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Chapter 1

Introduction

1.1 Durability of concrete
Concrete is the most manmade material worldwide [1]. In 2018, about 4.2 billion
tonne of cement was produced which can be transferred into about 42 billion tons
of cement-based products. Such a large amount of application of concrete and other
cement-based materials can be attributed to the relatively low price, good mechanical
properties, worldwide availability and good durability in normal exposure conditions
[2]. However, in certain environments, the concrete can be attacked and deteriorated
which is a big threat to the safety and stability of the concrete structure. Concrete
with poor durability causes structural deterioration of bridge decks, piers and other
structures. The cost of maintaining, repairing or replacing degraded existing concrete
structures is immense. The annual cost of concrete repair (including protection and
strengthening) is now in excess in Western Europe alone [3]. Therefore, the durability
of concrete has attracted significant attention over the past several decades and is still
an important research area until now [2].
The causes of concrete deterioration can be grouped into three categories, physical,
chemical, and mechanical, from which major durability issues such as steel corrosion
are initiated and developed [2, 4]. The physical damage of concrete is most often
caused by the freeze-thaw induced deterioration. This can be attributed to the different thermal expansion rates of the water, aggregates and cement paste during the
freeze-thaw circles. Chemical deterioration mostly caused by the attack of aggressive
ions which induces the corrosion of the steel bars or the decalcification of the cement
hydration products. In most situations, the often occurring mechanisms of deterioration of concrete are closely related to its transport property as the aggressive ions
dispersed in the water [5]. In marine environment, the fluids can be transported inside
the concrete for two main reasons: 1) porous micro structure of the cement matrix.
Concrete pores are formed mainly as a result of air introduced during the mixing process and the consumption of water by hydration or and evaporation. Generally, based
on the pore size, pores are usually divided into gel pores, transition pores, capillary
pores, and air pores. The pores are connected with each other generating the channels
for the transport of fluids. The capillary pores whose sizes in micro-meter scale are
predominantly in the concrete pore system which acts as a key fact in determination
of the transport property. 2) hydrophilic nature of the cementitious materials which
leads to an easier transport of the water-based solution. As the cementitious materials are hydrophilic, the water is easy to wet and spread in cement matrix, which
accelerates the penetration speed of the fluids.
Based on the differences of the driving forces, the transport process of liquids into
concrete can be divided into diffusion, capillary suction and permeation [4], as shown
in Figure 1.1. Under normal conditions, capillary suction and diffusion are the main
2
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Figure 1.1: Transport mechanism of fluids in concrete in natural conditions [4].
transport mechanisms. Capillary suction which is related to the wetting behavior of
the cement matrix, normally happens when concrete outer layers are exposed to acqueous liquids. The capillary water absorption rate is normally used to characterize
the ability of concrete to resist the capillary suction. When the concrete is liquid
saturated, the diffusion is the dominating transport mechanism. Fluids will penetrate into concrete through the pore structure of the cement matrix driven by the
concentration gradient. In this situation, the tortuosity of the connected pores plays
a key role in the determination of the transport process. In order to characterize the
durability performance of concrete, chloride diffusion coefficient is often used [4].
In this thesis, the influences of the wetting behavior and tortuosity of the pore structure of concrete are investigated to explore facile ways to improve the concrete durability. Both the water absorption rate and chloride diffusion coefficient are tested
for the indication of the concrete durability.
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1.2 Research objective and strategy
The durability of concrete has attracted significant attention over the past several
decades and is still a research hot spot until now. Durability problems usually appear
as the materials deteriorate at the beginning. Although the material deteriorations
do not imply an immediate safety issue, they will progressively lead to structural
damage as shown in Figure 1.2, which puts a potential danger to the structures and
in turn results in a cost of money and time for the repair of the concrete. The cost
of maintaining, repairing or replacing degraded existing structures is immense. The
annual cost of concrete repair (including protection and strengthening) is estimated at
$18 to $21 billion in the U.S. alone [6]. Hence, there is obviously a strong application
and financial motivation for the improvement of concrete durability, not only for
repair strategies, but also for initial design, construction and proposed maintenance of
future structures in order to optimise life-cycle performance of concrete structures.As
the durability of concrete involves the physical, chemical and mechanical fields, this
Thesis covers a wide range of areas to improve the durability of concrete through
physical, chemical and biological methods.

Figure 1.2: Concrete deterioration due to the chloride attack [7].
The durability of concrete in most cases is related to its permeability (or more precisely penetrability) to fluids [8–10]. The permeability is a resultant of many factors
such as the permeable porosity of the hardened cement paste [11], tortuosity of the
concrete matrix and aggregates [12] and the quality of aggregate/cement paste inter4
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face [13, 14]. At a high permeability, aggressive substances can easily penetrate into
the concrete, facilitating its deterioration. Decreasing the porosity has been proven as
an efficient way to improve the durability of concrete [15]. Nano-materials like nanosilica have been applied to increase the packing density of the concrete [16, 17], which
however has certain limitation such as the limit of minimum porosity [18]. Another
strategy to improve the durability performance is to reduce the permeability of the
concrete by increasing its tortuosity..
Tortuosity is a parameter describing an average elongation of fluid streamlines in a
porous medium as compared to a free flow as shown in Figure 1.3.

Figure 1.3: A representation of liquid diffusional pathway in porous media [19].
In cement-based materials, tortuosity is mainly related to its pore structure and the
distribution of the impermeable aggregates. Marolf et al. concluded that the decrease
of porosity would result in an increase of the tortuosity as the transport path in
the pore structure is getting more tortuous [3]. Some other researchers found that
concrete with a higher tortuosity presented a better durability performance compared
with the reference samples with the same porosity [16, 20, 21]. According to the
theoretical work by Maxwell [22] and Moggridge et al. [23], an addition of only 1%
of flakeshaped additives with a high aspect ratio by volume will obviously increase
the physical barrier property of the hybrid matrix. The tortuosity of penetration
path for diffusing molecules is principally influenced by the following factors: the
volume fraction of the nano-flakes, their morphologies, dispersion (e.g. orientation
perpendicular to the diffusion direction) and their aspect ratio [23]. DeRocher et al.
found that particle size also plays an important role on determination of the barrier
effect of the flakes in polymer matrix [24]. Compton et al. found that only 1% of
crumpled graphene nano-sheets by volume can decrease the permeability of a polymer
matrix up to 70% due to the high aspect ratio of the graphene [25]. Demonstrated
Chapter 1
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improvements on the barrier properties of layered silicate hybrid polymer matrix with
simultaneously improved mechanical properties were also reported by Bharadwaj [26].
However, up to date, research on using 2-D nanoparticles to increase the tortuosity
of cementitious composites is still limited.

Figure 1.4: Typical 2D nano-fillers applied in concrete.
The commonly used 2D materials are listed in Figure 1.4. Graphene is the basic structural unit for graphitic materials of any dimension. It is composed of a single-layer
sheet of carbon atoms closely packed into a two-dimensional (2D) (with thickness of
0.335 nm) honeycomb framework [27]. Graphene oxide (GO), the most researched
graphene-based nanosheets in cement composites because of its extraordinary mechanical and electrical properties. However, due to the high aspect ratio, the dispersion
of GO is very difficult and the high production cost limits its large scale application in
concrete. Graphene nanoplatelets (GNPs) are comprised of layers of graphene sheets
6
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(typically 10 < n <100, with n being number of layers) with thickness <100 nm and
diameter of several micrometres. Due to its increased thickness, GNPs are a cheaper
alternative to GO. Recently, Du et al. reported the use of GNP in cement mortar
and concrete to study its barrier effect on the transport properties [21, 28]. The addition of the randomly distributed GNP can enhance the tortuosity and decrease the
chloride transport by 50% in both concrete and mortar [21, 28]. However, due to the
bending of the GNP, the mechanical properties of the hybrid mortar and concrete
were not improved. Furthermore, the influence of the sizes of the nano-flakes on the
transport property of concrete has not been investigated. Especially filler sizes (i.e.
micro filler effect) strongly influence the concrete property [29, 30]. Therefore, 2D
nano-flakes with different sizes are used to improve the tortuosity of the concrete to
improve the transport property of concrete that at the same time have little influence
to the pore structure.
LDHs are a class of synthetic anionic clays with a typical flake shape which is shown
in Figure 1.5. As the anions in the interlayer are weakly bonded to the principal
layers by hydrogen bonding, the anions can be exchanged with other kinds of anions
that are more easily intercalated into the interlayer. Hence, LDHs with their anion
exchange capability are considered as important adsorbents in chemical engineering.

Figure 1.5: Typical structure of the LDH.
The nano-flakes increase the path for the fluids to transport into concrete which in
turn increases the time for the aggressive fluids to reach the steel bars inside the
concrete as shown in Fig 1.6. [21, 28]. As chloride induced corrosion of the steel bars
is one of the most commonly occurring durability issues, the chloride ingress rate is
applied to characterize the durability level of concrete. Both the long term diffusion
tests, described e.g. in NT Build 443 and the rapid chloride migration (RCM) test
developed by Tang [31], described in the guideline NT Build 492 are taken for the
chloride rate test.
Chapter 1
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Figure 1.6: The mechanism of nano-flakes to increase the tortuosity of host matrix:
a) random distribution, b) regular distribution.

As the wetting behavior of concrete is always important to determine the transport of
water fluids inside the concrete [5], methods which can change the wetting property of
concrete (from hydrophilic to hydrophobic) are also taken to improve the durability
performance of concrete. Hydrophobic modification is an efficient way to improve the
transport performance by preventing water from penetrating into concrete structures
[32, 33]. Most existing strategies for hydrophobic modification for concrete apply extra surface treatment or hydrophobic ingredients in concrete matrix [32, 33]. Because
of the ease of dispersion and preparation, silane, siloxane or a mixture of these two
components are most commonly used for hydrophobic modification for concrete at
ambient conditions [34]. However, because of the relatively high price, their large
utilization in concrete is still practically difficult [32, 35]. Furthermore, premature
cracks can occur as a result of shrinkage of cementitious materials at early age, making the concrete more vulnerable to the ingress of potentially aggressive species, which
will significantly decrease the water repellent effect of the surface modification [36].
Therefore, the bulk modification is a more preferable manner to increase the concrete durability. Wong et al. have prepared hydrophobic concrete with the addition
of superhydrophobic paper sludge ash which was modified by stearic acid through a
physical ball milling method. The addition of the superhydrophobic powder efficiently
changes the wetting behavior of the hybrid concrete, resulting in 90% decrease of the
water transport and absorption [5]. This shows a potential way to functionalize the
powder materials while enhancing the durability of concrete. However, until now, the
hydrophobic modification of other kinds of powders towards the application in concrete is rarely reported and the influence of the hydrophobic powders on properties
of cementitious materials needs to be further explored together with the transport
properties. For a better understanding in this topic, different kinds of powders and
8
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modification methods are chosen for the hydrophobic functionlizing aiming at the
improvement of concrete durability and influence of the hydrophobic powders on the
fresh state properties, hydration, leaching of the concrete are also investigated. It
should be noted that the common hydrophobic agents applied in concrete are organic
chemicals consisting of long polymer chains whose most basic source is petroleum. The
increasing environmental concerns have inspired researchers to explore biotechnological methods for the sustainable production of hydrophobic agents [1, 32]. However,
little research is related to the hydrophobic modification of concrete with the addition
of bio-materials. In this Thesis, bacteria and bio-film are used to change the wetting
property of concrete which shows potential for a wide application range in cementitious materials. The influence of the bio-materials on the hydration, microstructure,
water absorption and shrinkage of the cementitious materials will be investigated.
Aiming at reducing the environmental impacts of cement production, alternative
binder materials are considered [37–39]. Over the past decades, lots of research have
been conducted on alkali-activated slag (AAS) which shows many advantages on environmental benefits and material properties as compared to OPC [40–43]. AAS can
develop comparable even greater mechanical properties than OPC mortars [44, 45].
However, until so far, the large scale application of the AAS is still limited due to
the high rate of carbonation and autogenous shrinkage [44]. The carbonation resistance of AAS concrete was much lower than OPC concrete when exposed to an
environment composed of 10 to 20% of CO2 at 70% relative humidity (RH) and AAS
concrete presented higher strength loss and depth of carbonation [46, 47]. It is found
that the shrinkage of AAS mortars is 1.6 times higher as compared to OPC mortars
[48]. Therefore, it is essential to find a method to mitigate the drawbacks of AAS to
achieve large scale application.
Generally, the shrinkage of AAS can be attributed to the moisture loss with two mechanisms: (a) internal water loss (i.e., reaction) or (b) moisture loss to the environment
[44, 49, 50]. The former results in the autogenous shrinkage due to the continuous
consumption of water during the reaction of slag which results in the decrease of relative humidity and the generation of water-air menisci inside AAS [50]. The drop of
the relative humidity leads to the increase of the tensile stress of the pore solution in
capillary pores [50]. The main driving force for the high rate of autogenous shrinkage
is the high negative pore pressure formatted in the capillary pores of AAS during the
self-desiccation [50]. The latter induces the drying shrinkage as environmental humidity is in general lower than the internal humidity of AAS, and water in the pores
evaporates which leads to high capillary pressures as water menisci begin to develop
in the capillary pores [49, 51]. AAS exhibits considerably higher shrinkage than OPC
which is attributed to the higher moisture loss rate of AAS under the same drying
environment [49, 51].
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In order to overcome the high shrinkage of the AAS, normally two primary strategies
are applied. The first method is the addition of internal curing agents such as lightweight aggregates (LWA) or superabsorbent polymers (SAP) to supply extra water
to compensate the water consumption [44, 52, 53]. In this way, the capillary pressure
induced by the drop of relative humidity will be mitigated [54–56]. However, the
addition of the internal curing agents could result in the reduction of the mechanical
properties of AAS, especially for the systems with LWA due to its high porosity [57,
58]. Another commonly used method to mitigate the shrinkage of AAS is the addition
of shrinkage reducing admixtures (SRA) [50, 59]. According to the Kelvin–Laplace
equation, the addition of SRA can reduce the surface tension of the pore solution
which in turn reduces the capillary pressure and maintains the relative humidity in a
higher level [60, 61]. As studied in previous research, not all the SRA that are widely
used in OPC-based system work efficiently in AAS and SRA are less efficient in mitigation drying shrinkage than the autogenous shrinkage as SRA cannot decrease the
water evaporation [60].
According to Young-Laplace equation:
σ=−

2γcosθ
r

(1.1)

and Kelvin equation:
2γVM cosθ
ρ

(1.2)

RH
RHS

(1.3)

In(RHK ) = −
and:
RHK =

another important parameter which also has a big influence on the capillary pressure
generated in porous medium is the wetting property of the pore wall. Where, σ is the
capillary pressure in MPa, γ is the surface tension in dyn/cm, θ is the water contact
angle of the wall of the capillary pore, r is the radius of the pore in cm, VM is the
molar volume of water which is 18 cm3 /mol and ρ is the pore solution density in
kg/m3 which is experimentally tested in this study, RHK is is the internal relative
humidity because of menisci formation, RH is the experimentally measured internal
humidity, RHS is the relative humidity due to dissolved salts and assuming that the
internal humidity before setting is due to the dissolved salts and it keeps constant
during the hydration.
When applying Eq. (1.1) and (1.2) to cementitious materials, the water contact angle
of the pore wall is always taken as 0 and cos θ = 1 as cementitious materials are
hydrophilic [50, 56, 62]. In this situation, the pore radius is equal to the Kelvin
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radius which is shown in Figure 1.7a. As the shape of the meniscus in the pore
is concave, negative capillary pressure generates which is the driving force for the
shrinkage of cementitious materials [50]. When the pore wall is hydrophobic, meniscus
curvature increases as shown in Figure 1.7b. Then the internal RH rises and the
capillary pressure drops with the increase of the water contact angle. However, the
influence of the wetting property of the pore wall in cementitious materials has not
been investigated systematically, as such, a parametric investigation is performed in
this Thesis to see how contact angle influences the internal relative humidity and
capillary pressure. The influence of the hydrophobic powders or bio-materials on the
shrinkage properties of AAS is investigated.

Figure 1.7: The shape of the menisci in the pores and capillary stress with different
water contact angles (θ): a) θ=0◦ , b) 0◦ <θ <90◦ .
The bio-inspired materials are also taken to improve the freeze-thaw durability of the
concrete. Water is one of the few substances on Earth that expands upon solidification. This expansion can be destructive to porous materials that take up water such
as cement and concrete exposed to freeze-thaw cycles.
Conventional methods used to counter freeze-thaw deterioration in cementitious materials include entrainment of 5-10% air in the cement mixture and application of
de-icing salts and/or coatings on the concrete surface. Introducing air voids protects
the concrete matrix from frost damage as these offer space for the expansion of ice inside the material [36]. Air entrainment is effective up to a certain extent, otherwise it
disadvantageously facilitates the penetration of aggressive fluids into the concrete and
Chapter 1
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Figure 1.8: The influence of PVA on the sizes of ice crystal in the recrystallization
process [33].

reduces its mechanical properties [63, 64]. De-icing salts lower the freezing point of
water on concrete surfaces and in the porous structure, but result in chloride-induced
leaching of calcium hydroxide and other hydration products, leading to corrosion of
the steel reinforcements and scaling. More importantly, saturation by de-icing salts
will induce more damage [65–67]. Surface treatment with suitable coatings can decrease water transport into the concrete matrix, but current strategies usually suffer
from an increased probability of crack propagation and elevated costs [68]. For lack
of a better alternative, the above methods to mitigate frost damage to concrete have
been used for over 70 years, despite their disadvantages. Therefore, it is necessary
to develop a simple method to improve the freeze-thaw durability of cementitious
materials, using small quantities of a suitable additive that reduces ice formation and
growth without sacrificing the mechanical properties of the final material. For this
purpose poly(vinyl alcohol) (PVA) is selected, which is a commodity polymer known
12
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for its ability to drastically slow ice crystal growth by recrystallization processes [33]
as shown in Figure 1.8 meanwhile with a relatively low cost which has the potential
for large scale application in concrete structures. The efficiency of its ice recrystallization inhibition in cementitious environment and its influences to the concrete are
systematically explored.

1.3 Outline of the Thesis
The thesis structure is presented in Figure 1.9, and the content of each chapter is
described in the following paragraphs.

Figure 1.9: The outline of the thesis.

Enhanced tortuosity for the improvement of chloride resistance
Chapter 2 investigates the relationship between the tortuosity of the concete matrix
and the chloride penetration rate. LDH 2D nano-flakes with chloride binding ability
are synthesized through a facile co-precipitation method to increase the tortuosity
of the cement matrix. The physical and chemical barrier effect are characterized by
rapid chloride migration and long term chloride diffusion test. Moreover, the effects
of the particle sizes of the LDH 2D nano-flakes are also evaluated.
Chapter 1
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Multi-functional design of the hydrophobic cementitious materials
Chapter 3 evaluates the effects of superhydrophobic powders on the water absorption
of lightweight aggregate concrete. GGBS is applied to prepare the superhydrophobic
powder through a ball milling method with stearic acid. The optimal preparation conditions including milling time, stearic acid amount and milling speed are investigated.
The influences of the superhydrophobic powders on the fresh property, hydration and
mechanical property of the lightweight aggregates concrete are also discussed.
Chapter 4 aims at the reuse of the waste material municipal solid waste (MSW) bottom ash (BA) in cementitious materials. A chemical modification method is applied
to functionalize the bottom ash with hydrophobic property meanwhile decreasing the
leaching of the BA to meet the environmental requirements. The influences of the
hydrophobic BA on the water absorption and chloride penetration of the mortars are
evaluated.
Chapter 5 proposes an efficient way to construct a superhydrophobic surface on magnesium oxychloride cement (MOC) to enhance its water resistance with self-cleaning
property. The relationship between the micro-structure and hydrophobic performance of the MOC is explored. The as-prepared MOC presents excellent self-cleaning
function. Moreover, the long term stability of the superhydrophobic is tested towards
to the outdoor large scale application.
Chapter 6 investigates the bio-materials on the hydrophobic performance of concrete.
Both bacteria and biofilm show potential for the preparation of the bio-based hydrophobic concrete. An important finding is that even hydrophilic bacteria can endow
concrete with hydrophobic property which greatly expands the repertoire of bacteria
that can be used for creating water-resistant concrete.

A new mechanism for the mitigation of the shrinkage
Chapter 7 and Chapter 8 propose a new mechanism to mitigate the shrinkage of alkali
activated slag (AAS) whose main drawback is the high rate of shrinkage due to the
high capillary force. In Chapter 7, superhydrophobic slag is used to replace parts of
the normal slag to decrease the autogenous shrinkage and carbonation. In Chapter 8,
bio-film is applied to mitigate both the autogenous and drying shrinkage of AAS. The
mitigation effect of the biofilm is compared to a traditional polyether-type shrinkage
reduction agent (SRA).
14
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A new mechanism for the mitigation of freeze-thaw damage
Chapter 9 investigates a new method to enhance the freeze-thaw durability of concrete
through the ice recrystallization inhibition of the pore solution during the freeze-thaw
circles. Soluble poly(vinyl alcohol) is used as the ice recrystallization inhibition agent
which is cheap for the large scale application in concrete. During the analysis, the
influence of the PVA on the pore sizes and air contents is taken into account.
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Abstract
This chapter investigates the transport properties of cement mortar with Ca-Al-NO3
layered double hydroxides (LDHs). A co-precipitation method is applied to synthesize the Ca-Al-NO3 -LDHs and the effect of the synthesis environment on the size and
particle shape is studied. The synthesized Ca-Al-NO3 LDHs are analytically characterized by XRD, SEM and FTIR analyses. The relationships between the sizes and
addition amount of Ca-Al-NO3 -LDHs and the mechanical and transport properties
of mortars are investigated. Rapid chloride migration (RCM) tests are performed
to the cement mortars with Ca-Al-NO3 -LDHs. The results show that permeability
of the designed concrete decreased with the addition of Ca-Al-NO3 -layered double
hydroxides (LDHs). The decrease of chloride migration coefficients can be attributed
to the enhanced barrier effect because of the increase of tortuosity. In long-term
natural diffusion tests, LDHs present significantly enhanced barrier effect due to the
combined chloride binding ability and improved tortuosity.
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2.1 Introduction
The addition of reactive species, which can consume or bind the diffusing harmful
species before they can transport through the matrix, has been proven as an effective
method to minimize fluids transport within concrete [69]. For instance the incorporation of sufficient reactive siliceous granular skeleton, slag and silica fume has shown to
be beneficial to limit chloride transport due to the chloride binding effect [2]. Among
the reactive additives, layered double hydroxides (LDHs) have been intensively investigated for their potential to reduce the concentrations of aggressive anions in
pore solution, consequently reducing the carbonation and chloride penetration rate of
concrete [70]. LDHs are a class of synthetic anionic clays with a typical flake shape.
As the anions in the interlayer are weakly bonded to the principal layers by hydrogen
bonding, the anions can be exchanged with other kinds of anions that are more easily
intercalated into the interlayer. Hence, LDHs with their anion exchange capability
are considered as important adsorbents in chemical engineering [71–73]. In recent
years, different kinds of LDHs have been investigated for immobilizing the CO2−
3 and
Cl− source, consequently reducing the carbonation and chloride penetration rate of
concrete [74, 75]. Kayali et al. found that due to the function of hydrotalcite, hydrated slag cement is able to bind more chloride ions than Portland cement [76]. Chen
et al. studied chloride rich simulated concrete pore solution applying the synthesized
LDHs, which showed ion exchange ability between chlorides and internal layer ions
[77]. Yang et al. compared the influence of two different kinds of modified hydrotalcite
on chloride transport in cement mortar and found that the internal layer ions have a
big influence on their binding ability [78].
However, no research has been reported on the application of LDH nano-flakes to
improve the tortuosity of cementitious composites. Owing to the availability of facile
synthetic methods as well as the structural characteristics, it is possible to prepare
LDHs and LDH-based materials with various physical and chemical properties [78–
80]. A simple and cost-effective route to prepare the LDH is co-precipitation method.
In most of the studies, the synthesis of LDH compounds is realised at a high pH
value (≥ 10) for the co-precipitation of trivalent and divalent cations [79]. Seron
and Delorme investigated the formation mechanism of Mg-Al-NO3 layered double
hydroxides (LDHs) with varying pH [79]. The increase of the pH value (from 10
to 13.2) will accelerate the precipitate speed of the Al3+ and M2+ , which results in
smaller particle sizes of LDH. He et al. prepared Mg-Al-NO3 -LDH through a facile coprecipitation method and found that both raw material ratio and pH value influence
the final property of the LDH [81].
Several laboratory test methods such as gas diffusion test and pore structure analysis
have been adopted to investigate the influence of tortuosity on the concrete durability
Chapter 2
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[82–84]. As the chloride-induced corrosion of reinforcing steel is directly related to
the shortened service of life of concrete structures, the chloride diffusion coefficient is
widely used to quantify the chloride ingress speed in concrete [31, 85]. In this study,
the Rapid Chloride Migration (RCM) test is applied to investigate the physical barrier
performance of the LDH nano-flakes hybrid mortars. As the AgNO3 colourimetric
indicator in RCM test allows reliable free-chloride penetration detection for the concrete or mortar, the output of the chloride diffusion coefficient (DRCM ) calculated
based on the true free-chloride penetration front will not be affected by the binding
ability of LDH. This is because that at the very low free-chloride concentration (i.e.
the chloride penetration front) chloride binding is very limited during the migration
tests, so the DRCM remains unaffected by binding [85]. It has been reported that
the binding equilibrium is achieved even up to two months of exposure [31, 85]. For
the free diffusion tests, the assumption of equilibrium is acceptable since the chloride
exposure period is sufficiently long (at least 8 weeks) [86]. Therefore, RCM test is
applied to investigate the physical barrier effect of the LDH and long-term chloride
diffusion test was carried out according to the relevant test standards [87, 88] to
investigate the enhanced barrier effect with chloride binding ability in this study.
This chapter aims at investigating the influence of nanoflakes sizes on the barrier
effect of concrete. Both the physical barrier effect (enhanced tortuosity) and chemical
barrier effect (chloride binding ability) of LDH nano-flakes against chloride transport
are investigated. Through the control of the pH value of the precursor solution, CaAl-NO3 -LDH with different sizes are synthesized by using a coprecipitation method
which has been reported to possess a higher ion exchange efficiency compared with
Mg-Al type LDHs. The synthesized LDHs are characterized by X-ray diffractometry
(XRD), particle size distribution (PSD), Fourier Transform Infrared Spectroscopy
(FT-IR) and Scanning Electron Microscope (SEM). The mechanical properties of
the designed mortars incorporating the LDHs are measured and the effects of LDHs
are evaluated. RCM and chloride diffusion tests were carried out to investigate the
physical barrier effect and the enhanced barrier effect due to chloride binding capacity.
This work can shed light on the application of LDH nano-flakes as a highly effective
barrier to enhance the durability properties of cementitious materials.
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2.2 Experiments
2.2.1 Preparation and characterization of the Ca-Al-NO3 -LDHs
Ca-Al-NO3 -LDHs is synthesized by using a co-precipitation method because of its
facile and low cost features. In order to promote the real scale engineering application, LDHs are prepared under ambient conditions [89–91]. However, in the present
study, the pH value of the solution is changed to prepare LDH nano-platelets with
different sizes. Calcium nitrate tetrahydrate (Ca(NO3 )2 ·4H2 O) and aluminium nitrate nonahydrate (Al(NO3 )3 ·9H2 O) are dissolved in 200 ml deionized water with a
stoichiometric ratio of 2:1 (4/3 M and 2/3 M) to give a 2 M solution. This solution is
added into 200 ml sodium nitrate (NaNO3 ) with a concentration of 2 M. The mixed
solution is stirred vigorously with a magnetic stirrer for 2 h at room temperature
(20 ± 1 ◦ C). The pH of the solution is adjusted to 11, 12 and 13 (monitored by a
pH-meter) by adding sodium hydroxide (NaOH) solution (1 M). The precipitate is
then filtered in a vacuum enhanced process and the obtained filter cake is washed
with deionized water until the filtrate is free of soluble nitrates. The solid is then
dried at 100 ◦ C in an oven for 12 h. Laser light scattering (LLS) technique was employed to determine the PSDs of LDH nano-flakes, and a Malvern Mastersizer 2000
particle size distribution analyzer was used for the measurement. The specific density
was obtained by using a gas pycnometer (AccuPyc II 1340). The AccuPyc works by
measuring the amount of displaced gas (helium). The X-ray diffractometric (XRD)
analysis was performed by using a Cu tube (40 kV, 30 mA) with a scanning range
from 5◦ to 65◦ 2θ, applying a step 0.02 and 5 s/step measuring time. The qualitative
analysis was carried out by using the Diffracplus Software (Bruker AXS) and the PDF
database of ICDD. The FT-IR spectra of the reaction products were collected using
a PerkinElmer FrontierTM MIR/FIR Spectrometer using the attenuated total reflection (ATR) method (GladiATR). All spectra were scanned 48 times from 4000 to 400
cm−1 at a resolution of 4 cm−1 . The morphological features of the Ca-Al-NO3 -LDHs
and the morphology of the Ca-Al-NO3 -LDHs contained mortars were observed with
a FE-SEM (JOEL JSM-5600). The obtained SEM image was also used to calculate
the sizes and thickness of the LDHs based on the line intercept technique [77].

