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PREFACE

Following the success of the Young Concrete Researchers, Engineers and Technologist Symposium
(YCRETS 2021), which was held virtually due to COVID-19 with 24 published papers, these
proceedings contain papers presented at the YCRETS 2023 held at the Jan Mouton Lecture Hall,
Neelsie Student Centre, Victoria Street, Stellenbosch University from the 13th to 14th of July, 2023.
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. The overaching theme for the conference was Circularity, covering a wide range of
sub-themes including innovation (additive manufacturing, artificial intelligence, BIM, etc.), cement-
based materials, design (sustainable renovation, repurposing of concrete structures, etc.), analysis
(structural analysis of various elements or structures), and durability aspects of concrete structures.

Only selected papers were accepted for presentation at the Symposium. All the papers published
in the proceedings with ISBN 978-0-9922176-5-5 were subjected to independent peer review by
members of the scientific committee before being accepted. A summary of the technical paper
contributions by the participating institutions were as follows: Stellenbosch University 35%;
University of Pretoria 13%; University of the Witwatersrand 9%; University of Cape Town 4%;
University of KwaZulu-Natal 4%; Joint South African Institutions 17%; Joint South African and
International Institutions 13%, Industry 4%.

In addition to the selected technical paper presentations, two guest lectures were also presented
at the Symposium. The first lecture, titled “What are we measuring?”, was presented by Professor
Elsabe Kearsley from the University of Witwatersrand. The second lecture, titled “Waste reuse
for sustainable concrete production”, was presented by Emeritus Professor Leslie Petrik from the
University of the Western Cape.

Special thanks goes to the Local Organsing Committee (LOC), who worked tirelessly to make the
Symposium a success. The members of the LOC are:

Gideon Van Zijl - Symposium Chair

John Babafemi - Organising Committee Chair

Wibke De Villiers - Scientific Committee

Riaan Combrinck — Proceedings

Humaira Fataar - Travel & Accommodation

Tata van Rooyen - Conference Day Leader

Hanlie Turner - Marketing & Finance

Natasja Pols - Marketing & Finance

Further, sincere thanks to the Scientific Committee for reviewing and ensuring a high quality of
papers. The support of Hanlie Turner and Natasja Pols in planning and organising the symposium
is invalauable; thank you so much. 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.

Prof. John Babafemi

Conference Chair

Associate Professor, Department of Civil Engineering
Stellenbosch University, South Africa
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FOREWORD

Southern Africa has a rich history in concrete materials research and construction, and world leading
scholars have emanated from our midst. It is a privilege to gather their and visiting international
research students, graduates, young practicing engineers and technicians to subject their findings
to scrutiny and debate at the 2023 edition of YCRETS.

This Proceedings contains research, technical and review paper contributions by authors from
sixteen universities and industries in Southern, West and East Africa. The contributions reflect that
circularity in construction is a common vision within the symposium themes of innovation, materials,
durability and design. Innovative tests, materials, construction methods and reliability considerations
are presented not only for the sake of novelty, but with the intention of enabling maximum inclusion
of materials from waste streams as filler, binder, precursor and activator materials. In the Materials
theme, the use of waste streams is proposed and appropriate cement-based material technology
is presented for the use of construction and demolition waste in concrete and masonry units,
and nanotechnology for treatment of waste water as mixing water in concrete. The durability
theme comprises of contributions on permeation reducing admixtures, carbonation prediction and
chloride-induced corrosion monitoring, and principles of durable over high strength concrete repair
materials. Anchor system design, consideration of sustainability in structural reliability design, and a
case study of a large concrete hydro power plant structure are presented under the design theme.

All the papers included in the Proceedings have been blind reviewed by members of the Scientific
Committee, representing an international panel of academic and industry experts.

The Chairperson of the first YCRETS in 2021, Professor Yunus Ballim, remarked that “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 young author contributions of YCRETS 2023 heed
his assertion in exploiting vast waste streams, confirming their potential status as commodities in a
circular economy and greening of concrete. This demands multi-disciplinary research collaboration,
reflected in this Proceedings by co-authorship from subject fields in chemical, civil, environmental,
fire, mechanical and aeronautical, mining and structural engineering and information technology.
Key fields of chemistry and civil engineering are represented by keynote speakers Emeritus Professor
Leslie Petrik of the Department of Chemistry at the University of the Western Cape, and Professor
Elsabe Kearsley of the Department of Civil Engineering at the University of Pretoria.

Professor Gideon van Zijl, July 2023
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A proposed pendulum impact test method
for UHPFRC

Jurie F. Adendorff (1), Elsabe P. Kearsley (1) and Abrie J. Oberholster (2)

(1) Department of Civil Engineering, University of Pretoria

(2) Department of Mechanical and Aeronautical Engineering, University of Pretoria

Abstract

The present study aims to develop a pendulum impact test method to determine the
impact resistance of Ultra-High-Performance Fibre-Reinforced Concrete (UHPFRC). Different
impact test methods were investigated, and their shortcomings were identified. These
shortcomings include, but are not limited to, energy absorbed by the test instrument and
inertial effects of the test specimen. The proposed test method has been designed to address
these shortcomings in determining the impact resistance of UHPFRC. Measuring equipment
was used to further extend the capabilities of the test method. An accelerometer was used to
record an acceleration time-history of the impact event at 96 kHz. Furthermore, high-speed
photography (7 600 fps) was used for motion tracking and Digital Image Correlation (DIC).

Keywords: Impact resistance, Loading rate, Pendulum impact, Test method, UHPFRC

1. INTRODUCTION AND BACKGROUND

Ultra-High-Performance Fibre-Reinforced Concrete (UHPFRC) is known for its enhanced
mechanical properties [1] and is therefore considered a potential option for the construction
of structures subjected to severe loading conditions such as vehicular impacts due to its ability
to absorb energy and remain ductile [1]. Despite this and the fact that it has long been known
that concrete is a strain-rate sensitive material [2], the dynamic mechanical properties of
UHPFRC is not yet well understood [2]. This stems from a lack of standardised test methods
[2] which hinders the progress in understanding the dynamic mechanical properties of
UHPFRC. It is therefore important to develop relevant test methods that enable
standardisation and promote research progress.

Existing test methods developed to test materials at different strain rates are shown in
Figure 1, along with their strain rate ranges and associated real-life applications. Different test
methods are used to apply rapid loads (impacts) to test specimens. These methods include
the use of gravity through drop-weight and pendulum impact tests, hydraulic machines and
stress waves using the Split-Hopkinson Pressure Bar (SHPB).

YCRETS 2023 8
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Figure 1: Strain rates of impact testing methods and their associated real-life applications
(adapted from [6])

The drop-weight impact test method is the most common impact test method and makes
use of a free-falling mass to rapidly apply a load to a test specimen. A comparison of the
number of drops required to attain a predetermined failure criterion can be used to interpret
the data. It is also possible to install instrumentation on the mass, test specimen, and supports
[10, 11]. The rate of load application is directly proportional to the height from which the mass
is allowed to fall.

The advantages of this test method are attributed to its simplicity, which facilitates its
implementation and makes it less expensive than other testing methods [7]. ACI Committee
544 has recognized the drop-weight impact test method described in ACl 544.2R-89 as a
standardized test method for the impact testing of Fibre-Reinforced Concrete (FRC) [8].
However, the simplicity of the test method introduces some limitations, the primary being the
rebound effect, which generates a secondary impact when the test specimen does not fail
under the initial impact [13, 14]. Without instrumentation, the additional load caused by the
secondary impact cannot be measured. Furthermore, when failure of the test specimen occurs
it is difficult to determine the amount of energy absorbed by the test specimen without
instrumentation, since the free-falling weight retains residual energy after impact.
Furthermore, Abid et al. [7] found that a minimum of 55 test specimens are required for the
ACI 544-2R test procedure to gain a 90 % level of confidence in the test results. Finally, the ACI
544-2R test procedure is not practically suited for testing FRC and UHPFRC since an excess of
1 000 blows may be needed for a test specimen to reach the “first-crack” [9] or failure criteria
[7,9, 12]. Ramakrishnan et al. [9] discarded further attempts to test fibre-reinforced shotcrete
test specimens (thickness of 76 mm) until failure due to the large number of blows needed to
reach the “first-crack” criteria. Other limitations include the influence of boundary conditions
and inertial resistance of the test specimen which may lead to over-estimations of the impact
resistance [10].

YCRETS 2023 9



Another common impact test method is the pendulum impact test method which involves
a weighted hammer attached to an arm that moves in a circular motion prior to striking the
test specimen. Similar to the drop-weight impact test method, the rate of load application is
directly proportional to the height from which the mass is allowed to fall. Although this test
method was originally intended for testing metals, several authors have successfully used
modified versions of these tests on concrete [13-16, 17, 18]. The test method is versatile since
different configurations may be used to test different mechanical properties of concrete such
as flexural strength (beams [13-15] and plates[16]), direct tensile strength [17] and fibre
pull-out strength [18]. The data obtained from this test method can be interpreted by similar
means as the drop-weight impact test method and also allows for the use of instrumentation
[13-16, 17, 18]. The pendulum impact test offers significant benefits such as eliminating the
rebound effect [13, 14, 16], providing easy instrumentation [13, 18] and allowing adjustments
to the impact energy and sample geometry. Despite these advantages, the main limitation of
the pendulum impact test method is to consider the influences of boundary conditions and
inertial resistance of the test specimen as to not over-estimate the impact resistance [13, 17,
18]. A futher limitation is the energy absorbed by the test instrument caused by the difference
in stiffness between the test instrument and test specimen [15, 19]. Bluhm [19] argued that
the pendulum should be sufficiently stiff in order to reduce the elastic energy stored in the
pendulum. Gopalaratnam et al. [15] further suggested that the adverse effects of test
specimen inertia may be limited by ensuring a large difference in mass between the pendulum
and test specimen in conjunction with a large difference in stiffness. These limitations,
however, are applicable to all impact test methods and not only the pendulum impact test
method.

Other impact test methods include the projectile impact test method [20] (of which the
limiting factors are safety and the need of equipment able to achieve very high data sampling
rates), impact testing by means of servo-hydraulic machines [6] (of which the main limiting
factor is the cost of the machine), the SHPB impact test method (which has several limitations
such as test specimen size [13], the lateral inertial confinement effect [21] and boundary
conditions [22]) and the fibre pull-out test method, where no correlation between a
single-fibre pull-out test and beams tested under impact loads could be found. This has been
attributed to the fact that a single-fibre pull-out test does not consider fibre orientation, nor
fibre-to-fibre interaction [4].

In summary, the main limitations that adversely affect all impact test methods are test
setup stiffness and test specimen inertia. Other limitations are test repeatability and
reliability, cost, safety and practical applicability. The main objective of this study is to propose
a pendulum impact test method that has been purposely designed to take into account these
limitations. A direct comparison has been made between the proposed pendulum impact test
method and the drop-weight impact test method specified in ACI 544.2R-89. This is due to the
gravity-driven nature of both the test methods and similarities in their application. Both test
methods apply a similar range of kinetic energy at similar impact velocities. It is important to
note that the strain rate experienced by a test specimen is directly proportional to the impact
velocity. Therefore, it would be unfair to compare these two test methods to other test
methods such as the projectile impact test method.

YCRETS 2023 10



2. DESIGN AND SETUP OF THE PROPOSED PENDULUM IMPACT TEST DEVICE

The setup of the proposed pendulum impact device is shown in Figure 2. The overall setup
of the device and position of the high-speed cameras are shown in Figure 2 (a). Figure 2 (b)
shows the setup and alignment of the test specimen perpendicular to the pendulum impact
hammer, whereas Figure 2 (c) indicates the position of the accelerometer on the back end of
the impact hammer.The pendulum arm consists of a 2 m piece of IPE 100 that rotates about
two pillow block bearings attached to a frame connected to a 500 mm thick reinforced
concrete wall. Additional plates were added at the bottom of the pendulum arm so that the
total mass of the arm equals 50 kg. The plates were configured such that the centre of mass
of the pendulum arm is aligned with the tup. This is to avoid introducing additional moments
to the test specimen during impact.

The test specimen is supported at the ends by adjustable brackets attached with thin wires
to the overhead frame. This assembly has a mass of approximately 3 kg, resulting in a
pendulum arm to test specimen ratio of 16.67. By performing modal analyses of the test
specimen support assembly it was found that the natural frequency of the assembly was
reduced by a factor of 2.14 due to the mass of the brackets at the ends of the test specimen
and due to the test specimen hanging from wires when compared to a test specimen that is
traditionally simply supported. From the dynamic calculations performed by Gopalaratnam et
al. [15], a reduction of the natural frequency of the test specimen results in an increase in the
ratio of stiffness between the pendulum and test specimen for a constant pendulum stiffness.
From the calculations it can further be deduced that the stiffness ratio has a larger influence
on the over-estimation of the impact resistance of the test specimen. Therefore, it is expected
that more reliable results may be obtained during testing since the pendulum is expected to
store less elastic energy and the test specimen is expected to give less inertial resistance.

Cameras

Accelerometer

Figure 2: Setup of the proposed pendulum impact test device
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3. EXPERIMENTAL PROGRAM AND TEST RESULTS

3.1 Mixture Design and Quasi-Static Mechanical Properties

The mixture of UHPFRC considered for the study is shown in Table 1. The table also displays
the Relative Densities (RD) of the materials. The materials used were a CEM | 52.5R,
undensified silica fume (USF), unclassified fly ash (FA), water, Dolomite stone (< 9.50 mm),
Dolomite sand (< 4.75 mm), a superplasticiser and 2 % (by volume) hook-ended steel fibres.
The steel fibres had a length of 30 mm and diameter of 0.50 mm and a tensile strength of
1500 MPa. A total of ten 100 mm cubic test specimens were cast to determine the
compressive strengths of the mixture in accordance with SANS 5863:2006. Three 200 mm x
@100 mm cylindrical test specimens were cast to determine the modulus of elasticity and
Poisson’s ratio in accordance with ASTM C469. The cylindrical test specimens were cut in half
in order to determine the splitting tensile strength in accordance with SANS 6253:2006. Lastly,
three beams of 500 x 100 x 100 mm in dimension were cast to determine the modulus of
rupture in accordance with SANS 5864:2006. The mean values of the quasi-static mechanical
properties are shown in Table 2.

3.2 Proposed Pendulum Impact Test Method Results

Figure 3 displays the results of the impact tests performed at various fall heights. From the
figure it can be seen that an exponential decrease in the number of blows were needed for
the test specimen to reach failure with an increase in the fall height. A p-value test was
performed on the pearson product-moment correlation coefficient between the fall height
and the logarithm of the number of blows. A p-value of less than 0.05 was achieved and
therefore the results were deemed to be statistically significant. Merely four test specimens
were required per fall height (which resulted in 16 test specimens in total) required to obtain
statistically significant data as opposed to the 55 test specimens required as proposed by Abid
et al. [7]. Furthermore, it is clear from the figure that significantly less blows were needed for
the test specimen to reach failure as opposed to that of the ACI 544.2R-89 drop-weight impact
test. The proposed pendulum impact test method required a maximum of 30 blows for the
test specimen to reach failure at the lowest fall height as opposed more than 1 000 blows
required by the ACI 544.2R-89 drop-weight impact test. It can also be seen that with an
increase in fall height, a decrease in dispersion of the results occurred.

Figure 4 shows an example of the acceleration time-history of an impact event obtained by
the accelerometer placed on the proposed pendulum impact test device. The acceleration
time-history of an impact event may be analysed by means of Fast-Fourier Transformation
(FFT), Response Spectrum Analysis (RSA), or by generating an Euler characteristic curve
followed by a Principal Component (PC) analysis in order to distinguish between different
impact events or to determine the associated strain rates and energy absorbed by the test
specimen.

Figure 5 displays the capabilities of using high-speed photography. Capturing images at
7 600 fps enables detailed observations to be performed as can be seen in Figure 5 (a). With
the use of software such as TEMA [23] it is possible to perform motion analyses and Digital
Image Correlation (DIC). From Figure 5 (a) it can be seen that the movement of the test
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specimen during the impact event can be accurately tracked, which gives rise to a multitude
of calculation possibilities such as calculating deflections, rate of change of deflection, rotation
of the test specimen about it’s supports, etc. This can further be extended with DIC which
allows for the calculation of strains and therefore strain rate. From Figure 5 (b) it can be seen
how the change in strain in the test specimen occurred during the impact event. The blue
colour indicates a strain of approximately zero whereas the red indicates tension. As soon as
the tup of the pendulum makes contact with the test specimen it can be seen that a tension
zone develops at the opposite side of the test specimen.

Table 1: Mixture design

Table 2: Quasi-static mechanical properties

Material RD Mlxtur;e Property _ No. | Mean
[kg/m?3] Compressive strength
10 167.8
CEM152.5R 3.14 542 [MPa]
Undensified silica fume 2.45 146 Modulus of elasticity 3 546
Unclassified fly ash 2.22 146 [GPa] )
Water 1.00 146 Poisson’s ratio 3 0.146
Dolomite stone Splitting tensile
<9.50 mm 2.85 251 strength [MPa] 6 15.2
Dolomite sand Modulus of rupture
291 1240 3 20.1
<4.75 mm [MPa]
Superplasticiser 1.06 25.6
Hook-ended steel fibres | 7.85 149
Theoretical density 2 646
30 % e, 0.8
” 7 o
4 )( = 4
§20% S 021
% 15 |- EROE
s 10 F & 021
e 5 —0.41
5 D, GRS - %
% .............. % @ —0.61
0 < -08 ; , . ,
250 500 750 1000 0.00 0.01 0.02 0.03 0.04 0.05
Time [s]

Fall height [mm]

Figure 3: Number of blows required to reach

failure at each fall height

Figure 4: Acceleration time-history of an

impact event
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(b)
Figure 5: Capabilities of high-speed photography

4. CONCLUSIONS AND RECOMMENDATIONS

From the test results it can be confirmed that the design and setup of the proposed
pendulum impact test method has sufficiently addressed the following limitations:

e By changing the boundary conditions of the test specimen, the stiffness ratio between
the pendulum and test specimen was increased, resulting in a decrease in inertial
resistance of the test specimen and reducing the energy absorbed by the pendulum.

e Significantly less number of blows was needed for the test specimens to reach failure
as opposed to the ACI 544.2R-89 drop-weight impact test.

e Significantly fewer test specimens need to be tested to obtain statistically significant
test results as opposed to the ACI 544.2R-89 drop-weight impact test.

e The proposed pendulum impact test method does not suffer from the rebound effect.

e The proposed pendulum impact test method can easily be instrumented and adjusted
or modified and is therefore more versatile than the ACI 544.2R-89 drop-weight impact
test.

It is, however, recommended that tests should be conducted on UHPFRC mixtures that
have different volumes of steel fibres in order to ensure that the proposed test method is able
to differentiate between the mixtures. It is further recommended that the data obtained from
the accelerometer and high-speed photography be properly analysed and compared to verify
that they are able to produce reliable and reproduceable results that correspond with one
another.
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Abstract

Pavement construction usually involves using large quantities of natural aggregate materials
majorly extracted from quarries and, in many cases, with the use of conventional stabilizers such
as Portland cement, lime, and bitumen. In many developing countries, the exploitation of quarries
has been so massive that there exists a shortage of these aggregates. Hence, the use of
conventional stabilizers is a common practice. However, the use of conventional stabilizers is a
major source of environmental contamination for the environment. Therefore, alternative
aggregate materials and stabilization techniques in pavement construction are highly sought after.
Recently, some researchers have proposed a new approach as an alternative to using
conventional binders via alkali activation called geo-polymerization to produce geopolymers.
Some studies have shown that mine tailings (MT) can be used as a road base material through
geopolymerization. Even though there are different types of tailings, specific interest is on copper,
iron, and gold tailings, this is due to their dominance in mining areas of South Africa. This paper
presents a review of the mechanical properties of geopolymerized tailings to enhance
understanding of their potential application in sustainable infrastructures, such as pavements.

Keywords: Geopolymerization, pavement, mine tailings, mechanical strength, stabilization.
1. INTRODUCTION

Pavements are structures designed to withstand traffic loads and are composed of several
layers made up of natural aggregate materials such as sand, cobblestones, and laterites. The
functionality of the pavement is determined by the geotechnical properties of these aggregates
and binding materials. Pavement construction requires a large quantity of natural aggregate
materials, with an average of 20,000 tons of aggregate needed for every kilometre of the roadway
[1]. Around 90% of the aggregates used in pavement construction are either virgin or sourced
directly from quarries [1]. Developing nations are already experiencing a shortage of high-quality
natural aggregate materials. This scarcity poses a significant challenge to the construction and
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maintenance of pavements, which are vital to transportation infrastructure. In areas facing a
shortage of natural construction materials, two options exist: finding new quarries or using
conventional stabilizers like Portland cement (OPC) and lime to enhance the mechanical
properties of low-grade materials like soils and mine tailings (MT). However, the use of these
stabilizers has significant environmental consequences, including high energy consumption and
emission of greenhouse gases [2].

Mine tailings are waste materials generated during the extraction, chemical, and physical
treatment of mineral ores, and the mining industry produces vast amounts of them annually [3].
In South Africa, over 315 million tons of tailings are generated every year, with gold tailings
accounting for 105 million tons [4], it was also stated that copper tailings in South Africa occupied
a large surface area of land [5-6]. The properties of tailings vary depending on the type of mineral
ore and the compounds they contain, such as silicon, aluminium, quartz, pyrite, lead, and
uranium. Although tailings are considered useful for geopolymerization due to their fine particle
sizes, high Silica (Si) and Aluminium (Al) content. However, they contain toxic elements/metals, in
the form of chlorides or sulphate solutions [1, 5]. Due to the existence of hazardous materials in
tailings, they cannot be utilized in civil construction projects. Therefore, tailings are required to
be reprocessed into less hazardous waste before disposal or reuse for construction purposes [8].
Disposing of mine tailings is costly and can result in various environmental problems such as land
use, air pollution, water bodies contamination, and tailings dam failures [9].

Geopolymerization of MT offers sustainable and eco-friendly solutions to environmental
problems caused by mine tailing disposal. This process involves the chemical reaction of alumino-
silicates materials in an alkaline solution, creating a geopolymer material. Geopolymers offer
several advantages over conventional stabilizers, including rapid strength development, acid
resistance, immobilization of toxic metals, reduced energy consumption, and greenhouse gas
emissions [10-12]. As a result, geopolymer has been identified as a potential alternative
construction material, with some researchers studying its potential use in road construction.

2. TYPES OF MT AND THEIR PROPERTIES

Tailings from various minerals have been used as substitutes for aggregate materials in road
construction, with iron, copper, coal, tungsten, granite, and gold being the most used types [9].
These tailings are predominantly sand-sized ranging from 28% to 70%, and fall under the ML, SM,
and SP categories of the Universal Soil Classification System (USCS), [13-16]. The geotechnical
properties of tailings are determined by their mineral composition and collection location [9].
Tables 1 and 2 summarize the geotechnical and chemical properties of various types of tailings.
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Table 1. Geotechnical properties of various types of MT

Types Specific | Liquid | Plastic | Plasticity | Maximum | Optimum | Sand | Finer USCS | Ref
of MT | gravity | limit | [imit index (%) | Dry Moisture | size than
(%) (%) Density Content (%) micron
(KN/m?) (%) (%)
Iron 3.08 - 28 19 9 _ _ _ _ _ [17]
3.74 [18]
Copper | 2.72 - 252-]115- 13.7 -15. 16.7 -16.9 13.3-16.0 | 43-55 45 -57 SC [15]
2.82 28 13 ,
Gold 2.78 - _ Non- 15.7-17.0 17-22.5 17-28 72 -83 ML [15]
2.86 44.0 plastic ,
Coal 2.03 _ _ Non- 155 12.0 70 15 SM [20]
plastic
Bauxite | 3.00 37 |33 4 ~ _ 3 30 ML | [21]
ML: Low plasticity silts
SM: Silty-sand mixtures
SP: Poorly- graded sands
Table 2. Chemical Composition of various types of MT
Types of | AlO; SiO, Na,O | SOs; K20 Fe;0s MgO | CaO MnO | Ref.
MT
Iron 3.36 - 41.95- | 0.41 B 0.61 31.32- _ _ 122,
3.40 45.64 47.70 (23]
Copper 13.96 - 55.90 - 3.02 - 2.22 1.82 - 3.07 - 0.49- | 0.16- 0.06 - | [16],
14.10 71.52 4.12 3.89 3.64 1.78 2.27 0.07 [24]
Gold 15.05 60.40 _ 0.30 0.40 6.60 1.70 6.90 _ [24]
Bauxite | 14.00 1.20 _ _ _ 30.90 _ 2.50 1.70 | [25]
Tungsten | 14 - 53- 0.62 3-5.80 35- 12.33- | 1.27 _ _ [26]
16.66 55.60 76 14.60

3. STABILIZATION OF MT THROUGH GEOPOLYMERIZATION

Previous studies have documented the use of conventional stabilizers to stabilize MT [15, 17-
20]. However, these stabilizers have significant drawbacks such as high energy consumption and
the emission of large amounts of carbon dioxide (CO;) during manufacturing. In 2016, the
production of OPC accounted for nearly 8% of global CO, emissions [21]. As a result, there is a
pressing need for more environmentally sustainable MT stabilization methods.

Researchers have studied the stabilization of different MTs alone or in integration with other
materials based on geopolymerization [9,22-25,28-36]. These indicate the possibility of
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geopolymerized tailings being used in construction based on their mechanical strength:
Unconfined Compressive Strength (UCS) in accordance with the aggregate material specifications for
road construction in different countries. Table 3. summarizes the UCS required by the standards of
several countries for cement-treated materials in road base and subbase layers. So far, only a few
researchers have investigated the geopolymerization of MT as a road base construction material.
Tables 4 and 5 show the stabilization of MT with conventional stabilizers and through geopolymerization

MT.

Table 3. Requirements for cement-treated materials as road base/subbase in different countries.

Country Stabilizer 7-day UCS (MPa) — (base/subbase)
OPC content (%)

South Africa 1.5-3.0 1.5-3.0 (base)

United Kingdom (UK) 2-5.0 2.5-4.5 (base)

China

> 4 (road-mix method)
> 5 (central-plant mixing)

> 2 (subbase), > 4 (base)

Spain

3.5-6.0

4.5-6.0 (base)

US.A

3-10

1.03 -2.75 (base) [26]
2.06 —5.51 (base) [27]

Table 4. Stabilization of MT with conventional stabilizers.

No. | Waste material Grain Curing Test ucs Ref.
(wt.%) size Stabilizer | Condition conducted | (MPa)
1 Copper MT 1.0-0.001 OPC (2- At ambient ucs, 3.45 (8% [28]
(100%) mm, 41% 12%) temperature: tensile, OPC)-7
passing No. OPC: for 7, 28, and shear days
200 sieve and 90 days. strength
(0.0075 mm)
2 Kimberlite MT 0.075- 0.020 OPC (5%) | Cured in moisture | CBR and 1.33 (7
mm sand for 7and 28 | UCS days), 2.05 [29]
days (28 days)
3 Granite MT 97% < 4.75 OPC (3- Ambient ucs, 4.37,6.39,
mm 6%) temperature for drying and 7.17 (5% | [30]
7,28, and 90 days | shrinkage OPCQ), 7, 28,
and 90 days
4 Iron MT (90- 99%) | 85% < 0.075 OPC (1- for 7 days; UCS, CBR, 1.32 (5%
mm 10%) OPC) [31]
5 Gold MT (93-97% | 28% < 0.425, OPC (3- Mixtures were UCS, pulse | 1.8 (7% OPC)
mm 71% < 7% placed in a humid | velocity [32]
0.075 mm roomat23+2C test
for 7 days
6 Iron MT (0- 10%) | < No. 200 OPC (1- 7- and 28-day ucs - [33]
sieve 4%) curing
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Table 5. MT improved through geopolymerization.

No Waste Grain Alkali Curing Test UCS (MPa) | Ref.
material size activator condition conducted
(wt.%)
1 Copper 100%< NaOH (0, 3, 5, Oven at 35°C ucCs, SEM 532 (11 M [9]
MT (100%) | 0.420mm | 7,and 11 M) for 7 days (NaOH)
2 Copper 36%< NaOH (0- 6%) Ambient UCS, SEM 2.5(2% [34]
MT (100%) | 0.075 mm temperature NaOH)
for 7 days
3 Tungsten 100%< - - Los Angeles - [35]
MT (100%) | 2 mm abrasion test
and freeze-
thaw
resistance
4 Gold MT 74% < Na,SiO3 8,14, 21, UcCs 30(8% of [9]
(100%) 0.075 mm and 28 days Na,SiOs)
at room
temperature
5 Copper MT | 100%< NaOH (5, 10, 15 | ambient ucs 4.4(10 M) | [36]
0.420 mm M) temperature
for 4 days

4 DISCUSSION

The lack of quality natural construction materials and the disposal problem associated with
MT prompted the interest of researchers in the field of transportation engineering to find an
alternative solution. These reviews showed that geopolymerized MT as an alternative material
for road construction has good mechanical properties compared to construction materials being
stabilized with conventional stabilizers. The research on the unconfined compressive strength
(UCS) of geopolymerized MT is the common variable stipulated by different standards. In terms
of (UCS), the standards presented in Table 3 and the 7-day UCS values by the studies listed in Tables 4 and
5 are compared, it was observed that geopolymerized MT conforms to the specifications of various
countries, indicating the feasibility of MT as a suitable aggregate material for road construction.
As with any waste, the use of MT for pavement construction should incorporate environmental
considerations such as leachate of toxic metals/elements and durability for long-term use. The
standards related to the use of wastes as alternative aggregate materials in construction are
limited.

5. CONCLUSIONS

As a result of systematic reviews on the use of geopolymerized MT as a material for road
construction, the following conclusions have been derived:

* The most significant benefit of geopolymerization is the use of a variety of industrial by-products
as the basic raw materials in their composition.

* Geopolymerized MT has good compressive strength suitable for road construction.
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e Geopolymerized MT represents an important step towards sustainability since conventional
stabilizers are characterized by high energy consumption levels and leave a large carbon footprint
(the geopolymerized binder effuses 80% less CO, than Ordinary Portland cement) [37].

e In addition, the utilization of industrial by-products in the geopolymerization allows waste to be
recycled and lowers the surface area of landfill space required while simultaneously supporting
environmental conservation.

Despite the general acceptance of Ordinary Portland cement, geopolymerization has the
potential to revolutionize cement production due to its advantages. However, insufficient
information is evident in some areas of geopolymerization, which necessitates further research.
Thus, more studies are needed to understand the compressive strength of geopolymerized
tailings with multiple precursors and their behaviour under both laboratory and field conditions.
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Abstract

The high demand for concrete in the construction industry leads to a high cement production
rate, thereby increasing carbon emissions (CO;), resulting in global warming and detrimental
effects on human survival. One-part “just add water” geopolymer binder is a potential
sustainable binder that could substitute ordinary Portland cement. Currently, there are limited
studies on the mechanical properties of one-part slag-metakaolin-based GPC with plastic waste
as a substitute for fine aggregate. This paper presents the performance of a one-part slag-
metakaolin-based geopolymer using anhydrous sodium silicate, sodium hydroxide and calcium
hydroxide as activators. Also, the influence of 5% and 10% replacement of natural sand with
RESINS (recycled plastic waste containing Resins 1-7) is also reported on the composite’s fresh
properties. Furthermore, the effects of two curing methods on the mechanical properties
(compressive and flexural strength) are presented. Adding plastic waste as fine aggregate in
concrete improved the workability, but there was a reduction in the mechanical strength of GPC
as the percentage of RESIN8 increased. However, the compressive strength of 28 days water
cured (WC) GPC with 5% and 10% RESIN8 were 25.6 MPa and 23.4 MPa, respectively, and
ambient cured (AC) GPC with 5% and 10% RESIN8 were 24.1 MPa and 21.7 MPa, respectively.

Keywords: geopolymer concrete, RESIN8, metakaolin, slag, mechanical properties.

1. INTRODUCTION

Over the past few decades, due to global warming, there has been a high demand for
sustainable concrete binder development. The intensified demand for concrete in the
construction industry has led to a high cement production rate and increased Carbon emissions
(CO,). The International Energy Agency [1] and Wan-En et al. [2] reported that 7% of the global
CO, emission was generated by the cement industry and 0.83 kg of CO, per kg of ordinary
Portland cement (OPC) [3]. According to Davidovits [4], the production of 1 tonne of cement
generates an almost equivalent quantity of carbon emissions (0.99 tonne) during the calcination
of limestone and combustion of carbon-based fuel. Furthermore, Andrew [5] reported that the
global cement CO; emission in 2016 was 1.45+0.20 Gt out of the accumulated 39.3 Gt of CO;
from 1900-2016, and South Africa emitted more than 6 Mt of CO, from 1950-2016. Hence the
need for sustainable Portland cement (PC)-free binder.

Geopolymer is a new generation and PC-free binder for concrete production comprising
aluminosilicate precursors and activators, with promising performance and capable of replacing

YCRETS 2023 24



PCin concrete. There are various aluminosilicate precursors, such as fly ash, ladle slag, red mud,
metakaolin (MK), ground granulated blast furnace slag (GGBS), etc. However, the abundant
availability (over 5000 Mt) [6] and physicochemical stability properties of MK have made it more
suitable and recognised for engineering applications [7]. MK is produced by de-hydroxylation of
kaolin between 650 °C and 800 °C [8], constituting an excellent amount of about 55% of SiO; and
Al,O3 but deficient in CaO. On the other hand, ground granulated corex slag (CS) is rich in CaO;
hence, it has been used in this study to fill the gap. GGBS is obtained in the metallurgical process
of pig iron ore or ignition of coke at a temperature of 1500 °C with an approximate annual
production of 270-390 million tonnes [6], while CS is obtained from the production of iron steel
through the smelting reduction process.

The first invention of geopolymer started from a two-part application which required a
corrosive, viscous and hygroscopic liquid activator that limited its practicability in cast-in-situ and
mass concrete production to precast concrete [9]. Hence, the need to develop a one-part
geopolymer which is user-friendly. One-part, otherwise referred to as “just add water”
geopolymer requires anhydrous activators, which makes its application similar to PC and
eradicate the transportation of large quantity of corrosive liquid activators for construction
purposes. The most widely used anhydrous activators in one-part geopolymer are Na;SiOs and
NaOH. However, producing Na>SiOs from the direct fusion of sand and sodium carbonate is
energy-intensive, requiring 850-1088 °C [9] and generating a significant amount of carbon
emission but lower than PC [10]. Therefore, there is a need to reduce the demand on Na,SiOs by
partially or fully replacing it with other viable activators; hence, NaOH and Ca(OH), were used to
replace anhydrous sodium metasilicate pentahydrate (Na,SiO3.5H,0) partially.

The activation of MK-GGBS at equal proportion leads to the formation of C-S-H gel, which
produces more stability in the matrix by filling the pores. Still, the high content of GGBS in the
mixture reduces the durability properties through shrinkage cracks [11]. Hence, in this study,
CS:MK at a proportion of 70:30 was chosen from trial mixes due to its performance over others
while incorporating PVA fibre to avoid plastic shrinkage cracks.

The use of recycled aggregate is inevitable in concrete production based on the high demand
for natural aggregates (fine and coarse aggregates). According to Babafemi et al. [12], aggregates
amount to 75-80% of the volume of the concrete, with fine aggregate constituting 35-45%.
Hence, the incorporation of recycled aggregate in concrete production has become crucial for
sustainable development in the construction industry and a solution to the shortage of natural
sand. Geyer et al. [13] estimated the global plastic produced from 1950 to 2015 to be 8,300 Mt,
of which 30% was in use as of 2015, while 9% was recycled, 12% incinerated and 60% discarded
and ended up in landfill, oceans and rivers (see Figure 1). In addressing this challenge, researchers
have investigated the performance of concrete using recycled aggregate [12,14]. Hence,
incorporating recycled plastic waste in concrete to mitigate environmental pollution and develop
sustainable and economical concrete holds potential [12].
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Figure 1: Global trend of plastic production and disposal in million metric tonnes from 1950-
2015 and its projection to 2050 [13].

2. EXPERIMENTAL PROGRAMME

2.1 Materials

The materials used in this study are MK and CS (aluminosilicate precursors), locally sourced
Malmesbury sand and 13 mm Greywacke stone, recycled plastic waste (sub2 mm), activators
(Na2Si03.5H,0, NaOH, and Ca (OH),, water and admixtures. The MK was obtained from Kaolin
Group, and the CS was produced by Arcelor Mittal Steel Plant and supplied by PPC Ltd, South
Africa. The recycled plastic waste, patented as RESINS, is a plastic aggregate that comprises all 7
types of plastics and has been modified to improve the performance of cement-based materials.
It was supplied by Centre for Regenerative Design and Collaboration (CRDC), Cape Town. The
chemical composition of the aluminosilicate precursors was determined by X-ray fluorescence
(XRF) analysis, and the result is presented in Table 1. Figure 2(a-d) shows the precursors and
aggregate used. The retarder (trisodium phosphate (NP)) and activators were purchased from
Kimix Chemical Lab in Cape Town, South Africa. The specific gravities of MK, CS, sand and RESIN8
are 2.41, 2.90, 2.67 and 1.03, respectively. Polyvinyl alcohol (PVA) fibre having a specific gravity
of 1.3 g/cm3 was used to reduce the shrinkage of the mixes. The oxide molar ratio of the mix is
0.51, 4.45, 0.12, 0.76 and 21.38 for NaO;/Al;0s, SiO2/Al>03, NaO,/ SiO,, (Ca+Mg)0O/SiO, and
H20/Si0y, respectively, which are within the recommended molar ratio by Davidovit [15].

a | ) (©) (@)
Figure 2: Aluminosilicate precursors and fine aggregates (a) corex slag (b) MK (c) Resin8
(d) Malmesbury sand
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Table 1: Chemical composition of aluminosilicate precursors

Compound AlLO3 CaO Fe;03 KO MgO Na;O SiO; others
CS 1449 38.46 135 0.6 11.92 0.16 32.96 0.55
MK 2452 0.04 1.88 3.89 1.03 0.33 67.14 0.87

The moduli of sand, RESIN8 and Greywacke stone are 2.34, 2.53 and 6.75, respectively.
Thorneycroft et al. [16] noted that the performance of plastic in concrete could be improved by
matching the particle size distribution of plastic aggregates with the replaced sand. Hence, the
plastic aggregate and sand used in this study were pre-treated to match the aggregate particle
size distribution, which were both below 2 mm aggregate sizes, as shown in Figure 3.
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Figure 3: Particle size distribution curve of sand, RESIN8 and 13 mm Greywacke stone

2.2 Concrete Mix Proportion

The aggregate proportions and mix design were obtained by the packing density method [17],
and the optimum proportion of the aluminosilicate precursors and activators was obtained
through trial mixes using the Taguchi approach [18]. The proportion of CS to MK was 70:30, and
12% activator by weight of the binder was used. The optimum percentage combination of
Na,SiOs: NaOH: Ca(OH),, hereafter referred to as SS:SH:CH, obtained from trial samples was
6:3.6:2.4 (% by weight of the binder). The admixtures used were 1.2% modified polycarboxylate
superplasticiser and 1.5% PVA by wt. of the binder. The reference mix (0%) and RESIN8 mixes are
presented in Table 2. The sand was replaced with RESIN8 by volume at 5% and 10%, which is
denoted as R5% and R10%, respectively, and the targeted class of concrete for reference mix was
C20/25 (strength of 20-25 MPa) with class S3 slump (100-150 mm).

