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Abstract

Use of concrete as a construction material is ubiquitous in the construction and transport
industries. However, cracking of concrete has led to damage, severe accidents and even loss of
life. Regular inspection and repair of concrete have proven to be extremely tedious and
expensive. Smart concrete with sensing and healing capabilities can mitigate this situation. To
design such a material, numerical models that encompasses multiple physical phenomena such
as mechanics, diffusion, precipitation, electrical conduction, and piezo-resistivity are
imperative. This thesis attempts to achieve this through a series of numerical models of
concrete with supporting experiments. In particular, four physical phenomena have been
modelled: a) diffusion in concrete; b) healing of cracks through bacterial deposition; c)
electrical conduction; and 4) piezo-resistivity through stress-resistivity coupling. Each model
has been validated extensively with available experimental results. Whenever necessary,
experiments have been conducted to scrutinise the compute models. This thesis concludes with
an approach to bringing the models together in implementing smart concrete with both sensing

and healing capabilities.

The healing potential of concrete is assessed by performing a study on the diffusion coefficient
of concrete. The widely varying constituent length scales of concrete between the micron-sized
pores and the millimetre-sized aggregates make diffusion in concrete a complex phenomenon.
A multi-scale numerical model is developed investigating the factors important in concrete
matrix constituents: pores, aggregates, and the interfaces on the diffusion behaviour of
concrete. The model is validated against existing experimental results. The diffusion study is
also subsequently employed in another companion numerical model assessing the healing

mechanism in concrete.

Healing of concrete cracks are of paramount importance as cracks prove to be a major source
of concern towards the integrity of a structure. Biocement injection has proved to be effective
in healing fine cracks in concrete. A numerical model is developed to demonstrate the coupled
nature of multiple reactive transport processes involved in biocementation in healing of cracks.
The model accounts for diffusion, reaction kinetics, mass balance and constitutive equations.
The results are validated against experiments in both healing efficiency and water transport
performance. The model can be used for a parametric study for customising the application

strategy regarding in-situ healing scenarios.



An attempt is made to improve the sensing performance of concrete by adding carbon fibres.
The sensing capabilities are assessed through a numerical model which aims to quantify the
conductivity and conduction mechanism of electrical current through the concrete composite.
The randomised topology of fibre arrangement is accounted through a probabilistic model. The
effect of dosage and geometry of added fibres are also studied. The predictions of the model

are consistent with a variety of experimental results.

The electrical conduction mechanism is employed to study the piezoresistive properties of
concrete composites. A numerical model employing an electro-mechanical multi-physics FE
system is used to study the sensing capabilities of concrete through piezoresistivity. The effect
of fibre dosage, geometry, and changes in material properties upon mechanical strain are
considered. The piezoresistive behaviour is found consistent with experimental investigations.
The model can be used in construction of engineered composites with desired electrical

properties.

This thesis concludes with an approach to bringing the models together and implementing the

self-sensing self-healing concrete in future.
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Chapter 1: Introduction

1.1 Motivation

Constructional activities have been expanding at an ever-increasing pace over the last hundred
years. Cement has been the construction material of choice because of its inexpensive nature
and high strength. Cementitious materials are ubiquitous and are used in their various forms in
grouts, concrete, and soil stabilisation. However, cracking has been known to pose a significant
threat to the durability of concrete. Cracking can cause because of shrinkage (1), fatigue (2),
impact loads (3) and differential settlement. As a result, maintaining safe operations of these
structures through an assessment, repair and renewal system is one of the major challenges
faced in modern construction. Traditionally, visual inspection has been used for quality
assessment with any associated repairs performed through the manual application of crack
fillers and reinforcements. Not only such methods can be unreliable and hazardous for the
workers, but the logistics can also be very expensive, especially considering places that are
either underground or underwater. Hence, this calls for an efficient quality assessment and

mitigation technique to be put in concrete structures to make them sustainable.

One of the major reasons for the durability of concrete in the first place is its inherent ability
to repair cracks. This autogenous healing property has been identified as early as 1836 by the
French Academy of Sciences (4). Numerous studies have been conducted to assess the nature
and extent of such a healing mechanism. However, the autogenous healing of cracks is only
seen to be effective in thin cracks (5). This mandates external intervention for larger cracks in
concrete to main safe operations. This has been achieved with varying degrees of success by
using external reinforcements (6), cementitious grouts (7), chemicals (8), biocement (9) and
polymers (10). Of all these methods the use of biocement has shown promise as it is relatively
inexpensive to source and the bacteria already has proven success in the deposition of several
natural geological formations like beach rocks, corals and microbialites. Consequently, a lot of
studies have focused on different ways of introducing microbes in concrete to have an efficient

repair of cracks.

However, the repairability of the crack is only meaningful when we know about predicting the
time and location of cracking. This has led to the rise of numerous experimental methods under

Structural Health Monitoring (SHM) where the soundness of the material is assessed through
25



the use of sensors attached to the material. Any changes in the stresses and loads in a structure
will ideally show up in the sensor and will help in predicting the nature and location of the
crack. Unfortunately, sensors have been known to suffer from low lifespan, low reliability and
being expensive to install (11). This may be possible because of a non-compatibility between
the surfaces of the sensor and concrete commonly known as transplant rejection (12).
Consequently, attempts have been made to incorporate the sensing nature of the sensors into
the concrete itself. This procedure has garnered increased attention because it can provide a
better monitoring quality through sensing the overall state of the structure while also avoiding
the contact issues faced by most of the traditional sensors. This has been achieved by adding
different electrically conductive fillers to improve the electrical resistivity of concrete.
However, mixing additional materials in cementitious composite compromises the integrity of
the mix, which is why the dosage of the fillers have to be constrained. The fibrous nature of
slender carbon fibres can show massive improvements in the conductivity of the composites
with very little dosage because of their ability to form conductive networks through the
concrete. The addition of carbon fibres also makes the composite piezoresistive.
Piezoresistivity is the property of a composite where the material shows noticeable variations

in electrical conductivity with applied mechanical deformations.

It has been shown that the healing property is an effective mitigation technique, and the sensing
property is an effective quality assessment system. Numerous research has been directed
towards studying these healing and sensing properties of concrete, however, studies combining
the effect of both in a single material has not been performed. This can be attributed to the
limited numerical studies available for the corresponding mechanisms. Studies on the healing
of cracks in concrete have been mostly limited to estimation of the crack healing through
empirical crack closure (13) and independent reactive transport model (14) with no modelled
healing. In the case of carbon fibre-reinforced composite for sensing, although the mechanism
of piezoresistivity in a carbon fibre reinforced cementitious composite is well-known, the
underlying phenomenon has been elusive. Explanations have been offered for piezoresistivity
through increasing resistance at the fibre pull-out contact surface (15), which is applicable only
under tension, and fibre realignment under compression (16), which has been postulated based
on experimental results. A numerical environment where the self-healing and the self-sensing
parts can be combined will help conceptualise a new material, which can predict oncoming
damages and heal the damages by itself. Such a material can incorporate both the carbon fibres

and the bacterial matter to achieve both beneficial properties. This thesis aims to develop the
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different aspects of such a numerical environment to implement healing and sensing

capabilities in concrete, which will give rise to a novel construction material, which is more

sustainable, more resilient, and more durable than the construction material of today. The

concept of the novel material is depicted in Fig. /-1.

Existing

Concrete l

()  Wireless
Receiver

Load =————p l a

Retrofit

Resistivity
Meter

Electrodes
)

Wireless
Transmitter

Carbon Fibre

Bacteria

Fig 1-1: Schematic diagram of novel construction material with healing and sensing

capabilities

1.2Objectives

The key objectives of this thesis are as follows:

1. Review relevant works previous performed on developing sensing and healing

cementitious material.

2. Develop a numerical environment for healing cracks in concrete using bacteria

a.

b.

C.

Investigating the fluid transport mechanism in concrete in presence of pores and
aggregates
Validating the outcomes of the developed numerical model with experiments

Performing a parametric study to develop an efficient healing outcome.

3. Develop a numerical environment for electrical properties in concrete with carbon

fibres
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a. Investigation of the influence of percolation mechanism in electrical
conductivity in carbon fibre reinforced concrete

b. Analyse the potential sources of piezoresistivity and the parameters affecting it
in concrete with added carbon fibres.

c. Determine the effect of moisture content on electrical resistivity and

piezoresistivity of concrete composite.

1.3 Thesis Outline

This thesis is a hybrid thesis. It consists of one published article as Chapter 3, one manuscript
as Chapter 4 which has been communicated to a journal for review, and five other unsubmitted
manuscripts which form Chapters 2, 5, 6 7 and 8. The thesis report original findings on the
mechanisms behind healing and electrical current conduction in concrete with bacteria and

carbon fibres respectively. A brief description of the thesis outline is as follows:

Chapter 1: Introduction introduces the target of the thesis with the supporting motivation
followed by a brief gap in the available literature. The chapter also provides an overview of the

thesis.

Chapter 2: A pathway to self-healing, self-sensing concrete is a detailed review of different
experimental and numerical approaches to understand the healing mechanism in concrete and
the electrical sensing properties in concrete separately. The review compares the results from
different experimental results and summarises the progress analytical models to set a baseline

for numerical modelling

Chapter 3: A multiscale model including the effect of pores, aggregates, and their
interfaces for moisture diffusion in concrete is a published work that investigates the effect
of the presence of pores, aggregates and the variation in their sizes and arrangements on the
diffusion coefficient in concrete. This model is used as the baseline for the transport

phenomenon in future models.

Chapter 4: A numerical model for healing cracks in concrete using biocement explores
the crack sealing process in cracks in concrete through biological calcite precipitation. The

processes are modelled through coupled reactive transport phenomena including diffusion in
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porous media, reaction kinetics and mass balance equations. The outcomes of some scenarios

are verified against the corresponding experiments to lend credibility to the model.

Chapter 5: Numerical study on the effect of crack geometry and application strategy on
biogenic healing efficiency in concrete is a parametric study based on the healing model
developed in the previous chapter. This chapter studies the effect of different factors which
influence the healing rate of cracks and concludes on what combination of parameters would

be ideal for the most efficient healing performance.

Chapter 6: A numerical model for electrical properties of self-sensing concrete with
carbon fibres analyses the electrical current flow through concrete with added carbon fibres.
A numerical model is developed based on Kirchhoff’s reformulation of Ohm’s Law.
Simulations are carried out with the random arrangement of fibres in the matrix and an attempt

is made at quantifying the percolation threshold of carbon fibres in concrete

Chapter 7: An electro-mechanical model for piezoresistive concrete with carbon fibres is
centred around developing a multi-physics coupled finite element model to explain the
piezoresistive behaviour of concrete with carbon fibres and how the effect changes with
variation of different parameters. This model builds upon the electrical conductivity model to

explain both the percolation conduction and the piezoresistivity mechanism.

Chapter 8: Effect of moisture content of mechanical, electrical and piezoresistive
properties of cementitious composites is an experimental work carried out to analyse the
importance of moisture presence in the electrical current conduction and the piezoresistivity in
concrete. This study is carried out to account for environmental parameters while modelling
the healing. This work is performed as supporting work in developing the complete numerical

environment for healing in concrete.

Chapter 9 Conclusion summarises the key conclusion of each investigation and paves the path

for future research based on this thesis.
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Abstract

Integrating healing and sensing functions into construction materials would be a great leap
towards sustainably built infrastructure. Although progress has been made in healing and
sensing materials separately, their combination into one material has not been reported hitherto.
Significant research has demonstrated the promise of chemical and more recently bacterial
healing agents, both on a laboratory and field scale. Separately, self-sensing concrete has been
developed with the addition of electrically conductive elements such as carbon fibres, nano-
materials, and shape memory alloys. This paper reviews the development of the two fields. The
review demonstrates the potential synergy and circularity of the two technologies. Healing can
be monitored through sensing and sensing can be sustained in the damaged material through
healing. It highlights that designing a self-sensing, self-healing material needs a balance among
a large number of components to achieve multiple functionalities, which can be a challenging
experimental task in terms of the number of parameters and the degree of control. Numerical
tools reported so far are scattered that concentrate on one of the physical, chemical, and
biological phenomena involved. The development of a comprehensive numerical tool
encompassing all the phenomena and validating it with laboratory and field data is paramount

for progress in this field.
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2.1 Introduction

Construction activities have been growing at a steady rate over the last century. Cement, being
ubiquitous and inexpensive, is used in its various forms in concrete, mortar, grouting and soil
stabilization. However, cracking has always posed a significant risk to the durability of the
structures. Cracking in concrete is inevitable and the probability of cracking increases with the
age of the structure because of shrinkage, excessive loading, and differential settlement.
Although the issue of cracking is partially mitigated by casting low porosity concrete, it comes
with a compromise on the mix integrity and is vulnerable to early-age failure. Therefore,
maintaining safe operations of structures through a reliable health assessment with a suitable
repair and renewal system is one of the major challenges in modern times. Conventionally,
visual inspection has been used to monitor the imperfections in the materials and are mitigated
through manual application of crack fillers. This process is unreliable and can be expensive to
install if the structure is in constrained access places like underground or underwater. As a
result, a lot of research has been directed towards devising effective monitoring and crack
repair methodologies in concrete. Although the technologies of healing and sensing in concrete
have independently advanced quite a lot, a new material incorporating both the above-
mentioned beneficial traits will provide the pathway to a next-generation cementitious material.
The sensing and the healing system of the material can work in tandem to ensure a significant
extension to the serviceable life of the material. The sensing system can implement a
monitoring method that can predict any oncoming crack or vulnerabilities. This prediction
information can be used to mobilize the healing system to perform an efficient sealing of crack,
should it occur. All the while, the continued usage of the sensing system will provide valuable
information on the sealing efficiency of the crack and post-healing recovery of the material.

The concept of such a system is illustrated in Fig. 2-1.

34



Cracked Concrete Healed Concrete

Healing and Sensing

Concrete

Fig. 2-1: Concept of a healing and sensing concrete

The healing potential of concrete and cement-based materials has been observed as early as
1936 by Loving (1). Healing in concrete has long been perceived as a potential solution to the
durability of ageing concrete. Concrete does have an autogenous healing property where the
material itself can seal small cracks through the hydration of previously unhydrated cement.
However, this ability is only able to deal with thin cracks. Traditionally, attempts have been
made to repair cracks by manually injecting polymeric and cementitious agents. However,
these processes are very delicate and depend on a variety of environmental conditions. This
has led to researchers discovering the important role of microbes that deposit calcium carbonate
cementation in a lot of natural formations. As the deposition happens in a wide range of climatic
conditions, there have been numerous research on using this beneficial property of bacteria in

the concrete.
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Fig. 2-2: Different means of deploying bacteria in concrete

Multiple methods have been attempted to introduce the biological healing material to repair
cracks. As seen in Fig. 2-2, it can either be applied externally on the crack through procedures
like ponding or pouring; or it can be placed inside the material at the time of construction. The
external application has been successful in healing cracks appearing in any existing structures,
whereas the intrinsic application method has been able to imbibe the material with self-healing
abilities with varying degrees of success. An initial review by De Muynck (2) was built upon
by De Belie et al. (3) and Ferrara et al. (4) who summarised a list of self-healing attempts in
concrete. A significant drawback, as mentioned by the authors, is that introduction of self-
healing systems while construction can sometimes compromise the soundness of the structure
and reduce its serviceable life. Also, attempting to extend the use of polymeric and
cementitious fillers to field-scale applications were faced with high costs associated with a high
amount of healing agent dosage. Where, the use of microbes have shown to be cost-effective,
as they are abundant in nature, and have tremendous success in filling up thin cracks in
concrete, which would otherwise be a challenge because of the high viscosity of other healing
agents. This results in biological healing coming up as a promising candidate for developing a
robust and sustainable material. A schematic diagram for incorporating bacterial healing in

concrete is shown in Fig. 2-3.
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Fig. 2-3: Healing mechanism implemented in a concrete cylinder with bacteria

The recent push towards sustainability has also resulted in tremendous efforts dedicated
towards Structural Health Monitoring (SHM), which can be implemented to evaluate and
predict the structural condition and extend its service life. Traditional SHM techniques include
the use of external sensors which are either embedded or attached to structures. However,
sensors are often faced with a short lifespan because of challenges in installation, high
maintenance costs and contact region imperfections. This has resulted in sensors facing issues
of poor durability, low sensitivity, and low survival rate. This has resulted in attempts to
incorporate the sensing property into the material itself. This proposal of adopting the entire
structure as a self-sensing material has garnered increasing attention as this can provide a better

monitoring system and provide more information on the structure in general.

Concrete is considered a poor conductor of electricity. Numerous studies have exploited this
by incorporating electrically conductive fillers to cementitious materials to endow them with
better electrical conductivity. Azarsa et al. (5) has provided a review of the electrical
conductivity parameter being used for durability evaluation of concrete structures. Another
electrical parameter that can provide information on the load state of concrete is
piezoresistivity, the sensitivity of the electrical resistivity of a material to mechanical
deformations. A compilation has been provided by Wang and Aslani (6) on various research
that has been performed to assess the piezoresistivity performance of cementitious composites
with different added conductive fillers. Among the different types of fillers, fibrous fillers are

considered multifunctional, as they also have a positive effect on the mechanical strength of
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the material. They are also effective in low dosages as the fibrous fillers tend to form
conducting networks within the material. This is significant as higher dosages of fillers often
compromise the structural integrity of the material. Between the different choices of fibrous
fillers, Carbon Fibres (CF) have stood up because of beneficial properties, low required dosage
and being relatively inexpensive. Composites incorporating CF have shown better signal
quality and higher repeatability in experiments, while also increasing the resistance of the
composites against tensile failure. Therefore, carbon fibres have come up as a potential
candidate filler that can be incorporated in a self-sensing cementitious composite. A schematic
diagram combining the healing and sensing parameters into such a material is depicted in Fig.

2-4.
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Fig. 2-4: Schematic diagram of a healing and sensing concrete

Although a significant portion of the research has been directed towards carrying out
experiments to determine the feasibility of the healing and sensing aspect of cementitious
composites, the number of numerical studies analysing such materials have been limited. A
combined review of experimental and analytical studies on the diffusion process through
concrete have been performed by Patel et al. (7). In the case of healing, the issue of limited
numerical studies has been brought up by Jefferson et al. (8) who compiled a state-of-art on
the numerical modelling of self-healing cementitious materials. The works comprise models
for mechanical healing, moisture and chemical transport processes and self-healing behaviour.
A numerical model can be useful in the analysis of a process as it can study the independent

effect of one parameter independently when the others are kept constant. This can be difficult
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to replicate in experiments because of environmental or material constraints. The biocement
process depends on several interrelated factors, therefore any potential extension of the
technology in field applications would mandate a corresponding reliable numerical model.
Such a model can combine the numerical analysis of fluid transport in the substrate, deposition
from the bacteria and all the associated chemical reactions, some of which have been studied
separately through empirical models as discussed by Jefferson et al. (8). A combined numerical
model will be able to reflect on the addition of different qualities and quantities of biological
matter to ensure a fast, sustainable, and efficient healing. The fluid transport mechanism can
also be extended towards creating a numerical model for electrical resistivity and
piezoresistivity, where the moisture distribution can have a potentially significant impact on
the measurements. In the case of electrical conductivity and piezoresistivity, numerical models
can account for the randomness of the fibres statistically by considering a large sample set of
different arrangements of different fibre types and geometries. This can also build upon to a
numerical model for piezoresistivity, which is supported by a limited by a limited number of

supporting numerical works.

The above discussion demonstrates the need for a numerical environment to accommodate both
healing and sensing mechanisms in a cementitious composite incorporating biogenic healing
and added conductive carbon fibres. Such a model can have potential applications in
determining the performance and mix design for creating the next generation novel self-sensing
self-healing cementitious composite. A schematic diagram listing some of the review and

numerical work performed in the different sections of the composite is shown in Fig. 2-5.
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Fig. 2-5: Overview of reviews and numerical studies in the relevant fields

2.2 Mix Designs

The different mix designs from the literature cited in this manuscript, where available are

mentioned in Table 2-1. The details of different
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1

Table 2-1: Mix Designs in different experiments

Reference Mix Type w/b ratio Aggregate Ratio CF Dosage Other Fillers Filler Dosage
Chang et al. (9) Concrete 0.38-0.5 3-4 0.75% wt.
Baeza et al. (10) Paste 0.5 - 0.5 - 1% wt.
Winslow et al. (11) Concrete 0.45-0.55 4.1
Mortar 0.45-0.55 1.82
Song et al. (12) Mortar 0.55-0.65 2.8-3.5
Buetal. (13) Concrete 0.35-0.55 38-64
Zhang et al. (14) Concrete 0.42 5.3 PP Fibre® 0.9% wt.
Nano SiO, 10.8% wt.
Nano TiO» 18% wt.
Liu et al. (15) Concrete 03-04 3 1.2 —1.8% wt. Nano SiO» 1% wt.
Nano CaCO; 3% wt.
Nam et al. (16) Paste 0.4 MWNT? 1% wt.
Wang et al. (17) Concrete
Paste 0.2 1.4 CNF? 2% vol.
0.4 CNF*? 2% vol.
Yoo et al. (18) Paste 0.3 CNT® 1% wt.
Ouetal. (19) Concrete 0.35 345 0.38% vol. CB? 15% vol.
Chen et al. (20) Paste 0.38 1% wt. Graphite 7.5% wt.
Wen et al. (21) Paste 0.35 - 0.5% wt. Steel Fibre 2 — 4% wt.
Azhari et al. (22) Paste 0.3 - 15% MWCNT? 1%
Segura et al. (23) Concrete 0.14 1.4 1.4% vol.
Dehghani et al. (24) Concrete 0.4 5.6 0-0.6% vol. SMA? 0.25 - 1.5% vol.
Steel Fibre 0.25 - 1.5% vol.
Belli et al. (25) Mortar 0.5 3 0.2% vol. GNP* 4% wt.
Xu et al. (26) Paste 0.45 0.9% wt.
Deng et al. (27) Mortar 0.4 1.35 0.5% vol.
Buasiri et al. (28) Mortar 0.35 1 CNF? -
Cholker et al. (29) Concrete 0.38 3 1.5% wit.
Gao et al. (30) Concrete 032-04 2.8-4 CNF* 1.55% vol.
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3 % PP: Polypropylene Fibre, MWNT/MWCNT: Multi-wall carbon nanotube, CNF.: Carbon nanofibres, CB: Carbon Black, SMA: Shape Memory
4  Alloy, GNP: Graphene nanoplatelets

5 Table 2-2: Details of different means of healing used by various authors

Reference Application Method Filler Material Filler Type Testing
Kaur et al. (31) External — Pouring Bacteria Sp. Pasteurii  (ATC® | Ultrasonics, Water
11859™) permeability, SEM!
Thanoon et al. (32) External — Pouring Grout SikaGrout214 Mechanical
External - Injection Epoxy Sikadur52
Edvardsen (33) Autogenous - - Water Permeability
Palin et al. (34) Autogenous - - SEM
Suleiman et al. (35) Autogenous - - XRT!, SEM, Water
permeability
Achal et al. (36) External - Ponding Bacteria Bacillus Sp. (CT-5) Water Permeability,
RCPT/
Wiktor and Jonkers (37) Intrinsic - Encapsulation Bacteria Bacillus alkalinitrilicus Oxygen permeability,
SEM
Chen et al. (38) Intrinsic - Encapsulation Bacteria Bacillus mucilaginous Water  permeability,
Mechanical, DIC’
Wang et al. (39) Intrinsic - Encapsulation Epoxy Urea, formaldehyde, | Mechanical, RCPT
triethanolamine, BGE
Wang et al. (40) Intrinsic - Encapsulation Bacteria Bacillus sphaericus Mechanical
Ersan et al. (41) Intrinsic - Encapsulation Bacteria Diaphorobacter SEM, Water
nitroreducens, Permeability
Pseudomonas aeruginosa
Giannaros et al. (42) Intrinsic - Encapsulation Chemical Sodium Silicate SEM, mechanical
Gilabert et al. (43) Intrinsic - Encapsulation Epoxy MEYCO MP355 1K CT/, Mechanical
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6  'RCPT : Rapid Chloride Permeability Test; XRT: X-Ray Computed Tomography; SEM: Scanning Electron Microscopy; BGE : Butyl Glycidyl
7 Ether; CT: Computed Tomography, DIC: Digital Image Correlation

8  Table 2-3: Filler details in various experiments

Reference Fibre Type | Base Length (mm) | Diameter Specific Tensile Electrical Conductivity
(pm) gravity Strength (GPa) | (Ohm.cm)
Wen et al. (21) SF 6 8
CF Pitch 5 15
Azhari(22) CF Pitch 6 11 2.12 2.6 2.3e4
CNT 0.01 -0.03 10-20 1.5 100 0.01
Segura et al. (23) CF (C10) PAN! 20 7.5 1.8 3.15 10.3
CF (CT12) | PAN! 12 7 1.76 4.15 1.6
Dehghani et al. (24) | SF 11.25 750 7.85 1 1.54e-4
SMA 12 800 6.5 0.5 4.85¢e-4
CF PAN 12.7 7.2 1.81 4.13 1.55e-3
Belli et al. (25) CF PAN! 6 7 1.85 3.5
CF PAN 6 7 1.78 4
GNP 0.006 2
Xu et al. (26) CF 35-5 7.5 2.7 3 7.5e-5
Deng et al. (27) CF PAN 6 7 1.77 3-35 1.55e-3
Cholker et al. (29) CF 6 6.97 1.78 4.81 1.54e-3
Baeza et al. (10) CF PAN 3-125 7.2 1.81 3.8 1.52e-3
Chen et al. (20) CF 6 8 1.74-1.79 | 3.5 1-1.6

9  !: Recycled Fibres
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2.3 Diffusion and Pore Structure

2.3.1 Pore Structure

Concrete is a complex material with underlying heterogeneities. A significant parameter
influencing the transport of fluids through such material is its underlying pore structure.
One of the earliest studies on pore structure in cement paste is performed by Winslow et
al. (11). The study correlates the pore diameter with the corresponding volume of pores
occupied in the matrix of that size. It is observed that the number of pores drop
significantly for sizes greater than 0.3 — 1 pm in diameter. The study also found that the
pore structure does not vary significantly across cement paste, mortar, and concrete, with
the exception when a cement paste is presented with high hydration which lowers the
pore distribution. Another factor that has a mild effect on the pore structure is the
carbonation of specimens which is determined through the Water Penetration Test (12).
Studies have also pointed out the presence of a conductive interfacial layer between the
cement paste and the aggregates in concrete which is responsible for a high conduction
rate of moisture. The Interfacial Transition Zone (ITZ) is a region with a high porosity
because of the non-uniform surface boundary which is thought to facilitate rapid

migration of moisture (44).

2.3.1.1 Effect of Mix Designs

The different parameters attributed to the pore structure in concrete is discussed in this

section.

2.3.1.1.1 Water to binder Ratio

Multiple samples with different water to cement ratios were cast by Bu et al. (13) to
determine the relationship between pore structure and strength. The pore size distribution
of the samples was then evaluated using a Mercury Image Porosimeter. The curves for
the cumulative pore size distribution curves along with other studies involving different
water to cement ratios is presented in Fig. 2-6. The pore size distribution parameter, V,
behaves in a pattern explained by the Fermi-Dirac (45) equation which is shown in Egq.

2-1.

(2-1)

V(d) =V,

d —d,
1+ exp( - )
Here, V(d) is the cumulative pore volume for pore diameter greater than d, Vy is the total
pore volume, dy is the pore diameter at 50% cumulative volume, and r is the fitting

parameter.
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Fig. 2-6: Pore structure with water to cement ratio (10-13)

2.3.1.1.2 Aggregates

Experiments for pore size distribution were carried out on samples with different extents
of hydration. The test was carried out in three phases to determine the effect of ITZ. It
was observed that at higher hydration, the pore structure of the concrete mix deviated
from the rest of the specimens implying that the introduction of aggregates influences the
pore structure of the concrete at a sufficient hydration level. The plot of the pore size
distribution for cement paste, mortar and concrete at different aggregate ratios is shown
in Fig. 2-7. It should be noted that in the figure, the aggregate ratio is considered as the

combined ratio of fine and coarse aggregates to the binder.
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Fig. 2-7: Pore structure with cement paste, mortar, and concrete (11)

2.3.1.2 Conductive Fibre Additives

With the increasing popularity of conductive fillers reinforced concrete, studies of pore
size distribution on samples containing varying amounts of carbon fibres were carried out
through MIP by Liu et al. (15). It is observed that although the addition of carbon fibres
are beneficial, higher dosages of carbon fibres start compromising on the pore structure
of the specimen by increasing the pore sizes there making the specimen more prone to
moisture attacks. The influence of the addition of carbon fibres on the pore structure is

shown in Fig. 2-§.
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Fig. 2-8: Pore structure with fibre dosage (15)

2.3.2 Diffusion in Concrete

Moisture ingress in concrete results in the opening of pathways for corrosive materials
into the underlying reinforcements, which compromises the structural integrity of
infrastructures. To observe the fluid movement, the microstructural details are studied by
Gao et al. (46) and Care et al. (47) through Scanning Electron Microscopy (SEM). The
important transport mechanisms which control the movement of moisture inside concrete
are advection and diffusion. To model advection flow through concrete, Darcy’s Law is
used. On the other hand, Fick’s laws govern the equations for the diffusion of solutes into
the concrete solution matrix. In cases of ions present within the moisture present in the
media, the charge of the ions results in a field that opposes the flow of ions. This results
in the flow of ions governed through the Nernst-Planck equation discussed in the earlier

sections.

