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ABSTRACT

Most structures use concrete as a main material in their construction work. Despite its low cost and
high compressive strength properties, it suffers from disadvantageous cracks on surfaces when it is
hardened, which be costly to repair. Europe spends almost half of its construction budget annually on
structure repairs. Fortunately, today’s science had reached a level of engineered solutions to
experimentally overcome this dilemma. In order to reduce the repair expenses of concrete cracks, a
solution of self-healing concrete is introduced. The process of self-healing cracks in hardened concrete
depends on including — in most cases — agents in the cementitious compositions such as minerals,
bacteria and microcapsules containing adhesive materials. The actual challenge to be faced is when it
comes to concrete construction in marine environments like seashores, such aggressive mediums
uncover various considerations due to the biological and chemical behaviors in those places. This paper
aims to provide a literature body based on research to review different types of self-healing technologies
and their durability for reinforced concrete (RC), especially for structures in marine environments in
both approaches: autogenous and autonomous. As seen from the literature body, the concluded methods
for healing concrete cracks include the Ground Granulated Blast Furnace Slag (GGBFS), partially
substituted with cement in the mixture. In addition to that, the utilization of the autonomous
Bactria-based self-healing is another smart method that the literature lately revealed.

Keywords:  self-healing concrete, autogenous, autonomous, marine environments, GGBFS, SAP
particles, polyurethane.

1 INTRODUCTION
According to Joshi et al. [1], “As nearly 80% of world’s infrastructure is built in reinforced
concrete, their maintenance needs a huge recurring investment that few countries in the world
can afford. There is a worldwide effort for sustainable technologies for maintenance of
infrastructures that would offer economy without undue environmental or social costs” [1].
Marine environment is considered an extreme and aggressive environment for establishing
concrete structures. Such environments require special precautions and engineered
procedures for the reinforced concrete to withstand, for example, the low temperatures of sea
water, tidal effects, pressure, biological life, etc. Marine environments contain high
percentages of chloride concentration. The reinforced concrete is the type of structure used
in such environments. The durability of reinforced concrete is affected negatively by chloride
as it 1s harmful due to corrosion affect. When cracks occur in RC in marine environment, that
will facilitate the penetration of chloride into the hardened material which will make the
corrosion even faster [2]. As noticed, cracks in concrete structures in sea environments have
the major cause for initiating a continuous damage to the internal parts of the structure. The
extent to which the chloride penetration into the cracks can reach, is dependent on several
variables. For example, width and depth of the crack itself. Also, the type of cementitious
mixture and its composition [2]. Aggressive agents such as Chloride, Magnesium and Sulfate
can damage the solid concrete and eventually will lead to shortening its service life [3].
Essentially, the sizes of the cracks in the concrete are playing a crucial role as that is main
interface for ingress of any liquids or chemical particles to the inside. “To limit the crack
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width below 50 pm in order to avoid chloride penetration. So, it seems that in marine
environments, the crack widths should be limited more in order to maintain or increase the
durability of the structures” [2], [4].

The technology of using self-healing concrete is applicable in the case of marine
environments, but certainly will require exceptional measures in order to overcome the
obstacles, contain all the variables and comprehend the conditions. As soon as cracks in
reinforced concrete are noticed, it’s essential to repair them as they can cause serious
damages. In marine environments, the structure is even highly vulnerable due to chloride
penetration into the cracks which will accelerate the corrosion process for the rebars. The
repair process of those cracks in marine environments are so expensive and, in some
situations, non-operable because of the inaccessibility. As a result, it is significant to use
technologies of self-healing concrete in this case as they offer recovery for those cracks
without outer intervention. The usage of water repellent agents along with corrosion
inhibitors during mixing of concrete, can effectively delay the corrosion of reinforcement
which is a user-friendly method. The throwback of this method is that some properties of
concrete can be affected in a negative way like setting time and compressive strength [5].

For now, many researches are investigating in the science of self-healing concrete in
marines and the results of those experiments are showing promising future and a scientific
base to start for implementation. Most of recent researches have concluded results on
self-healing concrete made in tap water, however that is not quite similar to the effects
on cracks while being in marine water due to higher concentration of CL, SO4* and Mg?"
ions in sea water [3]. “Concrete in the tidal or splash zones of a marine environment
experiences wet-dry cycles, which may also influence the kinetics of the autogenous
self-healing of cracks” [3], [6]. As it seen from the previous review body, there are several
factors that can determine the durability of concrete in marine environments. However,
self-healing solutions will be discussed in detail in the next sections.

