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Abstract 
Cementitious materials are the most widely used construction material in the world. 

Nevertheless, their large-scale productions bring various negative effects on the 

environment, such as CO2 emissions. Extending the service life and enhancing the 

durability of mortar/concrete is one method to mitigate this problem. Most of the 

durability issues of cementitious materials are related to the water ingression. Thus, 

endowing cementitious materials with hydrophobicity is an effective method to 

improve the durability of concrete. Conventional strategies to generate hydrophobic 

surface of cementitious materials include conducting hydrophobic coatings and 

integrating hydrophobic agents. Most of the products were based on fatty acids, or 

silane and siloxane products, which have drawbacks, including such as poor water 

solubility or high toxic. Recently, microorganism applications in cementitious 

materials attract many interests due to its eco-friendly and versatile properties. In this 

research, microorganism applications on hydrophobic concrete are developed and 

studied. Different bacteria agents, such as biofilms and bacterial suspensions, are 

produced and applied in the design and modifications of microorganism-based 

hydrophobic mortar. Integrating and coating methods of generating hydrophobic 

mortar are conducted and evaluated. Both of the methods presented promising 

performance on hydrophobicity. Meanwhile, the characterisation of the involved 

mechanism is also carried out by different analyses, such as scanning electron 

microscope (SEM) and X-ray diffraction (XRD). 

 

Keywords: Concrete Durability; Hydrophobicity; Bacteria Culture; Biofilm; Micro-

Structure; Contact Angle;  Microorganism-Based Mortar. 
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Chapter I    

Introduction 
The durability of concrete is a sophisticated and long-standing topic in the building 

material field. It can be briefly described as the ability of resisting weathering, abrasion, 

and chemical attack [1]–[5]. Generally, concrete is a kind of hydrophilic material. Due 

to the capillary forces, water can easily be absorbed by the inner pores when the 

concrete surface contacts water. Thus, water absorption is the main threat of physical 

and chemical degradation processes in concrete structures. High water-repellence of 

concrete can be obtained by making it hydrophobic. With the maturity of 

hydrophobicity and super-hydrophobicity technology, concrete with high water-

repellency proposes a promising idea for improving the concrete durability.  

In previous research, both surface and admixture treatments were studied to improve 

concrete durability. Muhammad et al. [6] stated that surface coating with nano-

materials is an extensive method to endow concrete with water repellent property. 

The NCHRP Report 244 indicated surface treatments can reduce 75% water absorption 

in concrete. Epoxy coatings have presented an effective impact on reducing the water 

penetration of concrete. Weisheit et al. [7] studied the effect of siloxane copolymer, 

which demonstrated a slight reduction on the water absorption of high performance 

concrete. Tittarelli et al. [8] studied the influence of a hydrophobic silane admixture, 

and observed its validity in water repellency. A low-cost superhydrophobic powder 

produced by paper sludge ash (PSA) presented a promising performance in water 

repellency, without influencing hydration and density [8]. Existing research has 

presented ideas with practical products; however, some problems still need to be 

solved. The large-scale production of polymers requires high-technology productions. 

Most of the polymers achieve flowability only in a high temperature condition, which 

increases the complication of manufactures and the consumption of energy. Silane 

can be easily mixed at ambient temperature; however, it is an expensive material 

compared with other coating materials. In addition, raw materials, such as epoxy and 

silane, are either pernicious or toxic. Hydrophobic coatings, especially epoxy, can be 

damaged by weathering and abrasion, which may cause a risk of losing effectiveness 
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and an increase in maintenance cost. The integral method is one of the solutions to 

deal with the durability of hydrophobic property, while it considerably raises the 

material cost. Furthermore, when the content of hydrophobic agents is raised, the 

workability and strength of the concrete can be significantly affected. Recently, 

Grumbein et al. [9] have discovered the hydrophobic property of hydrophobic biofilm 

(Bacillus subtilis 3610) hybrid mortar. Bacillus subtilis presented hydrophobicity when 

they existed in biofilm form [10]. As a hydrophobic supplement, Bacillus subtilis 

biofilm possibly endows concrete with reduced water penetration potential. 

Nonetheless, the mortar demonstrated changes on both micro- and nano-scale 

roughness in the inner and outer layer, which cannot be simply explained by the extra 

hydrophobic biofilm. Their results have provided inspirations in designing new types 

of hydrophobic concrete. However, particularized mechanisms of these phenomenon 

are still unclear, further studies are required. 