The relationship between relative humidity and water content through sorption isotherms
was first addressed by Bazant and Najjar (48). Concrete is mainly comprised of two
constituents i.e.; the cement paste and the aggregate. The presence of the two phases
creates a boundary that is associated with a region of high porosity mentioned as the
Interfacial Transition Zone (ITZ) (11, 49). At high ratios of aggregates, because of the
amount of ITZ in the paste, the interfacial zone can solely be responsible for the

conduction of moisture through concrete as was studied in a percolation mechanism by
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Winslow et al. (50). The thickness of ITZ can vary depending on aggregate sizes and the
aggregate surface condition as observed by Scrivener et al. (51) and Xi et al. (52).
Experiments and subsequent regression analysis performed by Yang et al. determined the
diffusion coefficient of the ITZ and found it two be approximately 3 — 5 times the
diffusion coefficient of the bulk cement paste. Patel et al. (7) provided a summary of the
experimental and modelling approaches to determine the effective diffusion coefficient
of saturated OPC. The effect of cracks on chloride diffusion coefficient in concrete is
studied by Djerbi et al. (53). Changes in the local diffusion coefficient of chloride upon
cracking of mortar samples are tested by Ismail et al. (54). The effect of temperature on
moisture diffusion coefficient is observed by Kang et al. (55). The variation of moisture
diffusion coefficient, for example with different extent of relative humidity in
cementitious composites is illustrated in Fig. 2-9. The LC specimens in the experiments

carried out by Penev et al. (56) refers to a lean concrete mix with no fly ash substitution.
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Fig. 2-9: Relationship between moisture diffusion coefficient and relative humidity (56-
59)
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2.3.3 Numerical Model
The diffusion coefficient of solutes in the porous material is commonly governed by

Fick’s second law:

oC (2-2)
Fraitl

Here, C is the concentration, J is the flux and 7 is the time elapsed. However, in presence

of charged ions like chloride or sulphates, the ion species face a resistance owing to lower

mobility of the cations(60) resulting in the flux following the Nernst-Planck equation (7):

zF -
] = —DVC(1+l71ny)—DCﬁl71p (2-3)

Here, D, y, z, F, R, T, and y are the diffusion coefficient, activity coefficient, ionic
valency, Faraday Constant, Universal gas constant, temperature in Kelvin and counter-
electric potential respectively. Neglecting the effects of the chemical activity and the
counter-electric potential decomposes Eq. 2-3 into Fick’s first law(61). A numerical
model for the flow of water through cracks in concrete is utilized by Edvardsen et al. (33)
using Poiseuille’s Law from fluid mechanics. The model assumes laminar flow of an
incompressible fluid between two plates parallel to each other. However, the surfaces of
the cracks are rough, the flow across the channel is not uniform and there might be
possible branching of the crack in concrete. Therefore, the modified equation used to

study the flow as used by Edvardsen et al. (33) is given as:

qr: Ap-b-w3.f_2.n.d (2-4)

Here, g is the discharge rate of water through cracks, Ap is the differential water pressure
across the ends of the crack, » and w are the length and width of the crack respectively, d
is the depth of the crack channel and # is the absolute viscosity. The factor ¢ is the
reduction factor which accounts for the roughness and branching of the crack channel
flow. An empirical expression for the diffusion coefficient is also developed by Mangat
and Molloy (62) assuming unidirectional flow, a constant diffusion coefficient and a fixed

chloride concentration. The relationship developed is shown below:

x -
C(t,x) = Cyerfc (2m> (2-3)
However, studies performed by Simpson et al. (63) suggest an exponential relationship
between the moisture content and the diffusion coefficient, which led to the following
expression being used in a numerical model for diffusion coefficient in concrete

performed by De et al. (64):
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(2-6)

km

Here, D(m) is the diffusion coefficient, D0 is the diffusion coefficient of dry concrete, k
is a constant which depends on the material property, and m is the moisture content. Early
studies performed by Bazant et al. (48) show a 1000 times approximate increase in the
diffusion coefficient with an increase in moisture content from 0 to 1, which results in a
k value of around 6.9. A relationship between pore structure and porosity of cement paste
is calculated through the classic model of Powers (65) given by:

_ (w/c) —0.36a (2-7)
T="w/c) + 032

Here, 7 is the volumetric porosity and w/c is the water to cement ratio of the cement paste.
The parameter a is the degree of hydration of cement. A good correlation is observed
between the diffusion coefficient in concrete with the electrical resistivity (66). A finite
element based mesoscale model is adopted by Du et al. (67) where the diffusivity of ITZ
is considered as varying fractions of the cement paste. The comparison of numerical
results with experimental values concluded that the diffusivity through the ITZ is almost
twice as fast as the diffusivity through cement paste. A relationship between the diffusion
coefficient of the concrete with the mix design parameters like the water to cement ratio
and the aggregate ratios is presented through a multi-scale study in previous work by the

authors (64). The relationship is given as:

(2-8)

25
Doy = Dy (1 o5 1) (1.59¢ 149 — 0,59)(1 — 0.033apg)

Here, D,y is the effective diffusion coefficient, Dy is the reference diffusion coefficient of
concrete, 7 is the porosity, o is the aggregate ratio, and p, is the aggregate gradation ratio.
The effect of the size distribution of pores and the effect of ITZ is deemed insignificant
in this study whereas the gradation of aggregates appear to influence the diffusion.
However, an ITZ based percolation study is performed by Winslow et al. (50) where the
authors have introduced a percolation behaviour for diffusion through the ITZ. Studies
on the permeability of different concrete mixes with varying porosities are performed by
Neithalath et al. (68). Different numerical models for pore structure are compared with
numerically developed Intermingled Fractal Unit (IFU) models by Niu et al. (69). A
summary of other expressions for the diffusion coefficient is provided in the review by

Shafikhani et al. (61).
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2.4 Healing in Concrete

Concrete is a widely used construction material because of its strength, resilience, and
durability. However, one of the principal factors in the durability of concrete is the
formation of cracks. Cracking of cementitious structures can weaken the structure, but
also pose significant risks to the soundness of the material as the cracks act as pathways
for the ingress of several detrimental elements like chlorides (70) and sulphates (71) into
the underlying reinforcements. This results in noticeable corrosion and mass loss of the
reinforcements compromising the load-bearing capacity of the structure. Hence, cracking
in concrete must not only be countered by additional strength reinforcements but also
accompanied with a way of sealing off the cracks to prevent the attack of the above-
mentioned corrosive agents. This has resulted in an increasing quantity of research being

directed towards the healing of cracks in concrete.

2.4.1 Means of Healing

The parameters having a significant influence on the healing of cracks in concrete are the
filler material used to seal the cracks, the procedure of introducing the fillers in the crack
and the monitoring system used in the healing of cracks. The different techniques used

over time to heal cracks in concrete are discussed below:

2.4.1.1 Autogenous Healing

One of the advantages of concrete being a resilient material is the ability to heal cracks
autogenously to some extent. This was first detected by the French Academy of Science
in 1836 (72). The possibility of carbonation resulting in the deposition of CaCO3 is
posited by Loving et al. (1). The healing may be a result of subsequent hydration of
unreacted cement or filling of the crack profile with the debris from the crack collapsing
on itself. This phenomenon was studied by Edvardsen et al. (33) who assessed this
capability of concrete in terms of reduction in water permeability. Hearn (72) also
recommended factoring in the autogenous filling of cracks in all calculations of
permeability reduction. Suleiman et al. (35) studied the effect of temperature and relative
humidity on the autogenous healing extent of concrete. It was also observed that the
presence of water in the environment is crucial to the process of autogenous healing. As
aresult, alternative means for the healing of cracks are explored. A comprehensive review
of other methods in the autogenous healing capacity is provided by Ferrara et al. (4).
Homma et al. (73) attempted to test the self-healing capability of fibre reinforced
concrete. An experiment assessing the self-healing capabilities of cement composites

reinforced with steel fibres is carried out by Kim et al. (74). Nishikawi et al. (75) subjected
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fibre reinforced samples to freeze-thaw cycles to assess the self-healing capacity of the

specimens.

2.4.1.2 Grouting

Neville et al. (76) initially addressed this by pumping in additional cementitious material
to seal the cracks. Rahmani et al. (77) added coarse cement particles into pre-cracked
concrete and were able to recover the tensile strength to 27% of the uncracked samples.
This was built upon by Thanoon et al. (32) who attempted to seal cracks in slabs through
cement grouting and epoxy injection, while also attempting to cut off the crack opening
with a carbon fibre reinforced layer and a ferrocement cover. Although the methods
resulted in improvement of the strength performance of the slabs, the ductility
performance of slabs were not recovered. Also, later experiments by Kaur et al. (78)
revealed that although grouting techniques are effective in cracks with wide openings, the

viscosity of the grouting material had limited penetration in thin cracks.

2.4.1.3 Inorganic Fillers

Although grouting is developed as an effective process in thicker cracks, the hardening
reaction takes a long time and possible cause compatibility issues because of the
inconsistency at the crack boundary. This resulted in the study of the possible application
of inorganic chemicals to facilitate the cementation reaction in concrete. Dry et al. (79)
attempted to use encapsulated liquid adhesives to seal the cracks present in concrete.
Further attempts were made by Huang et al. (80) where Ca(OH), is encapsulated as a
healing agent into concrete. However, the porous nature of cementitious materials
resulted in fast dispersion of the healing agent thereby reducing the efficiency of this

method.

2.4.1.4 Biocement

Recently, biocement made up of alkaliphilic bacteria, calcium ion solutions and substrate
has garnered significant attention as a potential filler material (36). The bacteria initiates
a reaction precipitating calcite to bind the individual loose particles present along the
crack profile in concrete (81). This mechanism is termed Microbially Induced Calcite
Precipitation (MICP). This has already found applications in construction materials with
the deposition used as a coating to prevent corrosion (82). The principal reason for this
method gaining popularity is because of the ubiquity of urease producing bacteria in
nature. The microbial activity of the bacteria results in the hydrolysis of urea, which reacts

with the supplied calcium ion sources to precipitate calcium carbonate (83). This method
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has been widely employed for repairing existing infrastructure and improving material
durability (2, 84-86). A compilation of the use of biocement in constructional materials
is provided by De Muynck et al. (2). Achal et al. (36) carried out biogenic healing with
different quantities of bacteria in the crack profile and found out that an increase in the
bacterial population increases the healing efficiency only up to a certain limit. This is
observed through the reduced compressive strength of specimens made with extremely
high bacterial content. Different ways of administering bacteria are studied by various
groups, with some carrying out experiments requiring external application of bacteria or
ureolytic enzymes (86-88), while others have attempted encapsulation and vascular
system (37, 42, 80, 89, 90). One significant advantage of the use of biocement over other
fillers is the ability of the fillers to initiate deposition from within the bulk of the concrete
which was verified with X-Ray microtomography by Snoek et al. (91) and was visually
observed by Fukuda et al. (92) where deposition could be seen in the bulk at 0.3 mm from

the fracture surfaces.

(a) (b) (c)

Fig. 2-10: X-Ray tomography images of superabsorbent polymer specimens with (a)
pores shown in grey and blue, (b) the crack profile in brown/red and (c) the formed
healing products in yellow (91)

A list of different media that accompanies the bacteria for healing purposes is provided
by De Muynck et al. (2). A summary of mix designs for different encapsulation
techniques used towards self-healing of cementitious materials is provided by De Belie
et al. (3). The efficiency of the deposition of bacteria is determined by measuring the

amount of insoluble calcium ion concentration solution or the concentration of calcium
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carbonate. The development of concentrations of these entities across different strains of
bacteria used by some of the researchers is shown in Fig. 2-11. Here, the cell
concentration used by Bachmeier et al. (93) in the case of both B. pasteurii and
recombinant E. coli HBI101 strain and the E. coli pBU11 strain is inoculated at 1 x 107

cells/ml, whereas the inoculum size for free B. pasteurii from the experiments by Bang et

al. (88)is 5 x 1077 cells/ml.
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Fig. 2-11: Healing performance of different strains and concentration of bacteria (OD
— Optical Density) with time (88, 93, 94)

2.4.2 Monitoring of Healing
To assess the effectiveness of healing cracks in concrete, monitoring of the crack profile

in the concrete is essential. Visual inspection, including microscopy imaging of the filling
up of the crack, can provide an estimate of the healing of cracks (34). Feiteira et al. (95)
employed the use of Digital Image Correlation (DIC) for obtaining greater detail on the
status of filling up of cracks. However, these are surface measurements and consequently,
more information is required to observe if the cracks are filled within the crack profile.

The other methods employed on observing the healing of cracks are discussed below:
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2.4.2.1 Strength evaluation

Strength evaluation of healed samples through comparison with uncracked samples is a
straightforward means of assessing the extent and effectiveness of the healing process.
However, while comparing healed samples with the uncracked samples, the autogenous
healing of concrete also has to be considered, which has been shown to have substantial
success in healing thinner cracks(72). However, it has been shown by Ferrara et al. (96)
that the autogenous healing results in high crack closure rates while the strength regain
ratio is slow. Thanoon et al. (32) utilized the load strain relationship between different
samples to evaluate the healing extent of the slabs. Palin et al. (34) evaluated the healing
performance in mortar specimens by subjecting them to compressive tests in addition to
visually checking in on the closure of the cracks. A few widely used parameters used to
assess the healing quality are tensile stress (73, 90, 97, 98), compressive stresses (36, 99)
and flexural strength tests (98) A summary of the correlation between mechanical healing

and self-sealing ability of concrete was attempted by Ferrara et al. (96).

2.4.2.2 Ultrasonic waves

Using ultrasonic waves has been a popular means of detection of healing in concrete as it
provides a non-destructive means of healing. This can be deployed in real-life structures
post the healing to evaluate their performance while not compromising the strength of the
structure during testing. To assess the quality of healing in the cracks, Yokota et al. (100)
used ultrasonic rectangular diffraction method. Experiments using Ultrasonic Pulse
Velocity method to evaluate the healing of cracks is performed by Alghamri et al. (101),
where the results detected a reduction in the depth of the crack over time. Ahn et al. (102)
explored the different methods of ultrasonic testing to detect the self-healing mechanism
in concrete. The methods include UPV, surface wave transmission, Diffuse ultrasound,
Code wave interferometry and acoustic emissions. The use of non-linear ultrasonics was
used by Ait Ouarabi et al. (103) to assess the interaction between cement matrix and the
alkaline silicate solution in self-healing concrete. The use of ultrasonic waves to obtain
the extent of healing has recently been finessed by Kaur et al. (78) where they used the
signals to detect the location of the cracks and used different transducer placements to
counter the effect of near field and boundary effects. It is also observed that although the
transmission time has been widely used as a parameter to assess healing, the attenuation
in the transmitted signal provided a more reliable means of monitoring. However, the
consistency of the results are dependent on the coupling between transducers and is

dependent on the configuration of transducer placement which can vary with sample
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geometry. The electronic impedance spectra method is used by Peled et al. (104) to assess

tensile damage cracking in concrete.

2.4.2.3 Permeability

Water permeability is one of the parameters which is significantly affected by the
formation of cracks as is described in the introduction. Consequently, a study of the
permeability property of concrete throughout the process of healing should provide a
comprehensive insight into the extent of healing of any cracks (34). A low permeability
will suggest lower ingress of water and thereby, other aggressive agents. The effect of
the healing of cracks in concrete on changes in permeability was first studied by
Edvardsen et al. (33). It was observed that the flow of water reduces over time owing to
the autogenous healing of concrete. The same concept was later used by Kaur et al. (31)
to observe the extent of healing of cracks in concrete using biocement. The permeability
in cracked concrete was studied for different loading by Wang et al. (105). This involved

saturation of the samples before testing. The permeability coefficient, £ is given as:

_aT (hy (2-9)
b (a)

Here, a is the cross-section area of the flow tube, 4 is the area across the specimen, 7 is
the specimen thickness and /¢ and Ay are the initial and final water head readings
respectively. These permeabilities are then compared with the permeability coefficient
values of uncracked concrete (106). Chloride permeability tests have also been carried
out by different authors (107-109). Both the steady-state penetration and the non-steady

chloride penetration conditions are observed in the above-mentioned studies.

2.4.3 Numerical Models
A regression study was performed by Edvardsen et el. (33) to monitor the self-healing of
concrete through water permeability measurements and the following empirical

relationship was established.

v _ 65w 105¢(4w=13) _ 105,58 (2-10)

qo

Here, g is the leakage of water at time ¢, go is the initial leakage of water, wy, is the mean
crack width at the surface and ¢ is the exposure time. A 1D model has been used by
Schimmel et al. (110) where the healing is considered as an inverse-tangent function of
time. An incremental healing model equation was used by Mergheim et al. (111) which

is described below:
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Ah; = Aw;[1 — exp(=na(t — 5))] (2-11)
Here, the incremental healing material addition to the domain is denoted by A#;, where w;
represents the time-discretised crack width, ¢ is time, s is a time parameter, and 7, is a
curing parameter. The thermodynamics potential of the healing was first considered by
Granger et al. (112) which accounted for the re-damage of healed sections in concrete

under loading. The resulting constitutive equation is defined as:

o=0—-w)Ee+ (1 —wy)Epl,& (2-12)
Here, E and Eh are the elastic modulus of the uncracked and healed material respectively,
w is the width of the crack, ¢ and ¢ are the stresses and strains respectively, and /7 is a
function of the curing parameter. The transport phenomena was modelled by Gawin et al.
(113) considering Darcy’s law for fluid advection, Fick’s law for vapour advection and
solute transport. An advancing carbonation front model was adopted by Papadakis et al.
(114). A simulation study was performed by Huang et al. (115) where the self-healing of
cracks is onset by hydration of unhydrated cement. Additional water is provided as
encapsulated pre-mix addition. The reasoning behind the technique is that cracks will
break open the capsules, thereby introducing moisture to the system initiating hydration
and subsequent precipitation into the crack. This was developed by incorporating the
diffusion process, reactive transport, and the precipitation of hydration products. Thin
virtual cracks of width 10 pm were used in the study. The capsules upon breaking release
water that saturates the pores. The water content is calculated as a function of the degree
of saturation of the nearby pores. The moisture transport across the paste is defined by

Darcy’s Law as follows:

ds dp (2-13)
a =V (kl + k,,)alk

Here, s is the saturation extent at different discretised points within the concrete domain,
p 1s the capillary pressure, 4; is the unsaturated permeability, which in turn is a function
of the degree of saturation, and 4, is the vapour diffusion coefficient in the pores. The
vapour diffusion coefficient is computed as:
k=221 () - 57 19
50B%u 1-s

Here, p is the density of water, ¢ is the cement paste porosity, B is the Rayleigh-Ritz pore
size distribution constant, x is the viscosity of the water and e is a mathematical constant.
The following expression is used to establish the relationship between capillary force and

degree of saturation (116):
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dp  2BCycosa (2-15)
ds (1-s)In2(1—ys)

Here, C is a mathematical constant, y is the surface tension of water, and « is the contact

angle between water and solid. The diffusion of ion is calculated through Fick’s laws,
with the diffusion coefficient being a function of the amount of hydration and porosity.
A finite element analysis is carried out to evaluate the capillary water absorption in
cracked and uncracked mortar by Belleghem et al. (117). Gilabert et al. (43) modelled the
encapsulation-based self-healing mechanism in concrete by modelling the release of
healing agents from encapsulations after getting triggered from cracking for different
crack widths. The images of the simulations for a crack opening of 100 um is shown in
Fig. 2-12. A summary of numerical models in self-healing in cementitious materials is

provided by Jefferson et al. (8).

COD=100 pm
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Fig. 2-12: Modelled leakage pattern for crack width 100 um at different time steps after
breakage of the encapsulation. Strain generated by the released fluid is shown in the left

column and the velocity field is resin strain is shown in the right column (43)

2.5 Effect of moisture and curing on electrical resistivity

Electrical resistivity has been a popular means of testing the moisture state and chloride
ingress in concrete. The relationship between the moisture content of concrete and the
electrical resistivity has been studied as early as 1979 by Woelfl et al. (118). This was
also supported by the works of Gjerv et al. (119) who attempted to assess the electrical
resistivity of concrete in contact with oceans. All the above authors performed
experiments on concrete with varying moisture content and the results are shown in Fig.
2-13. The experiments measuring resistance is shown with an R symbol in the legend

whereas resistivity experiments are shown with a p symbol.
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Fig. 2-13: Effect of moisture content on saturation content (118-120)

Chloride contamination is an issue as it poses a risk to underlying reinforcements thereby
possibly weakening the load-carrying capacity of the structure. Existing methods for
testing the chloride penetration in concrete are ponding tests as mentioned in ASTM
C1543 — 10a or through immersion tests mentioned in ASTM C1556 — 11a which
consume a significant amount of time and resources. Electrical methods get around the

hassle by being easy to set up and use. The electrical resistivity of the concrete during the
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setting time is determined as a function of changing pore solution resistivity while the
capillary porosity is kept constant (121). The pore solution resistivity initially reduces to
a minimum resistivity value, pmi» at time #xi» because of increased ionic concentration,
which is followed by a subsequent increase in the resistivity resulting from the production

of non-conducting C-S-H networks.

The use of carbon fibre reinforced mortar as an electrical contact material was studied by
Fu et al. (122). To account for the moisture, the time interval for curing the specimen is
observed to have a minor influence on electrical resistivity. However, the curing time has
a significantly higher impact on the mechanical properties. The resistivity increases by
approximately 63% in mortar samples, 18% in mortar with 0.53% vol. and 4% in 1.1%
vol. mortar (122). This implies a significant reduction in curing time upon the addition of
carbon fibres. The DC electrical resistivity of cement paste at 28 days of curing is around
5 x 10° Q.cm at room temperature, which shows a slight increase upon addition of silica
fume and further increase upon addition of polymers. Experiments performed by
Vipulanandan et al. (123) determined the initial electrical resistivity of the composite
through a modified mixture theory assuming the cement slurry and gravel mix as separate
components of concrete. The electrical resistivity of the paste is determined through the

Vipulanandan model as shown in Eq. 2-16 below:

(t"'—tO) (2-16)

1 — 1 tmin + tO

P Pmin t+t, t+t, o)
Q1+(1—P1—Q1)(m)+201(m) '

A relationship between moisture content and electrical resistivity is observed by Saleem
et al. (124). The electrical resistivity for different ways of drying concrete using SSD,
oven dry and air-dry methods are studied (125). Garboczi et al. (126) defined the ionic

diffusivity of a saturated porous media as a function of the electrical resistivity as follows:

D o (2-17)

D_o B Op
Here, D is the effective ionic diffusivity, Dy is the diffusivity of the ion in the solution, ¢
is the electrical conductivity of the saturated media and oy is the conductivity of the
solution. The same expression is also used by Baroghel-Bouny et al. (127) to determine
the serviceability of concrete structures. A good correlation was observed between the

RCPT values of specimens with the surface resistivity in experiments carried out by

Ramezanianpour et al. (128). However, a study performed by Rajabipour et al. (129)
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shows that the electrical conductivity of concrete depends on both the pore solution
composition and the local moisture content to produce reliable results. They also observed
that the electrical conduction through concrete need not always happen through the bulk
concrete but can instead happen through the conductive pore solution if there is a
continuous network in the concrete. This is observed with a significant drop in
conductivity when the solution is tested when ponded. Hence, any measurement of the

electrical resistivity of concrete also depends on the surrounding conditions.

2.6 Effect of other parameters on electrical resistivity

Saleem et al. (124) have studied the changes in the electrical resistivity of concrete when
faced with moisture containing chlorides and sulphates. It is observed that there is a
considerable decrease in resistivity corresponding to an increase in moisture content,
however, there is also a decrease in the electrical resistivity with the concentration of the
contaminate in the moisture. Shi et al. (130) have studied the effect of adding varying
quantities of silica fume, fly ash and blast furnace slag on the electrical conductivity of
concrete. The compressive strength of concrete blocks is also found to have a good
correlation with electrical resistivity in the experiments carried out by Ramezanianpour
et al. (128). The effect on electrical resistivity with different applied voltages and the
change of frequency spectrum in the case of an applied AC voltage is studied by Elkey et
al. (131). Recent studies have started using a four-probe Wenner setup to measure
electrical resistivity in concrete which produces more reliable results as this means of
measurement does not depend on the contact resistivity between the concrete and the
probe electrodes (19, 120). The effect of temperature on electrical conductivity is studied
by Chrisp et al. (132) by keeping samples in temperature-controlled laboratory conditions
and subject to wide variations in the outside temperature. Nokken et al. (133) have studied
the effect of temperature, chemical and mineral admixtures on the electrical conductivity
of concrete. It is observed that early age electrical conductivity of concrete does not
significantly depend on the temperature within the range of 6 — 39 °C. A study of the
changes in electrical conductivity in concrete with temperature was performed by Chang
et al. (9) and it was observed that the relationship between temperature and conductivity

in a concrete composite follows the Arrhenius activation energy equation:

Eq 2-18
o= aek’;" ( )

Here, o is the electrical conductivity, o is a constant, 7 is the absolute temperature, k is

the Boltzmann constant, and E,; is the material’s activation energy. The electrical
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resistivity of concrete has also been studied to detect early life freezing of concrete by
Sang et al. (134). The relationship between the electrical resistivity of concrete with the
water to binder ratio is studied by Mendes et al. (135). The resistivities are then defined
using piece-wised defined empirical Medeiros-Junior models which establishes a
relationship between the electrical resistivity, water-to-binder ratio, cement and aggregate

content and compressive strength.

2.7 Effect of Addition of Fibres

Since the onset of the 21% century, a major focus has been the development of
multifunctional construction materials for modern structures. Such materials have
additional functionalities in addition to having reasonable mechanical strength. The
application of such materials can be found in a wide range of applications ranging from
de-icing of pavements, cathodic protection and EM shielding to traffic monitoring and
Structural Health Monitoring (SHM). The additives can be either in powder form, like
carbon black and graphite, or in fibrous form like steel fibres, carbon fibres, Shape
Memory Alloy (SMA) fibres, or nanoparticles like carbon nanofibres, graphene
nanoplatelets and carbon nanotubes. A summary of the influence of adding different
fillers on the mechanical properties and application of cementitious composites is
compiled by Wang et al. (6). The types, shapes, and sizes of different additives in concrete
that are referenced in the figures throughout this manuscript are summarised in 7able 2-
3. The impact of the addition of different quantities of additives in concrete on the
compressive strength and density, the important parameters in determining mechanical

performance is shown in Fig. 2-14.
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Fig. 2-14: Effect of addition of different fillers on (a) compressive strength (16, 23, 24,
26, 136, 137) and (b) density (24, 138)

2.8 Fibre Treatment and Dispersion mechanism

The main reason for the gaining popularity of carbon fibre as a choice of additive in
composites is because of its desirable mechanical and electrical properties. In addition to
providing increased tensile strength to concrete, the addition of carbon fibres also
decreases the resistivity of the cementitious composite. However, the impact of adding
the carbon fibres is also dependent on its shape, size, and the effective dispersion of the

fibre in the bulk concrete medium (139). It was found by Laukaitis et al. (140) that
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crushing carbon fibre to varying degrees of fineness with either sand pulp, chopping or
milling provides and improved compressive strength by 6 —22%. Studies have also shown
that despite getting refined from existing composite scraps through pyrolysis, recycled
carbon fibres are also suitable additives for electrically conductive cementitious

materials(23, 141).

Treatment of carbon fibres can result in changes in the contact resistivity between the
fibres and the composites. In the case of steel fibres, for example, the contact resistivity
between the fibres and cement paste is around 6 x 10° Q/cm? which can be further lowered
by acid washing the fibres (142). Schneider et al. (143) and Zhao et al. (144) attempted
to modify the surfaces of carbon fibres through a plasma treatment at low temperatures,
to improve the mechanical performance of the new material. It was observed that the
treatment of the fibres with plasma resulted in a higher pull-out force of the fibre from
the matrix, thereby indicating a stronger bond post-application. Zhao et al. (144) added
silicon oxide coatings to the carbon fibres and attributed the subsequent increase in the
pull-out force to an enhanced pozzolanic reaction induced by the silicon oxide, promoting
the formation of C-S-H bonds directly over the fibres. Wen et al. (21) used polyvinyl
alcohol and methylcellulose with fibres to enable better dispersion and treated the surface
of carbon fibres with ozone to improve the wettability. Azhari et al. (22) used collated
fibres for achieving better mixing. Belli et al. (25) used carbon fibres with epoxy and
glycerol coatings. Xu et al. (26) used carbon fibres with a nickel coating of 0.25 pm
thickness.

2.9 Electrical Conductivity

2.9.1 Experiments

Percolation threshold has been referred to as the volume fraction of fibres above which
the fibres start touching one another to form continuous electrical paths. Hence, the fibres
themselves are not sensors but are an additive to smart concrete, which acts as a sensor
itself. A nominal dose of fibre is preferred to maintain a reasonable price, better
workability and performance (21). The percolation threshold is determined at a fibre
fraction when the electrical resistivity abruptly decreases by orders of magnitude as the
fibre fraction is exceeded (145). In most cases, the percolation threshold decreases with
increasing slenderness ratio of the fibres. Wang et al. (146) have found that for shorter
carbon fibres of 7 um diameter in cement, the percolation threshold decreases with
increasing fibre length from 1mm to 10mm. In addition, the percolation threshold is also

affected by the granular nature of the non-conducting medium. The presence of sand
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raises the percolation threshold to 0.5 — 1% by vol. when 5 mm long 15 pm diameter
fibres are used (145). The effect of non-conductive admixture on the resistivity is small
compared to the effect of the addition of carbon fibres (21). However, for fibre fractions
under percolation threshold value, addition of non-conductive admixture helps in the
dispersion of fibres which plays an important role in electrical conductivity. At a carbon
fibre volume fraction of 0.35%, the resistivity of cement mortar is significantly lower
when silica fume is added as the silica fume helps in better dispersion of the fibres (147).
Segura et al. (23) have determined that fibre dispersion and fibre waviness determine both
the electrical resistivity and the piezoresistivity behaviour of the cementitious composites.
The percolation phenomenon was first observed by Xie et al. (148). A triple percolation
mechanism is studied in cement paste, mortar, and concrete with different gravel to sand
ratios by Baeza et al. (149). A compilation of different parameters in self-sensing

concrete is provided by Han et al. (150) and Pan et al. (151).

2.9.1.1 Different types of additives

The comparison of the electrical and mechanical properties between carbon fibres, steel
fibres (SF) and shape memory alloy (SMA) fibres are performed by Dehghani et al. (24)
which is compared against samples containing carbon nanotubes, nanofibres and powders

like carbon black and graphite in Fig. 2-15a and Fig. 2-15b respectively below:
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Fig. 2-15: Effect of fibre fraction on resistivity (a) (16, 17, 24), and (b) (152, 153)

2.9.1.2 Variation with CF Length

Although most experimental sources have used PAN-based carbon fibres, different
research groups have utilized different lengths of chopped carbon fibres. Dehghani et al.
(24) deliberately chose 12.7mm long fibres as the longer fibres are expected to induce the
percolation mechanism at a lower fibre fraction. The compilation of the electrical

resistivity with different carbon fibre lengths is shown in Fig. 2-16.
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Fig. 2-16: Percolation mechanism with different fibre lengths (10, 26, 27, 154-156)

2.9.1.3 Variation with CF Orientation

An experiment is conducted by Xu et al. (26) where the authors have engineered the
direction of carbon fibres cast within the concrete by using magnetic force either along
or perpendicular to the direction of flow of current. The plot from Fig. 2-17 shows that
carbon fibres when aligned along the direction of the flow of current has a lower
resistivity than that of randomized arrangement whereas fibres arranged perpendicular to

the direction of the current has a higher resistivity.
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Fig. 2-17: Electrical percolation with fibre orientation (26)

2.9.2 Numerical Models

In a modelling study performed on carbon black filled cement by Xiao et al. (157), the
tunnelling effect is considered to be the dominant factor in the electrical conduction
through the composite. The tunnelling effect is determined through the current density in
a tunnel resistor through adjacent conducting particles at a low voltage region(158) as

shown in Eq.2-19 below:

0.5 2 4mS . 2-19
g = PR (2 y o) emer (-19)
25, h

Here, Jis the current density, m, e and / are the electron mass, charge and Plank’s constant
respectively, ¢, Sp and U are the height of the tunnel potential barrier, filler separation

and the potential applied across the resistor respectively.