2.2.2 Preparation of the mortars
The cement used in this study is Portland Cement CEM I 52.5 R, provided by ENCI
(the Netherlands). Normal sand with the fraction 0-2 mm is used as aggregates
(Graniet-Import Benelux, the Netherlands). A polycarboxylic ether based superplasticizer (SP) is used to adjust the workability of mortar. The mix proportion of
water:cement: sand in the mortar mixture was selected as 0.45: 1: 2.75 by mass.
LDHs synthesized under different pH values were added at the content of 0%, 0.5%,
Chapter 2
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1%, 1.5% and 2% by volume of mortar. All the mortars are prepared with a similar
flowability as the reference sample with a flow table test result of diameter of 195 ± 5
mm that has been proven to provide a workable mixture in application. The densities
of the raw materials are shown in Table 1. In order to disperse the Ca-Al-LDHs well,
the synthetic LDHs were mixed in the SP-water solution (70% water) first for 10 min
by hand and then added in the mixing process to prepare the mortars. The dispersing efficiency of the Ca-Al-LDHs in water and water mixed with SP after mixing 10
mins can be observed via visual inspection (Figure 2.1.) which is also used in [21,
28]. It is shown that in water, sedimentation of LDH at the bottom of the bottle was
noticed after 1 h while with the aid of SP, the LDHs are dispersed much better and
no sedimentation occurs.
Table 2.1: Material types and densities.
Materials
CEM I 52.5 R
Coarse Sand (0-2)
Superplasticizer

Specific Density (kg/m3 )
3150
2640
1050

Figure 2.1: Comparison of LDH-13 dispersion after 1 h: (a) mixing 10 mins by hand
in water and (b) mixing 10 mins by hand in SP + water (70%).
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Fresh mortars were cast in cubes (150 mm in length) and prisms (40 × 40 × 160
mm3 ). One day after casting, the specimens were demolded and cured in water. The
cylindrical samples for the RCM test and long-term diffusion test were extracted from
the cubes by drilling and cutting at the age of 27 days. At the age of 28 days the
RCM test [87] and long-term diffusion test [88] began. Mortar prisms were used for
the determination of flexural and compressive strengths according to EN 196-1 [92],
after 28 days of curing.

2.2.3 Water-permeable porosity
The water-permeable porosity of the designed mortar is measured applying the vacuumsaturation technique, which is referred to as the most efficient saturation method [85].
The saturation is carried out to at least 3 samples (100 × 100× 20 mm3 ) for each mix,
following the description given in NT Build 492 [87]. The water permeable porosity
is calculated from
φ=

ms − md
ms − md

(2.1)

where φ is the water permeable porosity (%), ms is the mass of the saturated sample
in surface-dry condition measured in air (g), mw is the hydrostatic mass of watersaturated sample (g) and md is the mass of oven-dried sample (g).

2.2.4 RCM test
For each developed mixture, three cylinder cores (diameter of 100 mm, height of
150 mm) were extracted from the cast cubes. One specimen for the RCM test was
retrieved from each core, giving in total 3 test specimens (cylinders with a diameter of
100 mm and height of 50 mm) for each mix. Then these specimens were tested at the
age of 28 days. One day prior to the RCM test, the specimens were pre-conditioned
(vacuum-saturation with limewater), following the same procedure as described for
the measurements of water-permeable porosity in [87].
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2.2.5 Chloride diffusion test
The chloride diffusion coefficient was determined by using the long-term bulk immersion tests [88]. The test was carried out on triplicate cylindrical specimens with the
same size as the RCM test. At the age of 28 days, all faces of the cylinders except
the one exposed to chloride solution were coated with an epoxy resin and then immersed in limewater until the mass of the samples stabilized. Subsequently, the saline
solution was prepared, 165g of NaCl per dm3 , and the samples were exposed to this
environment. The containers with the samples were shaken once every week. After
each five weeks, the exposure liquid was replaced with a fresh solution. After the
immersion period of 68 days, the specimens were removed from the solution. One
specimen was split for the determination of the chloride penetration depth by spraying AgNO3 solution. The chloride concentration profiles were measured to the two
remaining specimens immediately after the exposure period, by grinding off material
layers and determining their total chloride content. The powder collected from each
layer was dried at 105 ◦ C until a constant mass was reached. Subsequently, the total
chloride concentration was determined by the potentiometric titration method. The
diffusion coefficient was obtained by fitting the measured profile to the solution of the
2nd Fick’s law, as described in NT Build 443 [88].

2.2.6 Chloride binding test
The chloride binding capability of Ca–Al–NO3 LDHs and the equilibrium isotherm
are tested. 1g Ca–Al–NO3 LDHs is placed into a vial containing 100 ml NaCl solution
with concentration of 0.1, 0.3, 0.4, 0.5, 0.8, 1.6 or 2.8 M, respectively. The suspension is then stirred vigorously with a magnetic stirrer for 24 h at 25◦ C, followed by
vacuum filtration and being washed with 100 ml de-ionized water to remove the physically adsorbed Cl− . The chloride concentration in the filtrate is measured with ion
chromatography. The amount of chloride bound in the LDHs is calculated as:

ws =

V (C0 − Ce )
m

(2.2)

where ws is the amount of bound chloride in LDHs at equilibrium (mol/g), V is the
volume of solution (L), m is the total mass of LDHs added into the solution (g), C0
and Ce are the chloride concentrations of the initial and equilibrated solution (mol/L),
respectively. The precipitate is separated from the equilibrated solution and is further
analyzed.
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2.3 Results and discussion
2.3.1 Characterization of the synthesized Ca-Al-NO3 -LDHs

Figure 2.2: XRD pattern of the Ca-Al-NO3 -LDHs.
The XRD analysis clearly shows that the expected Ca4 Al2 (OH)12 ·(NO3 )2 ·4H2 O LDHs
can be obtained under a pH value from 11 to 13 (Figure 2.2). The XRD patterns of
the 3 samples exhibit the characteristic [0 0 2], [0 0 4], and [0 0 6] reflections of CaAl-LDHs with interlayer anions (Joint Committee on Powder Diffraction Standards
(JCPDS) file No. 89-6723). The nitrate ion is known to bond with one of its C2 axes
parallel to the c-crystallographic axis of the LDH [93]. The first peak (2θ = 10.26◦ )
in the pattern indicates that NO−
3 is intercalated into the interlayer. In addition,
the sharp and symmetric features of the diffraction peaks strongly suggest that the
produced Ca-Al-NO3 LDH was highly crystallized, having a three-dimensional order
[77]. All the samples have the rhombohedral space group with lattice parameters of a
= 5.731 Å and c = 48.32 Å and all the lines can be indexed according to the published
structures of these LDHs [77, 93]. Trace of calcite is observed at the angle of 29.6◦
(2θ), indicating slight of the samples. All the phases of the synthesized LDHs are
consistent with the previous research [77, 94], in which co-precipitation method was
also applied.
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Figure 2.3: The 4000-400 cm−1 region of FTIR spectra of the synthetic Ca-Al-NO3 LDHs.

The FTIR spectroscopy of Ca-Al-NO3 -LDHs prepared under different pH value is
shown in Figure 2.3. The synthetic LDHs present similar FTIR spectroscopy pattern
confirming the XRD results. The overlapping bands at 3483 cm−1 and 3636 cm−1 are
attributed to the stretching vibrations of lattice water and OH− associated to Ca2+
in Ca-Al-NO3 -LDHs, respectively [95]. The peak at 1621 cm−1 shows the H-O-H
bending vibration of the adsorbed water molecule. The peaks at 788 cm−1 and 528
cm−1 reflect the stretching and deformation vibrations of M-OH. The anti-symmetric
stretching vibration of NO3− source is reflected by the sharp split peaks at 1384 cm−1
and 1344 cm−1 [77, 93].
The particle size distributions and SEM images of the LDH nano-flakes are presented
in Figure 2.4 and Figure 2.5, respectively. With the increase of the pH value, the
particle size of the LDHs decreases respectively, as seen in Figure 2.4. As the LDHs
present flaky shapes which would result more errors with the laser light scattering
technique, the size changes are further evaluated by the SEM pictures, as shown
in Figure 2.5. It is clear that LDH-11 exhibits the largest particle with an average
diameter (D) of 9.5 µm and thickness (t) of 102 nm while LDH-13 exhibits the smallest
one (D = 3.2 µm and t = 35 nm), while LDH-12 possesses a medium size (D = 6.3 µm
and t = 66 nm). Under alkaline condition, all of the prepared LDHs present flake-like
structure with similar high aspect ratios (i.e. 91-95), calculated by λ = D/t. The high
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aspect ratio indicates that the synthesized LDHs can be used as an efficient barrier
to increase the tortuosity of the mortars [23, 24]. The differences in the particle sizes
are obviously related to the crystallization pathway during the LDH formation.

Figure 2.4: Particle size distribution of LDHs with different sizes by laser light
scattering.
Generally, LDHs are formed by co-precipitation reaction of trivalent and divalent
cations at high pH values (≥10) from aqueous solution. The pH value of the reaction
solution has an important influence on the nucleation and precipitation processes and
will influence the particle size of LDH [77]. During the Ca-Al-LDH formation and development reactions, precipitation of Al3+ and Ca2+ and dissociation of Al(OH)3 and
Ca(OH)2 occur on the surface of the solid particles. Hence, the speed of nucleation
plays a key role on determining the growth of LDH crystals. It has been reported that
Al3+ is first precipitating as a hydroxide [74, 96]. Moreover, Ca2+ concentration will
decrease as soon as there is no more aluminium in the solution. A higher pH value
accelerates the growth of the LDH crystals, resulting in less time for crystallization
and smaller particle sizes. When NO−
3 is supersaturated, it will enter into the interlayer of LDH continuously to achieve the Ca-Al-NO3 -LDH. This is also supported by
references [77, 96]. Consequently, the decrease of the particle sizes results in higher
specific surface areas as shown in Table 2.2. The LDH-13 exhibits a specific surface
area of 50.5 m2 /g, which is higher than that of LDH-12 (40.3 m2 /g) and LDH-11
(28.4 m2 /g). The BET surface area of the particles does not show a reverse proportion relationship between the size (D and t), probably due to the internal pores of
the particles [97] which is also supported by the pore volume data in Table 2.2. Thus,
through the control of the nucleation process under different pH values, it is indeed
possible to produce LDH nano-flakes with different sizes.
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Figure 2.5: SEM micrographs of LDHs prepared under different pH values (a) pH
= 11 (b) pH = 12 (c) pH = 13.

Table 2.2: Physical property of the synthetic Ca-Al-NO3 LDH.

LDH
LDH-11
LDH-12
LDH-13

D(µm)

t(nm)

Aspect
ratio

9.5
6.3
3.2

102
66
35

93
95
91

Specific
density
(g/cm3 )

BET
(m2 /g)

External
surface
area
(m2 /g)

2.24
2.26
2.28

28.4
37.4
62.2

8.9
13.7
25.6

The external specific surface area of the particles can be calculated by:
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Ss =

Ap
mp

(2.3)

where Ss is the specific surface area of the particle considering only the external
surface, Ap is the external surface area of the particle and mp is the mass of the
powder. In the present study, the particles can be assumed as cylinders (See Figure
2.5), therefore, Ap can be calculated by:
Ap = 2 · π/4 · D2 + πDt

(2.4)

where the D is the diameter and t is the thickness of the particle. It should be
mentioned that the assumed shape of the particle is close to reality. Next, mp can be
calculated by:
mp = ρ · Vp

(2.5)

The Ss of the LDH-11, LDH-12 and LDH-13 can be computed from Table 2.2, yielding
8.9 m2 /g, 13.7 m2 /g and 25.6 m2 /g. These values are lower than the BET surface
area, which includes the total surface area. This difference can be attributed to the
internal pores of the LDH powders, as shown in Table 2.2. As the BET surface
area comprises both the external area and internal area, the internal surface area
of LDH-11, LDH-12 and LDH-13 amounts 15.69 m2 /g, 23.71 m2 /g and 36.59 m2 /g,
respectively (Table 2.2). It is interesting to observe that the calculated internal surface
area is reversely proportional to the diameter of the three LDHs. The pores contained
in the three synthesized LHDs include macro-, meso- and micro-pores, which further
contribute to an enhanced chloride binding capacity. The largest pore volume of
LDH-13 will possess the best chloride binding capacity [98, 99], which will be further
discussed in Section 2.3.3.

2.3.2 Porosity and mechanical properties of the mortar
The water-permeable porosities of the mortars with different contents of the asprepared LDH are shown in Figure 2.6. It can be seen that the introduction of
LDH nano-flakes into the cement matrix has very limited effect on the porosity. All
the samples present similar porosities between 13.1% and 13.8%. This is accordance
with the results in [21, 28] which reported that the nano-flakes refine the microstructure but do not change the total porosity. Nevertheless, the nanoscale thickness of
LDH particles acts as nucleation sites for cement hydration products such as CSH
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Figure 2.6: Porosity of mortars at 28 days.
gel and the hydration products fill in the water filled voids resulting in more uniform
distribution, leading to a more refined microstructure (see Figure 2.9a).

Figure 2.7: Compressive strength of mortars at 28days.
The compressive and flexural strength of the mortar with different contents of the
as-prepared LDH are shown in Figure 2.7 and Figure 2.8, respectively. With the
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Figure 2.8: Flexural strength of mortars at 28days.
addition of LDH nano-flakes, a parabolic growth tendency of the flexural and compressive strength of the mortars can be observed. The mechanical properties of all the
designed mortars improve obviously compared to the reference and LDH-13 presented the highest strength increase than LDH-11 and LDH-12, which can be attributed
to the strengthening effect of the LDH nano-flakes. Smaller nano-platelets play a
role as micro filler (micro-sized aggregate) which can modify the microstructure of
the cement paste [84, 85]. It was reported [97] that micro-filler under the size of 10
µm shows an efficient micro-filler effect. The thickness of the LDH is in nanoscale
that can act as active sites for the hydration of the cement paste. For the mortars
containing LDH-13, the compressive strength of the mortar is about 66.1 MPa, which
gradually increases to about 68.2 MPa with 1% LDH addition, i.e. an improvement
of 17% compared with the reference sample. Afterwards, this value slightly decreases
to about 59.23 MPa when 2% LDH is added. From 0.5% to 1% addition of LDHs, the
mortars with a smaller LDHs size present a higher compressive strength even though
they present a slightly higher porosity. This can be attributed to the micro-filler effect of the LDH nano-flakes and the smaller particles perform better than the bigger
ones to improve the microstructure of the mortar. However, with the increase of the
LDHs addition content, the probability of agglomeration also increases as shown in
Figure 2.9b. It has been reported that the cluster of the nano-fillers will weaken the
enhancement effect [21].
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Figure 2.9: SEM image of fracture surface of cement mortar with the addition of
LDH-13: (a) at 1%, (b) clustering at 2%.
The flexural strength of the mortar has increased for all the samples containing LDH,
as shown in Figure 2.8. This is attributed to the distribution of the nano-platelets that
play a role of micro beam and help to form a stronger and stiffer mortar matrix. For
the LDH-13, a similar increase trend can be observed like the compressive strength.
At 1% addition of LDH, the mortar exhibits the highest flexural strength with about
12.3 MPa and then this value decreases to about 11.4 and 11.1 MPa at 1.5% and
2% addition respectively. Hence, an optimal amount of LDH at which the highest
compressive strength or flexural strength of the designed mortars are achieved is seen
here. At 1% addition content, LDH-13 shows the highest increase for the flexural
strength with 55% improvement comparing to the reference sample. This is due to
the enhanced micro filler effect, resulting in a better interconnection of the CSH gel
for the smaller size of the LDH-13. While with the increase of the addition content
from 1%–2%, the increase of the flexural strength of all the samples becomes smaller
which can be explained by the agglomeration of the nano-flakes, resulting in clusters
as shown in Figure 9b, which reduced the micro filler and strength increase effect.
It is also widely accepted that with the decrease of the sizes of the micro or nano
particle, agglomeration is easier to happen due to the higher specific surface area [96,
97].
The influence of the 2-D nano-fillers on the mechanical property of concrete is different
from the reported research in [21, 28]. This may be explained by the different physical
states of the LDHs and graphene nano-platelet (GNP). Graphite like materials will
bend under external force and this unique property has been used to prepare wearable
electronic equipment and flexible screen. Different with the flexible GNP, LDH is a
kind of stiff unit element [96] and will transfer the stress efficiently and which im32
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proves the mechanical properties. In [100], stiff 2-D nano-fillers have been suggested
to be used in ultra-high performance concrete (UHPC) due to the excellent mechanical property enhancement effect. It should also be noticed that the agglomeration
influences more in the decrease of compressive strength than the flexual strength.
This can be attributed to the micro-beam effect of the LDH-nano flakes as proven in
[100], 2D stiff filler is more effective to disperse the stress from the vertical direction.

2.3.3 The influence of LDH on the RCM test
The chloride migration coefficients (DRCM ) of concrete containing various LDH contents are displayed in Table 2.3. The addition of LDH could reduce the chloride
migration as the 2D nano-flakes increase the tortuosity of the mortar. As stated the
in [21, 28], the apparent chloride diffusion coefficient D which can be expressed as:
D=

D0
τ2

(2.6)

where D is the apparent chloride diffusion coefficient for the mortars containing LDH
and D0 is the initial chloride diffusion coefficient for the reference sample, τ is the
tortuosity factor [21, 28]. The tortuosity factor for the random distribution of nanoflakes can be expressed by [21, 28]:
[

]
2S + 1
τ = 1 + λ/ 2ϕ(
)
3

(2.7)

where λ and ϕ are the aspect ratio and volume fraction of LDH in the matrix, respectively. S is the orientation factor and when the LDHs are randomly oriented, S
takes the value of 0.
Eq. (2.6) has been applied to describe the relationship between the apparent chloride
diffusion coefficient D and initial chloride diffusion D0 while taking the tortuosity
into account [21, 28]. According to the Eq. (2.7), LDH nano-flakes with same the λ
would result in the same tortuosity increase and contribute equally to the decrease
of the chloride diffusion coefficient. This phenomena has been widely reported in the
hybrid composite materials such polymers [23, 24]. However, in the present research,
although the LDH nano-flakes possess almost the same aspect ratio, the smaller flakes
result in a better chloride resistance due to the enhanced micro filler effect. Taking
the mix 1% addition of LDH as an example, the τ should be 1.16 and the D should
be decreased by 26% while it is 12.7%, 17.0 and 25%, for the mortars containing
different sizes of LDH. This indicated an improved model is needed to describe the
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2D nano flake effect on the transport property of cement-based system that will be
investigated in the future research.
For the samples containing 0.5% and 1% hexagonal LDH nano-flakes, LDH-13 presents
the highest chloride resistance by 13% and 25% reduction, respectively. The addition of LDH can be considered as impermeable barriers inside the cement paste, which
increases the tortuosity and decreases the pore connectivity for ingressive ions to penetrate through. From 0.5% to 1% addition content, smaller size fillers bring increased
barrier properties that is in consistent with the mechanical properties improvement.
This is due to the enhanced micro filler effect that refines the pore structure. With
the addition content of 1.5%, the decrease of the chloride migration is 24%, 23% and
22%. Due to the agglomeration, LDH-13 does not perform the best regarding the
migration coefficient decrease. This trend is also found in the 2% addition situation.
The decrease is 24%, 23% and 21%, for LDH-11, LDH-12 and LDH-13, respectively.
Although the addition of nano-flakes can increase the transport resistance, the poor
dispersion at high dosage will decrease the barrier efficiency due to the clustering of
the LDH which can be seen in Figure 2.9b. It is concluded the addition of LDH-13
with 1% concrete presents the highest physical barrier effect.

2.3.4 Extended chloride transport model
Many chloride transport models to predict theoretical profile of RCM test have simplificated chloride binding into no binding or an instantaneous linear chloride binding
in equilibrium in concrete. Due to this oversimplification, the chloride profiles determined experimentally after performing the RCM test have significantly different
shape compared to the theoretical profile shape. Therefore, Spiesz [4] presented an
extended chloride transport model which considers chloride binding more properly,
assuming a non-linear chloride binding isotherm (represented by Freundlich isotherm)
and non-equilibrium conditions between the free and bound chlorides. This model is
based on the simplified Nernst–Planck equation in transient conditions, coupled with
a reaction term, and reads as follows [85]:
[
]
∂c
∂2c
zF U ∂c
∂Cb 1/n
ϕ − Def f ( 2 −
·
) = −k c − (
)
∂t
∂x
RT L ∂x
∂Kb
[
]
∂Cb 1/n
∂Cb
(1 − ϕ)ρs
=k c−(
)
∂t
∂Kb
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(2.9)

c(x = 0; t > 0) = c0

(2.10)

Cb (x > 0; t = 0) = Cbi

(2.11)
Chapter 2

Relationship between the Particle Size and Dosage of LDHs and Concrete
Resistance against Chloride Ingress
(2.12)

where: Def f is effective chloride diffusion coefficient, k is mass transfer coefficient, Kb
is binding capacity of concrete, n is binding intensity parameter, Cb is bound chloride
concentration expressed per mass of concrete, ϕ is water-permeable porosity concrete,
ρs is specific density of concrete and Cbi is initial bound chloride concentration in
concrete.

Figure 2.10: Total chloride concentration profile for the mortars; M-measured profile, ExM-extended model (a) LDH-11, (b) LDH-12 and (c) LDH-13.
Based on the experimental total chloride concentration profiles obtained after performing the RCM test (Figure 2.10), the values of the chloride effective coefficient
Def f , the mass transfer coefficient k, the binding capacity Kb and the intensity of
binding n are optimized by using Microsoft Excel Solver (Generalized Reduced Gradient Algorithm optimization method) [101]. In the optimization process the values of
Def f and k were restrained to be positive. Cbi was set equal to the background
concentration measured for each analyzed profile. In such optimization process, the
difference between the experimentally determined chloride concentration profile and
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the chloride profile computed from the extend model is minimized by adjusting the
values of the above mentioned parameters. The values of the optimized parameters
for OPC and blended cement mortars are shown in Table 2.3. Examples of the simulated total chloride concentration profiles for the investigated mortars are shown in
Figure 2.10. From the presented results it can be seen that with addition of LDH, the
binding capacity Kb is increased which can be attributed to the better binding ability
of LDH. It should be noted that, at higher addition dosages, the Kb doesn’t present
further increase. This is due to the cluster of the LDH nano-flakes. The binding
ability of the cement paste and LDH will be further investigated in next section. The
data in the table also shows that the values of the DRCM calculated from the basic
RCM model (from the measured chloride penetration front) are similar to the values
of the DRCM * obtained from the extended model.
Table 2.3: Parameters optimized from the extended model.
Sample
Ref
LDH-11-0.5%
LDH-11-1.0%
LDH-11-1.5%
LDH-11-2.0%
LDH-12-0.5%
LDH-12-1.0%
LDH-12-1.5%
LDH-12-2.0%
LDH-13-0.5%
LDH-13-1.0%
LDH-13-1.5%
LDH-13-2.0%

k
Kb
n
10−6 l/s 10−4 dm3n /g n
2.12
2.25
2.46
2.24
2.33
2.26
2.28
2.25
2.36
2.31
2.33
2.35
2.39

6.41
7.41
8.28
8.75
8.78
8.17
8.64
8.85
8.81
8.69
8.97
8.62
8.58

0.52
0.53
0.53
0.52
0.51
0.53
0.52
0.51
0.52
0.53
0.51
0.52
0.53

DRCM
DRCM ∗
Def f
×10−12 m2 /s ×10−12 m2 /s ×10−12 m2 /s
2.05
1.81
1.72
1.54
1.51
1.83
1.59
1.48
1.46
1.70
1.43
1.60
1.63

13.53
12.82
11.81
10.35
10.28
12.52
11.23
10.62
10.15
11.84
10.15
10.49
10.76

15.56
13.72
12.75
11.49
11.10
13.52
11.79
10.83
10.76
12.43
10.66
11.85
12.05

2.3.5 The binding isotherm
The amount of bound chlorides increases non-linearly with an increase of the free
chlorides concentration and this relationship is most often described using equilibrium
chloride binding isotherms. During the RCM test, the concentration of chlorides in
the catholyte normally yields about 1.83 mol/dm3 , thus the Freundlich isotherm is
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assumed to adequately represent the chloride binding. The Freundlich isotherm is
expressed by the following equation [102]:
Cb = Kb C n

(2.13)

where: Cb is concentration of bound chlorides [gCl/gsolid], Kb is chloride binding
capacity constant for concrete [dm3n /gn ] and n is binding intensity parameter. The
Freundlich isotherm fits the experimental data as shown in Figure 2.11 and the bestfit parameters are shown in Table 2.4. The binding constant of the cement paste is
7.87 which is in line with the result of Zibara [86] and Spiesz [4]. It can be seen that
the LDH presents a much higher binding ability than cement paste (CP). The binding
constant of LDH-13 is 51.69, which is 7 times of the binding constant of CP. Due to the
chemical binding ability, LDH is efficient in binding ions such as chloride or sulphate
which is already used to improve the durability of concrete [77]. Furthermore, with
smaller particle sizes, LDH presents higher chlorid binding ability. The Kb of LDH-11
is 25.60 which increases to 51.69 for LDH-13. This can be attributed to the increase
of the specific surface area of the LDH. As shown in Figure 2.11(b), LDH-13 presents
a highest BET surface area which can absorb more chlorides at same amount.

Figure 2.11: Chloride binding isotherm of cement paste and Ca–Al–NO3 LDHs at
25◦ C together with the fits by using the Freundlich isotherms (a) and relationship
between BET and Kb (b).