Table 2: GPC mix design (kg/m3)

Mark MK  SL SS SH CH NP CA FA RESIN8  PVA water
0% 94 265 2160 1296 864 9 1167 778 0 26 2217
R5% 94 265 2160 1296 864 9 1167 739 15 26 2217
R10% 94 265 2160 1296 864 9 1167 700 30 2.6 2217
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3. EXPERIMENTAL TESTS

3.1 Fresh Properties
The workability and density of all the freshly mixed concrete samples were determined using
a slump cone following BS EN 12350-2 [19].

3.2 Strength Tests
3.2.1 Concrete density and compressive strength

The concrete cube (100 mm) samples were cast and compacted using a vibration table in
accordance with BS EN 12390-2 [20]. The concrete samples were cured for 7 and 28 days under
ambient conditions and complete water immersion. The hardened concrete samples' densities
were determined following BS EN 12390-7 [21], and compressive strength was determined
following BS EN 12390-3 [22] using a KingTest Contest machine at a loading rate of 180 KN/min
until the samples failed. The average failure loads of five samples were computed for each mix.

3.2.2 Flexural Strength

Three prismatic concrete replicates of 300 x 100 x 100 mm were cast per mix and cured for 7
and 28 days under ambient conditions as per BS EN 12390-1&2 [20, 23]. A four-point bending
test was conducted on the specimens using a Zwick Z250 material testing machine at a load rate
of 0.06 MPa/s according to BS EN 12390-5 [24].

4. RESULTS AND DISCUSSION

4.1 Workability of Mixes

The workability of the mixes increases with an increase in the percentage content of RESINS,
as shown in Figure 4a. The physical characterisation of the aggregates shows that sand has a high-
water absorption (1.42%) than RESIN8 (0.68%) due to the hydrophobic nature of plastic, while
sand is hydrophilic. Hence, the improved workability with the increase in RESIN8 [12, 25]. The
fresh density of the mixes (Figure 4b) decreases with an increase in the percentage of RESINS;
this can be attributed to the light weight of plastic.

115 H Fresh density B 7 days WC density
2400 M 28 days WC density B 7 days AC density
110 108 2350
— 2300
£ 105 T
= 5 2250
£ 100 =
5 100 22200
= <
95 A 2150
95
2100
90 2050
0% R5% R10% 2000
(@) % recycled plastic eco-aggregate (b) 0% R5% R10%

% recycled plastic eco-aggregate

Figure 4. (a) Workability and (b) density of GPC with resin8.
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4.2 Hardened Density

Similar to the fresh density, the hardened density of the samples reduced with an increase in
the percentage content of RESINS, and this is attributed to the lightweight characteristic of plastic
with a specific gravity of 1.03, compared to sand with 2.67. The density of the concrete samples
with 5% and 10% RESINS8 decreased by 1.14% and 1.4% for AC and 1.15% and 2% for WC, at 5%
and 10%, respectively, compared to the control samples at 28 days. The density reduction with
an increase in the percentage of plastic was also reported by [25, 26].

4.3 Compressive and Flexural Strength

The compressive and flexural strength of GPC are presented in Figure 5. From the 7- to 28-
day, the compressive strength of the control samples increased by 6.9% and 9.4% for AC and WC
samples, respectively. This implies an early age strength development in GPC. However, there is
a 15.9%, 24.1%, and 14.7%, 22.2% decrease in the compressive strength of AC and WC samples
containing R5% and R10%, respectively, compared to the control sample at 28 days. This is
attributed to the weak interfacial bond around the plastic aggregates (interfacial transition zone,
ITZ), increased porosity and lower stiffness of plastic compared to sand. In contrast, according to
Thorneycroft et al. [16], the strength of a conventional concrete sample with plastic waste
increased when the fine sand and plastic particle sizes were matched. The decrease in strength
was also reported by [12, 25, 27, 28]. However, structural strength is achieved at a R5% content.

The flexural strength of the GPC samples decreased at R5% and increased at R10% at 7 days
AC, but the strength at 28 days of AC samples decreased progressively with increased RESIN8
content. The flexural strength of the GPC samples at 28 days was 14.2%, 15.3%, and 14.1% of the
compressive strength for control (0%), R5%, and R10%, respectively.

35 B 7 days AC 28 days AC ‘ B 7 days fluxural strength
. [ H7days WC 28 days WC B 28 days flexural strength
: | L -
22 [ g 4
5 ] ] 3
oo
520 £3
g g
$15 &
810 2
3 by
S E1
5
0 0
(@) 0% RS% R10% (b) 0% RS% R10%
% recycled plastic eco-aggregate % recycled plastic eco-aggregate

Figure 5. Mechanical properties of ambient and water-cured GPC (a) compressive strength (b)
flexural strength (ambient cured).
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5. CONCLUSIONS

This study investigated the effects of plastic waste (RESIN8) as a partial replacement of natural
sand (5% and 10% by volume) on the fresh and hardened properties of slag-metakaolin- based
geopolymer concrete. The workability, fresh and hardened density, and compressive and flexural
strength were investigated. The following conclusions are summarised from the investigation.

1. The addition of RESINS increases the workability of slag-metakaolin-based geopolymer;
however, it reduces the fresh density of the concrete mix.

2. Geopolymer can be effectively cured under ambient conditions and water curing methods.
However, the concrete samples cured in the water exhibited higher compressive strength
than those cured in ambient conditions.

3. The hardened density and the compressive strength of the geopolymer samples decreased
with increased content of RESIN8 by 1.4% and 2% for density and 24.1% and 22.2% for
compressive strength at R10% at 28 days AC and WC samples, respectively.

4. The flexural strength also decreased with an increase in the percentage content of RESINS.

However, RESIN8 can substitute fine aggregates up to 10% by volume in slag (CS)-metakaolin-
based non-structural geopolymer concrete and 5% in structural geopolymer concrete.
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Abstract

The large consumption of potable water in the construction industry is a rising issue, and
along with the ever-increasing demand for fresh water, an alternative solution needs to be
investigated, more specifically in concrete production. This study investigates the feasibility of
using nanobubble-treated wastewater or contaminated water to produce concrete. The use of
untreated, contaminated water in concrete can have positive or negative effects on its
properties. Nanobubbles were incorporated with contaminants in the form of table salt
(chlorides), sugar, detergents, and algae, respectively, to determine the ability of nanobubbles
to mitigate the effects of these contaminants on concrete properties.

Concrete tests were conducted on samples that made use of untreated and treated
concrete mixing water. The results were compared based on the chemical analysis of the water,
the flowability of the concrete, the compressive strengths, and finally the absorption of the
concrete. The chemical results show that the nanobubbles neutralise the water, while the
compression strength results indicate that the nanobubbles reduce the negative or positive
effects of the contaminants. From the results, it can be concluded that there is great potential
for treating wastewater with nanobubbles for use in concrete.

Keywords: wastewater, nanobubbles, contaminants, treated, untreated, concrete

1. INTRODUCTION

In the last decade, research into nanobubbles has reached new heights. The potential of
this recent technology is already so vast, with the promise of even greater problem-solving
potential after further research [1, 2].

These nanobubbles present unique characteristics that prove to be beneficial for several
applications within technological areas — these properties include the high surface area versus
the volume of the bubbles, along with the significant stability and longevity of the bubbles.
Nanobubble research related to pollutants or contaminants has shown enhanced removal of
contaminants such as oils, colloidal soils, and organic or inorganic precipitates [3]. The
research also revealed that nanobubbles behaved in a stable manner within the water and
organic solutions; this stable behaviour was recorded for months without any significant
changes in the nanobubble’s size or concentration [4].

Furthermore, nanobubbles have the potential to remove toxins from various types of
wastewater and the contaminants that are present in them, as recently demonstrated by their
use in water treatment procedures [5]. This treatment is done by initiating chemical reactions
that would not have occurred without the addition of nanobubbles, thus catalysing the
wastewater treatment process and increasing its efficiency.
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The general wastewater treatment process involving nanobubbles includes flotation,
aeration, and disinfection. These processes are usually done to increase the efficiency of
existing treatment methods, rather than acting as individual treatment methods [5].

Research on the influence of nanobubble waters on concrete has been conducted but
remains limited. Research suggests that the nanobubble water used within the concrete
mixture penetrates the microstructures of the cement paste, forming part of the cement
hydration process due to increased zeta potential and surface tension of the mixing water.
These increased characteristics catalyse the hydration reaction process and accelerate the
pozzolanic reaction, increasing the concrete's water tightness and compressive capability [6].

Research using both microbubbles and nanobubbles within concrete vyielded an
improvement in the concrete’s strength and a decrease in the concrete’s workability. The
compressive strength and tensile strength increased by 16% and 19%, respectively, and the
setting temperature of the concrete was reduced. Other changes measured within the
concrete made using microbubbles and nanobubbles relative to the mixture made using
standard potable water were that the early-stage and later-stage setting times decreased,
requiring the concrete to be cast within a shorter period [7].

Nanobubble technology in concrete is still in the initial stages of research, and more is
needed to apply it to the wastewater treatment required for concrete use. This study used
untreated and nanobubble-treated contaminated water in concrete to determine the effect
of four common contaminants on the concrete’s properties before and after treatment.

2. EXPERIMENTAL FRAMEWORK

2.1. Contaminants for Chemical and Concrete Tests

Chemical and concrete tests were conducted using untreated and nanobubble-treated
contaminated water with four contaminants: chlorides, sugar, detergents, and algae. The
concentration limits prescribed for use in concrete are discussed below.

Chlorides are often found in sea or brackish water, highly mineralised surfaces, or
groundwater. One of the concentration limits for chlorides within concrete mixtures is 10 000
mg/I [8]. Chlorides were added to potable water in the form of sodium chloride or table salt,
which has a 61.24 % composition of chlorides. This results in a concentration limit of 16 329
mg/l of sodium chloride to achieve the 10000 mg/l of chlorides within each sample
contaminated with chlorides.

Sugar is predominantly found in rivers and groundwater along the east coast of South
Africa, near sugar cane plantations. The concentration limit for sugar within concrete mixtures
is 1 500 mg/I [9], and normal food-grade white sugar was used.

Detergents are a significant contaminant present in residential greywater. While the
concentration limit for detergents is not well defined in literature, it was determined for this
study using the general mass of detergent (90 grams) for the average amount of water used in
a single load of laundry (70 litres of water), resulting in a concentration limit of 1 286 mg/I.

Algae are found in several water sources and are especially present in dams and rivers.
Algae water from a pond in the Botanical Gardens of Stellenbosch University was used as the
source of algae water for this study. The concentration of this water was not tested, but it had
a green-to-yellow appearance, indicating the presence of significant amounts of algae.
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For the chemical tests, the concentration limits mentioned above were used. The chemical
analysis for the contaminated water was tested at a nanobubble replacement level of 0% and
90%. For the concrete tests, five times the concentration limit was used: 10% of the water was
contaminated with the respective contaminants, followed by the addition of 90% potable
water for the untreated water and 90% nanobubble water for the treated water.

2.2, Concrete Mixtures

Conventional concrete was used as the basis for all mixtures. The cement used was a
CEM Il 52.5 Suretech Portland cement manufactured by PPC (Pretoria Portland Cement).
Locally available natural quarry sand, known as Malmesbury sand, with a fineness modulus of
2.6 and a relative density of 2.6 was used as fine aggregate. The coarse aggregate used was a
13-mm Greywacke stone with a relative density of 2.8. The cement and aggregate remained
constant throughout the experimental process, while the water used for mixing varied.

The reference mixture used municipal or potable water, as appropriate for conventional
concrete. The other concrete mixtures contained untreated contaminated water and
nanobubble-treated contaminated water, respectively. The concrete mixtures and their
proportions are given in Table 1.

Table 1: Concrete mix proportions

Reference Chloride Sugar Detergent Algae

Mixture Mixtures Mixtures Mixtures Mixtures

(kg/m?3) (kg/m?3) (kg/m3) (kg/m?3) (kg/m3)
Cement 348 348 348 348 348
Sand 901 901 901 901 901
Stone 900 900 900 900 900
Water 209 209 209 209 209
Pollutant 0 17.1 1.6 1.3 *

*The concentration of the pollutant is unknown due to the fact that the water is not dosed
but collected.

2.3. Chemical and Concrete Tests

A chemical analysis was performed on both the untreated and treated water samples using
a HACH Pocket Pro+ tester. The water samples were tested to get an indication of the pH and
conductivity values before and after the samples were treated with the nanobubbles.

A slump test was performed on one concrete sample in accordance with the guidelines
given by SANS 5862-1:2006. The compressive capability of a concrete mixture was determined
on 100-mm concrete cubes according to the guidelines set out by SANS 5863:2006. Three
cubes were tested for each concrete mixture at 3, or 5, 7, 14, 21, and 28 days (the algae
mixtures were tested on 5 days while the other mixtures were tested on 3 days).

The ASTM C1585-13:2013 provided a procedure in which the water absorption of the
various concrete mixtures was determined. For each concrete mixture, three samples were
tested. This procedure involves measuring the weight of the specimen according to a specific
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time scale and period while the cast concrete cube has one face exposed to water. This
increase in mass is attributed to the capillary suction due to the capillary pores in the concrete.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Influence of Chlorides

The pH readings of the water increased from 6.67 to 7.61 with the addition of sodium
chloride at the concentration limit, caused by the sodium (Na*) ions. This pH increase is,
however, stabilised to that of municipal water once treated with nanobubbles. The
conductivity results for the sodium chloride water were inconclusive due to tester limitations.

The slump test produced information on the flowability of the concrete mixes and showed
that the slump increased from 36 mm to 105 mm with the addition of sodium chloride to the
municipal water. The nanobubble-treated concrete mixture decreased the slump
measurement slightly to 98 mm.

The results, shown in Figure 1, of the compression tests performed on the sodium chloride-
contaminated concrete cubes indicated that the strength of the treated concrete yielded
similar results to the reference mixture, while the untreated concrete strength was
considerably higher than both the reference and the treated concrete mixtures. This increased
strength can be attributed to the accelerated setting and hardening effect caused by the higher
sodium chloride content [10]. It was observed that the strength of the nanobubble-treated
concrete mixture followed a similar strength curve to that of the reference mixture, which is
an indication that the treatment method cancelled out the influence of the sodium chloride
on the compression strength.

Following the absorptivity test, it was found that the sodium chloride-contaminated
samples had lower absorption than the reference mixture, which can be seen in Figure 2. The
treated sample shows higher absorption compared to the untreated concrete samples but is
still slightly lower than the reference mixture. This shows that the nanobubble treatment is
effective in reducing the influence of sodium chloride contaminants on the concrete’s
compressive strength and absorptivity.

3.2. Influence of Sugar

The pH of the water samples increased slightly from 6.67 to 6.91 with the addition of sugar
compared to the reference water. The pH decreased to 6.76, which is similar to that of the
municipal water, after the addition of the nanobubbles. The conductivity of the treated water
samples decreased from 45 mS to 39.6 mS.

The flowability of the concrete increased significantly to 186 mm with the addition of sugar
to the mixing water, as expected due to sugar greatly influencing the setting and flowability of
concrete [11]. Treating the water with nanobubbles slightly decreased the slump, resulting in
a slump value of 175 mm.

The strength curve of the untreated sugar concrete in Figure 1 illustrates the expected effect
of sugar on concrete, a delayed setting time, which can be seen by the low initial compressive
strength. This compressive strength is much lower compared to the reference concrete
mixture. The untreated mixture’s overall strength also remained below that of the reference
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mixture throughout the 28-day testing period, indicating a negative influence on the
compressive capabilities of the concrete.

The treated mixture shows a significant increase in gradient at the early age strength
compared to the untreated mixture; this shows that the treatment method has the potential
to reduce the retardation effect that sugar has on concrete setting and strength gain.

Additionally, the compressive strength of the treated concrete is above the untreated sugar
curve, which indicates an overall increase in compressive strength. The treated mixture had a
higher compressive strength than the reference mixture between 12 and 21 days, after which
it normalised to the reference mixture’s strength. Treating sugary water with nanobubbles has
the potential to eliminate the retardation effect on the concrete’s setting time, which improves
early-age strength development.

From Figure 2, the absorptivity tests showed that the sugar-contaminated water absorbed
significantly less water (1.75 mm) compared to the reference (3.28 mm), indicating that the
sugar makes concrete less susceptible to water ingress via capillary suction, which could
potentially improve the concrete’s durability. This can potentially be attributed to the influence
sugar has on the setting and hardening time of concrete, which results in the formation of
denser hydration products. With the addition of nanobubbles, the absorptivity depth
decreased slightly to 1.60 mm compared to the untreated mixture.
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Figure 1 Chloride and sugar compression strength results

3.3. Influence of Detergent

The addition of detergents to water caused a significant increase from 6.67 to 10.13 in the
pH compared to the reference water, changing the water into a basic solution. This indicates a
greater possibility of alkali-aggregate reactions, which can negatively impact concrete
durability. It was found that the addition of nanobubbles did not change the pH significantly.

YCRETS 2023 36



The conductivity of the samples treated with nanobubbles decreased from 3105 mS to 1614
mS relative to the untreated sample.

The addition of detergents significantly increased the slump measurement to 134 mm
compared to the 36 mm of the reference mixture. There was a negligible decrease of 4 mm in
the slump measurements by treating water with nanobubbles.

The influence of the detergent decreased the compression strength significantly relative to
the reference mixture, which can be seen in Figure 3. This is likely due to the significant
increase in entrapped micro air bubbles caused by the detergent’s visible foaming effect. The
treatment using the nanobubbles showed a slight increase in the compressive strength of the
concrete mixture compared to the untreated mixture, and the nanobubbles have the potential
to decrease the negative influence of detergents on the concrete’s compressive strength.

Analysing the results of the concrete cubes contaminated with the detergent mixing water,
as shown in Figure 2, an absorption depth of 2.99 mm was recorded, which slightly decreased
compared to the reference mixture. The treated detergent concrete showed similar absorption
to the untreated concrete.
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S
£ 25 Untreated Chloride
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0,5 - & =Treated Detergent

—a&— Untreated Algae
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Time (s1/2)

0,0
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Figure 2 Absorptivity of all concrete mixtures

3.4. Influence of Algae

Treating the contaminated algae water with nanobubbles reduced the pH of the samples
from 7.03 to 6.5, which is close to that of municipal water. The addition of nanobubbles caused
a decrease in the water’s conductivity capability from 277 mS to 250.75 mS.

The algae showed a negligible effect on the slump, both relative to the reference mixture
as well as between the treated and untreated concrete mixtures.

From Figure 3, the algae-contaminated concrete mixtures resulted in slightly higher
compressive strengths than the reference mixture. The reason for this increase is unclear and
requires further investigation. Once the water was treated using nanobubbles, the concrete’s
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compressive strength tended towards the reference mixture, indicating that the treatment is
useful in reducing the influence of the contaminants on the concrete’s hardened properties.

As seen in Figure 2, the initial absorption for the treated algae concrete increased slightly
in relation to the reference mixture but decreased after 200 seconds to a value just below that
of the reference concrete. The untreated concrete abruption was, however, lower than both
the reference and treated algae concrete.

35
30 —eo— Reference
3
S 25
= —=— Untreated
B0 20 Detergent
o
ﬁ 15 - & - Treated
(0] Detergent
&
§ 10 —a— Untreated
< Algae
5
— & —Treated
0 Algae
0 5 10 15 20 25 30
Time (Days)

Figure 3 Detergent and algae compression results
4. SUMMARY AND CONCLUSIONS
The following significant conclusions can be drawn from this study.

e Theresults obtained from the chemical analysis show that the addition of nanobubbles
had a neutralising effect on the pH values of chloride-, sugar-, and algae-contaminated
water. This neutralising effect on the pH reduces the chances for alkali-silica reactions.
The nanobubbles resulted in a slight decrease in the conductivity of the sugar- and
algae-contaminated water. A big reduction was seen in the conductivity values for
detergent water. This lower conductivity has the potential to lower the corrosion of
steel, which is an electrochemical process due to the flow of ions and electrons.

e The untreated chloride and algae concrete yielded greater compression strengths than
the reference mixture. The strength was reduced to near the reference mixture when
the contaminated water was treated with nanobubbles. The addition of sugar had a
negative effect on the compression strength of concrete due to its retardation effect
on the setting time. However, treating the sugar-contaminated water with
nanobubbles significantly reduced the retardation effect and increased the early-age
strength of the concrete. The use of detergent-contaminated water significantly

YCRETS 2023 38



lowered the compression strength of the concrete compared to the reference
concrete. Treating the water with nanobubbles had a slight positive change in its
strength characteristics.

e The treatment with nanobubbles slightly decreased the absorption of sugar-
contaminated concrete, whereas it increased the absorption of the treated chloride,
detergent, and algae concrete.

e Allthe results indicate that, in general, treating contaminated water with nanobubbles
neutralises the effect that the contaminant has on the concrete’s properties. This
shows that treating contaminated water using nanobubble technology has the
potential to allow the use of non-potable and contaminated waters within concrete.
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Abstract

The recent development in environmental studies show lightweight concrete as a suitable
building material which aligns with sustainable principles. In terms of anchor design, concrete
is the most preferred base material and is well-suited for anchoring; although the frequent
use of lightweight concrete in the construction sector suggests the performance of fixing
systems in lightweight concrete should be explored.

Anchor connections are used in all facets of the building and construction sector — namely
household, structural and industrial fixings. This study explores the concept of anchor design
and discusses the contributing factors that affect the overall performance of a fixing system.
Innovative designs and alternate building materials prompt new development in the fixings
industry, therefore in order to adapt and develop new fixings, one must understand the basics
of anchor design.

Keywords: sustainable principles, lightweight concrete, anchor design, fixing systems

1. INTRODUCTION

Itis known that solid concrete is the most preferred base material for anchors [3]. However,
the importance for lightweight concrete to be identified as suitable base material in terms of
anchor technology has been gaining traction within the anchor technology industry [2].

This study explores the theory of anchor design and demonstrates significant concepts
through a case study [2]. Base materials, load-bearing capacities, failure modes and
installation criteria are introductory concepts used to explore anchor design theory [1]. To
showcase the industry development of concrete, an experiment which focuses on the
performance of anchor technology in lightweight concrete is conducted.
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2. THEORETICAL BACKGROUND

Anchor connections are generally used in steel to concrete connections to transmit loads from
one element to another via anchor bolts [3]. The anchor bolts are used to distribute load
actions into its base material and are influenced by key parameters such as its base material,
load bearing capacities and anchor failures of the most unfavorable anchor [3].

2.1. Base Materials

There are various types of base materials available for anchoring. The most common types are
concrete (cracked and uncracked), masonry (composite material composed of hollow or solid
brick), boards and panels [4]. Each base material varies in compressive strength which has an
influence on the anchor connection [3].

2.2. Load Bearing Capacities

The load bearing capacity of anchors refers to the tensile and shear (and combined tensile and
shear) loads applied to an anchor connection [4]. Load actions are transferred via anchor bolts
which function on two basic principles: Expansion/Undercut theory or Bonding theory [3].

2.2.1. Expansion/Undercut theory

This principle uses mechanical interlock and friction to hold an anchor into its base material
[3]. Mechanical interlock of anchors transfers the load to the base material by locking against
the base material [3]. Expansion anchors work on the principle of friction to create a force
between the anchor and its substrate [3].

2.2.2. Bonding theory

Chemical anchors rely on bonding between the chemical, anchor and substrate [3]. In this
case, the load is transferred from the anchor to the base material via the bond created by the
chemical components. A chemical reaction occurs between the epoxy mortars which produce
different strengths of chemical bonds [5]. Each chemical mortar has unique chemical
components that require curing and drying times [5].

2.3. Failure Modes

Anchor connections fail when the load applied to the anchor connection exceeds its ultimate
working capacity [4]. Anchor design is based on understanding the failure modes and
providing sufficient resistance within a connection to prevent failures. Failures are classified
into four modes: (a) Steel failure, (b) Pull-out failure, (c) Concrete cone failure, (d) Splitting
failure. A description of each failure mode is given below [3].

2.3.1. Steel failure

Steel failure is a direct failure of steel, which occurs when the tensile load causes the steel to
snap, whilst the contact between stud and base material remains intact [3].
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2.3.2. Pull-out, pull-through and pry-out failure

Pull-out failure occurs when the anchor is pulled out of its base material, whilst pull-
through failure occurs when the anchor disassembles at the expansion point and pulls out [3].
Pry-out failure occurs when the anchor is removed with excessive shear [3].

2.3.3. Concrete cone

Concrete cone failure refers to when a conical section is developed around the anchor and
breaks out from its base material in this shape [3]. The cone is approximated to be 1.5 times
the effective depth, with the tip of the cone being the part of stud that’s furthest into its base
material [6].

2.3.4. Splitting failure

Splitting failure refers to the cracking (or splitting) of a base material due to the incorrect
embedment depths [3]. This failure mode is influenced by the spacing and embedment depths
of an anchor connection.

2.4. Installation Dimensions for Anchor Bolts

Anchorage depth, spacings, and edge distances have an influence on the load bearing
capacity of an anchor connection [3]. Figure 1 illustrates an overall description of the
influencing dimensions considered when installing fixing systems: diameter of anchor bolt
(dy), effective depth (h;), fixture thickness (t), Installation torque (Tj,s:) [3]-

w

&i‘-t \' -t '.g d

Figure 1: Influencing dimensions for typical anchor connection [3]
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3. DESIGN OF ANCHORS

Anchor design involves applying engineering principles to determine safe-working
conditions for anchor connections. This is calculated by using partial safety factors and the
ultimate failure loads [4].

Partial safety factors are theoretical values which quantify the effect of the different
parameters outlined above, on the overall anchor design. The equations shown in Table 1 are

extracted from SANS: 51992 Part 4: Design of fastenings for use in concrete [5].

Table 1: Partial safety factors with correlating failure modes [5]

FAILURE MODES

PARTIAL SAFETY FACTORS

Accidental design situations

STEEL FAILURE — Anchor fastenings

1. Tension Yus = 1.05fu/fyi = 1.25
2. Sh 1.0
Shear Vars = LOuk o 4 55
fyk

when f,;, < 800N/mm?and f/fur < 0.8

CONCRETE RELATED FAILURE

3. Concrete
cone failure

Ve = Ve " Vinst

4. Concrete
edge failure

Y, =12

5. Concrete pry-
out failure

Yinst = 1.0
for fasteners in tension and shear

6. Concrete
splitting
failure

yMSp = VYmc

7. Pull-out
failure

yMp = Ymc

where,

Vs

fuk
fyk

Ymc

Ye

yinst

Yusp
Ymp

= partial safety factor for steel failure
= nominal characteristic steel ultimate tensile strength
= nominal characteristic steel yield strength

= partial safety factor for concrete cone, concrete edge, concrete

blowout and pry-out failure modes
= partial safety factor for concrete edge failure

= factor accounting for the sensitivity to installation of post-

installed fasteners
= partial safety factor for concrete splitting failure

= partial safety factor for concrete pull-out failure
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4. CASE STUDY

In order to learn more about the role of lightweight concrete as a base material, a case
study is conducted to explore the working capacities of a sample of fixing systems through a

series of mechanical tensile loading tests.

A sample of fixing systems, containing four different types of systems are installed in
lightweight concrete blocks. A tensile load is applied to each system, and the mode and load
at failure is recorded. Each system is installed and tested four times and an average
performance result is determined. Using design concepts outlined in the previous section, a
design analysis is calculated to determine the safe-working capacities of the various systems.

4.1. Methodology

The information presented in Table 2 show critical data that describes the materials and

equipment used for this case study.

Table 2: Test materials & Equipment

MATERIAL/EQUIPMENT

DESCRIPTION

1. Lightweight concrete block

1.1. Dimension: 700x340x120 mm
1.2. Density: 480 kg /m3
1.3. Compressive strength: 2.58 MPa

2. Fixing systems

2.1. Duo Power Plug & Coach screw
2.2. SXRL

2.3. UX

2.4. Nylon Hammer fix (Green)

2.5. Nylon Hammerfix (Standard)

3. Power tools

3.1. Percussion drill with masonry
drill bit.

Bit size: 9 mm

Bit size: 7 mm

4. Hydraulic tensile tester

4.1. Hydraulic tester with 10 kN
calibrated gauge

4.2. Test Setup and Procedures

Figures 2 and 3 illustrates the samples of fixing systems installed and tested until failure.
The results are tabulated and shown in Table 3.

The sample set of fixing systems are selected according to the size and length of the plug
and screw. The dimensions of each system are chosen with similar characteristics to ensure
that the testing and recorded results are fair and unbiased.
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Table 3: Results obtained through tensile testing

FIXING SYSTEM RESULTS
Type Dimensions Failure Mode Failure load

Duo Power @ size: 10 mm 1. Pull-out failure | 0.2 kN
(Duo Line) Length: 50 mm 2. Pull-out failure | 0.3 kN
3. Pull-out failure | 0.2 kN

4. Pull-out failure | 0.2 kN

Duo Power @ size: 10 mm 1. Pull-out failure | 1.6 kN
(Duo Line) Length: 80 mm 2. Pull-out failure | 1.6 kN
3. Pull-out failure | 1.4 kN

4. Pull-out failure | 1.4 kN

SXRL @ size: 10 mm 1. Pull-out failure | 1.2 kN
(Frame fixing) Length 80 mm 2. Pull-out failure | 1.4 kN
3. Pull-out failure | 1.3 kN

4. Pull-out failure | 1.0 kN

UX @ size: 10 mm 1. Pull-out failure | 0.8 kN
(Universal Plug) Length: 50 mm 2. Pull-out failure | 0.7 kN
3. Pull-out failure | 0.8 kN

4. Pull-out failure | 0.6 kN

Nylon Hammer | @ size: 8 mm 1. Pull-out failure | 0.1 kN
fix (Standard) Length: 80 mm 2. Pull-out failure | 0.2 kN
3. Pull-out failure | 0.2 kN

4. Pull-out failure | 0.2 kN

Nylon Hammer | @ size: 8 mm 1. Pull-out failure | 0.2 kN
fix (Green) Length: 80 mm 2. Pull-out failure | 0.2 kN
3. Pull-out failure | 0.1 kN

4. Pull-out failure | 0.2 kN

ut WK® S ulEr 6 sxge _ FRoR®. wxgo

I CJ ) * & * o
|
o c &« ®%
L) e

Figure 2: Fixing systems installed and tested: UX (10x80), N H/FIX G (8x80), N
H/FIX S (8x80)
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Figure 3: Fixing systems installed and tested: D/P (10x50), D/P (10x80),
SXRL (10x80)

DISCUSSION OF RESULTS

Table 4: Determination of safe working loads

Figures 2 and 3 illustrate the failure modes of the relevant fixing system. Minor cracks
developed in the lightweight concrete block, which questions the structural integrity of
lightweight concrete as a base material. Physical inspection of each fixing system indicates
that pull-out failure can be identified as the ultimate failure mode.

FIXING SYSTEM AVERAGE PARTIAL SAFETY SAFE-
ULTIMATE FACTOR WORKING
TENSILE FAILURE LOAD
LOAD

Duo Power 0.23 kN 0.06 kN
10x50
Duo Power 1.5 kN 0.38 kN
10x80
SXRL 1.23 kN 0.31 kN
10x80
UX 0.73 kN 0.18 kN
10x80
Nylon Hammerfix | 0.18 kN 0.04 kN
(Standard)
8x80
Nylon Hammerfix | 0.18 kN 0.04 kN
(Green)
8x80
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Partial safety factors are used to factor the ultimate tensile failure load, as shown in Table
4. The partial safety factors used in the calculations are given by the manufacturer and are
adhered to according to each product’s technical guidelines for installation [6]. It can be
noticed that the Duo Power (10x80) fixing system is able to withstand 1.5 kN (+150 kg) tensile
load which yields a safe-working load of 0.38 kN (+ 38kg). This type of plug and screw is
deemed the best performer in comparison with the remaining plugs and screws in the test
sample.

6. CONCLUSION

It is important to discuss and explore the design of fixing systems, since these systems are
used in all facets of the building and construction sector. The benefits of lightweight concrete
align with sustainability principles and call for innovative fixing systems that are able to
perform in variable base materials with high load capacities. The results prove that each fixing
system is unique in design and each physical property of the system can be considered as
contributing factors to the overall working capacity.

To showcase the recent development with lightweight concrete, various fixing systems are
tested, and their performance is studied under tensile loading. For the purpose of this study,
the pricing of different fixings systems isn’t considered, however, in reality, price has a major
influence over the type of fixing system used. This study contributes towards the research and
development of anchor technology in lightweight concrete for the building and construction
sector.
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Abstract

Reliability is a measure of structural performance and is central to modern structural
design. Current structural standards incorporate reliability to minimise risk and optimise the
design of a structure using probabilistic methods, with target reliability as a measure of
structural performance. However, the need to preserve the planet and combat climate change
requires the design of structures to contribute to curbing harmful environmental effects. Most
design standards mention the need for sustainability, but do not give comprehensive
guidelines on its incorporation in the determination of reliability, which is the basis of
structural design. This paper provides a framework for future research which aims to
incorporate sustainability in the determination of target reliabilities. Structural deterioration
models will be integrated with a sustainable framework design model. The sustainable design
framework will be derived from a Life Cycle Analysis, which includes quantified and weighted
sustainability indicators. Due to the vagueness of the term sustainability, the No Effect Level
and Expert Panel methods are recommended for quantifying sustainability indicators. This will
enable target reliabilities covering all aspects of sustainability to be determined and
recommended.

Keywords: target reliability, serviceability, sustainability, framework

1. INTRODUCTION

This paper provides a framework for future research focussing on the role and effects of
including sustainability factors in assessing and determining the target reliability of structures.
Reliability is the basis of current structural design methods and is a measure of structural
performance [1]. Structural design standards such as Eurocode (EN1990, 2002), (ISO 2394,
2015), SANS 2394, SANS 10160-1 (SANS 2018), ANSI ASCE 7-10 [2], and the fib Model Code
2010 [3] employ reliability methods in the design of new and the assessment of existing
structures. Probabilistic methods are used to analyse risk and safety of the structure’s
occupants, maintenance workers and the public within the vicinity [4]. A structure’s
performance in relation to a minimum or acceptable required performance is governed by
limit states. Consideration of limit states ensures optimal behaviour of the structure or
structural component with focus on human safety, functionality, aesthetics, and comfort to
users [2]. This must include sustainability aspects which consider economic, social, and
environmental impacts during the life cycle of a structure.
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The advent of climate change has prompted the world to move towards saving the planet
by curbing greenhouse gas emissions, lessening resource usage, and reducing waste
production. Structural designs are now required to contribute positively to climate change, as
their construction has significant negative environmental impacts. Reinforced concrete
infrastructure poses two major challenges in the attainment of global sustainability. The first
challenge is the emissions from the manufacturing of construction materials such as Portland
cement, which accounts for 5% of global CO, emissions. The second challenge is in the
sustainability of transportation methods for construction materials and structural
components [5]. Despite all these challenges, of which structural design is a major contributor,
most design standards have received minor to no updates on considering sustainability in
structural reliability analysis. The fib Model Code 2010 (MC 2010) outlined the basic principles
and performance requirements of concrete, concrete elements, and structures in relation to
the environment, the society, and the economy [3]. This is currently being updated so that the
Model Code 2020 Draft includes the sustainability performance of a structure by combining
economic, social and environmental aspects in the life cycle of a structure [6].

SANS, like most current design standards, have received minor updates with regards to
sustainability and more so, the effects of sustainability on the target reliability of a structure.
SANS 2394, adopted from ISO 2394, focusses on general principles on the reliability of
structures, and highlights the fact that sustainability in relation to reliability is still a concept
under development [7]. Structural design must include the sustainability concept in line with
Sustainability Development Goals. Currently, SANS 10400-XA [8] outlines energy usage in
buildings by considering thermal properties of materials, and water supply systems in
different climatic conditions. It is imperative that structural design standards incorporate
sustainability performance to complement structural performance in the life cycle of the
structure.

2. STRUCTURAL PERFORMANCE AND RELIABILITY

Structural performance depicts the behaviour of a structure/structural component when it
is subjected to an action or a combination of actions. MC 2010 [3] outlines three major
categories namely structural safety, serviceability, and sustainability. These requirements
stem from stakeholder demands which influence how the structure functions to meet their
essential needs. Structural safety and sustainability cater for social needs while serviceability
focusses on the requirements of clients and users. Durability and robustness are other critical
aspects to structural performance. Durability refers to the ability of a structure to meet safety
and serviceability targets throughout its life with crack width, carbonation depth and chloride
content as performance indicators for concrete structures in particular. Robustness is a
structural safety aspect, which is defined as the ability of a structure to withstand accidental
or exceptional actions without being disproportionately damaged, or the ability of a structure
to revert to its original function after undergoing repairs. Performance indicators for
robustness consist of redundancy and the resistance of a damaged structure [1].
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Limit States are conditions under which structural performance is below an acceptable
level, whose exceedance of adverse conditions results in failure or impaired function of a
structure. The state of material degradation is a measure of durability associated with limit
states. However, limit states associated with durability should be clarified on whether they
are applicable to either serviceability limit states or ultimate limit states [9]. This is important
in reliability management to ensure that the performance requirements are satisfied in a well-
balanced manner throughout the life cycle of the structure. The assurance of structural
performance to an acceptable level of probability of failure corresponding to a reference
period is known as target reliability [2].

2.1  Target Reliability

Target reliability is differentiated based on the use of the structure, type of structure and
situations considered in the design [1]. The reliability index, B, is a standard of measure of
reliability, which is related to the probability of failure through the following function:

B=-0" (Pe) ()

where @( ) is the Gaussian distribution, and Pr is the probability of failure. Reliability indices
are scattered as they are dependent on various factors such as the type of structural
component, loading conditions and structural materials together with theoretical models used
to describe the basic variables [10]. Target reliability values for generic structures in South
Africa are well defined in SANS 10160-1 [11] and are generally dependent on the costs of
increasing safety together with economic, societal, and environmental consequences of
structural failure. Cost optimisation is the main factor in determining target reliability except
where human safety is a higher risk in the event of failure. This requires additional constraints
which determine minimum reliability levels to minimise risk from a societal perspective [12].
Target reliability through cost optimisation is represented by the following function:

Z(d) = Co + C1.d + A(d) + D(d) (2)

where Cp are the initial construction costs without the decision parameter, C; are the costs
related to changes in the decision parameter d, A(d) represents obsolescence costs, and D(d)
represents the costs related to failure. Societal limits on target reliability are determined by
considering individual and group risk requirements through the Life Quality Index (LQl). The
determination of LQIl constitutes mainly of the Gross Domestic Product per capita to reduce
risk, ratio of work to leisure time, demography, societal willingness to pay, and the number of
fatalities expected in the case of failure [12]. (ISO 2394, 2015) [7] specifies an acceptable
fatality of 10°° per year, with a corresponding annual Ultimate Limit State (ULS) reliability index
of 4,7 [10]. Target reliability optimisation currently includes economic aspects with regards to
structural and societal safety, with focus on the Ultimate Limit State. Way et al, 2022 [12, 13]
indicated that the proper determination of target reliability with regards to the Serviceability
Limit State (SLS) has not been considered in design standards. Current design standards also
do not incorporate sustainability with the exception of including costs of environmental
consequences from an economic perspective. There is a need for a sustainable design
framework to be integrated with structural design models.
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3. SUSTAINABILITY

Sustainability is defined as the ability to fulfil current needs of humankind with respect to
nature, society, and humans without compromising the needs of future generations [6]. This
concept was introduced with the intention of curbing climate change by stabilising the
concentration of greenhouse gases in the atmosphere. Sustainability also applies to urban
development, which relies on the construction of infrastructure, with concrete as the most
widely used material [6]. Reinforced concrete structures pose a major sustainability challenge
due to cement production. Regional, local and project specific frameworks have been devised
to aid in making designs and infrastructure management more sustainable. These frameworks
consist of three subsets which are knowledge based, rating based, and performance based.
Knowledge based methods are defined by the criteria under which sustainability was defined
and consists of manuals, guidelines, and design recommendations. Rating based frameworks
consist of discrete allocation of conditions under which a structure is deemed sustainable. This
includes design checklists and sustainability calculators. Performance based tools include
continuous impact variables which consist of Life Cycle Assessment methods and the analysis
of material flow. This includes simulation tools for assessing environmental impacts and can
incorporate economic, social, and environmental aspects. The continuity of performance tools
makes them preferrable to knowledge and rating methods as probabilistic analysis can be
incorporated [5]. This allows the use of limit states to define the sustainability performance of
a structure.