In a numerical model performed by Buasiri et al. (28), the percolation threshold is termed
the critical volume fraction for a composite to transition from an insulator to a conductor.
The theory is based on the formation of continuous conductive networks of fibres through
the composites thereby reducing the resistivity of the material significantly. The

conductivity, ¢ is estimated through the power law mentioned in Eq. 2-20 shown below:
o= ap( — 9.)" (2-20)
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This model is also adopted by Rejon et al. (152) which shows a good relationship between
the electrical conductivity of composites with added carbon fibres and carbon black with
the number of additives. Here, ¢. is the concentration of conductive fibres or fillers
corresponding to the percolation threshold, oo is the conductivity of the conductive
material and ¢ is the critical index of conductivity with a theoretical value between 1.5
and 1.75 (152). Studies have found that in addition to the conductivity of the filler
materials, the shape and aspect ratio of the fillers also are significant parameters in
determining the overall conductivity of the composite. A study on carbon nano-tubes

performed by Hu et al. (159) is calculated through Eq. 2-21 shown below:

L
Ocom = OCNT * 10%85(10g(5)-1).. (0 — @)t (2-21)

Here, ocnr is the electrical conductivity of the CNT, L is the length of the nanotubes, D is
the diameter of the nanotubes and ¢ is the volume fraction of the fillers. It is also observed
that fibres undergoing crimping and curling result in an increase in the percolation

threshold and increased electrical resistivity (159, 160).

2.10 Piezoresistivity

2.10.1 Experiments

The piezoresistivity effect of carbon fibre reinforced composites was first observed while
electrically testing a fibre reinforced concrete for fatigue response(161). Wen et al. (21)
mentioned the piezoresistivity in carbon fibre added composites arising from fibre-matrix
contact. For carbon fibre composites, Wen et al. (162) have considered slight pullout of
carbon fibres during crack opening and subsequent increase in contact resistivity of the
fibre matrix interface as the reason for piezoresistivity whereas Taya et al. (163) have
considered the fibre network realignment under strain as the reason for piezoresistivity.
Segura et al. (23) have also found out that cementitious materials without fibres inherently
display piezoresistive properties to some extent. However, the addition of a large number
of carbon fibres results in a wide variation in fractional change in resistivity (FCR) due
to the uneven distribution of the fibres (22). Cementitious sensors with a high volume
fraction of CF around 15 — 20% showed a high correlation between the electrical
resistivity and the tensile strain and a better signal to noise ratio (164). The load applied
from both longitudinal and transverse directions across the sample seems to have a similar
effect on the change in electrical resistivity of the materials as found out by Xiao et al.

(157). The effect of aspect ratio on the piezoresistivity properties in cementitious
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composites is studied by Baeza et al. (10). A summary of piezoresistive properties in

concrete is done by Dong et al. (165) and Kashif Ur Rehman et al. (166).

2.10.1.1 Piezoresistivity of plain concrete

Experiments carried out by Deng et al. (27) showed no significant piezoresistive effect
for mortar without any carbon fibres. However, in experiments conducted by Dehghani
et al. (24) to compare the efficacy of carbon fibres, a piezoresistive test was performed
on the specimens without any fibres at all and a significant piezoresistive effect was

observed. The results are shown in Fig. 2-18.
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Fig. 2-18: Piezoresistivity of mortar and concrete with no additives (24)

2.10.1.2 Piezoresistivity with CF

One of the major reasons carbon fibres gained popularity in the last few decades as a
multifunctional concrete filler is because of heightened electrical properties. Many
researchers have focused on observing the improvement in the piezoresistivity effect of
cementitious composites upon the addition of carbon fibres. A summarised plot showing

the piezoresistive effects from different experimental sources are shown below in Fig. 2-

19.
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Fig. 2-19: Piezoresistivity in different studies with added carbon fibres (10, 21, 22, 24-
26, 29, 167)

2.10.1.2.1 Piezoresistivity under tension

The numerical model by Wen et al. (162) considered carbon fibre bridging of cracks from
tensile stretching of concrete to be responsible for the display of piezoresistive properties
in concrete. The authors also performed a tensile test on cement paste specimens and
found a good correlation between the strain and the change in resistivity of the specimen.
The results of the test are shown in Fig. 2-20a. Flexure tests were carried out in beams
with added carbon fibres by Cholker et al. (29) and they evaluated the strain in the tensile
region of the beam and compared it with electrical resistivity measurements from the

region, the results of which are shown in Fig. 2-20b.
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Fig. 2-20: Piezoresistivity under tension: (a)Wen et al. (21) and (b)Cholker et al. (29)

2.10.1.2.2 Piezoresistivity under compression

The different components responsible for the display of piezoresistive effects in carbon

fibre reinforced cementitious composites are discussed below:

2.10.1.2.2.1 Piezoresistivity with Dosage
Dehghani et al. (24) studied the effect of increasing dosages of carbon fibre reinforcement

on the piezoresistivity of mortar. The results showed that with increasing dosages of
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fibres, there is an increasing piezoresistive effect. However, piezoresistive experiments
on carbon fibre reinforced samples carried out by Baeza et al. (10) and Xu et al. (26) show
that at dosages of carbon fibres around 0.9 — 1% vol. the piezoresistive nature of carbon
fibres decreases as compared to the piezoresistivity of specimens containing a moderate
quantity of the fibres. This can either be resulting from the reduced workability of the mix
at higher fibre dosages or the electrical saturation of the composite at higher fibre

fractions.
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Fig. 2-21: Piezoresistivity with the dosage of carbon fibres (10, 24, 26)

2.10.1.2.2.2 Piezoresistivity with Fibre Orientation

Xu et al. (26) carried out experiments with added carbon fibres at different dosages and
subjected them to magnetic fields immediately after casting in an attempt to orient the
direction of the fibres within the composite. This resulted in a change in the electrical

behaviour of the composite to external deformations. The relationship is described in Fig.

2-22.
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Fig. 2-22: Piezoresistivity with fibre orientation (26)

2.10.1.3 Piezoresistivity with temperature

As the piezoresistivity of the cement composites have shown promising results, the
potential deployment of the composites as sensors has been studied. Ou et al. (19)
attempted to develop cement-based sensors and observed that the piezoresistive effect
decreases when the temperature is either too hot or too cold. This is also important in the
case of composites exposed to colder climates where freeze-thaw can be significant. This
condition is simulated by Cao et al. (168). The different studies performed on

cementitious composite specimens are shown below in Fig. 2-23.
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Fig. 2-23: Piezoresistivity with temperature (19, 168, 169)

2.10.1.4 Piezoresistivity with applied current

Piezoresistivity studies were carried out in cement composites incorporating carbon
nanofibres subjected to different applied currents by Galao et al. (170). The piezoresistive
effect was found to be dependent on the applied current with the effect being pronounced

at higher currents. This is shown in Fig. 2-24.
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Fig. 2-24: FCR with current (170)
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2.10.1.5 Piezoresistivity with loading rate

Azhari et al. (22) carried out loading tests on cement composite cylinders with added
carbon fibres and nanotubes at different loading rates to assess the effect of loading rate
on the piezoresistive effect. It was observed that the piezoresistive effect is amplified at

higher load rates as shown in Fig. 2-25.
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Fig. 2-25: FCR on loading rate (22)

2.10.1.6 Piezoresistivity with other fillers

Carbon fibre shows a better signal-to-noise ratio than steel fibres and can be reversed
under unloading as found out by Went et al. (21). Azhari et al. have reported that carbon
fibres combined with carbon nanotubes provide for a better signal quality as compared to
just carbon fibres (22). A cement composite with added multi-walled carbon nanotubes
has been used to detect the passage of vehicles in a sensitive pavement design experiment
conducted by Nam et al. (16). The effect of adding carbon nanotubes with carbon fibres
is shown in Fig. 2-26a. Ou et al. (19) carried out experiments on cementitious composites
with added carbon fibres and varying amounts of carbon black to produce efficient and
reliable strain sensors. It was observed that the addition of 0.18% vol CF with 15% vol.
of carbon black particles produced better reproducible results than composites with 0.38%
vol. CF by itself. The sensitivity patterns of the different composites are illustrated in Fig.
2-26b. Similar experiments were conducted by Chen et al. (20) to assess the internal
damage of concrete structures using varying quantities of carbon fibre and graphite. The

experimental results showed a mix of carbon fibres and graphite performed better in terms
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of mechanical strength and the electrical sensitivity to mechanical deformations than
composites with carbon fibre as the sole additive. The effect of adding increasing amounts

of graphite to the composite is shown in Fig. 2-26¢ below:
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Fig. 2-26: Effect of addition of (a) Carbon Nanotubes (18, 22), (b) Carbon Black (19),

and (c) Graphite powder (20) with carbon fibres in cement composites

2.10.2 Numerical Models

A numerical model for composites with embedded carbon fibres is first studied in 2006
by Wen et al. (162). In their study, the concrete specimen is subjected to tensile stresses
to induce an elliptical crack. A carbon fibre is assumed to bridge the crack and the changes
in electrical resistivity of the composite arising out of changes in the contact resistivity
between the fibres and the matrix because of the shear pull-out stresses at the fibre-matrix
interface (122). However, this mechanism only attempts to explain the piezoresistivity
behaviour of carbon fibre reinforced composites while under tension. A numerical model
is suggested by Vipulanandan et al. (123) which determines the fractional change in
resistivity (FCR) of concrete as a function of applied stress in the composite. The
empirical expression as given in the model is:

Omax X (%}I;O) (2-22)

T FCR rery\(%5%)
D2
cIz"‘(1—292—qz)X(TRO)"‘PZ X(WRO)
Here, omax 1s the maximum stress, FCR is the piezoresistivity coefficient o the hardened
cement under the applied maximum stress and p> and ¢> are material-dependent model
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parameters. The stress-strain relationship in composites with carbon fibres around 0.7%
was carried out by Vipulanandan et al. (138) and the relationship between the FCR and

the axial strain, ¢ is given as:

FCR = (2-23)

D+ Ee

Here, D and E are model specific parameters. A model for piezoresistivity in carbon black

cement composites is carried out by Xiao et al. (157).

2.11 Discussion

Cementitious composites with added carbon fibres is a multi-phase multifunctional
material, comprising of the fibres, the cement paste and the pores within. In addition to
providing the composite with added mechanical strength, the carbon fibres can also form
conductive networks and improve the electrical performance of the concrete. However,
the electrical resistivity of the concrete is dependent on a wide range of parameters which
are not limited to the conditions within the material, but also the surrounding factors like
relative humidity and temperature. The moisture content within the samples also plays an
important role in determining the electrical resistivity of the composite. The moisture
ingress happens through the conducting porous network present within the composite and
is also important in determining the vulnerability of the composite to attacks from external
agents compromising the integrity of the material. Therefore, the studies showing the
effect of different mix parameters on the pore structure is performed. It is also important
to identify the different parameters which are influencing the electrical resistivity of
concrete. This property can then be developed to recognise the piezoresistivity property
of the composites. Like electrical resistivity, piezoresistive properties of the composites
are also improved by carbon fibres. However, it is observed that over-addition of fibres
have an adverse effect on the strain sensitivity of the fibres. The piezoresistivity effect is
also dependent on moisture and outside parameters and is dependent on whether the
composite is wet or dry. It has also been observed that hybrid fillers i.e., carbon fibres
mixed with other additives like carbon black, nanotubes and graphite have a positive
effect on the strain sensitivity of mortar. All the studies on different types and several
additives can be combined to create a composite that can be inexpensive, structurally
sound, electrically stable, and mechanical deformation sensitive, which will make the
structure able to detect any oncoming loadings and thereby extend the serviceable life of

infrastructures.
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Abstract

Diffusion of deleterious substances through concrete can severely affect its life. The
widely varying constituent length scales of concrete contains micron-sized pores with
centimetre-sized aggregates making diffusion a complex phenomenon. This study
describes a multiscale model investigating factors of important concrete matrix
constituents: pores and aggregates, including their interfaces on the diffusion behaviour
of concrete. A finite difference in time domain model has been developed to study the
diffusion through the representative element consisting of cement matrix and aggregates.
The model has been validated with existing experimental results. Numerical relationships
are established between diffusion coefficients with different casting parameters of
concrete. It is observed that the net porosity and the aggregate ratio has a higher
significance on the diffusion coefficient than the size and arrangement of aggregates and
the ITZ. The study facilitates analysis of pore structures for diffusivity and durability of

concrete to achieve improved lifecycle performance.
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3.1 Introduction

Traditional design codes for concrete structures have emphasised on safety and
serviceability with cursory attention on durability. With approaching centenary of the
invention of Portland cement, the construction community has learned the importance of
making concrete resistant to diffusion of deleterious materials. Moisture movement
facilitates penetration of chlorides, sulphates, and other deleterious substances, altering
the pH of concrete. Changes in pH poses risk of corrosion in embedded steel
reinforcements, reducing the load carrying capacity (1) of structures. This is also reflected
in reduction in service life as illustrated through softwares like Life 365 (2). Diffusivity
plays an important role in the durability of concrete structures. Extensive laboratory
experiments exist on the ingress of chloride (1-9), sulphate (10, 11), bio-chemicals (12)
and moisture (frost) expansion (11-13) that affect concrete. Combination of these
processes such as frost expansion coupled with salt exposure further aggravates the

deterioration (14, 15).

Experiments have been performed in different length scales to determine the moisture
diffusion coefficient of concrete based on its composition. Scanning Electron Microscopy
(SEM) and Backscattered Imaging (BSE) (16, 17) reveals the microstructural details,
while electrical impedance (18) and percolation tests (19) determine the global effect.
Accurate measurement of moisture penetration through concrete is paramount. Electrical
resistivity (18, 20, 21), silver nitrate colorimetric tests (22) and electrochemical (23)
methods have been employed in such measurements. However, surface methods like
silver nitrate test can only provide information about the surface penetration while
electrochemical and electrical resistivity tests can provide averaged-out concentrations
(20-23). Consequently, these methods are not suitable for observing the local effects of
diffusion. Moreover, diffusion experiments through concrete are notoriously time-
consuming and difficult to execute according to the protocols. It is difficult to control
some parameters of concrete composition in experiments while it is impossible to control
some other parameters like the extent of interconnection in pores, arrangement of
aggregates, thickness and porosity of the interfacial zone. The microscopic image in Fig.
3-1 reveals the microstructural arrangements in concrete consisting of cement matrix,
aggregates, and the interfaces as different phases. The cement matrix in turn consist of
pores which are air-filled spaces formed out of mixing inconsistencies and unhydrated
cement particles (19). As the rate of moisture diffusion through air is significantly higher

that through cement paste, pore structure and the net porosity are crucial parameters in
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determining the diffusion coefficient in concrete (24-28). The effect of water-to-cement
(w/c) ratio on pore properties are studied using Mercury Intrusion Porosimetry (MIP) and
non-contact Impedance (NCI) methods (18). Fig. 3-2 shows that porosity decreases with
time owing to hydration of cement, becoming approximately constant on the second day

of curing.

Fig. 3-1: SEM image of a concrete specimen (17) showing (1) aggregates, (2)
interfacial transition zone (ITZ), and (3) cement matrix.
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Fig. 3-2: Pore structure and porosity measured through NCI and MIP (18).
Along with porosity, interconnection of pores affects diffusion in concrete. Experiments
show that higher w/c ratios lead to less cement availability for hydration resulting in
higher porosity, increased interconnection, and larger pore sizes (29-31). MIP
experiments on cement matrix have established a classification of pores based on pore

sizes. The diameter of capillary pores is in the range of 100 nm to 100 pm and are formed
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from the residual spaces post hydration of cement. Gel pores, on the other hand, are finer
with sizes in the range of 0.5 nm to 10 nm (18, 19). Water present in the gel pores are
bound to cement, hence do not contribute to moisture diffusion. Whereas, moisture
present in capillary pores are free to propagate and contribute towards diffusion of
moisture through concrete. Thus, modelling only capillary pores is adequate for a realistic

representation of diffusion characteristics.

Aggregates are granular materials comprising of sand, gravel and crushed stone that have
negligible diffusivity in comparison to the cement matrix. They occupy 60-75% of the
net concrete volume. The relative impermeability and large size of aggregates is a
challenge to modelling diffusion in concrete numerically. Owing to the disparity in sizes
of aggregate and rest of the cement matrix, a region of loose packing is generated
surrounding the aggregates as is observed through microscopy experiments (17). The
packing inefficiency owing to the size difference at the interface is termed as the “wall-
effect”. The lower packing density gives rise to a region of higher porosity than the rest
of the cement matrix. This region present at the interface of aggregates and the cement
matrix is the Interfacial Transition Zone (ITZ) as illustrated in Fig. 3-1. Owing to its
higher porosity, the interfacial zone has a higher diffusion than rest of the cement matrix.

Hence, it is important to study the effect of ITZ on diffusion coefficient in concrete.

Experiments have been performed through chloride penetration to study the effect of
aggregates and ITZ on diffusion coefficient in concrete. It is observed that the net
aggregate content, thickness and relative diffusivity of ITZ have a significant impact on
the diffusion coefficient (29-34). However, it is difficult to accurately control these
parameters in experiments. Numerical models can be employed for a systematic study of
these factors. A one-dimensional diffusion model has revealed that the diffusion
coefficient of the ITZ can be up to 40 times higher than that of the cement matrix (35). In
case of concrete with sufficiently high aggregate ratios, the possibility of ITZ regions
forming an interconnected network for rapid diffusion has been recognised by Du et al.
(20) and Tian et al. (35). Whereas, steady-state numerical models simulated by Zheng et
al. (36) assess the effect of ITZ to be insignificant as compared to aggregate ratio and
micro-pore geometry. Hence, further study of the factor of interfacial zone on diffusivity

is required.

Numerical models offer a greater degree of control over experimental for studying the
effect of each parameter individually. A number of investigations using finite element

(FE) (6, 21, 29, 35, 37-39) and finite difference (FD) (2, 7, 9, 32, 40) and combinations
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thereof have been reported. Coupled FE and FD technique has been used to determine
real-time chloride ingress by Bastidas-Artega et al. (41). However, the success of the
method depends on reliable input values of diffusivities of the constituents of concrete
(24). Typically, a meso-scale study with averaged diffusion coefficient properties has
been reported (24, 42-44). Global property studies have been performed assuming a
general effective media but the individual effect of aggregates and the ITZ have not been
considered. Jin et al. (45) suggested a multiscale approach to account for the wide size
variation of the constituents of concrete through a simple analytical model and predicted
the effect of stress on diffusivity. The multiscale approach can alleviate two challenges
in modelling of concrete diffusion: 1) it enables the microscopically measured diffusion
coefficients to be used in the model; and 2) it handles the widely varying diffusivities of
the pores and the aggregates in two length scales, avoiding instabilities in numerical
solutions. However, the authors are unaware of a detailed multiscale model including

pores, aggregates and aggregate-cement interface that is reported hitherto.

The present paper reports a multiscale approach for the solution of concrete diffusivity
problem. The novelty of the present approach is in individually modelling all the
components present in concrete (cement matrix, [TZ and aggregates) with a sub-division
of cement matrix into pores and cement paste, using a coupled length scale from microns
to centimetres. A FD time-domain numerical model is implemented. The issue of length
scale disparity between aggregates and pores has been accounted for by coupling two
separate models as shown in Fig. 3-3. In the microscopic scale, the cement matrix with
cement paste and pores are modelled. Pores are assumed to be the sole medium diffusing
moisture. The effect of alignment of pores relative to the direction of the flow is analysed.
The relation between porosity and diffusion coefficient is determined for cement matrix
in micro-scale. The diffusion properties obtained in the microscopic scale model are
plugged in to the macroscopic scale consisting of aggregates and I1TZ along with the
cement matrix. The results highlight the importance of a coupled model. The results of
the parametric study are used in development of a relationship among different factors

with porosity.
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Fig. 3-3: The coupled computation model

3.2 The proposed model

In the micro-scale, a square block of dimensions 1000 um is selected as the representative
element domain, which is abbreviated as RE, with pore sizes ranging from 10 — 100 pm
in diameter. Whereas in the macro-scale, a square block of dimensions 100 mm is
selected. The spatial domain in each scale is discretised into 100 computation nodes in
each axis. The time step discretisation is performed so that the FD model is stable and

performs efficiently with the size scale discretisation concerned.

The governing equation for fluid diffusion is defined by Fick’s second law:

— = D VZc (3-1)

where V is the Laplace differential operator, D is the diffusion coefficient matrix of the
material and ¢ is the moisture saturation ratio matrix. Solution of Eg. 3-/ is achieved

numerically subject to following assumptions:

1. The domain can be represented adequately through a finite number of grid points.
2. The cement paste with pores and the cement matrix with aggregates can be

represented in separate models.

3. The shape of pores and aggregates can be approximated to be spherical.
4. Diffusion through cement paste is negligible as compared to that through the
pores.
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5. Diffusion through the aggregates is negligible as compared to that through the

cement matrix.

Based on above assumptions, the domain has been discretised into a grid. A sample grid
of the domain is illustrated in Fig. 3-4. For all future purposes of representation and
simulation in the paper, face AB is always kept saturated and face CD is always kept dry.
The remaining two faces AD and BC are sealed in order to prevent any additional
discharges. The flow is taking place from left to right i.e. face AB to face CD. Point B is
taken to be the origin with BA as Y-axis and BC as X-axis. The length along the direction
of penetration along the RE i.e. the length of face AD is taken as L and the length of the
cross-section across which diffusion is happening i.e. the length of face AB is taken as H.

The moisture saturation ratio at any node (i,j) at a time step ¢ is defined as c¢; .

ITZ Aggregates

Cement paste

Fig. 3-4: Sample FD grid

Eq. 3-1 can be represented as an equation of differences using finite difference (FD):

At

Cijts1 = Cije T <_Ax2) {cicajr — 2¢ij¢ + Ci+1,j,t}
(3-2)

At
+ (A_yz) {cijre = 2615¢ + Cijrne)
Where, Ax, Ay and At are the separation distances between computation nodes in
x-axis, y-axis and the time step respectively. A sample node calculation in the

matrix domain is illustrated in Fig. 3-5.
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Fig. 3-5: Diffusion through the cells of FD model
The relative diffusion coefficient of a domain is determined by comparing the
transmission rates of water through the domain. Fick’s laws are considered for
equation governing movement of fluid inside the domain. From Fick’s first law, at

any point within the matrix domain:

dc 1 q

] = _Da = DeffZ = (3-3)

where D,y is the equivalent diffusion coefficient of the model, J is the diffusion flux, and
¢ is the net moisture discharge through the free surface. The net discharge is obtained by

integrating the discharges through the border elements of the model matrix:

H Hac(L,y, o) Y6 Ac(L, y, ) (3-
= dy = =D — ‘9y = =D
q fo Jx dy 0 fo ) y 0 Ax 5

Here, Do represents the diffusion coefficient through the cement paste. A constant value
of Ax is used as a regular structured grid is used for calculation. It should be noted that
for determining relative diffusion coefficient, a ratio is taken of the discharges which
cancels out the constant ratio of L/H. Hence, for the sake of simplicity L and H are

assumed to be equal Combining Eq. 3-3 & Eq. 3-4:

Deff ZI(;IAC(LfYI OO)

= — 3-5

L Dy HAx (3-)
Derr Xy Ac(L,y,) (36)
D, Ax

The time ¢ = oo refers to a sufficiently large elapsed time when the steady state in moisture

discharge though the RE is reached.
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3.2.1 The micro-scale model

The pores are air-filled spaces in the concrete matrix. The rate of diffusion of moisture
through air is of the order of 10° times higher than that through the cement paste. Hence,
for the sake of simplicity, the pores are assumed to have infinitely high diffusion
coefficient as compared to the cement paste. Hence, any moisture that enters a pore is
immediately distributed uniformly within itself. For a pore domain in the matrix defined

as P, the governing equation is defined as:

. = 2p.a)eP Cpg
T T @)

Here, n(P) represents the total number of calculation elements that comprise a pore

vV (xy) €P (3-7)

domain P.A sample paste-pore interface is illustrated in Fig. 3-6.

Cement paste Pore
Li,j+1 #Ci+1,j+l
G—
T
Ci1,j Cij
T S
Ci,j-1

i <>
Fig. 3-6: The cement and pore in FD model

3.2.2 The macro-scale model
The values of localised diffusion coefficient in cement matrix for moisture is used to study
the effect of aggregates and ITZ on moisture diffusion through concrete. The diffusion
coefficient of the surrounding ITZ is higher than that of the rest of cement matrix owing
to higher porosity and is also determined from micro-scale model. It is assumed that
diffusion through the aggregates is negligible. Instead aggregates are treated a sealed
boundary within the matrix. The net moisture movement flux through sealed interface is
zero, hence:

dc

0x

A sample matrix-aggregate interface is illustrated in Fig. 3-7. It should be noted that a

0 = Ci+1jt = Cyt VU (3-8)

similar condition is implemented for the sealed boundary condition in the matrix.
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Cement paste Aggregate

Cij+1

Fig. 3-7: The matrix and aggregate interface in the FD model
3.2.3 Boundary Conditions
As relative diffusion coefficient is measured based on the discharge rates, one side of the
matrix domain is kept saturated, with discharge allowed on the opposite side keeping the
other faces sealed in order to ensure a unidirectional flow. The boundary conditions

implemented in the model are:

(1 : atx=1 Vy€[lH], teR* (3-9)
0 ; atx=1L Vye[lLH], teR* (3-10)
cx,y, )= < clxy+l) ; aty=1 Vx€e[lL] , te€R* (3-11)
c(x,y-1,1) ; aty=H Vx€e[l,H], teR"
(3-12)
-

3.2.4 Parameters Studied

The following parameters used to study the effect of pores and aggregates on diffusion
coefficient in the RE is illustrated in Table 3-1. It should be noted that pores arranged
along the direction of diffusion refers to the pores arranged horizontally in context to the
RE sections illustrated in this paper, and pores arranged perpendicular to the direction of

diffusion are arranged in vertical fashion. The same is applicable for aggregates.

Table 3-1: Parameters under study

Ilustration figure Parameters Role

1. Radius Porosity
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2. Radius Porosity
y & Lateral Pore Separation
3. Separation (Pores along the direction
of diffusion)
- 4. Radius Porosity
7
; : Transverse Pore

5. Separation

Separation (Pores
perpendicular to the

direction of diffusion)

ITZ Thickness and
o 6. Interfacial L . o
° perac My Relative Diffusivity
7. Radius Aggregate Ratio
8. Radius Aggregate Ratio
“ Lateral Aggregate

9. Separation

Separation (Aggregates
along the direction of

diffusion)

10. Radius

11. Separation

Aggregate Ratio

Transverse Aggregate

Separation (Aggregates
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perpendicular to the

direction of diffusion)

3.3 Results and discussion

The diffusion equation in Eg. 3-1 is solved using FD as shown in Eq. 3-2. The equivalent
diffusion coefficient, D¢y of the RE is a function of topological variables such as porosity,
aggregate ratio and the ITZ thickness as well as the material constants for the cement
matrix and the aggregate size gradation as in Eg. 3-6. The effect of the topological
variables is obtained by introducing a relative diffusion coefficient (D,) which is the ratio
of the equivalent diffusion coefficient of the RE and that of the reference RE with no
pores or aggregates. A domain of square size 1000 um consisting of cement paste and
pores, and another domain of square size 100 mm consisting of cement matrix, aggregates
and ITZ is discretised into uniform mesh subjected to the boundary conditions mentioned
in Eq. 3-9 to Eq. 3-12. It is observed that the moisture profile along the domain in both
scales reaches a steady state over time owing to diffusion of moisture from the saturated
face to the dry face represented by boundary conditions illustrated in Eq. 3-9 and Eq. 3-
10 respectively.

3.3.1 Validation of moisture profiles

Fig. 3-8a presents the moisture iso-lines around an aggregate embedded in cement paste.
It can be noted that the diffusion coefficient of the aggregate is order of magnitude lower
than that in the cement paste. As a result, the aggregate behaves like a dry island in the
middle of the diffusive paste. Jain et al. (46) reported moisture diffusion through the
polymer matrix in presence of impervious fibres through Finite Element Modelling
(FEM), which is close to the present problem. Fig. 3-8b presents the results of (46). Close
similarity in diffusion pattern of the two samples is clearly observed. As the aggregate
remains dry, it attracts the iso-lines towards itself. As a result, the diffusion becomes faster
between the saturated edge and the aggregate. However, the aggregate prevents the

moisture front progress beyond itself and slows down the rate of diffusion.

Fig. 3-8c presents the moisture iso-lines in case of a pore embedded inside the cement
paste. Opposite to the aggregate, the pore has negligible resistance to diffusion. As a
result, any moisture that reaches the pore gets distributed uniformly within itself. Thus,
pores create a zone of uniform moisture concentration, and all moisture iso-lines are

deflected away from the pore.
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(b)

(c)
Fig. 3-8: Moisture isolines around a) an aggregate; b) fibre (46) and c) pore
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3.3.2 Validation with experiments

Yang et al. (43) have experimentally determined the migration of chlorides in concrete.
The penetration time profile is measured by performing chloride ingress experiment on
cylindrical samples of dimensions ¢ 20mm X 50mm sourced from the core of larger
samples. The cylindrical faces were covered with epoxy to provide impermeable
membrane seal along the side and were submerged into a 3% NaCl solution up to a depth
of 15mm for 90 days. To determine the extent of penetration, the specimen was cut into
10 slices of Smm thickness, crushing individual slices and then analysing the slices for
chloride concentration. Fig. 3-9 represents the experimentally obtained chloride
saturation levels in cement matrix of varying water to cement ratios and the numerically
obtained values from the present method. The trend of numerical predictions matches
well with that of the experiments. This agreement validates the microstructural model
component of the proposed model. However, some variations between the experiment
and computation are expected as the experiment reports an average value over a finite
depth, while the numerical value is obtained at a point. Moreover, the boundary
conditions in the experiment are imperfect. Also, the diffusion coefficients achieved in
the experiments can be in variance of the ones adopted in the numerical simulation. As
the w/c ratios increases the results diverge gradually. It is expected, as higher w/c ratios
lead to higher variations of the path of diffusion. Overall, the present numerical model is

a close approximation of the experimental measurements.
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Fig. 3-9: Comparison of calculation results with 90-day ponding tests (47)
Yang et al. (43) have determined diffusion coefficient by fitting a regression line to the
experimental results obtained in Fig. 3-9 and substituting the data to the homogenous

solution of diffusion equation:

C- m —x?
= 5= (3-13)

In the present investigation, the effective diffusion coefficient is determined by

comparing the discharges through the RE (see Appendix). The value of diffusion
coefficient obtained from equation fitting is compared with the diffusion coefficient
values obtained by the present method as shown in Table 3-2. It can be seen that the
values are close for all samples for w/c ratios up to 0.55. Hence, the present model can be

considered an accurate representation of diffusion through concrete.