2 OVERVIEW OF SELF-HEALING CONCRETE TYPES

This section will showcase different types of self-healing methods in concrete along with
general overview about them. A great deal of literature body has been provided by recent
researchers who have studied the modern techniques of such “smart” concrete in order to
overcome the inevitable setback of cracks in concrete. Reinforced concrete is vulnerable for
cracks due to many reasons like creep, thermal change due to temperature difference, external
loading, shrinkage and freeze-thaw cycles [7]. “The cracks have a negative impact on safety
and may even cause serious accidents” [8]. The technologies of self-healing concrete are
emphasizing their role in repairing cracks that could happen for various reasons. Adding to
that, advanced performance of many different structural materials. For instance, adding
capsules of fiber glass containing adhesives into the concrete mixtures can play a healing role
when cracks occur. However, this method has its limitations as the fiber glass itself is
vulnerable to breakage during early stages of hardening [8]. “In general, self-healing in
cementitious materials is classified in two main groups: intrinsic healing and capsule based
healing” [2], [9]. This section will present the two types (autogenous and autonomous) in
addition to another recent type (vascular self-healing).

2.1 Autogenous intrinsic self-healing methods

The intrinsic self-healing methods are defined as the autogenous healing in concrete due to
its composition of various cementitious components in the mixture. This approach is
dependent on the properties that make up the mixture itself. When the cracks occur, water
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is an essential factor (Fig. 1) for autogenous healing of concrete [9]. Addition of fly ash and
bacterial spores into the cementitious composition, for instance, can explain the autogenous
self-healing of concrete. When adding fly ash as pozzolanic materials instead of cement in
the concrete mixture, hydration of the un-hydrated parts should promote the autogenous
healing of concrete cracks when occurred. Furthermore, complementing bacterial spores into
the cementitious mixture and after the hardening and cracking, the water ingress into the
crack to stimulate a chemical reaction that will result an agent to fill that crack [9]. Based on
the experiment by Liu et al. [3], when they tested the crack healing with immersing in water,
“It is conceivable that water plays an essential role in autogenous self-healing as water was
the medium for the diffusion of ions and the formation of reaction products.” They concluded
that wet-dry cycles have an effect of efficiency of autogenous self-healing of crack in the
cement paste. Cycle of 12 hours wetting and then 12 hours drying has a higher efficiency
than cycle of 1 hour of wetting and 23 hours of drying.

2.2 Autonomous self-healing

The second type of crack healing in concrete is the type that includes closed capsules (either
spherical or cylindrical) shown in (Fig. 2) that contain a healing agent. When crack happens,
the capsule breaks and the inside agent (sometimes special Bacteria) fills the crack due to
gravitation forces [9]. Generally, this type is called autonomous self-healing. “To facilitate
the production of self-healing concrete, encapsulated healing agents are preferably added to
the concrete mix during preparation” [9]. The efficiency of such encapsulated agents can be
observed in the aggressive conditions related to temperatures that can produce very difficult
cracks to handle. According to Van Tittleboom and De Belie [9] and May’s [10] literature
bodies, “When temperature differences and cyclic loads cause the crack to grow wider or
become more narrow, elastic behavior of the hardened agent is wanted. In order not to lose
the bond between the repair agent and the cementitious matrix, and thus preserve the crack
sealing ability.” On the other hand, water as medium can have other significance as the
autonomous healing action can start with different types of trigger mechanisms. For example,
the ingress of liquids into the crack, however that has some throwbacks. “A disadvantage is
that as long as the required agent does not intrude into the crack, healing is not activated. In
the period between formation of damage and activation of healing, degradation of the
concrete matrix can still occur” [9].

B

Figure 1: Autogenous self-healing in concreate cracks due to water supply. (Source: [9].)
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Figure 2:  Autonomous self-healing concrete methods. (a) The spherical capsules with
agents; and (b) The cylindrical capsules with agents. (Source: [11].)

Figure 3:  Vascular method for self-healing concrete using external container with healing
substances. (Source: [12].)

2.3 Vascular self-healing

The third type has an external tank that contains a healing agent, a vascular tube is connected
from the tank into the concrete and laid as network over the span of the concrete. Once the
concrete is cracked, the agent flows into it through the vascular channels. This approach is
continuous and repetitive properties as the external tanks could be always refilled with
healing agents [9]. This approach is considered least used among self-healing concrete as it
relatively expensive and demands a suitable space for the tank (Fig. 3) to store the healing
agent. Simultaneously, the storing tanks need certain conditions for the healing agents to
withstand prior to usage.
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3 APPRAISAL OF SELF-HEALING CONCRETE IN MARINE ENVIRONMENT
Since the marine environment is considered an aggressive medium for concrete, resulting
tremendous damaging in case of cracks, serious measurements should be taken in
consideration when applying self-healing solutions. Next, a presentation of five self-healing
modern techniques will be shown that are suggested as solutions for the problem based on
most recent body literature.

3.1 Using autogenous self-healing

“In case of marine infrastructures in tidal zones, the presence of magnesium sulfates may
enhance the crack sealing by means of brucite precipitation. These processes will result in
reduced chloride penetration rates” [5]. For minor cracks, autogenous healing is the dominant
solution as long as the water accessibility is able to hydrate the un-hydrated parts to accelerate
the process. However, chloride from seawater will lower the chances of direct healing [6].
The maximum width to which autogenous methods of concrete cracks healing can work is
between 200-300 um. On the other hand, the autonomous healing can heal cracks that extend
to 500 pm. Moreover, for the capsules that contain bacterial agents, it was reported that this
approach could heal concrete cracks up to 970 pm [12]-[15].