In this thesis, firstly a literature review on concrete durability and hydrophobicity is 

presented in Chapter II. Based on previous research, the importance of water-

resistance on the theme of improving concrete durability is demonstrated. Thus, the 

rationality of enhancing concrete durability by endowing concrete with 

hydrophobicity can be established. Subsequently, recent research on hydrophobic 

concrete is analysed. Comparing with the current methods, bio-based hydrophobic 

concrete has its own advantages as well as potentials in conducting better 

performances. It is hypothesized that bio-concrete may present several advantages: 

1) Eco-friendliness. Comparing with the chemical-driven methods, harmless and non-

toxic bacteria can be treated as environmental-friendly additives; 2) Low-cost. A single 

specific bacterium can be expensive, nevertheless, its rapid propagation ability avoids 

a second investment; 3) Industrial feasibility. Production processes can be simply 

transferred into industrial-scale; 4) Multiple applications. Different applications, such 

as integrating methods and coating methods, may both have promising results. In 

order to characterise the hydrophobicity of concrete, contact angle is used as a main 

criterion. Controlled experiments were selected as the main methodology, and 

detailed experimental programs are presented in the methodology sections. 

Microorganism hybrid concrete, as well as microorganism coated concrete, are 
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investigated. And finally, conclusion and recommendation for the future research are 

given in Chapter VII.  
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Chapter II 

Literature Review 
Concrete, the major material of building and infrastructure over the world, has been 

widely used for several decades. In general, concrete is a mixture of cement, water, 

and aggregates. Through a chemical reaction called hydration, the flowable paste 

gradually achieves strength and forms the stone-like blocks. The high strength and 

relatively low cost make concrete a perfect choice for most of building industries. 

However, concrete can get damaged and deteriorated when exposed to different 

environment. Although designs of concrete have been developed for a long time, the 

durability of concrete is still a main issue in its application. During recent years, the 

durability of concrete structures has attracted considerable interest in concrete 

practice, materials research, and national as well as international standardization [11]. 

Concrete durability is defined as its ability to resist weathering, chemical attack, 

abrasion, or any other process of deterioration to remain its original form, quality and 

serviceability when exposed to its intended service environment [12]. Durability issues 

usually appear as the materials deteriorate at early stage, which do not have an 

immediate safety issue. Nevertheless, these problem will progressively cause 

structural damage, and lead to architectural failures [5].  

 

 

Figure 1. The simplest type of concrete: a mixture of cement, water, and aggregates (Icons from flaticon.com) 

 

One of the promising strategies to improve the concrete durability is to endow 

concrete with hydrophobicity. Water penetration is a major threat for concrete, which 

can deteriorate or cause freeze-thaw, erosion and corrosion problems. By creating 

hydrophobic property, water penetration can be decreased. Ions exchanging through 

water can be prevented. Thus, the durability of concrete can be improved. Polymer 

coating and hydrophobic aggregates are two main methods to endow concrete with 

+ + = 



5 
 

hydrophobicity. In past few years, silane and siloxane are the most widely-used  

surface treatment agents in this field [13]. While hydrophobic concrete has been used 

in commercial way, researchers have been exploring eco-friendly, cheaper, and more 

effective methods. Recently, Grumbein et al. [9] conducted a research about 

hydrophobic properties of biofilm hybrid mortar. They found both nano- and micro-

structures are altered due to the additional biofilm component. Their research 

provided a new perspective for designing hydrophobic concrete.  

In this literature review, durability issues and possible solutions were summarized. As 

a promising method in improving concrete durability, the fundamentals and material 

applications of hydrophobicity have been studied. Reviews on previous 

microorganism applications have been conducted to deeply understand the 

microorganism influences on cementitious materials. 

 

2.1  Concrete Durability 

2.1.1  Major Durability Issues of Concrete 

The durability problem of concrete includes various individual topics such as 

carbonation, CH leaching, alkali aggregate reaction, sulfate attack, and freezing–

thawing, reinforcing bar corrosion [5]. However, mainly, the degradation of concrete 

is a result of the combined effect. Thus, understanding each of the problem is 

necessary. In the following subsections, four major durability problems are explained 

and discussed.  

 

2.1.1.1 Alkali-aggregate Reaction 

Alkali-Aggregate Reaction (AAR), defined as a chemical reaction between certain 

mineral phases from the aggregates and the alkali hydroxides from the concrete pore 

solution. First observations of alkalis reactivity contained in some mineral constituents 

in 1916, when Stephenson reported about a gel formation by the reaction between 

feldspar and sodium carbonate [14]. AAR is one of the most harmful distress 

mechanisms affecting the durability of concrete infrastructure worldwide [15]. 
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General types of AAR attacks include alkali-carbonate reaction (ACR) and alkali-silica 

reaction (ASR).  

