibre volume saturation point was reached in the vicinity of 4.5% volume fibres. An increase in 
fibre volume past this saturation point will lead to a decrease in strength and ballistic resistance. 
An increase in the volume of fibres also contributed to an increase in damage mitigation of the 
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concrete panels (i.e., crack formation and propagation), as can be seen from the results of the 
ultrasonic pulse velocity tests. 

It was also found that the ballistic resistance of the concrete panels is dependent on the 
thickness of the panels. An increase in the thickness of the panels lead to better dissipation of 
the shockwave induced by the impact of the projectile. This increase of shockwave dissipation 
resulted in less damage occurring in terms of volume loss as well as in the formation and 
propagation of cracks in the concrete surrounding the point of impact.  

It can be concluded that the crater diameter and volume are indeed dependent on the 
compressive strength of the concrete panels as suggested by the literature. The perforation 
percentage of thicker panels (75mm and 100mm) is solely dependent on the thickness of the 
panels and is not affected by the volume of fibre and compressive strength. The perforation 
percentage of thinner (50mm) panels is dependent on the volume of fibres and not the 
compressive strength. Finally, the volume of fibres in the concrete panels have a greater 
contribution to energy absorption and damage mitigation than the modulus of elasticity. 
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ABSTRACT 

Experimental investigations of six flat slab specimens were carried out in structural 
laboratory at University of Khartoum to investigate the influence of the flexural reinforcement 
ratio in punching strength. All slab specimens were 1.5m x 1.5m x 0.15m with 0.2m x 0.2m 
column constructed at the centre of slab. The main variable was the flexural reinforcement ratio 
which varied between 0.15% and 1.2%. The results of punching shear strengths of tested slabs 
were compared with those evaluated from different codes of practice, namely; BS8110, EC2, 
ACI318-11 and fib MC2010. Investigations showed that increasing the reinforcement ratio 
increases the punching capacity, but strongly decreases the deformation capacity of the tested 
slabs, hence their ductility. However, the increase in punching capacity appeared to be less 
significant in specimens with reinforcement ratios  larger than 1%. Punching strength 
predictions using BS8110 & EC2 agreed fairly well with those from the tests. In regard to ACI 
318-11 it was demonstrated that the code could lead to unsafe design for slabs with low 
reinforcement ratios. Conversely, fib MC 2010 predictions gave the best agreement with the 
test results. 

 
Keywords: flexural reinforcement ratio; punching shear; flat slabs; critical shear crack theory; 
design codes. 
 

1. INTRODUCTION 
Flat slab system is the one of the best 20th century discoveries. It has an advantage of 

overcoming other systems cons which make it the ideal structural form for architects and 
contractors .The superiority of flat slab floor supported directly on columns, over other forms 
of construction when looked at from the standpoint of lower cost, better lighting, greater 
neatness of appearance, and increased safety and rapidity of construction, is so generally, or 
rather universally conceded as to render any reliable information relative to the scientific 
computation of stresses in this type of construction of great interest [1]. 

However flat slab system has a prominent drawback. With its small slab-column connection, 
the high stress in the column support may cause (the so-called punching shear failure). At the 
moment when the punching occurs [2] the column and slab physically separate from one 
another, which significantly disturbs the balance of the system formed by those elements. Often, 
such disturbance may cause collapse of great proportions due to redistribution of load to other 
elements that are not design to transfer such forces. This phenomenon occurs suddenly (brittle 
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fracture), which is why it has to considered with great care during design of slabs supported on 
columns only. 

2. CODE OF PRACTICE 
The critical sections of the slab for moment and shear are either at or close to the perimeter 

of the loaded area, and hence it would be expected that moment-shear interaction would occur. 
This complicates the classification of the modes of failure at the connection. However, there is 
a change in the characteristic of the failure mode and load-deflection curves measured for slabs 
with different reinforcement ratios [3]. Most design codes base their verifications on a critical 
section, with the punching shear strength of slabs without shear reinforcement defined as a 
function of the concrete compressive strength and often of the reinforcement ratio. Four codes 
of practice are considered in comparisons with test data (BS8110, EC-2, ACI-318 2011 and 
MC-2010). It follows different formats ACI318-11 has a format which proportional to 
compressive strength and it doesn’t count on reinforcement ratio. 

V! =	$
1
3' . λ. *f!". b#. d								 

Equation (1) 

Where λ is the modification factor for lightweight concrete, taken as unity for normal weight 
concrete in the present paper. 

 
BS8110 has a format which proportional to compressive strength, reinforcement ratio and 

size effect. 
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Equation (2) 

With a limitation of 0.03 for the reinforcement ratio and a minimum value of 0.67 for the size 
effect. 

 
 

EC-2 equation depends on parameters same as BS8110 parameters 

V+,,! = C+,!. K. (100ρ. f!.)
&
' + K. σ/0 Equation (3) 

Where bo is the control perimeter located 2d from the face of the column, ρ accounts for the 
bending reinforcement ratio (with a maximum value of 0.02) and K is a factor accounting for 
size effect defined by the following expression: 
 

K = 1 + ?200	mm
d = 1 + ?7.87	in

d 	≤ 2 
Equation (4) 

Model Code 2010 proposes simplified formulas derived on the basis of Critical Shear Crack 
Theory CSCT for Calculation of load-rotation behavior. With respect to Eq (5) various methods 
can be used to estimate the load–rotation behavior necessary to calculate the punching shear 
strength. The values of the various mechanical parameters in the formula can be assessed with 
different degrees of accuracy, leading to the levels-of-approximation (LoA) approach. 
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Theory CSCT for Calculation of load-rotation behavior. With respect to Eq (5) various methods 
can be used to estimate the load–rotation behavior necessary to calculate the punching shear 
strength. The values of the various mechanical parameters in the formula can be assessed with 
different degrees of accuracy, leading to the levels-of-approximation (LoA) approach. 
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V+! = K1
*f!.
γ*

b2d% 
Equation (5) 

with fck in [MPa]. 
 
The parameter kᴪ depends on the deformations (rotations) of the slab around the support 

region and is calculated as: 

Kᴪ =
1

1.5 + 0.6. ψ. d. k,4
	≤ 0.6 Equation (6) 

 

3. RESEARCH SIGNIFICANT 
Current methods for the design of punching shear reinforcement are based on empirical 

formulations to estimate the contributions of concrete and shear reinforcement at failure. This 
approach in some cases, leads to very conservative estimates of punching shear strength of flat 
slabs, however it may also overestimate the contribution of concrete or the shear reinforcement. 
This paper presents the results of an experimental test campaign on the punching shear strength 
of slabs in which the reinforcement ratio and bars diameter were varied. The tests focus mainly 
on slabs with low reinforcement ratios. 

4. EXPERIMENTAL PROGRAM 
The research presented herein basically focuses on the investigation of effect of flexural 

reinforcement ratio on punching shear resistance of flat slabs. All the investigated specimens 
refer to simply supported slabs with central square columns. Thus, the research focuses 
primarily on symmetrically loaded slabs. 

The experimental study consists of six slab specimens with same geometry dimensions. 
However, different reinforcement bar diameters were used as follows: 

Four basic slabs with the same reinforcement distribution on both directions but different 
bars diameter (8mm, 10mm, 2mm and 16 mm bar). One slab specimen with nominal 
reinforcement as a reference. One-way slab specimen to investigate the behavior of slab with 
different reinforcement distribution on the longitudinal and transverse directions and its crack 
pattern at failure and to compare it with the other slab specimens. 

5. TEST SETUP  
The tests were carried out in the reinforced concrete laboratory of the Faculty of Engineering, 

University of Khartoum. A very rigid steel frame consisting of horizontal and vertical I-sections 
was used as a base to support a slab specimen. The load was applied vertically using a hydraulic 
jack (Figure1) with maximum capacity 50 ton in centric of the column of slab. During every 
test, the load was applied in steps of 2 tons to avoid local failure in the column gypsum board 
were inserted between the steel cradles and the top surface of the slabs. Between load steps the 
hydraulic jack was kept constant for 5-10 minutes for inspection and measurements. The 
specimens were positioned on 1-m frame so that the research team was able to observe the 
bottom face of the slabs during testing. After the peak load was reached, the hydraulic jack was 
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further increased to record the post-punching behavior of the slabs. 
 

 

5. MEASUREMENT 
    Vertical deflection was monitored at the middle of the bottom surface of the slab (tension). 
one dial gauge was used. In addition, total station system was used to measure the deflection at 
the edges of the slab specimens. Steel strains were measured and recorded by using a digital 
data logger device connected to the strain gauges by wires and the readings were taken at each 
increment of loading. Finally, crack pattern was inspected at failure. 

Figure 1 : Hydraulic jack And Loading Frame 

Figure 2 : Slab during test 
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7. RESULT AND ANALYSIS 

The test results for slab specimens are presented in terms of the (load/deflection) response, 
the strain in flexural reinforcement and the crack patterns for slabs at failure. It also compares 
the results of punching shear strengths of tested slabs with those evaluated using current code 
predictions (BS8110, EC2, ACI318-11 and MC2010). 

7.1 Load deflection response/ Load-rotation response 
As shown in Figure (4), slab specimens test with the less reinforcement ratio had the more 
ductility. And there was a significant improvement in the maximum deflection recorded by the 
dial gauge for slabs with a smaller reinforcement ratio. 

Figure 3 : Position of Strain Gauges 

Figure 4 : Load vs Deflection at Center of Slab 
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7.2 Strain in flexural reinforcement 
In all slab specimens there was no significant yielding of reinforcement, except S8 nominal 

which it had yielding of reinforcement when failure occur. However, this result ensures that all 
slab specimens were occur due to punching. Figure (5) shows load strain response for slab 
specimens 

 
Figure 5 : Load vs Strain for All Specimens 

7.3 Crack pattern and failure mechanism 
Figures (6) illustrates the crack pattern at the top surface of the slap after punching failure, 

also shows the column penetration into the slab specimens. The inclination of the failure surface 
was rather steep for members with "relatively" large amounts of shear reinforcement. For lower 
amounts of shear reinforcement, the angle of the failure surface was somewhat flatter. It can be 
noted that the parameter of punching was getting smaller with the increase of reinforcement.  

For slab specimens with the symmetrical reinforcement in its both directions, when the load 
is applied, the first crack was appeared as a roughly circular crack around the perimeter of the 
loaded area "beneath the column", then extended from the critical perimeter when the load is 
increased. At about half of the failure load, the diagonal crack was developed in the slab. These 
cracks were appearing with different amounts, slabs with "relatively" high reinforcement ratio 
had a few several cracks with small width. For slabs with low reinforcement ratio, cracks were 
too many than the slab with high reinforcement ratio because of the inter actions of shear and 
moment and too much bigger in width. For slab (S8 one-way), cracks were firstly appeared in 
the weak axis within the loaded area and then extended from the loaded area in one direction. 
For all slab specimens punching shear failure occurred without the yielding of reinforcement 
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8. COMPRESSION OF VARIOUS CURRENT CODE PREDICTION 
The code provisions were investigated with respect to the predicted punching strength and 

the influence of the reinforcement ratio. For this, the punching strength was calculated 
accordingly to the provisions of the previously mentioned codes as a function of the investigated 
parameter. Table 1 lists the measured punching strength, maximum rotation at failure and it 
compares the experimentally obtained punching strength to the calculated punching strength. 
Table (1) :Predictions punching strength using BS8110,EC2,ACI318 and MC2010 and from 
the tests 

Specimens Ψ VBS VEC2 VACI VR,test (KN) VR,test/VR,BS VR,test/VR,EC2 VR,test/VR,ACI 

S8 nominal 0.0287 184.93 178.05 361.77 212.90 1.15 1.20 0.59 

S8 one-way 0.0276 184.93 193.87 361.77 235.40 1.27 1.21 0.65 

S8 0.0233 219.21 211.10 361.77 312.00 1.42 1.48 0.86 

S10 0.0194 249.96 239.69 353.95 333.50 1.33 1.39 0.94 

S12 0.0148 272.73 260.60 337.82 367.90 1.35 1.41 1.09 

S16 0.0157 318.64 301.93 322.86 372.80 1.17 1.24 1.16 

Average 1.28 1.32 0.88 

Coefficient of variation (COV) 0.083 0.091 0.259 

Figure 6 : Crack Patterns for tested slabs 
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Figure 7 shows the ratio of the experimentally obtained punching strength of the tests to the 
predicted strength as a function of the flexural reinforcement ratio. It can be noted that all the 
codes predict a punching failure even for low flexural reinforcement ratios, which correspond 
to the experimental observations and generally none of the models leads to an obvious trend 
with respect to the flexural reinforcement ratio. Nevertheless, ACI 318-11 seems to lead to 
lower ratios of experimentally obtained and predicted strength for lower flexural reinforcement 
ratios than in the case of higher flexural reinforcement ratios. For slab with low reinforcement 
ratios, ACI predicts strengths that are clearly larger than those given by the other codes. BS 
8110 and EC2 showed conservative predictions when compared to tests result within this 
research and a better COV was obtained (8% and 9% respectively). Moreover, the punching 
strengths evaluated from BS8110 and EC2 agree reasonably well with those from the test. It 
can be noted that the effect of reinforcement ratio in the punching strength had been delimited 
in specimens with a large reinforcement ratio which observed in slab (S12 and S16). This is 
consistent with the maximum limit for reinforcement ratio set by EC2 (2%) and BS 8110(3%). 

Figure 7 : Comparaison of (Vcode/Vexp) vs ρ% 

 
 

MC 2010 (LoA4) predictions (shown in Figure 8 and Table 2) of punching strength show an 
excellent agreement, with an average value of the ratio between the measured- to predicted 
average failure load of 1.12 and with small value of the coefficient of variation (COV) (7.5%). 
Figure 28 shows that the accuracy can be increased thereafter by performing additional analyses 
and it is allowing a better estimation of the physical parameters required by the design 
equations. (LoA4) shows an increase in the strength as the flexural reinforcement ratio 
increases. While (LoA2) predictions were conservative when compared to tests result with 
average failure load 1.338, except for S16 which had a larger LoA2 prediction than LoA4 
prediction. 
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Table (2): Compression between test results for MC 2010 

 

Specimens Ψ VR, LoA2 VR, LoA4 VR,test/VR,LoA2 VR,test/VR,LoA4 
S8 nominal 0.0287 121.41 215.00 1.45 0.99 
S8 one-way 0.0276 143.09 224.00 1.27 1.05 
S8 0.0233 138.32 263.00 1.43 1.19 
S10 0.0194 185.43 296.00 1.36 1.13 
S12 0.0148 219.56 315.00 1.31 1.17 
S16 0.0157 282.65 309.00 1.15 1.21 
Average 1.34 1.12 
Coefficient of Variation (COV) 0.091 0.075 

Figure 8: Predictions of punching strength for all specimens by LoA2 and LoA4 
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9. CONCLUSION  
 

Increasing the reinforcement ratio increases the punching capacity, but strongly decreases the 
deformation capacity of the slab and the ductility of flat slab. However, the effect has a less 
significant in slabs with large reinforcement ratios which is suitable with EC2 and BS 8110 
limitations for reinforcement ratio: 

1. Increasing the reinforcement ratio decreases the interactions of shear and moment on 
the loaded area, because of that the increasing of the reinforcement ratio decreases the 
cracks and its developing. 

2. ACI 318-11 does not only exhibit a large COV when compared with test results (26%), 
but it does not include the reinforcement ratio effect, which leads to unsafe designs in 
low reinforcement ratio slabs, also, even though flat slab tends to have relatively high 
flexural reinforcement ratios at column supports; ACI strength has a reverse relationship 
with the increasing of the bars diameter. 

3. BS 8110 and EC2 showed conservations of the punching strength when compared to 
test results within this research. While the ratios of the predicted to the experimentally 
obtained punching strength are in an acceptable range. 

4. MC 2010 predictions showed that adding additional analyses gives more accuracy to 
the predictions. However, MC 2010 showed the best agreement between the test results 
and codes predictions. 
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ABSTRACT 
Geopolymer concrete is an environmentally friendly substitute for conventional concrete 

which uses Portland cement. Geopolymer binders are prepared by activating aluminosilicate 
materials with alkaline agents. The present study aims to report on recent developments of the 
3D printing of geopolymer mixes by looking at the fresh hardened properties and how each of 
these properties are affected and can be optimised.  The review was carried out by analysing 
literature and the authors' approaches in selecting 3D printable geopolymer mixes with 
improved fresh and hardened properties.  Properties of 3D printed geopolymer are significantly 
affected by material composition, showing the importance of material optimisation. Properties 
are also positively affected by fibre inclusion; however, it reduces the geopolymer mix's 
workability. Therefore, the use of fibres should be studied thoroughly. Overall, geopolymer 
binders yield adequate printable properties. Finally, recommendations are provided in order to 
improve the 3D printing process and materials. 