3.1 Sustainability Performance

Structural performance with regards to safety must be complemented by appropriate
levels of sustainability [1]. This entails meeting stakeholder demands while striking a balance
between economic efficiency, social responsibility, and improving environmental quality. The
performance criteria of sustainability must be determined by skilled stakeholders to avoid
conflict, ambiguity, and incompleteness of these criteria. The desired level of satisfaction must
be achieved in compliance with statutory responsibilities and requirements [6].

3.1.1 Economic performance

The economic performance of a structure is normally conducted through a Life Cycle Cost
Analysis (LCCA) to assess the financial feasibility of projects. This is based on discounted cash
flow analysis which is tied to the net present value of a structure, and is useful when different
economic alternatives of a project are required [6]. Economics highlight the interdependence
between risk and cost of safety. There are two main categories in the economics of a project,
which are direct and indirect costs. Direct costs are carried by the owner, and these are related
to design and construction, overheads, operation and inspection, maintenance, and end of
life costs. Indirect costs are those borne by society as a result of the project. To the user, these
costs may be time lost due to maintenance and rehabilitation. Societal costs can be associated
with the preservation of cultural values, heritage, beliefs, etc. However, these costs are not
easy to quantify in monetary terms. Target reliabilities can be determined based on economic
optimisation unless the structure poses a major risk to human life in the event of failure [2].
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3.1.2 Social performance

Social performance focusses on stakeholder satisfaction during the structure’s life cycle,
forming a connection between structural engineering and the society. The first aspect outlines
the impacts of how users perceive and behave in relation to a structure’s function. The second
aspect focusses on safety and security, which is based on risk analysis that includes threats,
vulnerabilities, expected loss and potential impact, particularly on the environment [6]. Life-
saving costs are generally applied when societal or individual risk is the basis for determining
target reliability. This gives rise to consequence classes which outline the risks to human life.
The Life Quality Index shows societal preference for life safety and is expressed in terms of the
willingness to save one’s life. LQl depends on GDP, leisure-work ratio and life expectancy [2].

3.1.3 Environmental performance

Environmental performance is based on either Life Cycle Assessment (LCA) or the evaluation
of Environmental Impact. The Environmental Impact is further subdivided into the Life Cycle
Concept [5]. The Life Cycle Concept considers the total environmental effect of a product,
from the acquisition of raw materials through to disposal. The environmental impact of the
entire structure can be expressed as a profile composed of values of different criteria, or as a
single characteristic value impact. The Environmental Impact value can be expressed as an
eco-cost or a normalised system of points [6]. It can also be depicted in terms of a limit state
of sustainability, which relates the performance requirement and structural performance over
the life cycle. However, this method has not been fully developed [5]. The impact related to a
particular step of the life cycle incorporates all environmental damages which combine the
weighting and the number of essential environmental criteria. The determination of weighting
factors is complex and subjective due to different criteria with a variety of characteristic
features. It is a sensitive approach which requires a decision based on a panel of experts on
local, regional, and national levels. Three weighting approaches are currently available. The
first approach entails Environmental Priority Strategies which constitute of the price to be paid
by society to prevent harmful environmental impact. The second approach entails the Panel
Method, which is an expert-based determination of weighting factors. The third approach is
the No Effect Level (NEL), which provides the relation between zero effect and the current
level of a particular environmental aspect. The difference between the zero effect and
environmental impact is called a sustainability indicator. Acombined Panel-NEL method is also
feasible, where experts determine the impact/weighting of a sustainability indicator. Either
basic costs or an Environmental Impact evaluation should be an assessment condition for the
entire structure or structural elements where the performance of a structure, deterioration,
extent and future degradation are determined [6].
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4. ASSESSMENT OF THE EFFECTS OF SUSTAINABILITY ON TARGET RELIABILITY

The methodology to determine the effects of sustainability on target reliability will entail
the integration of a structural deterioration model with a sustainable design framework. A
representative structure, whose performance failure is governed by serviceability, will be
chosen to determine the associated risks and consequences. The structural model will be
analysed iteratively until it fails to meet the minimum performance criteria. Annual target
reliabilities to restore performance to acceptable levels will be determined from the
economic, social, and environmental perspectives. Cost optimisation will be conducted to
determine the target reliability from an economic perspective, while the Life Quality Index will
be used to calculate the target reliability from a social perspective, considering the
requirements on human safety and individual risk. This is a combination of human safety and
economic aspects.

Target reliability from an environmental perspective will be determined by quantifying the
anticipated environmental impacts. This will entail the derivation of environmental indicators
in line with the work to be carried out. Some of the indicators outlined in the fib Model Code
2010 include CO;, SO4 and NOx emissions, non-renewable resource usage and waste
production [3]. However, more precise sustainability indicators will be derived to quantify the
environmental impacts, from design to construction [6]. The significance of the indicators will
be determined by weighting factors. Two methods, which are the Panel Method and the No
Effect Level Method, will be assessed and compared. The impact due to the indicators will be
normalised into costs of reducing environmental damage to determine target reliability. The
target reliabilities obtained from the economic, social, and environmental aspects will be
compared to determine the final target reliability. The target reliabilities will also be assessed
to determine their suitability, upon which a decision can be made to either demolish the
structure or conduct the necessary construction/repair methods. The methodological
approach is shown in Fig 1.

YCRETS 2023 53



A

Deterioration Model

Is Performance YES
satisfied?
NO
v v v
Environmental Economic Social
Aspects Aspects Aspects
v v v
LCA and Total Cost Life Quality
Environmental Impact Optimisation Index
v
Sustainability Indicators
v v
Target Reliability Target Reliability Target Reliability
(Environmental) (Economic) (Social)
v
» Comparison of Target Reliabilities [
y

Construction or
Repair Method

Is structure
repairable?

Demolish

Figure 1. Flowchart of Methodological Approach

5. EXPECTED RESULTS & DISCUSSION

Expected results will entail an integrated structural deterioration model which incorporates
sustainability aspects in the assessment and determination of annual target reliability. The
model will help to evaluate the impact of environmental factors on target reliability. Inclusion
of all aspects means that overall sustainability performance can be determined during the life
cycle of the structure. Comparison of target reliabilities allows the consideration of alternative
and environmentally friendly methods in construction activities. However, the concept of
sustainability needs to be clearly defined in line with structural design standards. The
vagueness of the current definition complicates the derivation and quantification of
indicators. Currently, the Model Code 2020 [6] recommends using a panel of experts to
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determine the weighting of sustainability indicators. This is still a subjective and complex
undertaking, therefore a clear definition is needed beforehand. The inclusion of quantified
environmental indicators would define a sustainability limit state, which is lacking in structural
design standards. Environmental impact assessment allows alternative methods of repair and
maintenance in place of conventional methods. Uncertainties in the environmental model will
result from variations in material quantities used, different types of construction processes
and waste generated.

6. CONCLUSION

Target reliability is a major aspect of structural design. It is well defined by design standards
considering the Ultimate Limit State. This paper highlights the need for target reliability to be
derived from a serviceability perspective while including sustainability. The research is
expected to determine a link between sustainability and structural design using reliability as
a basis. This will ensure that a sustainability evaluation is conducted from the design to the
construction of a structure. Sustainability will first be considered from an SLS perspective, and
any evaluations will be on an existing structure. Further research will enable the incorporation
of sustainable factors in the assessment of existing structures also considering the Ultimate
Limit State.
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Abstract

A one — part geopolymer binder is produced by combining solid aluminosilicate materials
with solid alkali activators, which can be activated with water, akin to ordinary Portland
cement. The current study investigated the potential use of different silica — rich industrial or
agricultural by — products to formulate a one — part fly ash — based geopolymer binder. For
this purpose, aluminosilicate by — products comprising fly ash, silica fume, rice husk ash or
glass waste, were each blended with sodium hydroxide at a ratio of 1.8, then fused at
temperatures of 600, 650, 700, 750 and 800 °C for 1 hour to obtain the fused material. In each
case, the one — part geopolymer binder was prepared by mixing the fused material and fly ash
as geopolymer precursors. The geopolymer binder was mixed with fine aggregate and water
to prepare mortar mixtures, which were subjected to workability measurements as well as
compressive strength testing. Cubes of 50 mm size were cast and cured at 80 °Cin an oven for
24 hours, then they were stored at ambient temperature for six days until compressive
strength testing. Results show that regardless of the fusion material type, an increase in the
ratio of silicate source to sodium hydroxide in fusion material led to strength loss along with
increases in workability. Overall, the glass waste fusion material fused at 600°C, resulted in
the best 7 — day compressive strength of 33.6 MPa along with a flow workability of 185 mm.

Keywords: one — part geopolymer, fusion, silica source, compressive strength, fly ash

1. INTRODUCTION

Portland cement — based concrete is extensively employed in global construction practice,
owing to its cost — effectiveness and engineering properties in comparison to other building
materials. However, there are some disadvantages of ordinary Portland cement (OPC) that
mainly relate to its adverse effects on the environment. Intensive carbon emissions and
energy consumption resulting from the manufacture of OPC cement, are among the most
negative aspects of utilising the binder. Cement production uses 4.7 million British thermal
units (BTUs), equivalent to approximately 180 kilograms of coal, and produces almost a ton of
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CO; for every ton of cement produced [1]. The resulting CO, emissions significantly contribute
to global warming.

The geopolymer binder presents a potential alternative to OPC and offers a more
environmentally sustainable binder option by comparison. A wide range of aluminosilicate
materials can be used to produce geopolymer binders through their activation by strong alkali
— activators. In order to produce geopolymer binders, aluminosilicate resources used are
typically either natural pozzolans, such as volcanic ash, laterite soil, kaolin clay, zeolite or
industrial by — products including fly ash (FA), ground granulated blast — furnace slag (GGBS),
rice husk ash (RHA), metakaolin, silica fume (SF), etc. [2-7]. Dissolution of aluminosilicate raw
materials in alkali activator solution generates Al and Si monomers in the aqueous
environment, which subsequently form a polymeric structure with Si, Al, and O components
through a polycondensation process. The final geopolymer microstructure contains alkalis,
such as sodium (Na) and potassium (K), to maintain the charge balance [8].

The vast majority of research conducted on geopolymer binders has been done using
binary alkali — activator solutions consisting of sodium/potassium silicate and
sodium/potassium hydroxide. Although the use of concentrated alkali — activator solution
results in the production of a hardened geopolymer binder system with appropriate
properties, the practical application of strong alkali solution poses a risk due to their high pH
values, which can be harmful to human health. As such, the incorporation of highly
concentrated alkali solutions into geopolymer binder mixtures may potentially elicit some
resistance from industry stakeholders with regard to replacing conventional cement with
these alkali — activated materials [8].

The formulation of a one — part geopolymer binder system is a means of eliminating alkali
— activator solutions from among the ingredients of geopolymer mixtures. The one — part
geopolymer binder system is activated by only adding water, which is more advantageous for
commercial use [10,11].

Similar to OPC, the one — part geopolymer binder is prepared by mixing solid
aluminosilicate (silica source) materials with solid alkali activators that can be activated by
only adding water [10,12]. Any substance that provides alkali cations, raises the mixture's pH,
and stimulates the dispersion of silica and alumina within the system can be used as an
activating agent in a one — part geopolymer binder [13]. Various studies have been reported in
the literature, on the formulation of one — part geopolymer binders using various starting
materials.

Yang [14] utilized a sodium silicate powder combined with FA or GGBS as the raw materials
to formulate a one — part geopolymer binder cured at ambient temperature. It was reported
that the highest 7 — day compressive strength results of the FA — based and GGBS geopolymer
mortars, were 3.2 MPa and 48.46 MPa, respectively. Nematollahi [10] reported 7 — day
compressive strengths of 33.9 MPa and 37.3 MPa for the combined 75% FA / 25% GGBS
geopolymer binder cured at ambient temperature and 60 °C in the oven, respectively.
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The present study investigated the effects of various fused materials made using different
silica — rich materials and solid sodium hydroxide (NaOH), on the properties of fresh and
hardened geopolymer mortars. Silica — rich materials comprising glass waste (GW), FA, RHA
and SF, were employed in the experiment. This study also investigated the effect of different
fusing temperatures on the flow workability and compression strength of geopolymer mortar
samples. The benefits of employing this fusion approach are threefold: firstly, it generates a
powder product instead of a liquid solution; secondly, it significantly reduces the production
costs associated with activator synthesis, thereby lowering the price of alkali — activated
concrete; and thirdly, the utilization of a low — temperature fusion methodology results in a
reduced carbon footprint [15].

2. EXPERIMENTS

2.1 Materials and Methods

The silica — rich materials used for fusion were FA, RHA, SF and GW. The low calcium (Class
F) FA obtained from Lethabo power station of Eskom SOC Ltd in South Africa, was used as the
aluminosilicate raw material, which was fused with the silica — rich materials at 600 to 800 °C.
SF was obtained from Mapei South Africa (Pty) Ltd, while GW was supplied by Consol Glass
(Pty) Ltd. The coarse GW particles were crushed to powder and sieved through a 150 um sieve,
to obtain fine material for fusing with NaOH. RHA was burned in a laboratory electric furnace
at a temperature of 400 °C for 1 hour at a rate of 3 °C per minute, in order to reduce the
unburned carbon content of its composition. The chemical compositions of GW, SF, FA and
RHA are given in Table 1. Kiran Global (pty) Ltd, supplied the industrial grade NaOH flakes used
in the study. The silica sand of sizes 0.8 to 1.4 mm was used as fine aggregate for the
preparation of mortar mixtures. The silica sand was supplied by Sallies Silica (Pty) Ltd.

Table 1: Chemical compositions of glass waste, silica fume, fly ash and rice husk ash.

Oxides Glass waste (%)  Silica Fume (%) Fly Ash (%)  Rice Husk Ash (%)
SiO, 83.21 97.56 56.46 89.20
Cao 10.73 1.04 3.14 0.73
Al;O3 3.72 0.28 34.93 0.37
Na,O 3.52 0.23 0.07 0.10
Fe,03 1.97 0.12 3.24 0.60
MgO 1.09 0.29 1.87 1.53
KO 0.22 0.48 0.31 1.71
TiO, 0.20 - 0.83 0.03
P»0s 0.06 - 0.48 1.08
SOz 0.05 - 0.34 3.88
Mn;03 0.04 - 0.02 0.14
Loss of ignition 4.55 - 0.71 3.88

The fusion process consisted of mixing each of the silica sources with NaOH flakes at a ratio
of 1.8. The constant aluminosilicate/alkali ratio used in the experiment was based on optimum
Na,O and SiO; rates in FA geopolymer mixes adapted from previous studies [6,16,17]. The peak
fusion temperature was varied at 600, 650, 700, 750 and 800 °C, while the heating rate and
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peak durations were kept constant at 3 °C per minute and one hour, respectively. The
temperature variation range, and peak duration of 60 minutes used were adapted from other
studies [18,19]. Afterwards, the fused material was finely ground using a laboratory ball — mill,
for a duration of 1 hour to obtain powder. The fused materials were stored in sealed
containers, to avoid possible carbonation.

To prepare mortar mixtures, the fused materials were mixed with FA and sand using a
laboratory mortar mixer. The dry materials were mixed for two minutes, then water was
added, while the mixer was running, and mixing continued for an additional two minutes. The
ratios of sand to FA, fused material to FA and water to FA, were kept constant at 2.25, 0.25,
and 0.4, respectively. In the control sample, only NaOH was used without any additional silica
— rich material. Table 2 provides the mix proportions used.

Table 2: Mix proportions of one — part geopolymer mortars prepared using the different silica source / NaOH
fused materials and fly ash (FA).

Mix ID Fusing  Silica Source Fused Sand/ Water/ Solid Fused FA Sand Water

Temp in Fused Mat Mat/ FA FA NaOH Mat (g) (g) (g)
(°C) FA (8) (8)
Control - - 0 2.25 0.4 63 0 450 1013 180
GW600 600 Glass Waste 0.25 2.25 0.4 - 113 450 1013 180
GW650 650 Glass Waste 0.25 2.25 0.4 - 113 450 1013 180
GW700 700 Glass Waste 0.25 2.25 0.4 - 113 450 1013 180
GW750 750 Glass Waste 0.25 2.25 0.4 - 113 450 1013 180
GWS800 800 Glass Waste 0.25 2.25 0.4 - 113 450 1013 180
FA600 600 Fly Ash 0.25 2.25 0.4 - 113 450 1013 180
FA650 650 Fly Ash 0.25 2.25 0.4 - 113 450 1013 180
FA700 700 Fly Ash 0.25 2.25 0.4 - 113 450 1013 180
FA750 750 Fly Ash 0.25 2.25 0.4 - 113 450 1013 180
FA800 800 Fly Ash 0.25 2.25 0.4 - 113 450 1013 180
RHA600 600 Rice Husk Ash  0.25 2.25 0.4 - 113 450 1013 180
RHA650 650 Rice Husk Ash  0.25 2.25 0.4 - 113 450 1013 180
RHA700 700 Rice Husk Ash  0.25 2.25 0.4 - 113 450 1013 180
RHA750 750 Rice Husk Ash  0.25 2.25 0.4 - 113 450 1013 180
RHA800 800 Rice Husk Ash  0.25 2.25 0.4 - 113 450 1013 180
SF600 600 Silica Fume 0.25 2.25 0.4 - 113 450 1013 180
SF650 650 Silica Fume 0.25 2.25 0.4 - 113 450 1013 180
SF700 700 Silica Fume 0.25 2.25 0.4 - 113 450 1013 180
SF750 750 Silica Fume 0.25 2.25 0.4 - 113 450 1013 180
SF800 800 Silica Fume 0.25 2.25 0.4 - 113 450 1013 180

* GW600, FA600, RHA600 and SF600 stands for glass waste, fly ash, rice husk ash and silica fume, mixed with
alkali of Silica Source / NaOH ratio of 1.8 and fused at 600 °C.

After mixing, the fresh mortars were subjected to flow table testing to measure the flow
workability, in accordance with ASTM C230 [20]. For compressive strength testing, 50 mm
mortar cubes were cast, according to ASTM C109 [21]. To prevent the mixture's liquid
components from evaporating, plastic sheets were used to enclose the fresh mortar cubes,
which were then oven — cured at 80 °C for 24 hours. They were removed from the oven, then
demoulded once having cooled down to room temperature. After demoulding the cubes were
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sealed again, then stored for ambient curing at room temperature. The cube samples were
tested for compressive strength at the age of 7 days.

3. RESULTS AND DISCUSSIONS

3.1 Flow Workability

Figure 1 shows the effect of fusion temperature on flow workability of the fresh mortar
mixtures made using different silica — rich based fused materials. The flow for mortars made
using GW, increased with an increase in fusion temperature from 600 to 800 °C. The highest
flow workability of 247 mm was given by the mixture made using the GW that had been fused
at 800 °C. At the lower fusion temperature of 600 °C, the flow workability of GW mortar were
also lower giving 185 mm. This observation can be attributed to the higher conversion of GW
to solid sodium silicate at 600 °C, whereas an increase in fusing temperature to 800 °C reduces
the conversion rate [19]. The presence of higher sodium silicate content in the fused material,
gives higher dissolved Si which leads to an increase in viscosity of the fresh mixture upon
introduction of water, in turn reducing flow workability. While the lower conversion rate of
GW in relatively higher fusing temperatures, results in a higher content of non —soluble phase
responsible for improving workability.

In the mixtures made using fused materials based on FA, RHA or SF, there was no observed
significant relationship between fusion temperature and flow workability. This observation
can be attributed to the less effectiveness of the fusion process to enhance reactivity at the
employed fusion temperatures, as similarly observed for the compressive strength results;
discussed later in section 3.2.
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Figure 1: Effects of fusion temperature on flow workability results of one — part fly ash geopolymer mortars
made with the different silica source / NaOH fused materials.

3.2 Compressive Strength

Figure 2 depicts the impact of fusion temperature on the 7 — day compressive strength
results of mixtures containing a range of fused materials derived from different sources of
silica. The curing conditions for all the mixes consisted of one day of storage in the oven at
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80 °C, followed by 6 days of ambient curing. The mixture exhibiting the highest compressive
strength of 33.6 MPa was the fused material derived from GW as the silica source, and
subjected to a fusion temperature of 600°C. Furthermore, a reduction in compressive strength
is evident upon elevating the fusion temperature in mixtures utilizing GW as the silica source
in the fused material. This can be explained by the higher conversion rate of GW particles to
sodium silicate and higher solubility of the fused material in water, when produced at the
optimum fusion temperature of 600 °C [19]. The less soluble the fused material is in water, the
lower the compressive strength of the sample. All the other mixes made with the other
different silica sources in the fused materials, gave very low compressive strengths compared
to the results of the GW material. Mortars prepared using GW/NaOH materials, fused at 600
to 700 °C, gave compressive strengths higher than the 16 MPa of the control mixture prepared
using NaOH without any silica source in the activator. The significant difference between
compressive strengths of the control mixture and the results of the mortars prepared using
GW — based fused material, confirms the effectiveness of the employed fusion method.
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Figure 2: Effects of fusion temperature on compression strength results of one — part fly ash geopolymer
mortars made with the different silica source / NaOH fused materials

4. CONCLUSIONS

The current study focussed on use of the different silica — rich industrial or agricultural by
— products to formulate a one — part fly ash — based geopolymer binder. The silica — rich
materials that were used in the present study were fly ash, rice husk ash, glass waste and silica
fume. These silica — rich materials were combined with alkali at a silica source to NaOH ratio
of 1.8 and fused at temperatures of 600, 650, 700, 750 and 800 °C. The study evaluated the
effects of different fusion temperatures on flow workability and compressive strengths of
mortars containing each of the silica rich fused materials. The conclusions drawn from findings
of the present study are as follows:
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e The flow workability of mortar mixtures containing glass waste fused material,
increased with an increase in fusion temperature.

e Changes in the fusion temperature showed no significant changes on flow
workability results of the mixtures containing fused materials based on silica fume,
rice husk ash or fly ash.

e The compressive strengths of mortar mixtures containing glass waste fused
material, decreased with an increase in fusion temperature.

e The compressive strengths of mortar mixtures containing fused materials based on
silica fume, rice husk ash and fly ash, were very low and remained constant with an
increase in fusion temperature.

e The fusion temperatures of 600 to 650 °C, gave the highest compressive strength
results of one — part fly ash based geopolymer mortars made using glass waste —
based fused material.
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Abstract

This paper presents an evaluation of a recently developed natural carbonation prediction
(NCP) model. In the present study, the NCP model was evaluated using data from an
experimental investigation conducted using concrete mixtures of 0.5 water - cementitious
(w/cm) ratios, and of various concrete strengths. CEM | 52.5N ordinary Portland cement was
used in the mixtures, with or without 10% silica fume, 30% fly ash and 50% slag. Concrete
cubes of 100 mm size were cast and cured in water for 7 days then exposed outdoors to
undergo carbonation under the natural environment in Johannesburg, South Africa. The cube
samples were stored at an urban outdoor site. After 6 years of outdoor exposure of the
samples, carbonation measurements were done to generate data sets used to evaluate the
model. Results show that the model’s predictions were in agreement with actual carbonation
measurements. Findings of this study confirm the model’s accuracy, and also imply that the
NCP model can potentially be used under different environments for various concrete
structures.

Keywords: natural carbonation; prediction model; service life; reinforced concrete; corrosion

1. INTRODUCTION

With ongoing worldwide climate change associated with rise in carbon-dioxide (CO.)
concentration in the atmosphere along with rise in global temperature, it can be expected
that long-term durability aspects of concrete structures, are being adversely affected. As such,
there is a crucial need for practical carbonation prediction models, that can be employed to
define specifications for use to build future climate resilient structures, as old and current
standards are quickly becoming inadequate under the changing global climate conditions.

Assessment of carbonation-induced damage upon service life, whether for new or existing
reinforced concrete, involves consideration of two stages: (1) initiation period during which
the carbonation front under CO; diffusion, penetrates the cover concrete such that the loss of
alkalinity causes de-passivation of reinforcing steel. (2) propagation period in which,
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depending upon the local moisture conditions, the de-passivated steel corrodes. The
corrosion products then cause expansive stresses that crack the cover concrete. Further
corrosion then progressively leads to spalling, delamination and loss of steel area thereby
causing structural damage.

Service life is the total time duration comprising the sum of initiation and propagation
periods. It is known that propagation period is very short being about 2 to 5 years in concrete
structures that may have an initiation period of typically more than 30 to 50 years. On this
basis, it can be reasonable to neglect propagation time while giving consideration specifically
to initiation period as the basis for determining service life. This approach is evident in the
literatures, with most researches focussing upon development of carbonation prediction
models without much emphasis on propagation models.

A closer look into the various factors influencing the mechanism, highlights the complexity
of carbonation modelling, more so with ongoing climate change. Since 2015, the natural CO;
concentration in the atmosphere has exceeded 400 ppm, however, it fluctuates seasonally
over the year, as well as locally within the exposure site as influenced by industrial activities,
traffic, wind factors and ventilation. Also, relative humidity (RH) is of absolute importance to
carbonation. Maximum carbonation intensity occurs at 50 to 70% RH. At low RH, there isn’t
sufficient presence of moisture to support carbonation reactions, while at RH > 80%, the
saturated concrete hinders CO; penetration into concrete [1, 2]. RH varies widely with
seasonal changes in the tropical regions, and may range from 40% RH in dry season to 80% RH
during wet season [3]. Indoor and outdoor exposure conditions are known to differently
influence concrete carbonation, with the former giving generally higher carbonation ingress.

Nearly all the carbonation models proposed in the literatures are experimental techniques
that have not been evaluated against real — life behaviour of concrete structures, with very
few exceptions such as the fib-Model Code [4] and the natural carbonation prediction (NCP)
model [5]. Comparison done in Ekolu 2018 [5] showed that the NCP and fib-Model Code
models exhibit a similar level of prediction accuracy. In Ekolu 2020a [6], the NCP model was
employed to predict carbonation in 69 existing concrete structures located worldwide in the
urban settings of Johannesburg (South Africa), Bhopal (India), Brasilia (Brazil), Blenio
(Switzerland), Tallin (Estonia), Seoul (South Korea), Taipei (Taiwan) and Turin (Italy). It was
found that the NCP model made realistic predictions of actual ongoing carbonation in the
existing concrete structures. Independent researches have also shown that the NCP model
outperforms most other models [7, 8].

In this study, experimental investigation was conducted using concrete mixtures of 0.5
water - cementitious (w/cm) ratios, and of various concrete strengths. CEM | 52.5N ordinary
Portland cement was used in the mixtures, with or without 10% silica fume, 30% fly ash and
50% slag. Concrete cubes of 100 mm size were cast and cured in water for 7 days then exposed
outdoors to undergo carbonation under the natural environment in Johannesburg, South
Africa. Data of this study were used to evaluate a recently developed NCP model [5]. After 6
years of outdoor exposure of the samples, carbonation depth measurements were done, then
the results were compared with the model’s predictions.

YCRETS 2023 65



2. EXPERIMENTAL DETAILS

2.1 Test Samples

The cement types, w/cm ratios and supplementary cementitious materials (SCM)
employed, are given in Table 1. After casting, the hardened concrete samples were cured for
7 days in water at 23 °C and subsequently, four contiguous surfaces of cube samples were
coated with epoxy. The remaining non-coated opposite cube sides were exposed to natural
carbonation under sheltered or unsheltered outdoor conditions until the testing date. Also,
the four concrete mixtures were tested for compressive strength at the age of 28 days, giving
the results presented in Table 1.

Table 1: Cement types, w/cm ratios and SCMs used.

Mix | Type of SCM Cement type | %SCM | w/cm | 28-day strength (MPa)
PC5 | Ordinary Portland cement | CEM | 0 0.50 | 38.2
FAS5 | Fly ash CEM 1IB-V 30 0.50 |27.2
SG5 | Slag CEM IlIA 50 0.50 |22.8
SF5 | Silica fume CEM IIA-D 10 0.50 |30.0
2.2 NCP Model

The NCP model [5] is given in Eqns (1) to (7). The mathematical equations represent various
relationships which once combined, estimate carbonation depth in concrete at any given age.
The three major components of the model are: (1) concrete strength, (2) the type of
cementitious material, and (3) environmental factors comprising RH, CO; concentration, and
sheltering from rain.

dit = en.es.ec.cem(Fet)8.Vt (1)

where en, e, ec are environmental correction factors for RH /temperature, shelter effect and
CO; concentration, respectively. F ) is the function for strength growth with time (t), which
in turn is converted into carbonation progression using the scalar quantity, cem, coupled with
exponent, g, both factors being dependent on the type of cement.

Environmental factors for relative humidity (RH) and shelter:

RH - 35 RH\15
en= 16( . ) (1 - m) for 50% < RH < 80% 2)

This factor is applicable under tropical annual ambient temperatures of 10 to 30°C.

{ 1.0 for sheltered outdoor exposure
es=

(3)

fc'o'2 for unsheltered outdoor exposure; f. is 28-day strength

Environmental factors for varied CO, concentrations:
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_ {afg for 20 < f.< 60 MPa
“ 1.0 for f. > 60 MPa

C

(4)

where a and r, are correction factors for natural carbonation under varied CO;

concentrations:

28 - day fCorrection CO; concentration level (ppm)
strength actor 200 300 500 100 2000
(l\/IPa) 0
20<f. <60 ec= afE a 14 10 25 45 140
r -1/4 0 -1/4 -2/5 -2/3
fC > 60 ec= 10
Time-dependent strength growth function (Fc):
t
Foi= e f.,where f.=f,g or f,
(a) Using 28-day strength (fc2s)
(i) Short-term ages, t < 6 years (5a)
5
a=035b=06-""/c,
(i) Long-term ages, t = 6 years (5b)
5
a=015tb=05-"/c,
(b) Using long-term insitu strength (fcon)
(i) Short-term ages, t < 15 years (6a)
a=035b=115-t"/,
(i) Long-term ages, t > 15 years (6b)
a=0.15tb=095-""/c,
Cement factors for carbonation conductance: (7a)
SCM Cement types Scalar, Conductance
cem factor, g
20% any CEM |, CEM II/A 1000 -1.5
30% fly ash CEM 11/B, CEM IV/A 1000 -1.4
50% slag CEM IlI/A, CEM IV/B 1000 -1.4

*SCM — supplementary cementitious material
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Alternatively, g, may be determined using the equation

= %M _ 4 g (7b)

500

Footnote: Cube strength (fc) is related to core or cylinder strength (fc,)) through the conversion,
fc = 1.25 fey1. The cube strength values used in the model’s equations must be > 20 MPa.

2.3 Carbonation Measurement

After exposure of samples outdoors for 6 years, they were split then the fresh surfaces
were sprayed with phenolphthalein indicator solution. The depth of carbonation was recorded
24 h after spraying the indicator solution, as recommended by RILEM CPC-18 [9]. For each split
surface, the measurements for depth of carbonation were performed at 11 points along each
opposite end of the surface, and the 22 values thus obtained were averaged.

3. RESULTS AND DISCUSSION

The 28-day strength results of the concrete cubes, are given in Table 1. The carbonation
depths were measured 6 years after initial casting of the concrete cubes. The model employs
RH, 28-day concrete strength, cement type, CO, concentration and time, as its input data
(Section 2.2). The comparison of results can be seen in Figures 1 and 2.

An average annual relative humidity of 60 % was used in the model, along with an average
CO; level of 400 ppm. These values of the environmental factors were based on air quality
readings recorded at the outdoor exposure site. The age for each sample was taken as the
precise duration from the date of casting to the date of testing for carbonation depth.

The measured results were compared against carbonation depth values predicted by the
model. In Figure 1, the predicted values and measured values of carbonation depths show a
strong agreement with points lying along the line of equality. Evidently, the model’s
predictions are realistic for concretes subjected to natural carbonation under both sheltered
and unsheltered outdoor exposure conditions.

It is notable that values of carbonation depths greater than 10 mm exhibited significant
dispersion, with predicted values tending to be relatively higher than measured results. A
close look at the data shows that this tendency was associated with mixtures that had lower
strength. For example the mix SG5 that had 22 MPa strength, gave the measured carbonation
of 11.82 mm which was lower than the predicted 18.4 mm depth. Similarly, the mix FA5 which
had concrete strength of 27.2 MPa, gave 8.5 mm carbonation depth while the predicted value
was 14.1 mm. The mixtures PC5 and SF5 that had concrete strengths of 38.2 MPa and 30 MPa,
gave values of measured and predicted values that were generally in agreement, falling close
to the line of equality (Figure 1). The foregoing observation underscores the necessity of the
condition given in the footnote of Eqn (8), requiring that cube strength must be greater than
20 MPa, as lower strength values invariably alter predictions of the model to give
disproportionately high values.

Prediction accuracy of the model was evaluated using statistical error parameters
comprising the root mean square of error (RMSE) and coefficient of variation of error (CVE),
calculated as given in Egns (8) and (9).
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n .
RMSE = Z (Residual)? (8)
1 n

CVE (%) = =5E 100 (9)

Xmv

where residual is the difference between the predicted and corresponding measured value,
n is total number of paired data points, and X,,, is the mean of measured values.

The CVE and RMSE values obtained were 36.9% and 2.87, indicating that the model’s
predictions were accurate and consistent with those reported in the earlier associated studies
[5, 6, 10, 11]. The prediction accuracy of the NCP model is also similar to those of code-type
models which give typical CVE values of 20 to 50% [6].

The residuals seen in Figure 2 show more dispersion with increase in carbonation depth,
due to lower quality concretes which tend to carbonate faster. This observed pattern is
consistent with similar findings reported in the previous studies [5, 11]. It may be recalled that
lower quality concretes are typically those of lower strength, which in turn exhibit
correspondingly higher variability, which explains the observed fanning out heteroscedasticity
seen in Figure 2.

30
< 28 -
£ 26 -
— 24 A
d-c-l 22 -
) i @ PC5 Sheltered
- 20
S 18 4 FAS Sheltered
= 16 -
S 14 4 SG5 Sheltered
2 12 A
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S 6 o0
S SG5 Unsheltered
o 4
&2 4 — Equality Line

0 T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Measured carbonation depth (mm)

Figure 1: Plot of predicted carbonation depths against measured carbonation depths.
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Figure 2: Plot of residuals against mean of measured and predicted carbonation depths.

4. CONCLUSIONS

In this study, an outdoor experiment of 6 years was carried out to obtain data used to
evaluate the NCP model. The experiment involved exposure of concrete cubes outdoors for
natural carbonation to occur under sheltered and unsheltered exposure conditions in
Johannesburg, South Africa. The measured carbonation depths were compared with values
predicted by the model.

Comparison of predicted carbonation depth values versus actual measured values, showed
strong agreement which depicts the potential of the NCP model for use under different
environmental exposure conditions.

Findings of the present study also confirm that the NCP model is applicable to various
concretes including those containing supplementary cementitious materials such as fly ash,
slag and silica fume, amongst others. The prediction accuracy of the NCP model was shown to
be similar to those of code-type models, typically giving 20 to 50% coefficient of variation of
error.
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Abstract

The emergence of a highly productive construction technology named 3D printed concrete
(3DPC) is a breakthrough in the construction industry due to its ability to conserve natural
resources, reduce waste, and minimise time and costs associated with the construction of
concrete infrastructure. This study investigates the performance of fibre-reinforced 3DPC
made with limestone calcined clay cement (LC3) to minimise the detrimental environmental
footprint of ordinary Portland cement. LC3 has been a promising supplementary cementitious
material showing better performance in terms of strength development, compared to
Portland cement and other blended cements. The mechanical response of LC? 3DPC reinforced
with micro synthetic polypropylene fibre under compression and splitting tensile loading
including the modulus of elasticity is examined. The test results reveal that the anisotropic
phenomenon was pronounced in mechanical characterisation of the 3D-printed specimens
when subjected to loading conditions in different orientations. The peak load values of
cylindrical specimens is lesser than that of cubic specimens, having mean strength ratios of
73% and 88% for compression and splitting tension, respectively. Finally, the relationship
between the mechanical strength of both the cast and printed specimens cured for 28-day in
a climate-controlled room at 23°C (+ 2°C) and 65% (* 5%) relative humidity is presented.

Keywords: 3DPC, LC3, compression, modulus of elasticity, splitting tensile

1. INTRODUCTION

The property of extrusion-based 3D printed concrete (3DPC) is investigated on both the
micro- and macro-scales. The macro-scale: compressive strengths (cubes; fo, and cylinders
with slenderness equal to two; f. geometries) are key material parameters in the analysis of
concrete structures, which are conventionally utilised as a quality control parameter of
concrete and to evaluate the structural application class. Other parameters such as modulus
of elasticity (E), tensile strength (f:), and flexural capacity (ffex.) are related to compressive
strength and cannot be neglected when determining the ultimate load-carrying capacity of
concrete elements. A multi-directional mechanical performance is studied in 3DPC, due to its
anisotropic properties, i.e., a 3DPC element has different orthotropic mechanical capacities
depending on the testing direction. This makes it different from monolithic conventional
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concrete structures where the structural integrity tests are normally done in one direction
[1, 2].

Unlike the conventional construction method of cast-in-place concrete, 3D concrete
printing (3DCP) is an emerging technique for digital fabrication that produced free-form
structures and structures of complex geometries without moulds/formwork and other special
tools [3]. This promotes architectural expression, where the production costs become
independent of the produced structural components' quantity, shape, and complexity [4].
However, high cement content is required for the extrusion process of 3DPC and its
sustainability benefits in terms of free forms and materials efficient design might be affected.
Hence, the addition of limestone and calcined kaolinitic clay (naturally available
supplementary cementitious materials) sufficiently reduced the clinker content of digital
concrete; saving embodied carbon footprints, energy consumption, and cement/concrete
production cost [5-7].

Many studies have attempted to utilise a combination of limestone powder and calcined
kaolinitic clay to develop printable cementitious materials [8-10]. Their findings showed
comparable mechanical properties to those of ordinary Portland cement (OPC) and Portland
pozzolanic cement (PPC), and the improvement of some durability aspects. Limestone
calcined clay cement (LC3) is an intrinsic rheology modifier and pozzolanic material, which
releases carbo-aluminate hydrate when calcite reacts with tricalcium alumina in the pore
solution. Due to these actions, the capillary pores are filled, thereby reducing the porosity of
cement-based materials and enhancing the mechanical performance at later ages [7, 8, 11].

In this study, the influence of limestone calcined clay (LC?) on the mechanical properties of
fibre-reinforced 3DPC (FR-3DPC) tested in a compressive setup was investigated by measuring
the compressive strength, the splitting tensile strength, and the elastic modulus. Seven (7)
concrete cubes (mould-cast) and thirty (30) cylindrical (10 mould-cast and 20 printed (10 D1
and 10 D3)) specimens were prepared and tested in the laboratory in this investigation.