2.3.6 Combined physical and chemical barrier effect of the
LDHs
Free chloride diffusion into concrete in non-steady state conditions can be described
by the following equation, taking into both chloride binding and diffusion account:
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Table 2.4: The Freundlich fitting results of the cement paste and LDHs.
Materials

Kb (10−4 dm3n /g n )

n

7.87
25.6
33.47
51.69

0.475
0.62
0.60
0.61

Cement paste
LDH-11
LHD-12
LDH-13

∂ct
∂c ∂cb
∂c
∂cb
∂2c
=
+
=
(1 +
) = D0 2
∂t
∂t
∂t
∂t
∂c
∂x

(2.14)

or in the form of Fick’s second law:
∂2c
D0
∂2c
∂c
=
= Dapp 2
∂c
2
b
∂t
∂x
(1 + ∂c ) ∂x

(2.15)

Solving Eq. (2.14) with the following initial and boundary conditions [4]:
c = (x > 0, t = 0) = ci ,

(2.16)

c = (x = 0, t > 0) = cs ,

(2.17)

c = (x = ∞, t > 0) = ci ,

(2.18)

yields:
c(x, t) = cs − (cs − ci ) · erf ( √

x
)
4Dapp

(2.19)

where c is the free chloride concentration, cs is total chloride concentration in the
surface layer, ci is initial chloride concentration, and Dapp is diffusion coefficient.
It should be noted that the chloride binding ∂cb /∂c changes with the free chloride
concentration (c), indicating the diffusion coefficient (Dapp ) should not be constant. A
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Figure 2.12: Measured chloride diffusion profiles and the fitting curves cement
mortar with (a) LDH-11, (b) LDH-12 and (c) LDH-13.
constant Dapp is based on an oversimplification that also explains the large differences
between the diffusion coefficients reported in the literature [10, 15, 31]. The chloride
content profiles of the concrete with LDH and the fitted curves and the parameters
(Dapp ) for each mix are displayed in Figure 2.12 and Table 2.5, respectively. Compared
with the physical barrier effect, it is remarkable that the decrease of Dapp is very
significant. The reduction is 10%, 20% and 40% at 0.5% addition of LDH and 17%,
30% and 53% at 1% addition to LDH-11, LDH-12 and LDH-13, respectively. This
can be explained by the combined effect of the physical barrier and chemical binding
ability of the LDH. The chloride binding of LDH nano-flakes is investigated by XRD
and the XRD patterns of LDH-13 after equilibrium with NaCl solution (0.02M) are
shown in Figure 2.13. The crystal changes are in line with previous research [77].
When LDH mixed with 10% NaCl solution, chloride perfectly intercalates into the
interlayer of Ca-Al-NO3 -LDHs that gives the Ca-Al-Cl-LDHs. The d-spacing of the
[0 0 2] crystal plane is reduced from 8.445 Å to 7.813 Å as a consequence of the
−
substitution of NO−
3 for Cl , which is in accordance with the smaller thermochemical
−
radius of Cl (0.168 nm) than NO−
3 (0.200 nm) [77]. This indicates that, when
chloride penetrates into the concrete, LDHs can immobilize the chloride ions to slow
down the chloride penetration process [71, 94].
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Table 2.5: Results of chloride surface chloride concentration (Cs ) and diffusion
coefficients (Dapp ).
Mix
Ref
LDH-11-0.5%
LDH-11-1.0%
LDH-11-1.5%
LDH-11-2%
LDH-12-0.5%
LDH-12-1.0%
LDH-12-1.5%
LDH-12-2.0%
LDH-13-0.5%
LDH-13-1.0%
LDH-13-1.5%
LDH-13-2.0%

Cs
(gCl /100gmortar)

Dapp
(×10−12 m2 /s)

4.38
5.55
5.27
5.37
5.58
5.53
5.52
5.46
5.59
5.89
5.85
5.72
5.65

11.72
10.56
9.69
8.77
10.60
9.46
8.25
9.82
10.02
6.61
5.53
9.20
10.31

Figure 2.13: Figure 11. XRD patterns of (top) synthetic LDH-13 and (bottom)
LDH-13 immersed in 10% NaCl solution for 24 h.
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2.4 Conclusions
This chapter presents an investigation on the mechanical and transport properties
of mortars incorporating LDH nano-flakes, prepared with a simple co-precipitation
method. The influence of the synthesis environment on the properties of LDH and
the effect of the size and dosage of nano-flake on the properties of the mortars were
investigated. The synthesized LDHs were characterized by XRD, PSD, FT-IR and
SEM. Base on the presented results, the following conclusions can be drawn:
• Through the control of pH values employing a co-precipitation route, LDH nanoflakes with different sizes are prepared. With the increase of the pH value of the
co-precipitation solution, the size of the synthesized LDHs decreases while the
specific surface area increases. LDH-11 presents an average diameter (D) of 9.5
µm and thickness (t) of 102 nm while LDH-13 exhibits the smallest one (D = 3.2
µm and t = 35 nm) and LDH-12 possesses a medium size (D = 6.3 µm and t =
66 nm). All the LDHs exhibit similar high aspect ratio, between 91 and 95. The
XRD and FTIR analyses confirm that the as-prepared LDHs possess the same
crystalline phases and function groups.
• The addition of LDH nano-flakes improves both the compressive and the flexural
strength. The LDH prepared under pH = 13 with the smallest particle size presents
the most efficient strength enhancement. This can be attributed to the increase
of the stiffness of the samples through the addition of nano-flakes. Applying 1%
(vol.) of LDH-13, the compressive and flexural strength of the designed mortars
are increased by 17% and 55%, respectively.
• The addition of LDH nano-flakes improves the physical barrier effect of the mortars
owing to the increase of the tortuosity. 1% of LDH-13 is found to be the optimum
content to improve the chloride transport resistance and the chloride migration
coefficient (DRCM ) is reduced by 25%.
• The mortars with the addition of LDHs perform excellent long-term transport
property due to the chloride binding ability and physical barrier of the LDH nanoflakes. The chloride diffusion coefficient is reduced 53% at 1% LDH-13 addition.
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Abstract
This chapter studies the feasibility of using super-hydrophobic ground granulated
blast furnace slag (GGBS) as water-resisting admixture in lightweight aggregate concrete. The super-hydrophobic GGBS was produced through a ball milling method
using the low cost stearic acid. Optimum synthesis involves dry milling stearic acid
for 0.5 h with the dosage of 1% by weight, producing a super-hydrophobic GGBS
that shows a water contact angle of 155.7◦ . The morphology, crystalline structure,
functional group and chemical state of the atoms were investigated employing SEM,
XRD, FTIR and XPS. The thickness of the stearic acid coating is 7.1 nm which is
determined by TEM, confirming the theoretically calculated value. Lightweight aggregate concretes are designed applying an optimized particle packing theory and the
effects of super-hydrophobic GGBS on cement hydration, workability, fresh density,
strength and transport properties of the concrete are evaluated. Moreover, the relationship between the super-hydrophobic GGBS and the transport related performance
of the lightweight concrete is discussed. With the addition of the super-hydrophobic
GGBS, the capillary water absorption and long-term chloride penetration depth of
the LWAC reduce up to about 90%.
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The application of lightweight aggregate concrete (LWAC) as both structural and nonstructural material has gained much attention [13], and extensive investigations have
been carried out on LWAC due to its superior properties like low density, excellent
thermal properties and good fire resistance property [103, 104]. However, caused by
the porous lightweight aggregates (LWA), LWAC is often prone to high permeability,
especially compared to normal density concretes [11, 105]. Although the application
of lightweight aggregates with relatively closed pores can help to increase the resistance to fluids transport, the rather smooth surface of such aggregates leads to a
potential decrease of mechanical strength and the defects on the surface of such aggregates remain passages for the fluids to penetrate [104, 106]. Therefore, additional
treatments are often needed to increase the durability of LWAC. Nano-materials such
as nano-silica have been investigated to enhance microstructure of LWAC for better
durability performance [107, 108]. Nevertheless, issues such as the limit to reduce
porosity and large water demand due to the high specific surface area, in addition to
the high cost, still exist [29, 109].
Hydrophobic modification is an efficient way to improve the durability performance
by preventing water from penetrating or absorbing into concrete structures [5]. Most
existing strategies for hydrophobic modification for concrete apply extra surface treatment or hydrophobic ingredients in concrete matrix [35]. Because of the ease of dispersion and preparation, silane, siloxane or a mixture of these two components are
most commonly used for hydrophobic modification for concrete at ambient conditions
[110]. However, because of the relatively high price, their large utilization in concrete
is still practically difficult [111]. Furthermore, premature cracks can occur as a result
of shrinkage of cementitious materials at early age, making the concrete more vulnerable to the ingress of potentially aggressive species, which will significantly decrease
the water repellent effect of the surface modification [35]. Therefore, the bulk volume
modification is a more preferable manner to increase the concrete durability [35].
Compared with the silane and siloxane, saturated fatty acid is much cheaper and
has already been used to prepare hydrophobic materials [112, 113]. However, a pretreatment step, such as water bath heating is needed to disperse it as it is in solid
state at room temperature and thus it is difficult to get well dispersed during the
application process [114, 115]. Different from the soft chemical method mentioned
above, mechanical approach such as ball milling has also been applied to prepare the
super-hydrophobic powders, by which the mechanical coating of hydrophobic agent
on the target powders occurs [116]. During the milling process, the added chemical
agent will be coated on the surface of the powders, consequently endowing them with
hydrophobic property. The hydrophobic performance of the powders prepared by this
Chapter 3
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method is dependent on a number of parameters, including such as the nature and
amount of the powders and surfactant, ball to solid ratio, milling speed and time [117,
118]. Unlike the soft chemical method in which certain parameters crucially affect
the preparation efficiency, no significant issues exist in mechanical approaches [117].
Comparing with the soft chemical method with which the target powders are added to
the solution of surfactant agent, physical coating method like ball milling sometimes
shows coating defects, especially when the powders present irregular shape [118]. The
uncoated parts of the target powder will decrease the hydrophobicity. Cao et al. found
that the defects of the coating cause the strength decrease of the polymer composite
(high density polyethylene based), attributed to the decrease of interfacial adhesion
between polyethylene and stearic acid modified peat ash powders [119]. Yao et al.
reported that high rotation speed and long ball milling time are necessary in order to
achieve a perfect coating with ball milling method [112]. Spathi et al. prepared superhydrophobic powder applying paper sludge ash as the primary material and applied
it in concrete to improve the durability performance [113]. However, the preparation
process needs long time (8 hours) and high stearic acid addition (4 wt.%). This may
be attributed to the porous structure with significantly high pore volume of the paper
sludge ash which absorbs more surfactant and more time is therefore needed to react.
Therefore, powders with smaller porosity are desired. Liu et al. successfully prepared
hydrophobic stearic acid coated zirconia powders and the BET surface area of ZrO2
is 8.21m2 /g [114]. With a stearic acid addition of 0.5 wt. %, a coating with a very
thin layer of about 0.5-0.8 nm can be achieved. Nevertheless, up to now no research
has been reported on dealing with a powder with reactivity potential to be a bulk
hydrophobic modification agent.
Blast furnace slag is an industrial by-product resulting from ion production, and it
consists primarily of silicates, and aluminate and calcium [120]. In order to broaden
the application range, the original granules with large-sizes are always grounded to
fine particles, known as ground granulated blast furnace slag [121]. The minerals
contain melilite, merwinite, dicalcium silicate, wollastonite, anorthite, monticellite,
etc. [120]. The excellent cementitious property of blast furnace slag has made it
a very popular supplementary cementitious material for concrete production [100,
122]. In this study, a reactive GGBS powder is used as a carrier of stearic acid,
employing a mechanical coating method. The optimal synthesis conditions in terms
of hydrophobicity are evaluated. The acquired GGBS is assessed by X-ray diffraction
(XRD), Fourier transform infrared (FTIR), thermogravimetry analysis(TGA), BET
specific surface area and transmission electron microscopy (TEM). The hydrophobic
performance is evaluated by the water contact angle measurement. Subsequently the
synthesized super-hydrophobic powder is applied to lightweight aggregates (natural
expanded silicate) concrete to enhance its resistance to fluids transport. The influence
of the super-hydrophobic slag (H-GGBS) on cement hydration at the early age, flow46
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ability, mechanical property, microstructure and hydrophobicity of the lightweight
concrete is investigated. More importantly, the developed lightweight concrete is
investigated in terms of capillary water absorption and long term natural chloride
diffusion concerning the durability aspects and the effect of the super-hydrophobic
slag powder is discussed.

3.2 Experiments
3.2.1 Materials and mix desigh of LWAC
Materials
The ground granulated blast furnace slag (GGBS) was supplied by ENCI (the Netherlands). The elemental composition of the GGBS is determined by X-ray fluorescence,
as: 34.61% SiO2 , 37.63% CaO, 13.26% Al2 O3 , 9.94% MgO, 0.47% Fe2 O3 , 1.24% SO3 ,
0.47% K2 O, 0.98% TiO2 , 0.01% Cl, and 0.46% L.O.I. CEM III/A 52.5 N (supplied by
ENCI, The Netherlands) was used, considering both the sustainability and durability
performance by the contained slag. Four size fractions of natural expanded silicate
material were used as lightweight aggregates, including 0.09-0.3 mm, 0.5-1.0 mm, 1.02.0 mm and 2.0-4.0 mm. A polycarboxylate ether based superplasticizer (SP) was
used to adjust the flowability of the designed concrete to the desired value. A stearic
acid (reagent grade, 95%) was used to synthesize the super-hydrophobic GGBS.
Synthesis of the super-hydrophobic slag
Ball milling method was used to prepare the hydrophobic GGBS powder with stearic
acid, using a porcelain ball mill pot (Fritsch; Pulverisette 5) loaded with 20 alumina
milling balls (d = 20mm) inside. The stearic acid and GGBS were added together
into the milling pot. Different experimental conditions including the milling time,
speed and stearic acid dosage were experimented to achieve the optimum performance, in terms of water-contact angle that is determined with a pressed pellet. The
influences of rotation speed and time to the hydrophobic performance of GGBS were
investigated. The influence of stearic acid dosage on the hydrophobicity of the GGBS
powders was studied by using 0.5, 1, 2 and 4 wt. % additions of stearic acid with all
other processing variables kept constant. The shape of the original slag and milling
slag is shown in Figure 3.1.
Mix proportions of the LWAC
As aforementioned, the bulk treatment was carried out by replacing CEM III/A 52.5
N with the S-GGBS. Reference samples were prepared for comparing the effect of
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S-GGBS incorporation on the performance of the designed LWAC. The modified Andreasen and Andersen model was applied for determining the mix proportions of the
lightweight aggregates concrete. Detailed mix design methodology has been investigated and can be found elsewhere [13]. Table 3.1 summarizes the mix proportions of
the lightweight concrete. The prepared hydrophobic GGBS (H-GGBS) powder was
applied to replace the cement with different mass ratios of 5% - 20% (denoting M5 M20 accordingly), respectively, in the concrete mix.

Figure 3.1: SEM picture of (a) the GGBS, and (b) milling GGBS.
Table 3.1: Mix proportions of the lightweight concrete (kg/m3 ).
Materials
CEM III/A 52.5 N
H-GGBS
Class F Fly ash
Limestone powder
LWA 0.09-03mm
LWA 0.5-1mm
LWA 1-2mm
LWA 2-4
Water
Superplasticizer
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M0

M5

M10

M15

M20

429
0
45
59
119.2
74.2
83.4
96.7
187
5.15

407.55
21.45
45
59
119.2
74.2
83.4
96.7
187
5.15

386.1
42.9
45
59
119.2
74.2
83.4
96.7
187
5.15

364.65
64.35
45
59
119.2
74.2
83.4
96.7
187
5.15

343.2
85.8
45
59
119.2
74.2
83.4
96.7
187
5.15
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3.2.2 Experiments
The static water contact angle was determined employing a DataPhysics SCA20
(DataPhysics Germany) at the ambient temperature. Water with the volume of 5
µl was dripped on the surface of a pressed disc sample of the S-GGBS, which was prepared by putting 6 g of powders in a 40 mm diameter press set and then pressed with
a load of 4 kN for about 1 min. To determine the water contact angle of lightweight
concrete, a piece of plate-shape specimen is extracted from the hardened lightweight
concrete for the measurement. The XRD analysis was performed to the S-GGBS and
reference GGBS, scanning from 5◦ to 65◦ (2θ) with a step 0.02◦ and 0.2 s/step interval
(Bruker D8 advance powder X-ray diffractometer with a Cu tube (20 kV, 10 mA)).
The FT-IR spectra of the raw GGBS and hydrophobic treated GGBS were collected
from 4000 to 400 cm−1 with a resolution of 4 cm−1 using a PerkinElmer FrontierTM
MIR/FIR Spectrometer. The XPS spectra of the S-GGBS and raw GGBS were acquired using an X-ray photoelectron spectrometer (ThermoScientific K-Alpha) and
the spectra were fitted by CasaXPS software. Thermogravimetric and differential
thermal analyses (TGA/DTA) were carried out with a STA 449 F1 Jupiter@ analyser
and the data were recorded with alumina as an inert reference. Transmission electron
microscopy image was taken with a JEOL JEM-100CX instrument to determine the
thickness of the stearic acid coating on the GGBS.
Hydration kinetics
The influence of the S-GGBS on the cement hydration kinetics was assessed by employing an TAM Air isothermal calorimeter. The tests were carried out for 80 h at
20 ◦ C. The results were normalized by the mass of solid powders.
Fresh behaviour of the LWAC
The workability of the designed lightweight aggregate concrete was determined using
the flow table tests according to EN 12350-5:2009. The fresh density was determined
according to EN 12350-6:2009.
Mechanical property of the LWAC
The fresh lightweight aggregate concrete was cast in moulds of 40 mm × 40 mm ×160
mm3 . The samples were demoulded after 24 h and then cured at 100% RH under
room temperature of about 20 ± 1 ◦ C The flexural and compressive strengths of the
specimens were tested at the age of 7 and 28 days respectively according to EN 196-1
[92].
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Capillary water absorption of the LWAC
The capillary water absorption of the LWAC was determined according to EN 480-5
[123]. The experiments started by storing the samples vertically in a chamber with
a RH of about 65 ± 5% at room temperature (20 ± 1 ◦ C) after curing the samples
for 28 days. The samples was exposed toe water with an immersion depth of about 3
mm for a duration of 43 days and the mass of the samples was periodically measured
during the experiment.
Chloride penetration depth of the LWAC
The chloride penetration depth test was carried out to the samples at the curing age
of 28 days according to NT Build 443 [88]. Cylindrical samples were immersed in a
salt solution with a concentration of 2.84 M for 63 days. The penetration depth was
determined after the experiment by using a 0.1 M AgNO3 as a chloride colorimetric
indicator to the split samples.

3.3 Results and discussions
3.3.1 Characterization
Optimal synthesis conditions
The influences of milling conditions on the hydrophobicity are depicted in Figure 3.2.
It is demonstrated that at 200 rpm rotation speed, 30 min is the optimal duration for
the preparation of the super-hydrophobic powder (Figure 3.2a). At a short mixing
duration, the stearic acid cannot be dispersed efficiently. When the rotation time is
too long, the increased collision between the GGBS and the milling ball grinding media
would induce higher shear forces, resulting in the molecular chains of the surfactant
with a shorter length by cutting effect. Consequently, the steric hindrance provided
by the preferentially adsorbed molecules on the particle surface is reduced [114], which
results in clusters on the milling ball, in turn a decreased dispersion efficiency. It is
also seen that 1% stearic acid addition is the optimum amount. This is because at a
low addition amount (0.5%), the stearic acid is not able to coat the total surface of
the GGBS. When increasing the stearic acid dosage larger than 1%, the potentially
produced agglomeration or multi-layer (even) of stearic acid on the surface of GGBS
which would decrease the water contact angle [118].
The influence of rotation speed is investigated, as shown in Figure 3.2b. There is an
increase in hydrophobicity from a water contact angle of 127.4◦ at 50 rpm to 155.9◦ at
100 rpm. Then, the hydrophobicity of the GGBS keeps almost the same when further
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Figure 3.2: The optimum milling process to prepare the H-GGBS powders: a)
milling time and stearic acid addition amount; b) rotation speed.

increasing the rotation speed. According to the definition of super hydrophobicity,
the powders prepared at 100 rpm, 150 rpm and 200 rpm can all be defined as superhydrophobic slag powder [5]. It is concluded that a rotation speed of 100 rpm provides
the optimal outcome. In this study, the super-hydrophobic powder for application in
the lightweight concrete is therefore prepared under the optimum condition, i.e. 1%
stearic acid addition at 100 rpm rotation speed for milling 30 mins. Comparing with
the preparation process in [113], the time consumption here is much less while 8 hours
were needed to prepare super-hydrophobic paper sludge ash. This can be attributed
to the nature of the GGBS which possesses rather non-porous structure and less
function group which can react with the stearic acid on the surface.
XRD
The XRD patterns of the raw and coated GGBS are shown in Figure 3.3. No crystalline phase is observed in the untreated slags. A broad peak near 30◦ is seen, attributed
to incomplete crystallization of silicate minerals [113]. The stearic acid coated slag
presents a similar XRD pattern and no new diffraction peaks appear after the addition of stearic acid. It indicates that the crystalline structure of the phases in GGBS
is not changed by the addition of stearic acid, which is in line with [113, 114]. This is
because that in the dry milling process, the stearic acid plays a role as a modification
agent on powder surface.
As no decrease is found in peak intensity as well as broadening in full width at half
maximum in the XRD patterns, it can be concluded that ball milling does not disperse
the stearic acid to cover the whole surface of the GGBS. This can be attributed to
Chapter 3
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Figure 3.3: XRD spectra of the milling slag and coated slag.
the morphology of the slag which presents an irregular shape and faceted surface
morphology as shown in Figure 3.1. Therefore, after the milling, the GGBS plays a
role of carrier of the stearic acid, while the reactivity of the slag will remain and still
can be used as a reactive raw phase for hydration.
XPS
The XPS spectra for the original slag and super-hydrophobic slag are shown in Figure
3.4a and b. It is shown that the peak area of major elements decreased with different
degrees except that of carbon increased by 15.88%. This can be attributed to the
long chain of -CH)2 - in the stearic acid. The changes of C1 s photoelectron spectra
are useful indicators of the surface transformations that occur before and after stearic
acid treatment. One clearly resolved peak at 285 eV can be found in both raw GGBS
and S-GGBS. This main peak reflects C-C bonds in Cx Hx hydrocarbons [124]. The
lower intensity peak at 289.7 eV can be attributed to CO2−
3 functional group as GGBS
contains carbonate while the peaks at 286.7 eV and 288.1 eV can be attributed to C-O
and O-C-O functional groups, respectively, indicating hydrocarbon impurities [124].
It is clear that the photoelectron peak of C-C of super-hydrophobic slag (as shown
in Figure 3.4b) amplified when comparing with the reference GGBS (Figure 3.4a),
while the intensity of the other three lower peaks decreased. This can be explained
by the stearic acid coated on the GGBS. Stearic acid contains a long chain of CH2
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and CH3 that adds extra C-C bonds because of the ethyl group that could explain
the intensity increase of the C-C bond [124]. As there is no evidence for potential
reaction group such as -OH, it could be concluded that the stearic acid molecule was
physically absorbed on the surface of the GGBS. This physical binding feature is
beneficial to prepare hydrophobic concrete as the stearic acid is easier to escape from
the slag and enters the pore solution of concrete. This will result in better dispersion,
consequently enhancing the hydrophobic property of the developed concrete. The
physical binding property can also be used to explain the high efficiency to prepare
the super-hydrophobic slag as less time and energy is needed, compared with the
chemical process.

Figure 3.4: C1 s XPS spectra for: a) the slag and b) super-hydrophobic slag with
peak fitted.

FTIR
The FTIR spectra of the raw and the treated GGBS are shown in Figure 3.5. The
raw slag shows a broad band centred at approximate 891 cm−1 and 674 cm−1 which
can be assigned to the vibration of Si-O bands in the SiO4 groups and Al-O bands in
the AlO4 groups, respectively. While the weak bands around 1455 cm−1 , 871 cm−1
2−
2−
and 717 cm−1 are the vibration of v3 [CO2−
3 ], v2 [CO3 ] and v4 [CO3 ], respectively.
−1
−1
In the spectra of coated slag, the bands at 2919 cm and 2851 cm could be related
to C-H bonds asymmetric stretching vibration and symmetrical stretching vibration,
respectively, which helps to identify the -CH2 - single bond group. The -CH3 - group
was identified by asymmetric stretching vibrations of C-H bonds which occur generally
at 2957 cm−1 .
It should be pointed out that no group that has a potential to react with stearic
acid can be found on the surface of slag such as -O-H- bond. This confirms that the
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coating process is a physical process as no reaction product and no potential reaction
agent are found. This explains that less stearic acid amount is needed to achieve the
super-hydrophobic function. This is further confirmed by the short preparation time
of the super-hydrophobic slag.

Figure 3.5: FTIR spectra of the milling slag and coated slag.

3.3.2 Thickness of the stearic acid coating
Thermogravimetric analysis was used to quantify the coating of stearic acid on the
surface of GGBS as it decomposes at certain temperature. The mass loss of coated
GGBS sample in the range of 200-450 ◦ C is attributed to the oxygenolysis of stearic
acid on the surface of the super-hydrophobic slag [114], as shown in Figure 6a. The
weight loss of super-hydrophobic slag is 1.2% higher than the milling slag that is in
line with the theoretical value (1%), confirming again the physically coated stearic
acid on the surface of GGBS.
The difference of the mass loss can be used to calculate the theoretical thickness of
the stearic acid coated on the super-hydrophobic slag. According to [114], the theoretical thickness of organic coating on continuously graded particle could be roughly
calculated using:
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Figure 3.6: a) TGA/DTA curves of raw and coated slag and b) TEM image of the
treated slag.

mSA
VSA
ρSA
d=
=
Sslag
mslag × BETslag

(3.1)

Where d is the layer thickness of the stearic acid on the slag surface, V is the total
volume of the stearic acid addition, S is the total surface of the slag powder, mSA
(g) is the mass of the stearic acid and ρSA (g/cm3 ) is the density of stearic acid,
mslag is the mass of the slag (g) and BETslag (m2 /g) is the BET surface area of the
slag. The density of stearic acid used in this study is 0.94 g/cm3 , the BET of the raw
slag is 1.811 m2 /g and the content of SA is 1%. Therefore, using the above formula,
the theoretical thickness of the stearic acid coating is derived, yielding 5.9 nm. The
thicknesses of the coating observed by TEM image is shown in Figure 3.6b, which
agrees well with the theoretical values.

3.3.3 Early age hydration kinetics
The changes of normalized heat flow at early age for the mixes containing superhydrophobic slag and ordinary slag are shown in Figure 3.7a. Three major peaks,
dissolution of materials, and hydration of C3 S and aluminate phase, and further
hydration of remaining aluminate phases can be distinguished. The third peak corresponds to the depletion of the calcium sulphate phases, attributing to a second
aluminate reaction that leads to the formation of AFm phase [117]. As the used
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cement (CEM III/A) contains also blast furnace slag, the reference sample presents
similar peak pattern with the mixed ones. It should be noted that with the increasing
amount of slag replacement, this peak becomes more evident in comparison with the
first peak, which is attributed to the enhanced rate of formation of AFm phases [113].
As shown in Figure 3.1, after the milling procedure, the shape of the slag is still very
sharp. Although the sizes of the slag slightly changed, but not that much. Therefore,
the differences of between the original slag and treated slag can be attributed to the
coating of the stearic acid.

Figure 3.7: Normalized heat flow (a) and cumulative heat of hydration (b) of the
mixes with different contents of raw and treated slag.
It is seen that the addition of both super-hydrophobic slag and raw slag does not affect
the position of the first peak, indicating no influence on the hydration process of the
mixed cement. However, the second peak slightly shifts to later locations, distributing
in the range 19-21 hours. This is confirmed by previous researches [125] on the influence of ordinary GGBS powder in Portland cement hydration as the slag reacts slower
comparing with the Portland cement. Comparing with the mixtures containing ordinary slag at the same addition amount, mixtures with super-hydrophobic slag present
a reduced slope of the acceleration curve, indicating a more mild heat release process.
This can be attributed to the steric acid coated on the slag that decreases the contact
area with water, which will be helpful to decrease the possibility of micro-cracks generation by the created heat stress during the cement hydration. The cumulative heat
curve is an indication of the hydration degree of the binder. It can be observed from
Figure 3.7b that the heat release of all the super-hydrophobic slag containing binder
is lower than that of the reference samples. This has important implications on early
age thermal cracking of concretes. It is seen that although the heat release speed of
super-hydrophobic slag is slower than the mixtures containing raw slag at the same
addition percentage, the total cumulative heat releases are very similar at the end of
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the measurement time (40 h). This can be attributed to the coating characteristics
of the ball milling method. Comparing with the wet-chemical method by which the
target powders are mixed in the solution of surfactant agent, physical coating method
like ball milling normally presents coating defects especially when the powders present
irregular shape. However, as the reactivity of slag is desired for the concrete matrix,
the ball milling method is an ideal way to prepare hydrophobic concrete matrix as the
reaction potential of the slag is kept, which has been largely reported beneficial for
the durability performance of concrete [38]. The slag can be seen as a physical carrier
and the ball milling method helps to disperse the stearic acid on its surface. From the
above results, it can be seen that the super-hydrophobic slag presents similar role in
the hydration process as the uncoated slag. This can be explained by the“imperfect”
distribution of stearic acid on the surface of slag through the ball milling method. As
can be seen from Figure 3.1, the slag presents irregular shape with sharp edges that
are difficult to be fully covered during the physical milling process. Therefore, these
uncovered points and surface still have the reaction ability with alkaline solution in
the cement environment. The slag plays a role as carrier of stearic acid into the lightweight concrete which provides hydrophobic property and meanwhile still keeps the
reaction activity.

3.3.4 Fresh property of the lightweight concrete
The fresh behaviour of the concrete samples is displayed in Table 3.2. It can be
observed that increasing the cement replacement with the super-hydrophobic GGBS
(H-GBBS) slightly decreases the fresh mix density. In overall, all the H-GGBS contained mixtures show excellent workability. The reference mixture shows the lowest
workability and falls under the flow class F3, while M5 to M20 fall under flow class SF1
till SF3 according to self-compacting concrete guideline [13]. Increasing the superhydrophobic GGBS content clearly leads to an improved workability. The hydrophobicity of the GGBS results in more water flowing freely in the mixture, therefore
enhancing the flowability of the mixture. This is different from the reported work [5]
in which the addition of the super hydrophobic powder will decrease the flowability
of the concrete. This can be explained by the different natures of the powders. Compared with the very porous paper sludge ash they used, the GGBS used here is rather
non-porous, as shown in Figure 3.1. So the addition of paper sludge ash will need
more water to fill in their pores. The density is slightly decreased with the increase of
the addition of super-hydrophobic GGBS that is in line with the flowability changes.
As the water is hardly absorbed by the super-hydrophobic powder, more free water
will move into the cement paste, resulting the increase of the volume of the overall
packing system.
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Table 3.2: Fresh properties of the concrete mixtures.
Mix

Chapter 3

M0
M5
M10
M15
LWA M20

Apparent density
(kg/m3 )

Flow ability (cm)

1429.6
1392.4
1392.4
1352.8
1322.3

44
64
70
81
96

3.3.5 Mechanical properties of the lightweight concrete
The compressive and flexural strength of the developed lightweight concrete are
presented in Figure 3.8a and 3.8b. The results show that the compressive strength
decreases with the addition of the super-hydrophobic GGBS at the early age of 1d
and 7d. This is attributed to the slow reactivity of GGBS, with the largest reduction
of 28.9% and 15.5% for M20 at 1d and 7d respectively, compared to the reference.
However, the reduction in strength becomes much less prominent at later age. At
28d, mixtures M5 and M10 show higher strength than the reference. For the samples
with a 15% and 20% H-GGBS replacement, the compressive strength decreases to
28.68 and 24.35 MPa, which nevertheless is still 98.5% and 83.6% of the reference. A
similar pattern can also be found in the development of flexural strength, where the
superior strength was observed in the reference sample at 1d and 7d. At 28d, mixtures
with 5% and 10% H-GGBS replacement present a flexural strength of 4.52 MPa and
4.5 MPa, respectively, higher than the reference of 4.47 MPa. For the samples with a
15% and 20% H-GGBS replacement, the flexural strength decreases to 4.35 and 3.89
MPa, which is 97.3% and 87% of the reference, respectively.
The observed phenomena can be partly explained by the continuous reaction of the
H-GGBS with the produced portlandite [113]. The higher mechanical performance
of samples containing H-GGBS can be explained by the microstructure refinement
of the lightweight concrete by the super-hydrophobic powder. As can be seen from
Figure 3.9, comparing with the reference, the H-GGBS contained lightweight concrete
yields more needle like structure, attributed to ettringite, and the needle-like structure
increases with the addition amount of H-GGBS. It has been reported this cross-linked
structure is helpful for dispersing the load on cementitious materials. However, it
should also be noted that even at 28d, the 20% replacement samples still present
the lowest mechanical performance. This is in line with the fresh property changes.
With the increasing addition of H-GGBS, more free water becomes available, which
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Figure 3.8: Compressive (a) and (b) flexural strength of developed lightweight concrete.

creates more capillary pores. As the mechanical performance is primarily governed
by the porosity of paste matrix, decrease of mechanical property is resulted. The
hydrophobic performance and microstructure of the super-hydrophobic slag modified
samples are evaluated in the present study by determining the water contact angle and
scanning electron microscopy (SEM) images of the developed lightweight concretes,
respectively. The SEM images of the super-hydrophobic slag modified lightweight
concrete and the reference sample are shown in Figure 3.9 (top). The water contact
angles of the lightweight concrete are shown in Figure 3.9 (bottom). It is shown
from the SEM images that the 5% and 10% replacement samples present a denser
structure. With the increase of the addition amount of super-hydrophobic GGBS, the
lightweight concrete presents more pores. For example, at 20% addition of H-GGBS,
pores larger than 20 µm are easily observed. This is consistent with the flowability
increase and density decrease trend (see Section 3.3.4). The increasing amount of
super-hydrophobic slag will result in more relative free water, which increases the
w/c ratio and consequently more pores.
It is found that the hydrophobic performance of the hydrophobic lightweight concrete
increases from 5% addition to 10% addition of the super-hydrophobic GGBS, with
the water contact angle increasing from 26◦ to 87◦ which can be attributed to the
increase of the hydrophobic medium dispersion in the concrete. The water contact
angle increases to 92◦ in the case of M15. However, the water contact angle remains
similar, at 91.5◦ , when 20% replacement of H-GGBS is applied. This is attributed to
the simultaneous effect of the application of hydrophobic agent and increased porosity, as the water resistance ability of the super-hydrophobic lightweight concrete is
determined by both the dosed hydrophobic agent and the porosity of the concrete
Chapter 3
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Figure 3.9: The micro-structure (top) and water contact angle (bottom) of the
hydrophobic lightweight concrete.

itself. With a larger porosity, the water will be more easily penetrating into the
concrete matrix.