 
Keywords: 3D printing, waste, by-product, geopolymer, concrete. 

 

1. INTRODUCTION 

1.1. 3D Printing Technology 
Generally, 3DP is an emerging technology in which a final product is produced through 

depositing printed material layer by layer [1]. Employing 3DP technology in the construction 
industry can eliminate formwork, which would account for a maximum of approximately 54% 
and 75% of the project time and cost, respectively [2]. Construction waste produced is further 
reduced as 3DP technology produces little to no waste [3]. One of the significant challenges in 
3DP of concrete is developing a printable mixture as it is required to have low flowability with 
self-compacting behaviour, although these are contradicting goals [1].  

1.2.Geopolymer Concrete 
Different types of materials, including industrial wastes and by-products, can be used to 

prepare 3D printing of geopolymer mortars. In 3DP of concrete, OPC is mainly used as the 
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main binder and may partially be replaced by supplementary cementitious materials, including 
Pozzolanic materials [4]. Production of OPC negatively affects the environment; it requires 
high amounts of energy and is considered one of the top contributors to carbon emissions [5], 
[6]. Geopolymer cement (GPC) has been introduced as an alternative binder as one of the 
solutions to this problem because it has a low carbon footprint [7]. Geopolymers are synthesised 
inorganic materials produced through dissolution and polycondensation of aluminosilicate 
materials by highly alkaline agents through a geopolymerization reaction. [8, 9]. GPC mainly 
uses by-products such as fly ash (FA) and ground granulated blast furnace slag (GGBS) as 
binders, and their abundance and availability paved the way for the use of these materials in the 
construction industry [10]. 

Several kinds of research on the 3DP of geopolymer concrete have been reviewed in the 
current study to provide an overview of the critical parameters and materials that have been 
suggested as to be used as 3DP mixtures, especially industrial wastes and by-products. 

2. 3D PRINTABLE GEOPOLYMER MATERIALS 
Binder phases to be used in the 3DP of geopolymers include FA, GGBS, MK etc., while 

silica sand and river sand are mainly used as a fine aggregate in 3DP processes, ranging in 0-
3mm particle size fractions. FA is mainly preferred over GGBS as a sole binder due to its higher 
fire resistance and lower shrinkage [11]. The size of the 3D printer in use mainly determines 
the size of aggregate be adopted as the mix needs to pass through the printer's nozzle [12]. 
Sodium or potassium hydroxide and sodium or potassium Silicate are some of the used alkali 
activators in the formation of geopolymers [5,13]. Sodium-based activators have been reported 
to have better properties such as open time, workability, and compressive strength than 
potassium-based activators. Borax and sucrose powder are some of the retarders used in the 
preparation of GPC mixes, while Sodium carboxymethyl cellulose (CMC) powder and sodium 
carboxymethyl starch are used as a viscosity modifying agents [14–17]. Table 1 (all values are 
mass ratios of binder, except for the fibres) gives optimum geopolymer mixes suitable for 3DP 
processes. Optimising materials used in the 3DP of GPC is vital as they affect different 
properties of geopolymers suggested by different studies [2, 15, 19, 20]. 
 
Table 1: Optimum geopolymer mixes suitable for 3DP processes. 
 

Reference 
Binder Phase 

SS/SH* a/b* Aggregate Agg/B* Admixture Fibres 
FA GGBS SF 

[18] 0.6 0.25 0.15 2 - Silica Sand 
0-1mm 1 - - 

[16] 1 - -  0.38 Silica Sand 
465&271µm 1.5 0.012 CMC  

[14] 1 - - 2.5 - Silica Sand 
172&898µm 1.5 0.020 CMC and 

0.002 Borax - 

[1] 0.78 0.14 0.08 - 0.4 River sand < 
2mm 1.4 - - 

[19] 1 - - - -  1.5 0.028 CMC 0.25% PP* 

[20] 1 - - 1 0.52 River sand < 
0.3mm 1 - 0.5% PP*, 

1% Steel 
 

*SS/SH – sodium silicate solution to sodium hydroxide solution ratio 
*a/b – activator to binder ratio 
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*Agg/Binder – aggregate to binder ratio 
*PP - Polypropelene 

3. PROPERTIES OF 3DP CONCRETE MIXTURES  

3.1. Fresh Properties of 3DP mixtures  

3.1.1. Workability/Flowability 

Workability (slump/flow) refers to how easily concrete can be placed and compacted 
without segregation and is measured by carrying out a mini-slump or slump flow test [21, 22, 
16]. Workability of 3D printable GPC paste is significantly affected by fibres inclusion, fine 
aggregate size, sodium hydroxide molarity, type of activator, and solids and liquid ratios [18–
[20]. Flowability suitable for 3DP processes has been reported in the ranges of 126 and 
±158mm. Workability is affected by setting time, as a short setting time may lead to a loss of 
workability required for 3DP [23]. It is also reduced by increased GGBS contents as Chougan 
et al. [18] reported a significant increase in workability with a reduced GGBS content (lower 
than 15%) and a reduced aggregate size for a FA/GGBS/SF-based GPC. Workability was 
affected by the activator type as mixes prepared with potassium-based activator yielded lower 
workability compared to those prepared with sodium-based activators. The optimum mix (mix 
details in Table 1) exhibited a slump-flow of 126mm [24]. Vlachakis et al. [25] suggested an 
optimum solid to liquid ratio of 0.85 for a suitable 3D printable mix with sufficient workability 
for metakaolin-based geopolymer mix as ratios of 0.8 and 0.9 were either too wet or too dry for 
3D printing. Polypropylene (PP) reduces workability of geopolymer paste, regardless of the 
content used, as these fibres absorb a lot of geopolymer paste [26]. Nematollahi et al. [19] 
suggested a maximum inclusion of 0.25% (vol) of PP fibres in FA-based geopolymer for 
adequate workability of 3DP processes. Most research that studied fibre inclusion effects on 
3DP of geopolymers did not include effect on fresh properties such as workability. 

3.1.2. Extrudability 
Extrudability refers to how easily a mix is transferred from the pump to the nozzle of the 

3D printer for extrusion [22]. This parameter is evaluated by the visual inspection method, 
ensuring no pipe block during printing [27]. Extrudability is mainly affected by mixture 
proportion. Aggregate to binder ratios of 1.5 and less lead to more extrudable mixtures, while 
ratios beyond 1.7 were not extrudable as mixes were too stiff [1]. Kashani and Ngo [23] found 
an optimum mix with a 0.33 water-to-solids (w/s) ratio and 8% activator content for the 3DP 
of FA/GGS/SF geopolymer mix to have better extrudability than mixes prepared with 0.31 and 
0.35 w/s ratios and 10% activator content. Factors such as activator type and silicate modulus 
have an insignificant effect on FA/GGBS-based GPC mixtures' extrudability [24].  

3.1.3. Buildability 
Buildability/Shape retention ability refers to how the extruded layer/s can hold the 

preceding layers and keep its extruded shape under self-weight without falling apart [22], [28]. 
3DP requires high buildability as a low buildability of 3DP material may lead to deformation 
during printing layers, causing the entire printed structure to collapse [6]. High buildability may 
be attained by a low liquid-to-binder ratio (0.21-0.33), low CMC contents, utilising sodium-
based activators and shorter open time. Kashani and Ngo [23] reported that mixes prepared with 
a w/s ratio of 0.35 had poor buildability as the layers printed collapsed after extrusion. Those 
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*Agg/Binder – aggregate to binder ratio 
*PP - Polypropelene 
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16]. Workability of 3D printable GPC paste is significantly affected by fibres inclusion, fine 
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±158mm. Workability is affected by setting time, as a short setting time may lead to a loss of 
workability required for 3DP [23]. It is also reduced by increased GGBS contents as Chougan 
et al. [18] reported a significant increase in workability with a reduced GGBS content (lower 
than 15%) and a reduced aggregate size for a FA/GGBS/SF-based GPC. Workability was 
affected by the activator type as mixes prepared with potassium-based activator yielded lower 
workability compared to those prepared with sodium-based activators. The optimum mix (mix 
details in Table 1) exhibited a slump-flow of 126mm [24]. Vlachakis et al. [25] suggested an 
optimum solid to liquid ratio of 0.85 for a suitable 3D printable mix with sufficient workability 
for metakaolin-based geopolymer mix as ratios of 0.8 and 0.9 were either too wet or too dry for 
3D printing. Polypropylene (PP) reduces workability of geopolymer paste, regardless of the 
content used, as these fibres absorb a lot of geopolymer paste [26]. Nematollahi et al. [19] 
suggested a maximum inclusion of 0.25% (vol) of PP fibres in FA-based geopolymer for 
adequate workability of 3DP processes. Most research that studied fibre inclusion effects on 
3DP of geopolymers did not include effect on fresh properties such as workability. 

3.1.2. Extrudability 
Extrudability refers to how easily a mix is transferred from the pump to the nozzle of the 

3D printer for extrusion [22]. This parameter is evaluated by the visual inspection method, 
ensuring no pipe block during printing [27]. Extrudability is mainly affected by mixture 
proportion. Aggregate to binder ratios of 1.5 and less lead to more extrudable mixtures, while 
ratios beyond 1.7 were not extrudable as mixes were too stiff [1]. Kashani and Ngo [23] found 
an optimum mix with a 0.33 water-to-solids (w/s) ratio and 8% activator content for the 3DP 
of FA/GGS/SF geopolymer mix to have better extrudability than mixes prepared with 0.31 and 
0.35 w/s ratios and 10% activator content. Factors such as activator type and silicate modulus 
have an insignificant effect on FA/GGBS-based GPC mixtures' extrudability [24].  

3.1.3. Buildability 
Buildability/Shape retention ability refers to how the extruded layer/s can hold the 

preceding layers and keep its extruded shape under self-weight without falling apart [22], [28]. 
3DP requires high buildability as a low buildability of 3DP material may lead to deformation 
during printing layers, causing the entire printed structure to collapse [6]. High buildability may 
be attained by a low liquid-to-binder ratio (0.21-0.33), low CMC contents, utilising sodium-
based activators and shorter open time. Kashani and Ngo [23] reported that mixes prepared with 
a w/s ratio of 0.35 had poor buildability as the layers printed collapsed after extrusion. Those 
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prepared with a w/s ratio of 0.33 exhibited acceptable buildability. Specimens prepared with 
potassium-based activator failed in retaining their shape when printed than those prepared by 
sodium-based activators [24]. Buildability can be enhanced by adding rheology modifiers such 
as nano-clays, as Panda et al. [1] suggested the addition of 1.2% nano-clay to optimise 
buildability for large scale 3DP.  

3.1.4. Open time 
Open time can be described as the time needed to print the subsequent layer.[1, 23]. Open 

time is crucial as a printed layer needs to acquire adequate strength to support and at the same 
time be wet enough and fuse with the subsequent layers. Open time is directly affected by 
setting time; therefore, a shorter setting time may indicate a shorter open time. Short open time 
is a sign of quick strength gain; however, it can cause the pipe's clogging and hardening of the 
material in the reservoir (as the material loses workability) [23]. Furthermore, a shorter setting 
time can lead to faster curing and should the subsequent layer be printed on a fully cured 
substrate layer, it will cause a weak interfacial bond strength, thus causing a cold joint in the 
printed layers [26]. Though short open time is a sign of quick strength gain, meaning the printed 
layer will have adequate strength to support the subsequent layers, Kashani and Ngo [23] 
suggested a longer setting time as yield stress is sometimes enough to support a limited number 
of subsequent layers. Open time for successful printing has been reported between 15-20 
minutes and has been affected by, GGBS content, activator type and SiO2/Na2O ratio (molar 
ratio) [14, 18, 29]. Increasing GGBS content from 5-15% reduces the setting time of FA-based 
geopolymer mortar; thus, the mortar cannot be used for a long time [1]. 

Bong et al. [24] reported a shorter open time of 15 minutes with potassium-based activator 
compared to 29 minutes recorded for sodium-based activator. Additionally, a shorter open was 
reported due to a reduced molar ratio, which affected the interlayer bond strength [29].  

The above discussed fresh properties are fundamental as there is no use of formwork in 3DP 
processes, and they lead to a successful printing and affect mechanical properties after setting 
[21, 23]. It is thus important to optimise material composition in order to enhance these fresh 
properties for 3DP.  

3.2.Hardened Properties of 3DP mixtures 

3.2.1. Compressive Strength 
Effect of material composition 

Materials used in the preparation of geopolymers are crucial as they determine the 
mechanical properties of the 3D printed mix as material composition affects strength 
differently. Utilising GGBS in GPC mixes can provide denser microstructures, which further 
results in early age compressive strength [21]. Panda et al. [21] showed that adding GGBS to 
FA-based GPCs increased 7d compressive strength of the 3D printed mixes to 18.4 MPa. Xia 
et al. [30] suggested a minimum amount of 50% GGBS required to set FA/GGBS GPC binder 
at ambient temperatures, yielding 7d compressive strength of 24.9 MPa. Less than 50% GGBS 
reduced the strength, and 100% GGBS increased compressive strength. Strength is greatly 
affected by liquid content used; Kashani and Ngo [23] recorded a 21d compressive strength of 
approximately 58 MPa for a GGBS:FA:SF, activated by 8% sodium metasilicate powder at an 
optimum w/s ratio of 0.33%. Results showed that the strength was negatively affected by 
increasing the w/s ratio over 0.33 and activator content over 10%. Admixtures used also have 
an effect on the strength gain of 3D printed geopolymer mixes as Sun et al. [17] reported that 
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increased sodium carboxymethyl starch (CMS) content, a viscosity modifying agent, results in 
a reduction in compressive strength of the printed specimen. The 28d compressive strength 
reduced from 87 MPa (mixes without CMS) to ±56 MPa (mixes with 8% CMS). Bong et al. 
[24] reported increased 3d compressive strength from 8.5 to 16.6 MPa, with an increase in 
sodium-based alkali content and silicate modulus for FA/GGBS based GPC 

 
Effect of Fibre inclusion 

Fibres have been introduced to 3DP mixes to reduce the use of steel [31]. The strength of 
3DP GPC concrete mixtures is influenced by the inclusion of different types of fibres used.  
Nematollahi et al. [19] reported an increased compressive in 3D printed GPC mixes containing 
PP fibre inclusion compared to those without fibres, the optimum inclusion of 0.25% (vol.) PP 
fibres led to increased compressive strength of 35.8MPa from 22.3MPa. Anything beyond 
0.25% reduced and compressive strength. Korniejenko et al. [32] suggested incorporating an 
optimum of 0.5% short (30-50 mm) green tow flax and carbon fibres reinforcement in FA-
based 3D printed GPCs, as anything beyond that decreases the rate of compressive strength 
gain at each age. Overall, the outcome of fibre inclusion on the compressive strength was 
insignificant as the fibre led to a 6% increase. Bong et al. [15] reported a 7d maximum 
compressive strength of 49.1 MPa for 3D printed FA/GGBS GPC mixes with wollastonite 
microfiber addition, while those without fibre recorded a compressive strength of 48.3MPa, 
showing an insignificant effect of fibres. Chougan et al. [18] recommended 1% nano graphite 
platelets inclusion to FA, GGBS and SF binder GPC for 3DP and exhibited better compressive 
strength compared to 3D printed and cast specimen without nano graphite platelets.  

 
Effect of curing conditions 

Findings reported in the literature show that comparable results have been obtained with 
different curing conditions, as summarised in Table 2 below. According to the study done by 
Nematollahi et al. [34], the compressive strength cured at room temperature was comparable to 
that of the study carried out by Korniejenko et al. [32], whose specimens were cured at 75 ˚C 
for 24 hours. In other studies, similar results were obtained for different curing temperatures as 
Panda et al. [33], and Bong et al. [14] reported similar compressive results for specimens cured 
at room temperature and those cured at elevated temperatures of 60 ˚C by Nematollahi et al. 
[34]. It should be noted that all the studies used different materials, and where similar materials 
were used, different compositions of the used materials were adopted and thus each affecting 
the end results in different ways. 
 