2. EXPERIMENTAL FRAMEWORK

2.1. Experimental Materials

Pretoria Portland cement (PPC) Suretech clinker (CEM | 52.5 N) conforming to SANS 50197-
1 [12], LC?%, and gypsum were used as raw materials for this study. Natural Malmesbury sand
with fineness modulus of 2.12 and 4.75 mm nominal maximum size was utilised to improve
the self-supporting behaviour of the material through mechanical occlusion. The particle size
distribution curve of the sand and binders, as obtained from sieve analysis and laser
diffractometry (Mastersizer 2000 and Hydro 2000SM), respectively, is shown in Fig. 1 with the
mean particle size (Dso) of 307.28 um, 19.36 um, 18.81 um, and 234.53 um for sand, CEM |
52.5 N, LC?, and gypsum, respectively. LC? has a relatively finer-grained structure than CEM I.
Normal-modulus polypropylene (PP) fibre with its properties illustrated in Table 1 was
incorporated in the 3DPC to control plastic shrinkage cracking and minimises brittleness [13].
The mixing water was added to the dry mixture, with a liquid Chryso Quad 20 viscosity
modifying admixture (VMA) and high-efficiency Chryso Premia 310 superplasticiser (SP) for
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tailoring and optimising the rheological properties of ternary blended concrete to meet the
3DPC performance requirements. The chemical properties of the clinker (Portland cement)
and other raw materials were obtained by X-ray fluorescence spectrometry (XRF) and are
presented in Table 2, and the mix design of LC? FR-3DPC is shown in Table 3.

Table 1: Properties of the micro-synthetic fibre

Description Young’s modulus Yield stress Diameter Length Aspect ratio
PP 3 GPa 300 MPa 30 um 6 mm 200
100
—LC2
80 1  ——Malmesbury sand
Leo { T Gypsum
9 Clinker (CEM 1 52.5 N)
840 J
x
20
0 1 1 |I A T 1 L1111
0,01 100 10000

1_. .
Sieve size (um)
Fig. 1. Particle size distribution of LC?, Malmesbury sand, Gypsum, and CEM 152.5 N

Table 2: Chemical composition of cement and other raw materials
%
Weight Al,O3; Ca0 Fe03 KO MgO Na;O SiO, TiO, LOI Other

Clinker 408 6292 316 057 100 0.18 1990 0.23 5.08 2.88
LC? 13.32 1790 1.24 203 0.77 0.24 4964 0.56 14.57 0.05
Gypsum 0.21 13.17 005 006 014 0.06 5795 0.03 11.24 17.09

Table 3: Materials mix constituent proportioning (kg/m?3)

Mixture Clinker LC? Gypsum Sand Water SP VMA PP
LC3FR-3DPC 381.9 343.7 38.2 1229 343.7 7.637 2.291 9

2.2. Experimental Methods

The 3D concrete mix design approach developed at the Structures and Building Materials
Laboratory of Stellenbosch University (S&BML-SU) was modified for LC? inclusion. Mixing was
done mechanically in a Hobart concrete mixer in the following order: dry mixing of aggregate
and binders, mixing water addition, then the addition of admixtures (SP and VMA), and lastly,
PP. Specimens for hardened properties were cast and compacted using an electro-
mechanically driven vibration table, taken to the climate control room, and stripped after 24
hours. The printing technique adopted is extrusion-based using a gantry-type 3D printer,
which operates in three translational degrees of freedom with a build volume of roughly one
cubic metre (1 m3) coupled with a concrete pump and circular nozzle of 25 mm diameter. The
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printing parameters selected, and the procedures followed to attain it were aligned with those
reported by lbrahim et al. [14]. The printing (rectangular solid object which is schematically
represented in Fig. 2 with geometry) and curing for the cast and printed samples were made
in a climate-controlled room at a temperature of 23°C (+ 2°C) and 65% (+ 5%) relative
humidity.

Note: All dimensions are in mm

(a) ﬂD3 (b) D1 D3
y _JL\EIevation Plan
A |/ \‘ l, \‘ I, \‘ 20
250 k\ = ll-:\ |’-\\ N Y
§§\§ ———— 1
§:§§§ Plan § Elevation | »
4
7 §§
D1
= N 200
%
. 640 y 1 f 7
7 4 ,100 , 100 ,

Fig. 2. The schematic representations of printed (a) object and (b) specimens: D1 & D3

2.3. Experimental Testing

Compressive strength test: The strength evolution characterisation for compressive (f.., cube
& f., cylinder) strengths on the cast and printed (cored) specimens were executed after 28
days of curing using a 2 MN King Test Contest press machine at loading rates of 180 kN/min
and 90 kN/min for cubes and cylindrical specimens, respectively, until failure adhering to BS
EN 12390-3 [15] and ASTM C39 [16]. The test specimens were 100 mm cubes (cast) and 100
mm diameter x 200 mm long cylinders (cast and printed). Printed specimens were cored in
two directions: D1 and D3 (see Fig. 2) in longitudinal and perpendicular to the printing
direction, respectively.

Splitting tensile strength test: The splitting tensile test (fs;, cube & ft;, cylinder) was performed
on 100 mm cubes and 100 mm diameter x 200 mm height cylindrical specimens after 28 days
of curing. The specimens were tested in a Zwick Z250 material testing machine at loading rates
of 1.0 mm/min and 0.75 mm/min for cubes and cylinders, respectively, in accordance with BS
EN 12390-6 [17].

Modulus of elasticity: Young’s modulus (E) characterisation was conducted on 100 mm
diameter x 200 mm height cylinders (cast and printed specimens) after 28 days of curing as
per ASTM C469/C469M-14 [18]. Three linear variable differential transducers (LVDTs) with a
70 mm gauge length are circumferentially arranged at 120° intervals. Then, the testing was
conducted using a 2 MN King Test Contest press machine at a loading rate of 90 kN/min with
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a 2 MN loadcell, loaded uniaxially up to 40% of their ultimate compressive capacity, and
measurements were taken through an HBM Spider8 data acquisition system.

3. RESULTS AND DISCUSSION

3.1. Compressive Strength

The results of the compressive strength tests (fou & fc) of LC® FR-3DPC specimens are
depicted in Fig. 3. The mould-cast cylindrical specimens had an average strength of 73% of the
cube’s strength. In comparison to the printed specimens, the percentage decrease in strength
are 3% and 9% for D1 and D3, respectively. This aligns with the anisotropic mechanical
behaviour of 3DPC reported by van den Heever [19]. The increase in strength of the cast
specimens is attributed to the restraining of the crack expansion, which reduced the stress
concentration at the crack tip due to the presence of fibres. Several micro-cracks and the fibres
bridge across the micro-cracks are observed in the concrete volume, making the failure mode
change from fragile/brittle to ductile. Table 4 summarises the mechanical properties of the
LC® FR-3DPC obtained from compressive strength, splitting tensile strength, and modulus of
elasticity tests, with a minimum of three specimens tested for the observation. There is
insignificant variation in the strength results of all specimens tested, showing the coefficient
of variation (CoV) for all the results obtained to be less than 10%, indicating reasonable
repeatability, consistency, and accuracy [14].

40 -~
S
oo m Cast
£ 30+ mD1
@ g mD3 z
3 S 20 A
g =
3
€ 10 -
(@]

0 .

Cube Cylinder

Fig. 3. Compressive strength development of LC3 FR-3DPC specimens after 28 days curing

Table 4: Average mechanical properties of LC® FR-3DPC at 28 days curing age with CoV and
number of specimens tested in brackets.

Specimen
type feu (MPa) fc (MPa) fst (MPa) fsti (MPa) E (GPa)
35.76 26.05 3.27 2.86 21.43
Cast (0.031; 4) (0.030; 4) (0.101; 3) (0.048; 3) (0.011; 3)
1.70 18.77
D1 - 25.37 (0.052; 4) - (0.050; 3) (0.028; 3)
2.64 16.09
D3 - 23.75 (0.032; 4) - (0.028; 3) (0.036;3)
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3.2. Splitting Tensile Strength

Fig. 4 depicts the results of the splitting tensile strength for LC?> FR-3DPC mixture with the
specimens undergo pure tensile stress when subjected to a compressive force applied to a
narrow region along its length at 28 days testing. The mean strength of 88% of the cube’s
strength is achieved for cylindrical cast specimens, indicating higher strength values recorded
for cubic specimens when compared with cylindrical specimens, which is conformed to BS EN
12390-6 [17]. Also, the percentage decrease between the cast and D1 orientation is relatively
large compared with D3, showing a significant difference between the specimens with 41%
and 8% for D1 and D3, respectively. The presence of fibres influences the failure mode in cast
and D3 specimens with the avoidance of sudden failure due to fibre bridging effect.
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Fig. 4. Splitting tensile strength results and failure patterns for LC* FR-3DPC specimens at 28
days of curing

3.3. Modulus of Elasticity

The modulus of elasticity results of LC? FR-3DPC mix are presented in Fig. 5 and summarised
in Table 4. It is evident that a higher value was recorded for the mould-cast specimens. In
comparison, the percentage decrease between cast and printed specimens is 12% for D1 and
25% for D3. This significant difference might be due to the presence of air voids (increased
porosity) between the deposited filament layers. Modulus of elasticity is one of the crucial
material parameters for structural analysis, which is influenced by various factors such as the
nature and compatibility between the matrix and filler, the filler distribution in the matrix, and
interfacial structure and morphology [20].
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Fig. 5. Young’s modulus results for LC? FR-3DPC specimens at 28 days of curing

YCRETS 2023 77



4. CONCLUSIONS

The present study examined the effect of LC> on mechanical properties of FR-3DPC using
cubes and cylindrical specimens. Based on the experimental observations, the following
conclusions are drawn:

e The mean compressive strength of cylindrical specimens is 73% of the mean compressive
strength of cubic specimens. This is ascribed to the difference in aspect ratio of specimen
height to width of 2 for cylinders and 1 for cubes, and associated confinement in the cubes.
The mean splitting tensile strength of cylindrical specimens was 88% of that of cubic
specimens.

e Highest strength (compression and tension) and stiffness (Young’s Modulus) were
exhibited by mould-cast specimens. This could be ascribed to lower porosity and smaller
pore size of cast specimens, compared with specimens extracted from 3D printed
concrete.

e Fibres influence the post-peak mechanical behaviour of LC3- based 3D printed concrete.
This is ascribed to the fibre crack bridging effect. D3 splitting tensile specimens remained
intact after registering their peak resistance.

e Anisotropic mechanical behaviour of LC® FR-3DPC was demonstrated for printed
specimens in compression, splitting tension, and Young’s modulus with the highest
strength values recorded in D1 and D3 orientations for compression and Young’s modulus,
and splitting tension, respectively.
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Abstract

Compressive strength is a critical parameter in the design and construction of reinforced
concrete elements. It is a quick and cost-effective test, making it an attractive feature for
quality control during construction. While higher strength classes indicate higher structural
capacity, compressive strengths higher than that required at the ultimate limit state have no
structural benefit and may even reduce sustainability, increase costs and lead to cracking. This
paper summarizes research on compressive strength and its influence on concrete repair
conducted by the Concrete Materials and Structural Integrity Research Unit at the University
of Cape Town. The studies showed that a higher compressive strength has a higher tendency
to crack under restrained shrinkage, and high-strength mortars do not structurally contribute
to repaired members subjected to axial compressive loads in the long term. The paper
concludes by recommending that upper limits on compressive strength be placed in repair
standards and specifications and that greater attention be paid to parameters that influence
crack sensitivity, particularly shrinkage, to achieve more durable repairs.

Keywords: Keywords: Concrete Compressive Strength, Structural Repair Materials, Structural
Design, Quality Control, Durability.

1. INTRODUCTION

Compressive strength is arguably the most important property of concrete due to its use
as the main parameter for structural design and for quality control and conformity assessment
of concrete during construction. Concrete is typically graded into various strength classes. A
higher strength class indicates a higher structural capacity, i.e., the ability to withstand higher
stress when loaded. This higher load-bearing capacity is often mistaken to be a sign of higher
quality, with many structural engineers and contractors assuming that a higher-strength
concrete yields superior structural performance or durability. A particular example is the
structural repair of damaged concrete members, where the aim is to restore the load-carrying
capacity of a damaged concrete member to or beyond its original state [1]. European
standards on the performance characteristics of repair materials for structural repairs list
compressive strength as one of the top requirements. However, these requirements are no
more than arbitrary lower-bound limits that have led to the production of commercial
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products with incredibly high strengths that far exceed these lower limits [2]. Datasheets on
these high-strength repair materials sometimes describe them as “high-performance” but
only focus on compressive strength and give little information on other characteristics.

This paper discusses the role of compressive strength in the load-bearing behaviour of
reinforced concrete (RC) members, highlighting its importance in the structural design
process. Subsequently, the rationale for using compressive strength as a parameter for quality
control and conformity assessment is laid out, which helps to explain how compressive
strength has developed into a general quality label for concrete. A summary of research on
compressive strength and its influence on concrete repair conducted by the Concrete
Materials and Structural Integrity Research Unit at the University of Cape Town is then
presented, which shows that a higher compressive strength in repair mortars not only
provides no additional benefit but reduces the repairs’ performance. Practical measures
aimed at attaining more durable repairs are also presented.

2. COMPRESSIVE STRENGTH IN STRUCTURAL DESIGN AND QUALITY CONTROL

In the structural design of RC elements, concrete compressive strength is required to model
and analyse the structure’s load-bearing capacity at the ultimate limit state (ULS). At ULS,
structural optimisation of a RC cross-section aims at the reinforcing steel yielding as the
concrete fails under compression, resulting in optimum use of material resources. Notably,
from a structural engineering point of view, the concrete compressive strength is only needed
for this imaginary moment in the lifetime of a structure, i.e. structural failure under a
theoretical maximum load. In practice, conservative assumptions for selecting ultimate loads
coupled with a range of material and structural safety factors should prevent the concrete
from ever being exposed to stresses remotely close to the ultimate strength. For the expected
everyday loads, which in structural design are considered for the Serviceability Limit State
(SLS) and include the self-weight of the structure and conservatively assumed live loads, the
concrete is expected to experience compressive stress levels around 30% of its compressive
strength. Therefore, the ultimate compressive strength is irrelevant to the load-bearing
capacity of a structure subjected to realistic everyday loads. The only practical effect of
increased compressive strength is the associated increase in the concrete’s elastic modulus
and reduction in creep, both of which may assist in reducing load-induced deformations, such
as deflections in suspended beams or slabs. However, a desired reduction in deformation can
more effectively be attained by other means, like an increase in the cross-sectional
dimensions. Therefore, specifying and constructing concrete structures with a higher concrete
strength than that used in the structural design for the ULS has no real added benefit for the
load-bearing behaviour of the structure.

Concrete mix designs and specifications are typically based on achieving the required
characteristic design strength, with the associated quality control measure being compressive
strength testing at 28 days. Thus, while compressive strength is a necessary structural
parameter for ULS design, it also serves as a quality control parameter due to its ease and
cost-effectiveness of measurement. The assumption that higher strength equates to superior
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quality can be misleading, though, as concrete with a higher strength than that required for
ULS design provides no structural benefit and may increase costs and reduce sustainability
due to the need for a higher cement content. Higher strength can also result in lower
workability, reduced bleeding, increased hydration heat development, increased brittleness,
and increased risks of Alkali Aggregate Reaction and drying shrinkage cracking. The effects of
higher concrete strength on the overall increased risk of cracking are significant, as cracking
of the concrete cover depth, which protects the embedded steel reinforcement from corrosive
agents, can significantly reduce the durability of concrete structures.

3. THE CORRELATION BETWEEN CRACKING AND COMPRESSIVE STRENGTH IN REPAIR
MATERIALS

One of the main aspects impairing the performance of cementitious repair materials is
cracking due to restrained shrinkage, which may result in reduced bond strength between the
repair material and substrate and reduced durability due to the increased ingress of
deleterious agents into the repaired structure.

The relationship between compressive strength and shrinkage cracking tendency was
investigated for a total of 40 different concrete repair mortars with strengths ranging from
around 10 — 60 MPa [3]. The mortars were manufactured with different cementitious binder
types and contents, water/binder ratios, chemical admixtures, mineral additives, water
contents, aggregate combinations, and curing conditions. The tendency to crack was
investigated with the ring test according to AASHTO and ASTM, which provides a comparative
evaluation of the sensitivity of the cementitious material to crack under the effect of
restrained shrinkage and is a helpful tool for the optimization of material performance
concerning selected specimen parameters, compressive strength in this case. Figure 1 shows
the compressive strength and age at cracking for the 40 different mortars tested?.

It can be observed in the figure that, while there is a scatter in results, an inverse
relationship exists between the age at cracking and compressive strength, with a higher
compressive strength generally increasing the tendency to crack. This phenomenon was also
reported earlier by Dittmer and Beushausen [4]. Furthermore, it was observed that increasing
the compressive strength at 28 days beyond approximately 35 MPa did not significantly
change the age at cracking, pinpointing this strength as the “cracking threshold” in this
research project. The results were owed to the correlation between stress and strain as
expressed through Hooke’s Law. Increasing strength is generally accompanied by a
corresponding increase in elastic modulus and a decrease in tensile creep and relaxation. With
other characteristics constant, an increase in elastic modulus and a reduction in tensile creep
and relaxation generate higher stresses when shrinkage deformations are restrained,
consequently increasing the susceptibility of the cementitious material to cracking.

'Note that three specimens were tested for compressive strength and restrained shrinkage per a mix,
respectively.
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Figure 1: Age at cracking versus compressive strength at 28 days across test specimens [3].

4. STRUCTURAL EFFECTS OF COMPRESSIVE STRENGTH IN REPAIR MATERIALS

The notion for cementitious repair materials to have a high compressive strength is the
perception that these materials can structurally contribute to the load-bearing capacity of
repaired reinforced concrete members. While various studies have considered the ultimate
contribution of repair materials to members under axial load states, few studies have focused
on their long-term performance.

The long-term effects of high-strength cement-based repair materials on repaired
members under compressive loads were investigated using an analytical model developed
using Hooke’s law and Euler-Bernoulli beam theory [5, 6]. The model makes various
assumptions relating to uniform strain, load eccentricities, and the transfer of stresses
between the concrete substrate and repair material. Externally applied loads and
characteristics of the concrete substrate and repair material serve as inputs to the model.
These characteristics are compressive strength, elastic modulus, drying shrinkage, and specific
creep, which are time-dependent. However, since concrete repairs are typically conducted on
aged concrete structures, the concrete substrate’s drying shrinkage and creep characteristics
would be negligible and thus were not considered. One-day time step increments were used
to monitor the influence of the repair material properties on the repaired member over time.

The analytical problem considered an unreinforced concrete square column repaired with
high-strength cement-based concrete. The square column had a 500 x 500 mm cross-section,
with the repair spanning the columns’ entire width and going to a depth of 100 mm, making
up 20% of the columns’ cross-sectional area (see Figure 2). Damage was assumed to be
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concentrated to where the repairs were conducted, an example of which could be poor
workmanship (e.g. honeycombing) not detected during construction. The repair material
selected was a high-strength cement-based concrete made of a SikaGrout-212 grout and 9.5
mm Greywacke stone aggregate. The dry-mix content of the SikaGrout-212 grout was 1645
kg/m3, while the stone content was 461 kg/m3. A water/binder ratio of 0.14 was used (as per
the material datasheet) to yield a water content of 230 kg/m3. It was assumed that all loads
were removed before the repair and that the only form of strain recovery in the substrate
over the repair period was elastic. One day after the repair, an axial compressive load of 25
MPa was applied and maintained.

Compressive strength, elastic modulus, shrinkage, and creep tests were conducted on the
repair material at various ages, while the concrete substrate was chosen to have an elastic
modulus of 25 GPa and compressive strength of 50 MPa. The high-strength cement-based
concrete had compressive strengths of 42 and 77 MPa and an elastic modulus of 25.5 and 28.5
GPa at 1 and 28 days of age, respectively. Its drying shrinkage and creep were tested at 1 day
of age and exposed to a temperature and relative humidity of 22 + 1°C and 55 * 5%,
respectively. After 90 days, the drying shrinkage strain and specific creep of the high-strength
concrete were 340 p-g and 120 p-¢/MPa, respectively, with 89% of the drying shrinkage strain
measured after 13 days. The model results in Figure B showed that while the stress in the
repair was equivalent to the concrete substrate when loaded, it dropped significantly in the
following days, with only 20% of its original stress remaining in the repair after eight days.
Conversely, due to this drop in stress, the stress in the substrate increased by 20% in the first
eight days. After 14 days of loading, the stress in the repair was below 2.5 MPa, while the
stress in the substrate concrete was slightly above 30 MPa.

Stress ditribution in repaired element -

P 500 > 25 MPa, age at loading 1-day
g 35
QS
S
g 30
25 §
g
s 20
100 | /. « —e—HS concrete
fa—>if 4]
- 2 15 Substrate Concrete
10
5
0
0 2 4 6 8 10 12 14
Time after load applied (days)

Figure 2: Repair geometry and stress outputs from analytical model over time [5].
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The equivalences in stress distribution between the repair and substrate on the day of
loading (one day after repair) were owed to the similarities in the elastic moduli. However, as
shrinkage and creep develop in the repair material, the repair stress reduces and is transferred
to the concrete substrate. This stress reduction results in the repairs’ contribution to resisting
the externally applied loads reducing over time, leaving the substrate concrete to withstand
these surplus loads. The repair is effectively then no longer contributing to the load-bearing
capacity of the column after 14 days, despite the high strength values of the repair material.

5. MORE FOCUS ON DURABILITY THAN COMPRESSIVE STRENGTH IN REPAIR MATERIALS

The studies above illustrate that the common belief that high strength is a sign of high
quality in concrete repair materials is misleading. Not only do these high strengths increase
the susceptibility of a cementitious material to crack, but they offer no benefit in contributing
to the load-bearing capacity of a repaired member under axial compressive loads. Instead,
more focus should be placed on improving the durability of repairs by limiting the repair
materials’ susceptibility to cracking. Such remarks have been echoed by Tilly [7] and Vaysburd
et al. [8], who noted an undue emphasis on strength and not enough on durability.

A simple measure is to put upper bound limits to compressive strength values in standards
and specifications for materials used in repair, where an acceptable range is defined based on
the requirements of the repair. Such an approach would reduce the use of excessively high-
strength repair materials, which have been shown to be highly susceptible to cracking.

Material properties that influence crack sensitivity should also be considered. An example
of this is given in Table 1, which shows how influential a parameter is towards crack sensitivity.
One parameter listed as a major factor that has been raised in the studies above is shrinkage.
Despite its importance, very little attention is given to this property. Vaysburd et al. [8] found
that of the 120 North American repair projects reviewed, not a single specification gave a
limitation on shrinkage. Commercial products have also had an influence, often labelling
themselves as “non-shrinking” or “shrinkage-compensating”. However, research at times has
shown this not to be the case and that some of these materials could be more classified as
low shrinkage than anything else [9, 10].

Greater emphasis on shrinkage must thus be placed if repairs are to be more durable.
Specifying strain limits and, more importantly, the age and exposure conditions are critical
steps in this regard. However, further steps towards evaluating the repair material’s sensitivity
to cracking must also be considered. A combination of free and restrained shrinkage tests,
such as the ring test [11], are considered suitable for evaluating repair mortars. The free
shrinkage test observes the amount of shrinkage a repair mortar undergoes for a given
exposure condition, while the restrained shrinkage test evaluates its tendency to crack when
this shrinkage is restrained.
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Table 1: Material properties that influence the repair materials sensitivity to cracking [12].

Effect

Parameter

Major | Moderate | Minor
Drying shrinkage X
Modulus of elasticity X
Creep X
Compressive strength X
Early strength X
Paste content X
Cement content and type X
Aggregate content, type and size X
Coefficient of thermal expansion X
Water to cementitious materials ratio X
Accelerating admixtures X
Plasticizers X
Silica fume X
Fly ash X
Slag X
Water content X
Slump (within typical ranges) X

6. CONCLUDING REMARKS

This paper presented a summary of research conducted by the Concrete Materials and
Structural Integrity Research Unit at the University of Cape Town on compressive strength and
its influence on concrete repair. The studies showed that repair mortars with a higher
compressive strength generally have a significantly higher tendency to crack under the effects
of restrained shrinkage. Furthermore, in cases where repairs are expected to structurally
contribute, the developed analytical model revealed that the contribution of high-strength
repair mortars rapidly declines in the first days of loading. More emphasis should thus be
placed on the repair materials' durability and limiting its susceptibility to cracking than its
compressive strength. Placing upper limits to the compressive strength in repair standards
and specifications, while placing greater emphasis on shrinkage and crack sensitivity of repair
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materials are seen as simple measures to reduce the use of excessively high-strength repair
materials and attain more durable repairs.
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Abstract

Micro-nanobubble- and nanobubble-infused mixing water has shown potential in
improving the hardened properties of conventional concrete. However, there is no extensive
reporting on the effects of pure nanobubble water on the fresh properties of traditional
concrete. Good fresh properties allow for good placing and curing of concrete, affecting a
concrete structure’s durability. No publicly available literature exists on using micro-
nanobubbles or nanobubbles in 3D concrete printing (3DCP). This study addressed the
previously mentioned research gaps by carefully studying the fresh properties of both types
of concrete. This study concluded that air nanobubble water slightly increases the flowability
of conventional concrete. They also slightly enhance the thixotropy of 3D printing concrete.

Keywords: fresh properties, nanobubbles, 3D printing concrete, concrete

1 INTRODUCTION

Micro-nanobubble- and nanobubble-enriched water have been added to conventional
concrete to alter its fresh and hardened properties. Micro-nanobubbles are gaseous bodies
with a diameter size distribution of 100 um or smaller that are evenly distributed within a
liguid medium. On the other hand, nanobubbles are gaseous bodies with a diameter of less
than 1 pum. However, in most industries where nanobubbles are applied, nanobubble
diameters range between 100 nm and 200 nm [1].

There is a crucial difference between micro-nanobubble water and nanobubble water.
Micro-nanobubble water is less stable than pure nanobubble water. Microbubbles with a
diameter range between 1 um and 100 um are more buoyant than the smaller nanobubbles
[1, 2]. As a result, microbubbles in the liquid medium gradually reduce in size before collapsing
onto themselves [2]. Lower buoyancy nanobubbles, on the other hand, have longer stagnation
times and move in the liquid medium in a Brownian motion [2]. Several studies have shown
that temperature, pH, salt concentration in the water, and gas type all influence nanobubble
stability [2-4].

Literature shows that micro-nanobubbles and nanobubbles decrease the flowability of
conventional concrete, increase mechanical properties, and increase durability. This is due to
nanobubbles’” unique properties, which include large specific surface area, long stagnation
times, long-term stability, and a high gas-liquid mass transfer rate [4-6]. In concrete, the
probability of the nanobubbles colliding with cement particles is high because of the
significant difference in size between the two entities. Equation 1 illustrates the collision
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probability between micro-nanobubbles and cement particles where P. is the probability of
collision between a bubble and another particle, Re is the Reynolds number, D, is the particle
diameter [m], and Dy, is the bubble diameter [m] [7].

3 4Re%72\ /D,\? .
PC_(2+ 15 )(Db) W

As a result, nanobubbles effectively disperse cement particles throughout the concrete
matrix, allowing them to hydrate more easily. The hydration reaction is accelerated, resulting
in decreased setting time and reduced flowability in conventional concrete [7]. Consequently,
the homogeneity of the concrete mixture improves, resulting in improved mechanical and
durability properties. Zeta potential measurements have also shown that nanobubbles have
a negative charge, making them more effective in dispersing cement particles [2, 3, 8].
According to other researchers, the increase in hydration temperature observed using micro-
nanobubble water in the concrete is caused by the bubble’s localised collapse [9]. Some
hypotheses propose that the bubbles function as nucleation points for the precipitation of
calcium silicate hydrate (CSH) gel and calcium hydroxide (CH) crystals [9, 10].

Micro-nanobubbles have been used in shotcrete [10] and self-compacting concrete [11] to
improve early-age strength, flowability, and durability. Arefi, Saghravani and Naeeni [12]
conducted the first use of micro-nanobubble water in concrete at the University of Iran, where
they observed a decrease in the workability of the concrete with micro-nanobubble water. A
study by Khoshroo, Shirzadi Javid and Katebi [8] utilised air micro-nanobubbles with zeolite
and chekneh pozzolan to investigate conventional concrete’s fresh and hardened properties.
The investigation showed a decrease in the slump of the concrete (due in part to the addition
of pozzolans), a marked increase in the mechanical properties of concrete, and an increase in
concrete durability.

No literature could be found on using nanobubble and micro-nanobubble water in 3D
concrete printing. This significant gap in literature creates an opportunity to contribute to the
global body of knowledge in this aspect of nanobubble application. In the last ten years, 3D
concrete printing (3DCP) has received significant global research attention [13]. This is due to
the method of construction’s low labour requirement, which allows for significant cost
savings. Besides significantly decreasing labour, 3D concrete printing is safer than
conventional construction methods [14]. 3D printing concrete has also shown a lower carbon
footprint than other construction methods [15].

Several materials, including fibres and various nanomaterials, have been used in 3DCP to
change the fresh and hardened properties [16-18]. A 3D printing concrete mix begins to flow
when the pressure applied to the mix during pumping exceeds the static yield stress. The
dynamic yield stress needs to be maintained to keep the mix flowing. However, if the dynamic
yield stress is too low, the 3D printing mix could segregate [17]. If the dynamic yield stress is
too high, the concrete is difficult to pump.

Thixotropy is a key fresh property determining whether a 3D printing concrete mix is
printable. Thixotropy depends on the re-flocculation of particles within the concrete matrix
and the irreversible chemical reactions that bring about strength build-up after deposition.
The re-flocculation rate (Rthix) quantifies the flocculation process or the static yield stress build-
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up rate after the concrete has been deposited. Therefore, the re-flocculation time (t«) is when
a 3D printing concrete mix fully regains its static yield stress after agitation. The structuration
rate (Awix) quantifies irreversible chemical reactions, such as hydration, which occur
thousands of seconds after deposition, resulting in a yield stress increase greater than the
static yield stress. However, the Awix is affected by other environmental factors, making Rinix a
better measure of the thixotropy of a 3D printing concrete mix [17].

There has not been extensive research on using pure nanobubble water in conventional
concrete, and there are no publicly available studies on using nanobubbles in 3D concrete
printing. This study aims to use pure nanobubble water, that is, water with bubbles smaller
than 1 um, in conventional concrete and 3D printing concrete. The objective of the study is to
investigate the effect of air nanobubble water on the fresh properties of conventional and 3D
printing concrete.

2 EXPERIMENTS

2.1 Nanobubble Water Generation

An MK1 nanobubble generation machine, supplied by Fine Bubble Technologies (Pty) Ltd
[19], was used to generate air nanobubbles at atmospheric pressure. The nanobubbles were
generated in a 200-litre water tank for one hour. The water was collected 30 minutes after
turning the machine off into 10-litre polyethene water containers and stored in a
temperature-controlled room (maintained at 23 °C) for at least 24 hours. Malvern Panalytical’s
Nanosight NS300 was used to measure the nanobubble concentration, mean, and mode
bubble diameters using nanoparticle tracking analysis [20]. At 30 minutes after generation,
the average nanobubble concentration was 1.58 x 10% bubbles/ml, with a mean diameter of
137.8 nm (mode 103.1 nm, standard deviation 61.5 nm). The air nanobubble water results are
shown in Figure 1. These results are consistent with results obtained by N. Kalogerakis, G.C.
Kalogerakis and Botha [21], who also used the same nanobubble generation machine.
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Figure 1: Nanoparticle tracking analysis results performed on 5 samples of air
nanobubble water.
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2.2 Mix Design and Mix Procedure

This study included two reference mixtures, one conventional concrete reference mix (REF-
CONV) and a standard Stellenbosch University 3D printing concrete mix (REF-3D) [17]. One air
nanobubble conventional concrete mix was used (ANBC-23). The mix contained air
nanobubble water which was stored for 24 hours at 23 °C in a temperature-controlled room
One 3D printing concrete mix which contained air nanobubble water stored at 23 °C for 24
hours in a temperature-controlled room was used in this experiment (ANB3DC-23). The
normal tap water used in the reference mixes was also stored in the temperature-controlled
room at 23 °C for 24 hours before mixing. The mix designs of the concrete mixtures are shown
in Table 1. Before mixing, the dry constituents for each mix were weighed into containers,
sealed, and stored in the same temperature-controlled room (at 23 °C) as their respective
water types for the same amount of time (24 hours).

A CEM II/A-L52.5 N cement from Pretoria Portland Cement (PPC) was used for all the mixes
[22]. The conventional concrete mixes contained a natural pit sand, known locally as
Malmesbury sand, and 13 mm Greywacke stone as coarse aggregate. The relative density (RD)
of the Malmesbury sand was 2.6, the fineness modulus (FM) was 1.35, and the dust content
(< um 75) was 2.6%. In the 3D printing concrete mixes, a mixture of Malmesbury sand and
dune sand, known locally as Phillipe sand, was used. The resulting sand mixture’s FM, RD, and
dust content were 0.81, 2.64, and 3.2%, respectively. DuraPozz fly ash class F, CHRYSO silica
fumes and CHRYSO Premia 310 superplasticiser was used in the 3D printing concrete mixes.

Table 1: Conventional and 3D printing concrete mixtures.

Mix names

Constituents [kg/m3] REF-CONV | ANBC-23 | REF-3D | ANB3DC-23
Normal tap water 209 - 261 -
Air nanobubble water - 209 - 261
Cement 348 348 579 579
Malmesbury sand 901 901 - -
Coarse aggregate 900 900 - -
Malmesbury & Phillipi sand mix - - 1169 1169
Fly ash - - 165 165
Silica fumes - - 83 83
CHRSYO Premia 310 - - 7 7

2.3 Slump and Flow Table Test
Slump and flow table measurements were conducted just before the rheological

characterisation of the conventional and 3D printing concrete mixes was performed,
respectively. The slump test [23] was used to measure conventional concrete mixtures’
consistency (or flowability). The flow table test [24] was used to assess the flowability of the
3D printing concrete mixes. At least three measurements of slump and flow diameter were
conducted, respectively.
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24 Rheological Characterisation and Buildability Test

An ICAR rheometer [25] was used for the rheological characterisation of the conventional
and 3D printing concrete mixes. One stress growth test was used to obtain the conventional
concrete mixes’ initial static and dynamic yield stress. Using a series of stress growth tests as
explained in a study by Kruger, Zeranka and van Zijl [17], the Rthix, Athix and trs of the 3D printing
concrete mixes were obtained. Three rheological characterisation measurements were
conducted for each mix. The buildability of the 3D printing concrete mixes was evaluated to
validate the effect of nanobubbles in 3D printing concrete [17]. A circular hollow column with
an outer diameter of 250 mm is printed at a rate of 60 mm/s until failure. Each layer was
approximately 10 mm tall and had a maximum width of 35 mm. Only one buildability test was
conducted.

3 CONVENTIONAL CONCRETE RESULTS

Figure 2 shows the yield stress and slump results for the two conventional concrete mixes.
The coefficient of variation (CoV) for all of the results ranged from 4% to 21%. ANBC-23 has a
higher initial static and dynamic yield stress than REF-CONV by 10.7% and 4.9%, respectively.
However, the yield stress results do not agree with the slightly (4.6%) higher slump result
obtained for ANBC-23 compared to REF-CONV. The higher static yield stress for ANBC-23
compared to REF-CONV can be expected to translate to a lower slump. This is not the case,
however, given the larger variation in slump results for ANBC-23 compared to REF-CONV as
well as the still rather small variation in slump results, the slump results of these two mixes
can be considered very similar. Apart from the static yield stress, the rest of the results for
ANBC-23 and REF-CONV have differences of less than 5%. This shows that nanobubbles
generated by the MK1 nanobubble machine do not change the fresh properties of
conventional concrete significantly. The slump results shown in Figure 2 contradict the slump
results in the study conducted by Arefi, Saghravani and Naeeni [12], where a significant
decrease in flowability (or consistency) was observed. The difference in results can be
attributed to the use of micro-nanobubble water as opposed to pure nanobubble water in this
experiment, which resulted in different water properties and the subsequent effects on
concrete.
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Figure 2: Slump, static and dynamic test results for REF-CONV and ANBC-23.
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4 3D PRINTING CONCRETE RESULTS

Figure 3 depicts the flow diameter, static yield stress, and dynamic yield stress results for
the two 3D printing concrete mixes. The coefficient of variation (CoV) for all of the results
ranged from 0.2% to 20%. ANB3DC-23 has a higher initial static and dynamic yield stress
compared to REF-CONV by 4.4% and 7.9%, respectively. The flow diameter results are similar
with only a 1.2% decrease in the flow diameter from REF-3D to ANB3DC-23. These results
mean that slightly more energy is needed to initiate and maintain the flow of ANB3DC-23. The
Rthix, Athix and trs for REF-3D and ANB3DC-23 were also comparable, as shown in Table 2. The
Rthix of ANB3DC-23 was slightly higher than that of REF-3D. Therefore, the t+ of ANB3DC-23
was shorter than that of REF-3D. The Awix of ANB3DC-23 was marginally lower than that of
REF-3D.
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Figure 3: Flow diameter, static and dynamic yield stress results for REF-3D and ANB3DC-23.

Table 2 depicts the buildability test results. These results are comparable and correlate with
the Rinix and Atnix results. The slightly higher Awix result of REF-3D explains why more layers
were obtained. After deposition, there was slightly faster structuration in REF-3D than in
ANB3DC-23. However, as explained in the introduction several factors other than hydration
influence Atix; therefore, Rinix is a better measure of the thixotropy of a 3D printing concrete
mix. From the results, it can be concluded that ANB3DC-23 is slightly more thixotropic than
REF-3D.

Table 2: Rinix, Athix, trf and buildability results for the two 3D printing concrete mixes.

Mix name Rinix [Pa/s] | Awix [Pa/s] | t«[s] | Buildability [layers]
REF-3D 2.91 0.363 156.2 21
ANB3DC-23 2.95 0.355 154.8 19

The results for the 3D printing concrete mixes are similar. They demonstrate that the pure
nanobubble water produced by the MK1 nanobubbler does not significantly affect the fresh
properties of 3D printing concrete. This means gases such as carbon dioxide could potentially
be incorporated in the nanobubbles as a form of carbon capture and the gases could
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participate in the hydration reaction without significantly changing the thixotropy of the 3D
printing concrete mix. Because the MK1 is lightweight and compact, and requires routine
maintenance every three months, transportation and maintenance costs can be kept to a
minimum [19]. As long as the cost of delivering regular water to a construction site is low, the
overall cost of producing nanobubble water is insignificant in comparison to other
construction costs.

5 CONCLUSIONS

Air nanobubbles seem to slightly increase the flowability of conventional concrete. The air
nanobubbles also increase the static and dynamic yield stress of conventional concrete.
However, the change in the fresh properties of conventional concrete is not significant. Air
nanobubbles slightly increase the initial static and dynamic yield stress of 3D printing concrete.
Hence, the thixotropy of the 3D printing concrete is slightly enhanced. Because conventional
concrete and 3D printing concrete are such different materials, the technology that works for
conventional concrete may not work for 3D printing concrete. This fact also explains why the
fresh properties differ when air nanobubble water is added. Hardened and durability property
tests on conventional or 3D printing concrete containing air nanobubble water had not been
performed at the time of writing this paper. As a result, the authors are unable to make a valid
comment on the long-term properties of concrete containing nanobubble water at this time.
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Abstract

As the focus of industry becomes increasingly concentrated on minimising life-cycle cost
and environmental impacts, longevity of concrete structures becomes more important.
Durability of concrete is a crucial factor in its performance over its expected lifespan. This
study compares the effectiveness of a permeability-reducing admixture for hydrostatic
conditions (PRAH) and fly ash as a supplementary cementitious material and filler, on the
durability of concrete. The compressive strength, self-healing capabilities and various tests
assessing durability were completed. The effect of curing conditions on PRAH and fly ash mixes
were also evaluated. Concrete mixes incorporating fly ash performed better than Portland
cement mixes in self-healing capability, oxygen permeability, and chloride conductivity. Some
beneficial durability results were obtained from the combination of fly ash and PRAH. The
inclusion of PRAH marginally reduced the depth of penetration of water under pressure for
air-cured Portland cement mixes. Water-cured samples exhibited superior performance
across all tests associated with durability.