Table 3-2: Comparison of reported and computed values of D.

Diffusion coeff. (x 10712 m?/s)

W/c ratio
Present Yang et al. (47)
0.35 1.115 1.112
0.45 1.851 1.966
0.55 3.531 3.527
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3.3.3 Relation between diffusion coefficient and local moisture content

The impact of initial moisture concentration on diffusion coefficient of REs are studied.
A cement block contains pores which are usually air-filled when dry but can also be
partially or completely filled with water based on the overall moisture distribution state
in the block. Local moisture concentration can have a significant effect on the diffusion
coefficient of the cement matrix. Hence, REs with different moisture distributions are
simulated for determining effect of moisture concentration on equivalent diffusion
coefficient. It should be noted that variations of moisture distribution within the RE are
also inherently considered as the variations can be further resolved into smaller REs of
uniform distributions. The effect of local moisture concentration on equivalent diffusion
coefficient is illustrated in two different scales. In the micro-scale, since the moisture
present within the matrix is present within the pores, it is modelled with different initial
pore saturation. In macro-scale, the moisture containing pores are present within the
cement matrix. As a result, the cement matrix itself can have different saturation ratios.

Hence, REs are modelled with different saturation ratios of the cement matrix.

In order to measure the equivalent diffusion coefficient, one side of the RE is saturated
and the discharge through the opposite side is measured keeping the remaining two sides
sealed as explained in Fig. 3-4. The ratio of discharges of different REs provide relative
diffusion coefficient of the REs as reflected in Eq. 3-6. Hence, for comparison, the inflow
and discharges of REs are plotted against initial pore saturation in micro-scale and against
the initial matrix saturation in macro-scale. For micro-scale, a sample square RE of
dimensions 1000 um is taken with a reference diffusion coefficient of 107! m%/s at dry
condition and for macro scale, a square RE of dimensions 100 mm is considered with a
reference diffusion coefficient of 107! m?/s at dry condition. It should be noted that
comparisons are made through relative diffusion coefficient, which is a ratio of diffusion
coefficients and hence, the reference diffusion coefficient is used solely for providing

scale to the plots. The plots are illustrated in Fig. 3-10.
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Fig. 3-10: Comparison of inflow and discharges with variation in moisture
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It is observed from the plots in Fig. 3-10 that regardless of scale in which the RE is
studied, the discharges are eventually converging to a singular steady state discharge.
Since relative diffusion coefficient is derived from the steady state discharge as seen in

Eq. 3-6, it can be observed that the effect of moisture saturation within the matrix does

not influence the relative diffusion coefficient.

3.3.4 Dependence of diffusion coefficient on moisture concentration

Bazant et al. (48) have suggested that relative humidity and diffusion coefficient are
interrelated. They show that diffusion coefficient in saturated condition can be as high as
1000 times that of the diffusion coefficient of dry concrete. However, in the present
research the relationship between moisture content and diffusion coefficient. Jiang et al.
(49) suggest that moisture content and relative humidity are interrelated. Thus, a
relationship between moisture content and diffusion coefficient should be feasible.
Adsorption and desorption studies performed by Simpson et al. (50) have described an

exponential relationship between diffusion coefficient and moisture content. Assuming

the diffusion coefficient of the form:

D(m) = Dyexp (Km) (3-14)
Here, D(m) is the instantaneous diffusion coefficient at a saturation ratio m, Dy is the
diffusion coefficient through dry concrete and K is a fit parameter. Assuming the

relationship of Dy = 1000 x Dy as suggested by Bazant et al. (48) the value of K is 6.9.
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DG _ _gom
D] = e%° (3-15)

The relationship is used to model the diffusion process through the representative
element. The steady state moisture profiles along the penetration direction for a constant
diffusion coefficient (D) and the one according to Eq. 3-15 (D(m)) are shown in Fig. 3-
11. 1t is seen that for a constant diffusion coefficient, a uniform gradient is formed; while
for D(m) a logarithmic gradient is obtained. Clearly, the variable diffusion coefficient has

a significant effect on the moisture profile.

Moisture Content
o
o

== Moisture-dependent, D(m)
===Constant, D

i 1
0 20 40 60 80 100
Penetration Depth along RE

Fig. 3-11: Comparison of steady state profile for independent diffusion coefficient
and moisture content dependent diffusion coefficient.

However, this investigation attempts to estimate the effect of topological parameters such
as pores and aggregate ratios on the relative diffusion coefficient. To establish this
relationship, the moisture profiles with D and D(m) are compared. The profiles with D
are already presented in Fig. 3-8. The profiles with D(m) are presented in Fig. 3-12. A
significant difference is observed between Fig. 3-8 and Fig. 3-13. The relative diffusion
coefficient, D, is computed for both cases from the ratio of outflow volume as illustrated
in Eq. 3-6. The comparison of variation of D, with porosity and aggregate ratio is
illustrated Fig. 3-13. Although the moisture profiles in Fig. 3-8 and Fig. 3-13 are
considerably different, the relative diffusion coefficients follow each other closely. This
is since D, is the ratio of the diffusion through the two-phase system and that through the

neat cement. The moisture dependent diffusion coefficient affect both systems by nearly
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the same factor. Thus, D, is not sensitive to the variable diffusion coefficient. Hence, for

further calculations, a constant diffusion coefficient is used.

(a) (b)
Fig. 3-12: Comparison of steady state profile in presence of pores and aggregates
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Fig. 3-13: Comparison of variation with (a) pores and (b) aggregates between a
constant diffusion coefficient and a moisture dependent diffusion coefficient.
3.3.5 Parameters for diffusion coefficient
In order to quantify the effect of different parameters which are varied in this study on
the equivalent diffusion coefficient of the RE, individual parameter factors are studied.

The effect of parameters is assumed to be independent of each other and hence together
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contribute to the overall equivalent diffusion coefficient of the system. As the diffusion
coefficient varies with the type of cement used (27), a relative diffusion coefficient, D is
studied. Here, Dy refers to the base diffusion coefficient for the neat cement and Desrrefers

to the equivalent diffusion coefficient of the RE. The relationship is given by:

D, = 25— b1 b 3-16
r_DO _f(n:ITZJa:pa) (‘ )
Here,
I, : Coefficient of porosity and interconnection
Iirz : Coefficient of ITZ thickness and relative diffusivity
Iy : Coefficient of aggregate ratio
| : Coefficient of degree of aggregate size gradation

3.3.6 Micro-scale model

The micro model consists of cement paste containing pores. The influence of topology of
the pores on diffusion is investigated. Cases of one pore, two pores and random
arrangements of pores are analysed. Effect of separation between pores is studied by
varying the distance between two pores arranged along and perpendicular to the direction
of diffusion. The topologies are compared by observing the equivalent diffusion ratios for
the same porosity. Fig. 3-14 describes the influence of net porosity on diffusion
coefficient through the RE. It can be observed that pore topology has a very significant
effect on diffusion. Diffusion increases exponentially with the increase in porosity for all
pore topologies. The arrangement of pores along and perpendicular to the direction of
diffusion (as shown through parameters 3 and 5 in Table 3-1) have dramatic effect on
diffusion. This results in the formation of a path of least resistance when the pores are
arranged along the direction flow as compared to when pores are arranged perpendicular
to the direction of flow. This is corroborated by the observation that pores arranged along
the direction of flow have a significantly higher diffusion coefficient as compared to pores
arranged perpendicular to the direction of flow. Although it is observed that the actual
separation between the pores has no significant effect on the diffusion coefficient of the

RE.
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Fig. 3-14: Effect on relative diffusion coefficient with changing porosity and
arrangement.

To arrive at a generalised relationship between porosity and its effect on the diffusivity,
a number of random pore geometries have been generated at varying levels of porosity.
Fig. 3-15 shows a few exemplar pore geometries at ) = 0.4. It can be seen that there can
be considerable variations in the pore geometries in terms of interconnection and extent

of conduction.
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(b)

(c)

Fig. 3-15: Variation in pore geometries at porosity 0.4

The diffusivities for all such pore geometries has been plotted in Fig. 3-16. It is noted that
the variation in pore geometry affects the diffusivity in the same manner as the change in
porosity does. When the porosity is less than 0.3, the variations in the diffusion coefficient
is marginal. When 1) is between 0.3 and 0.5, the pore geometry has a significant effect on
diffusivity. Beyond that point, the sensitivity of effective diffusivity to pore geometry
goes down. To understand the relationship between pore geometry and diffusivity, the
fraction of interconnected pores with porosity is illustrated in Fig. 3-17 as per simulations
carried out by Patel et al. [46]. When the porosity is low, the pores are rarely
interconnected, leading to a low variation. Between 1 0.3 and 0.5, there is a lot of variation
in the percentage of interconnected pores. As a result, the diffusivity at the same porosity
has a wide variation depending on the pre geometry. For 1 greater than 0.5, the variation
in the fraction of interconnected pores goes down, leading to a gradual narrowing of the

range of n.

115



30 U
__Diffusion Coefficient Range & el ‘I']j]
== Upper Limit “ & lJ !
= Lower Limit

25 ® Results fr ' l

g >
[ 114
20
ge
- /1§ °
a 15 ’ '
ge
Il.’
10 $8!
pb
L
5 ;
2
€4
-0 0-0-& o=@ O"'"

0 . 1 .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Porosity, n

Fig. 3-16: Variation of relative diffusion coefficient with porosity
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Fig. 3-17: Rate of interconnection development with increasing porosity simulated in
different software. The red points refer to CEMHYD3D results and the blue points
correspond to HYMOSTRUC results.(51)

Fig. 3-18 presents the range curves developed in Fig. 3-16 along with the available results
of diffusion at varying porosities. All the available results fall within the range predicted

in the present investigation.
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Fig. 3-18: Validation of results with past experiments.(52, 53)

3.3.7 Macro-scale model

The macro-scale model consists of the aggregates and cement paste. In order to examine
the influence of aggregate ratio on diffusion coefficient, numerical analyses for RE with
several arrangements of aggregates are performed. The net aggregate ratio is varied from
0-0.5 by changing the diameter of the aggregates. In case of two aggregates, the single
aggregate is split into two maintaining the same aggregate ratio. Two arrangements of the
aggregates, parallel and perpendicular to the direction of diffusion, have been studied.
Fig. 3-19 shows the variation of diffusion coefficient with aggregate ratio. As the
aggregate ratio increases, the diffusion coefficient goes down. As the aggregates have
negligible diffusion through themselves, increase in their fraction reduces the diffusion
coefficient. Although it is true for both single and double aggregates the rates of change
are dependent of aggregate topology. When the aggregates are aligned in the direction of
flow, the rate is maximum. When they are perpendicular to that direction, the diffusion is
slowest; while single aggregate is in the middle of the two. As illustrated in Fig. 3-10b,
the moisture isolines always bend towards the aggregates. Thus, the aggregate speeds up
progress of a moisture front advancing towards it, but it slows the front down when it has
passed the aggregate. When the aggregates are aligned in the direction of flow, the
slowing down effect of the first aggregate gets somewhat nullified by the speeding effect

of the following aggregate resulting in a faster progression of moisture than even a single
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aggregate. Placement of two aggregates perpendicular to the direction of flow, on the
other hand, results in both the aggregates attracting moisture synchronously, thereby
reducing the diffusion coefficient than even the single aggregate. This is corroborated by

the observation made by Jain et al. (46).

== Singel Aggregate
== Aggregates along the direction of flow
Aggregates across the direction of flow |
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Fig. 3-19: Effect of aggregate ratio on relative diffusion coefficient.

Distributed aggregate topologies with varying aggregate sizes have been created by
randomly placing aggregates of radius in the range of 1/100" to 1/10'" of the domain size.
The aggregate grading was controlled by assigning different ranges of aggregate size
around a fixed Dso aggregate size of Smm. If A represents the domain of uniformly used

aggregate sizes, then:

A€ |(Dso—2),(Dso —22)|  (inmm) (3-17)
Fig. 3-20 presents the diffusion coefficients with varying aggregate ratio and size fraction.
As observed in Fig. 3-19, the diffusion coefficient reduces with increasing aggregate
ratio. However, when aggregates are randomly placed, the effect of parallel and
perpendicular placement is averaged out. Thus, the aggregate topology does not have a
dramatic effect on diffusion. It is also clear that the aggregate grading did not affect the
diffusion significantly. Clearly, the aggregate ratio is the main parameter for deciding the

diffusion coefficient.
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Fig. 3-20: Effect on effective diffusion from size distribution of aggregates.

Next, the effect of ITZ is studied. The ITZ is modelled as a uniform layer surrounding the
aggregates with specific thickness and relative diffusion coefficient. The thickness of
ITZ, owing to lower packing of cement particles, is a function of the cement particle size,
and have been reported to be 20—50 pm in past experiments (32, 36). Yang et al. (43)
have used experimental and regression analytical results to determine thickness of ITZ at
20, 40 and 50 pm with approximate ITZ diffusion coefficient 2.83, 1.76 and 1.55 time of
the diffusion coefficient of the matrix. A diffusion coefficient of 3.62 and 5.84 times the
cement matrix has been reported upon further investigation by Yang et al. (54). A
parametric study has been conducted simulating varying thickness and relative diffusion
of the ITZ on a single aggregate. Fig. 3-21 presents the variation of diffusion coefficient
with the parameters of ITZ. It can be seen that ITZ has a moderate effect on diffusion. A
maximum change of 4.5% in the net diffusion coefficient is observed. As the ITZ has a
relatively lower effect on the diffusion coefficient, the thickness and relative diffusion

coefficient of ITZ is not considered to be contributing significantly to the final equation.
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Fig. 3-21: Effect of ITZ with varying thickness and relative diffusion coefficient in
concrete sample.
3.3.8 Diffusion Relationship
The preceding results have been summarised in an algebraic function in this Section. The
relative diffusion of concrete is a function of diffusion of the cement matrix and factors

of porosity (I,), aggregate ratio (I, ), ITZ (I;rz) and aggregate gradation (I,4).

Deyy
D, = ; = f(In'Ia' IITZrIpa) (3-18)
0

L) is a function of n. As the effect of ITZ is found to be marginal, I;77 is set to 1. I, and

1, are treated together. Thus, Eq. 3-18 is rewritten as:

Derr = DOfn(n)fa(a)fpa(a:pa) (3-19)
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The relationship between [, and D, is depicted in Fig. 3-16. It is noted that the practical
range of porosity is between 0 and 0.5. In that range, a sigmoidal fit as in Eq. 3-20 is
suitable. A good correlation with R*=0.987 is observed. The curve along with the results

is illustrated in Fig. 3-22.

25 (3-20)
177 - fn(n) "1 4 e—26(n-0.39) +1
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Fig. 3-22: Diffusion Coefficient data fit with aggregate ratio in different aggregate
configurations.

The aggregate ratio factor, I, towards diffusion coefficient, Detris quantified by fitting an
exponential curve with the boundary condition of relative diffusion coefficient, D; being
1 when a is 0 and 0 when o approaches 1 for reference. Regression on the offset

coefficient, C{* and C§ is performed for enforcing the boundary condition.
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C*=059 ; C¥=—-149 ; R?=0.99

I, = fy(@) = (1 + €M) exp(CTa) — Cf = 1.59e~149% — 0.59 (3-21)

Here, it should be noted that this equation is valid only for a<0.667. This can be explained
as at a sufficiently high aggregate ratio, the aggregate barrier will render the RE
impermeable. The aggregate ratio also implies aggregate ratio by area in two dimensions
or volume in three dimensions and might not be equal to the aggregate ratio in mix design
of concrete and mortars. The fit curve is generated from different aggregate distributions
including single aggregate, and randomly distributed aggregates with identical aggregate

ratio. The fit plot is illustrated Fig. 3-23.
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Fig. 3-23: Diffusion Coefficient data fit with aggregate ratio in different aggregate
configurations.

A three-dimensional graph is plotted to study the variation of diffusion coefficient with
aggregate ratio, a, and the degree of aggregate size gradation factor, I, and is illustrated
in Fig. 3-20. The boundary condition is set such as at a = 0, regardless of the distribution
po, the equivalent diffusion coefficient remains constant. The condition is enforced

through regression on the grade coefficient, Cy'.

I X Iy = fu(@fp, (pa) = f(@) X (1= Cfapy) = F(e)(1—0.033ap,)  (3-22)
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Cy =0.033 ; R?=0.98

The fit surface is illustrated in Fig. 3-20. Combining the results of the study performed
on pores and aggregates, a global relation can be derived between the diffusion coefficient
of concrete with the coupled effect of water to cement ratio and the aggregate ratio. Cook
et al. (55) have performed MIP experiments on concrete of varying compositions and
have established a relation between the water to cement ratio of cement pastes and their
porosity, n at close to 60 days of curing. Table 3-3 illustrates the results from MIP
performed in (55).

Table 3-3: Relationship between water to cement ratio and porosity.

Water to cement Ratio, w/c Porosity, n
0.3 0.16
0.4 0.23
0.5 0.29
0.6 0.34

A mathematical equation is fit to the data to quantify the relationship between water to

cement ratio, we and porosity, 1. A close correlation with R? value of 0.99 is observed.

n = 0.564(w,) (3-23)
Using Eq. 3-23 for the relationship between porosity and water to cement ratio, the plot
as shown in Fig. 3-24 illustrates the diffusion coefficient considering all the constituents

of concrete, cement, water, and aggregates.
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Fig. 3-24: Impact on effective diffusion from pores and aggregates combined.

Combining all the previous equations (18 — 23), the combined effect of pores, aggregates

and their size gradation is illustrated together as a combination of independent parameters.

25
Derr = Do <1 + ¢-26(0564w,—0.39)

— 0.033apy)

—-1.49a __
+ 1) (1.59% 0.59)(1 s

The lower coefficient value of p, emphasises lower contribution of aggregate size
gradation on diffusion coefficient as compared to other parameters. Table 3-4 presents
the experimental results of Yang et al. (47) along with the present results obtained from
FD simulation and that from Eg. 3-24. It can be seen that they are in very good agreement.
Nevertheless, study on the factors of asymmetrical pore and aggregate shapes shall be

taken up in the future.

Table 3-4: Comparison of reported and computed values of D (x 1072 m%/s).

Mix Aggregate D (102 m%s)
w/c Ratio i
Ratio Yang et al. [45] Present Eq. 3-24
0.35 0.71 1.115 1.115
0.45 0.72 1.851 1.8
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0.55 0.73 3.531 3.7

3.4 Concluding remarks

This paper reports a multiscale model for diffusion through concrete. The pores in the

cement paste at the microscopic scale and the aggregates in the centimetre scale have

been accounted for. Fickian diffusion law has been utilized in a finite difference

framework. Along with parameters such as porosity and aggregate ratios, effect of the

topological arrangements of pores and aggregates has been investigated. The interfacial

transition zone is also modelled. An extensive parametric study has been conducted.

Based on that study, a simple relationship between concrete material parameters and

diffusion coefficient has been established. Following major conclusions have been made:

1.

Diffusion coefficient of mortar samples increases with increase in porosity.
Arrangement of pores along the direction of diffusion facilitates higher diffusion rate
compared to arrangement of pores perpendicular to the direction of diffusion.

Pore Topology has a significant effect on diffusion. When the porosity is less than
0.3, the variations in the diffusion coefficient is marginal. When n is between 0.3 and
0.5, the pore topology has a significant effect on diffusivity. Beyond that point, the
sensitivity of effective diffusivity to pore topology goes down.

A sigmoidal curve is able to describe the relationship between porosity and diffusion
within the practical range of porosity less than 0.6.

A linear relationship between porosity and w/c ratio can be developed and the w/c
ratio can be related directly to diffusion.

Diffusion coefficient of mortar samples decreases with increase in the aggregate
ratio. Arrangement of aggregates along the direction of diffusion results in a lower
diffusion rate as compared to arrangement of aggregates perpendicular to the
direction of diffusion.

Grain size distribution of aggregates does not have a significant effect on the relative
diffusion coefficient of concrete.

The thickness of ITZ is small as compared to the dimensions of aggregates and ITZ
increases the relative diffusivity only up to 4% even when the diffusion if ITZ is as
high as four times that of the cement.

All the relationships between porosity, aggregate ratio and the degree of gradation
can be brought together to determine the overall diffusion behaviour of mortar

samples.
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It is noted that the present calculations in 2D effectively capture the diffusion behaviour.
A 3D model for the validation of the present calculations shall be presented in future. The
changes in diffusion coefficient over time owing to hydration of unreacted cement and
the role of supplementary cementitious materials shall also be accounted for in future

studies.
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3.6 Appendix

By Fick’s second law:

dc d%c d%c

— = Dy=—+D,——
aT Xax2 " 7Y gy?

Considering a domain of 0 <X <L, 0 <Y < H and an isotropic medium (D, = D). Defining

(3A-1)

new variables x = X/L, y = Y/H and ¢ = T/z, the changes in the partial derivatives will be:

02 1 9% 02 1 9%
T 73 0X2 L% ox2 ’ Y2 HZ 9y? ' (3A-2)

Hence, the equation A.1 becomes:

1 dc D d%c D 9%

L = 4 3A-3
T dt 12 0x? +H2 dy? ( )

Assuming the representative element (RE) to be a square domain with L = H, the equation

becomes:

dc _TXD
ot 12

(3A-4)

d%c N d%c
dx?  0dy?
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Here, it should be noted that the total time of the model will be determined based on the
experiment it simulates, hence is flexible. Choosing a value of 7 = L?/D, the equation
becomes:

otd%c 0dtd’c
~ Tox? * dy?
As per the Fig. 3-4, let the model is a test block of size 10x10 cm. Hence, the length in

ac (3A-5)

each axis under consideration, L = 0.1 m. Let the space be discretised into 100x100
squares. Hence, the elementary length, dx = 0.01. In order for the FD model to converge,

the following criteria has to be met:

Jt ot <1 IAL
@02 T Gy)2 = (3A-6)

The data corresponding to the 90-day ponding test on the C35 sample corresponds to the
87" time step in the FD model with dx = 0.01, dy = 0.01, d¢t =10, L =10 cm and H =10

cm at a time step A¢. As the model time must corroborate with real-time, the 87% time-

step must equal to 90 days:

87At =90 x 24 x 3600 (3A-7)

The time step, 4Z in the model is equivalent to:

At = tdt L 1075 (0'01) 107° 3A-8
= =|— ] X =|— X -
Here, the value of 1 is determined from the assumption earlier. Combining Eq (3A-7) and
(3A-8),

0.01
87 x (T) X107 = 90 x 24 x 3600 (3A-9)

Solving the equation for D gives D = 1.12 x 1072 m%/s.
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Abstract

Cracks in concrete are a major concern and healing them with biocement injection has
proved to be effective, particularly for fine cracks. Several interconnected factors
influence the process and a numerical model including each of those factors would be
essential in designing the target healing. This paper demonstrates a coupled numerical
simulation of the multiple reactive transport process of biocement in crack healing. The
field equations describing the mechanisms include Fick’s diffusion in porous materials,
reaction kinetics, mass balance equations, and constitutive equations. The model is
implemented in a finite difference in time domain framework. The results are validated
against experimental results in both the healing efficiency and the water transport results.
The model can be used for a parametric study dramatically cutting down the necessity of
experiments. It is also useful in developing customized healing strategies for field

implementation.
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Notation

Bacterial Deposition at point y at time ¢

Calcium Carbonate Deposition at point y at time ¢

Diffusion coefficient at point y at time ¢

Moisture Content at point y at time ¢

Concentration of bacterial fluid/cementation fluid at point y at time ¢
Porosity at point y at time ¢

Healing Fluid Intake Ratio

Cementation Ratio
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4.1 Introduction

Construction activities (presently at USD 8§ trillion) have been growing all over the world
at an ever-increasing pace over the last hundred years. Concrete reinforced with steel bars
has been the most popular construction material. Consequently, Reinforced Concrete
(RC) has become the most consumed engineered material worldwide. The life of RC is
greatly affected due to cracking in the tension zone where the rebars are placed. The loss
of protection due to cracking accelerates seepage of moisture and other deleterious
substances leading to loss of capacity through corrosion and associated damages (1-4).
Maintaining the safe operation of these structures is one of the toughest challenges for
construction technologists. The present practice of repairing cracks is based on the manual
application of crack fillers. The process is unreliable, hazardous to the workers, and can
be very expensive, especially in places with access constraints such as underground,
marine, or tall structures. A healing system with vastly improved reliability, safety, and

economy is essential for the efficient lifecycle management of RC.

Concrete is observed to heal thin cracks (~50um wide) autogenously (5). In presence of
water, calcium carbonate is produced due to the hydration of the unreacted cement (6).
However, this healing is not enough for wider cracks that are often observed in the field,
warranting externally assisted healing (7). Traditionally, cracks are manually repaired by
injecting polymeric or cementitious agents (8-11). In previous research conducted by the
authors, cement grouts mixed with superplasticizers have been observed to fill cracks of
width 1 mm, but it was unable to penetrate thinner cracks (12). The dichotomy faced by
the healing material is that it must have a low viscosity to penetrate evenly through the
thin cracks but on the setting, must convert into a hard, concrete-like solid. It has been
demonstrated that biocement has the special ability in penetrating thinner cracks as all
components of biocement are soluble in water. They produce calcium carbonate crystals
that are compatible with concrete (1, 13-16). This has been implemented in recent studies
on the self-healing of structures (17). In this approach, capsules containing healing
chemicals are embedded in concrete that would fracture and release the chemicals when
cracked. Although it can seal fine cracks, the presence of capsules can have an adverse

effect on the strength of concrete (18).

The use of biocement can improve the diffusion resistance of concrete. Achal et al. (19)
report a 40-90% reduction in water absorption in concrete due to biocement(20, 21). Prior
research of the authors demonstrates that biocement caused a 23% increase in strength

and a 30% decrease in porosity of unfired blocks made of sand and clay(22, 23). In the
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case of cracked samples remediated by microbial precipitation, up to a 60% increase in
strength is reported (24, 25). Dhami et al. (26) demonstrate that biocement is most
efficient when the bacteria are allowed to settle on the substrate before the precipitation
solution is injected. Using the two-stage process of applying the bacterial solution first
and then applying the precipitation media, even fine cracks of less than 0.4 mm width
could be completely sealed (1) as seen in the microscopic image of Fig. 4-1. There are
some distinct advantages of biocement over conventional systems. In conventional
precipitation, reactions trigger as soon as the reactants are mixed, whereas the biocement
reaction happens only when the reactants encounter the microbes that have settled on the
substrate. Thus, biocement can be engineered to trigger at a desired time and location.
Further, the reactants for biocement are water-soluble (27), thus, its rheology can be easily
controlled and penetrating narrow cracks is easier than any other form of cementation. In
addition, the point of precipitation of the mineralized crystals can be controlled through
the preferential precipitation of the bacteria. Evidently, biocement is fundamentally

different from the crack healing techniques adopted hitherto.

Fig. 4-1: Healing cracks in concrete using biocement (1)

The effectiveness of the extent of healing in the cracks has been determined using both
non-destructive monitoring (12) and microscopic imaging (18). In biocement, the
microbes act as biocatalysts for the precipitation of calcium carbonate. Bacterial cell
surfaces have negatively charged groups that act as scavengers for divalent cations such
as Ca*", by binding them onto their cell surfaces. Research has proved that biocement is

initiated when bacterial cells secure themselves in the grooves of the substrates like sand.
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They act as nucleation sites for the growth of calcium carbonate crystals as shown in Fig.
4-2a. The crystals grow to form mesocrystals, which in turn grow and bridge
neighbouring particles, thereby achieving cementation. This mechanism is illustrated in
Fig. 4-2b, 4-2¢. A quantitative energy dispersive X-ray scan has been used successfully

to quantify the phases of cementation as shown in Fig. 4-2d.
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Fig. 4-2: Stage of biocement reaction: (a) bacterial cells secure themselves within
grooves of sand grains, (b) crystals grow to form mesocrystals (c) the crystals bridge
with neighbouring sand grains to cement them together (d) Quantitative EDS scans of

the of biocemented particles (28)

The biocement process depends on several interrelated factors and field implementation
of the technology would mandate reliable numerical models that can be employed for
bespoke field applications (29, 30). The numerical model can also be used in the analysis
of parameters that are difficult to observe in experiments. The authors are unaware of any
numerical model for bacterial healing of cracks in concrete, but there are related models
in rock and soil stabilization. The numerical models for biocement must encompass
diffusion in the substrate, bacterial deposition, and chemical reactions. Initial models are
of semi-empirical nature where one of the phenomena is modelled taking recourse to

empirical expressions for the others(31, 32). These studies have modelled the flow of the
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healing fluid within the rock substrates and fit other parameters as a function of fluid
concentration(32, 33). Hommel et al. (33) focus on the dissociation constants of the
reactants and the local pH. The model is implemented through fitting parameters to the
observed experimental readings, which are not scalable to field conditions. To model
biocement in sand columns, Ebigbo et al. (31) adopted Darcy’s equation for fluid flow
along with fitting parameters from experimental curves. In another investigation, Fick’s
diffusion model has been used for unconsolidated sand (34). However, these models
exclude the cyclic application of healing fluids and the temporal variations in the
deposition. As bacteria are essential for deposition to happen, encapsulation of bacteria
by the calcium carbonate precipitate limits further ureolysis and precipitation (35, 36). To
overcome this problem, a cyclic application model of bacteria and cementation solution
stages was adopted by Cuthbert et al. (32) to study biocement mechanisms in fractured
rocks. Cunningham et al. (37) extended the models of Ebigbo et al. (31) and Hommel et
al. (33) to incorporate the effect of interaction between the growth of biomass, biocement
and porosity. A one-dimensional model in sand columns was reported (38) where the
concentrations of individual reactants involved in bio grouting have been modelled.
Minto et al. (39) has proposed a reactive transport model to capture the key chemical
processes such as bacteria transport and attachment, urea hydrolysis and tractable calcium
carbonate in a three-dimensional sand media. Fauriel et al. (40) reported an investigation
to better understand and describe the coupled phenomena of multispecies reactive bio

grout transport in saturated, deformable soil.