3.2 Using sap particles (autonomous)

Super Absorbent Polymers (SAP), are particles that are added to the cementitious mixtures
in order to enhance the mixture with water. SAP particles have the capability of liquid
absorption and after swelling they can work as gel for cracks. The whole process starts during
the mixing of concrete components, the SAP particles absorb some water, which is added
into the cementitious mixtures. As a result, pores appear, which makes it easier to predict the
locations of cracks as they will most likely follow the path of the pores. The ingress of
moisture and wetness into the cracks will make SAP particles absorb them and swell until a
gel is resulted as the agent for autonomous self-healing of concrete [9], [16]-[19]. Using SAP
particles in the cementitious mixture to make concrete with better self-healing approaches is
not recommended for marine structures as the seawater will seal the cracks which will stop
the SAP particles from swelling and limit the autonomous self-healing of those cracks. As a
result, this shortage will affect the durability of concrete in marine environments [9], [16].

3.3 Using polyurethane (autonomous)

Because of magnesium sulfates’ presence in marine infrastructures, the cracks may be
repaired by brucite precipitation due to seawater. In case the width of the crack is over
10 um, the penetration of chloride into the mixture will be faster, which will shorten the life
span of the reinforced concrete. The solution to that is laid in involving the mechanisms of
autonomous healing. Adding polyurethane capsules can provide self-healing efficiency of
75% for cracks with 300 pum width towards the diffusion of chloride into them [2].
“Autonomous crack healing of mortar samples by means of encapsulated polyurethane has a
beneficial influence on the resistance against chloride diffusion for crack widths around 100
pm and 300 pm” [2]. According to Maes et al. [2], their experiment was more focused on
samples of mortar rather than reinforced concrete when adding the polyurethane into to
mixture, however they resulted in very encouraging results in terms of durability.
“autonomous crack healing by means of encapsulated polyurethane is able to improve the
durability. This finding could be used to prove that an important service life extension of
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structures can be achieved with self-healing cementitious materials in chloride-containing
environments” [2].

3.4 Using GGBEFS (autonomous)

According to Kim et al. [20], Shi et al. [21] and Ben Haha et al. [22], “Ground granulated
blast furnace slag (GGBFS) has been widely used as a raw material for alkali-activated
composites. It contains a higher amount of amorphous silica, which makes it an excellent
reactive material.” The activator’s job is to provide strength due its chemical reactions with
(GGBES). Calcium hydroxide-based activator used in the experiment by Kim et al. [20] due
to its efficiency, low cost and high durability comparing to other activators [23], [24]. The
results of the experiment by Kim et al. [20], concluded that autogenous self-healing method
is the most efficient method for healing cracks happening in marine structures. However, it
requires special methodology that involves replacing almost 50% of the Portland cement with
Ground Granulated Blast Furnace Slag along with utilization of Ca(OH), in the form of
coated granules as activators. Not only that, but as well as being durable since the lab results
showed that the cracks were fully filled after 39 days.

3.5 Using bacteria-based self-healing (autonomous)

The technology of bacteria-based self-healing for cementitious configuration in marine
environments with low temperature, is a promising method to solve the problems of cracks
in aggressive environments. The bacterial behavior provides a biological perspective for this
approach for emphasizing the concept of autonomous self-healing. Basically, when seawater
ingress into the crack, the beads of bacteria-based in the structure start to swell resulting a
blockage that releases the bacteria. At once, the spores start to germinate based on chemical
reactions with other existing minerals which will lead eventually to healing the crack. Also,
this technique is to be considered very cost-effective [11]. Based on the experiment by Palin
et al. [11], “The composite displayed an excellent crack-healing capacity, reducing the
permeability of cracks 0.4 mm wide by 95%, and cracks 0.6 mm wide by 93% following 56
days of submersion in artificial seawater at 8°C.” The compressive strength for this
technology is considered to be very reliable material in construction [11], [25].

4 RECOMMENDATIONS AND CONCLUSION:

The advanced technologies are yet to be implemented into today’s concrete structures
especially in the marine environments where opportunity of sea water exposure can affect
negatively resulting in irreversible cracks. Nevertheless, finding the possible solutions for
concrete cracks is still in the experimental phase. Based on the data obtained from literature,
the suggested methods to be adopted for cracks in concrete are the autogenous self-healing
using GGBEFS, due to its easiness of usage and durability in marine environments. A matter
to be considered as well is to illustrate a wholistic study of the tidal data of the construction
site in order to examine the continuous effects on hardened composition.

The other method which is also can be adopted and relative to the scale of any project, is
using the autonomous Bacteria-based self-healing. This method has shown promising
success experimentally even in low temperature of sea water and it requires a
labor-intensive skill.

A recommended experiment to be investigated in future is to have the GGBFS cement
combined with the bacteria-based self-heling technology to examine the effects of sea water
on the cracks of this new composition for RC structures in marine environments.
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