Keywords: Permeability-reducing admixture (PRAH), Supplementary cementitious materials
(SCM), Durability

1. INTRODUCTION

Society’s insatiable appetite for concrete makes it the most widely employed construction
material by volume [1]. To minimise the well documented environmental impact,
consumption of energy and raw materials of concrete, it is crucial to maximise the lifespans
of concrete structures. Long lasting structures are also more economic, especially if
maintenance requirements are reduced. The durability of a material is associated with the
resistance to deterioration over the required service life of the structure it forms part of.
Concrete durability is therefore an important factor to ensure long lasting structures.
Consequently, durability and sustainability are interdependent.

The deterioration mechanisms of concrete are related to its penetrability. Penetrability is
defined as the degree to which concrete permits gases, liquids or ionic species to move
through its pore structure [2]. Therefore, the intended application and exposure environment
of concrete is important when evaluating concrete durability.
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2. BACKGROUND

There are two main schools of thought on methods to achieve improved durability within
concrete without lowering the water/cement ratio of a concrete mix design. The first, is a
commonly used method to include supplementary cementitious materials (SCMs) such as fly
ash. Due to the pozzolanic activity and improved packing density (filling effect) provided by
SCMs the mechanical properties and durability of concrete are improved [3, 2]. The second
method is the use of more recently developed permeability-reducing admixtures.
Theoretically, permeability-reducing admixtures react with water and other concrete
hydration products to form insoluble crystals which fill the pores and voids throughout the
concrete matrix, thereby reducing permeability and so improving durability. In the absence of
moisture, the active ingredients remain dormant. The curing conditions for concrete
containing such admixtures can therefore not be ignored. However, literature reveals
contradictory results and conclusions for ‘permeability-reducing admixture for hydrostatic
conditions’ (PRAH). De Souza Oliveria et al. [4] reported a reduction in permeability with the
use of PRAH. In 2021, Gojevié et al. [3] concluded that permeability results were dependent
on water-cement ratio, while Pazderka and Hajkova [5] concluded that the effect of
waterproofing admixture is negligible. With varying test methods, curing conditions and
cement types, there is no definitive consensus on the reliability of waterproofing admixtures.
There is also a lack of research into the use of PRAH along with SCM [6].

The purpose of this study was to compare the effectiveness of a commercially available
PRAH and fly ash as a fine filler and pozzolanic material on the mechanical and durability
properties of concrete. The effect of curing conditions on the aforementioned properties was
also evaluated.

3. EXPERIMENTAL SETUP

3.1 Mix Design

A total of eight concrete mixes were cast to compare the effect of a PRAH and fly ash as a
cement extender (SCM) and fine filler material, as well as curing conditions on the hardened
properties of concrete. A water content of 220l/m? was used to achieve adequate workability
characterized by a 40mm slump measurement for the crushed aggregate used, as prescribed
by Soutsos and Domone [7]. A CEM | 52.5R Portland cement (PC) reference mix with water-
cement (w/c) ratio of 0.5 and a fly ash reference mix with a water-binder (w/b) ratio of 0.5
were considered. The w/c and w/b ratios of 0.5 were selected based on ratios given by the
United States Bureau of Reclamation [8], for durability class concrete subject to exposure of
extreme severity. The fly ash mix resembled the PC mix but with 25% of the cement and 50%
of the fine aggregate portions replaced with unclassified fly ash (FA). The cement replacement
yields a CEM II-B for the fly ash mixes (SANS 50197-1:2013) [9]. As per manufacturer
recommendation, 1% by mass of cement PRAH was added to each reference mix to produce
the applicable admixture samples. Each mix was placed either in a 25°C water bath or wrapped
in plastic after casting and demoulding, to achieve water- and air-cured conditions. Locally
available materials were used and a single source of cement, aggregate and unclassified fly
ash were considered. Table 1 contains the dry materials and curing conditions of each mix.
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Table 1 Dry material compositions [kg/m3] and curing conditions

. FA Fine FA Fine Coarse Curing
Mix Cement SCM PRAH Aggregate Aggregate Aggregate Condition
BW 440 - - 907 - 911 Water
PC BA 440 - - 907 - 911 Air
BPW 440 - 4.4 904 - 911 Water
BPA 440 - 4.4 904 - 911 Air
FW 330 110 - 434 332 911 Water
EA FA 330 110 - 434 332 911 Air
FPW 330 110 4.4 432 332 911 Water
FPA 330 110 4.4 432 332 911 Air

3.2 Test Methods
Various tests were performed to evaluate the hardened properties of the mixes. Table 2
contains the properties tested, applicable standard followed and specimen dimensions.

Table 2 Testing procedures

Property Standard Specimen description
Compressive strength SANS 5863:2006*" 100 mm cubes
Self-healing effect - 100 mm cubes
Hydration of matrix - 100 mm cubes
Oxygen permeability SANS 3001-C03-2:20224

70 mm disks described in

Hn 2. [13]
Water sorptivity SANS 516-3:2009 SANS 3001-CO3-1:201512

Chloride conductivity SANS 3001-C03-3:2021014
Depth of penetration of
water under pressure

EN 12390-8:2019!*%! 150 mm cubes

Coppola et al. [16] described self-healing as the ability of the material to restore mechanical
characteristics and self-sealing as merely the ability to seal surface cracks. The seal-healing
capacity of concrete can be considered as part of its durability. Retesting the compressive
strength of the material is therefore a good measure of mechanical properties restored and
an indicator of self-healing capability as opposed to measuring crack widths which only
provide an indication of self-sealing on the surface of the material. As such, to assess the self-
healing of each of the concrete mixes, the specimen which were tested for compressive
strength at 7, 28 and 56 days were placed in water and retested 28 days after initial
compressive strength testing.

The hydration of the concrete matrix was evaluated through mass gain/loss cycles. The
mass gain/loss was determined by first leaving the samples in their allocated curing condition
for a week, and then cycling the samples between a 50°C oven and 25°C water bath each week
for 16 weeks. The samples were weighed between cycles and the mass gain/loss calculated as
a percentage of initial mass after demoulding.
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4. RESULTS AND DISCUSSION

4.1 Compressive Strength

The compressive strength of each mix was tested at 7, 28 and 56 days respectively. The
results showed PRAH was inconsequential to compressive strength and the largest difference
in strength was because of curing conditions. The air-cured samples were 13-20% weaker than
water-cured samples at 28 days. The PC mixes’ strength plateaued after 28 days, for both
curing conditions. In contrast, the FA mixes showed continued strength increase over the
testing period. This can be attributed to the spherically shaped fly ash particles which provided
improved packing density of the concrete. This filler effect, along with fly ash’s potential for
pozzolanic reaction provided additional strength, which was noticeable when comparing the
PC and FA mixes at as early as 28 days.

4.2 Self-healing Effect

The results of retesting the compressive strength of the samples originally tested at 7, 28
and 56 days are shown in Figure 1. The percentage of initial strength of the retested samples
is also shown numerically on each bar.PRAH had no noticeable effect on the self-healing of
the specimen. The fly ash mixes showed greater self-healing capacity than the PC mixes
particularly at early age initial testing. The fly ash samples originally tested on 7 days all
produced greater retested strengths. However, it should be noted that these specimens had
the weakest initial strength and therefore present high percentages of initial strength on
retesting. Nevertheless, the fly ash mixes performed at least 10% better, regardless of age and
PRAH, when compared to the PC mixes. These results can be explained by the presence of
microcracks in the samples after initial testing, which allowed water ingress while the samples
were in the water bath. Hence, the unhydrated cement within the matrix had access to
additional water to hydrate. These hydration products strengthen the matrix and
simultaneously contribute to the pozzolanic reaction of the fly ash, further increasing strength.
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Figure 1 Self-healing effects in terms of compressive strength
4.3 Hydration of Concrete Matrix
The purpose of the mass gain/loss testing was to evaluate the continued development of
hydration products or crystal growth within the concrete matrix over time. The results over
the 16-week testing period are shown in Figure 2.The different mixes experienced similar mass
gain/loss for the first 28 days after which distinction between the fly ash and PC mixes become
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increasingly evident. The mass lost with each drying cycle significantly decreased after the 4th
week for the fly ash mixes. This corresponded to the generally accepted principle that the
pozzolanic reaction of fly ash only starts after a few weeks and therefore the concrete matrix
would contain more hydration products [17]. There was no clear indication of increasing mass
because of crystal growth resulting from the addition of PRAH. The PC mixes showed marginal
increase in mass because of further hydration of the cement but were much closer to plateau
than the FA mixes. This is because CEM | cement hydrates and gains strength faster than
CEM 1I-B, cement but the reaction slows down sooner as a result. This trend correlated to the
results presented for compressive strength and self-healing effects in terms of cement

hydration and pozzolanic reaction.
2

X 14 F , & " “ —A—BW

2 / \ yay A /\ 75\ N | —o-ea

3 Y8 \ \ {\ / N7ARNY/AR BPW

— f b 1 { 4

2 1 g /f j \ \ \7/ . BPA

c \ L5/ \ LY f V4 PV

= i/l MY Y Py )¢ y 0] FW

o -2 o ? FA

@ Q FPW

© 3]

= FPA
-4

0O 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112
Time [Days]
Figure 2 Mass gain/loss with water and oven cycling
4.4 Durability According to SANS3001-CO3

The results of the oxygen permeability and chloride conductivity are presented in Figure 3
and Figure 4. The durability class ranges according to Alexander et al.[18] are shown on the
right side of each graph.

The oxygen permeability test is an assessment of the gas permeability of concrete which is
generally accepted as a durability-related property of concrete. The overall micro and macro-
structure of the concrete is evaluated through this test and it is useful to assess the
interconnectedness of the pore structure [2]. The oxygen permeability index (OPI) calculated
by this test method is plotted on a log scale and small differences are therefore significant.
Torrent and Fernandez Luco [19] stated that OPI detected the difference between binder types
as well as curing conditions. All the tested samples can be rated as ‘Excellent” according to the
durability classifications suggested by Alexander et al. [18]. The difference between curing
conditions is evident as all water-cured samples performed better than their air-cured
counterparts. The fly ash samples yielded higher OPI values than the PC samples, a result also
found by Heiyantuduwa [20]. Gas permeability is not commonly used to assess PRAH and
therefore literature on their performance is lacking. According to Figure 3, the effect of PRAH
can be marginally beneficial when combined with fly ash.

The South African chloride conductivity test is an accelerated diffusion test related to
chloride ingress into concrete. The penetration of chloride provides favourable conditions for
the corrosion of reinforcement bars. Therefore, chloride ion penetration is recognised as the
main cause of long-term deterioration of reinforced concrete structures [21]. From Figure 4 it
is apparent that the fly ash samples produced much lower chloride conductivity than the PC
samples, a finding supported by multiple authors [2, 20, 22]. Air-cured samples showed an
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increase in conductivity compared to water-cured samples. The effect of PRAH was slightly
advantageous when used along with fly ash. The water sorptivity test is a measure of rate of
absorption of the concrete. The results found in this study were variable with no clear trend
regarding binder or inclusion of PRAH. Results from literature on absorption of PRAH mixes
also vary and are contradictory [3, 4, 21, 23].
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Figure 3 Oxygen permeability index Figure 4 Chloride conductivity index

4.5 Water Depth Penetration

Water depth penetration under pressure is another test method associated with durability.
The average depth of penetration was determined for each mix based on EN 12390-
8:2019[15], however the test was conducted on mature samples - older than 80 days. This was
to permit sufficient time for any crystal growth due to inclusion of PRAH and comparatively
further cement hydration or pozzolanic reaction of the reference samples, to occur. A similar
approach was adopted by Garcia Calvo et al. [24]. Figure 5 presents the average depth of
penetration for each mix. The most notable difference in penetration depth derives from the
different curing conditions as all air-cured samples showed significantly larger penetration
depths compared to their water-cured counterparts. It should be noted that for reinforced
concrete structures with cover of 30 mm or less, the results for air cured samples are
detrimental. The performance of the water-cured samples underlines the necessity of
implementing adequate curing conditions for concrete. The inclusion of PRAH had no
significant effect on the penetration depths of the water-cured samples but reduced the
penetration depths of the PC air-cured samples to a small extent. The inclusion of fly ash
produced improved results for the air-cured samples, regardless of the presence of PRAH.
Literature reports various findings for depth of penetration for concrete with PRAH. Coppola
et al. [16] reported improved watertightness with PRAH but stated that the effects were more
prominent in poor quality concretes (w/c=0.6) and also concluded that the effectiveness of
the admixture in water-cured samples was reduced. Gojevié et al. [3] also reported reduced
water penetration with PRAH but for high w/c ratios. Conversely, Cappellesso et al. [23] found
PRAH increased water penetration. In this study the inclusion of PRAH marginally reduced the
depth of water penetration for PC air-cured samples, but the incorporation of fly ash reduced
depth of penetration to a greater extent. Neither fly ash nor admixture equalled results
obtained from water curing.
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5. CONCLUSION

The conclusions of this study are as follows:

1) The pozzolanic reactions and filler effect supplied by the fly ash in concrete had more
advantageous effects on the compressive strength, self-healing, hydration products
within the concrete matrix, oxygen permeability and chloride conductivity when
compared to concrete containing PRAH.

2) The inclusion of fly ash was more effective in reducing depth of water penetration of
concrete when compared to PRAH for air-cured samples.

3) The effects of curing conditions were clearly seen in strength and durability testing.
Water-curing produced superior results compared to air-curing.

The conclusions of this study indicated that improved durability for gaseous and ionic
environments can be achieved through the inclusion of fly ash as SCM and fine filler. However,
the best durability results derive from adequate water curing.
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Abstract

Construction and demolition waste is a significant environmental problem worldwide, with
58% of the 4.48 million tons of such waste ending up in landfills as reported by SAWICin 2017.
To mitigate this issue, this project aims to investigate the feasibility of incorporating 50%
recycled clay masonry rubble bricks (CMRB) in place of natural fine aggregate in concrete,
thereby reducing the environmental impact of construction waste. The study encompassed
casting 84 100mm cubes utilising natural fine Andesite aggregate and 84 100mm cubes,
replacing 50% of the fine aggregate with recycled CMRB. The cubes were cast using 14mm
Andesite coarse aggregates and a water-to-binder ratio of 0.6. The compressive strength and
durability properties (with respect to oxygen permeability, water sorptivity and chloride
conductivity) were assessed at three ages, 28, 56 and 90 days. The results revealed that the
incorporation of CMRB as fine aggregates in concrete reduced workability, but positively
influenced the mechanical and durability properties of the 50% CMRB concrete mix. The
improved properties can primarily be attributed to the calcinated clay present in the crushed
recycled clay masonry rubble bricks, which exhibits pozzolanic behaviour. These findings
suggest that using recycled clay masonry rubble bricks as a replacement for natural fine
aggregate in concrete can lead to a reduction in environmental impact while also improving
concrete properties.

Keywords: recycled clay masonry rubble bricks (CMRB); fine aggregates; compressive
strength; durability.

1. INTRODUCTION

Construction and Demolition (C&D) waste refers to waste generated from the construction,
remodelling, repair, and demolition of structures. C&D waste is a major contributor to
environmental degradation and pollution, as well as occupying landfill space due to its non-
biodegradable nature [1]. To address these issues, there is increasing pressure to find
sustainable solutions, such as recycling C&D waste as fine aggregate in concrete [2]. Previous
research has shown that incorporating recycled masonry rubble in concrete can enhance its
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compressive strength and durability in the short term, up to 28 days [3]. This study aimed to
evaluate the mechanical and durability properties of finely recycled masonry clay rubble bricks
as a replacement for natural fine aggregate in concrete, over a longer period of time. The
objective was to reduce waste generation and the demand for natural fine aggregate while
also determining the long-term performance of concrete with recycled clay masonry rubble
bricks as fine aggregates.

2. MATERIALS AND TEST METHODS
2.1. CMRSB as Fine Aggregates Replacement

The CMRB aggregates used in this study were obtained from clay masonry bricks collected
from a construction site located at The University of the Witwatersrand. Unfortunately, the
composition and age of the brickwork remain unknown. Prior to crushing the bricks, excess
mortar and paint (physical impurities) were removed from the CMRB using a hammer and
chisel. The CMRB were then mechanically crushed to produce particle size and grading
characteristics that closely matched those of the control fine Andesite aggregates utilized in
this study. A grading profile, depicted in Figure 1, was used to determine the amount of
masonry rubble aggregate required to achieve a grading profile that was comparable to the
one produced using natural fine Andesite aggregate, as described in SANS 1083 [4], in terms
of fraction size and mass.
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Figure 1: Grading profile for natural fine Andesite aggregate

Cumulative % passing sieve

2.2. Concrete Mix Design

Two concrete mixes were designed with a w/b ratio of 0.6, with one mix having 0% CMRB
aggregate replacement and the other having 50% CMRB aggregate replacement. Table 1
provides a summary of the details of these mix designs.
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Table 1: Concrete proportions in kg/m3

Constituents 0% CMRB 50% CMRB
PC (CEM 152.5R) 251 251

Fly Ash (FA) 107 107
Andesite stone content 761 761
Andesite sand content 1077 538.5
CMRB sand content 0 538.5
Water 215 215
Admixture (Superplasticiser) 0 1.25

2.3. Testing Approach

i. Slump tests
To measure the workability of fresh concrete, slump tests were conducted in line with SANS
5862-1:2006 [5].

ii. Compressive strength tests
100 mm concrete cubes samples were prepared, water cured and tested in accordance with
SANS:5863[6]. The cubes were loaded using a cube machine which had a maximum loading
capacity of 2 000 KN. The compressive strength of the concretes was determined at 28, 56 and
90 days after casting.

iii. Durability test
Three durability index (DI) tests namely the oxygen permeability, water sorptivity and chloride
conductivity tests were performed. These tests measure the resistance of the cover concrete
to the transportation of ions and fluids through the concrete thus affecting deterioration. The
tests produce reliable indices for the characterization of concretes.
The DI test specimens were prepared in accordance with SANS 3001: CO3-1 [7]. The oxygen
permeability index (OPI) test was conducted according to SANS:3001-CO3-2 [8]. The water
sorptivity test was conducted in accordance with the Durability Index Manual [9]. The chloride
conductivity test was conducted according to SANS:3001-C0O3-3[10].

3. RESULTS AND DISCUSSION

The investigation into the mechanical and durability properties of concrete made using CMRB
as fine aggregates was conducted over a period of three months. The results are outlined and
further discussed below.

3.1. Slump Test

The slump tests results in Figure. 2, showed that the use of CMBR resulted in a decrease in the
workability of the concrete.
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Figure 2: Slump results for concrete made using 0, 50% CMRB as fine aggregate.

The slump results for 0% and 50% CMRB were 85 mm and 25 mm respectively, as shown in
the figure above. The high porosity of the rubble can be attributed to the absorption of some
of the mixing water leading to the decrease in the workability, hence a decrease in

slump [11].

3.2. Compression Strength

In general, the compressive strength is observed to increase with the incorporation of fine
CMRB aggregates, for all three testing ages as seen in Figure 3.
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Figure 3: Compressive strength of concrete made using 0, 50% CMRB as fine aggregates at 28, 56 and 90 days.

At ages 28, 56, and 90 days, the compressive strengths of 50% CMRB were 53.5, 54.5, and 59.2
MPa respectively. In comparison, the compressive strengths of 0% CMRB at the same ages
were 37.9, 46.8, and 48.1 MPa respectively. After 28 days, the average compressive strength
of the replacement mix was found to be 41.2% higher than that of the control mix. This
difference was further observed to be 16.5% and 23% at ages 56 and 90 days, respectively.
The findings indicate that the 50% CMRB mix, which is a blend of 50% recycled CMRB and 50%
fine Andesite aggregates, exhibited higher compressive strength compared to the control mix
consisting of 100% fine Andesite aggregates.

The observed increase in strength can be primarily attributed to the calcinated clay present in
the crushed recycled clay masonry rubble bricks, which exhibit pozzolanic behaviour [12].
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3.3. Durability Index Testing

The durability of concrete can be measured by the oxygen permeability index, water sorptivity
and porosity, and chloride conductivity tests. All three durability indices were obtained to
determine the overall durability of concrete incorporating fine CMRB aggregates.

3.3.1. Oxygen permeability index

The Oxygen Permeability Index (OPI) is indirectly proportional to permeability. The value of
OPl indicates the resistance of a given concrete to the ingress of gases. A high value of the OPI
corresponds to a high resistance to gaseous ingress.
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Figure 4: OPI for concrete made using 0 and 50 % CMRB as fine aggregates at 28, 56 and 90 days.

At ages 28, 56, and 90 days, the OPI for 50% CMRB were 12.8, 12.3, and 13.3 respectively. In
comparison, the OPI for 0% CMRB at the same ages were 12.3, 12.5, and 12.7 respectively.
Figure 4 displays a general trend where the OPI value increases with the incorporation of fine
CMBR aggregates at 28 and 90 days. However, at 56 days, the replacement mix showed a
lower OPI value compared to the control mix, which can be regarded as an outlier. The
increase in permeability can be attributed to the pozzolanic reactivity of the crushed recycled
clay masonry rubble bricks, resulting in the formation of cementitious hydration products [13].

3.3.2. Water sorptivity index

Ingress of moisture in concrete by capillary suction is obtained using this index. A higher value
of WSl implies a decreased resistance to the ingress of liquids in a given concrete specimen.
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Figure 5: Water sorptivity for concrete made using 0 and 50 % CMRB as fine aggregates at 28, 56 and 90 days.

At ages 28, 56, and 90 days, the WSI for 50% CMRB were 5.4, 6.6, and 8.3mm/\/h respectively.
In comparison, the WSI for 0% CMRB at the same ages were 6.4, 6.2, and 7.23mm/\/h
respectively. Figure 5 indicates that the 50% CMBR mix exhibited a higher WSl value at 56 and
90 days compared to the control mix. This can be attributed to the porous nature of the fine
CMBR aggregates, resulting in a higher absorption of moisture.

3.3.3. Chloride conductivity index

Chloride Conductivity Index (CCl) indicates the resistance of concrete to the ingress of
chloride. A higher CCl value suggests a decreased resistance to chloride ingress.
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Figure 6: Chloride Conductivity for concrete made using 0 and 50 % CMRB as fine aggregates at 28, 56 and 90 days.

At ages 28, 56, and 90 days, the CCI for 50% CMRB were 0.18, 0.22, and 0.31mS/cm
respectively. In comparison, the CCI for 0% CMRB at the same ages were 0.51, 0.33, and
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0.79mS/cm respectively. The results of the chloride conductivity tests showed that the
replacement mix exhibited greater resistance to chloride penetration than the control mix at
28, 56, and 90-day ages. At 28 days, the replacement mix was approximately 65% better than
the control mix, whereas at 56 and 90 days, the percentage difference was found to be 33%
and 61%, respectively. This result may be attributed to the presence of a clay mineral, such as
kaolinite, in the masonry bricks used during production. This mineral is known to bind with
chloride ions, forming stable compounds that effectively reduce the amount of chloride ions
that can penetrate the concrete [14].

4. CONCLUSION

The effects of replacing fine Andesite aggregate with fine CMRB aggregate on the mechanical
and durability properties of concrete was assessed in this study. Two concrete mixes were
investigated: 0% CMRB (the control mix) and 50% CMRB (the replacement mix). The properties
tested include workability, compressive strength, and South African durability index of each
concrete mix produced. The results are summarised below:

e The slump test results obtained indicate that the incorporation of fine CMRB aggregates
in the concrete mixture reduced its workability. The high porosity of the rubble can be
attributed to the absorption of some of the mixing water leading to the decrease in the
workability.

e The compressive strength is observed to increase with the incorporation of fine CMRB
aggregates, for all three testing ages. This result is attributed to the calcinated clay
present in the crushed recycled clay masonry rubble bricks, which exhibit pozzolanic
behaviour.

e For both the 0 and 50 % CMRB mixes, three durability indices were assessed. OPI results
revealed a general trend where the OPI value increases with the incorporation of fine
CMBR aggregates at 28 and 90 days. The increase in permeability can be attributed to the
pozzolanic reactivity of the crushed recycled clay masonry rubble bricks, resulting in the
formation of additional cementitious hydration products.

e WSl indicates that the 50% CMBR mix exhibited a higher WSI value at 56 and 90 days
compared to the control mix. This can be attributed to the porous nature of the fine CMBR
aggregates, resulting in a higher absorption of moisture.

e The CCl tests yielded conclusive results in which the 50% CMBR had the lower CCl values
at all three testing ages compared to the control mix. These results may be attributed to
the presence of a clay mineral, which is known to bind with chloride ions, forming stable
compounds that effectively reduce the amount of chloride ions that can penetrate the
concrete.

In summary, the results suggest that recycled CMBR has the potential to be used as a

substitute for natural fine Andesite aggregates in concrete. However, further testing is

necessary to assess the long-term mechanical properties of the concrete incorporating 50%

CMBR, such as shrinkage and creep.
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Abstract

Stable foamed concrete (FC) is formed by mixing pre-formed foam into a mortar base mix.
For foam stability in normal FC, Kearsley and Mostert [1] indicated, using a modified hydraulic
turntable test, that the base mix of normal FC requires a spreadability between 220 — 250 mm.
Cho et al. [2], with the aim of 3D printing FC, showed that with the inclusion of nano-silica (nS)
and calcium aluminate cement (CSA) a smaller base mix spreadability (<180mm) can be
utilised. In this paper, foam stability in foamed alkali-activated material (F-AAM) with a target
spreadability in the range of 220 — 235 mm is investigated. AAM is produced using cement-
less binder, filler, and alkaline activator (AA). The effect of activator concentration is evaluated
by producing mixes with varying AA concentrations. AAM spreadability is assessed using a
modified hydraulic turntable test [1,2]. Foam stability is tested gravimetrically by filling a
standard 100 mm cube mould and determining the density ratio.

Study results indicate that higher spreadability is associated with increased AA solution and
less sand content. Based on isolated cases of material attaining stability, it can be concluded
that stability does exist for the material for certain density ratios, despite a scattered data set.

Keywords: Foam concrete, Alkali-Activated Materials, Foam Stability, Spreadability

1. INTRODUCTION

One of the goals of sustainable development is climate action which has been threatened
by the high levels of carbon dioxide (CO;) emissions generated on the planet. The construction
industry is one of the main contributors to CO; emissions, as CO; is a by-product of cement
production [3]. This pitfall in construction has paved the way for environmentally friendly
concrete such as geopolymer concrete. This type of cementitious material has provided the
construction industry with a sustainable alternative to cement-containing concrete.
Geopolymer concrete typically uses binders such as Fly Ash (FA), Ground Granulated Corex
Slag (GGCS) and silica fume (SF) to eliminate the use of Ordinary Portland cement (OPC) [4,5].
Since AAMs are by-products of existing industrial processes, geopolymer concrete production
forms part of the circular economy of construction.

The binders utilised in geopolymers are termed alkali-activated materials (AAMs) as they
start chemically reacting once the binder encounters an alkali activator (AA), therefore
geopolymerisation occurs. Common AA includes sodium hydroxide (SH), sodium silicate (SS)
and calcium hydroxide (CH) [5]. Geopolymers are often distinguished between one-part and
two-part geopolymers. The latter is the more conventional geopolymer type with superior
mechanical properties [6, 7]. Two-part geopolymers are produced in a mix where the AAis in
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solution form and mixed with a solid AAM. While in one-part geopolymers, a solid form of AA
and AAM are mixed with just water to activate the mix. One-part geopolymers have been
recognized by researchers for their applicability to much larger-scale production and potential
in-situ casting [8].

Foamed concrete (FC) is a lightweight concrete (LWC) that can be designed to use high
volumes of FA. The material is made by adding preformed foam to a mortar base mix, designed
in a specific range of water content and consistency, that does not cause the foam to degrade.
Kearsley and Mostert [1] determined that for FC with high FA replacement, a spreadability
between 220 — 250 mm was the optimal range for mixed water content and subsequently,
foam stability. In their study into 3D printable foam concrete, Cho [2] investigated a spread
range of 180 — 220 mm and found stability at a spreadability of 180 mm. Researchers agree
on FC's viability as a construction material, especially in non-structural applications and can
be designed for densities between 400 and 1600 kg/m?3 [9].

This study aims to develop stable F-AAM by investigating foam stability in AAM with
spreadability ranging from 220 - 235 mm. Literature indicates that F-AAM’s vulnerability to
collapse lies in its foam stability, which is affected by different factors [10, 11]. Factors include
base mix composition and consistency which are assessed as spreadability using a hydraulic
turntable test. This study investigates the effect of an SH and SS as an AA on the stability of a
two-part F-AAM.

2. MIX DESIGN AND EXPERIMENTAL TESTING

2.1 Materials and Mix Design Methodology

In its basic form, F-AAM is composed of three components: binder material, alkali-activated
solution, and foam. The binder material used in this investigation consists of locally sourced
low calcium Class-F FA and GGCS with relative density 2.37 and 2.65, respectively. Their
chemical compositions are shown in Table 1.

Graded fine silica sand with a maximum particle size of 0.6 mm and relative density of 2.65
was utilised to investigate the effect of sand on plain F-AAM. Additionally, 6 mm
polypropylene (PP) fibres with a relative density of 0.91 were used as fibre reinforcement for
F-AAM.

Table 1: Percentage of the chemical composition of FA and GGCS [12]

SiO; Al;O3 Fe,0s3 Cao MgO K20 Na.O Ti.O
Fly Ash 54.1 31.8 3.2 4.9 1.2 0.8 0.4 1.7
GGCS 31.8 14.5 13 36.5 11.7 0.6 0.1 0.5

AA solution comprising of a SS solution and SH pellets is utilised. The SS has a molar ratio
of 2 and a relative density of 2.34. The SH is of 99% purity and has a relative density of 1.15. A
hydrolysed protein-based foaming agent, FoamTech, was used to produce the pre-formed
foam, with a relative density of 0.075 + 0.005, by diluting it with water and ferrous sulphate
at 1:40 and 1:80 ratios, respectively.
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The mix design of F-AAM is formulated using mass and volume balance. The approach is
adapted from McCormick [13] and Kearsley and Mostert [1] where the total mass (m;,;) of
the mix constituents is equated to the design target density (p,,) and expressing the mix
constituents as a ratio to the main binder. The volume of the total (V;,;) mix is then set to
1000 litres. In this investigation, FA is used as the unknown parameter, x, and all other
constituents are determined as a ratio of FA, see equations (1) and (2).

n
Mot = P = X 1+Z(a+b)i + sh + ss + RD;V (1)
i=0
n
Vi = 1000 = | — +Z(b+k) L L (2)
tor = 1000 =¥ rp, * 2O TR R TV
i=
Where
n n
z b; = (w/s) (1 + Z al>
=0 i=0

n
sh = (x x » by x M Mr) /(1000 * 99%)
i=0
an

'_% dn

M=
=
I
|&

a; represents the mass ratio of a mix constituent to fly ash and in the case of n=2, a,, a;
and a, refers to the GGCS, sand and fibre mass ratio, respectively. g; is the relative density of
each mix constituent, thus making k; the volume of each constituent. ‘sh” and RDy,, refer to
the mass and relative density of SH, respectively. ‘ss’ and RDg refer to the mass and relative
density of SS, respectively. M and Mr refer to the molarity and molar mass of SH, respectively.
RD¢ and V; refer to the relative density and volume of foam in the mix.

2.2 Mix Design Methodology

In this investigation, 18 F-AAM mixes were designed using Equations (1) and (2) and are
presented in Tables 2 and 3. For each mix design, AA was prepared by dissolving the required
mass of SH in potable tap water and mixed with the aqueous SS solution. Thereafter the
solution was left to cool down in a climate-controlled room for 24 hours. For each AA solution,
an alkaline ratio (AR) of 1.5, 2.0 or 2.5 was chosen in combination with an SH molarity of 8M,
10M or 12M. For mixing, the dry materials were weighed off and added to a 25 L pan mixer,
typically in the order of fly ash, slag, sand, and fibres, and mixed until uniform. For the mixes
with sand, the sand was added at a ratio to the total binder, either 1, 1.25 parts or 1.5 parts
to 1 part binder. Fibres were added as a percentage of the total volume of the mix (VF = 0.3%,
0.5% and 1%). The activator solution was then added to form the base mix (geopolymer) and
mixed until homogeneous. The spreadability of the base mix was then determined using the
modified hydraulic turntable test, described in Section 2.2, and accepted if a spread in the
range of 220 — 235 mm was obtained. The water content of the base mix with a spread value
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outside the optimum range was adjusted accordingly — by adding water if the spread was
under 220 mm. The pre-formed foam was generated using a foaming agent, ferrous sulphate,
and water in the foam generator shown in Figure 1 was added to accepted mixes and mixed
for a further 5 minutes.

Figure 1: Foam generator

Table 2: F-AAM Mix design [kg/m?3] - Binder-only mixes investigating the effects and SH
molarity, grouped by alkaline ratios.

AR=1.5 AR=2.0 AR=2.5
8M | 10M | 12M 8M oM | 12M | 8M | 10M | 12M
FA 639 | 487 607 609 497 512 | 539 | 557 622
GGCS | 426 | 325 406 406 332 341 | 360 | 372 414
Water | 172 | 285 164 184 251 216 | 225 | 187 126
SH 55 115 79 59 100 104 73 75 60
SS 83 172 118 118 201 207 | 182 | 188 151
Foam | 24 17 24 24 19 20 21 23 26

Table 3: F-AAM Mix design [kg/m?3] - Mixes investigating the effects of sand and fibre.

AR=2.0 AR=2.5 AR=2.5
s/b s/b VF

1 1.25 15 1 1.25 1.5 0.3% | 0.5% 1%
FA 223 197 178 | 310 277 249 197 197 167
GGCS | 148 132 119 | 208 185 166 131 131 112
Sand 371 412 444 | 518 575 621 492 491 420
Fibres 0 0 0 0 0 0 3 5 9
Water | 260 259 260 | 126 126 125 207 207 251
SH 126 126 126 60 60 60 100 100 121
SS 252 251 252 | 151 151 151 250 250 301
Foam 18 18 18 27 27 27 21 21 18
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2.3 Experimental Testing

As suggested by Kearsley and Mostert [1], the hydraulic turntable test evaluates the spread
diameter using a Flow table test for hydraulic cement. An experiment was conducted using a
mini-slump cone filled with fresh mortar. The spread diameter was taken as the average
measured diameter in two directions perpendicular to each other. As prescribed by
ASTM C-1437 Standard test method for flow of hydraulic cement mortar, the diameter
measurements were taken after the cone was filled with the fresh geopolymer base mix and
dropped 15 times from a height of 12.7 mm.

In addition to completing the hydraulic turntable tests on the AAM, the measured fresh
density of the mix was calculated as in equation (3), with the density ratio then computed

using equation (4). The density ratio is considered stable in the range of 0.98 - 1.02.
Fresh density = M/V = (mass of fresh concrete)/0.001

Density Ratio = (Fresh Density) /(Target Density)

3. RESULTS AND DISCUSSION
To quantify stability, various mix design types were investigated as listed in Tables 2 and 3.
Since density is not under investigation, a target density of 1400 kg/m3 was kept constant

throughout.

3.1 Effect of Mix Constituents on the Water Demand

Figure 3 shows the influence of mix constituents on water demand on the mixes. The water
demand (adjusted w/s) is determined as a sum of the design w/s and additional water added
to mixes with a spread less than 220 mm.

(3)

(4)

mARL.5 AR2.0 mAR2.5 EAR2 = AR2.5
0,8 0,8
» <
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Figure 3: Effect on the water to solids ratio by a) SH molarity, b) Sand c) Fibre
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According to Figure 3(a), an increase in AR results in an increase in the water demand of a
mix. Increasing AR results in a decrease in water demand in 10M mixes, while there is no trend
in 12M samples. A comparison of AR1.5 and AR2.5 across molarities does not show a linear
relationship; however, for AR2, there is an increase in water demand for an increase in
molarity. By the mix design equations, the activator content is proportional to the water
demand of the mix. Therefore, an increase in activator content (AR) or activator concentration
(molarity) will increase water demand.

The influence of sand content on the water demand of the mixes shows that water demand
decreases with an increase in the sand. AR2.5 uses much less water in its mixes than AR2.
Furthermore, fibre content affects water demand proportionally: an increase in fibre content
causes an increase in water demand. The increase in solids, either fibres or sand, will decrease
water demand, based on mix design derivation. This trend does not apply to the fibres. This
could be due to the fibre nature but requires more research.

3.2 Effect of Activator Properties on Stability
The spreadability and fresh density ratio results are shown in Figure 4 (a) and (b). Table 2
shows that these mixes consist of binder material, activator, and foam only.

mAR1.5 mAR2.0 mAR2S5 EAR1.5 mAR2.0 mAR2.5
€ 1,2
£ 260
— o
[J] =}
£ 240 511
§ z
T 220 I a1
£, IN LN I :
()
5;_ 200 0,9
8 10 12 8 10 12
a) SH Molarity (M) b) SH Molarity (M)

Figure 4: Graphs showing a) Spreadability - and b) Density Ratio with molarity.

Figure 4(a) shows that for an SH molarity of 8M, an increase in the AR results in a slight
decrease in spread diameter. Conversely, for 10M and 12M, an increase in the AR results in
an increase in spread diameter. Therefore, a mix with higher SH, and an increase in AR results
in more consistency and spread. The spread diameter was expected to increase with AA
concentration, to result in a much more flowable fresh mix, agreeing with the 10M and 12M
mix trends.

For the density ratio, Figure 4(b), there is no trend between molarity and density ratio. For
8M mixes, AR1.5 and AR2 were within the suitable range. The 10 M mixes highly exceeded the
upper limit of the suitable density ratio range but that was expected as the spreadability was
out of the desired range. There is no trend for the 12M mixes. Thus, more research is required
to determine the exact relationship between molarity and stability.

3.3 Effect of Sand on Stability
Figure 5 highlights the effect of sand to binder ratio (s/b) on foam stability. Only mixes with
AR of 2.0 and 2.5 were selected to include sand as shown in Table 3.
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Figure 5: Effect of sand on stability parameters

In Figure 5(a), the AR2.5 mixes were in the required spreadability range, whereas the AR2
mix with an s/b of 1.5 had a spread above 250 mm. Based on Figure 3(b), an increase in sand
content decreases the water demand, thus decreasing spreadability. From Figure 5(b) it is
observed that AR2.5 mixes have density ratios close to 1, showing stability. However, for AR2
more frequent instability is noted. A contrasting relationship regarding density ratio and sand
addition between mixes with an AR of 2 and 2.5 exists. In mixes with AR2, an increase in sand
content results in improved stability whereas, in mixes with AR2.5 results in more instability.

3.4 Effect of Fibre Inclusion on Stability
Figure 6 shows the effect of fibre volume (VF) on spread diameter and density ratio.
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Figure 6: Effect of fibres on stability parameters

In Figure 6 (a), there is an increase in spreadability with an increase in VF between plain F-
AAM and up to 0.5% fibre-reinforced F-AAM. Between 0.5% and 1% fibre-reinforced F-AAM,
spreadability decreases. Typically, increasing fibre content would stiffen the fresh mix, thus
decreasing the spread diameter. Thus, spreadability decreasing with an increase in dry
materials is plausible.