3.3.6 Water absorption and chloride diffusion
The capillary water absorption results are exhibited in Figure 3.10. The addition of
the super-hydrophobic GGBS significantly decreases the capillary water absorption
of the lightweight concrete. At 5% replacement, the water absorption is reduced by
over 60% and 20% H-GGBS addition reduces the water absorption by almost 90%.
The 15% replacement and 20% replacement present very similar water absorption
resistance, which suggests 15% addition of the super-hydrophobic slag reaches the
optimal performance and further adding the H-GGBS shows no effect anymore. This
is in line with the other performances as presented in the previous sections. With
the increase of the super-hydrophobic slag addition, more free water will be available,
which leads to a larger porosity. Even though the super-hydrophobic GGBS increases
the water resistance, the higher porosity promotes an easier penetration by water.
Capillary suction is an unsaturated transport process by means of capillary forces,
related with the surface tension of the wetting liquid and its contact angle with a
pore of a radius, as shown in Eq. (1.1) [113]. When θ is smaller than 90◦ , a molecular
attraction between the liquid and substrate occurs, accompanied by a capillary rise
and a concave meniscus. The super-hydrophobic GGBS increases the contact angle
above 90◦ by forming a water repellent lining in the pore structure of the lightweight
concrete. Therefore, it builds a hydrophobic barrier against capillary suction and in
turn efficiently decrease the water absorption.
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Figure 3.10: Chloride penetration depth.
Figure 3.11 shows the chloride penetration depth after 63 days’exposure to NaCl
solution. The chloride penetration depth at 63 days is reduced by about 90% for the
lightweight concrete with 15% of super-hydrophobic slag, compared to the reference
concrete. The application of slag has been reported to be beneficial for reducing
the chloride transport in concrete in long term. This can be explained by the pore
structure refinement of concrete and more C-S-H gel generated resulting from the
reaction between slag and portlandite that increases the chloride ions binding capacity
and also complexes the diffusing route [126]. Nevertheless, at early ages (i.e. up to
63 days in the present study), the decrease of chloride transport can be mainly due
to the hydrophobic effect of the super-hydrophobic slag due to the latent reactivity of
slag. The addition of super-hydrophobic GGBS builds up a barrier against the water
penetration as it decreases the surface tension of the pore structure of the lightweight
aggregates concrete. Therefore, the aggressive ions contained in the water will also be
slowed down. As the water penetration and chloride transport is relevant to various
degradation mechanisms, its reduction proves well the enhanced durability of concrete
structures [21].

3.4 Conclusions
In this chapter, a reactive super-hydrophobic agent is synthesized employing ball
milling method applying ground granulated blast furnace slag as carrier for stearic
acid. The influences of milling time, stearic acid addition and milling speed on the
hydrophobic behaviour of the treated slag are investigated. The coating mechanism
of the stearic acid on the GGBS is discussed. Then the influences of the superChapter 3
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hydrophobic GGBS on the properties of lightweight aggregates concrete, including
workability, fresh density, compressive strength, hydrophobicity, capillary water absorption and long-term chloride diffusion are investigated. Base on the present results,
the following conclusions can be reached:
• The hydrophobicity of the slag reaches the maximum at 1 wt.% of stearic acid
addition amount. With the increase of the milling time from 10 min to 30 min, the
water contact angle of the GGBS increases due to the efficient dispersing of the
stearic acid. A longer time (60 min) shows a decrease in hydrophobicity due to the
cutting of the chains of stearic acid. A rotation speed of 100 rpm is the optimal rate
to prepare the super-hydrophobic slag. The coating process is a physical process,
confirmed by the phase and potential reaction group analysis using XRD, XPS and
FTIR.
• The addition of super-hydrophobic slag powder strongly improves the flowability of
the lightweight aggregate concrete while slightly reduces the density. The addition
of super-hydrophobic slag slightly reduces the early age compressive strength, but
shows enhancement to 28-day strength up to an addition level of 10% by mass.
• The addition of super-hydrophobic slag turns the hydrophilic lightweight concrete
to hydrophobic. With an addition of 15% super-hydrophobic GGBS, the designed
lightweight concrete presents the best hydrophobic performance, showing a water
contact angle of 92◦ .
• The application of the super-hydrophobic slag significantly contributes to an enhanced durability. With a dosage of 15%, the capillary water absorption and
long-term chloride penetration depth reduce up to about 90%.
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Abstract
In this chapter, a method to prepare water-resisting mortars by incorporating hydrophobic incineration ashes is reported. Bottom ash is the by-products of municipal solid
waste incineration (MSWI) with limited recycling options due to harmful contaminants. With an aim to decrease the environmental risk of bottom ash and provide an
economical and green route to reuse it, we applied a wet chemistry method to prepare
hydrophobic bottom ash and investigate its potential to the improvement of concrete
transport property. The functionalization of fine bottom ash (< 0.125 µm) using
stearic acid provides hydrophobic nature to the particles along with improved leaching properties. At an optimum addition amount of 4% stearic acid, the hydrophobic
bottom ash present a water contact angle of 141◦ . The influence of functionalized
bottom ash on the cement hydration, mechanical properties, water absorption and
wetting property of the water resisting mortar is investigated. Results show that the
up to 30% of the binder can be replaced by hydrophobic bottom ash as it decreases
the capillary water absorption rate and chloride penetration depth by 57% and 65%.
The samples containing hydrophobic bottom ash show better mechanical properties
as compared to the samples made with untreated bottom ash. The environmental assessment shows that the waste materials contained mortars are more environmentally
friendly because of the dilution effect and immobilization potential of the hazardous
material into the cementitious matrix. Results show that the proposed method is a
facile and efficient way to change bottom ash into hydrophobic powders, which leads
to more environmentally friendly water-resisting mortar.
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For concrete structures designed for harsh environments, durability is a key factor
that influences their reliability and safety [127]. In particular, ingress of water into
the concrete is the most often occurring phenomenon that leads to the deterioration
of concrete [128]. The ingress of water causes distress and provide passage to the
aggressive chemical ions such as Cl− to reach inside the cementitious matrices [15],
increasing the corrosion of steel reinforcement [108] and internal cracking due to the
alkali-silica reaction (ASR). With a concern of global CO2 output (cement industry
itself estimated that cement production is responsible for 5% of the global CO2 output), production of cement with recycled materials such as blast furnace slag could
result in the decrease of CO2 emissions [120]. Taking the high maintenance and repair
costs of concrete structures into account, it is significant to improve concrete durability in a sustainable and cleaner way [129]. The most commonly used strategies to
increase the water resistance of concrete can be to increase the packing density [130],
create tortuosity inside the system [131], improve the overall microstructure [132],
limit the crack width [133] and to use surface protection technologies [68]. However,
even with these solutions, water ingress is challenging to eliminate due to the porous
and micro-cracked structure of concrete [5].
Addition of hydrophobic materials to the system is an efficient way to prevent water
penetration [134]. The most used methods are either by surface treatments [135] or
by integrating hydrophobic components [136] into the bulk volume of the material.
As cementitious materials are vulnerable to the threat of microcracks, the bulk hydrophobic modification is an ideal way to increase the water resistance of concrete [5].
Silane-based repellents [137] are widely used in concrete because of their versatility
and easy dispersion in the water at room temperature [138]. However, silanes are
expensive [139] and poor wear resistance which limits its large scale application in the
concrete industry [111]. Another efficient way to prepare water resistance concrete is
to add pre-treated hydrophobic materials in the matrix. Wong et al have prepared
hydrophobic concrete with the addition of superhydrophobic paper sludge ash which
was modified by stearic acid through a physical ball milling method [5]. This application shows that waste materials that are hard to recycle due to the presence of
leachable heavy metals and salts can be used after functionalization [140].
Among the available waste materials, the fine fraction (< 125 µm) of the Municipal
solid waste incineration (MSWI) bottom ash (BA) is a good candidate, especially
because these fines are usually highly contaminated with heavy metals, chlorides
and sulfates [141]. Due to the high level of contaminants and low reactivity, BA
finds little applications in the field of building materials and needs to be landfilled.
With the increasing concern of environmental protection and stricter limitations for
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the leaching of contaminants from the landfilled materials, BA is encouraged to be
reused as a secondary building material [142, 143]. According to the recent Dutch
initiative “Green Deal B-76”, 100% of all BA produced in the Netherlands must be
upgraded to a primary building material level before 2020 [141]. However, traditional
treatments methods, such as sieving and washing, are unable to reduce the content
of contaminants below the legal limits sets by the Dutch Soil Quality Decree [144].
Functionalization of these fines in order to modify their surface properties and thereby
to limit their leaching behavior can be used before the reuse in the concrete.
The present research aims to investigate the feasibility of applying functionalized
waste material to prepared water-resisting mortars. With a wet chemistry method,
bottom ash is transferred into an environmental friendly hydrophobic powder, which
presents potential to improve the transport property of cementitious materials. The
influences of the BA and hydrophobic bottom ash (HBA) to the cement hydration
and mechanical properties of the mixed mortars are investigated. The transport
property of the functionalized waste powder contained mortar was evaluated by water
absorption and chloride penetration depth compared to the untreated waste powder
contained mortar. The leaching behaviour of the BA, HBA and the mixed mortars are
studied in order to assess the environmental impact of the water-resisting mortars.
This work provides a facile and low-cost way to turn the fine fraction of BA into
hydrophobic powders while decreasing the leaching of contaminants. This study also
aims to provide an alternative recycling solution for BA by applying it into mortar in
order to increase its permeability.

4.2 Experiments
4.2.1 Materials
BA ≤ 4 mm used in this study was provided by Heros Sluiskil, the Netherlands. The
fraction had already undergone a standard drying pre-treatment, including screening
and removal of unburnt materials [145]. The received BA was sieved to separate
particles smaller than 125 µm with a vibratory sieve shaker (AS 450 Basic, Retsch,
Germany) in accordance with DIN EN 933-1. The stearic acid (95%) was purchased
from Sigma-Aldrich. The cement used in this study is Portland Cement CEM I 52.5
R, provided by ENCI (the Netherlands). Normal sand with the fraction 0-2 mm is
used as aggregates provided by Graniet-Import Benelux, the Netherlands.

4.2.2 Preparation of the HBA
During the preparation of HBA, 200 g BA was dispersed in 1000 mL water in a beaker
under constant stirring at 100 ℃. Then, different amounts of stearic acid (1%, 2%,
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4%, 8%, 10% by weight of BA) is added to investigate the optimum modification
conditions. During the mixing process, 5 mL of 2 M sodium hydroxide solution is
added. After the reaction, the bottom ash was separated from the reaction mixture
by filtration and dried overnight at 60 ℃.

4.2.3 Testing methods

Morphology of the BA was characterized by a scanning electron microscope (SEM)
(Phenom ProX), with backscattered electron (BSE) detector at an accelerating voltage
of 10 kV. All samples were sputtered-coated with a gold layer of approximately 15
nm in thickness.
The chemical composition of the BA was measured with the X-ray fluorescence spectrometer (XRF) from PANalytical Epsilon 3 (Omnian method: standardless). The
sample for XRF was ignited at 1000 ℃ to measure the loss on ignition (LOI). Subsequently, the residues obtained after LOI were used to make glassy fused beads with
fluxer oven (classisse leNeo).
The diffraction pattern was collected with the X-ray diffractometer (XRD: D2) from
Bruker. The XRD radiation source was Co; divergence slits 0.2◦ and soller slits of
2.5◦ . For the determination of amorphous content 10 wt% of Si was added as an
internal standard. The Rietveld refinement was performed with TOPAS 4.2 (Bruker)
for the quantification of phases.
The FT-IR spectra of the original and hydrophobic BA were collected from 4000 to
400 cm−1 with a resolution of 4 cm−1 using a PerkinElmer.
Characterization of the HBA
Hydrophobic bottom ash was characterized by various analytical methods. In order
to measure the content of functionalizing agent (Stearic acid) associated with BA,
thermogravimetric analyses (TGA) were performed on a Netzsch STA 449 Jupiter®
F1 400 System (USA), in a temperature range of 45 - 600 ℃ at a heating rate of 2
℃/min, under a nitrogen flow of 50 ml/min. This system was coupled to a Bruker
Alpha Fourier transform infrared (FTIR) spectrometer in order to analyse the released
vapours during the measurement.
The outlet gas flow was also captured in gas sorption tubes at the desorption temperatures, as characterized with the TGA-FTIR. The Gas tubes were then thermally
desorbed with a Perkin Elmer TurboMatrix 350 Thermal Desorber and analysed with
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a Perkin Elmer Clarus® 680 Gas Chromatograph, Perkin Elmer Clarus® SQ 8 T Mass
Spectrometer (GC-MS) according to the following temperature program, step 1: hold
50 ℃ for 6 min, elevate to 55 ℃ at 0.5 ℃/min, hold 2 min at 55 ℃, elevate to 300 ℃
at 20 ℃, hold 4.75 min at 300 ℃.

Chapter 4

Preparation of the mortar samples
All mortar specimens were prepared in a laboratory mixer. The mortar was prepared
with water : cement : sand = 0.5 : 1 : 3 ratio. The replacement dosage of the BA
and HBA is 10%, 20% and 30%. Firstly, the cement and water were added into the
mixer followed by mixing for 1 min at lower speeds and afterwards it was mixed at
medium speed for 120 s. The interval between both mixing steps was 30 s. Then,
sand was added and mixed for 120 s. The fresh mortar was then poured into plastic
molds of 40 × 40 × 40 mm3 and vibrated for 1 min and covered with a plastic film
on the top surface for 24 h. All specimens were demolded and cured at a temperature
of 20 ℃ and relative humidity of about 95% until their testing age. The dispersion
of the HBA in the matrix was characterized by energy-dispersive X-ray spectroscopy
(EDX) coupled with SEM, at high voltage (15 kV). A mapping of the mortar surface
is made by using carbon as a target element.
Characterization of the mortar samples
The influence of the BA and HBA on the cement hydration kinetics was assessed
by employing a TAM Air isothermal calorimeter. The tests were carried out for
80 h at 20 ℃. The results were normalized by the mass of solid powders. The
compressive strengths of the specimens were tested at the age of 7, 14 and 28 days
according to EN 196-1(EN 2005) [92]. The capillary water absorption of the mortar
was determined according to EN 480-5 [123]. The experiments started by storing the
samples vertically in a chamber with a RH of about 65 ± 5% at room temperature
(20 ± 1 ℃) after curing the samples for 28 days. The samples were exposed to water
with an immersion depth of about 3 mm for 43 days and the mass of the samples
was periodically measured during the experiment. The 90 days’chloride penetration
depth test was carried out to the samples at the curing age of 28 days according to
NT Build 443 [88]. To determine the water contact angle of the mortar, a piece of
plate-shape specimen with a diameter of 5cm is used.
Leaching analysis
BA, HBA and the crushed mortar samples sieved below 4 mm are used for the leaching
test in accordance with EN12457-2. Leachates were obtained by shaking a mixture of
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Furthermore, the concentrations of sulphates and chlorides in the leachates were determined by ion chromatography (IC) (Dionex 1100) equipped with an ion exchange
column AS9-HS (2 × 250 mm). A 9 mM solution of Na2 CO3 was used as eluent with
an isocratic flow of 0.25 ml/min. The results were compared to the limited leaching
values based on the Dutch legislation [146].

4.3 Results and discussion
4.3.1 Characterization and modification of the waste material
The bottom ash fraction with the size fraction below 125 µm was selected for the
hydrophobic functionalization because of the high level of contaminants [145]. The
morphology of the particles plays an important role concerning surface functionalization. In Figure 4.1, SEM shows the random shape and size of the BA particles. The
morphology of the particle leads to the heterogeneous surface characteristics and type
of reactive groups, such as hydroxyl group, that adds the complexity for the surface
modification.
Composition of BA
The BA has a complex and heterogeneous chemical composition, as the elemental
analysis of the BA shows in Table 4.1. The major oxides that account for more
than 63 wt% are CaO, SiO2 , Al2 O3 and Fe2 O3 . Moreover, BA also contains many
heavy metals (Sb, Mn, Cu, Cr, Ni, Zn, Sr) that are considered as contaminants
and strictly regulated via the Dutch environmental legislation [146]. The potential
leaching of these elements in the environment is the main factor that restricts the
recycling applications of this material. The understanding of the heterogeneous and
complex mineralogy of the BA is required for the successful surface modification.
The mineral composition of the BA is given in Table 4.2, which was determined with
the quantitative XRD by using Rietveld analysis. The total crystalline content of
the BA was 48 wt% and the rest consisted of the amorphous phases that cannot be
distinguished with the diffraction pattern. The most abundant mineral in the BA
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6 g samples and 60 g distilled water (L/S ratio 10), for 24 h in a horizontally placed,
sealed PE bottle on a linear reciprocating shaking device (Stuart SSL2) at a constant
rate of 250 rpm with the amplitude of 20 mm. Subsequently, leachates were filtered
and diluted five times in a 25 ml volumetric flask. The leachates were acidified with
50 µl 6.5 wt.% ultrapure HNO3 solution to prevent precipitation and filtered again.
The contents of heavy metals in the leachates were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES; Varian 730-ES, USA).
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Figure 4.1: The morphology of the fine BA particle with the size below 125 µm.
Table 4.1: The chemical composition of BA obtained with XRF analysis (wt%).
R.O.: remaining oxides and LOI: loss on ignition measured at 1000 ℃.

BA

CaO
25.0

SiO2
19.6

Al2 O3
12.6

Fe2 O3
6.3

SO3
3.7

MgO
1.7

P 2 O5
1.6

TiO2
1.4

ZnO
0.8

K2 O
0.5

Sb2 O3
0.3

MnO
0.2

CuO
0.2

R.O.
0.3

LOI
25.8

was calcium carbonate (CaCO3 ), also known as calcite, and its content was 20 wt%.
In addition to that, other crystalline phases include silicates (quartz, melilite and
feldspar) [147], metallic oxides (spinel, hematite, lepidocrocite and rutile), sulfatecontaining minerals (ettringite and gypsum) and the rest (apatite, zeolite and halite)
[144].
Optimal synthesis condition and characterization of the HBA
The optimum amount of stearic acid in the preparation of HBA is investigated, as
shown in Figure 4.2. With an increase from 1% to 4% addition amount of stearic acid,
the water contact angle also increases from 76◦ to 141◦ . Then, the hydrophobicity of
the HBA stays steady with a further increase of addition of SA. In this study, the
hydrophobic bottom ash (HBA) is prepared with 4% stearic acid for the application
in a water-resisting mortar.
FTIR analyses of reference BA and HBA samples are presented in Figure 4.3. It
can be seen that the amount of SA has a significant impact on the FTIR spectra.
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Minerals

BA

Calcite
Quartz
Apatite
Spinel
Ettringite
Amorphous

20.3
6.8
4.7
2.6
2.5
51.9
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Table 4.2: The mineral composition of the BA (wt.%) determined with the quantitative XRD using Rietveld analysis.

Figure 4.2: The water contact angle of the HBA with the different stearic acid
addition amounts (ranging from 1 − 10 wt%).
Indeed, increasing the weight fraction of SA increase the intensity of various peaks,
notably at 2914 and 2850 cm−1 or also 1575 cm−1 . In these FTIR patterns, all
samples show a significant band at around 1480 cm−1 , which belong to the antisymmetrical carboxylate ion (-CO2 -) stretching vibration and is associated with calcium carboxylate bonding. Only HBA exhibit absorption at 2914 cm−1 and 2850
cm−1 , which belong to the C-H stretch vibrations from the stearic acid. The intensity of these two peaks increases when more SA is added [113, 124, 148]. The absorption
band at 1575 cm−1 is also only present in the HBA spectra and increases with the
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addition of stearic acid. This peak corresponds to anti-symmetrical carboxylate ion
(-CO2 -) stretching vibration and can be associated with calcium carboxylate bonding.
Moreover, HBA spectra show a unique absorption peak at 1588 cm−1 , indicating that
Ca2+ ions present at the surface reacted with the carboxyl groups of stearic acid,
forming a layer of calcium stearate salt [113, 149]. This method through wet chemistry route can help to achieve chemical bonds between the SA and the BA, which
would be useful for the long-term durability of the system.

Figure 4.3: FTIR spectra of the reference BA and the functionalized HBA with
different wt.% of stearic acid.

The TGA coupled with FTIR analysis of the HBA is presented in Figure 4.4. Negative
peaks are artefacts due to the background analysis, which could not be done properly
with this method. Nonetheless, an intense absorption peak is visible at a temperature
range of 360 and 450 ℃. This peak consists of 2 peaks very close to each other
between 2900 and 3000 cm−1 , which are characterized as C-H stretch vibrations in
the hydrophobic tail of stearic acid, as seen in Fig 4.4. These C-H stretch absorption
bands are coming from the thermal decomposition of SA. The absence of carbonyl
peak around 1700 cm−1 can be explained by the very large amount of C-H bonds
in stearic acid as compared to the other functions, but it can also mean that at
this temperature, only short-chain hydrocarbon chains evaporate, indicating that the
stearic acid is chemisorbed. Further characterization with GC-MS aims to elucidate
this hypothesis. The FTIR results indicate that the stearic acid bonds on the bottom
ash by chemical bonding. The further characterization is shown in next section.
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Figure 4.4: 3D-spectrum of the TGA-FTIR measurement of the HBA (with 10 wt.%
of SA). Temperatures are in ℃.
Table 4.3: The mineral composition of the BA (wt.%) determined with the quantitative XRD using Rietveld analysis.
Retention time (min)

Compound name

Retention time (min)

Compound name

6.005
6.165
8.871
9.246
13.163
15.329
16.139
21.121
21.881
22.172
24.403

2-pentene
pentane
1-hexene
hexane
1,5-hexadiyne
1-heptene
heptane
1,3,5-cycloheptatriene
1-octene
octane
2-heptanone

24.468
24.628
26.063
26.173
27.219
27.294
28.149
28.214
28.959
29.014

1-nonene
nonane
1-decene
decane
1-undecene
undecane
1-dodecene
dodecane
1-tridecene
tridecane

Vapors are collected at 420 ℃ in order to be in the range characterized by TGA-FTIR
showing the thermal degradation of the SA. The gas chromatogram is given in Figure
5.4 , and the peaks are characterized by mass spectrum (MS) and their corresponding
compounds are shown in Table 4.3. Most compounds are decomposition products of
the C-18 hydrocarbon chain of the SA. It means that at a temperature above 360
℃, SA is still bonded to the BA, as characterized by TGA-FTIR and start to be
fragmented by pyrolysis [150]. This would indicate the chemisorption of the SA with
BA, validating the proposed mechanism. The bond between the stearic acid and BA
Chapter 4
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would keep the coating stable in the pore solution of the mortar which is beneficial
to decrease the leaching in the long term.

Chapter 4

4.3.2 Processing and characterization of the water-resisting
concrete
The HBA is mixed directly into the cement paste. As reported by [107, 109], the
cluster of the functionalized powders is the key factor to influence the property of
the hybrid concrete. SEM coupled with EDX is used in order to characterize the
dispersion of the HBA in the concrete as shown in Figure 4.5. Red pixels show
the carbon element scattered in a 300 × 300 µm area. The analysis shows carbon
concentrated at the surface, which appears to be HBA, with a particle size of 35-40
µm. It indicates that HBA is not agglomerated and well dispersed in the matrix.

Figure 4.5: The distribution of HBA in the water-resisting concrete by EDX.

Influence of BA and HBA on the cement hydration
The normalized heat flow and release of cement with different dosages of bottom
ash replacement are shown in Figure 4.6a and b. It can be seen that the main heat
release peak of the different samples is located at around 11.5h. With the increase
of the replacement dosage of bottom ash, the peak density is decreased. For the
sample without BA addition, the peak density is around 4.5 mW/g while with 30%
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BA replacement, the peak density decreased to 3.2 mW/g. This is because that the
BA works as non-reactive phases during the cement hydration [143].

Figure 4.6: Normalized heat flow (a) and cumulative heat of hydration (b) of the
mixes with different contents of BA and HBA.
It should be noted that at same addition dosages, the influence of both the BA and
HBA to the hydration of cement is almost the same. This is also in line with the
cumulative heat revolution as shown in Figure 4.6b. The total heat release of the
BA and HBA at the same replacement level is almost the same. This phenomenon
illustrates that the stearic acid coating of the BA did not change the reaction kinetics
of the cement which also acts as a kind of non-reactive phase.
Mechanical property of the mortar
The effect of the BA and HBA on the compressive strength of the mixed mortar
is shown in Figure 4.7. The compressive strength of the reference samples is 36.8
MPa at 7 d. Then it increased to 40.3 and 46.5 MPa at 14 d and 28 d, respectively.
When replaced with bottom ash, the compressive strength of the mortar decreased
continuously with different addition dosages. For the 30% replacement, the compressive strength decreased to 17.5 MPa, 20.6 MPa and 24.9 MPa at 7, 14 and 28 days,
respectively. The obvious decrease of the mechanical property can be attributed to
the porous structure of the BA after incineration which results in lower strength of
this powder [151]. It should be noted at same curing days; the mortars contained
HBA presented a higher compressive strength than the mortars contained BA. This
can be attributed to the hydrophobic coating on the BA. With the hydrophobic coating of stearic acid, the water absorption of BA will be limited. More water can be
involved in cement hydration. Moreover, more water will enhance the homogeneous
distribution of the paste in the molds resulting in good mechanical performance.
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Figure 4.7: Compressive strengths of the mortar manufactured with BA and HBA
as compared to a reference mortar sample.
Transport property of the mortar
The results of capillary water absorption for 43 days and chloride penetration depth
for 90 days are shown in Figure 4.8a and b.

Figure 4.8: a) Water absorption test of the mortars; b) chloride penetration depth
of the mortars.
With the addition of the HBA, the capillary water absorption of the mortar is decreased. For the reference sample, the water absorption at 28 days is 7.7% by weight
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mass. With 20% HBA and 30% HBA addition, the water absorption decreased to
5.1% and 3.3% at 28 days. The addition of hydrophobic agent results in water repellent lining among the pore structure in concrete. These results are in line with the
water contact angle results of the mortar as shown in Figure 4.7. The water contact
angle of the mortar contained 10% HBA is 20.5◦ and it increased to 68.5◦ when the
addition amount increased to 30%. It should be noted that the addition of the untreated BA increased the water absorption of the mixed samples. At 30% addition
dosage, the water absorption at 28 days is 10.8%. The chloride transport test is performed and the result is shown in Figure 4.9b. The addition of the HBA decreases the
penetration of the chloride. The chloride penetration depth of the reference sample
is 37.5 mm at 70 days. With 30% addition of HBA, it decreased to 13.2 mm which
has reduced by 65% while the mortar with 30% BA is 55.9 mm. The increase of
the water absorption and chloride penetration depth can be attributed to the porous
structure of the bottom ash. It will increase the ITZ in the mortar matrix and resulted in more channels for water transport. This should be paid additional attention
to the application of BA in cementitious materials, especially for the construction
in the marine environment. As concrete structures are always unsaturated, capillary
absorption largely controlled the ingress of water. The addition of the hydrophobic
bottom ash will build a hydrophobic barrier against water penetration.

Figure 4.9: The water contact angle of the hybrid mortars: a) with 10% replacement,
b) with 20% replacement, c) with 30% replacement.
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4.3.3 Environmental impact assessment
The application of the MSWI bottom ash is restricted by the presence of potentially
toxic elements and the inorganic anions (i.e., chlorides and sulfates). The contents of
these contaminated are strictly regulated by the Dutch legislation [146].
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Table 4.4: Determined concentrations of contaminants (mg/kg) after leaching tests
of functionalized samples and reference samples, and their allowed emission limits
regulated by the soil quality decree [144].

Ba
Cr
Cu
Mo
Sb
As
Cd
Co
Pb
Ni
Se
Sn
V
Zn
Cl−
SO42−

Granular material
Legal limits1

BA

Reference2

HBA

30% BA
mortar

30% HBA
mortar

22.00
0.63
0.90
1.00
0.32
0.90
0.04
0.54
2.30
0.44
0.15
0.40
1.80
4.50
616
2,430

0.51
1.14
6.53
1.20
0.91
0.16
L.D.
0.05
L.D.
0.07
0.45
L.D.
0.12
0.52
11,367
20,979

0.81
0.67
1.96
0.52
0.74
0.19
L.D.
0.05
L.D.
0.05
0.41
L.D.
0.14
0.63
323
7,703

0.72
0.77
1.16
0.70
1.22
0.19
L.D.
0.05
L.D.
0.05
0.37
L.D.
0.12
0.74
367
9,161

0.12
0.09
0.17
0.22
0.22
0.21
L.D.
<0.22
<0.30
<0.27
0.32
L.D.
0.30
0.23
650
450

<0.05
0.05
<0.2
0.20
0.22
0.22
L.D.
<0.22
<0.30
<0.28
0.33
L.D.
0.29
<0.10
60
80

1 The legal limits established by the Dutch soil quality decree for the use of granular material in
the open environment without any insulation.
2 The reference sample of BA was prepared in the same manner as HBA but in the absence of
stearic acid to assess the influence of the functionalization process on the leaching properties.