Table 2. 28d Flexural and Compressive Strength of 3DP FA-Based GPC cured 
at different temperatures 
 

Reference Curing temperature 28d Compressive 
Strength (MPa) 

[35] 70˚C - 48 hrs 25 
[14] Ambient temp 34 
[34] 60˚C - 24 hrs 35 
[33] Ambient temp 36 
[32] 75˚C - 24 hrs 48 
[34] Ambient temp 43.2 
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Compressive strength is a crucial property of concrete as it can represent its quality in terms 
of mechanical behaviour. The compressive strength of geopolymer binder is affected by curing 
conditions, the properties of GPC binders, mixture composition and other factors, including 
water content, activator to binder ratio, type and concentration of alkaline activators and 
admixtures used [36, 37]. Results also show that ambient cured specimens can attain 
comparable results compared to heat-cured specimens. 

3.2.2. Interlayer/Tensile Bond Strength 
Sufficient bond strength between printed layers is required for adequate mechanical 

properties as it distributes the applied loads through the printed structure and affects the 
structural integrity of the printed structure. It is influenced by the time gap (open time), as an 
increase in the time gap reduces the tensile bond strength. This is due to the induction of voids 
at the interface and adhesion reduction due to the increased time gap [11, 38]. Panda et al. [33] 
recorded a maximum bond strength of 16.3 MPa for FA/GGBS/SF 3DP GPC paste. Bond 
strength was reduced by a longer open time (over 20 minutes), longer printing time gap and 
higher printing speed. Bong et al. [14] recorded a 7d 0.9 MPa bond strength by optimising the 
mix described in Table 1, showing the importance of mixture optimisation on the bond strength 
of 3D printed specimens. The recorded strength is suggested to be enough to prevent interfacial 
shear failure as failure mode in flexural strength testing was tensile and not shear. Furthermore, 
bond strength is affected by curing type and printing time gap, as a reduction in bond strength 
was observed with oven-cured specimens and longer layer time intervals (printing time 
gap/interval) [34, 39]. Additionally, bond strength is affected by buildability as it can be 
enhanced by an improvement in buildability [26].  

4. CONCLUSIONS AND RECOMMENDATIONS 
This study reviewed applications of industrial wastes or by-products, including fly ash and 

ground granulated blast-furnace slag, as binder phases in the 3DP of geopolymer concrete 
mixtures. In the reviewed literature, geopolymer cement has been suggested as a suitable binder 
phase to prepare 3D printable mixes. Literature showed that that 3DP technology is sustainable 
and leads to a greener environment. Fresh and hardened properties were affected by the 
mixtures' material composition (GGBS, fibre inclusion, w/s, etc), showing the importance of 
material optimisation to obtain printable results and curing conditions.  Fibre increases 
compressive strength but has adverse effects on workability; thus, a small percentage of fibre 
inclusion is recommended. There is a lack of literature on one-part binder-based geopolymer, 
which may pave the way for future research. The authors recommend extensive experimental 
works on evaluating a wider range of geopolymer binders as 3D printing materials instead of 
FA and GGBS.  

There are limited studies in the literature that have been carried out on applying waste 
materials and industrial by-products in the binder phase of 3D printing concretes. Therefore, 
further studies are required to explore the potential re-use of different waste materials.  
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ABSTRACT 

This paper investigates the potential alkali silica reactivity of selected Namibian aggregates 
from certified quarries in the following towns: Opuwo, Omakange, Tsumeb, Otjiwarongo, 
Walvis Bay and Windhoek. The susceptibility of the selected aggregates to alkali silica reaction 
(ASR) was investigated using laboratory-made cement-based mortar bar specimens cast 
according to ASTM C1260 specifications. Six mortar mixes were used to cast the test 
specimens. Three replicate specimens were cast for each mortar mix. The concentration of 
reactive silica in the aggregates was determined using X-Ray Fluorescence (XRF). From the 
test results, it can be concluded that the susceptibility of the aggregates under investigation to 
ASR was minimal. All aggregates, except for those sourced from Windhoek, were non-reactive. 
Aggregates from Windhoek exhibited slow/mild potential to alkali silica reactivity. An increase 
in SiO2 content in aggregates resulted in a corresponding increase in the susceptibility to ASR 
and the percentage expansion. 
 

Keywords: alkali silica reaction, XRF, aggregates, mortar bar 

1. INTRODUCTION 
Alkali aggregate reaction (AAR) is a global problem that has been observed in many 

concrete structures. It was first reported by Stanton in the USA in 1938 and has been researched 
extensively since then [1–3]. AAR is an adverse chemical reaction between the alkali in 
concrete pore solution and the reactive compounds in aggregates. It can be classified into three 
broad categories depending on the nature of the aggregate involved in the process: alkali-silica 
reaction, alkali-silicate reaction and alkali-carbonate-rock reaction. 

Alkali silica reaction (ASR) is the chemical reaction that occurs between the alkaline 
concrete pore solution and the metastable forms of silica found in aggregates such as volcanic 
glasses, cristobalite,  tridymite and opal. It can also refer to the reaction between the concrete 
pore solution and aggregates containing or comprising cherts, chalcedony, microcrystalline 
quartz, cryptocrystalline quartz or strained quartz. It entails the formation of two types of gel 
products, namely a non-swelling calcium-alkali-silicate hydrate (C-N(K)-S-H) and a swelling 
gel alkali-silicate-hydrate (N(K)-S-H) [2–4]. ASR is deemed safe if only the non-swelling gel 
is formed and unsafe if both products are formed. For the swelling gel to form, four conditions 
ought to be met simultaneously: (i) a sufficient amount of alkali (generally believed to be higher 
than 0.6% in terms of sodium oxide equivalent) should be present in the concrete; (ii) a reactive 
form of silica in sufficient quantity (generally in the aggregates) is required; (iii) a source of 
soluble calcium (such as portlandite) to react with dissolved silica and form the deleterious gel; 
and (iv) a sufficient source of moisture is required. ASR will not occur if any of the four 
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mentioned conditions fails to exist. ASR results from a series of reaction processes which occur 
sequentially, namely: the dissolution of metastable silica, the formation of non-colloidal silica 
sol, the gelation of the latter and the swelling of the gel [2, 3, 5, 6]. 

ASR is influenced by: aggregate type, content of reactive aggregate, porosity of aggregate, 
mineralogy of the reactive silica,  diffusivity of the relevant ions, source and concentration of 
ions, the presence of a pozzolan, the quantity of free Ca(OH)2 in the hydration process, 
aggregate size, the property of the reaction product and exposure conditions [2, 3, 5–9]. A 
detailed explanation on how each of these parameters influence ASR can be obtained from the 
cited literature. The expansive gel formed due to ASR induces tensile stresses in the concrete. 
These stresses result in cracks which would compromise the aesthetics, durability and structural 
integrity of the affected concrete structures. The negative effects of ASR have been countered 
in practice through the use of low-alkali cements (sodium oxide equivalent lower than 0.6%), 
chemical admixtures containing lithium and calcium nitrate, concrete moisture control, use of 
non-reactive aggregates and the partial replacement of cement with supplementary cementitious 
materials (SCMs) [1–4, 7, 8, 10–12]. 

Whereas extensive studies on the susceptibility of aggregates from various localities to ASR 
have been reported in literature [1–3]; research on the susceptibility of Namibian aggregates to 
ASR has not been reported. Consequently, many engineers and contractors in Namibia have 
continued to specify and use concrete without an in-depth knowledge on their susceptibility to 
ASR. Chatterji [7], Rashidi et al [13] and Mahomed [2] report that a proper understanding of 
the composition and behaviour of aggregates ought to inform the assessment of the 
susceptibility of an aggregate to ASR. Considering the lack of local research on the 
susceptibility of Namibian aggregates to ASR, this study sought to: (i) investigate the elemental 
composition of selected Namibian aggregates from six towns; and (ii) assess the potential 
reactivity of the selected aggregates to ASR using the accelerated mortar bar test as described 
in ASTM C 1260 [14]. The chemical composition of the aggregates was examined using X-
Ray Fluorescence (XRF). The results from this study would inform the selection of suitable 
aggregate sources for use in the construction of concrete buildings and infrastructure in 
Namibia. 

2. EXPERIMENTAL METHODOLOGY 
The following materials were used to cast the mortar mixes for this study: 

i. Cement: CEM I, 42.5 N (meeting ASTM C 150 requirements); percentage alkalis = 
0.9521% Na2Oeq (Sourced from a local cement plant). 

ii. Fine aggregates: passing through the 4.75 mm sieve and retained on the 150 µm sieve 
(sourced from different quarries across Namibia). 

iii. Sodium hydroxide (NaOH): concentration = 1.0 ± 0.01 N (Source: Biodynamics, 
Windhoek, Namibia). 

Coarse aggregates samples were collected randomly from certified quarries that supply 
aggregates for use in construction in the following towns in Namibia: Opuwo, Omakange, 
Tsumeb, Otjiwarongo, Walvis Bay and Windhoek. The sampling was done according to 
Method MB1 of TMH5 [15]. The samples were labelled as S1 (Walvis Bay), S2 (Opuwo), S3 
(Tsumeb), S4 (Otjiwarongo), S5 (Omakange) and S6 (Windhoek). The labelled samples were 
oven-dried, cooled, crushed and sieved according to ASTM C33 [16], ASTM C136 [17] and 
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ASTM C 1260 [14] specifications. The portion of the graded fine aggregate that passed through 
the 4.75 mm sieve and was retained on the 150 µm sieve was separated for use in this study. 

A 1kg aggregate from each quarry was pulverised, packed in a plastic bag and sent to the 
Ministry of Mines and Energy in Windhoek for X-Ray Fluorescence (XRF) analysis. XRF was 
used to determine the elemental composition of each aggregate sample. The relative density of 
the graded aggregates from each source was determined using a pycnometer according to 
TMH1 Method B15 [18] specifications. The proportioning of the materials for casting the 
mortar mixes was determined. A mortar mix was cast from each aggregate source. The mass of 
each mix constituent was determined on the basis of the relative density (r.d) of each aggregate 
as presented in Table 1 The equations that were used to determine the aggregate proportions 
are presented in ASTM C 1260 [14] and Strack et al [6]. 

 
Table 1: Mix design proportions per batch (aggregates with relative densities ≥ 2.45) 

Material Quantity 
Relative density ≥ 2.45 Relative density < 2.45 

Cement (g) 440.0 440.0 
Water (ml) 206.8 206.8 
Graded aggregate (g) 990.0 440.0 
Water:cement (w/c) ratio 0.47 0.47 

 
The constituents of each mortar mix were mass batched and mixed using a mixer, paddle 

and a mixing bowl. Mixing was done according to ASTM C 305 [19]. Three specimens were 
cast from each of the six mixes. 18 No. 25 x 25 x 285 mm mortar bar specimens were cast 
within 2 minutes and 15 seconds after mixing and placed in steel moulds in two approximately 
equal layers. Each layer was hand compacted with a tamper. The top surface of each specimen 
was levelled and smoothened with a trowel. The freshly cast specimens were marked then kept 
in a moist cabinet (temperature = 23 ± 2 oC; relative humidity = 100%) for 24 ± 2 hours before 
demoulding. Figure 1 shows a freshly-cast mortar bar in a moist cabinet. 

 

 
Figure 1: A freshly-cast mortar bar in a moist cabinet. 

Specimens were removed from the cabinet and dried using a towel to a saturated surface dry 
(SSD) condition. A digital Vernier calliper was used to measure the initial length of each 
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specimen immediately after its removal from the cabinet (Figure 2). Measurements were made 
to the nearest 0.002 mm. Utmost care was taken to prevent the loss of moisture in the specimens. 

 

 
Figure 2: Length measurements using a digital Vernier calliper 

The accelerated mortar bar test – despite its limitations as presented in Chatterji [7], 
Kandasamy and Shehata [11], Rashidi et al [13], Mahomed [2] and Strack et al [6] - was used 
to test for the potential alkali silica reactivity of the aggregates in accordance with ASTM C 
1260 [14]. The constraints of limited time for this research and the unavailability of equipment 
informed the adoption of this test method. The SSD mortar bar specimens were immersed fully 
in a storage container with potable tap water at a temperature of 23 ± 2 oC. The container was 
then sealed and placed in an oven maintained at 80 ± 2 oC for 24 hours. The hot mortar bar 
specimens were removed from the oven, one at a time, and their surfaces dried using a towel. 
A zero length reading was taken and recorded. Thereafter, the mortar bar specimens were 
immersed in a container with 1.0 N sodium hydroxide solution (NaOH) at 80 ± 2 oC for 14 
days. The change in length in each specimen was monitored throughout the 14 days of 
immersion in NaOH. Length measurements were taken at 1, 5, 7, 12 and 14 days after 
immersion in NaOH. The percentage expansion in each specimen was calculated as per the 
ASTM C 1260 [14] recommendations. The mean percentage expansion of each mortar mix was 
calculated from three test results. 

3. RESULTS AND ANALYSIS 

3.1 Elemental composition 
The elemental composition of the aggregates under investigation were determined using 

XRF analysis. The XRF results are presented in Figure 3. From the XRF results it can be 
observed that silica content in the aggregates decreased in the following order: S6, S2, S1, S5, 
S3 and S4. Based on the geological map of Namibia [20], it can be inferred that the variations 
in silica content can be attributed to the mineralogy of the rocks from which the aggregates 
were sourced. The silica content is generally high in aggregate sources that contain quartzite 
and granite (e.g., S1 and S6). 
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Figure 3: Elemental composition of aggregates 

3.2 Mortar bar test results 
The test results from the mortar bar test are presented in Figure 4. From Figure 4, it can be 

observed that aggregates from Windhoek (S6) exhibited the largest percentage expansion while 
aggregates from Otjiwarongo (S4) exhibited the least percentage expansion after 14 days of 
immersion in 1.0 N sodium hydroxide (NaOH) solution. The percentage expansion in the other 
aggregates varied between these two values. 

 

 
Figure 4: Mortar bar results 
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The relationship between silica content and the percentage expansion after 14 days of 
immersion in NaOH solution in each aggregate is presented in Figure 5. 

 

 
Figure 5: Silica content versus percentage expansion after 14 days of immersion in NaOH 

The percentage expansion in the aggregates after 14 days of immersion in 1 N NaOH is 
closely related to their silica content as shown in Figure 5. A juxtaposition of Figure 3 and 
Figure 5 reveals that very strong positive correlation - with a correlation coefficient of 0.9 - 
exists between silica content and the percentage expansion in the aggregates after 14 days of 
immersion in NaOH. Thus, it can be concluded that an increase in silica content will result in 
an increase in percentage expansion. The expansion in the aggregates was also observed to be 
closely related to the Ca/Si ratio. The reported observations are consistent with literature [2,3,5–
7]. The percentage expansion was larger in aggregates with low Ca/Si ratio than in those with 
high Ca/Si ratio. Aggregates with a low Ca/Si produces a net negative charge in the C-S-H gel. 
This negative charge would absorb the cations in the pore solution which would consequently 
increase the percentage expansion and the susceptibility to ASR. Aggregates from Windhoek 
(S6) had the most silica content (90.1%) while those from Otjiwarongo (S4) had the least silica 
content (1.6%). All the aggregates under investigation, except for those from Windhoek, can 
be classified as ‘innocuous’ as per the ASTM C 1260 [14] specifications. The aggregates from 
Windhoek, however, are potentially reactive. Thus, their use in concrete ought to be carefully 
informed, especially in critical infrastructure such as dams where the susceptibility to ASR 
would result in disastrous consequences. 

A strong positive correlation – with a correlation coefficient of 0.5 - exists between the silica 
content and the percentage expansion in the aggregates from 5 to 14 days. Thus, it can be 
inferred that an increase in silica content will result in an increase in the percentage expansion 
due to ASR. A negative correlation with a correlation coefficient of 0.6 exists between Ca/Si 
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can thus be inferred that a reduction in the Ca/Si ratio will increase the percentage expansion in 
the aggregates at 14 days and the percentage change in length from 5 to 14 days. Further studies, 
however, ought to be done to investigate this relationship in detail. Also, it can be observed that 
the high alkali content of the cement used in this study (i.e., 0.9521 Na2O eq) could contribute 
to the susceptibility to ASR; especially in instances where reactive or mildly reactive aggregates 
are used. Utmost caution ought to be observed while using this cement – especially in the 
construction of critical infrastructure such as dams which would be adversely affected by ASR. 