 

 

Figure 2. Mechanism of ASR damage in concrete [16] 

 

ACR is the reaction with active minerals from dolomitic limestone aggregate [17]. The 

first ACR case was reported in 1950s in Ontario, Canada. Under the attack by the alkali 

hydroxides of the concrete pore fluid, the dolomite crystals undergo a 

dedolomitization process: 

CaMg(CO3)2 + 2(𝑁𝑁𝑁𝑁,𝐾𝐾)𝑂𝑂𝑂𝑂 → 𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2 + 𝐶𝐶𝑁𝑁𝐶𝐶𝑂𝑂3 + (𝑁𝑁𝑁𝑁,𝐾𝐾)2𝐶𝐶𝑂𝑂3         (1) 

The ACR expansion and cracking involve one or a combination of multiple processes. 

The alkali carbonates, (𝑁𝑁𝑁𝑁,𝐾𝐾)2𝐶𝐶𝑂𝑂3, react eventually with the portlandite (Ca(OH)2) in 

the concrete matrix, thus regenerating alkali hydroxides in the pore solution: 

(Na, K)2CO3 + Ca(OH)2 → CaCO3 +  (𝑁𝑁𝑁𝑁,𝐾𝐾)𝑂𝑂𝑂𝑂                            (2) 

In ASR, aggregates containing certain forms of silica will react with alkali hydroxide in 

concrete to form a gel that expand, as it adsorbs water from the cement paste or the 

environment. The volumetric expansion in both reactions can attribute to the water 

absorption. Through enhancing the resistance to water penetration, Alkali-aggregate 

reaction can be reduced. 

 

2.1.1.2 Sulfate Attack 

Sulfate attack is also a main factor which causes expansion deterioration. The 

expansion is caused by the reactions between sulfate ions and hydration products. In 

Figure 3, the ettringite has replaced some of the calcium silicate hydrate in the cement 
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paste; the darker areas of paste have been partly decalcified. As a consequence of the 

alterations, the paste will be weakened [18]. The most common type of sulfate attack 

is external sulfate attack. 

 

 

Figure 3. Scanning electron microscope image of sulfate attack in concrete [18] 

 

The physical/chemical interaction of sulfate attack is a complex process and depends 

on many factors, such as concentration of sulfate ions, ambient temperature, amount 

of cement/mineral additives, water to cement ratio, diffusivity and/or permeability of 

concrete, and presence of supplementary pozzolanic admixtures [5]. Most of the 

factors related to the water penetration, since sulfate attacks are more likely to occur 

when water containing dissolved sulfate penetrates the concrete. 

 

2.1.1.3 Freeze Thaw 

As written by Marchand et al. [19], in North America and several European countries, 

the frost-induced deterioration of concrete has been a matter of major concern for 

many years. The freezing behaviour is a complex physical mechanism that governs the 

frost damage of cementitious materials. The issues are closely related to the presence 

of water in concrete, and have been studied for decades [20]. The formations of ice 

occur in the capillaries of cement paste with the decrease of temperature. In order to 

accommodate the 9% volume increase, excess water is expelled from the freezing 
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sites which will cause a hydraulic pressure, which is known as the hydraulic pressure 

model proposed by Powers [21]. Although the mechanism of freeze-thaw issue 

requires further study, water penetrating into the pores of concrete is the main factor 

that increase the freeze-thaw expansion. Thus, one solution to get to the root of the 

freeze-thaw issue is to reduce the water penetration. 

 

 

Figure 4. The effects of freeze thaw (Images from thesouthernalps.wordpress.com) 

 

 

2.1.1.4 Steel Corrosion 

Reinforced concrete is a versatile and economical construction material. It can be 

moulded to a variety of shapes and finishes. In most cases, it has high durability and 

mechanical strength, performing well throughout its service life. However, in some 

other cases it does not perform adequately due to poor design, poor construction, 

inadequate materials selection, a more severe environment than anticipated or a 

combination of these factors [22].  

 

 

Figure 5. Mechanism of destruction of reinforcing steel bars embedded in concrete due to the carbonation 
process [23] 
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Some steel corrosion can be contributed to the carbonation. During the carbonation 

process, the progressive neutralization of the alkaline constituents of concrete occurs 

because of the entrance of carbon dioxide from the air, forming mainly calcium 

carbonate [2]. In this neutralized environment reinforcing steel is no more protected 

by the alkaline pore solution of fresh concrete. When the carbonated surface zone 

reaches the depth of reinforcing steel, significant corrosion may be initiated [24]. 