In Table 4.4. The leaching of the contaminants from original BA, HBA and the
mortars containing HBA. Moreover, to assess the influence of the modification process
on the washing of contaminants from BA, a reference sample was made and its leaching
was assessed. The reference sample of BA went through same modification process
in the absence of the functionalizing agent, i.e., stearic acid. For the original BA, the
leaching of the Cr, Cu, Mo, Sb, Cl− and SO2−
4 was found to be above the permissible
limits. The high leachable content of these contaminants in the BA limits its use as
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The modification process of the BA contributes in reducing the leaching of contaminants decreased significantly, the most significant decrease was noted in the content
of Cu, Cl− and SO42− by 70, 97 and 63 wt%, respectively. However, except chloride,
the rest of contaminants are still above the limits. After the functionalization process, HBA shows a further decrease in the leaching of the major contaminants with
exception to Sb and sulfates. The leaching of the HBA increases for these elements
as compared to the original sample of bottom ash. The increased leaching of Sb and
sulfates indicates that modification process can affect the mineral phases that were
responsible for the immobilization of these contaminants. The leaching of the heavy
metals and inorganic anions from the material that shows hydrophobic properties
indicate towards the very heterogeneous surface properties of the ash residue. The
functionalization of these particles is only possible on the surface, which provides reactive sites for the reaction of the stearic acid. The rest of the surface will remain
unmodified that would interact with water during leaching test and leads to the leaching of the contaminants. The leaching of the mortars containing 30% of the original
BA and modified HBA is given in Table 4.4 as well, both kind of samples shows leaching below the limits. The leaching of the mortar, which had modified BA, was much
lower than the mortar containing original bottom ash. The decrease in the leaching
of the contaminants can be attributed to the dilution of HBA by the cementitious
matrix.

4.4 Conclusions
In this chapter, a wet chemistry method is applied in order to prepare hydrophobic
bottom ash with stearic acid as a modifying agent.The influences of the bottom ash
on the hydration of the cement, compressive strength, capillary water absorption and
long-term chloride diffusion of the mortars are investigated..
• The optimum ratio was characterized to be 4%, showing near-superhydrophobic
properties of the powder with a contact angle of 141◦ . The application of the HBA
significantly improved the transport property of the mortar.
• With 30% addition of HBA, the capillary water absorption rate and chloride penetration depth are decreased by 57% and 65%, as compared to the reference sample.
• The functionalization of the bottom ash particle reduces the leaching of the chlorides, sulfates, copper and molybdenum by 97%, 63%, 70% and 41%, respectively.
Moreover, the mortars containing 30 wt% of the shows the improved leaching propChapter 4
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erties, which are because of the dilution effect and immobilization potential of the
cementitious matrices.
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Abstract
The ingress of water and other soluble aggressive species is a major cause to the reduced service life of concrete structures. Bulk modification by adding hydrophobic
agents in the cementitious materials is an efficient way to decrease water penetration into the concrete matrix. However, conventional hydrophobic-modifications of
concrete are associated with several unresolved major drawbacks such as high cost
and toxicity. In this chapter, the impacts of inexpensive, safe, and easy-to-culture
bacteria on the hydrophobic properties of concrete are investigated. We demonstrate
that hydrophobic concrete can be conveniently created by using the liquid culture of
bacteria without the need of growing biofilms as suggested by previous research, even
with a strain that does not present innate hydrophobicity. These key findings greatly
improve the feasibility for the large-scale application of water resistance cementitious
materials. Scanning electron microscopy and X-ray diffraction analyses indicated
higher levels of micro-calcite formations with the increased addition of bacteria. These
micro-calcite structures account for the dramatic increase in surface roughness which
leads to elevated hydrophobic properties of the hybrid concrete. This phenomenon
is reminiscent of the “lotus-leaf effect”, with ultrahydrophobicity arising from the
nano- and microscopic topologies of surfaces. Bacteria-modified cement presents distinct heat-flow profiles during hydration consistent with the increased calcite formation. Taken together, this research gives unprecedented mechanistic insight into the
design of microbial-modified concrete with hydrophobic properties particularly useful
in floating and offshore structures. Given the large repertoire of bacteria still to be
used, our work sets the stage for the future design of microbial-based hydrophobic
concrete that can be tailored with additional functions such as self-healing and odor
removal.
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5.1 Introduction

Conventionally, concrete is hydrophobized by surface or admixture treatments. Muhammad
et al. demonstrated that surface coating with nanomaterials is an extensive method to
render concrete bulks water repellent [158]. Indeed, the NCHRP Report 244 indicated
surface treatments can reduce up to 75% of water absorption in concrete [159]. Epoxy
coatings are especially effective in reducing the water penetration of concrete [160]. It
was also shown that siloxane copolymers and hydrophobic silane admixtures can significantly enhance the water repellency of concrete [161]. Despite these progressions,
several key issues are yet to be resolved [158]. Most of the hydrophobic chemicals used
in this way require rather high temperatures for adequate dispersion, which increases
the energy consumption and complicates the manufacturing procedures [158]. Silanebased chemicals can easily be mixed at an ambient temperature, however, these are
significantly more expensive than other coating materials and are thus less appealing
for large-scale applications [161]. In addition, epoxy and silane are highly toxic raw
materials that are harmful to human health [35]. Finally, hydrophobic coatings can
be damaged by weathering and abrasion overtime, which compromises their effectiveness and warrants regular maintenance [162]. Bulk modification holds promise for
long term preservation of the hydrophobic properties of concrete, but only if it is
fairly inexpensive [35].
Recent advances in biotechnology highlight the potential of utilizing biological and living materials to accomplish functions hitherto achieved by synthetic materials [133,
163–165]. An inspiring example in the concrete field is the development of a selfhealing concrete through the addition of alkaline-resistant spore-forming bacteria [1,
166, 167]. Microcracks which develop on concrete surfaces expose the dormant bacteria within the concrete to water and oxygen, reviving them to produce limestone and
“heal”the cracks through biomineralization processes [1]. Bacteria can also be utilChapter 5
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The durability of concrete is a sophisticated and long-standing topic in the field of
building materials [108, 152, 153]. In brief, it is the ability to resist weathering, abrasion, and chemical attack [2, 154]. Generally, concrete is considered a hydrophilic
material. Due to capillary forces, water can easily be absorbed by the open pores
where the concrete surface contacts with water [5]. The absorption of water and other
soluble aggressive species is a major driving force to the physical and chemical degradation processes in concrete structures, as it can corrode the steel reinforcement and so
lead to the collapse of the entire concrete structure [15]. To mitigate these deterioration processes, concrete can be made water-repellant by endowing it with hydrophobic
properties [139]. With the advances of hydrophobicity and super-hydrophobicity technologies, the design of concrete with highly hydrophobic properties offers a promising
route to improve its durability [155–157] .
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ized to engineer hydrophobic concrete. Grumbein et al [35] discovered that addition
of biofilms of a Gram-positive bacterium, Bacillus subtilis, significantly altered the
wetting behavior of hybrid mortar making it hydrophobic instead of hydrophilic. The
underlying mechanisms and the influence of bacterial agents on the cement hydration
are yet to be investigated. Moreover, for large-scale engineering applications it is
important to find an alternative strategy that is as promising yet less labor-intensive
than growing and harvesting biofilms of bacteria.
In this chapter, liquid cultures of bacteria are demonstrated to be used to create concrete with hydrophobic properties in a concentration-dependent manner. This key
finding helps to dramatically improve the feasibility of using bacteria as a supplement
to hydrophobize cement through bypassing multiple time-consuming procedures required for growing and harvesting bacterial biofilms. In addition, the hydrophilic
bacteria can also endow concrete with hydrophobic properties, which greatly expands
the repertoire of bacteria that can be used for creating water-resistant concrete. The
results indicate that the hydrophobic properties are achieved through drastically increasing the roughness of the concrete topology at nano-to-micro-meter length scales.
These morphological changes are caused by the micro calcite formations possibly
through biomineralization processes. Furthermore, bacteria addition has a distinct
impact on the hydration kinetics and phase formation of the cement. Taken together, this chapter gives unprecedented insight into the mechanism and the design
of bacteria-based hybrid concrete with hydrophobic properties.

5.2 Experiments
5.2.1 Materials
The cement of CEM I 52.5 R used in this study was provided by ENCI (the Netherlands). CEN standard sand (EN 196-1) [168] is used as aggregates. B. subtilis
3610 and E. coli BL21 (DE3) are used as bio-modification bacteria. Luria/Miller
LB‐Medium or LBP lus Medium (which contains 1 % glycerol and 0.1 mM MnSO4 )
are used to culture bacteria.

5.2.2 Preparation and testing methods
Culture of the biofilm and preparation of the mortar
The preparation process of bacteria-based concrete is shown in Figure 5.1. Bacterial
cultures were prepared by first inoculating 15 mL of liquid Luria/Miller LB‐Medium
(Sigma Aldrich) with bacteria from a frozen glycerol stock. The cultures were grown
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at 37 ◦ C in a shaking incubator (250 rpm) overnight. Next, 100 µL of this overnight
culture was plated on (1.5 % w/v) agar plates enriched with Luria/Miller LB‐Medium
or LBP lus Medium and incubated for 24 h. In control experiments where LB medium
(without bacteria) was added to mortar, no perceivable changes were observed in the
wetting behavior of the mortar samples. All mortar specimens were prepared in a
laboratory mixer. The mortar was prepared with a ratio of water: cement: sand =
0.5: 1 : 3.

2 Liters of LB medium were used as the growth medium to expand the production of
cultured bacteria. The cell concentrations are characterized by optical density values
at 600 nm (OD600nm). Stable values of 4 were observed for both types of bacteria
after culturing overnight, which indicated that suspensions have reached the growth
limit. To further increase the bacterial concentration, the bacteria were pelleted from
the liquid suspension by centrifugation. The centrifugation speed was set at 10000 g (g
= 9.81 m/s2 ) and the duration was set at 10 minutes. After centrifugation, cell pellet
was resuspended in lower volumes of water to achieve higher bacterial concentrations
(as shown in Figure 5.1). This resuspended cell pellet is subsequently added to mortar
at a content of 1%, 2%, 5% and 10% by weight of pellet to cement, respectively. The
water used to prepare the bacteria suspensions has been included into the total water
consumption of the mortar preparation.

Figure 5.1: The preparation process of the bacteria-based hybrid mortar with hydrophobic properties.
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Culture of the suspension and preparation of the mortar
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Characterization of the hybrid mortar samples
Static water contact angle measurements were performed on a DataPhysics SCA20
(DataPhysics Germany) at ambient temperature. The phase composition of bacteria
hybrid concrete was investigated by X-ray diffraction (XRD). The influence of the
bacteria on the cement hydration kinetics was assessed by calorimetry employing a
TAM Air isothermal calorimeter. The tests were carried out for 80 h at a constant
temperature of 20 ◦ C. The results were normalized by the mass of solid powders.
To analyze the micro-structures of concrete, samples sputter-coated with gold were
analyzed by scanning electron microscopy. The capillary water absorption of the
mortars was determined according to an adapted protocol of EN 480-5 [123].
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5.3 Results and discussion
5.3.1 The influence of the biofilms to the hydrophobicity of
the mortar
Bacillus subtilis is a well-studied Gram-positive bacterium commonly found in soil
and the gastrointestinal tract of humans [169, 170]. B.subtilis cells are intrinsically
hydrophobic due to the hydrophobin-like proteins displayed on their surfaces [171].
In a recent study by Grumbein et al, it was demonstrated that biofilms of B. subtilis
grown on different media exhibit hydrophilic (LB agar) and hydrophobic (LBPlus
agar) behaviors, respectively [35]. Remarkably, either the hydrophilic or the hydrophobic biofilms of B. subtilis can be used as an admixture to create concrete with
water-repellent properties, suggesting that the innate hydrophobicity of the bacterium
was not required for creating hydrophobic concrete. We therefore reason that a wide
range of other inexpensive, and easy-to-culture bacteria might be suitable as admixtures to create hydrophobic concrete.
To test this hypothesis, we selected a Gram-negative bacterium, E.coli BL21 (DE3), a
well-characterized strain suitable for genetic manipulation for further investigations.
Next, three types of biofilm-hybrid concrete were created, consisting of those mixed
with B.subtilis biofilms grown on either LB or LBP lus , and E.coli biofilm grown on
LB. Water droplets were placed on the surface of each sample. As expected, similar
contact angles were observed for samples created from B.subtilis biofilms cultured by
different media, with 61◦ and 66◦ for those with regular LB and LBP lus , respectively.
Interestingly, the hybrid concrete created from E. coli biofilm showed a contact angle
of 64◦ , which has essentially the same performance compared to those made from B.
subtilis. This result indicated that application of bacteria with innate hydrophobic
properties is not a requirement to create hydrophobic concrete. Thus elucidation
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of the mechanism underlying the creation of bacteria-based hybrid concrete with
hydrophobic properties warrants further research.

5.3.2 The influence of bacterial liquid cultures on the water
resistance of the mortar

The effect of bacterial dose on the hydrophobicity of the hybrid mortars was investigated as shown in Figure 5.2. Cell pellets were collected through a centrifugation
process from bacterial cultures and then dispersed in water to prepare the bacteriamodified mortars with bacteria to cement ratios of 1wt%, 2%, 5% and 10%. The
hydrophobicity increases with increasing dosage. The 5% B. subtilis and E. coli modified concrete display a contact angle of 96◦ and 89◦ , respectively, which shows a
higher water contact angle values compared to the samples directly made with 5%
biofilms. A further increase in the dosage to 10%, slightly raises the contact angles
to 103◦ (B. subtilis) and 95◦ (E. coli) which in turn indicates 5% is an optimum
amount to prepared hydrophobic concrete taking both the hydrophobic performance
and costs into account. Remarkably, even higher contact angles can be achieved on
the interface created upon cross-sectioning the samples with 5% bacteria addition,
which were as high as 150◦ for B. subtilis and 138.5◦ for E. coli. Both of these
samples demonstrated superhydrophobicity as water drops rapidly rolled off the surface of slightly tilted mortar specimens. Concomitantly, the increased hydrophobicity
of the 5 wt% specimens with either B. subtilis or E. coli resulted in an enhanced resistance against water absorption, which is reduced by approximately 60% as shown in
Figure 5.3. In sum, these results demonstrate that the amount of bacteria added impacts the hydrophobicity of the concrete, while the hydrophobicity of the bacteria is
unimportant. Furthermore, these findings strengthen the hypothesis that neither hydrophobic bacteria nor biofilms are required to create bio-based hydrophobic concrete.
Without these rigorous prerequisites, the design and application of microbe-modified
hydrophobic concrete is considerably simplified. This finding opens up many exciting
opportunities, since a broad variety of microorganisms may be applied, which could
help gain other useful functions to concrete, such as removal of odor or self-healing.
Chapter 5
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Given the numerous culturing and harvesting steps involved in growing biofilms, the
production of biofilm-hybrid concrete is time-consuming and labor-intensive [172,
173]. Aiming to simplify the production process and improve the hydrophobic properties of the microorganism-based concrete, the effect of the addition of bacterial liquid
cultures rather than formed biofilms was investigated. This saves at least one day
(time it takes to grow the biofilm, Figure 5.1) and the other labor-intensive steps
involved with harvesting the biofilms off the agar plates are avoided. Furthermore,
the cost is reduced by omitting the additional materials such as agar and petri dishes
required for growing biofilms.
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Figure 5.2: Water contact angles of the bacteria modified mortar.

Figure 5.3: The water absorption of the bio mortars to which either B. Subtilis or
E. Coli is added at a 5% bacteria to cement ratio.

To gain mechanistic insight into the wetting properties displayed by the bacteriamodified concrete samples, scanning electron microscopy (SEM) was used to analyze
their topology at nano- to micro-meter length scales (Figure 5.4). Significant differences in morphology were caused by the addition of B. subtilis or E. coli. Clear cubic
crystals were observed on the outer surface of the B. subtilis modified concrete (Figure 5.4c). These crystals were under 1 µm in length providing the roughness for the
concrete surfaces. In view of the well-characterized capabilities of B. subtilis to precip88
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Intriguingly, clear morphological differences were observed between the inner and
outer surface sections of the same bacteria-modified samples (Figure 5.4c-f). Both
the inner sections of concrete modified by B.subtilis and E. coli presented spikelike structures which are not commonly seen in reference mortars. These structures
observed in SEM were most likely calcite, a regular product generated during the
cement hydration. Its volume and shape can be influenced by factors such as pH,
humidity and the amount of growing space [176–178]. A moist environment can
promote the formation of spike-like ettringites which are roughly 5 µm in length, or
shorter. The lack of growing spaces due to the occupation of bacterial agents could
lead to the formation of smaller spike-like ettringites in the inner layers such as those
observed by SEM. These short “spikes”increase the nano- and micro- roughness of
the concrete and can endow the concrete with hydrophobicity in a similar fashion as
the “lotus-leaf effect”[121, 179].

5.3.3 X-ray diffraction (XRD) indicated an increase in calcite
deposition with the bacteria-modified concrete
XRD profiles were collected of the reference and E. coli- and B.subtilis -modified
mortar samples with different dosages of bacteria to test whether admixing bacteria
indeed elevates the calcite content of mortar as shown in Figure 5.5.
Bragg reflections characteristic for quartz, calcium carbonate in the form of calcite,
calcium hydroxide (Ca(OH)2 ) in the form of portlandite, C2 S and C3 S are clearly
visible in all profiles. The quartz peaks belong to the standard sand. As the concentration of bacteria is increased, the calcite peak becomes more pronounced, while
the portlandite peak diminishes. In line with the SEM results, this indicates that
the bacteria are involved in the precipitation of the calcium carbonate, and therefore
Chapter 5

89

Chapter 5

itate calcium carbonate, these crystals are likely calcite (the most stable polymorph
of CaCO3 ) formed during the biomineralization process. Indeed, De Muynck et al.
[174] suggested biomineralization products could enhance the water and gas penetration resistance of the concrete. In contrast, no crystals nor other similar products
were found in E. coli-based samples. Instead some cell-like structures were observed
(Figure 5.4e). Anbu et al. [175] suggested that the net negative charge on the bacterial membrane can act as scavengers for divalent cations, such as Ca2+ and Mg2+ .
Since bacteria sequester carbon dioxide from the atmosphere for metabolic processes
such as respiration, their Ca2+ -associated membranes can be ideal nucleation sites
for calcite (CaCO3 ) deposition. These nanoscale calcites and the micronscale cell-like
particles provide roughness for the concrete surface on multiple length scales. We
propose that it is this multi-scale roughness that contributes to the hydrophobicity
of concrete top surfaces.
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Figure 5.4: The morphology and water contact angle of the bacteria-modified
(5%wt) concrete and reference samples: Top surface (a, c, e) and cross-section showing the inner layer (b, d, f) of (a, b) the reference sample, (c, d) the B.subtilis hybrid
mortar, and (e, f) the E. coli hybrid mortar.
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Figure 5.5: X-ray diffraction patterns of the reference mortars and bacteria-modified
samples with 5% or 10% addition of liquid-cultured E. coli and B. subtilis.
more calcium hydroxide is consumed. The XRD experiments thus confirm that bacteria can change the mineral composition and microstructure of concrete resulting in
an increase in its roughness, which in turn elevates its hydrophobicity. Interestingly,
the C2 S and C3 S Bragg reflections are considerably larger in the bacteria-modified
mortars than in the reference, which suggests a slower hardening.

5.3.4 Effect of the bacteria suspensions on the hydration of
cement
To evaluate whether the hardening process was affected upon addition of bacteria
suspensions, calorimetry measurements were performed to measure the effect of E.coli
and B.subtilis suspensions on cement hydration. Figure 5.6a show the heat flow during
the exothermic reaction of ordinary Portland cement (OPC) over time.
As reported previously [180], OPC typically presents a single peak during the hydration process, which here appeared at 10 hours. However, both bacteria-modified
samples presented two peaks: a small peak appeared at 4 hours after the start of
the reaction and a second, much larger peak, which reflects the hydration kinetics,
appeared after 3 days. The cumulative heat agrees well with the evolution of the
cement hydration as shown in Figure 5.6b. In the first 3 days, the bacteria-containing
samples present a much lower cumulative heat than the reference which is attributed
to the retardation of cement hydration. This means that the reaction was retarded
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Figure 5.6: Effect of 5% bacteria suspensions of B.subtilis and E.coli on the cement
hydration of OPC paste at 20 ◦ C: a) Heat flow, b) Released heat.

by as much as 60 hours upon addition of the bacteria suspensions. Furthermore, the
retardation of B. subtilis is clearly more significant than that of E. coli, possibly due
to its biomineralization capabilities. Tentatively, we propose that bacteria decrease
the concentration of Ca2+ in the cement pore solution by forming calcite around
themselves, which delays the formation of hydration products.

5.3.5 Bacterial-membrane-modified concrete has inferior water resistance compared to those modified with live cells

Figure 5.7: Morphology of hybrid concrete created by adding bacterial membranes.
a) Cell lysate of B. subtilis. b) Surface section of the hybrid concrete created with
B. subtilis membranes. c) Surface section of the hybrid concrete created with E. coli
membranes.
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Interestingly, mortars made with the addition of 1 g of cell membranes of either
B.subtilis or E.coli presented better wetting resistance than the reference sample.
This is not surprising given the hydrophobic properties of phospholipids, which are
the main constituents of bacterial membranes. Water droplets on mortar made with
B. subtilis membranes displayed higher contact angles than their E. coli counterparts.
This is likely because of the innate hydrophobicity of the hydrophobin-like protein
BslA present on the cell membrane of B.subtilis [170]. Intriguingly, no obvious spikelike structures were observed in the membrane-modified hybrid concrete by SEM
analyses (Figure 5.7b and c), which suggests that the lifeless cell membrane could
not alter the micro-structures of concrete, however functions as a hydrophobic agent.
In sum, the addition of bacterial cell membranes does render concrete more waterresistant, but water is still rather rapidly adsorbed by the membrane-modified mortars
as these samples do not exhibit the multiscale roughness observed in mortars with
living bacteria. The latter modification is thus preferred, as its performance is better
and its preparation is simpler.

5.3.6 Coating applications of bacteria on concrete surface
In an attempt to further simplify the hydrophobization of concrete with bacteria,
we further explored whether it is important to mix bacteria with bulk concrete, or
whether instead, hydrophobic mortar can be achieved by simply applying bacteria on
the concrete surface as a coating agent. B.subtilis and E.coli-treated (0.5 g cell pellet)
concrete samples were created at two distinct time points, namely pre-hydration (immediately after casting) and post-hydration (after three days of hydration). Remarkably, all samples, irrespective of whether hydrophobic or hydrophilic bacteria were
used, exhibited hydrophobic properties with contact angles larger than 90◦ (Figure
5.8). Moreover, the simple coating application does not alter the mechanical and
chemical properties of the bulk concrete, while efficiently resisting water penetration
by the outer surface. This makes coating with bacteria a very appealing strategy,
as live bacteria can potentially regenerate themselves and occupy exposed surfaces
without extra maintenance.
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Our findings indicate that the hydrophobic properties of the bacteria-modified concrete arise from their impact on the mineral composition and morphology in the
concrete. Yet, other factors may also play a role of importance. It is conceivable that
the innate hydrophobicity of the phospholipid-based cell membrane of the bacteria
is influential. To investigate this possibility, hybrid mortars were prepared with bacterial membranes obtained after cells were lysed by high pressure with a French press
instrument (Figure 5.7a).
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Figure 5.8: SEM and contact-angle measurements on concrete samples with bacterial coatings: a) Pre-hydration coating with B. subtilis, b) Pre-hydration coating
with E. coli, c) Post-hydration coating with B. subtilis, d) Post-hydration coating
with E. coli.

5.4 Conclusions
In conclusion, an effective and dramatically simplified strategy to design hybrid concrete with hydrophobic properties by replacing the admixed bacterial biofilms with
bacteria collected from liquid cultures is presented in this chapter. Both B.subtilis
and E. coli are effective whether admixed in bulk or applied as coating.
• In all cases, (super)hydrophobic hybrid mortar with contact angles in excess of 90◦
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was achieved. Importantly, the choice of bacteria does not appear to be limited to
those that are inherently hydrophobic. The concentration of bacteria is a critical
determinant of the wetting properties of the hydrophobized concrete. Samples
with higher cell concentrations presented higher contact angles.
• The mechanism underlying the hydrophobization by live microbes is multi-faceted.
The hydrophobicity of the bacterial membrane contributes as well as structural
alterations at nano-to-micron length scales. The latter are likely induced by biomineralization and other metabolic processes, which appear to induce calcite precipitation on the concrete surface. This results in elevated water resistance, which
in turn enhances the durability of concrete.
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• To fully comprehend the impact of microorganisms on cementitious materials, future work should also examine other physical and mechanical properties of microbemodified concrete, such as rheology, shrinkage, self-healing and chloride permeability.
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Abstract
In this chapter, magnesium oxychloride cement (MOC), which has a needle-like structure, is upgraded with super-hydrophobic surface using a facile method involving immersion in a silane-ethanol solution. The influence of the molar ratios of the raw materials on the super-hydrophobic property was investigated. The phase compositions,
microstructure, compressive strength, water resistance and wetting behaviour are
studied in detail by X-Ray diffraction (XRD), scanning electron microscopy (SEM),
a water contact angle measurement instrument, and mechanical testing. The water contact angle of as-prepared MOC reaches 152 ± 1° for the optimal mix design.
The variation of the water contact angle of different mixes can be explained by the
Cassie-Baxter model. The experiments using rolling off dust on the super hydrophobic
surface present excellent self-cleaning ability. Moreover, proposed super hydrophobic
surface exhibited excellent UV-durability, indicating a promising potential for the
outdoor application.
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6.1 Introduction
Magnesium oxychloride cement (MOC) has attracted extensive attention, as it is generally associated with ambient temperature curing and excellent materials properties
such as fast setting, high mechanical strength, good resistance to abrasion and fire
[181–185]. The behavior of MOC is mainly regulated by the composition and microstructure of the hydration products, produced through neutralization-hydrolysiscrystallization process in the ternary system of MgO–MgCl2 –H2 O [186]. At room
temperature, the mechanism of formation of magnesium chloride hydrates in the
MgO–MgCl2–H2O system can be described by the following chemical reactions [187]:
5M gO + M gCl2 + 13H2 O = 5M g(OH)2 · M gCl2 · 8H2 O(P hase5)

(6.1)

3M gO + M gCl2 + 11H2 O = 3M g(OH)2 · M gCl2 · 8H2 O(P hase3)

(6.2)
(6.3)

Changing the proportion of MgO, MgCl2 and H2 O in this reaction system, such
as molar ratios of MgO/MgCl2 and H2 O/MgCl2 , can lead to significant differences
concerning chemical compositions and consequently different materials performance
of MOC [186]. Specifically, Phase 5 (P5) has been commonly recognized as the most
desirable reaction product in MOC-based composites, as it is believed that the Phase
5 crystals can provide the best mechanical properties [186]. Generally, a molar ratio
of over five for MgO/MgCl2 is often used for manufacturing the MOC-based product
[186]. As a consequence, the hydration products usually consist of more P5 and some
Mg(OH)2 .
However, when exposed to water, Phase 5 will be easily decomposed to Mg(OH)2 that
leads to a poor water resistance, which seriously restricts its outdoor applications. An
efficient and facile way to improve the water resistance of MOC is through controlling
the molar ratios of MgO/MgCl2 and H2 O/MgCl2 . Li et al. investigated the influence
of the molar ratios of raw materials on the properties of magnesium oxychloride cement
[186]. They found that there are three different structures of Phase 5 specified as
plate-like, needle-like and gel-like crystals. Among them, needle like structure shows
a better performance in terms of mechanical properties. However, as the packing of
the needle-like structures resulting in more space for the water to penetrate, MOC
rich in need-like Phase 5 always results in a poor water resistance and leads to a very
low strength of MOC at ambient temperature after 28 days in water [188]. Another
efficient method is to apply additives to improve the water resistance of MOC. Li and
Yu [189] found that after the addition of active SiO2 , the water resistance of MOC
was increased, owing to the generation of new hydration products (S-1 gel) that lead
to a denser matrix. Deng et al. [188] discovered that the addition of phosphate could
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increase the softening coefficient of 14 days’cured samples to above 0.8 after immersed
in water for 15 days as more gel-like P5 is formed which increases the tortuosity of
the MOC.
Preventing the water penetration by generating super-hydrophobic surfaces has already
led to various new hybrid materials with astonishing properties [35, 190–192]. A surface can be described as super hydrophobic if the contact angle (CA) of water on this
surface is larger than 150◦ [135, 193]. The best known example of super hydrophobic
surface is the lotus leaf, on which water easily rolls off, leaving little or no residue and
carrying away surface contamination, therefore showing excellent self-cleaning properties [194]. With the help of scanning electron microscopy (SEM), the mechanism
behind this phenomenon has been resolved. The electron microscopy of the surface
of lotus leaves shows protruding nubs of 20–40 �m apart each covered with a smaller
scale rough of epicuticular wax crystalloids [192]. This wax only consists of –C–H
and –C–O groups, which give the origin to the super hydrophobicity and self-cleaning
properties of the lotus leaf. Since Tsujii et al. first fabricated biomimetic surfaces in
the mid-1990s, numerous smart and efficient methods for attaining rough surfaces to
prepare super hydrophobic surface have been reported [192]. In summary [195], there
are two main kinds of surface microstructures to prepare super hydrophobic surface:
one is the hierarchical micro- and nanostructure like the lotus leaf and the other one
is the unitary micro-line structure like the ramee leaf.
Considering the complexity of the preparation of micro-, nano-, and lotus-type micronanocomposite structures, unitary micro-line structure provides a facile solution to
prepare super hydrophobic surfaces [196]. Ogawa et al. prepared super hydrophobic
film-coated nano-fibrous membranes based on the inspiration of self-cleaning silver
ragwort leaves. After the modification with fluoroalkylsilane (FAS), the surface of
the nano-fibrous membrane presented super hydrophobicity with the highest water
contact angle of 162◦ and the lowest water-roll angle of 2◦ [196]. Li et al. reported a simple solution-immersion method to fabricate a super hydrophobic surface
on a cellulose-based material (i.e. cotton fabric or paper). The surface morphology
of the fabric provided ideal roughness for trapping the air to build a super hydrophobic surface [197]. Yao et al. prepared Cu(OH)2 nano-needle arrays presenting
little contact-angle hysteresis, even under certain hydrostatic pressures, by a facile
chemical-base deposition method [198]. The average length of the needles was 5 µm
and the average diameter of the nano-needle is 300 nm. However, due to the restriction of the microstructure of the cement-based materials, fabrication of super
hydrophobic surface with cement-based materials is still limited.
The present study aims to propose a novel method for the fabrication of super hydrophobic surface on MOC by applying the unique needle-like structure Phase 5 of MOC.
The procedure is fairly facile to carry out and no special technique or equipment is
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required, so it is very cost-effective. The compressive strength and water resistance
of the MOC samples were studied. The phase composition and microstructural properties are determined by using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The water-repellency ability was evaluated by performing the water
contact angle and water sliding angle tests using a Dataphysics OCA20 contact-angle
system. As UV-durability property, which is crucial for practical outdoor use, mainly
depends on the surface chemical composition and surface structures. As such UVdurability of the as prepared surface is also examined. The results show that the
designed super MOC surface possesses a super hydrophobic property, together with
an excellent water-repellency and self-cleaning ability.