The above discussion reveals that numerical studies on biocement are restricted to either
soil or rock substrates. Crack healing of concrete with biocement is not addressed. There
are some fundamental differences between bio-grouting in soil and crack healing in
concrete. In granular materials like soil, both consolidated and unconsolidated, the
advective flow has higher significance than non-advective flows, where the flow is
governed by the hydraulic gradient that causes hydraulic stress in the system. However,
in concrete, the pore structures are rather fine and the non-advective flow plays a more
significant role. Hence, the diffusion process must be modelled realistically. Moreover,
previous studies have assumed an independent dispersion tensor that does not depend on
the local saturation. In a numerical study performed by Sun et al. (41) for quantifying the
bio-healing of cracks in concrete, the biofilm is considered impermeable and the
deposition in cracks is not considered. However, in an experiment performed by Kaur et

al. (12), it is observed that the crack volume initially stays unchanged, hinting at initial
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deposition happening outside of the crack volume. Hence, the possibility of bacterial
deposition in the pores of the concrete outside of the crack volume also has to be
considered. In a previous study on the diffusion coefficient of concrete, the authors found
that the diffusion is strongly dependent on the level of saturation (42), which was
experimentally corroborated. The present model incorporates the saturation dependence
of the diffusion coefficient. In addition, the cracks in concrete that are several orders of
magnitude larger in dimension than the pores, need a separate treatment in terms of
diffusion. The present study implements the biocement process in cracked concrete
through cyclic injection of bacterial and cementation fluids in a finite difference in time
domain framework. This model is versatile and can be applied to other porous or cracked
substrates where the flow is governed through Fickian diffusion. It can also be expanded
to study other means of healing such as embedded capsules or vascular tubes or any other

cementation pathway.

4.2 The healing process

The healing consists of two phenomena: bacterial precipitation (BP) and cementation
deposition (CD). The process of deposition of calcium carbonate in the cracks is referred
to as cementation throughout the paper. In the BP stage, the Bacterial Fluid (BF) diffuses
through the void spaces and bacteria attach themselves to the surface. In the CD stage,
precipitation is triggered when the chemicals in the cementation fluid (CF) come in
contact with the bacterial cells deposited in the BP stage. The BF consists of bacterial
culture (Sporosarcina Pasteurii), urea agar solution, 0.15 M tris base, 0.075M ammonium
sulphate along with 20g/L of yeast extract, whereas the CF consists of 0.5M each of

Calcium Chloride and Urea. The following chemical reactions take place:

CH,CONH: + 2H,0 > 2NH*  +  COs* (4-1)
Ca*' + COs* > CaCOs) (4-2)
Carbonate deposition occurs in the void spaces resulting in the reduction of porosity. Both

BP and CD stages can occur repeatedly at any desired sequence.

4.3 Model assumptions

The numerical model is based on the following assumptions:

1. The domain can be discretised both spatially and temporally in a finite-difference
grid.
2. The substrate material can be defined by its porosity and diffusion coefficient
only.
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3. The BF and CF follow Fick’s laws in the substrate and Darcy’s law in the crack
domain.

4. The concentration of the dissolved chemicals remains constant during the
transport process and changes only when the reaction takes place.

5. The viscosity of the fluids is negligible.

6. The rate of attachment of bacteria at a surface is directly proportional to their
prevailing concentration in the BF.

7. The volume of bacteria is negligible. The voids are filled solely with calcium
carbonate.

8. There is an equilibrium of the solutes in the solution at all times.

4.4 The numerical model

The healing process is an outcome of reactive transport phenomena. Regarding the
transport of solutes in the model, diffusion, body gravity forces and the reaction of the
solute with the deposited bacteria are considered. To define the changes in the properties
and parameters at a point, the cross-section of cracked concrete is discretised into a
regular mesh grid as shown in Fig. 4-3 and finite difference method is used to solve the
problem. Each stage is initiated by filling the crack domain of the sample with the relevant
fluid. During the BP stage, the crack domain is filled with the bacterial solution for

deposition and during the CD stage, it is filled with cementation solution.
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Fig. 4-3: Specimen Grid Discretisation

Using assumption 2, the substrate is defined by two parameters: the network connected
porosity (P) and diffusion coefficient (D). To observe the spatio-temporal changes over
time, the time is discretised into sufficiently fine steps. The porosity at any point y (x, y,

z) at time #+1 is given by:

Nyt+1 = Nyt — Cy,t (4-3)
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Here, 1, 141 1s the porosity at the point y at time #+1 and C, ; is the precipitation at the

point during the time step. C, ; is defined as:

C 4—a
y.t+1
{ }zf(s](/:,tlBy,tlkc) (4—41'))

c
Sy,t+1
Here, S}‘Z ¢ is the concentration of CF and B, ; is the concentration of bacteria deposited at

the point. The variable k€ represents the rate constant of the chemical reaction.
The bacterial deposition is determined by:

B 4 — 5a

y,t+1

0 0500 T
y,t+1

Here, Sff, ¢ is the concentration of bacteria in BF during the BP cycle, k” rate constant for

bacterial attachment.

The product of the concentration of CF and porosity is an invariant of time. Thus,

S}(/:,t+1 XNyt+1 = Sf,t X Nyt (4-6)
Combining assumptions 3 and 4, the concentration of BF and CF can be defined by Fick’s

second law:

aSB (4-7)
vt _
Tt - DrdV S

0S¢
vt _ C
1= = Dy V2SYy

(4-8)

Where V is the Laplace differential operator. The diffusion coefficient D, ; at any point

depends on the porosity, moisture saturation, and the diffusing medium, which is defined

by:

Dyty1 = f(ny,trsy,t) (4-9)
4.4.1 Diffusion Process

The diffusion coefficient, D varies spatiotemporally with porosity, n and moisture

content, S.

D(S,m) = Dof(S)f (m) (4-10)
D.(S,m) = f(S)f(m) (4-11)
Here, D, is the relative diffusion coefficient where Do is the theoretical diffusion

coefficient of the matrix with no porosity and no moisture content. A study by Bazant et
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al. (43) and Jiang et al. (44) have suggested a strong correlation between moisture
concentration and diffusion coefficient. They have also mentioned that in a saturated
condition, the diffusion coefficient can be 1000 times that of the in dry condition.
Adsorption and desorption studies performed by Simpson et al. (45) have described an
exponential relationship between the diffusion coefficient and moisture concentration,

leading to the following expression (42):

f(S) = eks (4-12)
Here, f(S) is the function dependent on moisture content which is used in equation 11.

The power coefficient parameter £ is determined from experiments.

The diffusion coefficient is also dependent on the porosity. A numerical study on the
effect of porosity on the diffusion coefficient, illustrated in Fig. 4-4 suggests a sigmoidal
relationship (42). The relationship holds valid up to a usable range of porosity from 0 —
0.35. The relationship is adopted as:

35

30 © Results B ' l
= Fit Curve, fq o ' '

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Porosity, n

Fig. 4-4: Relationship between the diffusion coefficient and porosity (42)
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25

fn) = 1 + e—26(n—-039) +1 (4-13)
Combining equations (12) and (13), we obtain:
25
— kS -
D.(S,n) = (1 + ¢—26(n-0.39) + 1) € (4-14)

4.4.2 Reaction kinetics

Experiments are performed in laboratory conditions to determine the reaction kinetics. A
test matrix with varying concentrations of bacteria and cementation agents was
developed. The rate of deposition of CaCO3 was monitored. The equation rate is assumed
to follow a typical enzyme assisted reaction kinetics. The rate is determined by the
Michaelis-Menten equation (46). If the concentration of the calcium ions is represented

as [Ca®"], then the reaction rate, R, is:

2+
- II;: m [[i:iﬂ]] (1)

Here, Ruax 1s the maximum achievable reaction rate and K, is the Michaelis constant
which is determined as the calcium concentration when the reaction rate is equal to Ryax/2.
The rate of reaction is the rate of change of calcium ions in the solution. Hence, the

reaction rate R can be described as:

_dc

R=— 4-16

= (4-16)
Combining the equations (15) and (16):

dc  kyqc 417

dt  k, +c @-17)

For the sake of simplicity, an exponential decay rate is assumed for governing the amount

of precipitation in the numerical model.

¢ = kgexp (kt) (4-18)
Here, the constant kg is the initial soluble calcium ion concentration. Different rates of
reactions have been studied with varying dosages of the chemicals, amount of bacteria
and temperature (47). The variable k& is based on the experimental results conducted by
the authors (48). The following equation is found to be a good fit with an R? value of
0.97.

C=Cy xexp(—0.21(e?11¢ — 1) x t) (4-19)
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Here, C is the soluble calcium concentration in mM, Cg is the bacterial concentration in
OD and ¢ is time in hours. Cy is the initial concentration of the calcium ions in the solution.

Hence, the corresponding rate of deposition of calcium carbonate is given as:

C =Co(1— exp(—0.21(e?!1Cs — 1) x 1)) (4-20)
Here, it should be noted that although the equation might not be describing the exact
kinetics of the reaction, the empirical relationship between the bacterial concentration and
the calcium concentration is assumed to hold owing to the high correlation coefficient
and hence is used in the numerical model. This equation is used in determining the local
rate of reaction in the model. The deposition of calcium carbonate in the model results in
encapsulation of bacteria which prevents further deposition. Whereas, as observed
through SEM, the deposition takes place through nucleation on the surface of bacteria.
To account for the continuing deposition, the deposition of bacteria is distributed in the
surrounding areas upon completion to facilitate future deposition. This is reflected in

equation (21)

By,t+1 = f(By,t) (4-21)

4.4.3 Numerical Simulation

There is a variety of healing strategies in practice that use combination and BP and CD
in different ways. The computer code has been developed in a modular fashion that
facilitates the simulation of any of the strategies. Fig. 4-5 shows the flow chart for the

healing process used to demonstrate the present model.
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Fig. 4-5: Flow chart of the healing process with equation numbers

This process was chosen due to the availability of extensive experimental results (1, 14,
15, 21). In this process, the BP and CD fluids are injected in cycles into the crack. Each
cycle runs for a specific period. Each BP cycle results in an update of the bacteria
deposition layout in the material whereas all other parameters remain unaltered. A CD
cycle results in an update to both the bacteria and calcite deposition status of the material.
A rearrangement of bacteria occurs because of the nucleated nature of precipitation. An
epoch consists of a combination of a BP cycle followed by several consecutive CD cycles
at fixed time intervals. The healing efficiency is determined by the number of epochs it

takes to achieve a preset level of crack filling.
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4.5 Computational Details
Assuming a grid dimension of L x H as shown in Fig. 4-3. The section is discretised in
small grid sizes of X = Ldx and Y = Hdy. Similarly, the time domain is discretized in

small time steps of length T = tdt. Hence,

0 _19 (4-22)
0X Lox
0_10 4-23
Y ~ Hay (4-23)
i = li (4-24)
dT ot
From Fick’s Law as illustrated in Eq. 4-7 and Eq. 4-8:
as_D 625+025 425
aT — " |axz " ayz (4-25)

In our model, the length and the height are equal, so H = L, hence

s D 0%S N 0%S 496
at L2 |9x2 ' dy? (4-26)

We choose a time interval, 7, such that the coefficient in Eq. 4-26 becomes 1. This
implies:

r=— (4-27)

Hence, the equation becomes:

A 928 N 928 (4-28)
ot  0x2  dy?
The convergence criteria for the following finite difference mesh is:

ot <
(0y)? —

Where ol is the tolerance set by the user.

L ol (4-29)

t
@z ="

4.6 Numerical results

4.6.1 Reaction kinetics

The numerical model is validated by simulating the reaction kinetics. This is akin to the
flask experiment. Fig. 4-6 shows the concentration of bacteria (B;) and Precipitation (Cy)
within the solution. The process starts with a BF injection. As a result, the B; rises but it

plateaus after about 12 hours as no new bacteria is injected. CF is injected at 24 hours.
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As aresult, C; rises initially but stabilizes at 36 hours as all the cementation chemicals are
consumed by that time. CF is injected in multiple cycles resulting in the build-up of
cementation, but the bacterial concentration drops at each cycle. Due to the drop in
bacterial concentration, the rise in C; drops also drops. Finally, the B; drops below a
threshold where no more cementation takes place although CF is injected. At this point,
BF is injected again followed by cycles of CF. This example validates the reaction

kinetics of the present model.
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Fig. 4-6: Plot illustrating the deposition extent and the bacterial concentration.

4.6.2 Crack Healing

The reaction kinetics module is plugged into the crack healing module. The crack shown
in Fig. 4-3 is chosen for healing. The parameters are presented in 7able 4-1. The physical
dimensions of the crack are selected as an example to illustrate the healing procedure.
The material porosity and isolated porosity is assumed as a typical mortar porosity, the
diffusion coefficient is taken from one of the numerous experiments on study of diffusion
coefficient of concrete (29) and the exponential component is taken from Eq. 4-12. The
BP — CD cycles and the epochs are chosen in a similar manner to that of Kaur et al. (12)

to mimic real-life experimental applications.
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Table 4-1: List of Parameter values used in the model

Sample Width 10 mm
Length 10 mm
Discretised Matrix 100 x 100

Crack Top Width 1.7 mm
Depth 7 mm

Material Porosity, (1) 0.2
Isolated Porosity 0.05

Dry Diffusion Coefficient (Do) 107" m%/s

Diffusion Power Coefficient, k 6.9

Equation (Eq. 4-12)

Healing BP-CD cycles per epoch 1-6
Number of epochs 10

The evolution of porosity and bacterial concentration during the epochs, which are
illustrated in Fig. 4-6, are illustrated in Fig. 4-7. Initially, the porosity within the crack is
1, and that for the rest of the domain is set at 0.2. As BF is injected, the bacteria get
deposited mainly at the bottom of the crack with some diffusion within concrete. The
cementation takes place in proportion of bacteria concentration and porosity goes down
as aresult. In the next BP cycle, the bacteria get deposited on top of the fresh cementation.
Thus, the crack closes progressively. Some bacteria get encapsulated within the
cementation deposit. They can no longer participate in cementation as they become out
of reach of CF. It can also be noted that the pores in the vicinity of the crack are also
cemented evidenced by the loss in porosity. After ten epochs almost the entire crack is

filled.
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Fig. 4-7: Plot of porosity and bacterial solution distribution of the RE
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4.7 Performance Simulation

4.7.1 Validation

A healing experiment reported earlier has also been modelled (12). In the experiment, a
concrete sample of dimensions 500 mm x 250 mm x 150 mm is cast. A crack is induced
in the sample using a 3-point loading setup. An image of the crack is taken and digitized
to determine the profile of the crack. The image of the crack along with its digitized
version is illustrated in Fig. 4-8. For the numerical model, the image is refined to obtain

a continuous crack to facilitate the flow within the crack.

Crack Image Focus Image Crack geometry Retrieval Refined Image

Fig. 4-8: Digitisation of the image from the experimental sample (12)

The material parameters of Table 4-1 have been used in this numerical model. The
porosity data is used from the earlier model. The rate of bacteria attachment in the bacteria
solution is determined such that 95% of the deposition takes place within 24 hours. Each
BP cycle is 24 hours long and each CD cycle is 12 hours long. A healing application
consisting of 10 epochs of 1 round of BP cycle followed by 6 rounds of CD cycle is
carried out. A further round of 1 BP cycle followed by 2 CD cycles is applied. This
resulted in the complete healing of the crack. The images of the progress of the healing
of crack are illustrated in Fig. 4-9. Although the crack is very thin in comparison to its
depth, the healing started from the bottom of the crack as it moved upward. All branches
got filled too. A zone of about 2mm width at both sides of the crack increased in density

due to the diffusion of the cementation fluid.
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Fig. 4-9: Healing progress in the crack of the experimental sample (12)

4.7.2 Water Transport

Although these results in Fig. 4-9 are intuitively meaningful, they are not experimentally
observable. In the experiment, healing has been quantified with two parameters: healing
fluid intake ratio and estimate of CaCOs3 deposition. As healing progresses, the crack
volume reduces due to the deposition of CaCOs. As a result, the intake of healing fluid is
reduced. The healing fluid intake ratio (Hr ratio) determines what fraction of the initial
amount of healing solution is absorbed by the sample as healing progresses. The Hr ratio
is an indicator of the amount of volume of the crack that is to be healed. The cementation
ratio (Cy) refers to the fractional CaCOs deposition at any time compared to the total
deposition of CaCOs. The Cf ratio is basically an indicator of the overall amount of
deposition happening within the specimen. The deviation of Hr from Cr arises due to the
fact the deposition of CaCOs also takes place within the sample along with within the
cracks. Fig. 4-10 presents the plots of Hr and Cr and experimentally observed points. A
good correlation can be observed between the experimental and numerical results. Hr
remained flat for nearly 5 cycles indicating that at this stage substantial crack volume is

unfilled and diffusion into the surrounding pores is substantial. Cr rises steadily during
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this period indicating that initial cementation happens in the neighbourhood of the crack
rather than inside it. This also implies that in the initial few application cycles, the
deposition of bacteria is concentrated in the porosity network of the sample rather than at
the crack interface. Once the crack starts filling, there is a rapid fall in Hr. As Hrgoes
down the number of cementing agents also reduces. Thus, the rate of rising of Cr slows
down too. In the end, Hr approaches 0 while Cr approaches 1 indicating that the whole
crack volume has been cemented. The digitisation of the profile from Fig. 4-8 and 4-9
combined with the correlation with the healing fluid intake and cementation ratio with
experiments in Fig. 4-10 which is a measure of the amount of crack filled concludes that

the model indeed is capable of successfully replicating the experimental conditions.
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Fig. 4-10: Comparison between healing fluid intake ratio and CaCQOj3 deposition ratio

in model and through experiments (1, 12)

A simulation of the healing experiment carried out by Kulkarni et al. (49) has been
performed. Mortar mixes with 0.4 water-to-cement ratio and 3.0 sand-to-cement ratios
are cast into cylinders of 45mm diameter and 90mm height. After the curing of the

specimens, each sample is cored into two cylinders of 45mm diameter and 40mm height
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and then cracks were introduced through the use of jaw clamps. The images of the cracks
in the different samples are digitised to retrieve the crack surface width and effective area.
It was observed that there was a direct correlation between the average crack width and
the overall crack area. The depth of the crack is assumed to be uniform across each

sample.

A similar method of healing solutions application is employed in the specimens. The
samples were saturated with the bacterial solution for 2 hours which is followed by
subsequent draining of the solution and saturation of cementation solution. The entire
cycle of 24 hours is considered a single round of treatment. The experiment layout and
the corresponding digitised images are shown in Fig. 4-11. The properties of the materials
are taken similar to that in the previous experimental validation with the only changes

being the geometry of the crack and the application procedure.
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Fig. 4-11: Digitisation of the images from the experimental sample (49)

The water permeability of samples with different crack widths was tested after the
solution application cycle for 0, 8, 16 and 24 rounds. It is observed that there is a
considerable decrease in the permeability of the sample. In the corresponding numerical
model, the overall crack volume of a sample is used. Fig. 4-12 represents the variation of
permeability across samples of different average crack widths with different solution
application rounds. Corresponding to the experimental results, the plots of changes in
volume after the solution application for the 0%, 8", 16™ and 24" rounds are shown. It
should be noted that the permeability at the 0" round application is used as a reference to

calibrate the numerical model. The calibrated model is then used to determine the loss of
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permeability of the crack profile over different cycles of application and is validated with

the experimental data. A good correlation is observed between the experimental values

of permeability and the numerical model values of overall crack volume filled.
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Fig. 4-12: Changes in experimental permeability and numerical model crack volume

with healing progress (49)

4.8 Conclusion

This study presents a numerical model for the healing of cracks in concrete using MICP.

The findings of this study can be summarised as:

1.

A finite-difference in time domain model is developed based on the fundamental
mechanisms of healing of cracks in concrete with MICP.

A coupled reactive transport model describing the diffusion of the bacterial fluid
and the cementation fluid within the cracks and pores of concrete is developed. It
predicts the deposition of bacteria and subsequent chemical reactions resulting in

precipitation of calcium carbonate by solving the rate equations.
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3. Parameters that vary with field conditions like the crack profile, material
properties, surrounding conditions, and the available solution concentrations are
considered.

4. Extensive validation of the model is performed using the experimental results.
Experimentally observed parameters such as cementation rate and fluid intake
have been validated.

5. The model allows for observation of phenomena that are not amenable to
experimental measurements. A temporal map of bacterial deposition and
carbonate precipitation is presented using the numerical model.

6. The experimental validation has been demonstrated for only one type of healing.
However, there are several different variations of healing adopted by different
groups. The numerical model has been developed in a modular fashion that
facilitates the modelling of any healing technique.

7. The numerical model allows the augmentation of experiments with parametric
studies that lead to optimization to achieve targeted healing. This aspect is the

subject of future studies.

Although this study demonstrates a detailed model for healing of cracks in concrete using
MICP, further research is necessary for extending the process. Concrete may crack due
to a variety of reasons and their healing process may differ significantly. The healing fluid
can also be delivered in different ways. Of particular interest is self-healing of cracks
using encapsulated healing agents. These aspects are under investigation and would be

reported in future.
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Abstract

Cracking has long been regarded as one of the major threats to the structural integrity of
the concrete. To address this issue, the healing of cracks with the injection of biocement
has proved to be effective. Microbially Induced Calcite Precipitation is a biological
process that has been widely used for remediation and restoration of a range of building
materials. To have a proper understanding of the mechanics behind the phenomena, a
numerical model is developed which has been validated with multiple experiments. The
model accounts for coupled reactive transport and deposition processes in a porous
substrate using finite difference method in time domain framework. In this paper, the
model has been further built upon by analysing the effect of different parameters
influencing the efficiency of the healing process. The effect of crack geometry, substrate
material properties and applied solution concentrations are studied. The healing
efficiency is compared through the reduction of overall porosity, both within and outside
of the crack in addition to the crack depth reduction. The study helps in determining the

optimal healing application strategy based on quality and site requirements.
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5.1 Introduction

The use of concrete has been ever increasing owing to a constant increase in world
development and urbanisation. Concrete is the most used man-made material in the world
and is the choice of construction material because of its superior mechanical strength.
That is why traditional design codes for concrete has always been focused on improving
the safety and serviceability of concrete. However, one of the major threats to the
structural integrity of concrete is cracking. Cracking can be caused by a variety of reasons
including shrinkage (1), freeze-thaw effects (2), tensile stresses (3) and creep (4) and is
usually inevitable because of ageing. Cracking in concrete can give rise to a fast track
pathway for deleterious and aggressive agents into concrete. Not only such agents are
responsible for weakening the structure itself, but some of the ingress agents like
chlorides (5-9), sulphates (9, 10) and biochemicals (11) also alter the pH of the local
surroundings. The consequent changes in pH create a corrosive environment which poses
a risk to the underlying steel reinforcements in a reinforced concrete structure,
significantly impacting its load-carrying capacity (5). Hence, sealing of the cracks in
concrete is as important a step in crack remediation as is providing additional strength
reinforcements to account for the loss in load capacity. Such attempts at healing cracks
in concrete by sealing has been observed to potentially increase the service life of

structure (12).

One of the major reasons for the resilient nature of concrete is its ability to heal crack
autogenously. This happens either because of hydration of unhydrated cement, the debris
of crack particles collapsing on itself (13), carbonation (14) or a combination of these
mechanisms. However, the autogenous healing of cracks is mostly constrained to thin
cracks around 50 pm (15) which implies the need for external intervention for larger
cracks. This has led to numerous works attempting to heal cracks in concrete using
external grouting (16-19), inorganic filler components (20) and biocement (12, 21-23).
Although the application of cementitious grouts has shown noticeable recovery in the
mechanical strength of concrete (19), the high viscosity of the grout material can make it
difficult to administer the solution in thinner cracks, where it will suffer from limited
penetration, as is observed in grouting attempts conducted by Kaur et al. (17). The use of
chemical grouts usually fills up the crack profile with superabsorbent polymers (24, 25)
which are inherently different from the cementitious matter itself and might cause contact
integrity issues. On the other hand, the use of biocement is inspired by the role of

microbes in the deposition of beach rocks, sediments, and numerous other natural
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formations. As the bacteria can simply be sourced and modified from such natural
sources, this becomes a sustainable method to extend the lifetime of concrete. The product
of such bacteria, calcium carbonate crystals are compatible with the material in
cementitious composites, therefore forming a sound and healed concrete (12, 26-28). As

a result, such a method has seen recent applications in self-healing structures (23, 29).

An important parameter in the healing of cracks is the monitoring of the progress and
efficiency of the healing process. A rough estimate of the extent of healing can be
provided through visual observation of the crack closure (15) with a more detailed
assessment through DIC (30) and SEM imaging (12, 31). A load strain relationship study
is employed by Thanoon et al. (19) to study the effect of different reinforcements on the
healing capacity. In addition to visual quantification, Palin et al. (15) assessed the healing
performance in mortar specimens based on the recovery of compressive strength. Kaur et
al. (26) used an ultrasonic wave-based technique to assess the filling of the cracks and
observed that the healed crack even performed better than the uncracked sample in terms
of signal attenuation. Ultrasonic diffraction method is used by Yokota et al. (32), whereas
the Ultrasonic Pulse Velocity (UPV) recovery method was used by Alghamri et al. (33).
Water permeability tests have also been used to assess the water tightness reduction as a
sign of healing in cracked concrete samples (15, 26). A permeability study is important
because it is a direct indicator of the likelihood of attack from aggressive agents. The

effect of loading on the permeability of the cracks was assessed by Wang et al. (34).

The complex mechanisms behind the deposition through biocement can be expressed as
an interconnected relationship between the reactive transport governing the fluid flow of
solutes in a porous media and the deposition resulting from chemical reactions in presence
of bacteria. While some researchers have attempted to model the output parameters like
water leakage through empirical relationships (13), others have modelled the healing in
terms of the extent of crack closure (35). The fluid transport is modelled by Gawin et al.
(36) using Darcy’s law for advection and Fick’s law for vapour diffusion and solute
transport. A simulation study of healing in concrete triggered by hydration of unhydrated
cement is performed by Huang et al. (37). A reactive transport model is developed by
Minto et al. (38) to capture key chemical processes of bacterial transport and attachment
and urea hydrolysis. Although the application of biocement in concrete has shown success
in laboratory conditions, a field-scale implementation of the system is limited to soil

consolidation experiments. Cuthbert et al. (39) employed a cyclic application model of
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bacteria and cementation solution stages to study the biocement mechanism in improving

the permeability characteristics of fractured rocks.

The discussion mentioned above mandates the need for numerical studies on the healing
mechanism in concrete using biocement as all the present work are performed on either
soil, sand, or rock substrates. The models for healing using biocement are either based on
output parameters like crack width closure or based on pure transport modelling with no
associated deposition. The transport phenomenon in a fine porous media like concrete is
also dependent on non-advective flow as compared to advective motion in granular soil
media. The authors have developed a numerical model for a healing method of cracks in
concrete with cyclic applications of bacterial solution and chemical solutions (40). The
model accounts for the reactive transport phenomena of associated fluids including body
gravity forces and the reaction of solute with the deposited bacteria. The basics of the
numerical model are re-introduced in this paper. The model has been validated with water
permeability results from experiments conducted by Kaur et al. (26), where the reasoning
behind the initial crack volume being unchanged after a few applications is established.
This is explained through the deposition of calcium carbonate from the bacteria within
the pores of the material initially as opposed to the crack itself. This mechanism was also
able to explain the superior behaviour of the healed cracks subjected to Ultrasonic wave
testing as compared to an uncracked sample. The crack profile from experiment which
has been digitised is shown in Fig. 5-1. The validation of the fluid intake in experiments

compared with the crack volume estimation over time from the model is shown in Fig. 5-

2.

Crack Image Focus Image Crack geometry Retrieval Refined Image

Fig 5-1: Digitised crack profile from experiments performed by Kaur et al.(17)
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Fig 5-2: Validation of the healing fluid intake (Hy) (26) with the portion of crack volume

left determined from the numerical model

This paper attempts to build upon the numerical model established for the healing strategy
in concrete. The wide variation in the deployment strategy for biocement in concrete
mandates the need for an efficient application methodology to achieve fast and efficient
healing of cracks. The result should not only be a proper seal of the cracks, but also a low
healing time depending on in-situ conditions. The parametric study accounts for the
variation in the crack profile in the substrate along with different properties for the
substrate material, applied solution concentrations and the healing method itself. The

efficiency of healing is governed through the remaining depth of cracks and the overall

porosity recovery for the sample.

5.2 The healing process

The healing procedure consists of the use of two different solutions introduced to the
crack at separate time intervals: the Bacterial Fluid (BF), and the cementation fluid (CF).
The BF consists of the bacterial culture (Sp. Pasteurii), 0.15M tris base, 0.075M

ammonium sulphate and 20g/L yeast extract, while the CF consists of 0.5 M each of
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Calcium Chloride and Ammonium Sulphate solutions. There are two stages to the
delivery system: Bacterial Precipitation (BP), and Cementation Deposition (CD). The
stages with sample digitisation of a crack is shown in Fig. 5-3. In the BP stage, BF is
poured into the crack and is allowed to diffuse into the specimen. The bacterial deposition
happens along the edges and within the pore network of the sample. The sample is
allowed to rest until 90% of the bacterial solution is deposited, either on the surface of
the cracks or within the pore network of the material. A single BP stage can involve
multiple applications of BF. The BP stage is followed by the CD stage, where the CF is
poured into the crack. The CF settles into the crack and diffuses through the material
where it comes in contact with the bacterial matter deposited from the BF in the BP stage.
This results in the hydrolysis of urea facilitated by the bacteria into carbonates which
react with the Calcium ions from the CF to deposit calcium carbonate. The reactions are

shown below:

CH,CONH, +  2H,0 >  2NH* + COs* (5-1)
Ca?* +  COs* > (CaCOs) (5-2)
? + V
BP (Step 1) . CD (Step 2)

Cracked Sample

Cross-section Cross-section view Digitised Image

Fig 5-3: Sample digitisation of a crack

The deposition of calcium carbonate happens at the locations of interaction between the

BF and CF solution i.e., at the edges of the crack surface and within the material itself.
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The deposition happens both on the surface of cracks, resulting in partial sealing of the
cracks, and within the material, resulting in a subsequent decrease in porosity near the
crack. Similar to the BP stage, one CD stage can involve multiple applications of CF. The

application strategies and the deposition locations are illustrated in Fig. 5-4.

p=—=—=== 7 A N 00 - ==
| Deposition' | Deposition !
| inPores | | inCrack J
Bacterial
Cell
Fig 5-4: Application Stages and deposition locations
5.3 Model Assumptions

The numerical model is based on the following assumptions:

1. The domain of the crack can be discretised both spatially and temporally into a

finite-difference grid.
168



2. The substrate material can be defined through its porosity and diffusion
coefficient.

3. The solutions can be poured to completely cover the crack domain.

4. The crack is facing upwards, and the healing solutions can be poured on the crack
from above.

5. The BF and CF follow Fick’s laws in the substrate and Darcy’s law in the crack
domain.

6. The concentration of the dissolved chemicals remains constant during the
transport process and gets affected solely by the chemical reactions.