The increase in spreadability with fibre could be attributed to the fibre property, but more
research is encouraged to ascertain the true effect of fibre addition in the F-AAM fresh state.
Figure 6 (b) shows that fibre inclusion increases the instability in the F-AAM mixes by
decreasing the density ratio. Density ratios below 1 are recorded for VF. No trend between
fibre volume inclusion and stability is observed.
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4. CONCLUSION
The effect of varying AA solutions on foam stability in F-AAM mixes designed with low
calcium FA, GGCS, sand, and fibres with spreadability values ranging from 220-250 mm was
evaluated using modified hydraulic turntable and gravimetric stability tests. The purpose of
this study was to correlate spreadability with stability by comparing mixes with spreadability
of 220-235 mm with density ratios of 0.98 - 1.02. Based on the results the following
conclusions can be drawn:
i. An increase in AAs and sand content decreases the water demand and
spreadability. Further research is needed to determine the effects of fibre content.
ii. An increase in molarity results in improved stability in AR2.5 mixes, in contrast to
AR2, where it leads to instability.
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Abstract

Three-dimensional printed concrete (3DPC) is becoming a growing alternative to traditional
construction practices. In recent years this novel technique has been developed into practical
construction applications, including structures such as facade panels, bridges, houses, and
office buildings. Despite the considerable endeavours of academia and industry towards the
advancement of 3DPC practices, existing knowledge on the structural behaviour of 3DPC in
fire is limited. The structural performance of non-loadbearing 3DPC cavity walls were reported
in this paper using appropriate numerical uncoupled thermo-mechanical models. The aim of
this work is to conceptualise both thermal performance and thermally induced stresses in
3DPC walls exposed to elevated temperatures. Using free-body diagrams of typical 3DPC walls
to evaluate numerical results, it is shown that significant internal stresses can develop, which
are likely to cause extensive cracking with vertical cracking (perpendicular to printed concrete
layers) being dominant rather than horizontal cracking, as may be expected.

Keywords: 3D-printed concrete; finite element modelling; fire performance; structural
damage; standard fire.

1. INTRODUCTION

In comparison to other global industries, the construction sector has been slower to adopt
new technologies [1]. Faced with skill scarcity, an expanding number of projects, and the need
to limit its environmental impact, the construction industry is progressing to automation to
improve productivity, cost efficiency, and reduce material waste. Automation revolutions,
such as 3D printing, can transform the construction industry. Due to the novelty of 3DPC,
limited research has been compiled regarding the structural behaviour of 3DPC in a fire.
Therefore, this paper intends to develop an understanding of the behaviour in common wall
configurations of 3DPC in a fire. The study serves as an important first step in guiding future
research and identifying potential modes of failure that must be investigated through full-
scale furnace testing and will potentially need design solutions developed for them.
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2. THERMAL AND MECHANICAL PROPERTIES OF 3DPC

Thermal finite element analysis of 3DPC elements is reliant on the key influencing
characteristics of the material's temperature-dependent thermal properties [2]. The thermal
conductivity, specific heat, and relative density variations with elevated temperature govern
the thermal behaviour of a material. The Eurocode for the design of concrete in fire, EN 1992-
1-2 [3], provides the thermal properties at elevated temperatures for traditional concrete
materials. Suntharalingam et al [4] showed an almost equivalent relationship between the
proposed thermal properties of 3DPC and EN-1992-1-2 properties at elevated temperatures,
which was used in this study to develop the finite element model. It is beneficial that
preliminary research indicates that new thermal models for 3DPC materials do not need to be
developed, although details regarding mechanical resistance require further research.

The mechanical properties of 3DPC samples (compressive, and flexural tensile strength) are
significantly influenced by the bonding behaviour at the interlayers of the 3DPC [5]. A
comparative study of various authors [6-10] was conducted in to consider a range of
mechanical properties to consider for this study. The peak compressive stress assumed in this
study is 40 MPa with a maximum flexural strength of 4 MPa. The density of the 3DPC at
ambient temperature is assumed to be 2300 kg/m3. The study considered isotropic material
to allow a preliminary investigation of the behaviour. However, 3DPC anisotropic should be
included in future work, as it will influence the maximum stresses than can be achieved in
each direction, especially between layers. Despite this limitation, the study clearly highlights
the susceptibility of fire-induced damage to inner layers of 3DPC wall panels.

3. DEVELOPMENT OF THE FINITE ELEMENT MODEL

In this work, a 3D finite element numerical model was developed in Abaqus [11] to evaluate
the structural response of 3DPC wall panels with various cross-sectional patterns. The study
considered non-load bearing 3DPC wall configurations and performed a decoupled heat
transfer and mechanical analysis. The numerically investigated thermo-mechanical behaviour
of the advanced wall configurations was based on the currently available geometries of 3DPC
walls in the construction industry and the cavity provisions proposed by Wang et al (2012) [12]
(Figure 1). All wall configurations are 1 000 mm high and 200 mm thick with the exposed and
unexposed panels (external strip width) kept the same width (35 mm).

A heat transfer time step with a time of 3600 seconds (60 minutes) was created for the
evaluation period, with an ISO 834 standard time-temperature used to define the exposed
face gas temperature. This duration was considered adequate to illustrate the objectives of
this work and is sufficient for the majority of buildings (such as offices, residential and
institutional buildings) , except high-rise buildings. Figure 2 shows the detailed input of the
heat transfer mechanisms that take place within a typical cross-section configuration. The
external and internal predefined temperature was set at 20°C (ambient temperature). The
time-temperature profile measured from the heat transfer analysis of all the cross-sections
are applied as predefined fields to the perspective cross-sections over a normalized time
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period in the mechanical analysis. Parameters for convection, cavity radiation and the general
configuration for heat flow are also indicated on Figure 2.
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Figure 1: Wall configurations used in this study: (Top) Benchmark Section, (A) Cross-section A
- lattice, (B) Cross-section B - truss, (C) Cross-section C - cellular, and (D) Cross-section D -
triangular (unit: mm). Dimensions shown in red indicate cavity depths.
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Figure 2: Heat transfer assumptions for the Abaqus [11] models.
4. THERMAL BEHAVIOUR OF 3DPC CAVITIES

4.1. Consideration of Fire Resistance

The fire performance of a structure or element is its ability to perform its design purpose
in the event of a fire over a specific duration. The requirements for fire resistance are stability,
integrity, and insulation. The insulation behaviour for similar wall configurations has been
thoroughly investigated by Suntharalingam et al [4], who used the unexposed panel
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temperature to investigate the insulation behaviour according to EN 1992-1-2 [3]. To satisfy
the insulation criterion the unexposed panel should not exceed an average of 140°C and 200°C
at any point on the unexposed surface.

4.2. Wall Panel Temperatures

Figure 3 depicts a comparison of the exposed surface temperatures of each cross-section
with respect to time after 60 minutes of fire exposure. A higher front surface face temperature
indicates a sample with a lower rate of heat transfer through it, i.e., it is a better insulator.
This may be either positive or negative. Samples with lower temperature gradients (i.e., that
let the heat through more rapidly) will fail fire test insulation requirements more quickly
(140°C above ambient). However, higher temperature gradients lead to higher levels of
induced thermal stresses, as the degree of thermal expansion between the front and back
face differ more greatly.

As expected, a maximum temperature of 919°Cis observed in Cross-section C (cellular) (i.e.,
close to the standard fire curve temperature of 945°C). This cellular configuration results in
lowest resultant effective conductivity, with the mechanics discussed further below. The
minimum exposed face temperature was observed in the cast solid section with a temperature
of 895°C at 60 minutes. Figure 4 depicts the unexposed surface panel of the various wall cross-
sections. It appears that the temperature curves follow an approximately exponential trend
for all cross-sections. Cross-section B (truss) produced the maximum temperature on the
unexposed surface of 43°C. All cross-sectional overall widths were kept the same to ensure
consistency and not be a governing factor in the fire performance of the wall.
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Figure 3: Exposed surface temperature for each wall configuration. No substantial
differences noted between various cross-section geometry.

YCRETS 2023 123



Heat transfer is based on the rate at which energy can flow through the system. Since
energy can either be transferred by conduction (in solid sections) or convection and radiation
(in cavities) the relative rate of heat transfer will vary. Cavity radiation is instantaneous in that
as soon as the fire-exposed side of a cavity heats up it leads to energy transfer to the far side.
However, the rate of transfer may be lower than conduction, depending on the distance
covered. For deep cavities, cavity radiation results in more rapid transfer. When there are
multiple layers of material the heat transfer mechanism sequence can be (1) conduction, (2)
cavity radiation, (3) conduction, (4) cavity radiation, and (5) conduction. However, each
intermediate layer will radiate back and transfer heat back to the fire-exposed side, leading to
reduced energy transfer through the section. Hence, there is a complex, non-linear interaction
of these factors depending on the geometry and heat transfer mechanisms, leading to some

cross-sectional shapes heating faster than others.

Cross-section B (truss) showed the lowest performance in terms of insulation due to
producing the highest temperature on the unexposed surface. This occurs as there is
effectively one line of cavities to cross (albeit the cavities change in width). Cross-section C
(Cellular) and Cross-section D (double layer triangular) displayed increased insulation
performance due to producing a relatively low temperature on the unexposed surface. It is

observed that Cross-section A (double layer lattice), Cross-section C (cellular)

and Cross-

section D (double layer triangular) had lower unexposed surface temperatures than the solid
section, and this can be attributed to the air within the cavity reducing the heat transmission

along with the thermal radiant feedback from multiple concrete lamina.

45
Cast Section
40 Cross-Section A
e Cross-Section B [MAAANA/

;6 Cross-Section C
o 35 .
5 —Cross-Section D [z88888888%
©
S
= 30
@

25

20

0 5 10 15 20 25 30 35 40 45 50
Time (Minutes)

| k PRINT IN COLOUR

60

Figure 4: Unexposed surface temperature for each wall configuration.
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All the cross-sections investigated pass the fire resistance insulation criterion of the
unexposed face, with the highest temperature (43°C = 23°C above ambient) still being
significantly below the requirement of around 140°C above ambient. Hence, from a thermal
perspective a two-hour fire rating could potentially be attained by these samples. However,
of great concern is the very high thermal gradients encountered, with changes in temperature
of almost 900°C across sections which will lead to extensive internal stresses, as will now be
discussed.

4.3. Stress-Strain Relationship of 3DPC Cavities

Due to the complex nature of the wall’s configuration geometry, the behaviour of the
stresses in 3PDC has not been extensively researched. As a first step this work proposes a
simple free-body diagram, based on fundamental mechanics, for outlining the magnitude of
stresses that might be expected during fire. Figure 5 illustrates the fundamental structural
mechanics that occurs in a typical cavity cross-section which drives cracking.
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Figure 5: Type C Cross-section, showing (a) the simple block model, (b) the temperature
profile, (c) the total strain is (d) subtracted from thermal strain and (e) indicates the complex
mechanical strain profile.
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The upper portion of the diagram indicates the cross-section (left), temperature profile (b)
(right) and how the cross-section has been simplified into three layers (a). Assuming simple
Euler-Bernoulli behaviour holds, the total strain in a cross-section will be as shown in (c).
Considering that thermal strain is approximately proportional to the temperature, the thermal
strain profile is as given in (d). The mechanical strain is the difference between the total and
thermal strains. Depending on the temperature, and material model adopted, the mechanical
stress (i.e., stress that results in structural elongations and cracking) will be approximately as
shown in diagram (e).

From this diagram we see the first onset of cracking occurring in the internal middle layer,
as depicted in Figure 5(e). Based on finite element models the time to onset of cracking ranged
from 3 minutes for Cross-section A and D to 15 minutes for Cross-section B. This was
influenced by the geometric distance from the exposed panel, resulting in the different onset
of cracking times. It is of significant concern that simple models, and a free-body diagram
based on fundamental structural mechanics, indicate that vertical cracking is likely to occur
very quickly in sections. Also, it appears that cracking will start within the sample, rather than
at the sample face, due to the thermal gradients and section geometries.

5. CONCLUSION

The work presented in this paper highlights a fundamental issue with the use of 3DPC and
the thermal behaviour associated with it. The structural mechanics occurring within the 3DPC
cavity walls are presented to illustrate the complex stress-strain relationship at elevated
temperatures. The simplified illustrations of the internal stress and strain profiles are
important for understanding why internal cracking may occur, and the predicted stress
profiles, can be applied to various cross-sections in future work to identify the onset cracking.
This is fundamentally important for post-fire damage assessment and consideration in the
design process of the structure. Further investigations and research should be conducted into
the thermal and associated mechanical behaviour of 3DPC walls. With 3DPC walls typically
having low tensile strength (i.e. no reinforcement) this aspect should be investigated to
consider whether 3DPC structures are as robust in fire as might be expected.
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Abstract

In this paper the manufacturing process of lightweight aggregate for the use in structural
concrete is discussed. A reference mixture was cast in this pilot study to give a preliminary
indication of the possibility of an ultra-lightweight structural concrete mixture. This paper
outlines the materials and procedures used to create lightweight aggregate from local waste
materials. This paper aims to indicate whether lightweight aggregates made from waste
streams can be used in structural concrete. Although the initial results from this pilot study is
promising, further research is needed to refine the properties of the lightweight aggregate.

Keywords: lightweight aggregate, lightweight concrete, manufactured aggregate, waste
recycling

1. INTRODUCTION

The environmental impact of the construction industry is large. The construction industry
was responsible for 39% of the total global yearly energy-related CO; emissions in 2018 [1].
Every effort should be made to ensure that the environmental impact of the construction
industry is reduced. Lightweight concrete can be used to reduce the environmental impact of
concrete. If the own weight of the structure is reduced the total load that the structure needs
to support is reduced, therefore elements with smaller cross sections can be used. This will
reduce the total volume of concrete used during construction and subsequently reduce the
CO2 emissions during construction.

In South-Africa 32.7% of the fly ash produced by the coal-fired power stations is recycled
[2]. Although there is an increase in recycling of glass in South-Africa only 44% of glass was
recycled in 2020 [3]. These two waste materials were used as the main components of the
lightweight aggregate proposed in this paper. The aim of this paper is to prove that these two
waste streams can be utilised to manufacture lightweight aggregates for use in structural
concrete.

2. LITERATURE REVIEW

Lightweight aggregates can be manufactured from various materials. Tuan et al. [4] used
wet sewage sludge and waste glass powder to manufacture lightweight aggregates. The effect
of sintering temperatures between 830°C and 1100°C were also analysed during the study. It
was found that an increase in sintering temperature led to an increase in bulk density of the
lightweight aggregate.
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Liu et al. [5] manufactured lightweight aggregates from waste glass and engineering muck.
Lightweight aggregate with an apparent density of 1.461 g/cm? and a single-particle crushing
strength of 20.81 MPa was manufactured. The improved mechanical properties were
attributed to the formation of diopside in the aggregates. They found that an increase in glass
content in the aggregate mixture led to an increase in diopside formation.

Li et al. [6] studied the influence of sintering temperature and dwelling time on the
characteristics of lightweight aggregates produced from sewage sludge and waste glass
powder. An increase in sintering temperature decreased the water absorption, density and
compressive strength of the particles.

Fly ash has been used as the main component of manufactured aggregates in studies
performed by various authors [7, 8].

Table 1 is a summary of different lightweight concrete mixtures made with glass
aggregates.

Table 1: Summary of different glass aggregate concrete mixtures

Reference Strength (MPa) | Density (kg/m3)
Tuan et al. [4] 49.46 1947
Yousefi et al. [9] 8.20 987
Yousefi et al. [9] 26.25 1769
Rumsys et al. [10] | 35.1 1590

The aim of this study was to determine a suitable mixture composition for producing
lightweight aggregate from local streams of waste that can be used to manufacture structural
concrete.

3. EXPERIMENTAL SETUP

The lightweight aggregate was manufactured by combining fly ash, dolomite, waste glass,
kaolin clay, water and sodium metasilicate pentahydrate (Na;SiO3-5H,0) in different
proportions. The fly ash and waste glass are local waste materials included in the aggregate
mixture for strength purposes. The kaolin clay (also a local waste material from the Taaifontein
kaolin deposit) was included to aid with the formation of the aggregate balls. The dolomite
and Na3Si03-5H,0 were included in the aggregate mixture to assist with the formation of voids
in the aggregate once the heating cycle commenced. Water was used during the
manufacturing process to form the aggregate balls and for all aggregate mixtures 20% by mass
was used.

Firstly, the optimal proportion of fly ash, waste glass and dolomite were determined. This
was done with a design of experiments setup to vary all three variables simultaneously. The
mass ratio of glass and fly ash to kaolin clay and dolomite was kept constant at 80:20. The
dolomite % was varied between 0% and 10% of the total weight of the lightweight aggregate.
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Within the glass and fly ash portion, the ratio of glass to fly ash was varied from 0:100 to 100:0.
This method yielded aggregate mixtures named Mix 1 to Mix 9 as shown in Figure 1.
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Figure 1: Design of experiments

The results from the initial design were analysed and it was determined that the optimal
ratio of glass to fly ash is 85.36:14.64, but that the optimal dolomite percentage was not
reached. For Mix 10 to Mix 12 this optimal glass to fly ash ratio was used and the percentage
dolomite was increased with the same amount as for Mix 3 and Mix 8. Subsequently the
percentage kaolin clay used was decreased. For Mix 11 and Mix 12 the percentage of kaolin
clay used could not be decreased further. The same amount of kaolin clay as in Mix 10 was
used for these two mixes and the mass ratios of glass and fly ash to kaolin clay and dolomite
were changed to 72.93:27.07 and 65.86:34.14 respectively. The results from Mix 10 to Mix 12
were analysed and Mix 10 had the optimal percentage dolomite. Mix 10 was then used as the
basis for the design of Mix 13 to Mix 17. In these mixes up to 15% in weight of Na,SiO3-5H,0
was added in steps of 3%. Na,SiO3-5H,0 was used as glass replacement.

3.1 Lightweight Aggregate Manufacturing Process

All the mixtures were manufactured using the same procedure. The waste glass,
Na,SiO3-5H,;0 and dolomite was milled in a ball mill whereafter it was sieved through a 150
um sieve. All the dry constituents of the mixtures were pre-mixed in a disc granulator for a
period of two minutes to ensure homogeneity. The disc granulator was set to rotate at 50
rotations per minute and was placed at an angle of 35° with respect to the horizontal. Water
was added using a spray bottle. All mixtures were heated to 100°C for 2 hours whereafter it
was heated to 850°C at a heating rate of 999°C/hr and kept there of 1 hour. The vents of the
oven were then opened to allow the oven to gradually cool down. The lightweight aggregates
were removed from the oven the following day once the oven had cooled to room
temperature.

3.2 Lightweight Aggregate Testing Procedure

All mixtures were subjected to the same tests. Grading analysis, aggregate impact value
(AlV), moisture absorption (MA) and relative density (RD) tests were performed on all the
mixtures. AlV was chosen as the metric to determine the relative strength of the lightweight
aggregate mixtures since it requires a smaller sample size than the regularly used 10% FACT
and Aggregate Crushing Value tests. Since these lightweight aggregates are in the prototype
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phase the smaller sample size used for AlV testing is beneficial for rapid testing and iterations
[11].

The AIV tests [12], MA tests [13] and grading analyses [14] were conducted. Various RD test
methods were used. For Mix 1 to Mix 12 the wax coating method was used. For Mix 13 to Mix
17 the wax method could not be used. For these mixes the water displacement method was
used. The lightweight aggregates were weighed dry, then placed in water under 80 kPa of
pressure for 4 hours whereafter the aggregates were fully saturated and therefore they sank.

33 Concrete Testing

To determine the strength of concrete containing manufactured lightweight aggregates,
Mix 13 to Mix 17 were cast into respective concrete mixtures. A control concrete mix with
dolomite aggregate was cast. The lightweight aggregate was used as coarse aggregate
replacement due to the sizes that was manufactured and therefore all mixes contained
dolomite sand as the fine aggregate. Only compressive strength, saturated and dry density of
the mixtures were determined as this study only aimed to provide a proof of concept.

Three cubes were cast for 7-day strength testing and two for the dry density calculation.
All 5 cubes were cured in water at 25°C. After seven days of curing two cubes were placed in
an oven at 60°C for a week to dry whereafter the dry density of the concrete mix was
determined. The lightweight aggregate was placed in water 24 hours before casting to ensure
that they were saturated. The concrete mixtures are shown in Table 3. The coarse aggregate
is shown in I/m3 since the mass of the coarse aggregate varied. A water cement ratio of 0.5
and a coarse aggregate to fine aggregate ratio of 60:40 were used.

Table 2: Concrete mix design

Mix Control | Mix13 | Mix14 | Mix15 | Mix16 | Mix 17

Water (kg/m?3) 230 230 230 230 230 230
Cement (kg/m3) 460 460 460 460 460 460

Fine aggregate (kg/m?3) 713 713 713 713 713 713
Coarse aggregate (I/m?3) 374 374 374 374 374 374
Coarse aggregate (kg/m?3) 1070 370 302 252 269 307
Absorbed water (kg/m?3) 0 113 101 104 113 107
Casting density (kg/m3) 2473 1886 1806 1759 1785 1817

4, RESULTS AND DISCUSSION

4.1  Aggregate Testing

The aggregates that were manufactured were coarse and not suitable for fine aggregate
replacement. For fine aggregate replacement the size of the manufactured aggregates must
be reduced. The mean aggregate size of each aggregate mixture was 6.7 mm — 9.5 mm. The
AlV, RD and MA test results are shown in Figure 2a, b and c respectively. The AlV and MA
increased as the percentage fly ash increased and the dolomite content did not have a
considerable influence on the AIV and MA. The RD of the lightweight aggregates decreased as
the percentage fly ash and dolomite increased. As the percentage dolomite increased the RD
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of the lightweight aggregate became less dependent on the percentage fly ash. Based on these
results the dolomite content was increased as the optimal percentage dolomite was not yet
reached in the initial design. Due to the high strength of aggregates with low fly ash
compositions and the decreasing effect of the fly ash percentage on the RD as the percentage
dolomite increases, a low fly ash percentage was used for the next aggregate designs.

The AlV results of mixtures 3,8,10,11 and 12 are shown in Figure 3. There is a slight increase
in AlV as the dolomite percentage increased, but all these values are low. For comparison, the
AlV of dolomite was 13 when it was tested. The 15.62% dolomite mixture has the smallest RD.
This mixture was used as the base mixture for the mixtures where Na;SiO3-5H,0 was added
since this mixture was the lightest.

Figure 4a shows the AlV results of the mixtures containing Na;SiO3-5H,0 (Mix 13 — Mix 17).
There is a substantial increase in AlV as the percentage Na;SiO3-5H;0 increased. There is a
clear peak at 9% whereafter the AIV reduced as the percentage Na,SiOs3-5H,0 increased. In
Figure 4b the RD and MA of these mixtures are shown. The same trend in the AIV results can
be seen in the MA results. This trend coincides with the initial decrease and subsequent
increase in RD as the percentage NaSiO3-5H,0 increased. The RD increasing at higher
percentages of Na;SiO3-5H,0 can be due to the heat cycle being suboptimal.

The MA of the aggregates is highly dependent on the surface of the aggregate. Since the
aggregate is porous on the inside it absorbs significantly more water if the surface of the
aggregate is also porous. The surface porosity of the aggregates should be reduced in future
to decrease the MA of the aggregates.
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Figure 4: AIV, RD and MA results of the Na;SiO3-H,0 mixtures

4.2 Concrete Testing

Figure 5a indicates that the strength of the concrete decreased as the saturated density of
the concrete decreased. The same trend is observed if the dry density is used as shown in
Figure 5b. In both instances there is a steep decline in strength for a marginal reduction in
density among the lightweight aggregate concrete mixtures. Figure 6 illustrates that the
lightweight aggregates with the highest AIV has the lowest strength. This supports the trend
seen in Figure 5a and b. In Figure 6 the relationship between the lightweight aggregate AIV
and concrete strength is linear. Therefore, this can be used to estimate the strength of the
concrete cast with a lightweight aggregate based on the AlV of the lightweight aggregate.

In Figure 7 the strength of the concrete initially decreased as the percentage Na,SiO3-5H,0
increased, but at higher percentages Na,SiO3-5H,0 the strength of the concrete increased.
This trend coincides with the saturated density reduction and increase. This also coincides
with the trend of the AIV with increasing percentages of Na;SiO3-5H,0 seen in Figure 4a. In
Figure 8 it is shown that the strength of the concrete increased as the RD of the lightweight
aggregates increased. This is to be expected since the lightweight aggregate is the reason for
the reduction of the concrete density and therefore it will match the trends in Figure 5a and
b. In Figure 8 there is no relationship between the RD of the lightweight aggregates and the
air entrapped in the concrete mixture. Figure 9 illustrates the difference between the dry- and
saturated densities of the concrete mixtures. The dry densities of the concrete falls in the
range of structural lightweight concrete [15]. The lightweight aggregate concrete cubes failed
through the aggregates and therefore the reduction in aggregate strength caused a significant
reduction in concrete strength. The strength of the paste of the lightweight aggregate
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concrete can be reduced since the lightweight aggregate is governing the strength of the
concrete.
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5. CONCLUSIONS AND RECOMMENDATIONS

It is possible to produce lightweight aggregates that contain 67.8% South-African waste
materials that can be used in structural concrete. A high mass ratio of glass improved the
strength of the lightweight aggregates and the addition of Na,SiO3-5H,0 greatly reduced the
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RD of the lightweight aggregate. Further investigation into the concrete properties should be
done to determine if the concrete adheres to all the requirements of the structural concrete
design code. Factors influencing size of aggregates produced should be analysed. The surface
porosity of aggregates should be reduced. The concrete mixture should be optimised before
structural concrete tests are performed on the concrete. A complete cost comparison to
natural aggregates should also be done to ensure that the lightweight aggregates are
affordable. This might require further optimisation of the lightweight aggregate mixture.
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Abstract

The dam and concrete structures of Isimba Hydropower Plant were designed with 100-year
service life with focus on structural reliability and operational integrity. Isimba Hydropower
Plant (183MW) a run off river plant located in East Africa, Uganda was commissioned in March
2019 with a total defects liability period (DLP) of 4 years and has since been in operation for
3.5 Years. During the last 3.5 years of operation, numerous concrete defects manifested
within the structure and these included; seepage through concrete in the galleries, leaking
joints, washout and abrasion damage in the water ways, exposed reinforcement in water
ways, and spalling. As a result, these defects were rectified by the Contractor in accordance
with the contract as part of his obligation during DLP. The paper therefore, evaluates the
genesis of the different categories of defects experienced within the hydraulic structures of
Isimba HPP, the methodology used in rectification, challenges faced, the lessons learnt and
recommendation for minimizing similar defects in new hydropower plants. The paper further
discusses the roles of different professionals and stakeholders during DLP in ensuring delivery
of a fit for purpose structure that is in line with the 100-year design service life.

Keywords: Isimba HPP, concrete, defects, DLP, rectification, hydraulic

1. INTRODUCTION

Hydraulic structures are structures that are fully or partially submerged in water. The
essence of building hydraulic structures is to either divert, disrupt, store, or completely stop
the natural flow of water bodies. Based on the work they are designed to perform on
streamflow, hydraulic structures are categorized as water retaining structures (dams and
barrages), water-conveying structures (artificial channels), and special-purpose structures
(structures for hydropower generation or inland waterways) [1].

Like any other hydraulic structure, hydropower dams are susceptible to concrete defects
given the harsh environment they are subjected to, while in operation. The sources include;
hydrostatic pressure, abrasion, chemical attack, imposed loads, age-related deterioration and
carbonation. Neglecting to perform periodic maintenance and repairs to concrete structures
as they occur could result in failure [1]. Unlike conventional concrete for example in structures
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that only carry loads, concrete in hydropower dams is normally under extreme hydrostatic
and hydrodynamic pressure. This pressure forms part of the critical load to withstand [2].

About Isimba HPP

Isimba Hydropower Plant (HPP) is located in East Africa, Southern part of Uganda, on the Nile
River (Longest River in the world) 50km downstream of its source; Lake Victoria. With four
Kaplan turbines, the installed Capacity is 183.2MW (Figure 1). The complex constructed and
commissioned in March 2019 consists mainly of the water-retaining dam, spillway, power-
house, and the switchyard. The dam includes an earth rock fill dam on the left bank (LED),
two gravity dams (GD1 and GD2) and an earth rock fill dam on the right bank[3]. The total
volume of concrete cast was 357,020m?.

Figure 1. Arial view of Isimba HPP

2. DEFECTS LIABILITY PERIOD

According to FIDIC [4], the Defects Lability Period (DLP) is the period which commences at
works completion or a stage signified by issue of a takeover certificate or equivalent by the
contract administrator in accordance with the construction contract and continues for the
period specified in the contract. Ficken [5] acknowledges that the contractor is required to
perform construction fully in accordance with the contract documents, usually consisting of
at least plans, specifications and the building code within required time.

According to the Isimba HPP contract, during the DLP any defect found in the design,
engineering, materials and workmanship of the plant supplied or of the work executed by the
contractor was the contractor’s obligation to be corrected to meet the specification.

During Isimba HPP’s first year of Operation and Maintenance (O&M) several concrete defects
were identified by the client (UEGCL), notified to the Owner’s Engineer (OE) and consequently
addressed by the Engineering Procurement and Construction (EPC) Contractor as part of his
obligation during DLP. Therefore, this paper shall comprehensively evaluate the concrete
defects encountered and rectification during the DLP of Isimba HPP.

3. CONCRETE DEFECTS AT ISIMBA HPP

Isimba Dam structures experienced numerous concrete related defects right from
impoundment in November 2018 and they continued to manifest even after commissioning
(March 2019). According to Obiora [6] concrete defects can either manifest at the beginning
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of the early stages following loading, or later during the service life of the structure. Concrete
defects affect over 65% of all structures globally according to recent statistics [6]. These
defect normally result from poor handling methods, placing, insufficient curing, poor
workmanship and poor materials. The defects included the following;

3.1 Seepage Through Walls

The seepage was through the walls, floor and joints that were more evident in lower galleries
thatincluded EL1017 (drainage gallery) EL1024masl (grouting gallery) EL1025masl (spiral case
floor) EL 1030masl (cooling water floor) and EL1037masl (turbine pit floor).

With the dam crest at EL 1057masl| a hydrostatic pressure head of 20-40meters largely
influenced the magnitude of the leakages in the galleries (see Figure 2).

Figure 2: Concrete leakages along staircase from EL1025 and at EL1017

3.2 Damp Spot and Leakages Along Lift Joints
These were distributed across all the elevations more evident in the lower galleries (Figure 3).

Figuré 3: Damp spots and leakage along lift joints at EL1024 and EL1017

3.3  Cracks

Cracks are the most commonly seen kind of defects observed in concrete structures, and may
be due to various causes, including; overloading, drying shrinkage, and thermal stress. Cracks
are widely regarded as a long-term durability and maintenance problem because they
increase the permeability of the concrete [7]. Hairline cracks manifested in areas especially
the ones previously grouted using a wrong methodology. Cracks at EL1030 and EL1037 were
hidden since these floors were plastered and painted.
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34 Concrete Defects in Waterways (draft tube and spiral case)

These were the most critical concrete defects experienced at Isimba HPP having been
observed just after 2 years of commercial operation. They included; severe washout (Figure
4) and abrasion damage, exposed reinforcement, concrete spalling, long transverse concrete
cracks, concrete pop outs at some sections of the ceiling slab, joint leakages and damp spots
along the spiral case wall, leakage through crack seals and cavities in 2" stage concrete.

Figure 4: Severe abrasion in Unit 3 draft tube (left) and abrasion in Unit 3 spiral case(right)

3.5 Shrinkage Cracks on the Intake and Tailrace Platform

Concrete defects on tailrace and Intake platforms manifested in the form of alligator cracks
that ran horizontally and transverse across the entire platform. These cracks were categorised
as shrinkage cracks with no structural effects attributed to rapid evaporation due to
insufficient curing of the slab.

The cracks were also partly attributed to poor design due to insufficient expansion joints
provided within the slabs whose dimensions were spanning over 95metres in length and 5-
8metres wide.

4, ROOT CAUSE ANALYSIS OF THE CONCRETE DEFECTS

Laboratory tests on porosity of the cored as-built concrete sample showed a variability in
porosity values with a wide range (6.1%-17.1%) which indicated problems with quality control
during construction and possible presence of numerous pores within the structure.

Soft water attack was suspected after the first inspection of the spiral case owing to the
uniform abrasion on the walls. Whereas during the preliminary stage soft water attack was
ruled out by calculating Lingerie index, the recent developed Basson Index carried out in
September 2022 confirmed the soft water attack of River Nile water on concrete. All the total
calculated corrosion values from the samples obtained were greater than 1100 indicating a
very high aggressiveness of the water [8].

5. RECTIFICATION METHODOLOGY FOR CONCRETE DEFECTS

According to Kurt [9], the first step to increase the likelihood of a successful repair, is to
use a consistent, systematic approach to concrete repair. The recommended concrete repair
and maintenance system consists of seven basic steps:
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i. Determine the cause(s) of damage

ii. Evaluate the extent of damage

iii. Evaluate the need to repair

iv. Select the repair method and material
v. Prepare the existing concrete for repair
vi. Apply the repair method

vii. Cure the repair properly

Therefore, the above criteria laid out in [9] was used as a guiding tool while addressing the
different categories of defects.

5.1 Methodology for Leakages, Damp Spots and Wet Cracks

The methodology was onsite based, with different defects having different methodology.
Leakages along construction joints were injected with Sika 201 (polyurethane based material)
at a spacing of 300mm, 400mm depth with pressure in the pump at 8-10MPa and holes drilled
at an angle of 45° to the wall.

5.1.1 Calculation of grouting pressure

The grouting pressure (Pmax) was calculated using the as-built concrete class in the
powerhouse galleries. The design concrete strength for Isimba was C20/25 for the galleries
therefore, laboratory test results were reviewed to qualitatively obtain the strength to avoid
damage that could possibly emanate from injecting the material at high pressure.

Concrete Strength X10 25X10
Prmax = ———=——= [83Bar (1)

Therefore, 80Bar was adopted as the grouting pressure for all the Isimba structures.

5.1.2 Spacing of packers and depth
Along a dry or wet crack, packers were installed at an offset of 300mm from crack- packer and

packer- packer which was equivalent tol/z D as shown in Figure 5 where D is the thickness

of the structure. A depth of 400mm was adopted which was within the acceptable range (200-
600mm). The alternating pattern was used to ensure that the crack was intercepted, since
the location of the crack underneath the surface is usually unknown.
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Figure 5: Schematic diagram showing spacing of grouting packers
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5.1.3 Selection of polyurethane material

According to [9] cracks to be injected with polyurethane resin should not be less than
0.127mm. Sika Injection -201 CE an elastic polyurethane-based resin for permanent water
tight sealing was used throughout the grouting process, Sika injection 101Rc for temporary
water stoppage was used in few occasions in areas with high water flow. Hydrophilic based
polyurethane resin (Sika201 and 101) were specifically selected due to their rapid reaction
with water to form a permanent flexible foam that stops flow of water. This was necessary
since over 95% of the defects at Isimba HPP had damp spots.

In other areas under hydrostatic pressure with numerous leaking points, curtain grouting was
recommended that involved use of Sika 201 Injection while drilling grouting holes
perpendicular to the wall at a spacing of 300mm from each other as shown in Figure 6.

Figure 6: Curtain grouting at EL1037 and stairs to EL1017

5.2 Methodology for Areas Under Intense Hydrostatic Pressure

These were areas in which grouting was first used however, intense leakages resurfaced
within a very short time. It should be noted that polyurethane material is effective along thin
lines of water passage. In such areas channels were instead adopted to act as pressure relief
and the residue water directed to the nearby drainage channel. Since the leaking water
normally contains calcium salt deposits, regular inspection and cleaning has been included in
the maintenance routines to keep the leakage water flowing and prevent blockage.

5.3 Methodology for Concrete Defects in Units’ Spiral Cases
Concrete repair for damaged surfaces, and lift joints in unit #1 #2, #3, and #4 spiral cases was
undertaken using;

i. Sika Monotop 412S; a fiber reinforced low shrinkage repair mortar, then

ii. Sikagard 720 Epocem; an epoxy modified mortar to act as a moisture barrier and

iii. Sikagard PW; an epoxy coating with outstanding mechanical and chemical properties as

a final sealing protective coating.

These products were applied independently or combined depending on the concrete defect
as guided by the Sika technical personnel. Therefore, the coatings applied were designed to
provide an improved concrete surface, for increased resistance or performance against
specific external influences both mechanically and chemically. With only defective areas
repaired instead of the whole area (Figure 7). Recommendations have been made to line the
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entire spiral case walls with the same material in future. The same defects were observed in
the draft tubes hence a similar procedure shall be adopted before expiry of the DLP.

i e

Figure 7: Final coating of Sikagard PW in-Unit 3 spiral case

5.4 Leaking Expansion and Construction Joints

Leakages were observed on several expansion joints right after commissioning with water
through sides of the joint tapes. Old dilapidated joint tapes were removed and replaced with
Sikadur - combiflex a high performance joint sealing system that allows variable and high
levels of movement. This was bonded with sikadur epoxy to maintain the water tightness
properties.

5.5 Methodology for Shrinkage Cracks on the Intake and Tailrace Platforms

A top concrete layer of 80mm depth was removed by hacking and re-works undertaken using
Y-6 reinforcement mesh, fiber reinforced concrete of C40 grade cast and sufficiently cured for
14 days. The additional of cellulose fiber was intended to minimize possible shrinkage cracks.
Expansion joints were also introduced at an interval of 3metres to eliminate possible cracks
due to expansion and contraction.

6. ROLES OF EXPERTS AND INDEPENDENT CONSULTANTS

In countries where the Hydropower Dam Construction has not attained sufficient
experience, there is need not to only rely of written experience in manuals, it was thus
recommended to involve a panel of experts (PoE) with rich experience in dam construction
and operation. For the case of Isimba HPP in April 2016 PoE comprised of 7 members with
combined total professional experience of 300 years in dam engineering was instituted by the
client (UEGCL) to ensure international best practices on dam engineering was applied from
design to construction, operation and maintenance.

Other independent specialists included; NDT specialists independent laboratories
(determining properties of the as-built concrete properties), MIRA image experts Level 2
experts and researchers. The contribution of all the above specialists/experts in additional to
PoE was key in aiding the facility owner to make informed decisions.
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7. CHALLENGES FACED AND LESSONS LEARNT

i. Re-occurrence of defects in treated areas. Whereas chemical grouting is acceptable,
continuous grouting in the same area using polyurethane material could weaken the
concrete structure and impact on its service life.

ii. With the right methodology employed by trained professionals in concrete grouting
and repair techniques it is possible to eliminate most of the leakages.

iii. Most of the concrete related defects at Isimba emanated from deficiency in either
design or construction procedures or methodologies. This could have been eliminated
by in-depth peer review of the designs as well as following the right procedures during
the entire construction phase by all teams. For example determining aggressiveness
of water using Basson index instead of Langelier Saturation index.

iv. Periodic reviews and inspection by experts, should be maintained even during DLP to
enable comprehensive assessment of the as-built structures and provide technical
guidance to ensure delivery of a fit for purpose facility.

8. CONCLUSION

Concrete defects in a sophisticated construction like for Isimba hydro power plant can be
effectively minimised right from the design stage, following proper construction procedures
and practices, robust quality control system and use of proper methodologies for repairs
throughout the construction phase to commissioning. In practice, whereas minor damp spots
are acceptable in any hydraulic structure given concrete is not 100% water tight, it is critical
that continuous evaluation of the defects’ status is periodically ascertained to mitigate
culmination into structural deficiency and consequently failure.