4. CONCLUSIONS 
The susceptibility of selected Namibian aggregates to ASR attack has been discussed. From 

the test results, the following conclusions can be made: 
i. The silica content of Namibian aggregates varies widely depending on their geology. 

ii. The susceptibility to ASR increases with an increase in silica content. 
iii. The percentage expansion due to ASR increases with an increase in silica content. 
iv. The susceptibility of the selected Namibian aggregates to ASR is generally low. All the 

aggregates under investigation, except for those from Windhoek, are non-reactive. 
Aggregates from Windhoek exhibited slow/mild potential of alkali silica reactivity. 
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ABSTRACT 

Chloride-induced corrosion of steel reinforcement and alkali-silica reaction (ASR) are 
major forms of deterioration in reinforced concrete (RC) structures. While the damage in RC 
structures due to either chloride-induced or ASR have been extensively researched, the 
combined effect of both has not been given much attention. RC structures can exhibit alkali-
silica reaction and be exposed to corrosive condition (chloride-induced corrosion) in a marine 
environment, and information is needed on how the combined actions of the deterioration 
mechanisms affect RC structures. This paper presents a review of the literature on the 
combined effect of both deterioration mechanisms. The paper also presents an ongoing study on 
the combined actions of alkali-silica reaction and chloride-induced corrosion on the durability 
performance of a reinforced concrete structure. 
 
Keywords: chloride-induced corrosion, alkali-silica reaction, corrosion rate, service life 

1. INTRODUCTION 

Corrosion of steel reinforcement is one of the major causes of deterioration of reinforced 
concrete structures. While chloride-induced corrosion has been extensively researched, the 
combined effect of alkali-silica reaction and chloride-induced steel corrosion has not been 
given much attention, because of insufficient information on the combined action of ASR and 
chloride-induced steel corrosion in RC structures [1]. 

ASR is a reaction between alkali hydroxide in the pore solution of a hydrated cement paste 
(HCP) in the concrete and reactive silica in aggregates. Three things that need to be present 
for ASR to take place [2] include reactive aggregates, high alkali content in the pore solution, 
and high moisture content (> 80% relative humidity). The product of this reaction is referred 
to as ASR gel (A-S-H), which can also be converted to calcium silicate hydrates (C-S-H) gel 
because of the calcium ions present in the pore solution. ASR gel is porous and has a high 
surface area which has the affinity to absorb moisture from the surrounding pore solution and 
environment, this results in the expansion of the concrete and its structural degradation due to 
crack formation. The ASR gel forms in and around the aggregates, interfacial transition zone 
(ITZ), and in the concrete pores, the gel may fill the ITZ, pores, and concrete cracks thereby 
creating a barrier against the easy transportation of chlorides from the concrete surface to the 
steel reinforcement [21].  

Right from Stanton's discovery of ASR in 1940, this defect has been known to occur in 
various concrete structures such as dams, bridge piers and decks, pavements and other 
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concrete structures [21]. In investigations on concrete structures and laboratory concretes, 
Sibbick and Page, [19]assessed the effect of NaCl exposure on ASR in concrete concerning 
the alkali content of the concrete and the C3A content of the cement. They proposed a reaction 
scheme in which, firstly, the ingress of NaCl increases the NaOH concentration of the pore 
solution owing to the reaction of chloride with the C3A hydration products and portlandite. 
Secondly, the increase in OH- concentration promotes the neutralization of the acidic silanol 
groups (SiOH) at the SiO2 surface and thus the formation of negatively charged SiO- surfaces. 
This paper presents a review of the combined effect of ASR and chloride-induced corrosion 
of steel in reinforced concrete structures.  

2. CAUSES OF CONCRETE DETERIORATION 

Alkali-aggregate reaction (alkali-silica reaction and alkali-carbonate reaction) and 
chloride-induced corrosion of steel are among the several causes of concrete deterioration. 
Some other causes are swelling due to expansion of the cement (from free lime or ettringite), 
external factors such as cycles of freezing and thawing or the attack on concrete by water in 
forms such as acidic water and sulphate-rich water In many cases, there may be a combination 
of causes, so that when there is an alkali-aggregate reaction in the concrete, for instance, the 
effects of other factors may be aggravated [11]. 

2.1  Alkali-silica reaction 
Alkali-silica reaction is a harmful reaction (expansion and cracks) that occurs between the 

alkaline pore solution of concrete and several forms of reactive silica found in many natural 
and artificial aggregates [4] Dissolution of the silica structure occurs by the constant attack of 
hydroxyl ions, after which the dissolved silica structure behaves as a hygroscopic compound 
and absorbs water from the surrounding environment. Alternatively, the dissolved silica can 
cross-link (e.g. in the presence of Ca2+ ions), coagulate, and form ASR gel. Right from 
Stanton’s discovery of ASR in 1940, this defect has been known to occur in various concrete 
structures such as dams, bridge piers and decks, pavements and other concrete structures [21]. 
Three things need to be present for ASR to take place [2]: 

i. The presence of reactive aggregate 
ii. High-alkali content in the pore solution (pH 12.5 and above); and 

iii. A high moisture content, usually a relative humidity from 80% and above. 
At the initial stage of ASR, the hydroxyl ions in the pore solution of a hydrated cement 

paste (HCP) react with Si-O-Si bonds (siloxane group) of reactive silica in aggregates to 
produce silicic acid (Si-OH) and alkali silicate (Si-O-). Then the silicic acid reacts with the 
hydroxyl ions (OH-) and metal alkali that forms alkali-silica gel by liberating water. Finally, 
the expansion occurs due to the hydration of the alkali-silica gel [16]. Later, the hydrated 
alkali-silica gel gets defused from aggregate to cement paste and reacts with the calcium ions 
Ca2+. This generates an alkali-calcium-silicate hydrate gel. These products absorb moisture 
from the surroundings and expand in volume. Excessive expansion can cause cracking of 
aggregate and cement paste to initiate the degradation of concrete [16].   

2.2 Corrosion of steel in concrete 
Corrosion of steel reinforcement embedded in concrete has been viewed as the main 

hazard which reduces the durability of reinforced concrete structures [15, 18, 14]. The 
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lifespan (service life) of the RC structure mainly comprises two phases: the corrosion 
initiation and propagation phases. Over the years, steel corrosion due to chloride ingress or 
carbonation has been identified as the main cause of durability failure and hence reduced the 
service life of RC structures [4]. For RC structures in marine environments and where de-
icing salts are used, chloride-induced corrosion has been identified as the dominant cause of 
durability failure [20]. 

Steel corrosion in concrete is a process in which iron is dissolved at the anode and oxygen 
is reduced at the cathode [3]. 

3.  COMBINED ACTION OF CHLORIDE-INDUCED STEEL CORROSION AND 

ASR IN RC STRUCTURES 

Significant research [9, 14, 8, 7] has been conducted on the damage in RC structures due to 
either ASR or chloride-induced corrosion, but combined actions of both mechanisms have not 
been fully researched and understood [21] RC structures can exhibit alkali-silica reaction and 
be exposed to corrosive condition (chloride-induced corrosion) in a marine environment.  
Information is needed on how the combined actions of the deterioration mechanisms affect 
RC structures.  

Since ASR leads to cracking in concrete and cracks enhance chloride transportation, it is 
anticipated that ASR will increase the rate of chloride penetration in concrete thereby 
reducing the time to active corrosion. Though ASR in concrete results in cracks, the reaction 
product can fill the ITZ between the aggregates, cracks and voids particles thereby creating a 
barrier to chloride penetration [12]. The ASR product may retard the ingress of chloride into 
concrete and consequently delay the corrosion initiation of steel in concrete. Studies have 
shown that ASR can reduce the transport rate of chlorides and time to corrosion initiation of 
steel reinforcement in concrete [10, 21] However, there is a need to investigate how the 
combined actions of ASR and chloride-induced corrosion influence the durability 
performance of RC structures. Interestingly, the few studies that have been carried out to 
investigate the influence of ASR and chloride-induced corrosion of steel on RC structures had 
been performed primarily on corrosion initiation [10, 21] but there is no information on 
durability performance of RC structures under the combined actions of ASR and chloride-
induced corrosion. To ensure that structures maintain adequate durability during their service 
life, engineers need to understand the combined action of ASR and chloride-induced 
corrosion of steel which can impair the durability performance of RC structures. 

3.1 Existing work on the combined effect of chloride-induced steel corrosion and       
ASR in RC structures 

Studies have confirmed that cracks in the RC provide pathways to the surface of steel 
reinforcement for aggressive agents[14, 16]. Trejo et al [21], investigates the influence of 
ASR on chloride transport characteristics and time to corrosion initiation. The following 
conclusions were drawn: 

i. The formation of ASR gel in specimens containing a reactive fine aggregate resulted 
in expansion and cracking of the specimens containing reactive aggregate, but this was 
not observed in the specimens containing nonreactive aggregate. 

ii. The specimens containing reactive and nonreactive aggregate showed similar times to 
corrosion initiation. 
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iii. Specimens containing nonreactive aggregate exhibited a higher corrosion rate than the 
specimens containing reactive aggregate. This indicates that ASR resists the transport 
of chlorides and the presence of ASR gel can act as a barrier against chloride transport 
in concrete, resulting in the lower overall penetration rate of the chlorides. 

iv. Energy dispersive X-ray (EDX) results show a statistically significantly lower chloride 
value in the ASR gel than the HCP. 

4.  SCOPE OF THE ONGOING STUDY 

The study according to [21], that had been carried out to assess the influence of these 
combined deterioration mechanisms on reinforced concrete structures was performed 
primarily on corrosion initiation and therefore, a comprehensive research study is needed to 
investigate the interacting effect of these two deterioration mechanisms. The experimental 
work of the ongoing study will comprise the following laboratory test assessment; aggregate 
reactivity test will be carried out using a standardized test method [17] to determine the most 
reactive among the selected aggregates and adopt it for the research work. Corrosion 
assessment and alkali-silica reaction test will be conducted on concrete beam specimens using 
the coulostatic method to monitor corrosion initiation and corrosion propagation of steel in 
concrete beam specimen and a standardized test method (ASTM C129) will be used to 
determine dimensional length change due to ASR. Durability index tests will be conducted on 
the discs extracted from the concrete cube specimens, one set of specimens with reactive and 
non-reactive aggregates and the second set of specimens with non-reactive for fine and coarse 
aggregates to determine the influence of alkali-silica reaction on the durability properties in 
concrete structures.  

This ongoing research will take into account relevant quantifiable parameters such as time 
to corrosion initiation, rate of corrosion propagation, durability index tests (chloride 
conductivity index, oxygen permeability index, water sorptivity index) which will provide 
useful data that can be utilized in the prediction of the service life of reinforced concrete 
structures exposed to the combined actions of alkali-silica reaction and chloride-induced 
corrosion in a marine environment. This ongoing research will provide the information that 
will enhance the knowledge of engineers on the combined effect of both mechanisms on 
reinforced concrete structures in a marine environment. The ongoing experimental work is 
described in the flow chart, as shown in Figure 1 : 
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The specimens used in the ongoing experimental work were designed to have a basis of 
comparison of results are as follows:  

i. Beam specimens (B1) containing reactive fine and non-reactive coarse aggregates 
were produced. A 12mm steel reinforcement bar was placed at a cover depth of 
20mm from the concrete face that was exposed to chlorides. The objective of these 
specimens to create a scenario of alkali-silica reaction and steel corrosion 
simultaneously. 

ii. Beam specimens (B2) containing non-reactive coarse aggregate and non-reactive 
fine aggregate were produced. A 12mm steel reinforcement bar was placed at a 
cover depth of 20mm. This was done to create a scenario of steel corrosion only. 

iii. Beam specimens (B3) containing reactive fine aggregate and non-reactive coarse 
aggregate were used. No steel reinforcement bar was embedded (plain concrete). 
This was designed to create a scenario of alkali-silica reaction only. 

iv. Cube specimens (C1 and C2) specimen C1 containing non-reactive coarse and 
reactive fine aggregate. This specimen is designed to have an alkali-silica reaction. 
Specimen C2 containing non-reactive coarse and fine aggregate. This was done to 
have cube specimens without alkali-silica reaction. Other abbreviations used in the 
flow chart are presented in Table 1: 

 
Table 1: Abbreviation meaning 

Abbreviation Meaning 
MBT Mortar bar test 
FA Fly ash 
GGBS Ground granulated blast-furnace slag 
RCP Rate of corrosion propagation 
TCI Time of corrosion initiation 
DLC Dimensional length change 
CCI Chloride conductivity index 
WSI Water sorptivity index 
OPI Oxygen permeability index 
SEM Scanning electron microscopic 
 

5. CLOSING REMARKS 

This paper has presented a review of the combined action of chloride-induced steel 
corrosion and ASR in RC structures. The following salient points can be drawn from this 
review: 

i. Investigating the combined action of these deterioration mechanisms will give a 
good understanding of RC structures that exhibit alkali-silica reaction and be 
exposed to chloride-induced corrosion in the marine environment. 

ii. The formation of ASR gel can fill the cracks and interfacial zone of the aggregates 
thereby influencing the chloride transport in concrete, resulting in the lower overall 
penetration rate of the chlorides and higher time of corrosion initiation to take 
place. 



YCRETS 2021  173

Page  7 

iii. Comprehensive work should be done on the combined action of chloride-induced 
steel corrosion and ASR by taking cognisance of relevant quantifiable parameters 
such as time to corrosion initiation, rate of corrosion propagation, durability index 
tests (chloride conductivity index, oxygen permeability index, water sorptivity 
index). This will give sufficient information on the durability performance of RC 
structures under the combined action of ASR and chloride-induced steel corrosion. 

iv. To ensure that structures maintain durability during their service life, there is a need 
for engineers to have a robust knowledge of the combined effect of both 
mechanisms on reinforced concrete structures in a marine environment. 
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ABSTRACT 
Among assets of urban infrastructure of modern societies, sewer systems are very crucial. 

They protect humans against water-borne diseases and other threats attributed to water, air and 
land pollution. Sewer systems consist of pipelines, manholes, pumping stations, storm 
overflows, and screening chambers, which are commonly made of concrete. Despite concrete 
being robust, versatile, and economical, its long-term performance in sewer environments can 
be problematic due to biogenic acid attack. Designing a durable concrete to resist this attack 
has been a challenge for many decades. This is because the attack is complex and depends on 
numerous influencing factors. Further, existing corrosion prediction models are limited mainly 
to Portland Cement (PC) based concretes, which do not perform well. Other binders exists that 
have been proved to perform better, however limited tools for modelling their performance are 
available. The purpose of this paper is, therefore, to review the existing prediction models for 
concrete in sewers, point out their applications and limitations, and indicate means of applying 
their principles to improve a widely used prediction model, the ‘Life Factor Method’.  

 
Keywords: durability, sewer concrete, biogenic acid attack 
 
Symbols 

A = Alkalinity of the concrete material (g CaCO3 per g 
concrete material) 
𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐 = Concrete surface area, 
𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 = Scaling constant 
𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = Average (annual) corrosion rate (mm/year) 
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 = Maximum concrete corrosion rate (mm/year) 
ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = Average H2S flux to the pipe wall (g/m2/h) 
P = Perimeter of the pipe wall above the sewage surface 
(m) 
a and c = Aggregate and cement content in concrete (kg 
aggregate or cement/m3 concrete) 
𝑆𝑆𝑆𝑆(−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) = Sum of H2S, HS-, and S2- concentrations in the 
water phase (g S/m3)  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4  = Sulphate concentration (g S/m3)  
𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆 = H2S partial pressure in the gas phase (ppm) 
𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4  = Sulphuric acid concentration in the water film 
of moist sewer surface (g S/m3) 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = dissolved oxygen concentration (g O2/m3) 
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  = Surface corrosion depth (m) 

d = Density of concrete (kg/m3) 
𝑘𝑘𝑘𝑘  = Efficiency factor  
𝐻𝐻𝐻𝐻 = Concrete moisture content 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = Activation energy (kJ/mol) 
𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠 = Gas volume (m3) 
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎 = Water volume (m3) 
𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = Specific mass of the concrete material (g/m3) 
r# = process rate (/day) 
eqv = Equivalent 
agg. = Aggregate 
AH3 = Aluminium hydroxide gel 
CaO = Calcium oxide phase in cement and 
aggregate 
CH = Calcium hydroxide 
CaCO3 = Calcium carbonate 
FeO(OH) = Iron oxyhydroxide 
Al, Ca, and Fe = Aluminium, Calcium, and Iron 
100/56 = Molar mass ratio of CaCO3 and CaO 
[𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  = Hydrogen sulphide concentration in the 
sewage (mg/l) 
𝑞𝑞𝑞𝑞 = Sewer headspace aggressiveness factor 
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𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  = Stoichiometric constant of chemical oxidation 
of sulphide in bulk water (g S/g O2) 
𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝐶𝐶𝐶𝐶  = Stoichiometric constant of biological oxidation 
of sulphide in bulk water (g S/g O2) 
𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = Stoichiometric constant of biological oxidation 
of sulphide in biofilm (g S/g O2) 
𝑅𝑅𝑅𝑅 = Universal gas constant (8.314 J/mol/K) 

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  = Effective resistance capacity 
s = Hydraulic gradient (m/m) 
V = Hydraulic velocity (m/s) 
W = Sewage surface width (m) 

 

1. INTRODUCTION 
Biogenic acid attack results from the biological activity of bacteria on sewer concrete 

surfaces. The bacteria produce sulphuric acid that corrodes the concrete matrix and underlying 
steel reinforcement [1]. In this context, sewer concrete must be designed with a high potential 
for resisting the attacking acid. The resisting potential can be achieved by providing concrete 
with high acid neutralization capacity and/or components that retard or stop the growth of the 
acid-producing bacteria (bacteriostatic capacity) [2]. However, designing such concrete 
requires the designer to understand the overall deterioration mechanisms and interaction 
between the attacking acid and resisting concrete, determine the deterioration rate, and predict 
the service life of sewer concrete. These can be aided by the use of adequate and reliable service 
life prediction models [3].  