6.2 Experiments
The starting raw materials for preparing the MOC cement paste included light-burnt
magnesia powder (MgO), magnesium chloride hexahydrate (MgCl2·6H2 O), and tap
water. Both the MgO and MgCl2·6H2 O were provided by Sinopharm Chemical Reagent, China. Triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (FAS) and Ethanol
was used to prepare a FAS-ethanol solution.

6.2.2 Preparation of the super hydrophobic MOC samples
The magnesium chloride hexahydrate was dissolved in water before use. The MOC
samples were prepared by mixing MgO and the MgCl2 ·6H2 O solution. To find out
an appropriate formulation of the MOC to provide sufficient surface roughness, MOC
cement pastes using MgO and MgCl2·6H2 O with different molar ratios were designed,
as shown in Table 1. The paste is cast into the steel moulds applying a normal cement
paste mixing step following EN 196-1 [92]. Based on the mixed recipe, the samples
are designated as MOC-510, MOC-68 and MOC-610. To prepare hydrophobic MOC
samples, after 48 hours’curing in the air, MOC products were placed in the FAS
ethanol 5% solution at room temperature for 24 hours. Subsequently they were dried
at room temperature for 1 hour.

6.2.3 Testing methods
Characterization of the MOC
The XRD analysis was performed by using a Bruker D8 advance powder X-ray diffractometer with a Cu tube (20 kV, 10 mA) with a scanning range from 5◦ to 65◦ (2θ),
Chapter 6

101

Chapter 6

6.2.1 Materials

Super-hydrophobic Magnesium Oxychloride Cement (MOC): from Structural
Control to Self-cleaning Property Evaluation
Table 6.1: Mixture recipe of the MOCs.
MgO/MgCl2
MOC-510
MOC-68
MOC-610

1

H2 O/MgCl2

5
6
6

10
8
10

1 The crystal water of MgCl2 ·6H2 O is included.

Chapter 6

applying a step 0.02◦ and 0.2 s/step measuring time. The powder sample was prepared
by crushing and grinding the solid MOC cement paste with a ball milling equipment,
and then passing it through a sieve with a screen aperture of 75 �m. A contact angle
meter DataPhysics SCA20 (DataPhysics Germany) was used to measure the static
water contact angle and sliding angle with 10 µl water drop at the ambient temperature. The morphologies of the MOC were observed using a field emission scanning
electron microscopy (FESEM) of Quanta 450 (FEI) with the operation voltage of 5
kV and spot size was set to 5.0.

Self-cleaning behavior evaluation
The wetting behavior of the samples was assessed in a simple qualitative manner by
placing droplets of water on the surface of the plate samples and visually observing
their movement. 50 g bottom ash were placed loosely on the super-hydrophobic MOC
sample (the same recipe as MOC-610) for the test of self-cleaning ability. Water drops
from a watering can were placed on the super hydrophobic MOC surface to clean the
bottom ash.

UV durability evaluation
The UV durability test under different environmental conditions was performed in a
set-up as shown in Figure 6.1. In the present work, the experimental setup is composed
of a light source, transport gas (air) supply, flow rate valves, relative humidity meter
valve, and parameter measurement apparatus like temperature and relative humidity.
The applied light source consists of three ultraviolet lamps of 25 W each, emitting
an ultraviolet radiation (UVA) in the range of 300–400 nm. The irradiance can be
adjusted by a light intensity controller. The light intensity is measured with UVA
radiometer. The light intensity E is kept constant at 14 W/m2 to simulate outdoor
conditions. The summary of the test conditions is shown in Table 6.2.
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Figure 6.1: Image of the UV durability test set-up.

Operating conditions

Test 1

Test 2

Test 3

5
20
50%
14

5
50
50%
14

5
50
70
14

Flow rate (L/min)
Temperature(℃)
Relative humidity
Irradiance (W/m2 )
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Table 6.2: Summary of the UV durability test conditions.

6.3 Results and discussion
6.3.1 Crystalline composition
The XRD patterns of the MOCs are presented in Figure 6.2. It should be noted that
for all the MOC specimens, the mineralogical phases consist of major Phase 5, minor
Mg(OH)2 and unreacted MgO and MgCO3 . This is in agreement with the previous
studies [186]. As the Phase 5 is the most favourable crystalline phase [186], the molar
ratio of MgO/MgCl2 is desired to be higher than 5 and the molar ratio of H2 O/
MgCl2 is in the range of 6-15.
However, comparing the XRD patterns shown in Figure 6.2, it can be found that
MOC-510 exhibits the weakest characteristic peaks of unreacted MgO in the paste
Chapter 6
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Figure 6.2: XRD patterns of the MOCs at 28 days.
matrices as less MgO are used in this mixture. Both the MOC-68 and MOC-610
present stronger characteristic peaks of unreacted MgO because of the increase of
the molar ratio of MgO/MgCl2 . The compounds of hydration product of the MOC
samples are in good accordance with the phase diagram of MgO–MgCl2 –H2 O system
[187] and the previous research [186].

6.3.2 Microstructure
Figure 6.3 shows the SEM micrographs of the MOC samples. It is clear that all the
samples present a composite structure consisting of needle-like Phase 5 and gel-like
Phase 5. Figure 6.3a shows the micrographs of the MOC-510, which demonstrates
that the MOC surface has an uneven structure. The morphology consists of gel-like
Phase 5 and needle-like P5 crystal structures. Because of the differences between the
recipes of the raw materials, the proportions of the Phase 5 with different structures
are different in these three mixes. It can be seen that MOC-510 presents more gel-like
Phase 5 as compared to the other two samples. This can be attributed to the smaller
amount of MgO in the reaction system. As stated in [186] and [187], MgO particles
could act as a role of reaction seeds, which in turn increase the reaction sites in the
MOC hydrated process. So less MgO seeds would increase the possibility of group
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growth of the MOC, which leads to more gel-like Phase 5. It can be observed that
MOC-610 exhibits more needle-like Phase 5 than MOC-68 as shown in Figure 6.3b and
Figure 6.3c, which is attributed to the higher amount of the free water in MOC-610.
It has been reported in [199] that the free water will react with the MgO during the
hardening process. Hence, the more water the system contains, the more interspaces
would be produced in the matrix after hardening of the MOC is completed.

Figure 6.3: SEM images of paste matrices of: (a) MOC-510, (b) MOC-68, (c)
MOC-610.
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6.3.3 Compressive strength
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The compressive strengths of different mixtures after air curing for 3 days, 7 days
and 14 days were determined, as shown in Figure 6.4. Furthermore, the compressive
strength changes after the immersion in water for 48 hours are compared and shown
in Figure 6.5. It can be seen that with the increase of the curing time, the compressive
strength of the all the samples increases. The 3 days compressive strength data of
MOC-510, MOC-610 and MOC-68 were recorded to be 44.3 MPa, 51.2 MPa and 54.3
MPa, respectively. The 14 days compressive strength data were recorded to be 68.5
MPa, 75.5 MPa and 76.2 MPa which presented an increase of 55%, 47% and 40%,
respectively, as compared to 3-day compressive strength values.

Figure 6.4: Compressive strength development of different MOC mixes.
The continuous increase of the mechanical strength was attributed to the progressing
hydration of MOC [186]. It should be noted that MOC-510 shown the weakest mechanical property. This can be attributed to the higher free water amount in its reaction
system. As reported by [186] and [200], the strength of MOC increases with the decrease of molar ratio of H2O/MgCl2 with a fixed molar ratio of MgO/MgCl2 , while
a higher molar ratio of MgO/MgCl2 results in a higher strength with a fixed molar
ratio of H2 O/MgCl2 . However, it should be noticed that the compressive strength of
MOC-610 is almost the same as MOC-68 whose molar ratio of H2 O/MgCl2 is lower.
This is because the mechanical performance of MOC is highly related to the microstructure of the hydration product in MOC. It can be seen from the SEM images
of Figure 6.3, the formed needle crystals of MOC-610 are long and thin and highly
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Figure 6.5: Comparison between compressive strength of the MOCs before and after
48 hours’soaking: a) without FAS treatment, and b) with FAS treatment.

The water resistance improvement of MOC pastes after super hydrophobic modification was performed can be seen from the compressive strength changes after soaking
samples for 48 hours, as shown in Figure 6.5a and Figure 6.5b. It can be seen that
the super hydrophobic modification significantly improves the water resistance of
MOC. Without the modification, the compressive strengths of MOC-68, MOC-610
and MOC-510 is only 9.3 MPa and 9 MPa and 9.5 MPa, respectively after soaking
for 48 hours. The compressive strength retentions of the MOC-68, MOC-610 and
MOC-510 are only 17.1%, 17.6% and 21.4%, respectively. This is due to the decomposition of the hydration products into Mg(OH)2 in water, as reported by [202]. It
should be noted that the compressive strength retention of MOC-510 is higher than
the other two samples. This is due to more gel-like Phase 5 in MOC-510, which has
been reported to efficiently improve the water resistance of MOC [182]. Owing to the
super hydrophobic treatment, all of the MOC samples have a much higher compressive strength retention than unmodified samples. The compressive strength retentions
of MOC-68, MOC-610 and MOC-510 after soaking 48 hours were 91.3%, 99% and
91.2%, respectively, indicating the hydrophobic treatment is highly effective in terms
of improving water resistance of MOC.
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intergrown. It has reported that this unique structure is beneficial to disperse the
strength and lead to superior mechanical strengths [201].
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6.3.4 Hydrophobic performance
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The water contact angle (CA) was used to evaluate the surface wettability of the
designed MOC mixtures and the measured CAs are shown in Figure 6.6. It can be seen
that contact angles measured on the surfaces of different MOC pastes are different. As
shown in Figure 6.6a, the MOC-510 has a water contact angle about 130◦ , indicating
a hydrophobic property [192]. After the increase of the MgO content, the CA of the
MOC-610 increased to about 152◦ as shown in Figure 6.6c, indicating that the MOC
surface becomes super hydrophobic. On the contrary, the water repellent capability
of MOC-68 decreases and the CA decreases to about 143◦ after lowering the amount
of MgO.

Figure 6.6: Water contact angle of : (a) the MOC-510, 130 ±1 ◦ . (b) the MOC-68,
143 ±1 ◦ . (c) the MOC-610, 152 ±1 ◦ .
The change of the surface microstructures of different recipes (Figure 6 is believed to
be responsible for the increase of CA. According to the ideal Young equation [203]:
cos θy =

γs−g − γl−s
γl−g

(6.4)

and the Cassie-Baxter equation [116]:
cos θcb = rf · cos θy + f − 1

(6.5)

Where γl−g , γs−g , and γl−s represent the liquid-gas, solid-gas, and liquid-solid interfacial tensions, respectively, and θy is the contact angle, θcb is the apparent contact
angle on the rough surface. Eq. 6.5 describes the apparent contact angle in the heterogeneous regime [204, 205]. The roughness ratio (rf ) is defined as the ratio of the
true area of the surface to its projection area. The variable f is defined as the fraction
of the project area of the surface that is wetted by water. For super hydrophobic
MOC, air bubbles are enclosed in the pores among the hierarchical crosslinking needlike Phase 5 structures. Without the surface modification, water can easily spread on
MOC as the P5 is very hydrophilic. Hence, the value of rl−s is very small in ideal
108

Chapter 6

Super-hydrophobic Magnesium Oxychloride Cement (MOC): from Structural
Control to Self-cleaning Property Evaluation

6.3.5 Self-cleaning and UV-resistance ability
It is reported that water droplets can roll off from the lotus leaves and remove the
dust particles [193, 206, 207]. As MOC products are often used for a decorative
purpose (e.g. decoration boards), it will be very meaningful for MOC possessing
the self-cleaning ability. Figure 6.7a shows the results of rolling water on the super
hydrophobic MOC surface (MOC-610).
UV-resistivity which is crucial for practical outdoor applications, mainly depends
on the surface chemical composition and surface structures [208–211]. According
to [212, 213], low-energy coating modification with a long chain organic molecule,
such as FAS, is one possible solution to achieve the goal of fabricating UV-durable
super hydrophobic surface. In order to assess the UV-durability of the as-prepared
super hydrophobic surface, the samples were exposed to UV light for the period of 7
days at different temperatures and humidity levels, and the wetting behaviours were
measured every 30 mins. The static contact angle and sliding angle as a function of
UV-irradiation time are presented in Figure 6.8. It is shown that after 7 days’UV
irradiation, the surface still exhibits a contact angle of 152.1◦ and a sliding angle of
8◦ at 25◦ C and 50% humidity and a contact angle of 152.8◦ and a sliding angle of 9◦
at higher temperature. Even under a higher humidity, the MOC surface presents a
contact angle of 152.3◦ and a sliding angle of 8◦ , suggesting a superior UV-durability.
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Young equation. The value of θy ranges from 0 to 90◦ and the value of cos θy ranges
from 0 to 1. In the Cassie-Baxter equation, both rf and f range from 0 to 1 [204]. The
rougher the surface is, the smaller the values of rf and f are [204]. As a result, on a
rough surface, the value of cosθcb vary between -1 and 0 and the value of θcb between
90◦ and 180◦ . Hence, a rougher surface will lead to a larger contact angle and more
hydrophobic behaviour. When gel-like Phase 5 is generated among the needle-like
structure, it will fill in the interspace that in turn decreases the air amount for air
trapping. This can be used to explain the decrease of super hydrophobic ability from
MOC-610 to MOC-510 as the amount gel-like Phase 5 increases. Nano-needle structures have been reported beneficial to fabricate the super hydrophobic surface [198].
Such a unique structure offers two advantages: (1) needle structures are likely to minimize the contact area between the solid and liquid interface, and their remarkable
length prevents contact area between the MOC surface and water, (2) the crosslinking structure can effectively trap air and vigorously support the enwrapped liquid-air
interface. It is concluded that MOC products with needle-like Phase 5 are ideal raw
materials to fabricate super hydrophobic surfaces. Furthermore, it has been reported
that needle-like Phase 5 presents a better mechanical performance than gel-like or
plate-like Phase 5 [182]. This design thus favours both super hydrophobicity and the
mechanical strength of MOC products.
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Figure 6.7: Assessment of the hydrophobicity and self-cleaning ability by: (a) the
rolling of particles, and (b) blue ink and water drops on the super hydrophobic surface.

Figure 6.8: Contact angle and sliding angle of MOC-68 samples as a function of
UV-irradiation (E = 14W/m2 ) time under different environmental conditions.
The results here confirm that the as-prepared MOC super hydrophobic surface is very
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stable under strong UV irradiation. This can be attributed to both the properties
of the MOC and the low surface energy of FAS. It has been widely reported that
MOC possesses high strength and stability used in dry conditions [186]. The rough
needle-like structure of the MOC matrix is therefore stable. Secondly, FAS, which
has been applied on different kinds of substrate such as metal, ceramic and polymers
to fabricate UV-durable super hydrophobic surface [191], is very stable. This can be
attributed to the long chain of the FAS coated on the surface, which can provide a
large amount of C-F bonds. It should be noted that the applied chemicals as well as
the modification methods are rather economically effective and simple, which make the
large scale industrial production relatively feasible. The bond energy is 485 kJ/mol
that cannot be broken by the UV light ranging from 314 kJ/mol to 419 kJ/mol [208].
Hence, it is necessary to apply low surface energy chemicals with long C-F chain to
prepare UV durable super hydrophobic surface with cement-based materials.

A super hydrophobic MOC surface with excellent self-cleaning ability was fabricated
applying a facile solution immersion method with FAS. The influences of the molar
ratio on the microstructure, compressive strength, water resistance and hydrophobic
performance were investigated. The self-cleaning ability and UV-durability were characterized. Based the presented results, the following conclusions can be reached:
• Through the control of the MgO/MgCl2 and H2 O/MgCl2 molar ratios, MOC
samples with different microstructures were acquired. From the XRD and SEM
results, it can be concluded that MOC with MgO/MgCl2 ration of 5 exhibits a
higher amount of gel-like Phase 5 and MOC with MgO/MgCl2 presents a higher
amount of nano-needle like Phase 5.
• The compressive strength of MOC with MgO/MgCl2 ratio of 6 at 14 days reach
about 75 MPa, indicating a great potential for structural application.
• The hydrophobic treatment improves the water resistance of the MOC samples.
The compressive strength retentions after 48 hours’water soaking of reference
samples were only 17.1%, 17.6% and 21.4%, respectively, before the modification
by FAS. However, the compressive strength retentions increased to 91.3%, 99%
and 91.2%, respectively, after the hydrophobic treatment.
• Owing to the large amount of nano-needle like Phase 5 structures, MOC with the
MgO: MgCl2 : H2 O ratio of 6:1:10 is found to be the optimum recipe for the super
hydrophobic surface fabrication, having a water contact angle of 152±1◦ .
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6.4 Conclusions

Super-hydrophobic Magnesium Oxychloride Cement (MOC): from Structural
Control to Self-cleaning Property Evaluation

Chapter 6

• The prepared super hydrophobic surface presents an excellent self-cleaning ability.
Moreover, the super hydrophobic MOC surface was found to be highly durable
under UV irradiation.
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Abstract
The aim of this chapter is to investigate the feasibility of applying super-hydrophobic
slag (s-slag) to reduce the autogenous shrinkage and enhance carbonation resistance
of alkali-activated slag (AAS). The s-slag is produced through ball milling with stearic acid as a surface modifier. The influence of the s-slag to the wetting behaviour
is characterized by the water contact angle. It was found that addition of superhydrophobic slag has a significant influence on the hygroscopic and water absorption
properties of the AAS. The hydration kinetics, reaction products, internal humidity
and surface tension and ions concentration in pore solutions are investigated in order
to explore the mitigation mechanism of autogenous shrinkage. With 20% replacement
by s-slag, the autogenous shrinkage and carbonation depth of AAS can be reduced by
68% and 70%, respectively. The surface coating by stearic acid decreases the contact
between the slag and the NaOH solution, which decreases the heat release of AAS.
The hydrophobic modification alters the wetting property of the AAS which is helpful
to decrease the capillary pressure and obstruct contact with CO2 . As a result, the
autogenous shrinkage and carbonation depth are dramatically decreased. In addition,
the introduction of the s-slag increases the compressive strength and flexural strength
of AAS.
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With the enormous demand for cementitious materials in construction and increasing global concerns over sustainable development, alternative binders for cement are
sought to reduce the environmental impact of cement, in particular with respect to
CO2 emission and energy consumption. Alkali activated slag (AAS) is a promising
alternative cementitious binder with lower CO2 emission than Ordinary Portland Cement (OPC) during production, excellent fire resistance and adequate mechanical
properties. Notwithstanding, the large scale application of AAS remains limited due
to its high rate and extent of shrinkage and consequently high risk of cracking. The
autogenous and drying shrinkage of AAS are10-fold and 3 to 6-fold larger than that of
OPC, and up to now there are no promising methods to solve this issue. Hydrophobic
modification has been applied to increase the durability of cementitious materials [5,
111]. Due to the porous microstructure of the hardened cement paste, most often
occurring mechanisms of deterioration of concrete are related to the penetration of
fluids [107, 108, 128]. The hydrophobic treatment can alter wetting behaviour within
internal pores or cracks which increases the water absorption resistance of cementitious materials [5]. Among the integral water-resisting admixtures, stearic acid has
attracted lots of attention due to its low price and good hydrophobic property [5].
Wong et al. found that the addition of stearic acid coated waste paper sludge ash
could reduce water absorption of concrete by 84% [5]. Qu and Yu found that the
addition of stearic acid coated slag could decrease the chloride penetration of lightweight concrete by 90% [139]. As water transport in the concrete plays a key role in
the determination of the carbonation, hydrophobic modification has the potential to
improve the carbonation resistance of AAS [48].
Furthermore, the most recent studies only focus on decreasing water penetration
from the exposed environment inside the concrete [5]. It has been reported [214]
that hydrophobic modification could interrupt the capillary flow of porous medium
which can lead to the decrease of the internal relative humidity drop. Kumarappa
et al [50] investigated the mechanism of autogenous shrinkage of alkali activated slag
mortars. They concluded that the drastic drop in the internal relative humidity was
the main reason for the important increase in the shrinkage values of AAS systems
[50]. Therefore, hydrophobic modification has the potential to decrease the water loss
inside the cementitious materials and in turn, decrease the shrinkage of AAS.
So far, the existing strategies for hydrophobic modification of concrete mainly involved additional surface treatment or bulk modification. As concrete surface suffer
the threat of cracks, bulk modification is ideal for the hydrophobic enhancement of
cementitious materials. Based on our experience of the preparation of superhydrophobic powders, this study evaluates the feasibility of applying super-hydrophobic
Chapter 7
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7.1 Introduction

Mitigating the Autogenous Shrinkage with Enhanced Carbonation Resistance of
AAS by Hydrophobic Modification
slag powder as a partial binder replacement in order to mitigate the autogenous
shrinkage. As the water movement is the key factor for the reaction between CO2
and AAS, the influence of hydrophobic modification to the carbonation of AAS is also
explored. The influence of the s-slag to wetting behaviour and water absorption are
investigated which are related to the carbonation resistance of AAS. The hydrophobic
performance of AAS is evaluated by the water contact angle value. In order to know
the mitigation mechanism of the autogenous shrinkage, the internal humidity, surface
tension and composition of pore solution are also investigated.

7.2 Experiments
7.2.1 Materials
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The ground granulated blast furnace slag (GGBS) is supplied by ENCI (the Netherlands). The activator is liquid sodium hydroxide (NaOH) with concentration 4
mol·L−1 . The designed activator was prepared by dissolving NaOH pellets in distilled water and then cooling down to room temperature. Standard sand (0-2 mm)
is used as aggregates. The superhydrophobic slag is synthesized through a facile ball
milling method for 1h using 1% stearic acid as hydrophobic surface functionalizing
agent as reported in our previous work [139] which is the optimum processing conditions to prepare the superhydrophobic slag. The resultant s-slag possessed a water
contact angle (WCA) of 153◦ which can be classified as super-hydrophobic [113]. The
mix proportion of activator: slag: sand to prepare the AAS mortar is selected as
0.5:1:3 by mass. The replacement dosage with the s-slag is 10%, 20% and 30%.

7.2.2 Testing methods
Characterization of the AAS samples
The influence of the s-slag on the heat flow and cumulative heat release of the AAS is
investigated by a TAM Air isothermal calorimeter. The reaction kinetics experiment
are carried out for 80 h and temperature of the measuring cells is kept at 20◦ C. The
calorimetry results are normalized by gram of solid powders (slag and s-slag). The
flexural and compressive strength of the AAS samples with a curing age of 7, 14 and
28 days are determined according to EN 196-1 standard [92]. The samples are cured
in a climate room (20◦ C and RH 50%) sealed with plastic wrap. 40×40×160 mm3
samples are used for the flexural strength test and 40×40×40 mm3 samples are used
for the compressive strengh test. The capillary water absorption of the AAS and
hydrophobic modification AAS is tested according to EN 480-5 [123]. AAS samples
with 28 day curing age are used for the capillary water absorption test. All of the
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samples are immersed under the water with a depth of about 3 mm for 43 days. A
digital balance is used to measure the mass of the AAS samples periodically during
the water absorption test. Sessile drop method is applied the measure the WCA with
a piece of AAS samples with a diameter of 5cm. A digital pH meter is applied to
measure the pH value of the pore solution at 25 ◦ C. Inductively Coupled Plasma
(ICP, Model Optima 4300DV) is used to analyze the compositions of the AAS pore
solutions and three replicates were tested.
Internal Humidity
The internal relative humidity (RH) of AAS mortars is measured by Hygropin moisture meter (Newa Techniek B.V.) with in-situ RH sensor probes. The measuring
sleeves with 6 cm depth are embedded in the fresh mortar and the surface of the
cast samples are sealed with plastic wrap. The internal RH is tested every day over a
period of 28 days. Three replicate measurements are recorded to calculate the average
internal RH.
Autogenous shrinkage measurements

Carbonation test
The AAS is cast into a cylinder mould with a diameter of 10 cm and depth of 6
cm. After casting, the AAS samples are covered with plastic wrap and stored in
the climate room (20◦ C and RH 50%) until testing. After curing for 28 days, the
bottom and sides of the cylinder are coated with epoxy to allow CO2 ingress only
from the lateral cast surfaces. The AAS samples are transferred to the carbonation
test chamber at 20 ◦ C, 65% RH with a 20% CO2 concentration for 2 weeks.

Chapter 7

117

Chapter 7

The autogenous deformation test is measured according to ASTM C 1698-09 [215] by
corrugated polyethylene tubes with a length of 420 mm and a diameter of 29 mm. All
of the AAS samples are stored in a stable environment with 20 ± 1◦ C and RH 50%.