Therefore, developing a long-term monitoring system for hydraulic structures that is able to
provide information for evaluating structural integrity, durability and reliability throughout
the plant’s life cycle is the most critical activity of any maintenance team to ensure optimal
maintenance planning and timely intervention.
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Abstract

Reinforcement corrosion is a serious durability problem that has been overlooked in the
management of structures, as most Bridge Management Systems (BMS) primarily rely on
visual inspection to determine the condition of bridges. The study aimed to identify
monitoring methods for Reinforced Concrete (RC) bridges affected by chloride-induced
reinforcement corrosion that can be included in the overall assessment jointly with visual
inspections in the Struman BMS. The reviewed monitoring methods were categorised into
visual inspections, Non-Destructive Testing (NDT), and remote monitoring. Monitoring
technologies have the potential to allow for the early diagnosis of problems, resulting in better
maintenance and damage prevention. They could also improve the speed and scope of
condition assessments, offer reliable and comprehensive data, and eliminate traffic
disruptions while taking measurements.

Keywords: chloride-induced reinforcement corrosion, Bridge Management System,
Reinforced Concrete bridges, monitoring methods, condition assessment

1. INTRODUCTION

Reinforcement corrosion is a major cause of deterioration in Reinforced Concrete (RC)
bridges, mainly caused by the ingress of chloride ions. This problem leads to a loss of structural
capacity, concrete degradation, and increased maintenance costs. To manage and optimize
allocated financial resources for bridge maintenance, repair, and rehabilitation, Bridge
Management Systems (BMS) have been developed and implemented in different countries
[1]. However, visual inspection remains the predominant method used in BMS to assess and
monitor the condition of structures, despite the serious impact of corrosion.

2. CURRENT CORROSION MONITORING IN SOUTH AFRICA

The Struman BMS is commonly used in Southern African Development Community (SADC)
countries. It was developed in South Africa to manage the maintenance of deteriorating
bridges with limited budgets. The system uses visual inspections to rate defects on a scale of
1 to 4, based on their Degree, Extent, Relevance, and Urgency (DERU) [2]. The DERU rating
data is used to prioritize bridges for repair and maintenance, and assessments are done every
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five years. However, there is a need for the use of appropriate monitoring systems, particularly
for reinforcement corrosion, which is a significant cause of deterioration in RC structures.

3. MONITORING OF REINFORCEMENT CORROSION

Chloride-induced reinforcement corrosion happens in three stages namely: initiation,
propagation, and acceleration. Detecting corrosion at early stages through monitoring
methods is important to prevent severe damage and reduce repair costs. Research on
technologies for the early detection of corrosion has been increasing since the 1990s, with
most publications on corrosion monitoring published in the last decade. The review focused
on visual inspection, Non-Destructive Testing (NDT), and remote corrosion monitoring
methods to evaluate reinforcement corrosion damage in RC structures, particularly bridges.

3.1 Visual Inspection

Visual inspection is a common and cost-effective method to identify corrosion on RC
bridges, but it has limitations when it comes to assessing reinforcement corrosion. This is
because defects only manifest on the surface of concrete when significant damage has already
occurred. Visual inspections do not quantify the damage or identify the effect, making it
difficult to establish effective maintenance practices to prevent advanced corrosion damage.
Additionally, visual inspections are subjective, relying on the experience and judgement of the
inspector [3]. While visual inspections still provide useful information about the condition of
bridges, they need to be complemented by other methods to address their shortcomings.

3.2 Non-destructive Corrosion Monitoring

NDT methods assess the degree, extent, and severity of deterioration in a structure without
affecting its integrity. Several types of NDT methods include electrochemical, elastic wave,
electromagnetic, and thermal methods.

3.2.1 Electrochemical methods

Electrochemical methods measure parameters such as corrosion potential, concrete
resistivity, and polarization resistance. These parameters can be measured periodically using
surface electrodes or sensors or continuously using embedded sensors. By monitoring these
parameters, the extent and severity of corrosion can be assessed, and appropriate
interventions can be taken to prevent further damage.

Half-Cell Potential (HCP) measurement involves measuring the potential difference
between two half-cells, usually a metal in its solution, and an external Reference Electrode
(RE). HCP measurements are done using surface or embedded REs, and new methods
involving climbing robots and flying drones have also been developed [4]. HCP measurements
can identify high corrosion risk before visible damage appears on the surface of the structure,
allowing for appropriate interventions to be taken at the right time. However, HCP
measurements are affected by factors, such as the availability of oxygen, cover depth, and the
composition of the pore solution, which should be considered during interpretation [4].

Electrical Resistivity (ER) affects the flow of ions and the rate of corrosion in the concrete.
ER measurements have been used to indirectly assess the quality of the concrete, chloride ion
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diffusion and degree of saturation. The Wenner Four probe is the most used device for
measuring ER [5]. ER measurements can identify high corrosion risk areas but must be used in
conjunction with other parameters such as HCP. However, ER measurements are influenced
by various factors such as moisture content, temperature, concrete composition, curing
conditions, cover depth, and probe contact during testing [4, 6]. Even though this method is
fast, non-intrusive, and does not require connection to embedded steel, it does not indicate
whether corrosion has occurred or to what extent active corrosion has occurred.

Linear Polarization Resistance (LPR) is a technique used to measure the corrosion rate of
steel by monitoring corrosion activity over time. It works by correlating the HCP of corroding
steel to the externally applied current. New technologies such as Gecor 8™ and CorroMap
simplify the measurement process by automatically evaluating and displaying data [7, 8].
These technologies are considered non-intrusive as they only require a connection to the
reinforcement without damaging the structure. The Giatec iCOR is a wireless device that can
measure corrosion rate, corrosion potential, and electrical resistivity without needing a
connection to the steel in concrete [9]. Using one device for all three parameters saves time
and reduces costs. This device also allows easy reporting, exporting, and sharing of results,
enabling fast and efficient condition assessment. However, temperature, concrete resistivity,
and relative humidity can affect the accuracy of measurements and should be considered.

3.2.2 Elastic wave methods

Elastic wave methods are used to estimate the mechanical properties and heterogeneous
characteristics of concrete. They can detect damages caused by reinforcement corrosion, such
as internal cracks, voids, delamination, and corrosion products. Examples of these methods
include Impact Echo (IE), Ultrasonic Pulse Velocity (UPV), and Acoustic Emission (AE).

The IE method is based on the propagation and reflection of elastic waves in concrete. It
works by inducing a low-frequency stress wave using a mechanical impact into the concrete,
which reflects off internal cracks, voids, or changes in material characteristics. The resulting
displacement-time curves are analysed in the frequency domain to detect anomalies. IE has
been used in several studies to detect flaws such as internal cracks, voids, and delamination,
as well as to determine the thickness of concrete elements and measure crack depth [10, 11].

The UPV method measures the propagation time of an ultrasonic pulse through concrete
to determine its properties and detect internal flaws such as cracks, voids, and delamination
caused by reinforcement corrosion [12]. Laboratory-based studies have attempted to relate
UPV measurements to reinforcement corrosion. Amplitude attenuations correlate well with
corrosion damages, while internal cracking results in wave attenuations and a decrease in
UPV. UPV measured by the first wave peak describes the reinforcement corrosion process
from the formation of corrosion products to the visibility of corrosion damage indicators on
the concrete surface [13]. Even though UPV is less reliable in detecting shallow defects, it can
estimate concrete strength, determine member thickness, and measure crack depth. Its
results are influenced by pulse attenuation, concrete composition, and aggregate sizes.

The AE method is a technique that detects elastic waves generated from localised sources
in concrete, such as internal crack growth and corrosion product generation [5]. The emitted
elastic waves are detected using AE sensors. Detecting active cracks at an early stage makes it
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suitable for long-term monitoring. AE analysis can also identify different stages of corrosion,
including corrosion onset and nucleation of corrosion-induced cracking [13, 14]. However,
there are currently no critical standards for its procedures, installation, or interpretation of
results in terms of corrosion, and it has mainly been used in laboratory settings.

3.2.3 Electromagnetic methods

The cover meter and Ground-Penetrating Radar (GPR) are electromagnetic methods used
to locate reinforcement and cover thickness. They are used to mark out the measurement grid
which is essential to other monitoring methods such as ER, HCP, and LPR. Cover meters have
been used for cover measurements because they are portable, lightweight, and easy to use.
They are also established and standardised. The ACI 357 specifies a minimal cover of at least
50 mm for RC members subjected to seawater, which applies to submerged and atmospheric-
exposed structural elements. SANS 10100-2, however, recommends a cover of 65 mm for
members in contact with seawater [15].

GPR works by emitting and receiving high-frequency electromagnetic waves that can
penetrate concrete and reflect when they encounter changes in material properties. GPR is
also used to detect other subsurface features, such as voids and delamination, which can
provide additional information about the condition of the structure [16]. This method is
usually preferred because it can cover large areas of measurement in a short time. However,
it can only be used on horizontal structural elements such as decks and slabs. Its use in
corrosion evaluation is still in progress. GPR was found useful in providing bridge condition
ratings in the BMS [16]. It can detect early reinforcement corrosion during the propagation
period; larger wave transit times and lower amplitude zones were associated with increased
chloride content and the presence of corrosion products [17, 18]. The GPR signal can thus be
associated with changes within the concrete during the corrosion process, particularly from
the formation of corrosion products to internal crack formation and propagation.

3.2.4 Thermal methods

Infrared Thermography (IRT) is a method used to detect radiation emitted from materials,
including concrete. IRT can be passive or active. Passive IRT is commonly used, where
specimens are artificially heated before testing to induce temperature differences. Defects
disrupt heat transfer, causing localised differences in surface temperature [19]. IRT is
preferred for bridge inspection and evaluation due to its high speed, reliability, accuracy, and
cost-effectiveness [20]. It can detect sub-surface defects without requiring direct access to the
element being inspected, which eliminates the need for traffic disruption and lane closures.
Its application in detecting early reinforcement corrosion is still in the development stage. IRT
has been used to detect reinforcement corrosion and delamination in RC bridges, but surface-
related and environmental factors can affect the test results [16, 21].

3.3 Remote Monitoring

Remote monitoring systems for bridges use sensors connected to a data acquisition system
and can be installed in new or existing structures. They are particularly useful for bridges that
are difficult to access for regular inspections. These systems provide data that can help with
planning and implementing required interventions to prevent premature deterioration. Six

YCRETS 2023 147



different remote monitoring systems are discussed, including their application, principle, and
parameters measured, as shown in Table 1.

Table 1: Summarized comparison of the remote monitoring systems

. ISE*
System characteristics ALS* | ERS* | MRE* | CW* | CR*
sensors
Application
Used in new structures X - X X - -
Used in existing structures - X X - X X
Principle
Anodes placed at various depths in the X X X X X -
HCP technique (measurement of anode
X X - X - X

vs cathode)
Measured corrosion parameters
Potential voltage (V) X X - X X X
Electrical current (nA) X X - X X -
Concrete resistance (kQ) X X X - - -
Temperature (°C) X X - - - -
Moisture content - - X - - -
Chloride concentrations - - - - - X

*ALS — Anode Ladder System ERS — Expansion Ring System

MRE — Multi-ring Electrode CW — CorroWatch

CR - CorroRisk ISE sensors —lon Selective Electrode sensor

3.3.1 Time to corrosion monitoring systems

Time to corrosion monitoring systems measures the time to corrosion initiation by
monitoring the ingress of aggressive agents, such as chlorides. These systems use a macrocell
reinforcement corrosion approach and involve the measurement of current flow between
separate anode and cathode areas [22]. Several anodes are placed at different depths within
the concrete cover to determine the time to corrosion initiation continuously. The anodes are
the same composition as the reinforcing steel to ensure they corrode at the same time. The
onset of corrosion of the anodes is determined at any time, provided the cover to
reinforcement is known. The depassivation of the anodes is related to an increase in electrical
current and a decrease in potential using the specified thresholds [23]. Four methods (Anode-
Ladder System, Expansion-Ring System, CorroWatch, and CorroRisk) use this principle.

The Anode-Ladder System (ALS) is used for long-term chloride-induced corrosion
monitoring, typically embedded in new RC structures between the reinforcement cage and
the concrete surface. The ALS determines the critical depth of chloride content when the six
steel anodes that form up the anode ladder depassivates sequentially. The system has been
used successfully in various countries to monitor corrosion in new structures [24, 25] The ALS
is durable and typically designed for a service life of more than 100 years [23]. However, it
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cannot be used in submerged structures because it needs to be installed near the concrete
surface where sufficient oxygen is available.

The Expansion Ring System (ERS) developed by Sensortec [26] is used in existing structures
before corrosion initiation. In structures where the propagation period has begun (when the
critical depth of chloride content is reached), the corrosion potential and resistance indicate
corrosion risk. The ERS comprises an expansion-ring anode (with six circular steel anodes), a
titanium oxide cathode bar and a temperature sensor drilled into the concrete. This system
has been tested in the laboratory and on-site, and it was found unsuitable for submerged
elements [27].

CorroWatch (CW) and Corrorisk (CR) sensors were developed by Force Technology to
provide early warning on corrosion initiation in RC structures. CW sensors are used in new
structures, while CR sensors are installed in existing structures that are exposed to aggressive
environments or are inaccessible for inspection. Measurements of potential and current in
these systems are carried out continuously using a remote monitoring modem or automatic
data logger attached to the system. Though these systems have been used in some projects
[28], their research is very limited.

3.3.2 Moisture content monitoring systems

Monitoring moisture content in concrete is important for controlling reinforcement
corrosion, as a significant drop in electrical resistivity indicates the vulnerability of the
concrete to corrosion. The Multi-Ring Electrode (MRE) system is a new technology that can be
used to monitor moisture content, and it measures electrical resistance and provides a profile
across the sensor depth. The resistivity readings are converted to moisture profiles using
concrete-specific calibrated curves [29, 30]. This technology is installed before concrete
placement in new structures and drilled and anchored with mortar in existing structures. The
sensors need to be connected to a measuring device which records data automatically.
Moisture content governs the initiation and progression of reinforcement corrosion, and
reducing it to below 40% can stifle corrosion. The MRE is beneficial because it provides
electrical resistance measurements in case NDT methods are not used.

3.3.3 Chloride content monitoring systems

New non-destructive methods have been developed to continuously monitor chloride
concentration in concrete. One of these methods is using potentiometric sensors or lon
Selective Electrodes (ISE), which can determine free chlorides in RC. The system consists of an
ISE sensor and a reference electrode that measures the change in potential between the two,
allowing for the estimation of chloride activities and subsequently, the determination of
chloride concentration using the chloride activity coefficient. This method can be used in
existing structures, especially in inaccessible areas. The ISE sensors are commercially available
and have been used in various studies to detect chlorides non-destructively in concrete [27,
31]. They have also been tested in laboratories, in which they were found to successfully
measure chloride activity [32]. Some of the sensors include but are not limited to Ag/AgCI-ISE
and the ERE 20 reference electrodes.
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4. CONCLUSIONS, REMARKS AND FUTURE TRENDS

Reinforcement corrosion poses a significant challenge to the durability of RC structures,
often going unnoticed in visual inspections and leading to costly repairs. To address this issue,
monitoring technologies are needed to detect corrosion damage throughout the lifespan of
RC bridges and enable proactive maintenance. The Struman BMS currently relies mainly on
visual inspection, but it needs to incorporate corrosion monitoring methods to detect damage
earlier. While progress has been made in developing NDT and remote monitoring methods,
further refinement is necessary to effectively incorporate them into the BMS for condition
assessments. By incorporating various monitoring methods, including cover depth and
chloride measurements, HCP measurement, LPR, and other corrosion onset sensors, the
Struman BMS can provide a comprehensive condition assessment, reduce maintenance and
repair costs, and improve the speed and scope of condition assessment. It is recommended to
use multiple monitoring methods in conjunction to effectively detect and quantify relevant
defects in reinforcement corrosion damage.
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Abstract

The design of a prestress configuration for flexure is governed by the serviceability limit
state of cracking. Structural design standards provide guidelines for design of prestressed
concrete by specification of allowable stresses and a set of partial factors applicable for the
different limit states considered. The calibration of partial factors for a target reliability level
is generally only performed for the ultimate limit state, whereas all partial factors for the
verification of the serviceability limit state are set equal to unity in the Eurocode suite of
design standards. This study demonstrates that these partial factors are not reliability-based
which results in sub-optimal reliability performance. The reliability performance of these
factors is contrasted against the reliability performance of a set of partial factors for SLS design
of prestressed concrete elements calibrated using the design value method described by the
Eurocodes in EN 1990:2002. The developed set of partial factors presents an improvement of
the current state of the art with the potential for optimised durability of designs.

Keywords: Prestressed concrete, Serviceability limit state, Structural reliability, Durability

1. INTRODUCTION

Modern design standards are based on the limit states design philosophy which is
frequently calibrated using the theory of structural reliability. These standards provide a
procedure for design of prestressed concrete elements by specification of allowable stresses
and a set of partial factors applicable for the different limit states considered. The allowable
stress limits are to be satisfied at transfer of prestress force and during service. For an
appropriately scaled cross section, these allowable stresses can be written as four stress
inequalities which delimit a domain of feasible prestress configurations expressed graphically
as a Magnel diagram [1].

Partial factors are calibrated based on the associated statistical characteristics of the
different loading and resistance parameters for a specified target reliability level. The
calibration of partial factors for a target reliability level is generally only performed for the
ultimate limit state, whereas all partial factors for verification of the serviceability limit state
are set equal to unity in the Eurocode suite of design standards [2]. Variable uncertainty is,
therefore, addressed only by the specified characteristic values and may result in a greater
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tolerable probability of failure in design than is specified by the target reliability level. This
specification is especially a concern when structural design is governed by the serviceability
limit state, as for prestressed concrete design, as it may lead to unsatisfactory structural
performance.

In this paper the reliability performance of the prestressed concrete serviceability limit
state design procedure of the Eurocodes[3] and a set of partial factors calibrated using the
design value method (DVM) are contrasted. A single span concrete girder bridge with
composite prestress concrete sections is assumed as the reference structure. An analysis
model is developed to evaluate the reliability along the boundaries of the Magnel diagram.

2. FUNDAMENTAL STRUCTURAL RELIABILITY BACKGROUND

Structural reliability concerns the probabilistic measure of structural safety. To ensure
safety in design, a margin of safety is provided which is quantified by means of a performance
function. The performance function for the SLS is defined as g(x,a) = L — E where x and a
are vectors of random variables and deterministic parameters respectively [4] and L and E are
the limiting design value and load effects respectively. The reliability of a structure is
expressed probabilistically in terms of a probability of failure which denotes the probability of
g(x,a) < 0. When multiple limit states are significant in determining the probability of failure
(as for prestressed concrete) the probability of failure is determined as the probability of
violation of the union of the limit states (U; g;(x, @) < 0). The probability of failure is then
determined as,

(1)
Pf="p (Ugi(x, a) < 0) = fu igi(x’akofx(x)dx

where fx(x) is the multivariate probability density of X [4]. The probability of failure is
frequently rewritten as an associated reliability index 8 = —®~(p;). The exact closed-form
solution of Eq 1 is rarely achievable. In this study Eq 1 is integrated by employing the Monte
Carlo method. This method generates sampling sets of each of the random variables based on
their associated distributions. Using these sampling sets, many realisations of the
performance function are determined from which the number of failures are counted to
determine the probability of failure.

3. PROBABILISTIC ANALYSIS MODEL

To evaluate the reliability performance of the SLS design procedure a probabilistic analysis
model is developed.

3.1 Reference Structure

The reference structure selected for the analysis model is a 3-meter-wide single span,
simply supported concrete girder bridge. The bridge has a span length of 20 meters and is
comprised of three equally spaced precast beams with a cast in situ deck forming composite
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prestressed concrete sections. The precast beam profiles are based on the geometry of
standardised AASHTO I|-beam profiles[5]. The geometry to be considered at transfer and
service stresses for the generation of the Magnel diagram is provided in Figure 1.

. 1000 :
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At transfer At service

Figure 1: Cross section used in the study (units in mm)

The reference structure is to be designed for traffic loading in accordance with Load Model
1 (LM1) specified in EN 1991-2:2003[6]. Accounting for transverse load distribution, the worst
case characteristic applied midspan bending moment per beam for the 20m span length is
2959 kN.m. A C50/60 concrete class described in EN 1992-1-1:2004 [3] is adopted for which
the characteristic compressive strength at a 7-day concrete age at transfer is 40.94 MPa. The
stress limits at transfer and service as described in EN 1992-1-1:2004 [3] are used. To
determine the load effects owing to self-weight of the composite section, the nominal density
of concrete is assumed equal to 24 kN/m?3. Further, it is assumed that the precast sections are
post-tensioned and the total time-dependent prestress losses are 25% of prestress force at
transfer.

3.2 Reliability Verification

The reliability performance of prestressed concrete can be evaluated by the definition of
four performance functions based on the four stress inequalities to be satisfied. These
performance functions are,

R @
v ot Ab Ztop,b Ztop,b
P, Pe 6g MMbl (3)
g.(x,a) = |—+ ’ — o,
2 Ab Zbot,b Zbot,b o
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In the above performance functions M;, M and M, are the moments generated by precast
beam self-weight, cast in situ deck self-weight and traffic loading respectively. To integrate Eq
1 for a given prestress configuration, Monte Carlo simulations generating 5 X 107 trials of
each of the four performance functions is performed. A trial is deemed to have failed if any of
the performance functions are violated. The random variables defining the above
performance functions are characterised by the probabilistic models and population
parameters in Table 1.

Table 1: Probabilistic models of basic variables

Variable, X Unit Distribution Mean, u, CoV,d, Reference
Self-weight kN/m? Normal 24 0.04 [7]
Dimensions mm Normal Varies 0.03 [8]
Initial compressive strength, fe,.; MPa  Log-normal 58.08 0.18 [9]
Ultimate compressive strength, f,,., MPa Log-normal 70.94 0.18 [9]
Concrete tensile strength, f, - Log-normal  1.05f.m 0.15 [10]
Prestress loss, AP, - Normal 0.25P, 0.3 [11]
Prestress force, P, kN Normal Varied 0.015 [12]
Maxima traffic load effect (50-y), M;  kN.m Gumbel 2655 0.061 [8]
Eccentricity, e mm Normal Varied 0.015 [12]
Moment Model Uncertainty, 0g - Log-normal 1.0 0.1 [11]
Length, L m - - - -

4, PARTIAL FACTOR CALIBRATION

The fib Model Code 2010 [13] and EN 1990:2002 [2] detail an approach for developing
partial factors known as the design value method (DVM). This method is frequently used for
determining partial factors for the ultimate limit state. To enable the use of the design value
method to determine partial factors for SLS, a significant assumption is made that the
sensitivity factors as developed by Konig and Hosser [14] are applicable for the serviceability
limit state. These sensitivity factors assume the resistance (or limiting design value for the case
of SLS) and load effect terms to have comparable coefficients of variation which may not
necessarily be the case for SLS prestressed concrete design.

The target reliability for irreversible serviceability is specified in EN 1990:2002 [2] as
BesLs = 1.5 fora 50-year reference period. Making use of the design value method, the partial
factors for SLS design of prestressed concrete structures are evaluated for a target reliability
index of 1.5. These calculations are not detailed in this paper but are based on the equations
provided in the fib Model Code 2010 [13]. This provides a set of partials factors aimed at
satisfying the target reliability as a minimum. This set of partial factors is provided in Table 2.
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Table 2: Partial factors for irreversible SLS target reliability (rounded off conservatively)

Variable Partial Factor  Value

Concrete compressive strength 1y, 0.92~0.95

Concrete tensile strength Vet 1.14~1.15

Presiress force Y Favptlrable: 0.99~1.0
Unfavourable: 1.01x1.0

Prestress loss o Favpurable: 0.85
Unfavourable: 1.13x1.15

Permanent actions 0% Fan) urable: 0.98

8 Unfavourable: 1.03

Model uncertainty YEd Favp urable: 0.95
Unfavourable: 1.05
Favourable: 0.93~0.9

Y6 = VEd XYy G Unfavourable: 1.08~1.1

Variable actions Yq 0.95

Y0 = YEdXYq Yo 0.99~1.0

5. RESULTS

Based on the loading and resistance parameters of the reference structure, the Magnel
diagram delimiting the feasibility domain is generated. Dividing the feasibility domain into a
grid of points and evaluating the reliability index at each point provides an indication of the
performance of the design method. The lowest reliability indices are achieved at the
boundaries of the Magnel diagram’s feasibility domain with increasing reliability as distance
from the boundaries increases. For the composite beam configuration used, only three of the
four limit states (and their associated Magnel diagram equations) have significance in defining
the feasibility domain for the relevant range of eccentricities. These boundaries are the
compressive and tensile stress limit states at transfer, which together forms the Magnel
diagram boundary with the lowest absolute value of 1/p;, and tensile stress limit state at
service, which forms the Magnel diagram boundary with greatest absolute value of 1/p;. The
figures below detail the reliability achieved along the boundaries of the Magnel diagram.

Figure 2(a) demonstrates the reliability performance of the design procedure specified in
the Eurocodes. Use of partial factors equal to 1.0 for all the variables defining the limiting
design value and action effect with the resistance factors, 7y,,;, and 1;,,¢, results in inconsistent
and unsatisfactory reliability performance. The boundaries formed by the tensile stress limit
states at transfer and service yields reliability performance below the target, ;s = 1.5.
Figure 2(a) also shows a diminishing reliability performance of the tensile stress limit state at
transfer boundary as the eccentricity decreases. In contrast the boundary formed by the
compressive stress limit state at transfer provides a reliability performance which significantly
exceeds the target.

Figure 2(b) demonstrates the reliability performance when using the partial factors
calibrated using the design value method. The use of these factors significantly improves the
control of achieved reliability along the boundaries of the Magnel diagram when compared to
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the results when using the Eurocode prescribed factors. The boundaries formed by the
compressive stress limit state at transfer and tensile stress limit state at service yield similar
reliability performance, 3 = 1.6, which satisfies the target. However, the reliability achieved
by the boundary formed by the tensile stress limit state at transfer fails to achieve the target
reliability and also demonstrates a reduction in calculated reliability as the eccentricity
decreases.
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Figure 2: Reliability performance of Magnel diagram boundaries

6. DISCUSSION

The significance of the tensile stress limit state at transfer attaining a reliability level lower
than the target depends on the interpretation of the reference period of 50-years associated
with the target reliability. It could be argued that transfer is an instantaneous event and as a
result it should be associated with a lower target reliability. However, this study makes the
case that the random variables defining the limit states at transfer are not time-dependant
and therefore specifying the same target reliability for transfer and service is appropriate.

When using the developed set of partial factors, the failure to meet the reliability level of
the tensile stress limit state at transfer indicates that this limit state is sensitive to variations
of some of the random variables which are not captured by the partial factors. Further, it is
clear that as eccentricity decreases the reliability achieved at the boundary reduces which
shows that the sensitivity to these random variables increases with a decrease in eccentricity.
This phenomenon is explored by determining the direction cosines, or sensitivity factors, of
the design point which describe the sensitivity of the reliability index to the variations of the
different random variables. It is found that the tensile stress limit state at transfer is highly
sensitivity to geometric variations. This can be acknowledged by the introduction of a factor
accounting for geometric uncertainties yg4, in determining the partial factor for concrete
tensile strength. Caspeele et al. [8] provides a value of yr4, = 1.10 for concrete geometry in
line with the JCSS Probabilistic Model Code [11]. The partial factor for concrete tensile
strength is then determined as y¢; = Yra X Yo+ Where the model uncertainty factor for
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material properties iS Yrq = Yra1 X Yraz = 1.10. For a target reliability index for the
irreversible serviceability limit state of B; = 1.5,y = 1.10 X 1.14 = 1.25. Using the partial
factors provided in Table 2 and y., the reliability performance of the Magnel diagram
boundaries is determined and plotted for the range of eccentricities as shown in Figure 3.
25
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Reliability Index, 3

> Compressive limit state at transfer
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Figure 3: Reliability performance of Magnel Diagram boundaries for DVM partial factors
with updated partial factor for concrete tensile strength

Figure 3 illustrates that use of the partial factor yc, leads to a significant improvement of
the reliability performance of the boundary of the Magnel diagram enforced by the tensile
stress limit state at transfer. At maximum practical eccentricity, the boundary of the Magnel
diagram developed by the tensile stress limit state at transfer has satisfactory reliability
performance. However, the reliability performance still decreases with a reduction in
eccentricity due to the change in the balance of the limit state sensitivity to random variables,
resulting in geometric deviations becoming more significant.

A characteristic of the reliability performance of the Magnel diagram demonstrated by
Figures 2 and 3 is that there is a steep drop in the achieved reliability along the boundaries
defined by the tensile and compressive stress limit state at transfer at eccentricities
approaching the eccentricity at which the two boundaries intersect. This steep drop in
achieved reliability can be explained by considering that the analysis model inspects a grid of
points within the feasibility domain. At each grid point, a Monte Carlo analysis generates many
trials with each trial being associated with a sampling set of the vector of random variables.
The four limit states are evaluated for each trial and if one of the limit states fail, the trial is
deemed to have failed. In this way the probability of failure demonstrates the union of the
four failure modes. At prestress design configurations located on the feasibility domain close
to where the two boundaries intersect (which includes those points on the boundaries nearing
this point), two different failure mechanisms become significant and the likelihood that the
Monte Carlo simulations fail by either exceeding the tensile or compressive stress limits
increase. As a result, the total number of failures increases on the boundaries approaching
these points leading to a greater failure probability and lower reliability index.
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The reliability performance deficit of design configurations located on the Magnel diagram
near where the Magnel diagram boundaries intersect is concerning. However, this deficit
cannot be treated directly with the partial factor framework without significantly increasing
the reliability achieved along the boundaries. Increasing the reliability achieved along the
boundaries above the target is unfavourable as these target reliability indices have been
derived to minimise the economic cost in general for a specific structural class. It is prudent
to rather recommend that these locations along the boundaries of the Magnel diagram should
be avoided and a design at the maximum practical eccentricity is to be selected.

7. CONCLUSIONS

The partial factors developed in this study using the design value method (DVM) provide a
significant improvement on the current state of the art provided in the Eurocodes (EC).
Comparing Figure 2(a) to Figure 3 shows enhanced reliability performance at the compressive
stress limit state at transfer (Bgc = 2.45 vs Bpyy = 1.6), tensile stress limit state at transfer
(Bec = 1.0 vs Bpym = 1.6) and tensile stress limit state at service (Bgc = 1.25vs Bpyy =
1.75) with values closer to the target B¢ s s = 1.5.
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Abstract

3D Printed Concrete (3DPC) is in the preliminary stages of implementation and is considered
a large part of the 4™ industrial revolution (4IR). Currently there is sparse 3DPC research
focusing on insulation properties such as sound and heat. This research focuses on the
development of a lightweight vermiculite-based fire-resistant 3DPC. Vermiculite is a mica-like
mineral consisting of shiny porous flakes. The flaky structure results in vermiculite having high
lubricating characteristics, allowing it to be used as a fire-resistant material. Various grades of
vermiculite were tested resulting in the use of micron grade vermiculite for the 3DPC trial
mixes. Fresh state tests were performed with the best mix having a mini-slump of 170mm and
a dynamic shear reduction factor of 0.72. Mechanical tests resulted in a compressive strength
of 4.88 MPa and a tensile strength of 0.56 MPa tested at 7 days.

Keywords: 3DPC, Expanded Vermiculite, 4IR, Fire-resistant

1. INTRODUCTION

The world is on the precipice of the 4™ industrial revolution (4IR). The goal of 4IR is to
create adaptive networks through the digitization of industrial processes. Implementing 4IR
technology creates an environment in which mechanized automation operates and shares
information without the need for human interaction, improving efficiency [1]. Although the
construction industry would greatly benefit, it is still slow to implement these technologies.
One of these 4IR technologies showing great potential is 3D printed concrete (3DPC) which
offers benefits such as a substantial reduction in construction time, waste minimisation,
lowered cost of elements compared to traditional construction methods and environmentally
friendlier when recycled construction materials are used [2]. 3DPC technology holds the
advantage over traditional concrete by not requiring formwork during construction. However,
it requires complex rheological parameters making it notoriously difficult to develop.

Rheological parameters are paramount to successfully 3DPC and requires that thixotropy,
constructability, printability and workability be considered. 3DPC mixes need to optimally
balance these requirements to achieve success [3]. Thixotropy is the most important
parameter and materials exhibiting thixotropy have the consistency of dough at rest and flows
readily when energy is applied through perturbation, thus having a distinct difference
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between dynamic and static yield stress. For 3D printing, the bottom layer requires a
sufficiently developed static yield stress to maintain its shape and carry the weight of
subsequent layers printed on top. The compressive stress in the bottom layer is directly
proportional to the number and height of successive layers. When the compressive stress in
the bottom layer exceeds the uniaxial yield stress, the layer will deform which leads to collapse
[4]. Yield stress also directly relates to the pumping of concrete as pressure is applied to the
concrete to facilitate flow. Only once the static yield stress is exceeded does the material start
to flow, thereafter the dynamic yield stress is maintained. A low dynamic stress places less
strain on the motor of the pump, while also reducing the chance of water separating from the
mix. A high static yield stress results in a stiff concrete with better buildability, as it requires
more energy to flow. By determining the dynamic shear reduction factor, the ratio of the
average yield stress over the peak yield stress, an indication of the thixotropic nature of the
concrete can be achieved. In general, the higher the factor the more thixotropic the material.
Due to these factors, concrete with an optimal balance between high static and low dynamic
yield stresses is required for effective 3DPC [3]. An indication of the printability of concrete
can be found using the mini-slump test where researchers have reported successful 3D
printable mixes in the slump range of 150 to 190 mm, dependent on the mix constituents [8].

Researchers developing 3DPC found that replacing large aggregates with finer material
such as sands, clays, and lightweight aggregates (LWA) provided better rheological properties
but required higher cement volumes, increasing cost. The use of finer material lead to
excessive shrinkage and cracking, requiring shrinkage reducing admixtures and fibre
reinforcement to be incorporated and the higher cost of cement is offset through the use of
supplemental cementitious materials (SCM’s) such as fly ash, silica fume limestone filler, and
blast furnace slag are used [2].

To design a fire-resistant concrete the use of non-combustible thermal insulators is key.
The primary focus is to obtain higher volumes of air-solid interfaces, low heat transfer and low
radiation at high temperatures, which can be achieved by using porous materials [5]. LWA are
porous in nature, therefore, their use could improve the thermomechanical behaviour of
cementitious materials [6]. This research focuses on expanded vermiculite (EV) which is a
mica-like mineral that consists of shiny porous flakes and is produced by heating raw
vermiculite to 1000°C. The flaky structure results in high lubricating characteristics, allowing
it to be used as a fire-resistant material and a lightweight filler for heat insulation [7]. EV’s
notable properties are a low thermal conductivity (0.04 —0.14 W/m K), good sound absorption
coefficient (0.7 — 0.8 at 1kHz), high melting point (1240 — 1430°C), non-toxic and chemically
inert [7]. A study conducted on the high-temperature performance of self-compacting mortars
(ScM) containing EV concluded that introducing EV showed a reduced loss of compressive
strength at higher temperatures compared to the control ScM [5]. The use of EV in concrete
increases porosity and sound insulation while decreasing the density, thermal conductivity,
and mechanical strength [7]. However, the primary challenge of using EV in the mix is an
increased water absorption rate due to the porous nature of EV, which affects the workability,
open time and shrinkage of the concrete.

EV sees study as an addition to various concretes and shows a versatility in potential uses,
however, there is no research coupling EV with 3DPC. Stellenbosch University (SU) developed
a 3DPC mix that conforms to the rheological requirements necessary for 3DPC [3]. This paper
aims to extend the existing body of knowledge by developing a lightweight 3D printable EV
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concrete, based on the SU 3DPC mix, with potential practical applications in the fire safety
sector. In this investigation, the absorption rates of the different grades of EV are tested. Mini-
slump flow tests are conducted on mixes with unsaturated-, saturated-, and silane treated EV,
to evaluate slump loss and find a solution to the absorption issue. Rheology, and early age
mechanical tests (tensile- and compressive strength) are performed on the most viable mixes.

2. EXPERIMENTAL DESIGN

2.1 Experimental Programme Rationale

Materials used to fire-rate buildings are expensive. EV is currently used in various forms to
protect against fire due to its low thermal conductivity. EV has been used in bricks, however,
there is no research coupling EV with 3DPC. Developing a 3DPC containing EV could save costs
used on protecting buildings from fire post-construction, by pre-fabricating or in-situ printing
fire-rated EV concrete.

2.2 Mix Design
2.2.1 Materials

EV mixes were designed using CEM Il 52.5N Portland cement with relative density of 3.14
as binder and fly ash (FA) and silica fume (SF), both with a relative density of 2.2 as cement
extenders. For filler, silica sand with relative density 2.64 and maximum particle size of 0.3 mm
and graded EV is used. Potable tap water is used for mixing and the superplasticiser (SP)
CHRYSO®Fluid Premia 310 is used.

2.2.2 Mix design procedure

In this investigation the EV concrete mix designs are done based on conservation of mass
and setting the total volume as 1000 litres. Table 1 gives the concrete mix compositions used
in this investigation. Mix 1 enables a comparison between saturated and unsaturated EV, mix
2 determines the effectiveness of silane treated EV, mix 3 is the standard SU 3DPC mix [2] and
mix 4 and 5 are based on mix 3.

Table 1: EV concrete mix compositions in kg per 1000 L

Mix w/c Cement FA SF Sand EV Water SP
1 0.7 357 - - 771 27.7 250 -

2 0.5 412 - - 165 82.4 206 -

3 0.45 579 165 83 1167 - 261 12.24
4 0.57 546 165 83 584 142 313 25.6
5 0.625 474 165 83 467 170 296 25.6

2.3 Experimental Testing
2.3.1 Sieve test

Sieve tests were performed on four different grades of EV according to BS EN 993
standards. The tests are performed using sieves of various sizes, a catching bowl and a
vibratory machine. The sieves aperture sizes are 0.075 mm, 0.15 mm, 0.3 mm, 0.6 mm, 1.18
mm, 2.36 mm, and 4.75 mm. The sieves are weighed and stacked from smallest to largest
aperture in the vibratory machine, 100g of vermiculite is placed on the 4.75 mm sieve and the

YCRETS 2023 162



lid is placed on top. The vibratory machine is turned on for 10 minutes to allow enough time
for the vermiculite to be accurately sieved. The sieves are weighed to determine the weight
of the vermiculite retained.

2.3.2 EV absorption rates

Absorption rate tests of the fine-, superfine-, and micron grade EV were performed by
submersing 400g of EV in water for 24hrs and measuring the weight gain. The increase in mass
of the sample was recorded at intervals during the 24hr period. It was determined that the
EV’s absorptive properties would limit its use in 3DPC. To solve the absorption problem, trial
mixes were performed with unsaturated, saturated and treated EV. The saturated EV was
soaked in water and the treated EV was coated with a hydrophobic chemical. Relative
densities were calculated from the mix designs as the pycnometer test proved unsuitable and
gave inaccurate results.

2.3.2 Fresh state tests

The fresh state tests performed were mini-slump and rheology. The mini-slump is
determined by placing a cone on a hydraulic turntable and filling the cone with the mix. The
cone is removed and the handle is turned, raising and dropping the turntable. This is repeated
15 times after which the average diameter of the concrete is measured, indicating the
flowability of the mix. This test is performed over 30 minutes at 15 minute intervals.
Thereafter the rheology is tested using the German ICAR Rheometer. The rheometer is set up
by inserting the vane and calibrating the rheometer. The bucket is filled with 20L of concrete,
the rheometer is inserted and stress growth tests are performed. The test is run for 60s after
which a rest period of 10s is observed and the test is then repeated. This process is repeated
for rest periods of 30s, 60s, 90s, 120s, 10 mins, 20 mins and 30 mins. The rheometer test
outputs applied torque readings which are used to determine the vyield stress given as
Equation 2.1.

nD3 H

1
= (—4 = Equation 2.1
T > (D + 3)T

Where T is the applied torque (Nm), D is the vane diameter (m), H is the vane height (m) and
T is the yield stress (Pa).