7. The viscosity of the fluids is negligible.

8. The rate of attachment of bacteria at any location is directly proportional to the
prevailing concentration of the BF in that location.

9. The volume of bacteria is negligible, the deposition of bacterial matter does not
affect the porosity of the material.

10. There is a constant equilibrium between the different chemical components in the

solution at all times.

5.4 Numerical Model

The reactions and the transport phenomena of the fluids in concrete are calculated through
a Finite Difference model. The domain of a crack profile is discretised into a fine regular
grid. The size of the grid is small enough to capture sufficient details on the flow and
deposition mechanism. The flow of BF and CF through the material during the healing
process is governed by a reactive transport phenomenon. The effect of body gravity forces
is considered on the fluid present within the crack domains. A representative cross-section
is chosen from the cracked specimen and is discretised into a regular rectangular mesh.
Each point within the grid is assigned a porosity parameter based on the geometry of the
cracks. Each application step is initiated by pouring the BF or CF solution which results
in the filling up of the crack domain with the solution. The diffusion coefficient of any
point is determined by the porosity and moisture content which in itself is determined
from Fick’s laws. The transport mechanism is described in a previous numerical study by
the authors (41). The porosity of any point is a function of the initial crack geometry and

the cementation deposition at that point as shown in Eq. 5-3.
Nyt+1 = Nyt — Cy,t (5-3)
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Here, 1, ;41 1s the porosity of point y at time #+1 and C,, , is the precipitation at the point
during the time step. The precipitation at the point, C,;and the concentration of
cementation solution, Sy, is defined as:

AT (s a0)
Here, B, . is the concentration of bacteria deposited at the point. The variable k¢
represents the rate constant of the chemical reaction. The bacterial deposition is
determined by:

bor k= st o) (cZep)
Here, Sﬁ ¢ is the concentration of bacteria in BF during the BP cycle, k” rate constant for

bacterial attachment. The product of the concentration of CF and porosity is an invariant

of time. Thus,

S)g,t+1 XNyt+1 = S}(/:,t X Nyt (5-6)

Combining assumptions 3 and 4, the concentration of BF and CF can be defined by Fick’s

second law:
d0SE (5-7)
vt
Frake Dy,tVZSf,t
aS¢ (5-8)
vt
Frake Dy,tVZSf, ¢

Where V is the Laplace differential operator. The diffusion coefficient D, ; at any point

depends on the porosity, moisture saturation, and the diffusing medium, which is defined

by:

Dytv1 = f(ny,tisy,t) (5-9)
5.4.1 Diffusion Process
The diffusion coefficient, D is dependent on the nature of the solute, the porosity, and the
moisture content at any point. Combining the studies of Bazant et al. (42), Jiang et al.
(43) and Simpson et al. (44), an exponential relationship is employed between the

diffusion coefficient and the moisture content, S as is shown in Eq. 5-10:

D = kye*S (5-10)
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Here, ko and k are mathematical parameters determined from experiments. The influence
of porosity on the diffusion coefficient is taken from a previous micro-scale pore study
performed by the authors (41) where the following relationship was observed between
the porosity, #, and the relative diffusion coefficient D,, which is a ratio between the
actual diffusion coefficient of the material, D, to the theoretical diffusion coefficient of

the matrix, Dy.

25
_ kS -
D,.(S,n) = (1 o 2661039 + 1) e (5-11)

5.4.2 Reaction Kinetics

The rates of the deposition reaction influence the amount of deposition close to the crack
profile. In case of a high deposition rate, the lower diffusion rate will result in maximum
deposition occurring close to the crack domain whereas, with a low diffusion rate, the
solution has more time to diffuse into the material thereby encouraging diffusion into the
material bulk. A higher deposition rate will result in a faster filling of crack, but a lower
deposition rate will result in a more complete closure of the crack including the
surroundings. Hence, an optimum deposition rate needs to be selected. The equation rate

is assumed to follow the following relationship:

2+
- 15,7: + [[L;ZH]] G-12)

Here, Ruax 1s the maximum achievable reaction rate and K, is the Michaelis constant
which is determined as the calcium concentration when the reaction rate is equal to Ryax/2.
The rate of reaction is the rate of change of calcium ions in the solution. Hence, the

reaction rate R can be described as:

dc
R=— 5-13
= (5-13)
Combining Eq. 5-12 and Eq. 5-13:
dc  kqc 5.14
dt B kz +c ( i )

For the sake of simplicity, an exponential decay rate is assumed for governing the amount

of precipitation in the numerical model.

¢ = kgexp (kt) (5-15)
Here, the constant ko is the initial soluble calcium ion concentration. Experiments on
different reaction rates through different dosages of chemicals, amount of bacteria and

temperature have been conducted by Xu et al. (45). The variable k is based on the
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experimental results conducted by Murugan et al. (46). The plots of different amount of
bacteria measured through the optical densities (OD) is shown in Fig. 5-5. The following
equation is found to be a good fit for the bacteria with OD = 0.4 with an R? value of 0.97.

C=Cy Xexp(—0.43 X t) (5-16)
Here, C is the soluble calcium concentration in mM and Cp is the initial concentration of

the calcium ions in the solution.
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Fig 5-5: Different rates of deposition of calcium carbonate with bacteria concentrations

measured in optical density (OD) (46)

It should be noted that although the Eq. 5-16 above might not be describing the actual
kinetics of the reaction within the cementitious material, the empirical reaction rate
between the bacterial concentration and the insoluble calcium concentration is assumed
to hold since the model is based on an analytical approach. Hence, Eq. 5-16 is used to

determine the local reaction rate in the model.

172



5.4.3 Bacterial encapsulation

As the amount of deposition progresses in the material, the bacteria slowly gets cut off
from the chemicals because of the formation of calcium carbonate around it. However,
SEM images on the MICP process has indicated that deposition happens through
nucleation spots on the surface of the bacteria (47, 48). To account for the continuing
deposition, the settlement of bacteria at one point is distributed in the surrounding
available areas upon completion of deposition to facilitate future deposition. This is
accounted for in Eq. 5-17. Only a partial distribution is considered as some of the bacteria
is expected to be trapped inside the material bulk during the healing process. It is
important to note that the effect of the growth of bacteria within the solution is not
considered after the application of the fluid owing to the short time frame in the

application strategy.

By,t+1 = f(By,t) (5-17)

5.4.4 Crack Healing Parameters

Throughout different experiments from different sources on biogenic healing, the
monitoring of the crack profile in the material over time is essential to assess the
effectiveness of the healing procedure. One of the primary reasons for sealing a crack in
concrete is to recover the lost water-tightness in the material. This factor is analysed
through monitoring the portion of the crack fraction remaining, Cr over different
application cycles. This can also be used as a reference to justify the results from
experimental health monitoring methods like the use of ultrasonic wave propagation
techniques, where either the time of flight or the signal attenuation provides a scale on
the extent of deposition in the crack. The other parameter used to determine the efficiency
of crack healing is the time to complete deposition through the crack domain in the
material, 7x. This parameter is chosen as a faster healing procedure might obtain
precedence because of rapid results. The value of 7y is expressed in the number of days

throughout this paper.

5.5 Results

The effect of varying different parameters of the material properties and application
strategy on the healing efficiency of cracks are discussed in this section. The effect of the
geometry of the cracks is also incorporated into the model. The reference application
strategy, material properties, and the crack profile for the model in each of the scenarios
are described below. A 2D cementitious block of dimensions 100 mm x 100 mm is cast

with a single crack in the shape of a rectangular groove of width Imm and depth 50mm.
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The porosity of the cast sample is 0.2, and the limit of porosity lower than which there is
no further local deposition is taken as 0.1. The healing application strategy consists of a
BF application, followed by a resting period of one day, followed by adding the CF
solution, followed by a resting period of 0.5 days. The solutions are introduced to the
cracks pouring on the crack profile from above. The crack is completely healed in 37.5
days. This application strategy is similar to the one used by Kaur et al. (26) except, in

their experiments, one BF application was followed by 6 successive applications of CF.

5.5.1 Effect of crack geometry

5.5.1.1 Effect of crack width

The effective crack width is defined as the width of the crack visible from the top of the
sample. Keeping all the other parameters constant, including the depth of the cracks, the
variation in the overall change in the crack fraction, Cr over time is shown in Fig. 5-6. In
addition to considering rectangular crack shapes in the material, triangular cracks are also
considered with the same crack width and depth. The remaining crack fraction parameter,
Cris computed as the area of the crack profile remaining after a particular time. An initial
plateau is observed in the crack filling plot for all the scenarios. This can be attributed to
the fact that during the first few cycles, the deposition from the solutions happen within
the material itself and not within the crack domain. This results in the crack fraction
remaining unchanged for a bit. The deposition in the crack initiates when the surroundings
of the cracks have been deposited and see a relatively rapid filling because the fluid is
now contained within the crack itself. It is observed that changes in crack width and shape
do not affect the time required for filling up the cracks. This can potentially be reasoned
as in cracks with larger crack width, more solution each of BF and CF can be used up for
the deposition process. When the depth is kept constant, the area of the crack changes
directly in proportion to the width of the crack, which also corresponds to the amount of
deposition. Hence, no significant changes in the crack healing time is observed with

changes in the crack width and shape.
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Fig. 5-6: Variation in healing with different crack widths with (a) rectangular cracks,

and (b) triangular cracks

5.5.1.2 Effect of crack depth

Keeping the crack width constant, the effect of changing the depth of the crack to the
crack sealing efficiency parameters are shown in Fig. 5-7. A similar nature of the curve
is observed as to the plots with changing crack widths. This can also be argued with a
similar logic. If the width of the crack profile is kept constant, with increasing depth, the
overall crack area increases linearly with the crack depth, which in turn becomes a direct
measure for the amount of deposition expected to occur in the cracks. Hence, no
significant effect is observed based on the geometry of the cracks. Any random geometry
of crack is accounted for through the choice of different shapes of cracks in the study
which are expected to be the extreme scenarios. This implies that in case of multiple
cracks appearing in the same material, initiating healing experiments on both of them will

finish at approximately the same time regardless of the geometry.
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5.5.2 Effect of Material Properties

5.5.2.1 Effect of Crack Surface Roughness

In addition to the effect of the shape of the crack on the healing performance as seen in
the previous section, this section studies the effect of the roughness of the surface of the
cracks on the healing efficiency. In this section, the factor of differential bacteria
attachment along the crack surface and the material bulk is studied. It is postulated that a
higher crack surface roughness will promote bacteria attachment as it provides more
surface area available for the bacteria to latch onto. The effect of crack surface roughness
is quantized by comparing it relative to the roughness within the pore network which is
assumed to be constant. The variation of the healing efficiency parameters with the crack
surface relative roughness is shown in Fig. 5-8. It should be noted that the parameters
used in this section are relative. The plots show a rougher surface crack will potentially
result in shorter healing times. This is possible because, in case of a higher deposition rate
of bacteria on the crack surfaces, the cracks are going to fill up faster as it always comes
in contact first with the CF upon the application at the beginning of the CD step. It should
be noted that while there may be other parameters influencing the rate of deposition, only
the effect of crack roughness and the overall deposition rate is considered, the later being

explained in later section 5.5.4.

176



120

100

[=2]
o

Crack Healing Time (TH)
3

Ey
o

20

10 to 1 1to1 1to 10 1to 25
Ratio of Material Deposition to Crack Surface Deposition
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5.5.2.2 Effect of Material Porosity

The reference model has taken the porosity of the substrate as 0.2 with no further
deposition allowed after the porosity drops to 0.1. However, a large variation of porosity
exists for cementitious composites cast with different water to cement ratios, aggregate
sizes, and supplementary cementitious materials. To account for this property, the effect
of material porosity is studied by varying both the material porosity, 79, and the limit
porosity for deposition, 7,. The variation of the healing parameters with changes in
material porosity is shown in Fig. 5-9. It is observed that upon keeping the limiting
porosity constant, a material with lower initial porosity takes less time for complete
healing. This can result from the lower movement of the BF and CF fluids away from the
cracks upon application as the porosity of the material is lower than the other material.
However, increasing the limiting porosity seems to have an adverse effect on the crack
healing time. This is potentially arising out of the fact that when healing at any point
within the concrete is complete, there is still a significant amount of porosity left which
allows further transport of deposition fluids away from the cracks. Hence, such properties

in a material would not have an efficient healing system.
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5.5.3 Effect of healing stage design

5.5.3.1 Effect of number of cycles per stage

The reference scenarios depict the healing of the crack through scheduling alternate
applications of BF and CF applications. However, multiple applications can be fit in each
of the BP and the CD stages (26). The variation in healing parameters with different
numbers of application cycles in each stage is shown in Fig. 5-10. Here, the parameter
which is used to depict the application strategy is the no. of BF or and the no. of CF
applications per cycle i.e., the number of times BF is applied in a single BP stage and the
number of times CF is applied in a single CD stage. It is of importance to note that
increasing the quantity of cementitious solution application per cycle increases the crack
healing efficiency, but only up till a certain point. With a further increase in the
application of CF, the required healing time goes up. This is because with just an alternate
application of the solutions, after the cementation solution results in deposition, there is
a significant quantity of free bacteria left. This is not used for any deposition as the next

step is a further application of the BF. So consecutive CF applications can obtain a more
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efficient delivery system, but only in moderation. At higher CF application numbers,
there is not enough bacterial content left in the substrate to have a meaningful deposition,
and hence the strategy becomes inefficient. Hence, it is important to maintain a balance
between the applications of BF and the application of CF to ensure efficient healing of

the crack in the material.
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Fig. 5-10: Effect of the application strategy on the crack healing time

5.5.3.2 Effect of cycle time

In the reference scenario, the BF application is followed by 1 day rest and the CF
application is followed by a 0.5 day rest. The plots in Fig. 5-1/ show the variation in
healing efficiency with different resting periods for both the BF and the CF solution. This
study is performed to assess the effect of settling time on healing efficiency. It is observed
that both in the case of BF and CF application, a longer settling time results in an increase
in the crack healing time. This is potentially possible because the longer the solution is
allowed to sit in the crack, the further the solute particles are going to move from the

crack domain. Therefore, a longer settling time indirectly implies a higher deposition
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proportion in the bulk of the material, and consequently a longer time for healing the
cracks. It is important to note that the model ensures a minimum waiting time for all the

fluid from a step getting used up before moving on to the next application step.
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Fig. 5-11 Effect of changes in the duration of (a) CF application resting time, and (b)

BF application resting time on crack healing time

5.5.4 Effect of solution concentrations

In addition to changing all the above parameters, the concentration of the solutions can
also be changed. This will impact the rate of deposition of the calcium carbonate both
within the pores and the crack domain. However, any changes in the rate of deposition
will proportionally vary in both locations. Therefore, a study is performed with varying
the relative rate of deposition within the cracks. The concentration of the individual
solutions that will result in such a deposition rate is considered out of the scope of this
paper. The variation of the healing efficiency parameters with different rates of deposition
is shown in Fig. 5-12. As expected, it can be observed that a higher rate of deposition

decreases the crack healing time.
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5.6 Discussions

A numerical method is used to describe a potential healing process candidate for cracks
in concrete. The model has previously been verified with multiple experimental results to
lend credibility to the calculations. The model is then used to perform a parametric study
on the efficiency of healing based on different parameters. The nature of the crack, the
substrate material, the application strategy, and the solution concentrations are

considered. This study has led to the following significant insights:

1. The geometry of the cracks does not have a significant effect on the healing
efficiency of cracks. It is also important to note that the effects of surface tension
and viscosity are not considered in this model.

2. Although the shape and size of the crack do not affect the healing, the roughness
of the crack surface plays an important role in determining the efficiency of the
deposition process. A higher deposition rate at the cracks ensure a more efficient
healing

3. Materials with a lower porosity perform better than materials with higher
porosities in terms of healing capabilities.

4. Every bacterial fluid application stage can be followed up by multiple cementation

stages to have efficient healing. However, lacing on too many cementation
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solution applications in one go will have an adverse effect on the healing
performance.

5. A complete deposition of the solution must be ensured before the application of
the next step. However, too long a gap between the applications steps will result
in a decrease in healing efficiency.

6. Higher deposition rates ensure a faster healing performance.

This study presents the parametric study of healing in concrete materials built on a
numerical model capable of modelling the coupled reactive transport and deposition
systems. This study can be used as a benchmark to develop more efficient engineered
materials which will have better healing performances, and possibly extend them to field-
scale applications. The concept of adding self-healing properties to concrete through
encapsulation will be incorporated in the model and the results and differences from the

manual application will be reported in the future.
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Abstract

Smart concrete is capable of self-assessing its state of stress and strain. It is produced by
tailoring the electrical conductivity of concrete with the addition of conductive materials
such as carbon fibre. This paper aims at determining the electrical conductivity of smart
concrete materials with randomly dispersed carbon fibres. It unravels the conduction
mechanism and establishes a theoretical basis of the percolation threshold for conduction.
A numerical model for concrete with carbon fibre is developed. The electrical conduction
through the concrete is calculated by solving the governing equations based on
Kirchhoff’s reformulation of Ohm’s Law. More than ten thousand cases with varying
fibre topologies, fibre fraction ratios and aspect ratios have been generated to account for
the randomness of distribution and their electrical properties are evaluated. By analysing
those results, the mechanism behind the percolation threshold is explained. Finally, an
algebraic relationship is posited to determine the percolation threshold has been
evaluated. The relationship has been validated with experimental results. The results are

extremely valuable for the design of self-sensing smart concrete.
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6.1 Introduction

Over the last few decades, there is an increasing emphasis on building structural health
monitoring (SHM) capabilities for effective lifecycle management of built facilities (1).
Embedded sensors are essential for SHM. Traditionally, electrical resistance gauges,
piezoceramics (2), capacitive arrays (3), and fibre optical sensors (4) have been used.
Such sensors can be expensive to install and maintain (5). It is difficult to ascertain the
attachment of sensors with concrete (6). They are susceptible to harsh environments with
wide variations in temperature and humidity (7). Moreover, their long term durability is
uncertain (8). Researchers have alleviated the material compatibility issues by externally
bonded cement-based piezoresistive sensors (2, 8-10). However, a compatible and
durable sensing system can be developed by fusing the sensing element into the concrete.

This is known as smart concrete.

Dividends of adding fibrous materials in improving the mechanical properties of concrete
are well known (11-16). The addition of steel fibres to concrete composites has been
shown to improve the flexural strength and ductility (17), whereas the addition of steel
slag has been found to improve the bonding strength between concrete and bar
reinforcements (18). The improvement in structural properties constitutes an increase in
tensile, compressive, and flexural strength, low shrinkage, and higher resistance to the
formation of cracks (19). Chopped carbon fibres in cementitious materials have been
shown to possess improved structural properties, durability, and improved electrical

conductivity (11, 19).

The electrical conductivity of concrete can be increased with additives such as graphite
powder (20) and carbon black (21). However, it adversely affects the strength of concrete.
Other alternatives such as carbon nanotubes (22), carbon nanofibres (23, 24) and
graphene nanoplatelets (25) improve both mechanical strength and electrical
conductivity, but they are considerably more expensive than chopped carbon fibre. To
find a trade-off between the compromised mechanical strength and improved electrical
conductivity, a mix of graphite powder and steel fibre has been reported (26). A simpler
alternative is to use carbon fibres that improves both the mechanical strength and
electrical conductivity, while also being considerably more economical than nanofibres
or nanotubes (22-24). However, its dosage must be controlled to maintain the workability

of concrete.
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Researchers have experimentally demonstrated strain sensors by adding carbon fibre to
concrete (27-29). Experimental investigations are unanimous in observing a percolation
threshold in fibre fraction where a drastic jump in conductivity is observed. However,
there is a wide variation in the observed percolation threshold. A percolative type
behaviour is suggested by Deng et al. (30) and Takeda et al. (31) for carbon nanotubes in
polymer composites. The electron hopping mechanism has been studied through
conductive coatings surrounding the surface of the carbon nanotubes (32). Experimental
and theoretical studies agree that the electrical conductivity of CF reinforced cement-
based composites is governed by a similar percolation process (19, 33, 34). The
researchers intuitively conclude that for dosage under the threshold, fibres are too far
apart to have measurable conduction. If the dosage is too high, on the other hand, the
electrical conductivity saturates to a plateau. Thus, an optimal dosage window has been

proposed where the gradient of electrical conductivity is maximum (35, 36).

The experimentally observed percolation threshold is found to fluctuate widely. It is
found that longer fibres require less dosage to achieve the same level of electrical
conductivity as compared to shorter fibres (37). The geometry of the test specimen, the
position of the electrodes and the type of loading are also found to influence the threshold.
Some report direct compression tests of cubes with end-to-end electrodes (13, 15). A four-
point testing setup has been used to counter the contact resistance between the electrodes
and concrete (33, 34). On the other hand, some use two embedded electrodes at the end
(16). Table 6-1 illustrates the wide variations in the dosage at the percolation threshold
that has been reported by these investigators in addition to the physical properties and

conductivity of carbon fibres and the experimental setup.

Table 6-1: Different Carbon Fibre geometry, electrode separation and percolation

dosage from literature

Author CF CF CF Concrete Electrode Percolation
S Lengt Diameter Conductivity Conductivity Separatio Dosage (%)
h (mm) (S.cm™) (S.cm™) n (mm)
(mm)
25 12.7 0.0072 6.45 x 10? 3x10° 120 0.07-0.09
S en
e RN
éo p—
r5) 2]
= TR
B 5 0.015 1x103 1x10° 120 0.3-0.35
s
[}
Z =
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1 0.007 1 %10 1 x107 60 --

3 0.007 1 x 10 5x107 60 --

(13)

6 0.007 1 x 10 5x107 60 0.25-0.28

Hambach et al.

It is imperative to unravel the mechanism that can explain these wide variations in the
results. Understandably, to analyse all the parameters that influence the percolation
threshold a large number of samples must be observed. This paper reports a numerical
model for the conduction of electrical current through concrete with randomly dispersed
carbon fibres. Using the model, a whole range of dosages and many alternative topologies
for the random distribution of fibres have been studied. The effect of the aspect ratio of
the fibre vis-a-vis the distance of the probes is also reported. More than ten thousand cases
have been evaluated. Based on these results, a mechanism of percolation threshold is
established. An algebraic relationship to determine the percolation threshold is proposed.

The relationship has been validated with the experimental results.

6.2 Numerical Model

The effective electrical conductivity of a Sample Section (SS) of concrete is determined
by computing the electrical potential difference across its opposite faces upon application
of an electric current. The electrical field problem is solved by enforcing zero electrical

flux at a steady state. The numerical model is based on the following assumptions:

1. The composite is composed of two electrically distinct components: carbon
fibres, and concrete.

2. The electrical property of concrete is not affected by other factors such as
moisture.

3. The SS is a sufficient representation of the randomised distribution of fibres in
the specimen.

4. The SS has electrodes attached to the opposite sides and the rest of the specimen
is electrically isolated from the circuit.

5. The fibres dispersed within the concrete remain straight at all times.

The problem is solved in two stages: 1) generation of SS; and 2) solution to the electrical

field problem.
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6.2.1 Generation of SS

The SS is generated by choosing a concrete block of a specified dimension with two
electrodes attached to opposite ends. Fibres of a specific geometry are randomly inserted
in the SS until the specified fibre fraction limit is reached. Thus, each SS denotes one of
the multiple variations of arrangements of fibres. At least 100 alternative fibre
configurations for each scenario is generated for each fibre fraction to sufficiently capture
the effect of the randomness of fibre topology on the electrical conductivity of the
composite. The sample pseudocode for random generation of fibres with a target fibre

fraction Carger 1s shown below:

While & < &target

Define l¢, Dbr

Take a random value set of (i,3j,k,o,0)
If (Fibre in SS Domain)

Insert Fibre, Update &

Else goto 3

End

The generation of the SS is shown in Fig. 6-1. It can be seen that the topologies can vary

significantly. Thus, their electrical conductivities are expected to vary considerably.
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Fig. 6-1: Sample SS in 2 and 3 dimensions

6.2.2 Determining electrical conductivity
The equivalent conductivity of the SS is determined from Ohm’s law. If the application
of a potential difference of V' results in a flow of current equal to /, then the equivalent

conductivity of the SS is:

I 6-1
G = (6-1)

Here, G is the equivalent conductance. The conductance of SS is an extrinsic parameter
as it depends on the geometry of the material, hence the equivalent conductivity of the
material is used in calculations. The equivalent conductivity of the material is determined
by:

Lss (6-2)
eqd 4

Here, 0,4 is the equivalent conductivity of the SS, Lss is the length and 4 is the cross-

Ocq =G

sectional area of the SS. In 2D models, the thickness of the SS is unity. The potential
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distribution can be computed by applying Kirchhoff’s reformulation of Ohm’s Law at
each point within the SS:

J= oE (6-3)
Here, f is the current density, o is the conductivity, and E is the electrical field. The
electrical field of any node is calculated as the gradient of electrical potential at the node.
Electrical potential is a scalar, but the gradient makes the electrical field a vector
parameter. The relationship between the electrical field and electrical potential is shown

below:

Y D R R _
E=<—i+—j+ —Zk)V=VV ©-4)

A current density of 1 A/m is applied to the electrode to the left and -1A/m to the electrode
to the right. Within any point of the material not adjacent to the electrodes, the net current

density flux is 0. Hence,

V] =0 (6-5)

This implies that:

V- (oE) = V?(aV) =0 (6-6)
Eq. 6-6 gives rise to a system of infinite order. As the domain consists of materials with
heterogeneous electrical conductivity, the SS is discretised into a grid domain defined by
N. The grid density is set equal to the diameter of the fibre. The fibre topology is mapped
into the grid in the form of electrical conductivity distribution at its nodes. A sample
magnified version of the meshing is shown in Fig. 6-1. Finite difference method is used
to establish the relationship between the potential of a node with that of its neighbours.

At the nodes, Nc which are adjacent to the electrodes, Eq. 6-7 is used.

\7(0V)m-i=]_m>-i=1 vm € Ng (6-7)
Here, it is assumed that the electrodes are placed along the 7 direction. At the nodes, Nr
which are at the boundary of the specimen but not adjacent to the electrodes, there is no

flow of current in the outward direction, hence, Eq. 6-§ is used:

|7(0V)m =0 vm € Ng (6-8)
Here, 71 is the direction of normal at the boundary at point (i,j,k). These equations are

combined to create the following matrix equation:
(Gl 2z m2 V]2 = (]2 (6-9)
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Here, the SS is considered to be a square in shape with m points, hence there are a total
of m’ points with m? equations. The matrix G represents the conductivity, V represents
the potential distribution matrix, and 7 is the current matrix. The current matrix and the
conductivity matrix is known. The potential matrix is solved by using the Gauss-Seidel
method. The conductivity matrix, G is broken down into upper triangular, Gy and lower
triangular, Gr matrix and the potential matrix is solved by using multiple iterations of the

matrix. The (k+1)" iteration of the potential distribution solution is given by:

[GLlmz 2 [VIPST = [0 — [Gylpzmz VD (6-10)
The value of (k+1)" iteration of potential distribution is solved from the known matrices
of current and conductivity and the k" iteration of the potential matrix. The iterations are
continued until the tolerance value of the errors shown in Eq. 6-11 is under a certain value.
The error value at a point m, &m is given by:
o OV Inis = 20V + (VI (6-11)
2
lim Em =0 vVvmeN \(NgUN() (6-12)

iterations »o

The solution converges in successive iterations maintaining the boundary conditions
outlined in Eq. 6-7 and 6-8. The iterations are continued till a preset tolerance value is
reached. The combined Eq. 6-7, 6-8 and 6-12 define the potential distribution of the entire
domain. A sample SS of concrete and a single fibre with the conductivity, potential,

electrical field, and electrical current density distribution is illustrated in Fig. 6-2.
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(b) (d)
Fig. 6-2: Sample SS with (a) conductivity, (b) electrical potential, (c) electrical field,

and (d) electrical current density. The units are consistent.

For the sake of simplicity and illustration purposes, the analysis is first performed in 2

dimensions and then extended to 3 dimensions.

6.3 Results

The conductivity of concrete with different fibre parameters is reported here. The
conductivities of concrete and carbon fibre are set according to the experimentally
measured values as contained in 7Table 6-1. The electrical conductivity of concrete is set
at 10* S/cm whereas that of Carbon Fibres is around 10°> S/cm. The fibre is defined using

the following parameters:
& : Fibre fraction (Area(fibres)/Area(SS))
A : Fibre aspect ratio (length(fibre)/diameter(fibre))

6.3.1 Fibre Topologies

A given fibre fraction in a specified geometry can result in multiple randomised
topologies of fibres. However, the mode of electrical conduction through the SS may vary
depending on the fibre topology. Fig. 6-3a and 6-3b represent two random fibre networks
for identical § = 1% and A = 75. The conductivity (o.,) of topology in Fig. 6-3a is 0.034
S/cm while the topology in Fig. 6-3b resulted in a much higher o., value of 1.37 S/cm.
The fibre topology plays a pivotal role in o.,. The answer to this disparity is illustrated in
the plot of the electrical current density in Fig. 6-3¢ and 6-3d. In Fig. 6-3a, the chain of
fibre connections is broken from one electrode to the other. Thus, in some areas, the

current flows through concrete that offers dramatically high electrical resistance. In Fig.
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6-3b, there is a continuous carbon fibre chain from one electrode to the other. Therefore,
the resultant conductivity of the block is much higher. This underlines the role of fibre

connectivity in the conductivity of the SS.

Conductivity of Disconnected Conductivity of Connected

Network (S/cm) Network (S/cm)

1000

900
800
4 700
8 600
4 500
1400

< 300

1 200

i | 100

v

(a) (b)
Current Density (A/m?) Current Density (A/m?)
Conductivity = 0.034 S/em Conductivity = 1.37 S/cm

(d

Fig. 6-3: Two different fibre topologies: (a) disconnected and (b) connected; and
corresponding electrical current density conduction for (c) disconnected and (d)

connected

6.3.2 Conductivity Bands

In the previous section, one connected and one disconnected fibre arrangement is
compared. In this section, the electrical conductivity of SS with the numerous exemplar
topologies is studied. Fig. 6-4 shows the scatter plot of electrical conductivity of a 2D SS

with carbon fibres with a A value of 10. Each point in the graph denotes the conductivity
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(o) in S/cm for a particular fibre topology and &. It is observed that there are two clear
bands of conductivity. At al low & (0 to 0.2), the conductivity is close to that of concrete.
In these cases, the fibre fraction is too low to complete the chain of fibres from one
electrode to the other. At high & values (0.5 — 0.6), it is five orders of magnitude higher,
closer to that of carbon fibres. In this case, the fibre chain is always continuous. Thus, it
results in high conductivity. In between, there is a transition zone where for the same &,
in some topologies, the conductivity is high while for others it is low. Fig. 6-5 illustrated
some of the sample topologies for § = 0.5%. Wherever a continuous chain of fibre is
found it has been shown in dark grey. The top three topologies are disconnected while the
bottom three are connected. Thus, the top three topologies will result in a low conductivity

while the bottom three will have high conductivity values.