Mitigating the Autogenous Shrinkage with Enhanced Carbonation Resistance of
AAS by Hydrophobic Modification

7.3 Results and discussion
7.3.1 Mechanism of the mitigation of the autogenous shrinkage
Reaction kinetics

Chapter 7

Figure 7.1: Normalized heat flow (a) and cumulative heat release (b) of the AAS
paste with different dosages of s-slag.
The heat evolution and total heat release of the AAS samples are shown in Figure
7.1a and b. The heat release curves present four reaction stages similar to Portland
cement-based materials and other previous research on AAS. The characteristic peak
of the acceleration period is located at about 5 h which is in line with the AAS
reported in other research. It can be seen that with the addition of the s-slag, the
acceleration peak of AAS exhibits lower intensity which is in accordance with the
influence of the s-slag to the OPC [139]. This can be attributed to the surface coating
of stearic acid which decreases the contact between the alkaline solution and slag.
The coating decreases the reaction between slag and the alkaline solution which in
turn decreasing the heat release. This is in line with the cumulative heat evolution
of the AAS samples. The s-slag contained samples present a lower total heat release.
However, the addition of s-slag did not change the reaction process as can be seen
that the lengths of each period of the AAS samples are the same [139].
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Internal humidity and surface tension of the pore solution

The influences of s-slag dosages on the internal RH of AAS are presented in Figure
7.2a. The internal RH decrease with the time increasing for all samples which can be
attributed to the continuous hydration of the slag [215]. The addition of s-slag slightly
decreases the reduction of internal humidity of the AAS. At 1d, the reference sample
presents an internal humidity value of around 85% which is lower than the other
samples. Then it has a quick decrease to around 72% at 7d and then it continuously
decreases to around 67% at 28d. With s-slag replacement, the humidity decreases
more slowly. The surface tension and composition of the pore solution of the AAS are
shown in Figure 7.2b. It can be seen that for all the AAS samples, the surface tension
increases from 1d to 7d which is also observed in previous study [50]. This can be
attributed to the continuous hydration of the AAS and more ions were released from
the slag to the pore solution [62]. It can be seen that with higher s-slag replacement,
the surface tension of the pore solution is decreased a little which is helpful to minimize
the shrinkage of the AAS. This is in line with the hydration results as shown in Figure
7.1 which can be attributed to the surface coating of stearic acid which decreases
the contact between slag and the activators. The higher heat generated during the
hydration of slag results in the decrease of the pore solution viscosity as particles in the
pore solution would be more easily to move apart. The decrease of the pore solution
viscosity increases the surface tension of the pore solution [50]. The concentration of
Na+ and OH− of pore solution are shown in Figure 7.2b. At 1d, the concentration of
OH− slightly increased with higher replacement dosage which may be attributed to the
decreasing reaction rate as shown in hydration kinetics. At 7d, all of the concentration
of the OH− is lower than 1d which is because of the continuous hydration of slag.
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Figure 7.2: Internal humidity (a) and surface tension (b) of the AAS.
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Autogenous shrinkage
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Figure 7.3: Autogenous deformations of the AAS as a function of time.
The results of autogenous shrinkage of the AAS as a function of time are shown in
Figure 7.3. It should be noted that the addition of super-hydrophobic slag results in
the decrease of shrinkage of AAS in all mixtures. With the increase of the replacement
dosage of the super-hydrophobic slag, the reduction of the shrinkage deformation as
compared to the reference sample also increases. With 10% replacement, the shrinkage
deformation is reduced by 38% and it increases to 68% by 20% replacement. With
30% replacement, the autogenous shrinkage deformation decreases 70% which is close
to the result of 20% replacement. The results above indicate that the hydrophobic
property has an influence on the shrinkage of the AAS. It is reported that the internal
capillary stress is the key factor to determine the autogenous shrinkage mechanism
[216, 217] which can be calculated based on Eq. (1.1). Normally, as hydrophilic
materials, θ is taken the value of 0 and traditional methods to decrease the autogenous
shrinkage includes internal curing, which can increase the Kelvin radius, and addition
of the shrinkage reducing admixtures (SRA), which can decrease the surface tension
of the pore solution. As shown in Section 3.2, the addition of the s-slag did not change
the surface tension of the pore solution and internal humidify that much. However,
with the addition of superhydrophobic slag, the wetting behavior of the pore wall
of the AAS is changed. Based on Eq. (1.1), the capillary stress will decrease which
results in the decrease of autogenous shrinkage. It can be seen with higher replacement
(30%), the mitigation of shrinkage decreases not that much which is in line with the
hydrophobic property of the AAS. This indicates that AAS with 20% replacement of
s-slag is also an optimum amount to decrease the autogenous shrinkage of AAS.
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7.3.2 Mechanism of the enhanced carbonation resistance
Water absorption and wetting property of the AAS

The water absorption curves of the AAS pastes are shown in Figure 4a. It can be
seen that the addition of slag dramatically decreases the water absorption of the AAS.
With a 10% replacement, the water absorption decreases by 32%. A sharp water
absorption decrease can be seen at higher replacement dosage. It decreases by 62%
and 69% separately at 20% and 30% replacement, respectively. This is in line with the
contact angle tests as shown in Figure 4b. As hydrophilic material, AAS cannot hold
water on its surface with a contact angle of 0◦ . With the 10% replacement by s-slag,
the AAS present a water contact angle with 32◦ . When increasing the replacement
to 20%, the water contact angle is 78◦ which is close the value with 30% replacement,
which is 81◦ . This value is very close to the definition of a hydrophobic surface with
a contact angle larger than 90◦ . A plausible mechanism is that the s-slag reacts with
the activators left the stearic acid on the surface of the internal pores or the s-slag
bonds directly on the with the hydration products of the AAS and then the wetting
property of the pore in the AAS are altered [5]. This decreases capillary suction and
influences the liquid transport inside the AAS. It should be noted that with higher
replacement (at 30%), the water absorption did not change much compared with 20%
replacement. This is in line with the hydrophobic property changes of the AAS. As
water contact angle is also determined by the roughness of the microstructure of the
materials, this illustrates that 20% addition of the superhydrophobic slag is enough
to modify the microstructure of the AAS.
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Figure 7.4: Water absorption (a) and water contact angle (b) of the AAS samples.
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Figure 7.5: Carbonation depth of the AAS after accelerated carbonation tests.
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Carbonation test
Carbonation is a big threat to the durability of AAS. The diffusion of CO2 can change
its initially strongly alkaline environment to lower pH values [5, 218, 219]. It has been
concluded that AAS is prone to be damaged by carbonation compared with OPC
under same exposure conditions [220, 221]. The results are shown in Figure 7.5 and
present the influences of s-slag on the carbonation resistance of the AAS. It can be
concluded that the addition of s-slag is beneficial to increase the carbonation resistance
of the AAS. The reference sample presents a carbonation depth of 24 mm. All of
the hydrophobic modification samples present a lower carbonation depth especially
with 20% replacement of s-slag, the carbonation depth decreases 70%. The contact
with water is the key factor to influence the rate of carbonation of alkaline activated
materials as CO2 cannot react directly with the hydration products [222]. The CO2
needs to dissolve in water first to form carbonic acid and then react calcium hydrate or
C-A-S-H gel [218]. The internal hydrophobic modification limits the water movement
in the AAS and decreases the moisture supplement to the surface of AAS.

7.3.3 Reaction products analysis
The FTIR spectra of the AAS are shown in Figure 7.6a. All of the AAS samples
present similar patterns which indicate that the reaction products formed are similar.
The peaks at 3305 cm−1 and 1640 cm−1 belong to water [126]. It should be noted that
the AAS containing s-slag present two bands at 2916 cm−1 and 2848 cm−1 . These
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are attributed to the asymmetric stretching vibration and symmetrical stretching
vibration of C–H bonds as the stearic acid contains many –CH2 - groups in its structure
[126]. The intensity of these two peaks is very weak as the stearic acid content is quite
low in the AAS. The bands at 940 cm−1 can be assigned to the formation of calcium
aluminosilicate hydrate which is one type of C-A-S-H gel [62]. The bands at 872
cm−1 and 641 cm−1 are attributed to the deformational vibrations of Si-O-Si or SiO-Al [126]. The XRD results of the AAS samples are shown in Figure 7.6b. All the
samples present similar XRD patterns which confirm the FTIR results. The main
phases are hydrotalcite as well as C-A-S-H with a minor amount of portlandite [223].
Indeed, the addition of s-slag does not change the reaction products of the AAS. It
should be noted that there is an obvious difference between low replacement (Ref
and H-10%) and high replacement (H-20% and H-30%). It can be seen with higher
replacement, the peaks at around 20◦ and 40◦ belonging to the portlandite appear
in the XRD diagram [223]. This proves that the s-slag reduce the reaction degree
as more portlandite is left in the AAS. This is also in line with the reaction kinetic
mechanism as shown in Figure 7.1. Based on the FTIR and XRD results, it can be
concluded that the addition of the s-slag does not change the reaction products of
the AAS which indicates that the mitigation of the shrinkage is from other changes
of the AAS.

7.3.4 Mechanical property
The compressive strength of the AAS pasts is shown in Figure 7.7a. At 3d, the
compressive strength of AAS decreases with the increasing dosages, respectively of
the addition of S-slag. It decreased by 7%, 10% and 16% with 10%, 20% and 30%
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Figure 7.6: FTIR (a) and XRD (b) spectra of the alkali-activated slag.
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Figure 7.7: Compressive strength (a) and flexural strength (b) of AAS pastes.
replacement, respectively. This can be attributed to the delayed reaction speed as the
stearic acid reduce the contact between the slag and NaOH solution [139]. At 7d and
28d, the differences in compressive strength between different mixtures are smaller
and the compressive strength of 20% replacement AAS even is higher than that of
reference samples at 28d. This illustrates that at a later stage of the slag hydration,
the stearic acid has little influence to the compressive strength of the AAS as the slag
has fully reacted. Figure 7.7b shows that the flexural strength of the hydrophobic
modification samples is higher than that of reference samples. It increases by 22%,
41% and 60% at 1d and 7%, 36% and 31% at 7d. This increase can be attributed
to the mitigation of the development of micro-cracks in AAS through the addition
of s-slag [62]. Compressive strength is primarily governed by the porosity of the
cementitious materials. As the reaction speed is decreased, fewer reaction products
are filled in the solid skeleton of the AAS when mixed with s-slag. However, the
flexural strength is more sensitive to the micro-cracks of the samples and the slow
reacted s-slag can act as a local constraint to limit the shrinkage of the AAS. As the
shrinkage and micro-cracks are reduced, the flexural strength is improved.

7.4 Conclusions
This study investigated the influence of superhydrophobic slag (s-slag) on a wide
range of properties of AAS. In addition, the mitigation mechanism of the autogenous
shrinkage of AAS by s-slag were studied, based on a new mitigation strategy of the
shrinkage of AAS.
• The addition of s-slag is efficient to decrease the autogenous shrinkage of the AAS.
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At 28 day, the autogenous shrinkage of AAS is decreased by 68% and 70% with
20% and 30% replacement, respectively. This is in line with the results of the water
contact angle and water absorption test. It illustrates that the 20% replacement
is enough to modify the microstructure in AAS.
• The internal humidity, surface tension change a little and the reaction products
does not change by the s-slag. The shrinkage mitigation is attributed to the increase of the hydrophobicity of the AAS resulting in a decrease of capillary stress.
• The carbonation depth of the AAS is decreased after the addition of s-slag. At
20% replacement, the carbonation depth is decreased by 70% which is in line with
the results of water absorption.
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• The compressive strength of the AAS is decreased at early curing age while at a
later age the influence is very little. The flexural strength of the AAS is increased
as the micro-cracks of the AAS is reduced.
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Abstract
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As an emerging alternative cementitious binder, alkali activated slag (AAS) is gaining great attention, but considerable shrinkage caused by alkali activation and drying
limit its potential applications. In this chapter, we demonstrate that the addition
of an environmentally benign biofilm, cultured from B. subtilis, mitigates both the
autogenous and drying shrinkage of AAS. The influences of the biofilm on the hydration kinetics, water absorption and strengths are investigated. Results show the
addition of the biofilm increases the hydrophobicity of the pore wall, which in turn
decreases the capillary tension. The hydrophobic modification by the biofilm significantly reduces the water loss from the AAS to its direct environment (up to 86%
at 35 d exposure). Consequently, both autogenous and drying shrinkage of AAS are
dramatically reduced. Moreover, a new mechanism is proposed to explain the mitigation of AAS shrinkage, which takes into account the increase in internal RH and
reduction in capillary pressure.
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8.1 Introduction

This is the first study to evaluate the feasibility of biofilm in mitigating both the
autogenous and drying shrinkage of AAS. A new shrinkage mitigation mechanism
through the hydrophobic modification is proposed which shows light for the large
scale application of AAS. The performances of the biofilm and a traditional polyethertype SRA on the autogenous and drying shrinkage of AAS are investigated. The
influences of the biofilm on hydration kinetics, reaction products, surface tension
of pore solution, internal relative humidity, water absorption and water loss of the
AAS are also investigated. Both the autogenous and drying shrinkage of AAS can
be effectively reduced by the addition of biofilm which is environmentally friendly
and valuable in widening the commercial acceptance of AAS as binder materials. As
compared to the SRA, the biofilm is not only efficient in decreasing the autogenous
shrinkage, but also the drying shrinkage as the water loss of AAS is dramatically
decreased after the hydrophobic modification.
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Usually, hydrophobic agents consist of long polymer chains such as fatty acids, hydrocarbons or silanes and siloxanes [113, 224, 225]. However, the increasing environmental concerns have inspired researchers to explore biotechnological methods for the
sustainable production of hydrophobic agents [60, 139]. Recently, biofilm has been
added into the concrete to change its wetting behaviour [35]. Grumbein et al. applied
B. subtilis 3610 biofilms in the mortar and found that the ingress of water by capillary forces was obviously decreased because of the enhanced hydrophobicity [35]. In
order to grow, B. subtilis colonies were found to produce bio-surfactants which then
weakens water surface tension to allow colony expansion [226–228]. Bio-surfactants
are biologically surface-active chemicals produced by microorganisms. Lipopeptide
bio-surfactant produced by Bacillus strains has been reported as one of the most
efficient bio-surfactants, in terms of minimum surface tensions and critical micelle
concentration [229, 230]. Based on the above reasons, biofilm is a potential hydrophobic agent to mitigate the shrinkage of AAS, meanwhile functionalizing the AAS
with hydrophobic property to enhance the resistance to water ingress.
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8.2 Experiments
8.2.1 Materials
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The ground granulated blast furnace slag (GGBS) is supplied by ENCI (the Netherlands). The elemental composition of the GGBS is determined by X-ray fluorescence,
as: 34.61% SiO2 , 37.63% CaO, 13.26% Al2 O3 , 9.94% MgO, 0.47% Fe2 O3 , 1.24% SO3 ,
0.47% K2 O, 0.98% TiO2 , 0.01% Cl, and 0.46% L.O.I. The activator is mixture of
sodium hydroxide pellets and commercial sodium silicate solution with a composition
of 27.69% SiO2 , 8.39% Na2 O and 63.92% H2 O by mass. The designed activators
are prepared by mixing appropriate amount of sodium of sodium hydroxide pellets
into the sodium silicate solution and then cooling down to room temperature prior to
further actions. B. subtilis 3610 is used as bio-modification bacteria. LBP lus Medium
(which contains 1 % glycerol and 0.1 mM MnSO4 ) is used to culture the bio-film.
The hydrophobic property of the bio-film is shown in Figure 8.1 with a water contact
angle of 143◦ .

Figure 8.1: The hydrophobic performance of the bio-film applied in this research.
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8.2.2 Preparation of the bio-film hybrid AAS
Bacterial cultures are prepared by first inoculating 15 mL of liquid Luria/Miller
LB‐Medium (Sigma Aldrich) with bacteria from a frozen glycerol stock. The cultures are grown at 37 ◦ C in a shaking incubator (250 rpm) overnight. Next, 100 �L
of this overnight culture is plated on (1.5 % w/v) agar plates enriched with LBPlus
Medium to generate bio-film and incubated for 24 h. Fresh biofilm is harvested from
agar plates by manually scraping with a glass slide. The ratio of biofilm mass with
respect to the dry mass of slag is 1% and 2% and 3% and then the biofilm was mixed
with the activator solution. The equivalent Na2 O content is 6.2% by the mass of slag.
The activator modulus and water/binder ratio are kept constant as 1.2 and 0.45, respectively. The influence of a polyether-type shrinkage reducing admixtures (SRA)
to AAS is also investigated with the mass/binder ratio of 3%. All AAS specimens are
prepared using a laboratory mixer. The recipes of the AAS paste are shown in Table
8.1.

Mixture

Slag(g)

SiO2
(mol)

Na2 O
(mol)

H2 O
(g)

Biofilm
(g)

SRA
(g)

Ref
BF-1%
BF-2%
BF-3%
SRA-3%

1000
1000
1000
1000
1000

1.2
1.2
1.2
1.2
1.2

1
1
1
1
1

450
450
450
450
450

0
10
20
30
0

0
0
0
0
30
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Table 8.1: Mixture proportions of AAS pastes with different dosages of Biofilm and
SRA.

8.2.3 Testing methods
Characterization of the AAS samples
The influence of the biofilm on the reaction kinetics of the AAS is assessed by employing a TAM Air isothermal calorimeter. The static water contact angle was determined employing a DataPhysics SCA20 at the ambient temperature. Pore solution of
hardened pastes is obtained by squeezing the cubic specimens with a pressure of 70
MPa [230]. The surface tension of the pore solution is immediately measured with
a surface tension analyzer. The surface tension of distilled water is 72.22 dyne/cm.
X‐ray photoelectron spectroscopic (XPS) analysis is performed using an X-ray photoChapter 8
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electron spectrometer and the spectra were fitted by CasaXPS software. The samples
were prepared by scratching a mortar surface region of 1 cm × 2 cm and biofilm area
of 1 cm × 2 cm and the obtained material is milled into powder for the XPS test.
Mechanical property under drying condition
The flexural and compressive strengths of the specimens are tested at the age of 1,
7 and 28 days, respectively, according to EN 196-1(EN 2005) standard [92]. The
specimens were kept in the laboratory conditions with a temperature of 20 ◦ C and a
humidity of 50% which led to the drying of the samples.
Water absorption test
The capillary water absorption of the AAS is determined according to EN 480-5. The
experiments are started by storing the samples vertically in a chamber with a RH
of 50% at room temperature (20 ± 1 ◦ C) after curing the samples for 28 days. The
samples are exposed to water with an immersion depth of about 3 mm for 43 days
and the mass of the samples was periodically measured during the experiment.
Internal Humidity
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The internal relative humidity (RH) of AAS is measured by a Hygropin moisture
meter (Newa Techniek) with in-situ RH sensor probes. The measuring sleeves with 6
cm depth are embedded in the fresh AAS paste and the surfaces of the cast samples
are sealed with plastic wrap. The internal RH is tested every day over a period of
28 days. Three replicate measurements are recorded to calculate the average internal
RH.
Autogenous and drying shrinkage measurements
The autogenous shrinkage is determined with standardized samples using corrugated
polyethylene tubes (Φ 29 mm × 420 mm) as suggested by ASTM C 1698-09 and
all paste samples were stored in a climate room (20 ± 1◦ C and RH 50%). Three
paste samples per mixture were prepared for the drying shrinkage with the dimension
of 40 × 40 × 160 mm3 . A climate chamber with the controlled temperature and
relative humidity was used for the drying shrinkage measurement. The temperature
and relative humidity is set as 20◦ C and 50%, respectively. The mass loss of the AAS
samples is measured simultaneously with the drying shrinkage measurement.
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8.3 Results and discussion

Figure 8.2: The normalized (a), accumulated heat flow (b) of reaction curves, XRD
patterns (c) and FTIR spectra (d) for AAS pastes.
The heat evolution and accumulated heat release of the AAS samples are shown in
Figure 8.2a and b. A similar reaction pattern like OPC and other alkali activated
materials can be found with five distinct periods including pre-induction, induction,
acceleration, deceleration and steady state diffusion stages [126]. Both the addition
of 3% biofilm and SRA lead to a retardation effect in the reaction of AAS. It has been
reported that the addition of SRA decreases the polarity and alkalinity of the pore
solution, hence the reaction process is retarded as the formation of the primary C-AS-H gel is suppressed and the formation of the secondary C-A-S-H gel is delayed [231].
For the biofilm contained AAS, the reason may be attributed to the accumulation of
Chapter 8
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8.3.1 Reaction kinetics and products analysis
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bacterial end-products induced by the metabolic activity of B. Subtilis which has been
reported to have a negative function on the hydration of OPC. It should be noted
that the during the growth of B. Subtilis, bio-surfactants is produced to weaken the
water surface tension which has a same function like the SRA to the polarity and
alkalinity of the pore solution. This also can be used to explain the more serious
retarding effect of the biofilm than SRA at same dosage.
The FTIR patterns of the AAS are shown in Figure 8.2d. All the reference and biofilm
modified samples present similar infrared spectra. The vibration bands appearing
at 968 cm−1 are attributed to the Si-O stretching vibration in SiO4 tetrahedron
comprising the C-S-H gel. The bands locating between 454 cm−1 and 486 cm−1 are
belonging to the O-Si-O (v4 O-Si-O) deformation vibration. The bands at round 670
cm−1 are belonging to the Al-O stretching vibration in AlO4 groups. The two bands
locating at around 1475 cm−1 and 1420 cm−1 are attributed to the aragonite and
calcite [CO3 ]2− vibration bands, respectively. The bands at 875 cm−1 and 713 cm−1
are belonging to the v2 [CO3 ]2− and v4 [CO3 ]2− vibration for the carbonates. The
addition of biofilm does not change the FTIR patterns of the AAS paste. This is in
line with the XRD results which are shown in Figure 8.2c. The mineral composition of
the AAS is not changed by the addition of biofilm. The main phases are hydrotalcite
as well as C-A-S-H with minor amount of portlandite.
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8.3.2 The influence of the bio-film on the wetting property,
microstructure and water absorption of AAS

Figure 8.3: The influence of the biofilm on the wetting performance (a), water
absorption (b) of the AAS.
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The addition of the B. Subtilis biofilm increases the wetting resistance of the AAS
as the water contact angle (WCA) of the pores is altered through the addition of
hydrophobic agent [5]. As shown in Figure 8.3a, the WCA of AAS with 1% biofilm is
45.7◦ , then it sharply increases to 78.5◦ . However, WCA of AAS is only increased by
3◦ to 81.5◦ when further increasing the biofilm addition amount from 2% to 3% which
indicates a limit for the increase of WCA of AAS by the modification of biofilm. The
WCA of the AAS is much lower than the original WCA of biofilm which is different
from what other researchers have reported [35], the addition of biofilm can enhance
the WCA by increasing the multi-scale roughness of OPC. This can also be attributed
to the function of biofilm on the microstructure of AAS, as shown in Figure 8.4.

The biofilm contained AAS presents flat structure while the reference presents a rough
microstructure which indicates that the biofilm has an influence to the morphology
of the hydration products of AAS. Like lotus leaf, multiscale roughness (micro and
nano) microstructure and low surface energy matter modification are two key factors
to prepare highly hydrophobic materials [232]. Therefore, even with the presence of
highly hydrophobic biofilm on the surface of the hydration products which can be seen
in Figure 8.5, as the biofilm modified AAS shows unique nitrogen peak in the XPS
patterns belonging to the biofilm, the AAS only presents a WCA under 90° which is
still in the hydrophilic range according to the definition of “hydrophobicity”[134].
However, even categorized as hydrophilic, a significant decrease in water absorption
can be found when the addition amount of biofilm is enough. The wetting performance
Chapter 8
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Figure 8.4: The influence of the biofilm on the microstructure of the AAS : (a) for
the Ref and (b) for BF-3%.
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shows an obvious influence on the water absorption rate of the AAS which is shown
in Figure 8.3b. With higher addition dosages of the biofilm, the water absorption
is significantly reduced. At 2% and 3% addition of biofilm, the water absorption is
decreased by 80% and 85%. This can be attributed to the increase of the hydrophobic
property of the pore system of AAS. With the addition of biofilm, the water is hard to
penetrate into the AAS. With hydrophobic property, the water absorption is reduced
which can improve the durability of AAS.

Figure 8.5: XPS of the AAS samples.
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8.3.3 Influence of bio-film on surface tension of the pore solution and the internal relative humidity of the hybrid AAS
The influence of different contents of bioflim and SRA on the surface tension of the
AAS pore solution is presented in Figure 8.6a. The surface tension of the 3 days’pore
solution is a little lower than that of 1 day, which can be attributed to the continuous
hydration of slag and more ions in the pore solution precipitate to form C-A-S-H gel
[62]. The addition of the biofilm decreases the surface tension of the pore solution of
AAS by 14.2%, 20.7% and 29.8% when 1%, 2% and 3% biofilm by mass of the slag
is added, respectively. This is partially due to the retartation effect when biofilm is
added into the AAS [233], as shown in Figure 8.3a, the biofilm decreases the reaction
rate and less ions dissolve in the pore solution. Another reason may be attributed
to the bio-surfactants produced during the growth of B. Subtilis which weakens the
surface tension of water to allow expansion of the biofilm [234, 235]. The addition of
3% SRA remarkably reduces the surface tension of AAS by 49.4% which is similar
to the function as reported in OPC or other alkaline activated materials [59]. The
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reduction of the surface tension of the pore solution will result in lower capillary stress
in the pores of AAS.

Figure 8.6: Surface tension of the pore solution (a) and internal humidity of the
AAS (b).

8.3.4 Influence of bio-film on autogenous shrinkage of the hybrid AAS
Figure 8.7a shows the measured autogenous shrinkage of the AAS with 3% SRA
content and different contents of biofilm. As can be seen, the increase of the biofilm
addition dramatically reduces the autogenous shrinkage of the AAS. With 3% biofilm
content, the autogenous shrinkage of hybrid AAS decreases by about 70% at 56 days
Chapter 8
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The addition of biofilm also influences the internal relative humidity of the AAS which
is shown in Figure 8.6b. For the reference AAS, the internal humidity decreases
quickly in the first 3 days due to the formation of menisci in the capillary pores. The
internal relative humidity of the AAS with SRA decreases slower in the first 7 days
and then reaches stable around 80.3% which is around 10% higher than the reference
sample. The AAS contained biofilm presents similar decreasing pattern of internal
RH. It has been known that reduced surface tension of the pore solution resulted in the
decrease of the internal equilibrium relative humidity according to Kelvin equation
See (Eq. (1.1)) [59]. However, it should be noted that even with a higher surface
tension of pore solution, AAS with 3% biofilm presents almost the same internal RH
changes as SRA contained AAS. This may be attributed to the enhanced hydrophobic
property of the pore wall of the AAS. It reduces the potential for the pore wall to
be wetted by pore solution, in turn generating a less curved meniscus with higher
internal RH [236].
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Figure 8.7: Autogenous shrinkage of the AAS with different contents of biofilm as
a function of time (a) and evolution of relative humidity (b) and capillary pressure
(c) as a function of the pore radius for different contact angles.

compared with the reference. It should be noted that there is a sharp decrease of
autogenous shrinkage from 1% to 2% addition of biofilm which shows similar pattern
as the changes of wetting resistance as shown in Figure 8.3a. This indicates that the
wetting behaviour of the AAS shows a key influence on the mitigation of autogenous
shrinkage. It is observed that with 3% SRA addition, the autogenous shrinkage of
AAS at 56 days is reduced by about 62% compared with the reference while lower
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than the AAS with 3% biofilm. Reduced surface tension results in the decrease of
capillary pressure which is beneficial to mitigate the autogenous shrinkage of alkali
activated slag [59]. It also can be seen that the use of biofilm at the same weight ratio
to mitigate autogenous shrinkage is more efficient than SRA.
Contact angle presents an important role to influence the internal RH and capillary
pressure with a value varying according to the nature of the solid matrix [236]. The
influence of biofilm contents on relative humidity and capillary pressure as a function
of pore radius is shown in Figure 8.7b and c. It can be seen that the influence of
contact angles on internal humidity and capillary pressure is mainly performed on
the pores with a radius less than 50 nm which belongs to the capillary pores. This
is in line with the previous study [54], finer pores generate higher capillary stress
resulting higher autogenous or drying shrinkage.

8.3.5 Drying shrinkage and mass loss

When exposed to a low humidity environment, AAS suffers shrinkage due to not
only the self-desiccation, but also the water evaporating from the capillary pores and
gel [237, 238]. Unlike OPC, more water is not chemically bound in AAS and some
free water maintains as interstitial water [239]. As a result, the moisture loss rate of
AAS is high due to the relatively large amount of non-chemically bond water which is
prone to evaporate to the drying environment, leading to high capillary stress between
the wet and dry areas of the capillary pores [233, 240]. The development of drying
shrinkage and mass loss of the AAS with SRA and different contents of B. Subtilis
biofilm are shown in Figure 8.8. A strong relation between the drying shrinkage and
moisture loss is observed which is in line with the results in the previous studies [233,
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Figure 8.8: Drying shrinkage (a) and mass loss (b) of the AAS.
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240]. The influence of the biofilm content on drying shrinkage and mass loss shows a
similar pattern like the wetting property with an obvious gap from 1% to 2% addition of biofilm. With the increase of the biofilm content, the drying shrinkage of the
AAS is dramatically reduced. At 2% and 3% addition dosages, the drying shrinkage
is decreased by 67% and 78% compared to the reference, respectively, while mixing
3% SRA decreases drying shrinkage by 58.7%. Meanwhile, the addition of biofilm
decreases the moisture loss of the AAS dramatically. As shown in Figure 8.8b, the
moisture loss at 35 d is decreased by 73% with 3% biofilm. This can be attributed
to the enhanced hydrophobic property by the biofilm, resulting in the decrease of
the capillary stress which weakens the liquid transport inside the AAS. It has been
reported that evaporation rate of hydrophobic porous medium is suppressed compared with similar hydrophilic media which is attributed to the absence of continuous
hydraulic connection between saturated zone and evaporation surface as the water
supplement path is blocked [236]. The decrease of the water loss is beneficial to reduce the formation of menisci due to the water evaporation which in turn decreases
the capillary stress [240]. The addition of SRA decreases the moisture loss of the
AAS by 23% which is also attributed to the reduction of capillary pressure as SRA
is efficient to decrease the surface tension of the pore solution [240]. The addition
of B. Subtilis biofilm can generate a big radius of menisci and reduce moisture loss
to the environment, which therefore, results in a dramatically mitigation in drying
shrinkage.
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8.3.6 Mechanical property
The mechanical properties of the AAS are shown in Figure 8.9. It can be seen at
1d, both the compressive strength and the flexural strength are lower compared to
the reference. This is attributed to the delay of the reaction which slows down the
strength development due to the retardation effect of the biofilm and SRA. However,
at 7d and 28d, the compressive strength of biofilm modified AAS are higher or similar
to the reference. Previous research has attributed the strengthen effect to the biomineralization of bacterial materials in OPC [241, 242]. However, the direct proof
such as enhanced calcium carbonate precipitation in AAS is not found from the XRD
or the FTIR results. One possible explanation could be the decrease of the water loss
of the biofilm contained AAS in the drying environment which is helpful for sufficient
ion exchange between the activator and the slag while quick drying results in absence
of water which stops ion exchange [243]. A similar strengthen effect can also be
observed in the flexural strength at 7d and 28d which is beneficial for AAS which has
been reported to be strong under compressive load but relatively weak under tensile
stress. The addition of SRA only increases the flexural strength of AAS while results
in a lower compressive strength compared to Ref at later curing stages as flexural
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strength are reported to be more sensitive to microcracks and SRA is beneficial to
decrease the micro-cracks because of the mitigation of the shrinkage [62].

Figure 8.9: Influence of the biofilm contents on compressive strength (a) and flexural
strength (b) of the AAS in the drying environment.