2.3.3 Mechanical tests

To test the mechanical properties of the mix, the concrete must be in a hardened state.
This is achieved by casting the concrete into moulds and allowing it to cure for 24 hours. Once
hardened it can be removed and cured for the desired duration. For this investigation 7-day
strength was tested, the result of which is roughly 70% of the final strength. To determine the
mechanical properties the concrete’s compressive and tensile strength was tested using a
Zwick/Roell Z250 materials testing machine. The machine applies force to the samples until
failure and gives the maximum force they are able to withstand. The compressive stress test
requires cubes to be crushed and the tensile strength test requires cylinders to be split. This
testing process was done for 3 - 100x100x100mm cubes and 3 cylinders of each mix to obtain
an average. The densities of the concrete mixes were calculated by measuring the weight of
the samples, dividing it by the volume of the samples and taking the average.
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3. RESULTS

3.1 EV Test Results

The sieve test results of the different grades of EV is presented in Figure 1. The 3D printer
nozzle has a 4 mm aperture; therefore, the large grade cannot be used as it has a particle size
of 8mm. The medium grade has a smooth S-curve grading which is close to the ideal Fuller
curve [3], however, it would need to be sieved to remove the 5% of particles larger than 4.75
mm. The medium grade was removed from consideration as sieving would not be feasible for
large scale use. As can be seen, the micron grade has the smoothest grading.

Figure 1: Sieve Analysis of EV Gradings
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To achieve an improved S-curve grading for the filler, silica sand was combined with the
micron vermiculite. The silica sand grading is shown in Figure 2 and the combined filler grading
along with the ideal Fuller grading is shown in Figure 3.

Figure 2: Silica Sand Grading Figure 3: Combined Filler & Fuller
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The relative density was determined to be 0.145, 1,11 and 0.644 for the unsaturated,
saturated and treated vermiculite. Figure 4 shows the rate of absorption of the micron,
superfine, and fine grade of EV. The micron grade absorbs the least amount of water,
however, in its initial hour of submersion it soaks up the most water. This is likely due to the
particles being smaller thereby allowing the EV to have more surface area in contact with the
water. The smaller particles also mean less pores, therefore the micron EV soaks up the least
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water. Based on these results along with the sieve analysis it was decided that the micron EV
shows the most promise for incorporation into a 3DPC mix.

Figure 4: Comparative EV Absorption
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3.2 Fresh State Test Results

The results from the mini-slump tests, on the unsaturated-, saturated-, and silane treated
EV mixes are shown in Figure 5. The additional water of the saturated EV affects workability
of the mix. The mini-slump results show a rapid decrease in slump which is not ideal for 3DPC.
It should be noted that as the EV becomes saturated it sinks, however, this process is not
uniform and as such it is not possible to achieve partially saturated EV in this manner. The
process to achieve fully saturated EV takes between 36 and 48 hrs. For these reasons as well
as large scale reproducibility it was decided that this method of treatment is ineffective. The
unsaturated EV has better mini-slump results, however, there is still a notable decrease in
slump over time. Additionally, unsaturated EV soaks up the water, thereby not allowing the
cement to hydrate effectively, as well as affecting the workability of the mix. Mix 2 was
developed to determine the capabilities of treated EV. As can be seen the mini-slump remains
constant which means the mix will not dry out, resulting in a mix that retains workability,
consistency and cohesion over time.

Figure 5: Mini-Slump of EV Treatments
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Mini-slump and rheology tests were performed on mix 4 and 5. They had a slump of 170
mm and 145 mm respectively. Mix 4 has better mini-slump results. Table 2 shows the stress
growth test results. Both mixes demonstrate sufficient difference between their peak and
minimum yield stresses to be good candidates for 3D printing. The average dynamic yield
stress is taken between the rest periods of 30s and 120s and the peak yield stress is taken at
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0s. Therefore the dynamic shear reduction factor is 0.72 and 0.65 for mix 4 and 5 respectively.
Mix 4 would be considered to be more thixotropic. Mix 4 has a lower difference between the
peak and minimum yield stress, most likely due to the higher slump.

Table 2: Peak and Minimum Yield Stresses Between Rest Periods

Rest Period (s) 0 10 30 60 90 120
Mix 4

Peak Yield Stress (Pa) 1218 973 931 881 818 794

Min Yield Stress (Pa) 877 782 694 639 589 534
Mix 5

Peak Yield Stress (Pa) 2589 1788 1739 1695 1640 1575

Min Yield Stress (Pa) 1663 1542 1444 1384 1320 1268

3.3 Mechanical Test Results

The mechanical test results of Mix 4 and Mix 5, conducted at an early age of 7 days, is
presented in Table 3. Mix 5 has a compressive and tensile stress half of that which mix 4
exhibits, while only containing 10% more EV. Upon demoulding a few samples of Mix 5
crumbled confirming that the mix lacks cohesion and is inferior to mix 4. Mix 4 and 5 have a
density of 1466 kg/m3 and 1318 kg/m3 respectively. Mix 4 was printed to test its 3DP
capabilities, shown in Figure 6. Significant buildability was demonstrated with 27 - 10mm
layers being printed before the process was halted due to bulging of the lower layers. This
could be improved by a slight reduction in slump. Furthermore, fibres and a viscosity modifier
should be incorporated to improve the cohesion of the mix.

Table 3: Average compressive- (oc) and average tensile stress (o7) in MPa of Mixes 4 and 5

Description. Mix 4 o, Mix 4 or Mix 5 o. Mix 5 or
Average 4.88 0.56 2.36 0.27
Std 0.217 0.067 0.165 0.053

Figure 6: Mix 4 3D printed.

4. CONCLUSION

In this investigation the development of a 3D printable lightweight EV-based fire-resistant
concrete is reported. Sieve analyses and absorption rate tests of the eligible grades of EV were
conducted. Mini-slump tests were performed to evaluate the printability and slump retention
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of unsaturated-, saturated-, and silane treated EV concrete mixes. Finally, early age
mechanical tests were done on the EV mixes developed and the best mix was printed. The
following conclusions can be drawn:

e Sieve analyses results revealed that micron EV in combination with silica sand closely
resembles the Fuller-Thompson curve, which is the ideal grading curve for 3DPC.

e Absorption tests show that micron EV had the steadiest absorption rate and that
treated micron EV is best for incorporation in EV based 3DPC.

e Rheology and mini-slump tests showed both final mixes having thixotropic properties.
However, the 50% EV mix showed superior fresh state properties over the 60% EV mix.

e Asignificant difference between the dynamic and static yield stress was noted for both
viable mixes, indicating a high probability of printability.

e Mechanical test results showed that the 50% EV mix was far superior to the 60% EV
mix, while only being 150kg/m? denser.

e The 50% EV mix was printed and achieved 27 — 10mm layers.

In conclusion, silane treated micron EV showed the best results for including EV in 3DPC.
The 50% EV mix showed improved fresh state and mechanical properties over the 60% EV mix
and has great potential for 3D printable EV concrete. For mix improvement it is recommended
that fibres and a viscosity modifier be incorporated to improve the cohesion and buildability.
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Abstract

This study focuses on the production of compressed stabilised earth blocks (CSEBs)
incorporating waste in the form of crushed recycled masonry clay bricks. The primary aim is
to optimise the mix design of earth blocks by improving the particle size distribution of the
constituent soil. Herein, the effect of modifying a soil deficient in fine particles, i.e., a poorly
graded soil, is considered. The earth blocks were produced with soil classified as SW (USCS),
obtained from a construction site located on the premises of the University of Witwatersrand,
Johannesburg. Waste clay bricks were obtained from a local demolition site and were,
subsequently, crushed and separated according to particle size. The earth blocks were
produced with a constant 5% cement, by mass, with different amounts of waste materials
substituted for soil, i.e., crushed masonry brick incorporated at 20%, 30% and 40% by dry
mass. The compressive strength, water absorption, and wetting and drying deformation tests
were conducted after 28 days of curing to assess the performance of the earth blocks. In all
cases, the addition of waste clay brick particles resulted in increased compressive strength of
CSEBs. The optimum addition of waste material was observed at 30%, which yielded a
compressive strength of 2.9 MPa. The water absorption and the wetting and drying
deformations were only affected with waste additions in excess of 30% to the soil mixture. It
can be concluded that incorporating recycled crushed masonry clay brick particles in the
production of CSEBs resulted in an improvement of the soil grading as well as the mechanical
properties of the units.

Keywords: Earth blocks, masonry clay bricks, construction waste, sustainability, recycling

1. INTRODUCTION

Addressing the insufficient availability and quality of affordable housing is a critical concern
for the expanding population of South Africa. Utilising local soil and waste to produce good
quality bricks is one low-cost solution that may help in tackling the problem. The South African
state of waste report indicates that there are 55 million tonnes of waste in the country, with
8% coming from construction and demolition waste, amounting to roughly 4.4 million tonnes
[1]. As more buildings are constructed and demolished due to industrialisation, waste
materials such as clay masonry bricks are becoming more abundant. However, by finding uses
for these materials, we can encourage better sustainability by reducing the amount of waste
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in landfills [2]. This can be achieved by incorporating recycled construction waste into the
production of new construction materials, thus reducing the demand for natural resources.

Compressed earth blocks are made from inorganic subsoil. These blocks can be made by
mechanically compressing damp soil in a mould and then leaving them to air dry. Stabilisation
with a chemical binder like Portland cement or lime can increase the strength and durability
of the blocks and make them more water resistant [3].

This study aims to explore the potential of using recycled clay masonry brick aggregate in
the production of earth blocks. To achieve this, the mix design of the soil is optimised by
carefully considering the particle size distribution of the soil and adding recycled clay masonry
bricks to fill the missing particle sizes, thereby creating a more well-graded soil. Through this
process, we aim to investigate how modifying the soil grading affects the properties of the
blocks. By using this approach, we can potentially contribute towards addressing the housing
shortage in South Africa, while simultaneously promoting sustainability and reducing waste.

2. MATERIALS AND TEST METHODS

2.1 Characterisation of Inorganic Subsoil Used in Earth Blocks

Soil located more than 1 meter below the surface and free from organic materials was
sourced from a construction site, located at The University of the Witwatersrand, for use in
the production of earth blocks. The soil was sieved through an 8-10mm aperture size to
remove large rocks and other unwanted debris, such as organic materials. A sieve analysis was
then conducted according to SANS 1083 [4] to determine the particle size distribution and
identify any missing particle sizes. The soil was also classified using the Unified Soil
Classification System (USCS), and it was found to be SW, which is well-graded sands and
gravelly sands with little or no fines.

Furthermore, the Atterberg limits of the soil were determined and are presented in Table
1. According to Burroughs [5], the most suitable soils for earth block production should have
a plasticity index (PI) of less than 15%, sand content of less than 64%, and clay and silt content
between 20% and 35%. Based on the broad criteria outlined by Burroughs [5], the soil
obtained from the construction site is lacking in fines content but is otherwise suitable for the
production of earth bricks.

Table 1: Soil characteristics of inorganic subsoil used in Earth Blocks

LL (%) PL (%) Pl (%) Fines (%) Sand (%) | Gravel (%) USCS
27 22 4 1 60 39 SW

2.2 Optimised Soil Grading Curve of Inorganic Subsoil Used in Earth Blocks

The soil grading was optimised by determining the maximum density grading using
Equation 1 (which is the size cumulative distribution function). The resulting curves are plotted
in Figure 1.

P(d):( d )” (1)

dmax
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Where: d = particle diameter being considered
dmax = maximum particle diameter in the mixture
n = exponent (0.33—-0.5), which adjusts the curve for fineness or coarseness.

To optimise the particle size distribution of the soil, crushed clay masonry rubble bricks
(CMRB) were added in varying proportions. This was done to adjust the particle distribution
curve so that it would align as closely as possible with the optimisation Fuller curves.
Specifically, the particle sizes between 1.18mm and 0.075mm were targeted for an increase,
with proportions of 20%, 30%, and 40% of the total soil mass utilised.
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Figure 1: Optimised soil grading curves incorporating crushed clay masonry rubble bricks in
proportions based on maximum density grading

23 Compressed Stabilised Earth Blocks (CSEB)

2.3.1 Clay masonry rubble bricks (CMRB) as fine particle addition in earth blocks

Recycled clay masonry rubble bricks were sourced from a local demolition site, crushed and
used in the production of the earth blocks. Prior to crushing the bricks, excess mortar and
paint (physical impurities) were removed from the CMRB using a hammer and chisel. The
CMRB were then mechanically crushed to produce particle size varying from 1.18mm to the
pan (<0.075mm).

2.3.2 Stabiliser used in the production of earth blocks

To bind the earth blocks, 42.5R Portland cement was used. Literature has shown an optimal
cement content of 5 — 12%; however, a decision has been made to use the lowest amount of
5% as the overall objective is to reduce cost and be more sustainable.

2.3.3 Production of compressed stabilised earth blocks (CSEB)

Five different earth block mixes were investigated, and Table 2 provides a summary of the
details of the mix design. Three earth blocks per mix were used for each test type to get an
average result. To prepare the Earth block mixture, soil was mixed in a pan-mixer and water
was subsequently added by sprinkling over the top to avoid “balling” of the material. The
water content was determined to be 18%. For the production of each blocks, approximately
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6kg of material was loaded into a Hydraform M7E380V block-making machine and pressed at
10MPa (or 100 bar) from the bottom up. A masonry unit with size 250x140x90 mm was
adopted in the present study.

Table 2: Compressed stabilised earth blocks proportions

Mix no. Label Stabiliser CMRB
Mix 1 0Co 0% Cement 0%
Mix 2 5C0 5% Cement 0%
Mix 3 5C20 5% Cement 20%
Mix 4 5C30 5% Cement 30%
Mix 5 5C40 5% Cement 40%

2.3.4 Curing of compressed stabilised earth blocks (CSEB)
The compressed stabilised earth blocks were moist cured by spraying water on them using
a watering canister at the same time each day for 28 days.

24 Testing Approach

2.4.1 Compressive strength

The compressive strength of Compressed Stabilized Earth Blocks (CSEB) is a crucial
mechanical characteristic that determines their suitability for construction. The compression
strength test is the most widely used method for evaluating this parameter, as noted by Fetra
[6]. Both the 28-day wet and dry compressive strength tests were performed. The blocks used
for the wet compression test were submerged in water for 24-hours on 27" day of curing
before being crushed. The blocks were loaded using a Amsler compression machine, which
has a maximum loading capacity of 2 000 kN.

2.4.2 Water absorption

Measuring moisture content is critical, and the parameter is influenced by the clay and
cement content in the soil. To determine the moisture content, the weights of the earth blocks
were measured in their cured state at 28 days. Subsequently, the blocks were placed in an
oven at 70°C for 24 hours to dry out, and were then allowed to stabilize for an hour before
being weighed again. To evaluate the ability of the blocks to absorb water, the units were
submerged in water for 24 hours, and any excess water was removed with a cloth before
weighing. To ensure that accurate saturation conditions were achieved, the blocks were
weighed within a minute of being removed from the water. Equation 2 was used to calculate
the moisture content in both the cured and wet states.

(My, — M) (2)

Moisture content (%) = TX 100
0

Where: M. - mass of the saturated block
Mo - mass of the oven dry block
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2.4.3 Deformation

Wet and dry deformations are useful parameters because they reveal the extremities of
dimensional changes under certain conditions. To measure dimensional deformation, both
drying and wetting conditions were evaluated after 28 days. A digital vernier caliper was used
to measure the length, width, and height of the blocks. For the drying shrinkage assessment,
dimensional changes were recorded for the cured earth blocks at 28 days. The blocks were
then placed in an oven at 70°C for 24 hours to dry out and were allowed to stabilize for an
hour before being measured again.

To assess wetting shrinkage, the dimensional changes were measured after the dry earth
blocks were submerged in water for 24 hours. The blocks were then removed from the water,
excess water was removed with a cloth, and they were measured again. Equations 3 & 4 were
used to calculate both wetting and drying deformations.

Wetting deformation =W — D (3)
Drying deformation =D — W (4)
Where: D - oven dry length
W - wet length

C-length in cured state
3. RESULTS AND DISCUSSION

3.1 Compressive Strength of Compressed Stabilised Earth Blocks

In general, the compressive strength is observed to be higher in dry specimens compared
to the wet specimen. This results can be attributed to development of pore water pressure
which decreases the contact forces between particles and also the effective stress in wet
specimens. The largest reduction is strength, due to wetting, corresponds to the 5C40
specimens (Figure 3), which may be explained by the adsorptive nature of clay particles. This
aspect is discussed further in section 3.2.
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Figure 2: Compressive strength of compressed stabilised earth blocks incorporating 20%,
30% and 40% of the total soil mass as CMRB as fines aggregates at 28 days
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From Figure 3, for the dry CSEBs, there is a drastic increase in compressive strength is observed
from 0% cement to 5% cement being added. This is due to the hydration of Portland cement
leading to the formation of calcium silicate hydrates particles, contributing to the hardening
of the CSEB. Compared to the 5C0 mix there was a 0.01 MPa decrease, 1.09 MPa increase and
1.08 MPa increase for 5C20, 5C30 and 5C40 mixes respectively.

It is notable that there was no compressive strength recorded for 0% cement wet
specimens as these specimens dissolved in the water baths due to there being no binder
present. For the wet CSEBs, there is a gradual increase in compressive strength from 5%
cement + soil to 30% waste addition and then a decrease in compressive strength of the 40%
waste mixture. This observation indicates that the optimum percentage of CMRB to
incorporate is 30% for both dry and wet blocks. There lies a discrepancy within the 5C20
specimen group as the wet compressive strength is higher than the dry strength, which is
opposed to the expected trend observed for the other specimens. A larger sample size would
better elucidate such discrepancies in future studies.

3.2 Water Absorption of Compressed Stabilised Earth Blocks
A general trend can be seen that the wet state blocks have a higher water content
percentage than the cured state blocks due to them being submerged in water.
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Figure 3: Water content % of compressed stabilised earth blocks incorporating 20%, 30% and
40% of the total soil mass as CMRB as fines aggregates at 28 days

The cured state blocks experienced no more than 2% change in water content when
comparing the 5C20, 5C30 and 5C40 specimens to the 5C0 CMRB. For the wet state blocks,
the water content percentage remained fairly constant for the first three 5% cement
subgroups but increased by approximately 2% in water content for the 5C40 specimens. This
shows that CMBR added between 20 and 30 % does not affect water absorption but is affected
by adding waste in excess of 30%. This is possibly due to water being absorbed by the high
amount of clay content from the clay masonry bricks added. Kesegic [7] noted the problem of
using recycled clay bricks as an aggregate in concrete is that it has high water absorption.
Zhu(8] agrees with this and noted that the porosity increased resulting in an increase in water
absorption.
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3.3 Deformation of Compressed Stabilised Earth Blocks
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Figure 4: Drying deformation of compressed stabilised earth blocks incorporating 20%, 30%
and 40% of the total soil mass as CMRB as fines aggregates at 28 days

There is a decrease in width, height and specifically the length for majority of the CSEBs for
drying deformations with addition of CMRBs.
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Figure 5: Wetting deformation of compressed stabilised earth blocks incorporating 20%, 30%
and 40% of the total soil mass as CMRB as fines aggregates at 28 days

There is a decrease in length for bricks 5C30 and 5C40. A further investigation is needed to
provide a clear and plausible explanation for these results.

4. CONCLUSIONS

This research project examined incorporating recycled CMRBs in the production of earth
blocks. The mix design was optimised by giving attention to the particle size distribution of the
soil. The effects of modifying the soil grading by adding recycled clay masonry bricks for the
missing particle sizes forming a more well-graded soil were investigated. The properties tested
include compressive strength, water absorption and deformation. The results are summarised
below:
e There was an increase in compressive strength from the mixes containing CMRB
compared to the mix with no CMRB addition. This is possibly due to the particle packing

YCRETS 2023 174



theory being applied which increased the density and also due to the pozzolanic activity
of the calcined clay brick powder. The optimum mixture for a 5% cement content earth
block was found to be 30% of CMRB addition which yielded a compressive strength of
2.94 MPa: a roughly 50 % increase in strength over the control specimen.

e The CSEBs with 20% and 30% of CMRBs were not significantly affected by water
absorption. The results, however, do show that water absorption and strength reduction
were greatest for the 5C40 specimens. The results indicate possible durability issues with
high concentration of CMRB replacement, which warrants further study.

In summary, the results suggest that recycled CMRB has the potential to be used as a
constituent in optimising the mix design of compressed stabilised earth blocks, resulting in
improved mechanical properties of the units. However, further testing is necessary to assess
the long-term mechanical and durability properties of earth blocks incorporating CMRB.
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Abstract

Nanographene was identified by Andre Geim and Konstantin Novoselov in 2004 and was
labeled as a “wonder material”. Nanographene applied to conventional concrete has shown
potential to drastically improve concrete’s mechanical performance. Although nanographene
added to concrete has exceptional properties the practical application thereof has proven to
be difficult. Thus, there is a notion in the concrete industry that this wonder material does
not perform so wonderful in concrete. This study aims to address challenges relating to
nanographene application in conventional concrete. This is done by treating conventional
concrete ingredients with a variety of nanographene application techniques to improve its
mechanical performance. This study concluded that nanographene does improve the
mechanical performance of conventional concrete, but only for some of the application
techniques. These applications techniques are described in detail in this study.

Keywords: Mechanical performance, Nanographene, Concrete, Application techniques

1. INTRODUCTION

Population growth and rapid urbanization have caused pressure on existing urban
infrastructure. The pressure exhorted on urban infrastructure let to the demand for building
and developments to escalate. These developments need durable, low cost, and accessible
materials to implement solutions. Material compositions such as concrete are commonly
used in the built environment because of its accessibility and high strength properties with
regards to compression. Conventional concrete consists of four constituent materials namely
water, sand, aggregate and cement [1]. The need for infrastructure development has brought
forth a great demand for these constituent materials.

The demand for these materials brings a variety of benefits but also problems.
Unfortunately, some of concrete’s age-old problems is still to be resolved. Problems such as
the negative effects cement has on the environment and concrete’s weak tensile capabilities.
For most of the time, steel is incorporated in concrete to improve concretes tensile capability.
Both the cement and steel industries are energy hungry during production. These two
industries contribute to 16% of the global carbon dioxide emissions released on an annual
basis [2, 3]. Carbon dioxide (CO,) is classified as the main accelerator in the greenhouse effect
which drives global warming [3]. This is a tremendous obstacle for the cement and steel
industry to overcome as more and more pressure is enforced to comply with Net Zero
Emission by 2050. Thus, the need to reduce CO, emissions increases by the day.
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This study focusses on potential solutions and application techniques that can reduce the CO,
emissions released by the cement and steel industry. Globally the most cement and steel are
used in the built environment [4, 5]. One of the key viable solutions would be to reduce the
amount of cement and steel used. The majority of cement and steel used in the built
environment is used in concrete structures [4, 5]. By drastically increasing the mechanical
performance of concrete, the cement content and steel quantity used in concrete can be
reduced. If the desired concrete performance can be achieved with less cement and less steel,
the negative environmental impact can be greatly reduced.

Nanomaterials have opened new possibilities for concrete enhancement and alteration.
Nanomaterials such as nanographene is a light and extremely strong material that can
dramatically affect the mechanical performance of concrete [6]. Only a small amount is
needed because of the particle size and large surface area of nanographene [7]. Although
nanographene added to concrete has exceptional properties the practical application thereof
is difficult. The dispersion of nanographene has proven to be the greatest challenge since the
non-sixed graphene flakes flocculates and has hydrophobic tendencies. The dispersion of a
nano particles in a cementitious matrix plays an important role to enhance its mechanical
performance [8]. Johnson et al. [9] found that ultrasonication is a possible solution to disperse
nanographene in a mixture. Sonication is a process in which sound energy is applied to a
mixture to agitate the particles in the mixture and cause dispersion. Sonication is costly and
not viable on large scale [9]. Thus, a more cost effective, commercially viable dispersion
method was developed through high mechanical shearing.

A study by Van Wyk [10] identified which type of dispersion agents allows for the best
dispersion of nanographene using mechanical shearing. Furthermore, attention was placed
on how the degree of dispersion influenced the performance of concrete. Van Wyk assessed
the influence the degree of the dispersion on the fresh properties, mechanical properties, and
durability properties of concrete. Experimental analysis showed that a higher the degree of
dispersion resulted in a positive enhancement of concrete’s mechanical and durability
performance.The combined dispersion action of a polymetric (Polycarboxylate Ether) and a
surfactant (Lignosulfonate) admixture resulted in the highest degree of dispersion of
nanographene. This led to superior mechanical and durability performance enhancement
compared to the other tested admixtures. Unfortunately, van Wyk’s research still did not
improve the reference mixture. Thus, nanographene was seen as an expensive and ineffective
addition to concrete.

Concrete is strong in compression but weak in tension [1]. One of the reasons for concrete
being weak in tension is because of the weak interface bond between the aggregate and
mortar [11, 12]. The Interfacial Transition Zone (ITZ) is where tensile failure of concrete
occurs. Concrete is described as a heterogeneous material which means it is diverse in
character and constituents [1]. Concrete is not uniform in composition due to the difference
in stiffness of materials. Cement, water, and sand which is thoroughly blended forms mortar
and can be described as a homogenous material [1]. When adding large aggregate or stone
to mortar, concrete is formed [1]. Thus, when concrete forms the material transitions from a
more homogenous state to a near heterogeneous state due to difference in stiffness between
aggregate and mortar. The aggregate and mortar subsequently form a type of cold joint
because of the difference in stiffness and composition. A cold joint is described as a difference
in consistency between to materials which causes weak adhesion between materials [13].
Therefore, a weak bonding between aggregate and mortar transpires which causes concrete
to mostly mechanically fail at the ITZ between the mortar and the stone.
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This study aims to develop a variety of nanographene application techniques to improve
the mechanical performance of conventional concrete by densifying the mortar matrix as well
as the ITZ. Little to no research has been done on the majority of nanographene application
techniques developed in this study.

2. EXPERIMENTAL FRAMEWORK

2.1 Nanographene Application Techniques

This study focusses on two mechanisms which can potentially improve the mechanical
performance of conventional concrete using nanographene application techniques (NGAT).
These two mechanisms are the densification of the mortar matrix and ITZ.

Three NGAT’s were implemented to densify the mortar matrix. 1) Nanographene pre-
dispersed in a superplasticiser (PCE_LIG_NG) and then added to fresh concrete. 2)
Nanographene pre-dispersed in a super absorbent polymer (SAP_NG) and then added to fresh
concrete. 3) Nanographene pre-dispersed in a grinding aid (GA) and used to treat cement (TC)
with nanographene using a ball mill (TCGA_NG). The pre-dispersion time and intensity of the
nanographene was determined by van Wyk's research [10]. A separate reference mixture
without nanographene was mixed and tested for each of the three techniques to make results
comparable. When nanographene is pre-dispersed in a solution or admixture, it is referred to
as a nanographene dispersion agent (NGDA).

There were three NGAT’s implemented to densify the ITZ. 1) Wet coating aggregate (WCA)
with a NGDA and then use the nanographene coated aggregate to mix in the concrete. 2) Dry
coating aggregate (DCA) without pre-dispersing the nanographene and then using the
nanographene coated aggregate to mix in the concrete. 3) Wet coating aggregate with a
nanographene dispersion agent (Tylose_NG) and then applying a thin material film to the
surface of the aggregate. Figure 1-3 illustrates the experimental procedure of the NGAT,
WCA_NG.

Figure 2: Implementation of Figure 3 : Aggregate coated
NGDA (Tylose_NG) pre-dispersed NGDA with pre-dispered NGDA

Three different material film approaches were used. The first approach was to apply a
cementitious (WCAC_NG) film to the surface of the aggregate. The second approach was to
apply a sand (WCAS_NG) film to the surface of the aggregate. The third approach was to apply
a combined cementitious and sand (WCACS_NG) film to the surface of the aggregate.
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The multi-particle coated aggregate was then used to mix in the concrete. The amount of
material (cement, sand, or combined) that was used to apply the thin film to the surface of
the aggregate was deducted from the base mix constituents. A separate reference mixture
without nanographene was mixed and tested for the WCA technique to make results
comparable.

2.2 Concrete Mix Design

Fifteen different mixtures were prepared in this study as shown in Table 1. Each mixture
contained the same amount water, cement, sand, and stone. For the base mix, a water to
cement ratio of 0.6, a target strength of 35MPa with a slump of 92.5mm were achieved.

A CEM II/A-L 52.5 N cement from Portland Cement (PPC) was used for all the mixes [14]. A
coarse natural pit sand, known locally as Malmesbury sand, with a 13mm Greywacke coarse
aggregate from Lafarge quarry in Eersterivier were used for all mixes. The relative density
(RD) of the Malmesbury sand was 2.63, the fines modulus (FM) was 3.24, and the dust content
(<0.075mm) was 4.6%. The nanographene was sourced from First Graphene Ltd.
PUREGRAPH®50 and PUREGRAPH®50 AQUA was used for this study [15, 16]. A dosage of
0.07% of the cement weight was used based on recommendation from literature [17]. A
dosage of 1% of the cement weight was used for the admixtures, solutions and grinding aids.
CHRYSO ADA 25EL grinding aid (GA) was used as a NGDA to treat the cement. Tylose H 6000
YP2 (Hydroxyethyl cellulose) acts as a rheology and viscosity modifier and was used as a NGDA
to wet coat the aggregate. The mixes that used an admixture (PCE_LIG) and Super Absorbent
Polymer (SAP) was formulated from raw ingredients.

Table 1: Concrete mix constituents and proportions

NGAT mix names
Constituents REF TCGA_ TC NG WCA | DCA_ | DCA_ | PCE_ SAP_
(kg/m?3) NG - _NG | NGF NGA [ LIG_NG | NG
Water 209 209 209 209 209 209 209 209
Cement 348 348 348 348 348 348 348 348
Sand 911 911 911 911 911 911 911 911
Aggregate 900 900 900 900 900 900 900 900
Tylose - - - 10,03 - - - -
PCE_LIG - - - - - - 3,48 -
SAP - - - - - - - 3,48
GA - 3,48 - - - - - -
PG®50 - 0,24 0,24 0,24 | 0,24 - 0,24 0,24
PG®50_AQUA - - - - - 0,82 - -
2.3 Tests

The slump test was determined in accordance with SANS 5861-1 (2006) and was used to
measure the flowability of conventional concrete. At least two slump measurements were
conducted, respectively.

The compressive strength of 100mm cubes were determined in accordance with SANS
6253 (2006). Four cubes per concrete mixture were tested after 7 days and on 28 days of
curing in the water baths controlled at 23°C temperature. The force (in Newton) applied at
the time of failure was then recorded.
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The tensile splitting capacity of 100mm cubes were determined in accordance with SANS
5863 (2006). Four cubes per concrete mixture were tested after 28 days of curing in the water
baths. A constant stress of 0.03 +0.01MPa/s was applied up until the point of failure.
Equation 1 illustrates the tensile splitting capacity (MPa) calculated using F, force at failure
(N), and a, cube width (mm).

2F

fcu = (1)

ma?

3. RESULTS AND DISCUSSION

Table 2 shows the slump measurements after mixing as well as the compressive strength,
and tensile splitting capacity of all fifteen mixes at 7 days and 28 days of curing. Each
application technique is compared to its respected reference mix as illustrated in Table 2.

The slump results indicated a decrease in flowability when PUREGRAPH®50 (flake) was not
pre-dispersed and used in concrete. There was a slight decrease in flowability when the
PUREGRAPH®50 AQUA (agglomerate) was used in concrete. The slump results indicate that
the flowability remains similar when nanographene was pre-dispersed in an admixture or
solution and then added to concrete.

The application techniques, DCA_NGF and DCA_NGA, indicated a 25mm and 5mm
decrease in flowability, respectively. DCA_NGF and DCA_NGA increased the compressive
strength after 7 days of curing with 2.6% and 3.1% respectively and by 4.3% and 2.8% after
28 days of curing respectively. DCA_NGF indicated a decrease of 9.9% in the tensile splitting
capacity while DCA_NGA indicated an increase of 11,4% in the tensile splitting capacity after
28 days of curing. Deflection measurements from the tensile splitting test for DCA_NGF and
DCA_NGA was 1,01lmm and 0,82mm respectively.

The application techniques, TCGA_NG, WCA_ NG and WCACS_NG, indicated a 15mm,
17,5mm and 50mm increase in flowability, respectively. TCGA_NG, WCA_NG and WCACS_NG
decreased the compressive strength after 7 days of curing with 8.5%, 15.8% and 16.2%
respectively and by 5.5%, 4.2% and 9.1% respectively after 28 days of curing. TCGA_NG
decreased the tensile splitting capacity by 22.0% while WCA_NG and WCACS_NG indicated
an increase of 2,9% and 4.8% respectively after 28 days of curing. Deflection measurements
from the tensile splitting for TCGA_NG, WCA_NG and WCACS_NG was 0,74mm, 0,82mm and
0,79mm respectively.

The application techniques, WCAC_NG and WCAS_NG, indicated a 27.5mm and 15mm
decrease in flowability, respectively. WCAC_NG and WCAS_NG increased the compressive
strength after 7 days of curing with 6.5% and 2.8% respectively and by 4.0% and 5.4%
respectively after 28 days of curing. WCAC_NG and WCAS_NG increased the tensile splitting
capacity after 28 days of curing with 15,0% and 13,1% respectively. Deflection measurements
from the tensile splitting test for WCAC_NG and WCAS_NG was 0,78mm and 0,84mm
respectively.

The application techniques, PCE_LIG_NG and SAP_NG, indicated a 5mm increase and 5mm
decrease in flowability, respectively. PCE_LIG_NG and SAP_NG decreased the compressive
strength after 7 days of curing with 3,3% and 4,2% respectively, but increased the
compressive strength after 28 days of curing with 8,2% and 3,4% respectively. Both
PCE_LIG_NG and SAP_NG indicated a decrease of 0,7% in the tensile splitting capacity after
28 days of curing. Deflection measurements from the tensile splitting test for PCE_LIG_NG
and SAP_NG was 0,81mm and 0,91mm respectively.
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Table 2: Flowability, compression, and tensile results

Flowability Compression Tensile

Mix Slump (mm) 7-Days (kN) | %>OR< [28-Days (kN) | %>OR< |28-Days (kN)|Deflect (mm)| %>OR<
REF_MIX 92,5 300,90 Ref 352,70 Ref 2,63 0,81 Ref
DCA_NGF 67,5 308,80 2,6% 368,50 4,3% 2,37 100 |
DCA_NGA 87,5 310,10 3,1% 362,60 2,8% 2,93 0,82 11,40%
TC_NGF 65 311,20 3,4% 374,50 6,2% 2,68 0,82 1,90%
TCGA_REF 107,5 341,70 Ref 370,60 Ref 2,73 0,73 Ref
TCGA_NG 122,5 312,50 350,10 2,13 0,74 -22,00%
WCA_REF 87,5 294,50 332,80 2,38 0,82 Ref
WCA_NG 105,0 248,10 318,90 2,45 0,75 2,90%
WCACS_NG 137,5 246,70 302,40 2,50 0,79 4,80%
WCAC_NG 115,0 313,70 6,5% 346,10 4,0% 2,74 0,78 15,00%
WCAS_NG 72,5 302,80 2,8% 350,80 5,4% 2,69 0,84 13,10%
PCE_LIG_REF 165,0 342,60 Ref 399,00 Ref 2,86 0,74 Ref
PCE_LIG_NG 170,0 vl B 0,81 0,70%
SAP_REF 85,0 367,30 Ref 417,00 Ref 2,61 0,81 Ref
SAP Ref NG 80,0 382,60 4,2% 431,20 3,4% 2,63 0,91 0,70%

The application techniques, TC_NGF and DCA_NGA, prove to facilitate the best overall
improvement in mechanical performance of conventional concrete. This improvement is
visible in the 28 day compressive strength and tensile splitting capacity results. The
application technique where cement was treated with nanographene in flake form (TC_NGF)
showed the best improvement in compressive strength with an increase of 6,2%. It is known
that finer materials (<0,075mm) such as ground limestone, slag and fly ash fill pours and voids
in concrete, resulting in increased strength [1]. Thus, nanographene flake is believed to have
had the same effect and facilitated the densification of the mortar matrix which enhanced
the compression performance of the concrete.

The application technique where the surface of the aggregate was dry coated with
nanographene in aqua form (DCA_NGA), showed the best improvement in tensile splitting
capacity with an increase of 11,4%. It is believed that the increase is due to a high coating
efficiency the agglomerated nanographene had on the surface of the aggregate. This high
coating efficiency is facilitated by a smearing action caused by the agglomerated
nanographene. It is believed that this smearing action also enhances the ability of the
nanographene to remain on the surface of the aggregate when introduced into a robust
mixing environment. This allows for the nanographene to densify the ITZ and not be diluted
into the mortar paste. Therefore, the nanographene is focussed at the ITZ and enhances the
tensile splitting capacity of conventional concrete.

Several application techniques as shown in Table 2 drastically decreased the mechanical
performance of conventional concrete. The results indicate that a major decrease in
mechanical performance occurred when nanographene was pre-dispersed (TCGA_NG,
WCA_NG and WCACS_NG) in a dispersion agent. It is believed that the viscosity and the
chemical composition of the dispersion agent does influence the degree of dispersion. The
degree of dispersion relates to how long nano particles remain in suspension after separation
through dispersion methods. The goal is to separate the nanographene from each other and
keep the particles in suspension before adding to concrete. Van Wyk proved that the higher
the degree of dispersion, the higher the higher the mechanical performance of conventional
concrete [10]. Therefore, more research needs to be done on the factors that influences the
application of nanographene pre-dispersed in a dispersion agent.
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Only a few application techniques improved the mechanical performance beyond the
performance of the base mix (REF_MIX). Figure 1 shows the percentage improvement in
mechanical performance when NGAT’s implemented are compared to the base mix (Ref mix).
The results indicate that a specific application technique, DCA_NGA, showed a small
improvement in the compression performance and a significant improvement tensile
performance of conventional concrete. Therefore, DCA_NGA can be used specifically to
densify the ITZ and improve the tensile performance of conventional concrete.
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Figure 1: Percentage Increase in mechanical performance compared to the base mix
(REF_MIX)

4. CONCLUSIONS

The main conclusions from this study are as follows:

e There are indications that when nanographene is not pre-dispersed in a dispersion agent,
the flowability of the concrete decreases. Rheology testing needs to be done to confirm
this phenomenon.

e Conventional admixtures and solutions increase the compression performance of
conventional concrete far greater than nanographene. Although it should be kept in mind
that the admixtures were added at dosages more than 100 times that of the
nanographene.

e There is more research to be done on the factors that have an impact on the application
of nanographene pre-dispersed in a dispersion agent. This includes the dosage of
nanographene used.

e Nanographene improved the tensile performance of almost every concrete mix compared
to its respected reference mix.

e The nanographene application technique (NGAT), DCA_NGA, slightly improved the
compression performance of conventional concrete. It outperformed all other concrete
mixes with respect to tensile performance. Thus, this NGAT is seen as a viable option to
improve the mechanical performance of conventional concrete, especially in tension.

The application of nanographene in concrete remains challenging and more research
needs to be done before it can be applied to the construction industry. Several application
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techniques in this study shows promise. More research on especially the impact these
nanographene application techniques has on the rheology and durability of the concrete is
needed.
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