The desired service life of a sewer is about 100 years which is sufficient time for a sewer to 
serve with routine maintenance but without major repairs being necessary. However, achieving 
this lifetime is challenging due to changes in sewer environmental conditions, on-going changes 
in construction materials and techniques, and inadequate knowledge about the mechanisms of 
the attack. Because of these factors, most existing corrosion prediction models are inadequate, 
and some of them become obsolescent.  

Most existing and preferred models such as the ‘Life Factor Method’ have been developed 
based on sewer conditions of earlier periods. Authorities set regulations  controlling the quantity 
and quality of wastewater released from industries, but domestic wastewater also consists of 
components that facilitate the growth of bacteria [4]. Environmental changes also pose 
challenges for sewers, for example, countries affected by drought. With limited usage of water, 
the wastewater flow declines with increasing retention time and concentration of biodegradable 
matter and nutrients for bacteria growth which, eventually, lead to high production of hydrogen 
sulphide gas [5].  

Ongoing changes in construction materials due to technological developments also affect the 
development of service life prediction tools. Several modern materials (e.g. newer cement, 
modern chemical admixtures, antimicrobial additives, etc.) are being introduced into the 
industry with, in many cases, unknown levels of performance. With sewer deterioration rates 
being relatively slow in general, the industry is often not willing to invest time and money in 
studying and understanding newer materials or establishing prediction models that can 
accommodate these materials.  Despite the advancement and availability of computer-based 
platforms for modelling and simulation, there are fewer incentives for researchers to readily 
utilize them. Even when these platforms are applied, there is limited information or field data 
to assist in calibration.  

Therefore, the aim of this paper is to review various corrosion prediction models and 
understand their applications and limitations. With this understanding, a commonly used 
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prediction model in the design of concrete sewers, the ‘Life Factor Method’, can be modified 
in such a way it can be easily applied by engineers in the field. 

2. LIFE FACTOR METHOD (LFM) - 1977 
The Life Factor Method (LFM) (Equations 1.1 to 1.3) is, in many cases, the preferred 

approach for predicting corrosion rate of concrete subjected to the biogenic acid attack in sewers 
[6]. The corrosion rate (𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) is determined by combining four stages of biogenic corrosion, 
which are (i) hydrogen sulphide generated in the bulk wastewater ([𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎), (ii) hydrogen 
sulphide emission into the sewer headspace (hydrogen sulphide flux: ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), (iii) hydrogen 
sulphide absorbed and oxidised to sulphuric acid (efficiency factor: k), and (iv) concrete 
neutralization potential (alkalinity: A). 

 

𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 11.4k
ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐴𝐴𝐴𝐴
 Equation (1.1) 

 

ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.69(sV)0.375[𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆]𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑊𝑊𝑊𝑊
𝑃𝑃𝑃𝑃

 Equation (1.2) 

 

A =
𝑐𝑐𝑐𝑐(𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + 𝐸𝐸𝐸𝐸�𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�

𝑑𝑑𝑑𝑑
x

100
56

 Equation (1.3) 

 
The LFM model was first used in 1976 to design Portland Cement (PC)-based concrete pipes 

for the central trunk sewer by the city of Sacramento, California, U.S.A., and later, expanded 
to other countries such as South Africa. During its application, it was observed that the predicted 
corrosion depths were often smaller than the actual depths measured in most sections of sewers, 
and that the worst corroded areas coincided with the ‘tidal’ zone at the average  daily sewage 
flow level, and also at the crown and at regions with high flow turbulence [7–10]  

This variability in corrosion depths was attributed to either assumption made during the 
introduction of certain parameters such as the efficiency factor (k) and H2S flux (ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), or the 
exclusion of other parameters related to turbulence and the critical corroded area, during model 
development. Based on these observations, in 1992, two factors; the crown corrosion factor 
(CCF), ranging from 1.5 to 2.0, and turbulence corrosion factor (TCF), ranging from 1.0 to 2.5 
for areas with ‘typical’ turbulent flow conditions, and 5.0 to 10.0 for very turbulent junctions, 
were introduced in equation 1.1, to produce equation 1.4 [7]. 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 = �11.4k
ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐴𝐴𝐴𝐴
� .𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 Equation (1.4) 

 
However, equation 1.4 fails to take into account further recent findings concerning the 

corrosion process and associated influencing factors [11]. It is  observed that the corrosion rate 
depends on various sewer environmental factors that include the H2S gas concentration, 
Relative Humidity (RH) and temperature, and not merely on the bulk wastewater sulphide 
concentration [12,13]. It was also discovered that pipe corrosion was critically related to 
properties of concrete other than those allowed for in the original model, (i.e. material factor), 
which includes the concrete transport properties and the chemical and biological interactions 
with the oxidised sulphide and bacteria proliferating on the concrete exposed surface[14–16]. 
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3 IMPROVED LIFE FACTOR METHOD - 2016 
Before the mix designs were finalised, 3 trial mixes were done in accordance with the South 

African Concrete & Cement Institute (C&CI) design method, to determine the optimum 
moisture content to theoretically achieve a 75mm slump for the control mix design. Three 
different mix designs with water contents ranging between 225 kg/m3; 215 kg/m3 and 205 
kg/m3, were done using a principle of ratios. This method was used to ensure that no material 
was wasted, and excess water used whilst conducting three different slump tests each having 
different water contents. The method of ratios consisted of designing the initial mix in 
accordance with the C&CI method, and then performing numerous ratio calculations to 
determine the new quantities. The recorded slumps can be seen in Figure 1. 

With reference to the C&CI method as well as the new optimum water content, the mix 
designs were scaled to the required volumes for each batch consisting of cubes for compressive 
strength tests and beams for dynamic loading tests. A constant w/c ratio of 0,45 was used 
throughout the seven different batches, with the batch quantities for the treated and untreated 
rubber staying constant. Table 1 shows the final mix designs for the four different batches.  

In a study conducted at the University of Cape Town in 2016 [17], regarding the application 
of the LFM model at the Virginia Experimental Sewer (VES) in South Africa, it was observed 
that the model adequately predicted the total sulphides in the sewer and the biogenic corrosion 
rate of plain PC concrete mixtures, but could not  predict  corrosion rates of concretes consisting 
of blends of PC and other supplementary cementitious materials, or of Calcium Aluminate 
Cement (CAC) based systems. According to [17], this was related to the inability of the LFM 
to incorporate the different chemistries of various binders. 

Therefore, the LFM model was empirically refined by replacing the alkalinity factor (𝐴𝐴𝐴𝐴) with 
an ‘effective resistance capacity’ (𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶), and introducing a ‘sewer headspace aggressiveness 
factor’ (𝑞𝑞𝑞𝑞), giving rise to  the ‘Improved LFM’ – equations 1.5 and 1.6. 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 was introduced 
on the basis that using the alkalinity factor as the rate-controlling parameter of the concrete 
corrosion rate  was inadequate and inaccurate. Other binder chemical compositions which 
include larger amounts of, e.g.,  Al2O3, and Fe2O3, were found to  contribute significantly to 
neutralizing the attacking acid and providing the possible bacteriostatic effect. Also, the sewer 
headspace aggressiveness factor was introduced due to the influence of sewer headspace 
temperature and RH of a particular sewer. 

 

𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 11.4k
ϕ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶�
1.49 𝑞𝑞𝑞𝑞 Equation (1.5) 

 

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �CaCO3𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + �𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶� + �
𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎.𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶

−1

100
� + �𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻3𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� 

+�𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶𝐻𝐻𝐻𝐻)𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + �
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸
� + �

𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹
𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸
�  

Equation (1.6) 
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4 CURRENT CHALLENGES WITH THE IMPROVED LFM MODEL 
Despite the 2016 improvement, the LFM model is still limited. Binder constituents such as 

CaO, Al2O3, and Fe2O3 used to evaluate the effective resistance capacity are observed to 
influence the corrosion rate in ways counter to how they are quantified in the Improved LFM 
model. According to [11, 18], the presence of iron phases in concrete under attack leads to the 
formation of iron oxide precipitates which cause internal cracking in the intact zone of the 
concrete. The cracking then contributes to the transport of aggressive components into the intact 
zone, thereby accelerating the attack. On the other hand, the aluminium phase has been 
considered to contribute to the bacteriostatic effect. However, [19] found that, in the presence 
of aluminium ions in concrete, the microorganisms readily adapt and consequently continue to 
proliferate. Because of the lack of clarity in these crucial aspects, a clear understanding of their 
roles must be established, which will result in further modifications and improvements to the 
LFM. 

Further, the ‘sewer aggressiveness factor’ which was introduced in the improved LFM 
conflicts with the ‘efficiency factor’. Both factors are empirically evaluated and are functions 
of sewer headspace conditions, especially temperature and RH. According to [17], the sewer 
aggressiveness factor accounts for the influence of sewer headspace temperature and RH. 
However, a range of values has not been evaluated, but can conceivably differ from one sewer 
to another. According to [10], the efficiency factor also has never been measured; the value 
chosen depends on engineering judgement. Its value approaches unity when the rate of acid 
formation is slow, and maybe as low as 0.3 to 0.4 when the rate of acid formation is rapid and 
if much condensate is formed (e.g. warm wastewater and cold pipe wall). Thus, these factors 
need re-consideration and reconciling. 

Using field data from the VES [17],  the improved LFM model could be made to adequately 
predict the performance of PC and CAC based mixtures.  However, its performance was unclear 
when predicting the corrosion rates of concretes made with other modern binder systems such 
as Alkali-Activated Cements (AAC) and Calcium Sulpho-Aluminate cement (CSA). Therefore, 
there is a further need to study or refine the model to increase its broader usage.  

Regardless of the challenges, the LFM is a practical and useful model which can be easily 
applied by engineers. Therefore, modifying this model can significantly contribute to sewer 
design and applications. Figure 1 shows the LFM timeline and developments made to date. 
Applying the principles used in developing other corrosion prediction models likely could assist 
in improving the LFM model. Therefore, the following section reviews other corrosion rate 
prediction models; through understanding their principles, vital information can be extracted 
and applied in the LFM modification. 
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Figure 1: Life Factor Method (LFM) timeline from 1974 to 2016. The challenge is to 

‘improve’ this model to be applicable to modern binder systems. 

5. OTHER CORROSION RATE PREDICTION MODELS 
5.1 WATS Model - 2013 

Wastewater Aerobic-Anaerobic Transformations in Sewers (WATS) model is a conceptual 
and numerical model which is mainly applicable for simulating sewer processes and predicting 
hydrogen sulphide gas associated problems in both gravity sewers and force (pumped) mains. 
The main objective of the WATs model is to manage and control sewer processes that lead to 
concrete corrosion, human health impacts, and odour nuisance caused by hydrogen sulphide 
and volatile organic compounds [20, 21].  

The model consists of various components and their corresponding transformation processes 
expressed by rate equations and stoichiometric constants. A combination of the rate equations 
and stoichiometric constants results in several coupled differential equations which can only be 
solved numerically [20]. The transformation processes, i.e. aerobic, anoxic, or anaerobic 
transformations can be divided into five conceptual process elements, i.e. sulphur cycle, 
aerobic, heterotrophic transformations of organic matter, aerobic transformations of organic 
carbon and sulphur, anoxic, heterotrophic transformations of organic matter, and aerobic and 
anaerobic transformations or organic carbon and sulphur. Therefore, the central elements and 
the backbone of the WATS process concept are the sulphur cycle and the carbon cycle.  
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Regarding concrete corrosion, only sewer process elements for the sulphur cycle formulation 
are included. The sulphur cycle concerns both anaerobic and aerobic processes and includes all 
phases leading to concrete corrosion; the biofilm, the water phase, the sewer headspace, and the 
surfaces exposed to the sewer headspace. The matrices presented in Table 1 are considered as 
the differential of the first row being equal to the sum of the processes listed in the respective 
column. For instance, the rate of surface concrete corrosion is given in Equation 1.7. A complete 
WATS model contains fifteen coupled differential equations that are solved by Euler approach. 
For more details regarding the model, see [21]. 

Table 1: WATS Sewer Process Model for Formulation of Sulphur Cycle as a Process 
Matrix [21] 

Process rate 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑆𝑆𝑆𝑆(−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐

(𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆) 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 
H2S formation in 
biofilm, r1 -1  1    

Chemical oxidation of 
sulphide in bulk water, 
r2 

1 −
1

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐
 -1    

Biological oxidation of 
sulphide in bulk water. 
r3 

1 −
1

𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝐶𝐶𝐶𝐶
 -1    

Oxidation of sulphide 
in biofilm, r4 1 −

1
𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 -1    

H2S emission, r5   -1 
𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
32

𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎

   

H2S oxidation at the 
concrete surface, r6    -1 

𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
32

 
100𝑘𝑘𝑘𝑘

𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐

 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) =
100𝑘𝑘𝑘𝑘

𝜎𝜎𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅𝑇𝑇𝑇𝑇
𝑥𝑥𝑥𝑥
𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐
𝑥𝑥𝑥𝑥 𝑟𝑟𝑟𝑟6 Equation (1.7) 

 
The WATS model clearly shows the relationship between the physical, chemical, and 

biological processes of sewer deterioration, although it neglects sulphide production in the 
biofilms. Each process in the model is described by an equation and depends on the user’s 
choice among a large panel of empirical equations [22]. Compared with the LFM, the WATS 
model incorporates more variables which also makes it more complex for engineering 
application, and beside the concrete alkalinity, other chemical compositions of concrete 
responsible for neutralising the attacking acid are not considered [17]. 
 
5.2 Bi-linear model - 2015 

Wells and Melchers [23] developed a bi-linear model for predicting sewer pipe corrosion 
(equation 1.8). The model relates concrete corrosion rates to the sewer environmental 
conditions, i.e. sewer headspace temperature, H2S concentration and RH. The influence of 
sewer headspace temperature is expressed as a function of the activation energy using the 
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Arrhenius relationship. The corrosion rate of concrete is directly related to the square root of 
H2S concentration in the sewer headspace. The influence of RH was evaluated based on a 
relationship between the sewer RH and concrete moisture content, expressed as a function of 
the concrete pore size distribution, the geometry and tortuosity of the individual pores, and the 
temperature of the concrete wall relative to that of the sewer headspace. Finally, the rate of 
corrosion is considered to be directly proportional to the moisture content in the concrete pores. 
Hence, equation (1.8) is used to predict the corrosion rate of concrete corresponding to a certain 
sewer environment. While the bi-linear model considers factors that most prediction models 
fail to incorporate, it still ignores the material factor. 

𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆  𝑥𝑥𝑥𝑥 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻2𝑆𝑆𝑆𝑆
0.5𝑥𝑥𝑥𝑥 �

0.1602𝐻𝐻𝐻𝐻 − 0.1355
1 − 0.977𝐻𝐻𝐻𝐻

�𝑥𝑥𝑥𝑥 𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅�   Equation (1.8) 

 
5.3 ATIR Model – 2005 and 2016 

The “Säure, Angriff, Transport, Instationär, Reaktion” (SATIR) model [24, 25] is a 
numerical model for simulating the degradation of concrete exposed to static or flowing acidic 
media. The simulation describes the degradation process by diffusion of acid species through 
the initial porosity of the concrete at the exposed surface, and the subsequent corroded layer 
produced by the dissolution of the  paste matrix, and if needed, the dissolution of the aggregates, 
as shown in Figure 2.  

The dissolution of the paste matrix and aggregate particles produces hydroxyl and other 
dissolved ions associated with calcium, aluminium, iron and sulphur. The hydroxyl ions 
neutralize protons of the attacking acid, while other ions diffuse toward the concrete surface 
leaving a porous corroded layer. The growth of the corroded layer depends on the diffusion rate 
of acid through the corroded layer, and subsequent reaction with the intact front and the 
precipitation of calcium salt. The degree of corrosion is defined by the thickness and porosity 
of the corroded layer and, if abrasion effects occur, the thickness of removed material  [24, 25]. 