8.4 Conclusions

• The addition of the biofilm at 2% and 3% dosage dramatically decreases the autogenous shrinkage of the AAS by 70% and 60% at 56 d, respectively. The presence
of biofilm in the AAS paste increases the hydrophobic property of the AAS meanwhile reduces the surface tension of pore solution, which results in the reduction
of capillary press.
• Biofilm significantly reduces the drying shrinkage which is much more efficient than
SRA as a combined result of decrease in capillary tension and moisture loss of the
AAS. The addition of the biofilm decreases the water movement to the exposed
surface which in turn reduces the evaporation rate of the pore solution.
• The addition of the biofilm enhances the hydrophobicity of the AAS, resulting in
the reduction of water absorption. With a WCA of 81.5°, the water absorption
of AAS is decreased by 85% under 3% addition content of biofilm. The enhanced
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This study investigated the effect of biofilm on mitigating both the autogenous and
drying shrinkage of alkaline activated slag (AAS) as well as the mitigation mechanism.
The influences of the addition contents of biofilm on the wetting performance and
water absorption of AAS are also explored. Based on the experimental results above,
the following conclusions can be drawn:
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water resistance suggests that biofilm is a promising admixture to increase the
durability of AAS.
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• The addition of biofilm delays the hydration of AAS which is helpful to improve
the workability for casting as the setting time of AAS is very short. The 1 day
mechanical property of AAS with biofilm is weakened due to the delay of the
hydration. However, at later age, the compressive and flexural strength of AAS
with biofilm are higher than the reference.
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Abstract
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Frost weathering of porous materials caused by seasonal temperature changes is a
major source of damage to the world’s infrastructure and cultural heritage. Here we
investigate poly(vinyl alcohol) (PVA) addition as a means to enhance the freeze-thaw
durability of concrete without compromising its structural or mechanical integrity.
We evaluate the ice recrystallization inhibition activity of PVA in a cementitious
environment and the impact of PVA on key structural and mechanical properties,
such as cement hydration (products), microstructure, strength, as well as freeze thaw
resistance. We find that a low amount of PVA significantly reduces the surface scaling of concrete and displays excellent ice recrystallization inhibition in the saturated
Ca(OH)2 solution which has a similar pH value as cement pore solution, while it does
not affect cement hydration, microstructure, nor its mechanical properties. These
findings contribute to new insights on freeze-thaw damage mechanism and more importantly we disclose a new direction for the design of concrete with excellent freeze
thaw resistance.
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9.1 Introduction
The expansion when water freezing into ice can be destructive to porous materials
that take up water such as cement and concrete exposed to freeze-thaw cycles [244].
Cement and concrete are the most used man-made materials with a global annual
consumption of 4 billion and 25 billion tonnes, respectively [245]. Seasonal temperature changes induce freezing-thawing cycles in many landscapes across the globe and
are responsible for visible deterioration of concrete structures, costing $18-21 billion
annually on repairs in the U.S. alone [246]. This has spurred great interest in effective
strategies applicable on industrially relevant scales to reduce frost damage.

A simple method is developed to improve the freeze-thaw durability of cementitious
materials, using small quantities of a suitable additive that reduces ice formation and
growth without sacrificing the mechanical properties of the final material. For this
purpose we selected poly(vinyl alcohol) (PVA), which is a commodity polymer known
for its ability to drastically slow ice crystal growth by recrystallization processes [252].
PVA is not only the most potent synthetic ice recrystallization inhibitor by far, it is
also relatively easy and inexpensive to synthesize, and abundantly available [33, 253–
256]. Its ice recrystallization inhibition ability has been related to the good match
between the conformation of atactic PVA and the ice lattice on the primary and secondary prism planes [257, 258]. In the present study we investigate whether PVA
improves the freeze-thaw durability of Portland cement concrete. We further evaluate the ice recrystallization inhibition (IRI) activity of PVA in a cementitious alkaline
environment and the impact of PVA on key structural and mechanical properties of
cement mortar. Gratifyingly, we find that < 0.1wt% of PVA displays excellent ice
recrystallization inhibition in the saturated Ca(OH)2 solution (pH = 12.5, similar to
the pore solution of concrete) and significantly reduces the surface scaling of concrete,
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The first studies conducted on the mechanism of frost damage in concrete hypothesized that the hydraulic pressure generated by the volume expansion of freezing water
is the driving force for the damage [247, 248]. This hydraulic pressure theory argues
that ice formation inside the concrete matrix forces unfrozen water to flow away from
the ice growth site, which generates a pressure gradient resulting in microcracks and
spalling once the local tensile strength of the concrete (capillaries) is exceeded. Decades later, several researchers reported experimental evidence for the importance of
crystallization pressure [203, 249]. This pressure is exerted by a growing ice crystal on
its constraining concrete matrix if there is a thin supercooled water film in between
the growing ice crystal and the pore wall [250]. More recent studies by Scherer and
co-workers show that both the hydraulic and crystallization pressures damage the concrete in freeze-thaw cycles and one may dominate the other under different conditions
[251].
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while it does not affect cement hydration, microstructure, nor its mechanical properties. These findings disclose a new direction for the design of concrete with excellent
freeze-thaw resistance with great potential for large-scale industrial application.

9.2 Experiments
9.2.1 Materials
Saturated Ca(OH)2 solution was prepared by dissolvingcalcium hydroxide (Aldrich,
≥ 95%) in ultrapure water (18.2 MΩ). The pH of the solution is 12.5 which is close
the value of pore solution of concrete. Atactic poly(vinyl alcohol) (Aldrich), with
a weight-average molar mass of Mw = 146, 000 − 186, 000 g mol−1 and a degree of
hydrolysis of > 99%, was added at 4×10−3 M monomer concentration (≈ 0.18 g
L−1 ) to the saturated Ca(OH)2 solution as well as to the mortar specimens. This
concentration was previously shown to be sufficiently high to inhibit ice recrystallization (20), however, it has not been proven to be active in a saturated Ca(OH)2
solution. Sucrose (BioUltra, ≥ 99.5%) was added in 30 wt% to the pore solutions
to perform sucrose sandwich IRI assays [258, 259]. Cover slides (24×24 mm Menzel
glasses, ThermoScientific) were Purchased from VWR and cleaned by sonication in
ultrapure water and technical grade acetone (Aldrich) for 10 min, followed by drying
with N2 flow. For mortar specimen preparation, the PVA was added to tap water
(hardness ∼1.1 mmol L−1 , pH∼7.7) and dissolved by stirring the mixture at 90 ℃ for
2 hours. Mortar specimens were prepared with a water/cement ratio of 0.5 applying
CEM III/A 52.5 N and standard sand, with and without the addition of 0.018 wt%
(4 × 10−3 M monomer concentration) PVA to the water (Table 9.1).
Table 9.1: Recipe of the mixture for mortar specimen preparation [kg·m−3 ].
Sample
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Reference
PVA-modified

Cement

Sand

Water

PVA

450
450

1350
1350

225
225

0
0.04

9.2.2 Methods
Ice recrystallization inhibition assays were performed using a Nikon ECLIPSE CiPol optical microscope controlling the temperature with a Linkam LTS 420 stage,
following the sucrose sandwich assay as described elsewhere [260]. A home-built
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analysis script in ImageJ was used to determine the area of each ice crystal, and an
equivalent ice crystal radius is calculated. To quantify the ice recrystallization driven
by Ostwald ripening, rate of ice recrystallization (kd ) was calculated by plotting the
cubic number-average radius (r3 ) versus time as described previously [261].
Mortar was prepared by mixing cement, sand and water in a laboratory mixer at a
low speed for 30 s, rested for 30 s before another 120 s of mixing at a medium speed.
Here PVA was first mixed with water prior to the mortar preparation. The fresh
mortar was cast into moulds with dimensions of 40 mm × 40 mm × 160 mm. The
prisms were demoulded 24 h after casting and cured at 100% RH at about 21 ℃. After
curing for 7 and 28 days, the flexural and compressive strengths of the specimens were
tested according to EN 196-1 [92]. At least three specimens for the flexural strength
and six for the compressive strength were tested at each age to compute the average
strength and standard deviation.
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The pore size distribution was measured using mercury intrusion porosimetry (MIP,
Autopore IV, Micromeretics), with a maximum applied mercury pressure of 228 MPa,
contact angle of 130◦ and equilibration time of 20 s. The pore size range was set to
0.0063 900 µm. X-ray diffraction (XRD) was performed on diffractometry equipped
with a Cu tube (40 kV, 30 mA) with a scanning range from 5◦ to 65◦ (2θ), applying a
step 0.02◦ and 5 s/step measuring time. The qualitative analysis was carried out using
the Diffracplus Software (Bruker AXS) and the PDF database of ICDD. Isothermal
calorimetry tests were conducted at 20 ℃ in a TAM AIR Calorimeter following CEM
III/A 52.5 N. The surface scaling freeze-thaw test was performed following CEN/TS
12390-9 [262]. The mortar specimens were cast in PVC tubes with a diameter of 100
mm and height of 60 mm. After one day, the mortar was demoulded and cured at 100%
RH for 27 days. Three specimens were tested for each mix, resulting in a total exposed
surface area of 0.024 m2 . After saturation, the freeze-thaw test was carried out with a
3mm layer of demineralized water poured on the top surface. The temperature profile
in the climate chamber followed the standard recommendations (Figure 9.1 [262]. The
water level on the surface of the samples was adjusted regularly. In total, 56 freeze–
thaw cycles were applied, during which the surface scaling was measured weekly.
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Figure 9.1: Temperature profile for the 24 hour-long freeze-thaw cycle, following
the CEN standard.

9.3 Results and discussion
9.3.1 Ice-recrystallization of a saturated Ca(OH)2 (artificial
cement pore solution) solution
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To probe whether PVA hampers ice recrystallization in a saturated Ca(OH)2 solution,
we monitor the process with and without 0.018 wt% PVA in the presence of 30 wt%
sucrose to warrant a low ice volume fraction. As expected [261], large ice crystals
grow at the expense of small ones in both samples during 60 min annealing at -7.0
℃ (Figure 9.2. Over time, the mean ice crystal size increases, while the total ice
crystal number density decreases. Noticeable differences in mean crystal size and
shape become more pronounced over time. The ice crystals in the PVA-containing
solution remain small and are shaped into rectangular morphologies with sharper
edges compared to the larger crystals formed in the solutions without PVA, which
have relatively round shape.
We use the Lifshitz, Slyozov and Wagner (LSW) theory of Ostwald ripening to
quantify the observed differences in ice crystal growth kinetics caused predominantly
by differential migratory recrystallization rates [261]. It states that the temporal increase in cubic mean radius at constant volume fraction, temperature and pressure
can be expressed as:
< r >3 (t) =< r >3 (0) + kd · t
(9.1)
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Here, < r >(0) (µm) is the initial mean radius at time t = 0 min and kd (µm3 min−1 )
is the observed rate constant of recrystallization. This rate constant is thus extracted
from the slope of the cubed number-average mean radius versus time (Figure 9.3. In
the pore solution (Figure 9.2 a and b), small ice crystals of around one micrometer
in radius grow into larger crystals of tens of micrometers within 60 min. Addition
of PVA hampers this process (Figure 9.2c and 9.2d), lowering the ice growth rate
constant by more than 99% from kd = 15 µm3 ·min−1 to kd <0.1 µm3 ·min−1 upon
addition of just 0.18 g L−1 of the polymer (Figure 9.3. PVA is thus highly IRI-active
in the alkaline cement pore solution.

9.3.2 Hydration kinetics and reaction products
Adding extra compounds to the concrete mixture can affect its curing process, therefore it is important to evaluate the impact of PVA addition on the hydration rate
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Figure 9.2: Microphotographs of samples annealed at -7.0 ℃ in a saturated Ca(OH)2
solution without (a, b) and with 0.018 wt% PVA (c, d), at t = 0 min for a) and c); t
= 60 min for b) and d). The scale bars represent 50 µm.
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Figure 9.3: The ice growth rate constant (kd ) is determined from the slope of
the cubic mean crystal radius (< r >3 ) versus time for saturated Ca(OH)2 solution
without (◦) and with 0.018 wt% PVA (▽)containing 30 wt% sucrose.
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and products of the cement mixture. Isothermal calorimetry gives insight into the
reaction kinetics by monitoring the heat release per solid mass over 40 hours (Figure
9.4a and b). The calorimetric peaks of the initial dissolution stage with significant
higher heat flow during the first few minutes is shown in the inset of Figure 9.4a,
corresponding to wetting and dissolution of raw materials.
It can be seen that the addition of PVA has little influence on this process as the two
curves present very similar shapes. Both the reference and PVA-modified mixtures
display four typical reaction stages (Figure 9.4a): initial dissolution (I), induction
(II), acceleration (III) and a /deceleration period (IV), in accordance with a previous
study [126, 263]. These stages correspond to the initial wetting and dissolution of
the raw materials (I), the formation of a protective phase inhibiting dissolution or
delayed nucleation and growth (II), the massive formation of reaction products (III),
and reaction was slowed down by forming a diffusion barrier at the surface of reaction
products and water deficiency (IV). Evidently, PVA addition does not significantly
impact the hydration kinetics as the calorimetric profiles of the PVA-modified and
reference samples are virtually identical within the experimental error. An accelera150
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tion peak at the same time point of equal magnitude indicates that reaction products
appear in similar quantities in stage III after approximately 10 h in both samples.
X-ray diffraction profiles further reveal that the composition and phase state of the
hydrated cement is also unaltered by PVA addition (Figure 9.4c). The XRD results
of the paste samples show typical reaction products of hydrated cement paste. The
peaks of at 2θ = 18◦ and 34◦ are portlandite and the peaks at 2θ = 29◦ are calsium
silicate hydrate (CSH). In sum, the addition of the PVA has little influence to the
reaction process and products of the cement paste.
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Figure 9.4: a) Heat evolution (initial profile shown in the inset), b) cumulative
heat evolution and c) XRD patterns of the reference (dashed black lines) and PVAmodified (red solid lines) cement mixtures. Peaks correspond to Ettringite, Calcium
aluminate hydrate, portlandite (CH), Melilite, Quartz, calcium silicate hydrate (C-SH), dicalcium silicate (C2 S) and tricalcium silicate (C3 S).
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9.3.3 Structural integrity
To critically assess whether it is advantageous to add PVA to enhance the freezethaw resistance of cementitious materials, we next evaluated by mercury intrusion
porosimetry and mechanical testing if the required PVA dosage does not deteriorate
the structural integrity and mechanical properties of the concrete. The differential
intrusion curves of reference and PVA modified samples demonstrate a pore size distribution with two main peaks belonging to the capillary pores (Figure 9.5a). The
first and second peaks are located around 10-40 nm and 0.05-0.1 µm, respectively,
which all are remnants of the original water-filled space between the cement particles.
The striking similarity in the pore size distribution curves implies a preservation in
total porosity and rules out differences in effective volume upon the addition of low
dosages of PVA.
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It is equally important that PVA addition does not weaken the mechanical properties
of concrete. Gratifyingly, measurements of the flexural and compressive strength of
reference and PVA-modified samples show the same trend of increasing resistance to
flexural and compressive stresses upon aging (Figure 9.5b). No significant differences
were observed between samples. We ascribe this to the almost identical porosity of the
samples, since the amount of air entrainment in cement is one of the key determinants
of its mechanical properties of cement. Our findings contrast with previous studies
which reported that the addition of PVA to concrete mixtures decreased their mechanical properties, due to generation of more pores after hydration of the cement [264].
We do not observe such an adverse effect, due to the much lower amount of PVA used
in this study (0.018 wt%) compared to the dosage of 2 wt% in the previous study
[264]. Our findings thus confirm that PVA can be applied at sufficiently low concentrations to strongly inhibit ice recrystallization without any decline in mechanical
strength, which is of high importance for cementitious materials.
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Figure 9.5: a) Pore distribution and b) mechanical property of the PVA modified
samples.

Having confirmed the IRI efficacy of a low PVA dosage in pore solutions without
compromising the hydration process (Figure 9.4, porosity, mechanical properties of
the cement (Figure 9.5, we study its effect on the stability of concrete in freezing
environments. Freeze thaw tests were performed for 56 cycles of 24 hours, during
which the surface scaling of concrete was measured every 7 days. The total surface
scaling measured for the reference specimen after 56 cycles is 241 g· m−2 , while that
for the PVA-modified sample is only 99 g · m−2 (Figure 9.6. A small amount of PVA
is thus sufficient to reduce surface scaling by nearly 60%, which is below the 100 g ·
m−1 and thus classified as “very good” in terms of freeze-thaw stable concrete using
the Borås method [265, 266]. A close relationship between the pore structure and the
freeze-thaw durability of concrete was proposed previously [267]. However, in this
study, we find no such relation. The pore structure is unaffected by the low PVA
dosage, while the freeze-thaw durability is enhanced more than twofold. This means
that the reduced surface scaling must originate from another characteristic of PVA.
We attribute its impact on freeze-thaw resistance to the observed ice recrystallization
inhibition activity of PVA in the pore solution (Figure 9.2).
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Figure 9.6: a) Cumulative surface scaling (Sn in g/m−2 ) measured weekly for the
duration of 56 freeze-thaw cycles for reference (◦) and 0.04 kg m−3 PVA-modified
(▽) mortar specimens. The low dosage of PVA reduced the total surface scaling by
more than twofold. b) Reference and PVA-modified specimen surface showing distinct
difference in surface scaling after 56 days.
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9.4 Conclusions
Ice recrystallization in concrete pore solution is hypothesized to cause deterioration
to cementitious materials upon exposure to freeze-thaw cycles. This chapter shows
the effect of PVA addition on the freeze-thaw resistance of concrete. Based on the
experimental results above, the following conclusions can be drawn:
• The ice recrystallization process of saturated Ca(OH)2 solution solution is assessed
and the poly(vinyl alcohol) (PVA) is shown to reduce the ice crystal growth rate
by over 99% at a monomer concentration of only 4×10−3 M (≈ 0.18 g · L−1 ).
• The structural and mechanical integrity of PVA-modified specimens were invest154
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igated to rule out that this advantage is offset by an adverse impact of polymer
addition on e.g. the porosity, flexural and compressive strengths of the concrete.
Our results show that neither the cement hydration kinetics and products, nor
the pore structure of the cement matrix are affected by PVA addition, because of
the low dosage. Furthermore, the mechanical strength of the modified concrete
remains unaltered, indicating a high engineering application potential.
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• PVA addition (0.04 kg · m−3 ) significantly improved the freeze-thaw resistance of
concrete, as the surface scaling of the prepared concrete after 56 freeze-thaw cycles
decreased dramatically from 241 g · m−2 to 99 g · m−2 compared to the reference
sample. This is attributed to the ability of PVA to inhibit ice recrystallization in
the pore solution. We hypothesize that when water enters the pores and starts to
crystallize upon cooling, the added PVA will adsorb to embryonic crystals, blocking their growth and helping to keep the pore structure intact. Our results thus
disclose great potential for PVA as additive to improve the freeze-thaw stability of
cementitious materials.
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10.1 Conclusions
This Thesis aims to improve the durability of cementitious materials with multifunctional strategies to keep water away. Towards this goal, nano-materials, functional
chemicals and bio-material are prepared and investigated for their effects on concrete
durability. The influences which play a key role in determination of concrete durability are also characterized such as shrinkage. Overall, the achievement of this goal is
not easy since the application of the above materials is rarely reported to be used in
concrete and their application depends on many factors. For example, the culture of
the bio-film requires a very clean environment and one time of the growth needs at
least one week. The preparation of hydrophobic powders involves a lot of chemical
modification routes and the hydrophobic property of the final product highly depends
on the experimental conditions such as temperature, pH or reaction time which needs
a lot of preliminary trials. On the other hand, new characterization methods are also
a challenge since it requires new equipment where some of them have never been used
in cementitious materials before.
During the study, LDH-nano flakes and hydrophobic agents including chemicals and
bio-materials are developed to make cementitious materials water resistant at the
same time have little influence on the porosity of concrete. It was found that the
tortuosity and wetting behaviour of the concrete are also important factors that can
influence the durability. These findings would provide new ideas and fundamentals
for the design of durable cementitious materials.
Furthermore, the influence of the hydrophobic agents on the other property beyond
durability of concrete is also investigated. An important finding is that the addition of
hydrophobic agent would decrease the shrinkage of cementitious materials. Normally,
as a hydrophilic material, the water contact angle of the pore wall of concrete is
always taken as 0 which results in a concave meniscus and negative capillary pressure
as shown in Fig. 1.7(a). The increase of the hydrophobicity of the pore wall would
result in a less concave state of the pore solution and decrease the capillary stress.
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10.1.1 Tortuosity on the durability of concrete
In Chapter 2, LDH nano-flakes with different sizes are synthesized to investigate the
effect of tortuosity on the concrete durability. In this study, the Rapid Chloride
Migration (RCM) test is applied to characterize the physical barrier performance of
the LDH nano-flakes on cement mortars. An extended model is used to test the
accuracy of the results. At low dosages, the experimental results match well with
the modeling outcome. It should be noted that, in the long-term diffusion test, the
decrease of the chloride penetration coefficient is lower than that of RCM result which
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can be attributed to the binding ability of the LDH. It is also found that the smaller
the LDHs, the higher the decrease of the chloride transport coefficients because of the
filler effect on the refinement of the pore structure of the cement matrix. However,
due to the higher surface area, the smaller LDHs would more easily get into clusters
which dramatically limits its barrier effect.

10.1.2 Hydrophobicity on the durability of concrete
As hydrophilic materials, concrete is easily wet by water and the ingress of water is
the main threat to the degradation processes of concrete structures. An efficient route
to limit water ingress is through the use of internal water-resisting admixtures. In this
study, both chemical agents and bio-materials are investigated to prepare hydrophobic
admixtures for a bulk and surface hydrophobic modification. In Chapters 3 and 4,
a chemical agent namely stearic acid is used to prepare superhydrophobic powders
aiming for application in concrete. In Chapter 5, bio-material is cultured to test its
feasiblity on the hydrophobic modification of concrete. In Chapter 6, silane is used
to prepare superhydrophobic surface on magnesium oxychloride cement.
In Chapter 3, a common industrial byproduct, ground granulated blast furnace slags
(GGBS) is used as a host to be coated by stearic acid. A ball milling method is
used to prepare the superhydrophobic powders. Results show that optimum synthesis
involves dry milling stearic acid for 0.5h with the dosage of 1 wt%, producing a superhydrophobic GGBS that shows a water contact angle of 155.7°. With the addition
of the super-hydrophobic GGBS, both the capillary water absorption and long-term
chloride penetration depth of the LWAC reduce up to about 90%.

In Chapter 5, the impact of inexpensive, safe, and easy-to-culture bacteria on the
hydrophobic properties of concrete is investigated. It shows that hydrophobic concrete
Chapter 10
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In Chapter 4, to decrease the environmental risk of bottom ash and provide an economical and green route to reuse it, a wet chemistry method is applied to prepare
hydrophobic bottom ash and the investigation of its potential to improve the transport properties of concrete is done. The functionalization of fine bottom ash ( <125
�m) using stearic acid provides hydrophobic nature to the particles along with improved leaching properties. At an optimum addition amount of 4% stearic acid, the
bottom ash presents a water contact angle of 141° and can be classified as hydrophobic. The influence of functionalized bottom ash on the cement hydration, mechanical properties, water absorption and wetting property of the water resisting mortar
is investigated. Results show that up to 30% of the binder can be replaced by hydrophobic bottom ash as it decreases the capillary water absorption rate and chloride
penetration depth by 57% and 65%, respectively.
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can be conveniently created by using the liquid culture of bacteria without the need
of growing biofilms as suggested by previous research, even with a strain that does
not present innate hydrophobicity. These key findings greatly improve the feasibility
for the large-scale application of water-resistant cementitious materials.
In Chapter 6, magnesium oxychloride cement (MOC), which has a needle-like structure, is upgraded to super-hydrophobic using a facile method involving immersion in
a FAS-ethanol solution. The influence of the molar ratios of the raw materials on the
super-hydrophobic property is investigated. The phase compositions, microstructure,
compressive strength, water resistance and wetting behaviour are studied in detail by
X-Ray diffraction, scanning electron microscopy, water contact angle measurement
and mechanical testing. The water contact angle of as-prepared MOC reaches 152±1◦
for the optimal mix design. The variation of the water contact angle of different mixes
can be explained by the Cassie–Baxter model.

10.1.3 The influence of hydrophobicity on shrinkage of AAS
According to Eqs. (1.1) and (1.2), the wetting behaviour has a key influence on the
shrinkage of cementitious materials. However, the research on the influence of the
water contact angle on the shrinkage is still rarely reported. In this study, both the
chemical and bio hydrophobic agents are studied for their influences on the shrinkage
of alkali activated slag (AAS), which are known to have limited industrial application
due to its high shrinkage rate.
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In Chapter 7, the influence of the hydrophobic modification on the shrinkage and
carbonation of AAS is investigated. With 20% s-slag, the autogenous shrinkage and
carbonation depth of AAS can be reduced by 68% and 70%, respectively, compared
to the reference. The surface coating by stearic acid reduces the contact between
the slag and the activated solution, which decreases the heat release of AAS. The
hydrophobic modification alters the wetting property of the AAS which is helpful
to decrease the capillary pressure and obstruct contact with CO2 . As a result, the
autogenous shrinkage and carbonation depth are dramatically decreased. In addition,
the introduction of the s-slag increases the compressive strength and flexural strength
of AAS.
In Chapter 8, the influence of hydrophobicity on the shrinkage of AAS is further investigated by the addition of a biofilm. It mitigates both the autogenous and drying
shrinkage of AAS and the mechanism underlying the reduced shrinkage is presented. The biofilm is cultured from B. subtilis, which is environmentally benign. The
addition of the biofilm increases the hydrophobicity of the pore wall, which in turn
decreases the capillary tension. During the drying process of AAS, the hydrophobic
160
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modification by the biofilm reduces the water loss from the AAS to its surrounding
environment. As a result, both autogenous and drying shrinkage of AAS are dramatically reduced. A new mechanism to explain the mitigation of the shrinkage of AAS
through the hydrophobic modification is proposed.

10.1.4 A new mechanism to increase the freeze-thaw resistance
In Chapter 9, a new method to increase the freeze-thaw resistance is proposed. Frost
weathering of porous materials caused by seasonal temperature changes is a major
source of damage to the world’s infrastructure and cultural heritage made out of
cement bound materials. Poly(vinyl alcohol) (PVA) is investigated as a means to enhance the freeze-thaw durability of concrete without compromising its structural or
mechanical integrity. The ice recrystallization inhibition activity of PVA is evaluated
in a cementitious environment and the impact of PVA on key structural and mechanical properties, such as cement hydration (products), microstructure, strength, as
well as freeze thaw resistance. It is found that a low amount of PVA significantly
reduces the surface scaling of concrete and displays excellent ice recrystallization inhibition in the saturated Ca(OH)2 solution which has a similar pH value as cement
pore solution, while it does not subscript cement hydration, microstructure, nor its
mechanical properties. These findings contribute to new insights on freeze-thaw damage mechanism and more importantly a new direction for the design of concrete with
excellent freeze thaw resistance is disclosed.

10.2 Recommendations for further research

The addition of hydrophobic agents has a big influence on the water movement inside the concrete. As shown in Chapter 8, the water evaporation rate of the AAS is
dramatically decreased. In order to investigate the mechanism more clearly, a new
experimental set up needs to be applied. One potential choice is the Nuclear Magnetic Resonance (NMR) which is a nondestructive method for studying the water
distribution in porous medium. It might reveal the water movement inside concrete
both at fresh and solid state. Another choice is fluorescence imaging method which
enables continuous monitoring of the advancing wetting front to study the effect of
Chapter 10
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This Thesis investigates different methods to prepare water resistant concrete involving the application of nano-flakes, hydrophobic powders and bio-materials. The
influences of the hydrophobicity on the shrinkage and carbonation of concrete are
evaluated. Despite the extensive investigations, some additional aspects should be
further evaluated.
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hydrophobic agents on the water absorption by capillary suction. With the help of
these equipments, the fundamental mechanism can be better understood.
Although the addition of nano-flakes presents an obvious decrease of the chloride
transport, it should be noted that the distribution of the nano-flakes is random which
limits its full potential of barrier effect. The control of the 1D or 2D nano-material in
concrete is a promising route to improve its application value. One possible solution
should be the synthesized magnetic nano-materials which can be controlled by an
external magnetic field. The influence of the magnetic nano-materials to the ions
transport in concrete should be understood.
The effect of the size of the hydrophobic powders on the hydrophobic performance of
concrete needs to be further explored. In this Thesis, all the hydrophobic powders
are in the range of micrometers. The influence of nano-sized hydrophobic agents or
hydrophobic aggregates on the durability of concrete is still blank. Especially nanosized hydrophobic additive, which has been reported that nano-material has a filler
effect on the cement hydration, its influence on the microstructure, shrinkage and
transport property will be very interesting.
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The hydrophobic modification of concrete on the freeze-thaw durability is not yet well
studied. The frost damage mostly relates with its transport property, hydrophobicity
will limit the water movement inside concrete which shows potential to enhance the
frost resistance. A model between the hydrophobicity and freeze-thaw damage should
be investigated.
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CaCO3
CO2
HNO3
KCl
NaCl
NaOH
SiO2

188

Mellilite
Gehlenite
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Quartz

Abbreviations

Chemical abbreviation
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AFt
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CH
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Dicalciumsilicate
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Concrete has become the most broadly applied building
material on the planet since the nineteenth century with the
growth of industrially produced Portland cement. However, in
non-ideal service environments, concrete suffers from physical
and chemical attack and the durability of concrete is of great
significance for the safety and stability of the concrete
structures. With a concern of high maintenance and repair cost
of concrete, the improvement of concrete durability has
attracted significant attention over the past several decades and
is still a research hot spot until now. The durability of concrete in
most cases is related to its permeability (or more precisely
penetrability) to fluids. In particular, ingress of water into the
concrete is the most often occurring phenomenon that leads to
the deterioration of concrete. Therefore, this Thesis aims to
design and evaluate water resistant cementitious materials to
improve the durability of concrete.
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