With a gradual increase of § from 0.2, only a few topologies jump to high conductivity.
Only those topologies show high conductivity that can complete the fibre chain. With
further increase, a higher fraction of topologies conforms to the high conductivity. With
increasing &, the likelihood of a continuous fibre chain goes up. Thus, a higher fraction
of topologies exhibit high conductivity. The jump in conductivity does not happen at a
threshold &, instead, it is a probabilistic function of topology. Thus, the percolation
threshold must be defined in a probabilistic context. The band of conduction is shown in
dotted lines with 90% confidence bounds, i.e., the upper and lower limits of conductivity

ignoring the top 5% and the bottom 5% values for each &.

From these illustrations, it is clear that the underlying mechanism of percolation is the
formation of a chain of fibres between electrodes. Thus, a new parameter, connection
ratio (), is introduced. The parameter v is the ratio between the longest length of fibre
chain in a topology and the distance between the electrodes. When the two electrodes are

connected by a chain, the value of y is 1.
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Fig. 6-4: Variation of electrical conductivity with & for fibres with 2=10

Fig. 6-5 illustrates some of the sample topologies where an SS of material with carbon
fibres are illustrated in two dimensions where the area ratio of the fibres are kept constant
at 0.3. Different random arrangements of the fibres show both connections and no
connections. The longest connected network in the figure is shown with a darker shade
as compared to the other fibres whereas, in the case of complete connection between
electrodes, an even darker shade is used. The corresponding y values range from 0.765 to

1 showing a wide variability in the parameter.
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(d) (e) ®

Fig. 6-5: The span of network length of connection carbon fibres (A= 10) at a £ = 0.3
where the value of y is 0.765, 0.82, 0.9, 1, 1 and 1 for the sub-figures (a) to (f)

respectively

6.3.3 Fibre Aspect Ratios

In addition to &, the percolation mechanism is also dependent on A. The previous sections
have demonstrated that the percolation mechanism is directly correlated with the
connection ratio, y. Fig. 6-6 shows the scatter plot of y with varying A and &. The plot
consists of more than ten thousand individual models. The plot for A = 10 is shown
separately as it corresponds to the previous examples. It can be seen that as & increases, y
approaches its maximum value of 1. This corresponds to the previous observation that
continuous chains are likely to form at higher fibre fractions. It can be noted that for the
same &, vy value increases substantially with A. This implies the same value of y can be
achieved at a lower value of £ if A is high. This observation illustrates the dividend of
fibres with high aspect ratios. Fibres with higher aspect ratios will have a higher
likelihood to be interconnected. Thus, they would form a longer chain resulting in a higher
v. However, it may be noted that this observation assumes that the fibres are straight
within the concrete matrix at the time of mixing. High aspect ratio fibres are more likely

to fold, which is not considered in this model.

As only a complete connection between the electrode plates with carbon fibres results in
a jump and the arrangement of fibres in the SS is randomised, the probability of
connection is deemed a significant parameter. The parameter I" signifies the probability

of a complete connection between the electrodes in an SS under any given condition.

r=Py=1) (6-13)
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The value of I for a A value of 10 is plotted in Fig. 6-6. It may be noted that the probability
of an end-to-end connection is minuscule until § = 0.25. It jumps to almost 1 within a
short range around & = 0.3. Thus, a jump in conductivity is expected within this range of

&. This illustrates the percolation threshold and the significance of I
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Fig. 6-6: Plot of connection ratio with ¢ for different A

In Fig. 6-7, electrical conductivity (o) and the corresponding probabilistic connection
ratio (I') are plotted with varying & for A =5, 10 and 15. It can be seen that the jump in "
corresponds to that in o. Henceforth, the parameter I' is used to evaluate the SS for
electrical conductivity. It is observed that the nature of I' remains unaltered with the
variation in A. However, as A goes up the jump happens at a lower &. This agrees with the
earlier observation that a high fibre aspect ratio results in lowering the fibre fraction for

the percolation threshold.
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Fig. 6-7: Relationship between electrical conductivity and the probabilistic connection

coefficient for different 1

6.3.4 Probe Ratios

Probe Ratio (v) is defined as the ratio of the length of the fibre to the distance between
the electrodes. At the upper end of v = 1, theoretically, it is possible for only one fibre to
bridge the two electrodes and therefore achieve I' = 1. However, the fibres are much
smaller in length than the separation distance between the electrodes and they are
randomly oriented. Fig. 6-8a shows the plot of I with & for different v at A = 5. The probe
ratio has a significant effect on I'. At the lower end of v, there is a gradual change in T'.
With increasing v, the curve gets more spread. The same trend is observed in Fig. 6-8b
which illustrates the same mechanism for A = 10. Thus, the nature of the curves is

independent of A.
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Fig. 6-8: Variation of connection coefficient v

The plots in Fig. 6-8 show that I and & can be classified into three zones as shown in Fig.
6-9. Zone 1 is dormant where & is lower than the threshold &. Any fibre fraction below
this threshold is not likely to exhibit piezoresistivity. Zone 2 is the transition zone which
is characterised by a rapid change in I" with increasing & finally achieving the highest rate
of increase in I with &, which is denoted by the parameter m. Beyond this point, there is
a decreasing rate of increase in I' with increasing &. Finally, in Zone 3,  is greater than a
limit value Eb where saturation has been reached. An increase in & does not lead to a
significant change in I'. Thus, a trilinear representation for the curve is useful. It is
obtained by projecting a straight line from the point of maximum slope as shown in Fig.

6-9. The connection coefficient function is expressed as:
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Fig. 6-9: Approximation of the connection coefficient curve across ¢

The parameters &, and & are studied as they provide an estimate of the range of £ where

the percolation threshold takes place. However, to lend statistical significance to the

range, new parameters &s and &os are chosen which represent the 5% and the 95% of the

possible I' values. This is illustrated in Fig. 6-9. The values of the parameters are

determined analytically assuming the curve is a sigmoidal curve. The values of the

statistical parameters are:

s =

$os

1.236&, — 0.236¢,
1.236&, — 0.236¢,
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6.3.5 Parametric Analysis

In the previous section, the interrelation of different parameters is illustrated. In this
section, the analysis is conducted in 3D with fibre properties as adopted in the
experiments. A new SS in the shape of a cube is chosen. The variation in connections
with increasing ¢ is illustrated in Fig. 6-10. The connected networks are shown in black

lines. Such analyses are performed with varying &, A and v.

e

\

\ o\

/\

(2) (b)

() (d)

Fig. 6-10: lllustration of three-dimensional connected networks with (a) £ = 0, (b) ¢ =
0.01, (c) £=0.05, and (d) £=0.1
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Fig. 6-11b shows the variation of &, with v for different values of A. It is seen that v for
all values of A, &, converges to a specific value. The value of &, reduces with increasing

A which is intuitive as higher aspect ratio fibres are more likely to form connections.
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Fig. 6-11: (a) Convergence of & parameter at different v values and (b) relationship

between v and &y parameter

The plot of & with A is shown in Fig. 6-12. Clearly, at the lower end of the fibre aspect
ratio, & is the highest. When aspect ratios are small, the probability of the fibres making
the connection chain is low. Thus, a large fraction of fibre is necessary. However, &, drops
rapidly with an increase in A. The rate of change slows down when A is greater than 100.

A fit equation to the numerical values is presented in Eq. 6-18. It has an R? value of 0.99.
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Fig. 6-12: Relationship between & and A

Along with &, the slope of the curve (m) depicted in Fig. 6-9 is necessary to determine
the zone of interest. Fig. 6-13 presents m as a function of v and A. A fit equation is

developed to represent the relationship of m with A and v. The following fit equation
shows a good fit at an R? value of 0.98.

2.3+ 0.341 6-19
m = (0.73 + 0.851) + (23+0344) (6-19)

From Egq. 6-18 and 6-19, the lower limit of the percolation threshold is obtained as:

1 1.09 1 (6-20)
fa=6-(=)=( )-
m/ M+ 236/ | (073 + 0852 + 22+ 03
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6.4 Validation

Using Eq. 6-18, 6-19 and 6-20, the upper and lower percolation thresholds can be obtained
for an SS with known fibre fraction, aspect ratio and probe distance. These parameters
are available from several select previous experiments as presented in 7able 6-1. It may
be noted that these parameters are independent of fibre topologies that are not available

from the experiments.

The experimental values from 7able 6-1 are substituted in Eq. 6-18 and Eq. 6-20 to obtain
& and &. From Egq. 6-16 and 6-17 corresponding fibre fraction range [&a, &»] wherein the
percolation is expected to occur is determined. Fig. 6-14 shows the experimentally
observed values from Hambach et al. (13), Wen et al. (33) and Dehghani et al. (35) along
with the present prediction of the range of [&,, &]. The numerical expressions were able
to capture the zone of percolation threshold in all cases. Thus, the present model can be
used for determining the lower and upper bounds of the percolation threshold for concrete

elements with distributed carbon fibres.
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Fig. 6-14: Validation of the threshold parameters with the literature (13, 33, 35)

6.5 Conclusion

This paper reports a numerical model for the conduction of electrical current through
concrete with randomly dispersed carbon fibres Using the model, a whole range of
dosages and many alternative topologies for the random distribution of fibres have been
studied. The effect of the aspect ratio of the fibre vis-a-vis the distance of the probes is
also reported. More than ten thousand cases have been evaluated. Based on these results,
a mechanism of percolation threshold is established. An algebraic relationship to
determine the percolation threshold is proposed. The relationship has been validated with

experimental results. Following are the major conclusions from this investigation:

1. The numerical model based on Kirchhoff’s reformulation of Ohm’s Law can
predict the electrical conduction through concrete with randomly distributed
fibres.

209



The numerical model can predict the range of fibre fraction at which the mode of
conduction would change from concrete to carbon fibres. A jump in electrical
conductivity is noticed at this point named as percolation threshold.

Due to the random distribution of fibres, the jump is not at a point rather it is
within a zone. By solving numerous fibre topologies, it is possible to identify the
probabilistic zone.

The zone of percolation threshold can be represented by the lower and the upper
limits of fibre fraction. Below the lower limit, the conduction is determined by the
conductivity of concrete. Above the upper limit, saturation is encountered and
there is no significant increase in conductivity with the increase in fibre fraction.
The rate of change in conductivity is maximum in the transition zone between the
two limits. In this zone, the system is most sensitive to external changes.

The parameters for the threshold are dependent on not only the fibre fraction and
fibre aspect ratios but also the probe ratios, i.e., the relative separation between
the electrodes to the length of the fibres.

Although the upper limit is initially sensitive to the probe ratio, with increasing
probe ratio they converge to a value.

A set of fit curves for the threshold is developed to determine the upper and lower
threshold values. These curves are independent of the fibre topology.

The present equations agree very well with a range of prior experimental results.
These equations can be used as a guide for the design and fabrication of new
electrically conductive concrete.

Although this investigation presents results for concrete with randomly distributed
carbon fibres, the numerical model applies to any other composite matrix with

randomly dispersed inclusions.

The following situations are beyond the scope of the present investigation:

1.

Effect of moisture: The electrical conductivity of concrete may be altered with
moisture content. In future, the present model will be coupled with the moisture
diffusion model developed by the authors (38).

Fibre Distribution: The present model assumes the fibres are randomly distributed
and remain straight within the concrete matrix. Crimping and bunching of fibres

may cause significant variation from the present model.
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Highlights
e An electro-mechanical model for piezoresistive concrete is developed
e The model relates the stress-strain behaviour of concrete with its electrical
conductivity
e Multiple topologies with varying fibre fractions are studied to account for
randomness.
e A close relationship between numerical results and experimental observations is

observed.

Abstract

Smart concrete structures have found increasing demand and popularity in the
construction industry. This novel approach of Structural Health Monitoring (SHM) of
civil structures often incorporates adding fillers to cementitious materials to gain
additional information about the members. One of them is the addition of carbon fibres
to concrete which results in dropping resistivity. The same concrete is found to be
piezoresistive, i.e., it shows noticeable variations in electrical resistivity upon application
of external loads inducing mechanical deformations. Such conductive composites can

utilise their piezoresistive properties to determine the load condition and the soundness
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of the structures. This piezoresistive potential of cementitious composites with added CF
is studied through a numerical model which is derived from an electro-mechanical multi-
physics coupled FE model. The different parameters possibly contributing to such
piezoresistive response in concrete is studied, including fibre dosage, geometry,
separation, and changes in resistivity of both fibre and concrete. The two mechanisms
that contribute to the electrical resistivity of the composites, the formation of continuous
networks and partial electrical conduction through the concrete matrix are analysed.
Multiple models of each scenario are considered to account for the randomness of the
arrangement. The numerical model is proposed combining all the parameters in
determining the electrical and piezoresistive response of composite materials with
different fibre dosages and qualities. The piezoresistive behaviour is found to be
consistent with experimental investigations. The numerical model has the potential to be
utilised in the construction of engineered composites with desired electrical and

mechanical properties.

Keywords

Concrete, Carbon Fibres, Piezoresistivity, Electrical Resistivity, Numerical Analysis,

FEM
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7.1 Introduction

In built facilities, concrete performs multifunctional roles such as offering safety and
stability along with thermal comfort, energy efficiency and acoustic insulation. However,
historically concrete has been designed for compressive strength. The tensile capacity has
been endowed in reinforced concrete through steel bars. Recently, engineered
cementitious composites of comparable compression and tension capacity have been
reported (1). Fibres are an integral part of such materials that can be utilised for other

functions.

A new function that is demanded in modern construction is the ability to monitor its
condition. Traditionally, this function has been performed by attaching transducers.
Materials that have been commonly employed include electrical resistance gauges,
piezoceramics (2), capacitive arrays (3), and fibre optical sensors (4) onto concrete. Long
term reliability of such transducers is uncertain as they may get detached or degrade (5).
A compatible and durable sensing system can be developed by fusing the sensing element
directly in the concrete. The electrical resistance of concrete is an indicator of various
changes within concrete (6). There have been some attempts to develop a cementitious
piezoresistive sensor that is compatible with concrete (2, 7-9). Typically, they use
conductive fibres to tailor the electrical resistance of concrete. Over the past decade,
conductive elements such as steel fibres, carbon fibres (10, 11), carbon nanofibres (12,
13), carbon nanotubes (2, 7-9), carbon black (14), graphene nanoplatelets (8) and graphite
nanofibres (15, 16) have been attempted. The incorporation of carbonaceous materials
like carbon fibres and nanofibres and carbon black has achieved a diverse range of
functionalities. In addition to developing sensing capabilities (17-19), the materials have
additional benefits in applications such as self-heating (19-21), chloride resistance and

cathodic protection (22), and electromagnetic shielding (23).

The addition of fibres has a mandate on the cost of concrete. Chopped carbon fibres are
competitive in offering effective sensing (9, 24, 25). However, the dosage of fibre is an
important parameter. Experimental studies have observed that a particular dosage of
fibres results in the highest rate of change in electrical conductivity, which is termed as
percolation threshold (26-28). However, there is considerable variability in the observed
values of the percolation threshold. Several factors such as fibre dosage, its fibre aspect
ratio and the separation distance of the electrodes affect the threshold. Wang and Aslani
(29) demonstrate that fibres of different lengths have varying piezoresistive responses.

The electrical resistivity of conductive composites like CF-reinforced cementitious
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materials can also vary with mechanical loads as the mechanism of current conduction
can change with possible changes in geometry (30, 31) or changes in the resistivity
properties of the filler material and the composite itself (32, 33). In addition to that, a
wide variety of carbon fibres in terms of shapes have been chosen with diverse effects on
piezoresistivity. While some researchers have cited other literature to justify the choice
of length of carbon fibres (34), others have chosen heuristic arguments on the choice of
the fibre (35). While these results indicate that the fibre mix of the concrete can be tailored
to maximise piezoresistivity, there is no systematic approach to design the mix for the
targeted performance. However, conducting controlled experiments with multiple

parameters is tedious.

To understand the mechanism of piezoresistivity in concrete, numerical methods have the
advantage over experiments as multiple virtual models can be created with different
parameters to assess the efficacy of the material. Through numerical models, a large
number of candidate fibre designs with controlled parameters can be evaluated.
Moreover, the effect of each parameter on the piezoresistivity of the material can be
studied individually Numerical models have been reported for blast loads on fibre
reinforced concrete (36) where the effect of the fibre is homogenised through separate
experimental results. A micromechanical model for fibre pull-out in concrete using 3D
finite element is proposed (37). Wen and Chung (38) proposed the first model of
piezoresistivity. They assume that piezoresistivity is due to a change in electrical
resistance caused by the pull-out of fibres that are bridging cracks. However,
piezoresistivity is observed regardless of concrete cracking. According to Han et al. (39),
piezoresistivity in carbon nanotube (CNT) reinforced concrete is exhibited through the
percolative behaviour of connected fibre networks (40) as well as through electron
hopping (41), as observed in polymer composites. These investigations incorporate
piezoresistivity through rules of mixture. A 3D finite element model of CNT reinforced
concrete has been reported by Garcia-Macias et al. based on homogenised properties of
the composite (30). The complex interaction of CNT with the concrete matrix is attempted

to be captured through machine learning (42).

The above discussion demonstrates that numerical simulation of piezoresistive concrete
is mainly based on homogeneous models to validate with limited experimental results.
This paper attempts to create a numerical model for understanding the mechanism of
piezoresistivity in carbon fibre reinforced concrete where concrete and fibres are

discretely simulated. This model studies the load-electrical resistance behaviour of the
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composite by connecting the mechanical stress with electrical resistance. Both percolative
behaviour and electron hopping have been included. In addition to verifying and
determining the percolation threshold of fibre dosages to induce the jump in conductivity,
the range of fibre dosages for which the composite displays a noticeable variation in
electrical resistivity is also determined. This is enabled by performing a multi-physics
electro-mechanical FE model simulation. To account for the randomness of the possible
arrangements of fibres and the geometry of the fibre themselves, multiple virtual models

are created for each given scenario to obtain a reliable representation of the fibres.

7.2 Numerical Model

Fig. 7-1 1illustrates the piezoresistivity measurement scheme. Piezoresistivity is
determined by comparing the change in resistivity of a material due to the application of
mechanical strain through external loadings. The resistivity of the specimen is obtained
by applying a constant electrical current on the opposite sides of the specimen and noting
the corresponding potential difference across the electrodes. The change in potential
difference during the application of the external strain is a measure of piezoresistivity. A
multi-physics numerical model is established. The properties of the composites are
studied through a Sample Section (SS) which is assumed to sufficiently define the

composite. The parameters used in the study are listed in 7Table 7-1.

!

J'¢
N

1

Fig. 7-1: lllustration of piezoresistivity analysis of a fibre

Table 7-1: List of SS Properties
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Fibre Properties

Ratio of volume of fibres to Volume(Fibres)
Fibre Fraction, & =
the volume of SS Volume(SS)
Fibre Aspect Ratio of length of the fibres to Ly
A==
Ratio, A the width of the fibres by

Mechanical Module Parameters

Young’s ) ) o
Ratio of Stresses to Strain E=-
Modulus, E €
Effect of deformation in a
. , . . . . a‘gl:rans
Poisson’s Ratio, v direction perpendicular to the V=-
. . . a‘9(1xial
direction of loading
Electrical Module Parameters
o Measure of how much it v\
Resistivity, p ) p= <_>
resists flow of current I
) o Sensitivity  of  resistivity 3
Piezoresistive . (_,0)
. towards mechanical _\p
Coefficient, { ¢=

deformation &

* The size of the square SS is kept constant throughout, so resistivity is assumed numerically

equal to the resistance

The parameters /r and by in Table 7-1 refer to the length and width of the fibres
respectively. For each combination of A and &, multiple randomly generated fibre
topologies within the SS are created. Due to the random distribution of the fibres, each
SS gives a unique piezoresistive property. They are statistically analysed to obtain the
representative piezoresistivity for a particular combination of A and & The numerical

model is based on the following assumptions:

1. The composite is composed of two distinct components: carbon fibres (CF) and
concrete.

2. All the materials are isotropic and homogenous.

3. The electrical property of concrete is only affected by deformation and not
affected by other external factors like moisture.

4. The SS is a sufficient representation of the randomly distributed fibres in the

specimen.
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5. The SS is deformed by applying a constant deformation-controlled load along the
faces embedded with electrodes. The other faces are free to deform.

6. There is no cracking or spalling due to the application of external deformations

7. The fibres are efficiently dispersed throughout the SS and there is no bunching up
of the fibres.

The numerical model has the following three modules: Topology, Mechanical, and
Electrical. In the topology module, the SS is populated with an arrangement of randomly
dispersed CF of specific property and dosage. For the same fibre specifications, multiple
topologies are generated to account for the randomness in the distribution of the fibres.
The mechanical module determines the deformation of the SS due to an externally applied
strain. The electrical module determines the equivalent resistivity of the SS taking the
resistivity data of the individual components of the SS and the strain information of the
deformed SS from the Mechanical module as input. The change in resistivity is then

computed. The workflow of the model is illustrated in Fig. 7-2.
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7.2.1 Topology Module

The SS is chosen as a square in shape with electrodes attached to opposite sides to
simulate commonly carried out experiments in the literature. The application of external
loading to induce mechanical deformation is also applied along the faces of the placement
of electrodes to observe the changes in resistivity. To generate random arrangements with
a target fibre dosage of Crareer for fibres of length /rand width by, the following algorithm

is used:

While & < Etarget

Define lg¢, bs

Take a random value set of (i,3,9)
If (Fibre in SS domain)

Insert Fibre, Update ¢

End

Here, i,j represents the spatial dimension of the fibre centre, whereas 6 determines the
slant of the fibre. A sample illustration of populating an SS with fibres is shown in Fig.
7-3. For attaining the solutions for the strain and potential distribution across the SS, the
SS is meshed, and finite element method is used. The domain of the square SS of size 20
mm is discretised into a Delaunay triangulation mesh. The mesh is refined to an extent
that the maximum mesh size in the fibre domain is one-fifth of the width of the fibres,
whereas the maximum mesh size in the SS domain outside of the fibres is 1/40 times the
size of the square SS. This value of mesh fineness is believed to deliver sufficiently
accurate results for the potential distribution calculations. A sample illustration of
populating an SS with fibres along with the subsequent meshing of the SS is shown in
Fig. 7-3. The illustrations in this paper are shown in 2D for conveying a better

understanding of the mechanisms behind the modelling.
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Fig. 7-3: Topology generation module

7.2.2 Mechanical Module

The loading condition of the SS is created in an environment to simulate loading
experiments in the literature. The SS is loaded by fixing both the faces of the SS
containing the electrodes to clamps. That is, if the SS is deforming primarily in the Y-
direction, the deformations in the faces with electrodes within the surface of the electrodes
are equal to 0. The contact point between fibres is set to be frictionless. With the naming

convention used in Fig. 7-3, the following boundary conditions are set:

uy(AB) =0 (7-1)

u,(CD) =0 (7-2)
Here, the parameter u, represents the deformation in the X-direction. The SS is deformed
by applying a displacement-controlled loading along the face AB. The face CD is
constrained in its position. The deformation of face AB is set as u. Hence, the other

boundary conditions for deformation is:

u,(CD) =0 (7-3)
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u,(AB) = u (7-4)
In three dimensions, the deformation values of the lines AB and CD are replaced with
surfaces. The relationship between the strain and the deformation at any point is given by
the local strain-deformation relationship. The relationship between the strain and stresses

at any point in the matrix is determined by the constitutive relationship:

o = ke (7-5)
Here, ¢ and € represent the volumetric stress and strain tensors respectively. The
parameter k is Hooke’s elasticity matrix. The stresses are determined by imposing the
equilibrium and compatibility conditions on each nodal point. The maximum principal
strain at each nodal point is determined. This strain is utilised for determining the

resistivity at each nodal point in the electrical module.

7.2.3 Electrical Module
The equivalent resistivity of the SS is determined from Ohm’s Law. If the application of
current / across the SS produces a potential difference of 7 across it, then the equivalent

resistance, Re, of the SS is given by:

|4 (7-6)
Reg = —
eq I
The equivalent resistivity is given by:
R.q * Ags (7-7)
Peq = = = Req

LSS

Here, Lss is the separation between the electrodes and Ass is the electrode cross-sectional
area. Ifthe SS is a unit cube, the equivalent resistivity is equal to the equivalent resistance.
It may be noted that the change of separation distance between the electrodes is assumed

to be negligible for all loads.

For measuring the equivalent resistivity, a constant DC source is applied to the electrodes
across the SS. The potential distribution across the SS is determined using the Finite
Element Method. From the topology at a particular load step and corresponding nodal
strains, nodal resistivities are determined. The potential distribution at the nodes are
computed using Kirchhoff’s reformulation of Ohm’s Law in vector form:
-
p

Here, f is the current density vector at any given node, p is the resistivity of the node, and

E is the electrical field vector at the node. Although the electrical potential is a scalar, the
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gradient makes the electrical field a vector parameter. The relationship between the

electrical field and electrical potential is shown below:

il

o 0. 9.\ (7-9)
—(al-}'@]-}-&k)]/—vv

At any point within the material not adjacent to the electrodes, the element is sufficiently

small that the net current density flux is 0.

/=0 (7-10)

As aresult,

V- (oE) = V?(aV) =0 (7-11)
This reduces the problems to a system of simultaneous linear equations. These conditions
are put together in the form of matrices relating the potential distribution matrix V, with

the current density matrix, J through the conductivity matrix G.

GV =1 (7-12)
Here, the matrices are decomposed using the boundary conditions. For the elements

which are adjacent to the electrodes, Eq. 7-13 is used:

ViV)-j=]j=1I, (7-13)
Here, j is the direction along the positioning of the electrodes and the value /y is the
applied current through the electrodes. At other elements at the SS edges, a boundary

condition of zero current density flux is applied.

V(oV)jx-A= 0 (7-14)
Here, 7 is the direction of normal at the boundary at point (i,j, k). The potential distribution
within the SS is determined by inverting the conductivity matrix and multiplying it with
the current matrix. The overall potential drop between the electrodes is evaluated through
spatial integration of the nodal potentials. The subsequent equivalent conductivity is
computed by dividing the current applied by the overall potential drop. This conductivity

is compared with the undeformed conductivity for assessing the piezoresistive behaviour.

7.3 Results

In this section, an example in the present numerical method is shown and the model is
validated with several experimental results. Table 7-2 presents the different properties of
CF as reported in various experimental investigations. It can be seen that the value of

resistivity and elastic modulus for PAN-based CF, which is the most common variety
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used nowadays, is mostly consistent throughout. The values for the mechanical and the
electrical properties of both concrete and CF is shown in Table 7-3. A slight

approximation is made in the electrical resistivity of CF to have a better illustration.

Table 7-2: Different Carbon Fibre Properties from Literature

Authors CF Length CF CF Resistivity Elastic
(mm) Diameter (Q2.m) Modulus
(nm) (GPa)
Wang et al. (43) 3-12 7 1.5 %107 250
Dehghani et al. (44) 12.7 7.2 1.5x107 242
Baeza et al. (45) 3-125 7.2 1.52 x 107 242
Xu et al. (46) 35-5 7.5 7.5 x 107 215

Table 7-3: Parameter values for the numerical model

Parameter Symbol Value Reference
Resistivity of CF PcF 10 pQ.m Table 7-2
Resistivity of Concrete Pc 100 Q.m Azarsa et al. (47)
Poisson’s Ratio of CF YcF 0.2 Krucinska et al. (48)
Poisson’s Ratio of Concrete Ye 0.27 Sideris et al. (49)
Elastic Modulus of CF Ecr 250 GPa Table 7-2

Elastic Modulus of Concrete E; 10 GPa Noguchi et al. (50)

7.3.1 Fractional Change in Resistivity
The variation of fractional change in resistivity (FCR) with applied strain cycles on
piezoresistive concrete is observed for different experiments. The piezoresistive

coefficient, { is defined as:

AR _Ap (7-15)
FCR = ?=?= (geq

Here, R is the resistance and p is the resistivity of the composite, and &, is the strain the
composite is subjected to. To compute the piezoresistivity effect in the numerical model,
the values of piezoresistivity coefficients for both concrete and CF have to be determined.
The piezoresistivity coefficient of concrete, {. is determined from experiments conducted
by Dehghani et al. (51). In the experiment, plain concrete is subjected to strain cycles and
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the FCR values over time are measured. The plot of changes in strain and FCR over time
is shown in Fig. 7-4a and the corresponding plot of strain vs. FCR are shown in Fig. 7-
4b. From Egq. 7-15, it can be seen that a linear strain-FCR relationship is assumed in the
numerical model. The plot for the chosen value of {; = 310 is also shown alongside in

the figures.
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Fig. 7-4: (a) The cyclic loading test, and the corresponding (b) Strain-FCR relationship
of plain concrete in experiments by Dehghani et al. (51)

The piezoresistive coefficient for CF, - can vary depending on the source of the CF and
is chosen arbitrarily as {;r = 10. The reasoning for the choice of this value is explained

in the later sections.

7.3.2 Mechanical Module

The mechanical properties as defined in Table 7-3 are plugged into the mechanical
module and the example SS generated from the Topology Module as shown in Fig. 7-3
is tested. A 10-step deformation is applied on the face AB with each deformation step
equalling 2 x 10®* m. Fig. 5a and Fig. 7-5b show the corresponding X and Y deformation
components upon the application of the 10" deformation step, which results in a net
deformation of face AB by 2 x 10”7 m. The corresponding deformed mesh is shown in
Fig. 7-5¢ where the deformations are magnified 2000 times for better illustration. The

corresponding local strains are shown in Fig. 7-5d.
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(Deformations are amplified 2000 times)

A B

D (b) Y Deformation, uy (um) (d) Equivalent Strain, sq

Fig. 7-5: The outcomes of the mechanical module: (a) X-deformation, (b) Y-
deformation, (c) Corresponding deformed mesh, and (d) equivalent strain plot for the
SS undergoing the 10™ deformation step

7.3.3 Electrical Module

The same SS as generated previously from Fig. 7-3 is also used in the electric module.
The corresponding plot of electrical resistivity in the SS is shown in Fig. 7-6a. A current
of Iy = 1 A/m? is applied through the electrodes. The resulting potential distribution is
shown in Fig. 7-6b. The equivalent resistivity is computed by determining the potential
difference across the electrodes and dividing it with the applied current, which is unity.
The potential distribution in the SS corresponding to the applied current is shown in Fig.
7-6¢. This is followed by introducing the deformations in the SS obtained from the
mechanical module into the electrical module. The new resistivities of the materials in
the SS is computed by combining the resistivity values in Table 7-3, the strain values

from the mechanical module, and {; and . values as introduced in the previous sections
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and substituting it into Eq. 7-15. To illustrate the new resistivity values throughout the
SS, two different ranges are used with the changes in resistivity of CF shown in Fig. 7-
6¢ and that of concrete shown in Fig. 7-6e. The same current [ is applied through the SS
with the new resistivity values, and the new potential distribution is shown in Fig. 7-6d.
Comparing the potential distributions in Fig. 7-6b and Fig. 7-6d, it can be observed that
the potential drop across the undeformed SS is higher than that in the deformed one. This

indicates a drop in resistivity, confirming the piezoresistivity of the composite.