For simplicity, the SATIR model considers only one transport process, i.e. diffusion. It 
entails mathematical equations that explain the aggressiveness of the attacking acid and its state, 
i.e. static or flowing, the dissolution of the  paste matrix, the diffusion of species through 
concrete pore solution at a certain depth, the aggregate solubility and distribution in near-
surface concrete, the loss of concrete surface and the precipitation of gypsum. These equations 
are found in [24, 25]. 

The model clearly shows the chemical and transport interaction between the attacking acid 
and the exposed concrete. It covers the simulation of all chemically attacking acids (strong to 
weak acids), on PC concrete. In the case of biogenic sulphuric acid attack, the model is 
applicable only after the onset of sulphuric acid production since it ignores the influence of 
sewer headspace conditions and the biological factors related to the production of the acid. It 
principally focuses on the material properties and their role in the final corrosion process. 
However, the model regards the neutralisation capacity of the concrete only as the total calcium, 
calculated from the calcium content of the binder and the binder content of the concrete, and 
not as an alkalinity factor as in the LFM and WATS models.  
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Figure 2: Process and conditions considered by the SATIR Model [24] 
 

6 DISCUSSION AND CONCLUSION 
Based on the reviewed models, it is observed that most fail to effectively and efficiently 

incorporate the material factor in the prediction of concrete corrosion. However, some useful 
principles for improving the LFM model were highlighted in the review. The WATS model 
provides the principles for incorporating microbial growth rate, the bi-linear model for 
incorporating the sewer headspace conditions, and the SATIR model for understanding the 
chemical and transport interactions between concrete components and the attacking acids. 

Primarily, the corrosion rate is evaluated by balancing the factors involved in acid attack and 
acid resistance. Acid attack consists of factors involved in the production of sulphuric acid, 
including the sewer environmental conditions and the microbial growth rate. Acid resistance is 
mainly governed by the material factor which neutralizes the attacking acid and possibly limits 
the microbial activity. The material factor entails transport processes such as diffusion and 
capillary action of acid species into the concrete and dissolved ions into the corroded layer, and 
chemical reactions such as dissolution and precipitation of the concrete components and ionic 
exchange within the pore solution. The overall interaction between the chemical reactions and 
transport processes is complex and involves a wide range of parameters which might be 
complicated to assess individually. 

However, it is important to define, understand, and quantify the influence of each parameter 
(chemical reaction and transport processes) in order to identify the key parameters which can 
be coupled in the LFM model as the material factor. In this regard, a reactive transport model 
is considered to be a useful tool which can assist in identifying these parameters. A reactive 
transport model is a numerical modelling approach whereby thermodynamic equilibria of the 
chemical reactions in the mineral phases and pore solution are coupled with transport by 
diffusion and capillary action in order to evaluate the influence of various mineral species 
involved in concrete corrosion. While there are various reactive transport models in the 
literature,  in this study, HYTEC, will be applied [26, 27]. 
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ABSTRACT 

The study aimed to investigate the effect of corrosion on the flexural strength of reinforced 
concrete (RC) beams with steel lap-splicing in the central constant moment region. A total of 
24 RC 100 × 165 × 1500 mm beams were cast. Accelerated chloride-induced corrosion was 
used to induce steel corrosion in the central constant moment region. Only 6 RC beams (i.e. six 
– 3 with spliced, and 3 without spliced flexural reinforcement) were corroded for each design 
code, the remaining 6 were used for reference purposes. The reference beam specimens were 
tested 28 days after casting to determine their respective ultimate flexural strength while the 
corroded beams were tested once the desired corrosion level was reached, using a 4-point 
bending configuration. The applied load, mid-span deflection and mode of failure were 
recorded until failure load was reached. The results showed an increase in deflection and a 
decrease in ultimate strength in the corrosion-damaged specimens. The failure mode of non-
lapped beams remained ductile, while on lap-spliced beams the failure mode changed from 
ductile to brittle.  

 
Keywords: flexural strength, Lap-spliced reinforcement, Accelerated corrosion  

1. INTRODUCTION 

The use of spliced steel reinforcement in concrete structures is inevitable in day-to-day 
construction due to reasons such as steel fabrication, transportation limitations, steel workshop 
fabrication (limited available length) and construction joints. The required length of steel bars 
may exceed a standard stock length of 13 m, or the steel bar may be too long to be transported 
conveniently. Splicing of reinforcement steel is provided by several means such as welding, 
mechanical couplers, bar overlapping with a minimum length specified by design codes [8]. 
Splicing is intended to ensure safe load transfer between the spliced bars and between the 
spliced bars and the surrounding concrete. A lap-splicing method which requires the 
overlapping of two parallel bars is considered the most economical and practical technique 
commonly used to transfer forces between lapped steel bars in a reinforced concrete member. 
One of the main challenges with reinforced concrete (RC) structures is their deterioration due 
to corrosion of the embedded reinforcement. This brings about a reduction in the load-carrying 
capacity of structural members [2].  

This study examined the influence of corroded lap-spliced reinforcement on flexural strength 
of RC beams. A comparison of lap length requirements were carried out between the South 
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African standard code of practice SANS 10100-1 [7] and the European standard code of practice 
EN 1992-1-1 [3].  

2. EXPERIMENTAL PROGRAMME 
2.1  Description and casting of specimens 

A total of 24 RC beam specimens were manufactured for the experimental work. For 
specimens with lap spliced reinforcement, the lap splicing was located within the maximum 
moment span as shown in Figures 1 and 2. The RC beam specimens were divided into two 
groups (Type A and Type B). The design for Type A and Type B beams was carried out 
according to relevant requirements of SANS 10100-1 and Eurocode 2, respectively. The 
required tension reinforcement area was 154 mm2 for SANS standard and 129 mm2 for 
Eurocode standard; therefore 2Y10 bars were adopted for Type A beams and 3Y8 bars for Type 
B beams. Table 1 summarises the number and type of test specimens used in the study. 

After casting, RC beams and companion cubes were left in the moulds for 24 hours in the 
laboratory (at room temperature), covered with polyethene sheeting. After 24 hours, the 
formwork was removed and the RC beams and cubes were cured in a water tank at 23 ±2 °C. 
RC beams were cured for a period of 21 days while cubes for concrete compressive strength tests 
were cured for 7 and 28 days. 

Table 1: Specimens details 

Beam 
Type 

Guidelines used 
for splicing of 
flexural steel 

Splice length Number of 
specimens 

Specimen 
treatment 

Specimen label 

A SANS 10100-1 40Ø = 400 mm 3 Steel corroded SANS-S-C 

40Ø = 400 mm 3 Steel not 
corroded 

SANS-S-NC 

Flexural steel 
not spliced 

3 Steel corroded SANS-NS-C 

Flexural steel 
not spliced 

3 Steel not 
corroded 

SANS-NS-NC 

B Eurocode 2 36Ø = 288 mm 3 Steel corroded EC2-S-C 

36Ø = 288 mm 3 Steel not 
corroded 

EC2 -S-NC 

Flexural steel 
not spliced 

3 Steel corroded EC2 -NS-C 

Flexural steel 
not spliced 

3 Steel not 
corroded 

EC2 -NS-NC 

Note: S: Spliced; NS: Not spliced; C: Corroded; NC: Not corroded 
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Figure 1: Type A RC beams geometry and reinforcement details  

 
Figure 2: Type B RC beams geometry and reinforcement details  

2.2  Concrete mix proportions 
A summary of the concrete mix proportions (per cubic meter) used in this study is given in 

Table 2.  

Table 2: Concrete mix proportions  
Water 
content 
(kg/m3) 

CEM I 
52.5R 
(kg/m3) 

Fine 
aggregate 
(kg/m3) 

Coarse 
aggregate 
(kg/m3) 

w/c ratio 28 day 
strength 
(MPa) 

195 390 368 1005 0.50 52.50 
2.3 Accelerated corrosion process 

Impressed current technique was used to accelerate steel corrosion. In this study, the tensile 
steel reinforcement was corroded in the region corresponding to moment span or lapped splices 
in the case of lap-spliced steel. The beams were turned upside down to build the pond in the 
tension face. The region corresponding to lap-spliced steel reinforcement was saturated with a 
5% solution of sodium chloride to supply chlorides required to accelerate steel de-passivation 
and function as an electrolyte solution in the corrosion cell. This was achieved by building a 
reservoir on the surface of RC specimens in accordance with the previous work carried out by 
Yoon, et al. [9] & Malumbela et al. [4]. The tension reinforcement (anode) was connected to 
the positive terminal of the applied external direct current, while the stainless steel bar 
(cathode), placed inside the sodium chloride solution reservoir pond was connected to the 
negative terminal of the external power supply. The arrangement of the accelerated corrosion 
set-up is given in Figure 3. 
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Figure 3: Accelerated corrosion set-up of beam specimens 

A 20% loss of cross-sectional area was chosen as the desired corrosion to ensure that a 
significant effect of corrosion is attained. A lower corrosion degree, in the case of non-lap 
spliced beams would not have shown a significant effect of corrosion due to partial load factors 
used by South African standard code of practice SANS 10100-1 [7] and European standard 
code of practice EN 1992-1-1 [3]. The required current was calculated using Faraday’s law.  

Each RC beam was connected to a DC power supply unit. A constant voltage was supplied 
to steel reinforcement through a resistor of known resistance. A data logger (Agilent 34970A) 
was connected to the circuit to record the voltage across the resistor at a five second interval. 
The applied voltage was monitored regularly and the corrosion acceleration test was stopped 
once the required current was achieved. The current through the resistor was determined using 
Ohm's law. 

2.4   Flexural tests 
The reference (non-corroded) beams were tested immediately at 28 days after casting to 

determine their respective flexural load capacity while the corroded beams were tested once the 
desired corrosion level was reached. As shown in Figure 4, beams were simply supported, with 
a span of 1300 mm between the supports and loaded with two equal point loads placed 
symmetrically between the supports to produce a four-point bending.  

 
Figure 4: Loading test arrangement (dimensions in millimetres) 

This loading arrangement produced zero shear force between the loading points, thus resulting 
in pure bending. SANS 5864 [6] recommends loading to be kept at a constant rate of 0.03 + 
0.01 MPa/s until failure. For this study, the applied load was kept constant at 2 kN per minute 
and increased progressively until failure. The response behaviour of RC beams was examined 
through measurements of applied loads and mid-span deflection using a dial gauge. The results 
obtained from corroded beam specimens were compared with those obtained from reference 
(non-corroded) RC beams. The maximum load at failure was recorded for the calculation of 
flexural strength using Equation 1. 
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where fcf is the Flexural strength (MPa); F is the maximum load at failure (N); I is the distance 
between axes of supporting rollers (mm); b is the width of specimen (mm) and d is the depth of 
specimen (mm).  

2.5  Assessment of corrosion in corroded RC beams  
Upon completion of flexural tests, the tensile reinforcements were extracted from corroded 

beams and cleaned with a wire brush to remove the corrosion products and residues of concrete 
adhered to the surface of the bars for determination of corrosion level. After cleaning, the bars 
were physically measured using a Vernier Callipers and the bar diameter loss was determined 
using Equation 2. 

𝐷𝐷!"## = 𝐷𝐷$ − 𝐷𝐷% 

where Dloss is the diameter loss (mm); Di is the initial steel diameter before corrosion (mm) and 
Df is the final steel diameter after the removal of corrosion products (mm). From equation 2, 
the initial and final areas of steel bars were calculated for the determination of the cross-
sectional area loss.  

3. RESULTS AND DISCUSSION 
3.1       Visual observations  

A longitudinal surface crack through the concrete cover on the ponding surface was first 
observed after 6 days of corrosion acceleration tests. The surface crack was followed by the 
formation of two side cracks at the interface between tensile steel reinforcement and concrete 
cover. Rust stains were then observed on the ponded surface, followed by corrosion products 
exuding through the surface crack. Concrete cracking provided an easy passage for NaCl 
solution to reach the embedded steel reinforcement. This cracking occurred along the line of 
the reinforcement in the NaCl pond and on both sides of the RC beams at the level of concrete 
cover. The typical visible damage due to corrosion is presented in Figure 5. 
  

 
a) Cracking on the ponded surface 

 
b) Cracking on the vertical side of beam 

Figure 5: Typical corrosion-induced cracking  

Equation (2) 

Equation (1) 

Longitudinal corrosion-induced  
crack 

Longitudinal corrosion-induced 
crack 
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3.2       Mid-span deflections of reference beams 
All reference (non-corroded) beams showed higher ductile behaviour. After the elastic limit, 

there was still a good amount of load increase before the maximum failure load was reached.  
The load-midspan deflection curves of SANS 10100-1 reference beams are given in Figure 6. 

 
Figure 6: Typical load-midspan deflection curves of reference beams 

Lap-spliced beams showed a decrease in flexural stiffness and load-carrying capacity 
compared to non-lap spliced beams, as a result, the average failure load of SANS 10100-1 lap-
spliced beams was 16% less than that of non-spliced reference beams. The behaviour of 
Eurocode 2 lap-spliced beams was observed to resemble that of SANS 10100-1 lap-spliced 
beams. The average failure load of Eurocode 2 lap-spliced beams was 15% less than that of 
Eurocode 2 non-spliced beams.  

3.3 Mid-span deflections behaviour of corroded beams 
All non-spliced corroded beams behaved in a manner similar to non-spliced reference beams. 
These beams indicated a ductile behaviour as they showed a plastic behaviour after yield points, 
with load increase before the maximum failure loads were reached. 

When comparing load-midspan deflection curves of SANS 10100-1 non-spliced corroded 
beams with SANS 10100-1 non-spliced reference beams, the failure load was observed to be 
13% less than that of reference beams. In Eurocode 2 beams, the failure load was observed to 
be 11% less than that of Eurocode 2 reference beams.  

In the case of lap-spliced corroded beams, both SANS 10100-1 and Eurocode 2 beams 
behaved in a similar manner. The failure of all lap-spliced corroded beams occurred suddenly 
after the widening of the side longitudinal crack, followed by the spalling of concrete cover in 
the lapped zone and slipping of longitudinal bars. SANS 10100-1 corroded lap-spliced beams 
showed a 65% reduction in failure load compared to lap-spliced reference beams. Eurocode 2 
corroded lap-spliced beams showed a 50% reduction in failure load. The load-midspan 
deflection curves for SANS 10100-1 corroded beams are given in Figure 7. 
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Figure 7: Typical load-midspan deflection curves of corroded beams  

3.4       Flexural capacity of RC beams 
The general observation was that an increase in degree of steel reinforcement corrosion results 
in a reduction of flexural capacity with deflections reaching the limit earlier than normal state. 
The flexural behaviour of SANS 10100-1 lap-spliced beams was observed to be similar to that 
of Eurocode 2. However, the general trend observed was a greater flexural capacity loss on lap 
spliced beams compared to non-lap spliced beams. The failure of all lap-spliced beams occurred 
suddenly and was reached immediately after the widening of the side longitudinal crack, 
followed by the spalling of concrete cover in the lapped zone and slipping of longitudinal bars. 
When the entire concrete cover was removed in the corroded region, the slippage of steel 
reinforcement was measured to range between 3 to 8 mm and between 2 and 7 mm on Type A 
and Type B beams, respectively. The morphology of corrosion on steel reinforcement 
resembled a combination of general and some pitting corrosion.The corrosion degree and loss 
of ultimate capacity of corroded beams are given in Table 3 and Figure 8 respectively. 
 

Table 3: Loss in steel cross-section area (%) 
SANS-NS-C SANS-S-C EC2-NS-C EC2-S-C 

47.8 14.5 37.7 27.9 
14.6 21.9 25.5 27.0 
31.2 17.4 34.5 29.0 

 

 
Figure 8: Ultimate load ratio of corroded beams to non-corroded beams 
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3.5       Flexural ductility of steel corrosion-damaged RC beams 
When both non-lap spliced and lap-spliced corroded beams were compared with the 

reference beams, the results indicated a reduction in stiffness on all lap-spliced corroded beams 
with increasing mid-span deflections at a loading less than that applied on reference beams. A 
sudden and brittle bond failure was displayed in lap-spliced beams. This is despite the lower 
corrosion rate on lap-spliced beams compared to non-lap spliced beams. This behaviour may 
be attributed to the loss of bond between the concrete and steel reinforcement which led to a 
drop in anchorage capacity at the splice zone and thus, slipping of steel reinforcement. 

The general trend was a reduction of flexural ductility of corroded beams with increasing 
steel cross-sectional loss. Figure 9 shows the influence of corrosion on the ductility of SANS 
10100-1 beams. The Eurocode 2 beams showed a similar behaviour to SANS 10100-1 beams.    

 
  Figure 9: Flexural ductility vs steel cross-sectional loss 

4. CONCLUSIONS 

The main conclusions drawn from this study are reported as follows: 

1. All RC beams experienced some variation between target and actual corrosion. This can 
be attributed to the variation in concrete resistivity and penetrability due to cracking. 

2. When comparing results obtained in reference beams with results obtained in corroded 
beams, the consequences of steel reinforcement corrosion (i.e. reduction of steel cross-
section, bond loss at the steel-concrete interface and longitudinal cracking at a steel-
cover interface) resulted in a significant reduction of RC beam flexural capacity.  

3. The general trend observed in lap-spliced beams was decreasing load carrying capacity 
and increasing deflections with increasing amounts of corrosion.  

4. The ductility in corroded beams containing lap-spliced steel reinforcement was 
significantly reduced, as a result the failure of these beams changed from a ductile 
response (observed in reference beams) to a brittle response. 

5. The corroded non-lap spliced beams carried more load after yielding of steel 
reinforcement before the failure load was reached, while the failure of lap-spliced beams 
occurred suddenly and was reached immediately after the widening of the side 
longitudinal crack. 
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ABSTRACT 

Corrosion of reinforcement is regarded as the most destructive mechanism that influences 
the durability of reinforced concrete structures worldwide. Practically, the existence of 
chlorides and carbon dioxide is necessary to consider as it increases the corrosion risk due to 
population growth and urbanisation. Defects such as cracks and cold joints affect the transport 
of gasses, ions and moisture into concrete to cause rapid corrosion activity. The synergy of 
chloride built -up at defects and on-going progression of carbonation thus forms the focus of 
this study. The use of pozzolanic materials was the basis of comparison due to a shift to lower 
the production of Portland cement. Corrosion was monitored for a 294-day period to relate to 
the transport properties, penetration states and damages which manifested. The corrosion 
monitoring found a faster initiation time due to a joint and higher corrosion rate in 
propagation, when there was adequate carbonation. The influence of carbonation resided 
primarily in the long-term by increasing the penetration depth of chlorides and corrosion rate. 
The cement extenders were less resistant to carbonation, although the microstructure changes 
restricted the corrosion rate with a sufficient cover depth. The corrosion damages to the steel 
and cover concrete at completion of exposure revealed that the cold joint and carbonation 
increased the corrosion rate. 
 
Keywords: corrosion, chlorides, carbonation, cold joint, cement extenders 
 

1. INTRODUCTION 
Chloride ingress and carbonation are the most severe mechanisms of corrosion, the former 

being the main reason for premature degradation. Atmospheric carbonation is the main reason 
for the alkalinity reduction of concrete, and has contributed largely since the industrialisation. 
The trends of population and urbanisation in marine environments require the consideration of 
the interaction of the two mechanisms, which has found to be synergistic by nature. Early 
studies suggest that only chlorides in the pore solution contribute to corrosion while chlorides 
bound to the microstructure, do not. The bound chloride was found to play a role to increasing 
the penetration depth once an adequate proportion is released [5]. This may take place when 
there is a partial reduction of the alkalinity (or pH) in the pore solution. All mineral cements 
bind chlorides in the paste to some degree, to hinder their diffusion in the pore solution [6]. 

The interaction of chlorides in carbonated concrete occurs in environments such as highly-
urbanised coastal areas and to a lesser degree, any marine settlement. Most studies are based 
on the penetration of chlorides and carbonation in isolation howeve recent studies showed the 
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deterioration to be more severe due to combined action. There is however a disparity in the 
resistance to penetration where the conditions which favour the penetration of one agent may 
hinder the other. A continuous approach in the form of cyclic exposure has been effective to 
the synergy of combined exposure, which is generally the case within a marine settlement. 
Corrosion is also accelerated by the cyclic effect as there is oxygen at the cathodic and a 
sufficient electrolyte for ion transport. 

The cyclic regimes of exposure are more effective the combined attack when compared to 
isolated regimes [18]. Chloride availability was reduced however the loss of binding capacity 
near the surface caused an increase in the penetration depth. Pre-carbonation is also effective 
in causing the enrichment of chlorides to the bulk although similarly the carbonation rates are 
lower due to moisture in the pores [7]. The alkalinity reduction by carbonation is influential 
even monthly in concrete which is pre-contaminated by chlorides [17]. The synergy of 
chloride penetration within carbonated concrete has thus been found regardless of the 
exposure in studies that are based in a laboratory setting. A loss of the binding capacity is 
concerning when there are defects as these tend to create a build-up of the chlorides over time 
which may diffuse to the steel. 

The transport of corrosive agents in concrete is increased in the vicinity of defects as the 
penetrability is no longer based on concrete quality. The defect of interest is the cold joint due 
to a lack of knowledge on their durability compared to that of the mechanical resistance. Cold 
joints are present at the start of exposure and extensively used at successive placements of 
concrete to limit cracking by loading. A cold joint in specimens has caused an increase in the 
chloride diffusion in an accelerated test when compared to monolithic concrete [16]. 
Reinforced concrete specimens that contain cold joints are considered to be pre-damaged due 
to the rapid corrosion activity which is created [8]. A cold joint spans to the steel which may 
not be the case with other defects, such as shrinkage cracks, as there is still cover concrete to 
provide resistance. 

The presence of a cold joint from the start of exposure and carbonation may increase the 
potential of cracks, to accelerate the corrosion rate. Monitoring in structures from the start of 
exposure thus encapsulates the concrete quality that controls the initiation time and formation 
of defects. Carbonation progress within chloride-contaminated concrete may be detected in 
corrosion monitoring schemes, once it has affected enough of the cover layer. The monitoring 
of electric potential increased the corrosion severity due to the carbonation up to 182 days of 
exposure [10]. The potential alone is limited in reflecting corrosion severity alone due to the 
many factors which are influential and thus the corrosion rate is used in conjunction. The 
corrosion rate supplemented the potential behaviour in concretes that had admixed chloride up 
to over 1000 days of accelerated carbonation [9]. The aim herein was to asses the corrosion 
risk of faster chloride ingress in concretes that have a cold joint and may become subjected to 
carbonation in highly-urbanised environments.  

 
2. EXPERIMENTAL PROGRAMME 

2.1 Materials used 
The main cementing binder was rapid-hardening Portland cement under the 52.5R class in 

class in SANS 50197-1 [11]. Fine fly ash emanating from the Kriel station colliery was the 
least-reactive of the cementitious materials and conforms to SANS 50450-1 [12]. A highly 
reactive metakaolin, grade K40 from Kaolin Group was used for comparison of pozzolanity 
between the cement extenders. Metakaolin characteristics are not formalised in South Africa 
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with common cement extenders such as fly ash, slag or silica fume. The oxide compositions 
of 52.5 R cement (CEM 52.5 R), fly ash and metakaolin are listed in Table 1. 

 
Table 1: Binder oxide compositions 

 
 

2.2 Concrete mix design 
The South African Cement and Concrete Institute procedure, described in Alexander, et al., 

(2009), was used and the final trial proportions are in Table 2. The ordinary concrete consists 
of 100% rapid-hardening cement (CEM 1) and the cement extenders concretes were replaced 
with 30% fly ash (FA) or metakaolin (MK). The stone and sand were both andesite which has 
a high density of 2.9 compared to natural stones, typically in a range of 2.6-2.95 [1]. The 
fineness modulus of 3.31 was due to adeficiency in the fine fractions so the sand contents 
were higher than in concretes with larger stone. The stone with a nominal size of 6.7 mm was 
suitable to the low cover depths that were used, to achieve a better state of homogeneity of the 
concrete. The sand contents of the cement extender concretes were lower to maintain the 
volumetric requirement of the mixtures. 
 
Table 2: Concrete mixes 

 
 

2.3 Test specimens 
Reinforced beams contained a Y12 bar longitudinally-placed with electrical connectivity 

so the corrosion monitoring could be performed non-destructively. The dimensions were 100x 
100x500 mm and the steel bars were placed at cover depths of 20 mm and 10 mm. The 500 
mm long steel bars were chamfered either end then drilled into to attach a copper lead wire for 
a connection to the steel. Before moulding, the steel bars were wire-brushed and degreased, 
which is indispensable to a bond with epoxy at the bar ends. Cubes with 100x100x100 mm 
were used to measure the carbonation depth, to estimate that in the cover region of the beams. 
Carbonation in the plain cubes was thus an underestimate when considering the cold joint and 
cracks present in some of the beams. Separate cubes with the same dimensions were used for 
circular discs according to SANS 3001-CO3-1 [13], with a 70 mm diameter and 30 mm 
thickness. Cold joints were formed in half the beams and discs in 2 successive casts using a 
time delay of 24 hours, and orientated so that the penetration could occur along their plane. 
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2.4 Exposure conditions 
The specimens were exposed after 28 days of curing, in a manner that was intended to be 

favourable to the chloride penetration and carbonation, by a cyclic manner of application. The 
sequence of periods in the combined exposure consisted of 3 days of chloride solution, 2 days 
drying in ambient conditions and 9 days of carbon dioxide. Specimens under isolated chloride 
exposure were dried in ambient conditions for the rest of 14-day cycles and the 2-day period 
before carbonation was intended on a partially-saturated surface. Chloride exposure was done 
by ponding a solution with 5% sodium-chloride in distilled water on the beams according to 
ASTM C1543 [2], while the cubes were submerged. The carbonation was accelerated by 
maintaining a concentration of carbon dioxide of 5% in a closed system to a toletance of 
0.5%. A saturated solution of magnesium chloride was placed within the carbonation chamber 
to lower the relative humidity to close to the optimal range of 40-60% [1]. 

 
2.5 Testing 

The resistance to the permeation of gasess, chloride and moisture was determined using the 
South African durability indices, with 4 circular discs at each age. The oxygen permeability 
(OPI) and conductivity (CCI) tests are in SANS 3001-CO3-2 [14] and SANS 3001-CO3-3 
[15] respectively, and the sorptivity (WSI) test is not yet formalised. The early-age durability 
was tested after 28 days of curing where after further testing was done at 56 and 90 days to 
identify the long-term changes. These parameters were representative of the microstructure 
formation to provide resistance to chloride penetration and carbonation. The influence of the 
cold joint on concrete penetrability was determined after 28 days only, as this was the 
duration before the beams were first exposured. The cold joint was in the direction of 
exposure so that the penetration could take place in a localised manner along its plane. 

The beams were sampled for chloride at the completion of the 21-cycle exposure period (of 
294 days) whereas the carbonation was also measured at 10 cycles. Chloride profiles in the 
beams were established as the concentrations in 5 mm depth increments spanning the cover 
region. A drill with a 22 mm thick masonry drill bit attachment was used to sample the beams 
while firmly clamped. The samples were analysed with the Dionex X-120 apparatus which 
operates based on ion chromatography to obtain the total chloride concentration. Carbonation 
of the cubes was measured with a phenolphthalein indicator solution to represent the cover 
region of the beams. The carbonation depth at 10 cycles and at the completion at 21 cycles 
was calculated as the average over the 5 points measured in the carbonated regions. 

The corrosion monitoring of the beams intended to detect the existence of active corrosion 
and quantify the corrosion rate that could be sustained. The behaviour of the electric potential, 
corrosion rate and concrete resistivity were established as time series’ of the instantaneous 
states for 294 days. The monitoring frequency was based on the exposure periods; 1 day after 
the ponding to incorporate a drying period and on removal from the carbonation chamber. A 
baseline was taken 1 day after 28 days of curing, and 2 readings were taken to overcome the 
contact resistance in sets of 3 beams. Half the beams contained a cold joint at the mid-span for 
comparisons to that monolithically-cast over the entire volume. The potential behaviours were 
classified with ranges in ASTM C876 [3] to determine the initiation time. 

The damages that accumulated in the propagation phase, characterised by active conditions 
were assessed as the cell formation on the steel bar and resulting cover cracking. The cracking 
was assessed as the coverage and width to identify the permeability changes that accelerated 
the corrosion formation on the underlying steel bar. The crack patterns were established by 
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mapping the exposed surface in 10 mm increments with the origin at midspan, and averaging 
the minimum and maximum measurements. The corrosion patterns were similarly established 
once the embedded steel had been removed, and the pits were found after wire-brushing. 

 
 3. EXPERIMENTAL RESULTS 
 

3.1 Transport properties 
The oxygen permeability indicies (OPI) found that the majority of the transport resistance 

to gasses, moisture and ions took place within 28 days. The 28-day OPI results fell within the 
excellent quality range (> 10) in Alexander, et al., [1] which grades the resistance from the 
durability indices. Both of the cement extenders reduced the gas permeability by within 5% 
due to their ability to refine the pores and capillaries. The fineness of the binders was similar 
due to a high cement grade so the refinement was limited to smaller pores compared to typical 
cements. The water sorptivity indices (WSI) found that more than 99% of the 90-day result in 
the ordinary and fly ash concrete had yielded at an age of 28 days. There were changes in the 
metakaolin concrete where the WSI reduced by 22% into the excellent concrete quality range 
(WSI < 6) at 90 days. The 28-day WSI values of the fly ash and metakaolin concretes were a 
respective 15% and 18% lower than the ordinary concrete due to their refinement effects. 

The chloride conductivity indices (CCI) found a high resistance due to the metakaolin due 
to its reactivity and alumina content. The fly ash had about two-thirds of the alumina 
compared to the metakaolin and its reactivity and its low reactivity left the concrete 
susceptible to chloride penetration. The CCI of the fly ash concrete increased from a poor 
quality range at 28 days, to a good quality range (CCI < 1.5) at 90 days, similar to the 
ordinary concrete. The metakaolin reduced the CCI value by 44% at 28 days and then yielded 
a further reduction by 22% at 90 days, into the excellent quality range (CCI < 0.75). The 
higher resistance with metakaolin has been found in the durability indices of concretes with 
replacement levels up to 20% [4]. The resistance of the fly ash concrete is similar to studies 
where there is a delayed reactivity, to increase the chloride penetration. 

The cold joint (CJ) in half of the circular discs was formed so that the direction of transport 
(of gasses, moisture and ions) was along the joint plane. The defect increased the penetrability 
of the 30 mm thick discs at 28 days in terms of all the durability indices by up to 21.5%. The 
joint preparation reflects in the amount of voids present along its plane and their connectivity, 
most influential nearer the surface. The disc preparation removes larger imperfections which 
presented a larger degree of influence in the surface region of beams. The chloride resistance 
is similar to studies that include a joint in diffusion tests, where the diffusion coefficients can 
be increased by up to 20% [16]. 

 
3.2 Penetration state 

Chloride profiles were established in 5 mm depth increments spanning the cover region of 
beams in terms of the total chloride content. The cold joint was at mid-span in half the beams 
in the direction of exposure so that the penetration could occur to the steel at this plane. The 
chloride concentrations in the 20 mm cover ordinary concrete beams were up to 78 % larger 
than that monolithically-cast in depth increments up to 10 mm. The carbonation depth in the 
plain cubes of 7.4 mm equated to 37% of the 20 mm cover depth and increased the chloride 
concentrations at the steel by 46% in the cold joint beams. The carbonation in the plain cubes 
was an estimate of the cover region of beams that did not account for the influence of a cold 
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joint or cracks. The increase in chloride availability in the 15-20 mm increment in monolithic 
beams was minor thus the influence of carbonation was dependent on chlorides at the joint. 
Chloride concentrations in all the 10 mm cover beams were up to 75% larger up to a depth of 
10 mm compared to the corresponding beams of a 20 mm cover depth. There were cracks in 
the 10 mm cover beams which were widest near the joint due to the rapid corrosion activity. 

The fly ash concrete was least-resistant to chlorides due to the high chloride concentrations 
and chloride enrichment towards the steel due to carbonation. The chloride concentrations at 
the steel in the 20 mm cover cold joint beams were 143% larger than that monolithically-cast 
due to the loss of binding in carbonated concrete. The increase in chloride concentration at the 
steel in the monolithic beams was minor even though the carbonation was 20% deeper than 
the ordinary concrete. The chloride concentrations in the 10 mm cover beams were 18% 
larger than that in the corresponding 10 mm cover ordinary concrete beams. The cracking in 
the 10 mm cover fly ash concrete beams was most severe in the coverage and width over the 
bar length. The metakaolin yielded the highest resistance where the chloride concentrations at 
the steel in the 20 mm cover monolithic beams were 100% lower than the ordinary concrete. 
The low-carbonation resistance resulted in 66% of the cover region in the 20 mm beams being 
influenced from the measurement in the cubes. The majority of the steel within the 10 mm 
cover beams was thus affected although the chloride concentrations were insignificant. 