(c) Resistivity at 10" step — (d) Potential Distribution
(©.m) (Fibre Scale) at 10™ step (V)

(e) Resistivity at 10" step (f) Current Density Distribution at
(©.m) (Cement Scale) 10" step (A/m)

Fig. 7-6: The outcomes of electrical module: (a) Resistivity distribution at 0"

deformation step, (b) Potential distribution at 0" step, (c) resistivity distribution at 10"
229
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step in fibre scale, (d) potential distribution at 10™ step, (e) resistivity distribution at

10™ step in concrete scale, and (f) current density distribution at 10" deformation step

The corresponding plot of current density is shown in Fig. 7-6f. It can be observed that
where there is no continuous network of fibres across the electrodes, part of the electric
conduction happens through the concrete in between the fibres. Incidentally, those
regions of concrete are also the ones undergoing significant changes in resistivity as seen
in Fig. 7-6e from the high strains arising out of the mechanical deformations. Thus, with
increasing deformation, the resistivity of the electrical conduction network drops
significantly giving rise to the piezoresistive effect of the composite. This implies that in
addition to the individual piezoresistive components showing up as composite
piezoresistivity because of mixture theory, there is an additional parameter that influences

the piezoresistive behaviour of the composite.

7.3.4 Experimental Validation

The numerical model is validated through the experiments conducted by Baeza et al. (45).
Experiments were carried out to analyse the piezoresistivity behaviour of samples
incorporating 0.1%, 0.5% and 1% wt. of 3 mm long CF with respect to the weight of
cement. Fig 7-7 shows the strain-FCR relationships for the three different composites as

reported in the paper.
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Fig. 7-7: Piezoresistive experiments carried out by Baeza et al. (45) on 3mm long CF

The sizes of CF are input in the numerical model and the piezoresistive effect of SS with
different dosages of CF by volume fraction were analysed as discussed in the previous
sections. Multiple SS were modelled for every fibre fraction to account for the
randomness in the arrangement of fibres. The plot of electrical resistivity with different
fibre fractions is shown in Fig. 7-8a. The percolation phenomenon of electrical current
conduction in the composites is evident with the electrical resistivity dropping by
approximately 4 orders of magnitude in fibre fractions ranging from 0.2% to 0.4%. This
is attributed to the CF forming networks of low resistivity within the composite which
provides an electrical conduction pathway, thereby dropping the electrical resistivity of
the composite. The band shown in the plot represents the upper and lower statistical
bounds for 90% of results generated at each fibre fraction. The corresponding plot for
piezoresistivity is shown in Fig. 7-8b. A similar effect is observed in the piezoresistive
coefficient with increasing dosages of CF. Higher dosages of fibres form conductive
networks which dominate the electrical conduction through the composite. Consequently,

the piezoresistive coefficient of the composite is also dominated by the piezoresistive

231



coefficient of the fibres. Additionally, the choice of {r = 10 shows a good correlation
with the piezoresistive data obtained from the experiments in Baeza et al. (45). The plots
from the corresponding experiments are also shown in Fig. 7-8b. It should be noted that
in the model, the CF fractions are evaluated based on volume fraction whereas the

experiment considered CF dosage as percent weight of cement weight. This was

converted into percent of overall volume as was mentioned in the paper.
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Fig. 7-8: (a) The numerical plot of electrical conductivity vs fibre fraction from the
model, and (b) the numerical plot of corresponding piezoresistivity coefficients vs fibre

fractions compared with the experimental result from Baeza et al. (45)

It is observed from Fig. 7-8b that the addition of CF brings down the piezoresistivity
coefficient of the composite. A possible reason attributed to this might be because the
piezoresistivity coefficient of pure CF is lower than that of concrete. Such a mechanism
is also observed in other experiments conducted by Xu et al. (46) where the
piezoresistivity behaviour of 0.9% wt. of CF is lower than 0.3% wt. CF. A similar effect
can also be observed with longer CF from Fig. 7-9a where 12 mm long PAN12 fibres by
the same author is used. The piezoresistive performance of 12 mm long fibres in the
experiments conducted by Baeza et al. (45) is shown in Fig. 7-9b. Since 12mm PAN12
fibres have a higher aspect ratio than 3mm PAN3 fibres, the percolation fibre dosage for
the PAN 12 fibres is even lower than the PAN3 fibres, which explains the low

piezoresistivity performance of composites with 0.5% wt. of PAN12 fibres, which is even
lower than 0.5% wt. of PANS3 fibres.
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Fig. 7-9: (a) The cyclic loading test, and the corresponding (b) Strain-FCR relationship

of 12mm long CF reinforced concrete in experiments by Baeza et al. (45)

Dehghani et al. (51) themselves reported an increase in piezoresistive behaviour with the
addition of CF, which can be attributed to a different source of the fibres with a higher

inherent piezoresistive coefficient.
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7.4 Conclusion

The paper presents a numerical model for evaluating the piezoresistive effects of
cementitious composite reinforced with electrically conductive carbon fibres. The model
is implemented in three steps, comprising the topology module for generating different
fibre arrangements in the composite, a mechanical module for generating the strain values
from the applied deformation, and an electrical module for assessing the electrical
conductivity and the piezoresistivity behaviour of the composite through comparing the
undeformed and the deformed composite using the strain data generated from the
mechanical module. The resulting numerical model is then calibrated and validated
through multiple experiments. The result of the model shows a good agreement with the

experimental data. The chief outcomes and insights of the model are summarised below:

1. The electrical conductivity of carbon fibre reinforced composites is determined
by a percolation threshold mechanism which is governed by the size and property
of the carbon fibres.

2. The piezoresistive behaviour of cementitious composites with added fibre can be
higher or lower depending on the piezoresistive coefficient of the carbon fibres
themselves.

3. Arrangement of fibres also plays an important role in addition to individual
piezoresistive properties of the composite in determining the equivalent
piezoresistivity of the composite.

4. The piezoresistive performance of the composite is dominated by the concrete
matrix for fibre dosages under the percolation region, whereas the piezoresistive
effect of the carbon fibres takes over for fibre fractions above the percolation

dosage.

The results from the numerical models suggest that the nature of carbon fibres are critical
to achieving a desired piezoresistive effect. Although the carbon fibres may be more
electrically conductive than concrete, that is not necessarily the case with piezoresistive
behaviour. In some arrangements of carbon fibres in the composites, it can be observed
that the piezoresistive effect of the composite can be significantly amplified and be higher
the piezoresistivity properties of both the constituents because of the noticeably higher
electrical conductivity of the electrical conduction pathway in the composite arising out

of the applied mechanical deformations resulting in higher local strains than overall strain.
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As this section requires passage of electrical current through the concrete, the dosage has
to be less than the percolation threshold. However, very low dosages won’t cause the high
local strains which result in a drop in piezoresistivity. Therefore, designing a composite
with carbon fibre ratios just under the percolation threshold might have higher
piezoresistive behaviour. This possible tunnelling effect can be modelled through a non-
linear strain-FCR relationship of the constituents, which will be considered in future

efforts.
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Abstract

Smart concrete has sensing elements embedded into itself that is capable of non-
destructive health monitoring of civil structures without any additional sensors. This self-
sensing property is enabled in concrete by adding a conductive element such as carbon
fibre. Fibres impart piezoresistivity in concrete enabling stress and strain sensing by

observing the changes in electrical resistance.

However, electrical resistivity in concrete is significantly dependent on the moisture
content of the composite, in addition to the nature and quantity of the added fibres
themselves. The presence of moisture can also potentially alter the electrical conduction
pathway, thereby changing both the electrical resistivity and the associated piezoresistive
behaviour of the cementitious composite. This study explores the effect of moisture
content on mechanical, electrical, and piezoresistivity effect in cementitious materials.
Cement pastes with different dosages of carbon fibres are kept at different moisture
contents and then tested for their mechanical, electrical and piezoresistive properties.
Results show that the addition of fibres decrease electrical resistivity and increase the
effect of piezoresistivity at any given dosage. However, the changes in the electrical
resistivity and piezoresistivity with moisture content are decreased with a higher fibre
dosage ratio. The results indicate that a higher dosage of fibres would make the composite

less dependent on external factors like moisture content.
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8.1 Introduction

There is a worldwide consensus that although concrete will remain the construction
material of choice, its poor sustainability and emission scores need to be improved. One
way of achieving this is through effective lifecycle management of concrete through
structural health monitoring (SHM). SHM has been attempted by attaching external
sensors (1), piezoceramics (2) and resistance gauges on concrete. However, such
materials often suffer from low reliability and a short lifespan (3). These problems can be
alleviated by embedding the sensing capability into the composite itself. This involves
the design of multifunctional cementitious materials which can perform additional roles
like offering safety and stability along with thermal comfort, acoustic insulation, and
energy efficiency, in addition to strength. Electrically Conductive Cementitious
Composites are one of such multifunctional materials, enabling structural health
monitoring, traffic monitoring and de-icing (4). Such materials can monitor their
condition and report any oncoming damages. This can be achieved by the addition of
multifunctional fillers such as steel fibres (5, 6), carbon fibres (7, 8), carbon nanofibres
(9), carbon nanotubes (2, 10), carbon black (11), shape memory alloy fibres (6) and
graphene (12). Between this wide variety of filler types, carbonaceous materials like
carbon fibres and carbon black have achieved a wide range of sensing (13), self-heating

(14), chloride resistance (15) and electromagnetic shielding (16) applications.

The addition of carbon fibres has shown promise as an effective sensing material (17, 18).
It has been observed that the fibrous fillers are successful in ameliorating the mechanical
properties of the composites in addition to making the composites electrically responsive
(8). This has resulted in a lot of researchers working towards tweaking the nature and
dimensions of the fibres to get an efficient monitoring system. A percolation threshold
mechanism has been observed with regards to the addition of carbon fibres, where the
electrical resistivity of the carbon fibre reinforced composite drops significantly after a
fixed fibre fraction (7, 19). Other parameters like the length of the carbon fibres can be
changed in the composites, which reduces the fibre fraction to make the composite more
electrically responsive, an effect observed by Dehghani et al. (4) and Baeza et al. (20).
Xu et al. has studied the effect of aligned carbon fibres through the application of an
external magnetic field at the time of casting (21). The effectiveness of recycled carbon

fibres has also been studied in comparison to virgin carbon fibres (18, 22).

Although the effect of the addition of carbon fibres in concrete is widely studied, the

presence of moisture within the composite can noticeably alter the electrical conductivity
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of the composite. This is imperative as there have been numerous studies on determining
the moisture content and chloride ingress in cementitious structures through electrical
resistivity measurements. The relationship between electrical resistivity and moisture
content was first studied by Woelfl and Lauer (23) in 1979. Subsequent studies on
concrete in marine environment warranted electrical resistivity studies by Gjerv et al.
(24). In addition to moisture content, the conductivity of the pore solution also plays a
significant role in determining the overall conductivity of the composite as is observed
by Liu et al. (25). Experiments carried out by Fu et al. (26) attempted to observe the
conductivity of mortar specimens as a function of moisture content through the curing
time of the specimen and found out that the different moisture content also has a
significant effect on the mechanical properties. Vipulanandan et al. (27) determined the
electrical resistivity of the composite using mixture theory. Garboczi et al. also suggested
a proportional relationship between the ion diffusivity coefficient in a saturated porous

media with the electrical resistivity.

All the studies mentioned above concludes that the moisture content and the conductivity
of the pore solution themselves are important parameters in determining the electrical
conductivity of the composite. Fu et al. (26) observed a significant reduction in the curing
time upon the addition of carbon fibres which implies that the electrical conduction
happens through both the carbon fibres and the electrically conductive pore solution.
However, the studies on the effect of moisture content on the piezoresistivity effect of
carbon fibre reinforced cementitious composites is severely limited. Although carbon
fibre reinforced cementitious composites are piezoresistive, if the electrical conduction
happens through the pore solutions in the case of partially saturated concrete, then
application of external deformation will no longer have any effect on the electrical
resistivity of the composite. However, if the electrical current pathway is always through
the fibres even in presence of moisture, that implies that the piezoresistivity effect of
cementitious material is independent of the moisture content. Thus, any relationship
between the piezoresistivity nature of a composite and the moisture content will be helpful
as it can account for an additional environmental parameter that might affect the electrical

sensitivity.

The experimental study presented in this paper attempts to analyze the effect of the
addition of carbon fibres on the mechanical, electrical and piezoresistivity properties of
such a composite. The study also includes the effect of changing moisture content on the

elastic modulus, electrical conductivity and piezoresistivity properties. The moisture
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content parameter is incorporated into the composites through pore saturation ratio which
refers to the fraction of pores that are filled as compared to the empty pore network. The
study of variation between the different properties with moisture content will provide a
further understanding of the pathway of electrical conduction through cementitious

materials in partially saturated systems.

8.2 Experimental Program

8.2.1 Specimen Preparation

Cement paste blocks of size 160 mm x 40 mm % 40 mm are cast with embedded copper
mesh electrodes. The copper mesh electrodes are made of wires 0.5mm diameter with a
2mm opening and were cut to rectangles of size 60mm % 40mm so that 20mm of the mesh
stays outside of the specimen for attaching the wires. The electrodes are placed along the
length of the specimen at distances of 20mm, 60mm, 100mm and 140mm to ensure
uniform separation. Ordinary Portland Cement is used with a water to cement ratio of 0.4.
Carbon Fibres were added in the amount of 0%, 0.6% and 0.8% wt. of cement mass. Two
samples were cast for each specification. The properties and an image of the chopped
fibres are shown in Table 8-1 and Fig. §-1 respectively. Cement and Water were mixed
in a standard 10 L Hobart mixer for 5 minutes followed by adding the carbon fibres and
mixing for an additional 5 minutes. The specimens were demolded after 24 hours of
casting, followed by moist curing for 28 days. This is followed by submerging the
specimen in a water tank for 7 days to achieve a 100% pore saturation content, and the
weight was noted down. The specimen was taken out and stored at 28 °C while
experiments were carried out over time. Every test on the specimens was supported with
a companion weight measurement. After 28 days of testing, the specimens were kept in
an oven at 80 °C for 7 days. This was followed by another set of tests and weight
measurements. The weight of the specimens in saturated condition and the weight of the
specimen in oven-dry condition were used as references to determine the pore saturation

state for the specimens during each of the experiments.
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Fig. 8-1: Carbon Fibres used in this study

Table 8-1: Properties of Carbon Fibres

Property Value
Filament length 12 mm
Filament Diameter 7.0 ym
Tensile Strength 3.6 -3.8 GPa
Tensile Modulus 220 — 240 GPa
Carbon Content >95%
Elongation 1.5%
Density 1.6 —1.76 g/cm’
Volume Resistivity 1.5 %107 Q.cm

8.2.2 Pore Saturation Content
Throughout the experiments, the pore saturation content, n is used to account for the
moisture content present within the composite. The term refers to the fraction of pore
network filled with moisture to the overall volumetric pore network in the composite. If
the weight of the specimen after taking out from the water tank is wy. and the weight of
the specimen after keeping in the oven for 7 days is woves, then the pore saturation content,
n at any given point is defined as:

o = Wi Woven_ (8-1)
' Wsat — Woven
Here, w; is the weight of the specimen at the time of testing. After curing, the specimens

were kept in a room and their weight was constantly monitored across different testing
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times. The pore saturation content values that are used in this experiment to study the

effect of moisture content in this experiment are 100%, 80%, 70%, 60% and 0%.

8.2.3 Experiment Setup

For testing the electrical resistivity of the samples, a four-probe method is selected to
avoid factoring in the possible contact resistance between the concrete and the electrode
mesh. A current input was provided from the outer electrodes while measuring the
potential difference across the middle electrodes. To evaluate the current input, the
current is also passed through an external resistor in series, the potential drop across the
resistor is measured. The experimental setup is shown in Fig. 8-2 along with the electric
circuit diagram in Fig. 8-3. The value of potential drop across the external resistor gives
the value of current that is flowing through the circuit, which in turn can be used to
determine the resistance of the cementitious block. The resistivity of the material is
computed through the geometrical details of the sample. The potential difference across
the inner electrodes of the specimen and the external resistor is measured through the
oscilloscope Picoscope 2206B sourced from Pico Technology and logged using the
associated data logger software PicoLog 6 loaded in the sensor computer. The electrical

current source is provided through RIGOL DG1000Z function generator.

UT™M
Computer

Function ||Oscilloscope
Sensor Generator
Computer

Fig. 8-2: Experimental Setup
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Fig. 8-3: Experiment Circuit Diagram

For testing the mechanical stress and strain relationship on the samples, a 25kN capacity
IPC-UTM25, incorporating XL4PB is used. The choice of the Universal Testing Machine
(UTM) is because of the ability to apply user-defined loading to the specimen and a
comprehensive logging software. The loading cycles are defined to oscillate between 5
kN and 22 kN with a time period of 20 seconds. A high initial force was selected to ensure
continuous contact between the specimen and the loading face at all times. The setup of
the specimen in the UTM is shown in Fig. §-2 with the parameter F' being the applied
force and u being the measured displacements through the Linear Variable Differential
Transformers (LVDTs). Two insulated polyacrylic plates are used at the contact points
between the specimen and the loading arms at either end to electrically isolate to sample.
The displacements are measured through two LVDTs placed on the opposite sides of the

loading plate above the sample.

8.2.4 Additional Strain Measurement
A camera is used to record the face along the deformation direction during loading to
apply Digital Image Correlation Technique (DIC) on the specimens. The overall strain

value was computed as an average of the displacement readings from the two LVDTs and

248



verified with the deformation information from DIC on the sample at different time
intervals. The individual points on the surface of the specimen are imaged and the
movement of the points are tracked when the specimen is undergoing deformation. This
information is used to determine the strain in the sample. A sample DIC results on a

specimen undergoing a single loading cycle is shown in Fig. §-4.
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Fig. 8-4: DIC on a sample during a compressive load cycle

The DIC observations show no deformation at the initial time step followed by an
observable deformation which can be seen through the clear band of contour colours in
Fig. 8-4. The scale for the deformation in each of the deformation plots are shown at the
bottom left. For piezoresistivity experiments, the experimental and the mechanical
experimental systems are combined. Wires were attached to the embedded electrodes in
the sample while the sample was subjected to compression loading cycles as shown in the
setup in Fig. 8-2. The data on the electrical readings and mechanical readings were then
extracted from the sensor computer and the UTM computer respectively and combined

for analysis.

8.3 Results

8.3.1 Elastic Modulus
The mechanical setup was used to determine the stress-strain behaviour of the specimens.

The user-defined load mentioned in the setup was applied on each of the samples at
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different times associated with different moisture content. The strain was computed from
the displacement values recorded in the LVDTs and verified at different times in the
cyclic loading process with the DIC deformation plots. The elastic modulus of different
specimens under dry conditions is shown in Fig. 8-5a. It can be observed that the addition
of carbon fibres results in a slight increase in the composite elastic modulus. This is
expected as the elastic modulus of the fibres are greater than the cement paste itself. The
variation of the averaged out elastic modulus for each fibre fraction with different

moisture content is shown in Fig. §-5b.
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Fig. 8-5: (a) Stress-Strain relationship between different samples in dry condition and
(b) Elastic Modulus of different samples at different pore saturation contents

From Fig. 8-5b, a relationship between the elastic modulus of different materials and the
moisture content cannot be discerned. Although the addition of the carbon fibres
increased the elastic modulus of the composite, the change in moisture content did not
affect the modulus. This implies that the elastic modulus of the composite is a reliable
parameter in determining the dosage of fibres present as the parameter is not dependent

on external parameters like moisture.

8.3.2 Electrical Resistivity

All the samples were tested for electrical resistivity at different pore saturation contents.
The four-probe method is used to remove the effect of contact resistance. The value of
electrical resistivity for the same group of specimens, i.e., specimens under similar pore

saturation contents and same fibre dosages are consistent throughout the experiment. The
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plot of change in averaged out electrical resistivity of the specimens of different dosages
across different pore saturation content is shown in Fig. 8-6. A slight increase in
resistivity is observed for all the samples with decreasing pore saturation content, except
the big jump in the resistivity of the samples with no added fibres in dry conditions. As
compared to the sample with no fibres, the samples with 0.6% and 0.8% showed relatively
moderate changes in the electrical resistivity upon changing the pore saturation content
from 60% to 0%. This implies that the electrical conduction pathway in the composites
with carbon fibre occurs mostly through the fibres themselves. Carbon Fibres have low
electrical resistance and form the pathway for electrical current conduction even with
moisture present. This approach can be used to explain the moderate jump in electrical
resistivity of the composites with added fibres as compared to the composite with no
added fibres. In that composite, the electrical conduction at high pore saturation content
was happening through the pore solutions. As a result, the removal of the pore solution
results in no lower conductive pathway for electrical current, and hence the abnormally

high electrical resistivity.
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Fig. 8-6: Variation of Electrical resistivity

8.3.3 Piezoresistivity

All the samples were subjected to mechanical loading after placing samples in the UTM
with the insulated acrylic sheets on either side. The insulation allows for a consistent
electrical measurement during the process of mechanical testing as it electrically isolates
the specimen from the surroundings. The strain data is recovered from the UTM computer
using the averaged out values of two LVDTs placed at either end of the loading plate.
The strain values are then verified with the DIC results. The variation of force applied,
strain and measured electrical resistivity with time for the samples at 70% pore saturation

content are shown in Fig. §-7.
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The strain and the resistivity data are extracted from the figures and the Fractional Change
in Resistivity (FCR) value for each sample are computed. The term piezoresistivity

coefficient, { is defined as:

AR ]

Here, R is the resistance and p is the resistivity of the specimen, AR and Ap is the change
in resistance and resistivity respectively upon application of mechanical deformation, and
€eq 18 the equivalent strain in the sample undergoing the mentioned deformation. The value
of { is used as a parameter to define the extent of piezoresistivity displayed by a material.
The strain-FCR readings combined from Fig. 8-7 is shown in Fig. 8-8 along with the
Strain-FCR linear curves showing the best fit with the experimental results. The
parameter {,” represents the piezoresistivity coefficient of samples with a fibre dosage of

a and a pore saturation content of b.
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Fig. 8-8: Comparison of piezoresistivity of specimens with different fibre ratios at 70%

pore saturation rate
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From Fig. 8-8, it is observed that the addition of carbon fibres has increased the
piezoresistive coefficient of the cementitious composite. This might imply that the pure
piezoresistive response of the carbon fibre itself is higher than that of the plain concrete.
Similar results were observed by Dehghani et al. (4), where increasing the carbon fibre
ratio results in higher electrical sensing properties. However, experiments performed by
Baeza et al. (20) and Xu et al. (21) show that with an increase in dosage of carbon fibres,
the piezoresistive coefficient reduces and although the composite has a higher electrical
conductivity because of the presence of the fibres, the piezoresistivity effect itself of the
fibres are weak, which translates to the piezoresistivity property of the material in general
as the majority of electrical conduction is happening through the carbon fibres, owing to
the fibres having low electrical resistivity. A compilation of the { values across different

specimens with different fibre dosages and pore saturation content is shown in Fig. §-9.
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Fig. 8-9: Variation of piezoresistivity of different samples at different pore saturation

content
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It can be observed that with an increase in carbon fibres, the piezoresistivity property also
increases, whereas the electrical resistivity decreases. This can be associated with a higher
electrical conductivity and a higher piezoresistive coefficient of carbon fibres as
compared to concrete. Also, with decreasing pore saturation ratio, a higher proportion of
applied electric current flows through the carbon fibres, which is reflected by a higher
piezoresistive coefficient of the composite with decreasing moisture content. This implies
that at a high enough fibre fraction, almost the entirety of the electrical current conduction
will happen through the carbon fibre network, thereby making the piezoresistive effect of

the composite independent of moisture content.

8.4 Discussion

Although the addition of carbon fibres moderately affects the relationship between
moisture content and elastic modulus of cementitious composites, the addition of highly
conductive fibres has a profound effect on the relationship between the moisture content
and electrical resistivity and piezoresistivity. The experiment used cement pastes with
different dosages of carbon fibres to assess the effect of changing moisture content on
the mechanical and electrical properties of cementitious composites, and has resulted in

the following insights:

1. The elastic modulus of cement increases slightly with increased dosage of carbon
fibres owing to the fibres having higher modulus than the cement itself.

2. Cement mixes with added carbon fibres have a moderate increase in electrical
resistivity with decreasing moisture content whereas the mixes without carbon
fibres rose significantly in absence of moisture.

3. The addition of carbon fibres reduces the electrical resistivity of cement

4. Composites with higher dosages of carbon fibres showed lower dependency of

moisture content on both electrical resistivity and piezoresistivity.

The results from the experiment attempt to throw some light on the electrical conduction
mechanism in partially saturated concrete with added carbon fibres. The addition of
carbon fibres decreased the resistivity and increased the piezoresistivity response, while
also reducing the dependency of moisture content on the electrical resistance and
piezoresistivity response. This implies a higher dosage of carbon fibres will produce a
more sensing material, provided the high fibre fraction of the mix does not affect the
workability and strength of the mix. Only a low dosage of fibres was studied because

higher dosages suffered from low workability. Hence, the optimum carbon fibre dosage
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for a self-sensing material will be the maximum dosage of fibres possible without
compromising on the mix integrity. This study can also be used as a baseline for studying

the sensing properties of cementitious composites in the presence of a crack. In the future.
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Chapter 9: Conclusion

Cracking poses a significant challenge to the durability of concrete. Cracking is
inevitable, and if untreated can cause significant damage to the concrete and any
underlying reinforcements. It is therefore of paramount interest to seal the cracks, should
they occur. To predict the occurrence of a crack, an efficient sensing infrastructure is
required. Instead of relying on external instrumentations for achieving this property, the
sensing property is imbibed in the material itself. This leads to the creation of a novel
self-healing self-sensing concrete. The sensing ability of the concrete can not only be able
to predict oncoming cracks but also can be used to monitor the healing efficiency and the
post healing performance of the material. To develop such a material, a supporting
numerical base has to be provided based on which the material can be designed.
Numerical methods have the advantage of studying the effect of parameters that might be
significant but cannot be measured through experiments. These objectives mentioned in
the introduction have been fulfilled, and the findings along with key conclusions from

each chapter are summarised below:

Chapter 2 covers the literary works in self-sensing and self-healing concrete. No overlap
of the studies has been found between self-healing and self-sensing. Although some self-
healing experiments in fibre reinforced composites have been carried out, the outcomes
were not analysed from a sensing standpoint. The development of numerical models in
healing has been limited to empirical relationships and pure fluid transport equations.
This mandates the development of a numerical model to account for the healing and
sensing aspects in concrete which can provide a baseline for the design and construction

of the novel material.

Chapter 3 carries out a multi-scale model analysis of the presence of pores and
aggregates on flow characteristics in concrete. The effect of aggregate size gradation has
also been considered in addition to porosity and aggregate content. A numerical
relationship has been determined for relating the diffusion coefficient in concrete with the
porosity and the aggregate ratio. This study of flow parameters is used to model the

healing problem in the next chapter.

Chapter 4 built on the transport model from the previous section by incorporating a
reactive transport process coupled with a deposition process to mimic the calcium
carbonate precipitation from bacterial sources. The model has been validated with
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multiple experiments and an explanation of the deposition mechanism is attempted. An
interesting phenomenon of delayed crack deposition onset is observed implying the
existence of deposition within the bulk material too. This is also verified from supporting

experiments.

Chapter 5 performs parametric modelling of crack geometry, nature of the substrate and
concentration of the applied solutions on the biogenic healing efficiency in concrete. The
crack geometry is observed to have no significant effect on the deposition time as a larger
crack utilises a larger deposition solution. However, the roughness of the crack surface,
the rate of deposition and the interval with which the solutions are applied have a
noticeable effect on the time required to heal cracks. This has been reported along with

an optimal application strategy for efficient healing.

Chapter 6 analyses the electrical conduction phenomena in carbon fibre reinforced
concrete through a modified Ohm’s law. The mechanism behind the percolation threshold
is explored through probabilistic modelling involving multiple randomised arrangements
of fibres within the concrete domain. The developed numerical model is successfully
verified with multiple experiments to lend credibility to the mechanism. This has been

built upon in the next chapter.

Chapter 7 models the piezoresistivity of concrete with added carbon fibres through a
finite element electro-mechanical model. The deformation alters the material properties
which in turn, alters the properties of the whole composite. The geometry and nature of
the carbon fibres and the piezoresistivity property of the fibres themselves have a
significant impact on the piezoresistivity behaviour of the composite. It is also observed
that the choice of the nature and size of carbon fibres is crucial in obtaining a highly

sensing composite.

Chapter 8 shows the experimental results of the variation in mechanical, electrical and
piezoresistive properties of carbon fibre reinforced concrete at different moisture
contents. Moisture is observed to have a significant impact on composites with fewer
fibres, implying a possible electrical conduction path through the fibre networks even in
the presence of moisture This implies mild independence of the piezoresistivity effect

from moisture content which can be important in large-scale structure.
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9.1 Recommendations for future work

The basis of numerical modelling for both the self-sensing and the self-healing part of
concrete has been accomplished in the thesis. The recommendations for future work are

summarised below:

1. In Chapters 4 and 5, the application strategy is based on pouring the solution into
the crack under the assumption that the crack is facing up. This can be modified
to introduce bacteria in concrete as self-healing capsules and evaluate the
deposition efficiency that way.

2. The surface tension and viscosity of the fluids are not considered, which becomes
an issue with thinner cracks. This can be gotten around either by incorporating
healing capsules or adding the surface tension parameters in the model.

3. The electrical sensing part can determine the load state of the material. Further
progress on this section of the model can be made by introducing a crack,
modelling moisture ingress through the diffusion model and attempting the
identify the crack from electrical and piezoresistivity measurements.

4. The parametric study performed in Chapter 5 can be extended to experiments to
validate the mechanisms described in the model.

5. A linear strain-FCR relationship is assumed in the piezoresistivity calculations in
Chapter 7. A more realistic non-linear strain-FCR relationship for both concrete

and carbon fibres can be adopted in future computations.
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