The chloride profiles are consistent with studies on combined attack such as Yoon [18] and 
Malheiro, et al, [7], which are based on accelerated carbonation. The defects played a role 
herein by increasing the chloride availability that could diffuse to the steel once there was an 
adequate carbonation depth. The carbonation depths of the plain cubes under the combined 
attack at 21 cycles were such that most of the chlorides in the cover region of the beams were 
freed up within the timeframe of exposure. 

 
3.3 Corrosion state 

The concrete resistance was more informed with the corrosion rate due to limitations of the 
potential alone to representing the progress in the long-term. The durations in active or severe 
conditions of the copper-copper sulphate half-cell, and highest corrosion rates are shown in 
Table 3 to summarise the corrosion resistance. The main factors to the resistance were a cover 
reduction and chloride availability at defects, while the carbonation was apparent in the long-
term. The 20 mm cover monolithic beams (M-20-I) remained in passive conditions 
throughout while the cold joint (CJ) caused rapid corrosion activity changes that reached 
active corrosion in all concretes. The cover reduction from 20 to 10 mm resulted in a faster 
drop into active conditions thus higher corrosion rates could be sustained over the course of 
exposure. The fly ash and metakaolin restricted the corrosion rates at a cover depth of 20 mm 
due to the oxygen availability (lower OPI) and higher resistivity. The resistivity ranges of 
both cement extender concretes were increased throughout, by up to around 5 times in the 
metakaolin concrete. 
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Table 3: Corrosion resistance of beam sets 

 
 

The proximity of the steel to the surface contamination is evident with the cover reduction 
from 20 to 10 mm due to the high corrosion rates that could be sustained. The carbonation 
fronts were at or near the steel in the 10 mm cover beams which was reflected by an increased 
corrosion severity under the combined exposure (C). The corrosion rates of the carbonated 
cold joint beams were highest due to the earlier cracking time that could sustain the corrosion 
at the latter. The resistivity ranges of the 10 mm cover beams were not influenced by a cover 
reduction as the potential and rate as this was dependent mainly on the proximity of the steel. 

 
3.4 Corrosion damage 

The crack width related to the time that the corrosion appeared to be accelerated and their 
origin was invariably nearer the mid-span in cold joint beams. No corrosion was found on the 
steel in the monolithic 20 mm cover beams which were passive throughout whereas the cold 
joint beams were corroded in a close proximity to the joint. The thicker cover in the 20 mm 
cover beams reduced the penetrability over the entire bar length, thus areas of the bars were 
not corroded. The corrosion damages to the steel in the 10 mm cove beams were much larger 
and deeper such that there was more mass loss visible to the naked eye. Most of these pitting 
forms were near the joint, and over larger areas within the carbonated beams as more of the 
chlorides could diffuse to the steel. These crack widths were not as influential to the chloride 
penetration as on the corrosion rate due to the effects of washout at the surface. 

4. CONCLUSIONS 
§ The cold joint reduced the initiation time and increased the corrosion rate in propagation. 
§ The carbonation increased the corrosion rate after sufficient exposure in the long-term. 
§ The chloride penetration was based on availability at the surface and carbonation depth. 
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ABSTRACT 
This paper presents the ultimate load of corroded high yield steel reinforcement bars. The 

steel bars were embedded in cracked concrete beam specimens made with PC(70)/FA(30) and 
PC(50)/SL(50) binders with a water/binder ratio of 0.40. Based on the position of the steel bar 
in the beam specimens (in middle or at an orthogonal edge), the beams were exposed to 1D or 
2D chloride ingress and subjected to 2-week wetting (with 5% NaCl) and 2-week air-drying 
cycles in the laboratory for 110 weeks after which the corroded steel bars were extracted and 
tested. The steel bars in concretes exposed to 1D chloride ingress had isolated corrosion pits 
while both uniform and isolated corrosion pits were observed in specimens exposed to 2D 
chloride ingress. In comparison to non-corroded steel bars, the ultimate tensile strength of 
specimens exposed to 1D chloride ingress reduced by 0.6 % and 2.2 %, while that of specimens 
exposed to 2D chloride ingress reduced by 3.3 % and 6.1 % in the PC/FA and PC/SL concrete, 
respectively. There was a significant reduction in the ultimate load and ductility of the corroded 
steel bars exposed to 2D chloride ingress when compared to those exposed to 1D chloride 
ingress.  
 
Keywords: ultimate tensile strength, steel corrosion, 1D chloride ingress, 2D chloride ingress. 
 

1 INTRODUCTION 
Corrosion of steel reinforcement is a common form of deterioration in steel reinforced 

concrete (RC) structures. In addition to serviceability failures such as cracking of the concrete 
cover, delamination, spalling and increased deflections, it also results in ultimate limit state 
failures such as the reduction in the effective steel cross-sectional-area (CSA) and a loss in 
steel-concrete interface (SCI) bond which leads to a reduction in the load carrying capacity of 
these structures due to loss of composite action [1, 2, 4, 6, 7]. In severe cases, the loss in the 
steel CSA due to corrosion can lead to a change in the mode of structural failure from plastic 
to brittle failure due to loss in the steel ductility. This is not desirable. 

In the past 3 to 4 decades, research on steel corrosion in RC has focused on deterioration due 
to 1-directional (1D) chloride ingress, which is typical in slabs and walls. While valuable results 
and predictive models have been developed using this approach, it does not depict the ingress 
of corrosion agents at the intersection of the non-planar surfaces of concrete columns, beams 
and corbels which can be modelled using either 2-directional (2D) or 3-directional (3D) 
approaches [3, 8, 9]. In particular, the 2D approach is recommended for the orthogonal edges 
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of beams and columns while a 3D approach is recommended for the exposed terminal ends of 
columns and in corbels – see Figure 1. In this paper, the reported results were obtained from an 
investigation of the effect of 1D and 2D chloride ingress on the corrosion of steel reinforcement 
bars embedded in cracked concrete. 

 
Figure 1: Illustration of (a) 1D, (b) 2D and (c) 3D chloride ingress in RC structures 

2 EXPERIMENTAL MATERIALS AND METHODS 
2.1 Materials 

The plain Portland cement, and slag were obtained from Pretoria Portland Cement Company 
Limited (PPC) while the fly ash brand used was produced by Dura-Pozz® (Class F Fly Ash). 
The fine and coarse aggregates used in the concrete mix were obtained from the same source; 
crushed Andesite rock produced by AfriSam (South Africa) (Pty) (Ltd) in the Eikenhof quarry, 
Johannesburg. 

2.2 Mix proportions, casting, curing, cracking and chloride exposure of specimens 
The concrete mix proportions and compressive strengths are presented in Table 1. A 

water/binder ratio of 0.40 was used in both concrete mixes. 

Table 1: Concrete mix material proportions 

Concrete type 
Material quantity (kg/m3) 28-day 

compressive 
strength (MPa) 

PC FA SL Water Fine 
aggregate 

Coarse 
aggregate 

PC(70)/FA(30) 355 155 - 205 745 1115 59 
PC(50)/SL(50) 255 - 255 205 780 1135 57 

 
Each of the concrete mix was used to cast 6 beams of size 150 × 150 × 625 mm and six 100 

mm concrete cube specimens which were used to obtain the concrete compressive strength. The 
beams were reinforced with a single 10 mm diameter high yield steel reinforcement bar that is 
600 mm long. The steel bars were placed at a cover of 20 mm through the middle (M) or near 
the orthogonal edge (E) of the beam. Figure 2(a) illustrates the reinforcement position and 
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chloride ingress directions (1D and 2D) which are modified by epoxy sealing the concrete 
surfaces. 

After casting, all the specimens were cured in water (at 23 ± 2 °C for 28 days), thereafter 
they were air-dried for 7 days and then epoxy-coated to achieve the desired 1D and 2D chloride 
exposure (see Figure 2(a)). The beams were then clamped in pairs (back-to-back) using a 3-
point loading arrangement (see Figure 2(b)) until a single crack was induced in the beams 
tensile face. A mean crack width of 0.28 mm (standard deviation = 0.06) was achieved in the 
beam specimens. To ease the creation of a single crack in each beam, a thin shim (to form a 
notch) was placed transversely across the middle of the wooden mould before the beam is cast. 

The cracked fly ash (F) and ground granulated blast furnace slag (S) beams exposed to 1D 
chloride ingress were labelled F1D-M (1, 2, and 3) and S1D-M (1, 2, and 3) respectively, while 
those exposed to 2D chloride ingress were labelled F2D-E (1, 2, and 3) and S2D-E (1, 2, and 
3).  

The cracked beams were exposed to cyclic regimes of 2-weeks wetting (in 5% NaCl 
solution) and 2-weeks air-drying (in an ambient laboratory environment) for a total 
experimental duration of 110 weeks. The steel corrosion rate was measured using the 
coulostatic technique 24 hours after each wetting cycle.  

 
(a) 

 
(b) 

Figure 2: (a) Cross-section of beam specimens showing 1D and 2D chloride exposure, (b) 
clamped beams 

2.3 Assessment of corroded steel bars 
At the end of the experimental duration, the corroded steel bars were extracted from the 

beam specimens and cleaned before measuring the residual diameter of each corroded steel bar 
with a Vernier caliper. The ultimate tensile strength of the corroded bars was then measured 
using a Tinius-Olsen universal testing machine (UTM). The set-up for the tensile strength 
testing is shown in Figure 3.  

Uncoated face
Epoxy coated face
Chloride ingress path
Reinforcement bar

- 2D - E - 1D - M

 20 mm galvanized steel rod 

16 mm threaded rods 

10 mm thick flat plate 

Electrical wire connections to 
reinforcement bar 

Nuts 
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Figure 3: Tensile strength testing set-up 

The crosshead displacement of the UTM during loading was used to monitor the steel 
displacement. The load and corresponding displacement of the steel bar were recorded using a 
data logger; the data was used to plot the stress-strain curve of the steel specimens. 

The percentage elongation and percentage reduction in CSA were obtained using the 
Equations (1) and (2). These parameters give an indication of the ductility of the steel 
reinforcement bars.  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃	𝑃𝑃𝑒𝑒𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑃𝑃 = 	
𝐿𝐿! − 𝐿𝐿"
𝐿𝐿"

	× 100% Equation 1 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃	𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑃𝑃	𝑒𝑒𝑃𝑃	𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐷𝐷" − 𝐷𝐷!
𝐷𝐷"

	× 100% Equation 2 

where Lf is the final length of the reinforcement bar (after the tensile test) 
Li is the initial length of the reinforcement bar 
Df is the final diameter of the reinforcement bar at the point of fracture 
Di is the nominal diameter of the reinforcement bar before the tensile test is conducted 

A decrease in the percentage elongation of the corroded steel bar will indicate a reduction in 
its ductility; this should correspond to a reduction in the CSA of the corroded steel bar. 

3 RESULTS 
3.1 Corrosion rate results 

The corrosion rate results are presented in Figure 4. The results show that:  
(i) Regardless of the binder type (PC/FA or PC/SL), the corrosion rate of the steel bars 

in concretes exposed to 2D chloride ingress is significantly higher than that of steel 
bars in concretes exposed to 1D chloride ingress, and  

(ii) In both 1D and 2D exposure, the PC/SL concrete had significantly higher corrosion 
rate than the PC/FA concrete.  

1. The corrosion rate (after 110 weeks) of the PC/FA beams exposed to 2D chloride 
ingress was higher than that of the beams exposed to 1D chloride ingress by 62% 
while that of the PC/SL concrete was higher by 77%. These results clearly indicate 
the severity of steel corrosion in RC elements exposed to 2D chloride ingress. The 
high corrosion rate is attributed to an increased penetration of corrosion agents 
(chlorides, oxygen, and moisture) from adjacent surfaces of a RC element [3, 8, 9].  
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(a)  

 
(b)  

Figure 4: Steel corrosion rate in (a) PC/FA and (b) PC/SL concretes exposed to 1D and 2D 
chloride ingress 

3.2 Steel corrosion morphology and diameter loss 
The corroded steel bars in the cracked beams exposed to 1D chloride ingress had mainly 

isolated corrosion pits while those exposed to 2D chloride ingress had a combination of isolated 
pits and uniform corrosion on the steel surface (see Figure 5).  

 
Figure 5: Typical corrosion morphology of steel bars embedded in concrete exposed to (a) 

1D and (b) 2D chloride ingress 
In general, the corroded sections of the reinforcement bars were in the region where the 

concrete crack intercepted the steel bar. The length of the corroded section and area of the 
corroded bar of the specimens exposed to 2D ingress of corrosion agents was about twice that 
of specimens exposed to 1D ingress of corrosion agents (Figure 6). The error bars in the graphs 
indicate that there is more variation in both the area and length of the corroded section of the 
reinforcement bars that are exposed to 2D ingress of corrosion agents. 
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Figure 6: (a) Area of corroded steel bar (b) Length of corroded steel bar in PC/FA and PC/SL 

specimens exposed to 1D and 2D ingress of corrosion agents. 

3.3 Ultimate tensile strength of the corroded steel bars 

The stress-strain plots of the corroded steel bars in the PC/FA and PC/SL specimens are 
shown in Error! Reference source not found..  

 
Figure 7: Stress-strain relationship of reinforcement bars placed in PC/FA and PC/SL 

concrete exposed to1D and 2D chloride ingress 

From the results obtained, the yield strength of the corroded reinforcement bars was not 
significantly affected by the corrosion process; all the reinforcement bars had a yield stress that 
exceeded 500 N/mm2. This value exceeds the required minimum yield strength (i.e., 450 
N/mm2) of steel reinforcement bars (SANS 920: 2011). The results however indicate that the 
region of plastic deformation of the reinforcement bars was affected by the corrosion of the 
steel bars. A plot of the ultimate tensile strength of the specimens is shown in Figure 8. 
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Figure 8: Ultimate tensile strength and fracture stress of the steel bars in concrete exposed 

to 1D and 2D ingress of corrosion agents. 

A statistical analysis to test the significance of the difference between the ultimate tensile 
strength and failure load of the specimens subjected to 1D and 2D ingress of corrosion agents 
is summarized in Table 2.  
Table 2: Severity of ultimate tensile stress and failure load of the 1D and 2D steel specimens 
 PC/FA PC/SL 
Ultimate tensile strength Significant Significant 
Stress at fracture Not Significant Significant 

 
The fracture stress was significantly lower than the ultimate tensile stress, and the ultimate 

tensile stress and fracture stress of the specimens of the specimens exposed to 2D ingress of 
corrosion agents was lower than that of specimens exposed to 1D ingress. The lower stress 
values of the corroded steel bars in concretes exposed to 2D chloride ingress indicates that steel 
bars located at square edges of concrete elements experienced a higher degree of corrosion 
compared to those in the concrete that is exposed to 1D chloride ingress.  

3.4 Ductility of corroded reinforcement bars 
The plot showing the elongation after fracture and reduction in CSA at the point of fracture 

is shown in Figure 9.  

 
Figure 9: Percentage elongation after fracture and reduction in steel cross-sectional-area 
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The ductility of the reinforcement bars was affected by the morphology of corrosion pits in 
the steel bars. The steel bars with a higher CSA resulted in lower ductility (elongation). The 
specimens with higher corrosion rates (i.e., corner located steel bars) resulted in a lower 
elongation (or ductility) and CSA at the point of fracture (see Figure 9). In the overall results, 
the steel bars in the PC/SL concrete had lower ductility, this corroborates with the higher 
corrosion rate that was attained by these specimens.  

4 CONCLUSIONS 
The results of this study have shown that the ultimate tensile strength of steel reinforcing 

bars embedded at orthogonal edges of concrete elements exposed to 2D chloride ingress is 
significantly less than that of steel bars that are located at the middle of the cracked concrete 
beam. At loads that cause deformation of the steel bar beyond its elastic region, the steel bars 
exposed to 2D ingress of corrosion agents have a lower ultimate tensile strength, CSA, and 
ductility, hence, overloading a structure that has undergone severe corrosion may result in its 
sudden failure.  

Although the sustained load on the specimens was not measured, the crack width opening 
was used to determine the stress applied. The sustained stress on the specimens may have also 
increased the penetration of corrosion agents into the concrete, thus aggravating the corrosion 
rate of the steel bars. 

To mitigate rapid corrosion of steel bars that are located at the edge of concrete elements, 
chemicals that mitigate the penetration of corrosion agents should be applied to concrete edges, 
or where cost permits, steel bars with higher passivity may be utilized in these locations.  
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