Another steel issue for reinforced concrete is chloride corrosion.  Chloride ions can be 

present in the concrete due to the use of chloride-contaminated components, the use 

of CaCl2 as an accelerator when mixing the concrete, or diffusion into the concrete 

from the outside environment [25]. The ingress of water provides opportunities for 

aggressive ions, such as chloride and bicarbonate ions, can infiltrate concrete, to 

penetrate into the concrete.  

 

2.1.2 Environmental Impacts 

The ingress of various ions, liquids and gases from the environment is responsible for 

the deterioration of concrete directly or indirectly [26]. Environment with more 

aggressive ions create more challenges for improving concrete durability. One specific 

condition is the marine environment. 

 

 

Figure 6. An example of concrete in marine environment (From newyorkcity.eventful.com) 

 

Lots of concrete structures are located in the marine environment (Figure 6), such as 

cross-ocean tunnels, drilling platform, and long-span bridge. According to the 
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deterioration mechanisms, the marine environment zones of concrete structure can 

be classified as submerge, tidal, splash and atmospheric zones [27]. In 1980s, Mehta 

considered that the most serious part of concrete structure is the tidal zone. Because 

the tidal zone can be suffered from both chemical and physical attacks in nature 

environment [3]. This is also the reason why corrosion of steel and spalling of concrete 

usually occurred in tidal zone [28]. Safehian et al. [29] also pointed out that the tidal 

zone was the most aggressive exposure condition. It was also mentioned in that 

research that the atmospheric zone was considerably less aggressive than the others. 

As a matter of fact, ions ingress in tidal zones involves adventive transport and is 

consequently very dependent on the liquid permeability of the material in addition to 

its diffusion coefficient. In addition, the physical collision, erosion and abrasion of 

alternating motion of waves and tides is bound to arouse concerns about 

deterioration of the concrete structure [30]. Zaccardi et al. [31] considered that the 

influences of relative humidity were very important for prospective studies of 

corroding structures in marine environment.  

Relative humidity has no influence on the corrosion rate; however, it reflects the 

water vapor content, which is the amount of evaporable water controlling the 

corrosion through the influence in the resistivity [32]. Thus, even concrete structures 

are not immersed in water, a high relative humidity environment can also harm its 

durability. As mentioned in previous sections, water that contains bicarbonate ions 

with free carbon dioxide dissolves the calcium carbonate in concrete. Due to the 

carbonation process, cement in the concrete reacts with the carbon dioxide in the air 

or water. Carbonation lowers concrete’s pH, reducing its mechanical properties. 

Besides, moisture environment creates the ideal conditions for the growth of 

microorganisms. Although not all of the microorganisms can influence concrete 

strength and other properties, some of them (such as mold) have possibilities to lower 

the durability of concrete. 
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2.1.3 Water Absorption 

To enhance the durability of concrete, main parameters and factors that deteriorate 

concrete structures need to be researched. In this section, the influence of water 

absorption has been studied. 

Parrott’s investigations [33] showed that the depth of carbonation after 1.5 years of 

exposure, both in the lab and on site can be related, to the water absorbed after 4 h 

of wetting (Figure 7). As shown in Figure 8, Dhir et al. [34] obtained a reasonably good 

correlation between the depth of carbonation and the 10 min initial surface 

absorption value. This implies that the short-term absorption gives an indirect 

information on the continuity of the pore system in the near surface zone, which in 

turn is vulnerable to carbonation if very permeable. 

 

 

Figure 7. Carbonation depths at 1.5 years comparing with water absorption after 1.5 years of exposure [33] 
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Figure 8. Relationship between carbonation depth and water absorption [34] 

 

 

 

Figure 9. Clam water tester (Left) and Autoclam permeability test system (Right) 

 

The CLAM test is used for measuring the water permeability of in situ concrete. As 

shown in Figure 9, Basheer et al. [31] modified the test and invented the Autoclam 

Permeability System. It is a constant head permeability test and the water 
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permeability is estimated either by the steady state or non-steady state flow theory. 

In the latest version, a test pressure of 7 bar could be selected to assess high-

performance concrete and improve the repeatability and accuracy of the 

measurements [35]. 

Basheer et al. [26] report results of a study carried out relating absorption 

characteristics of concrete to chloride-induced corrosion of steel in concrete. Figure 

10 indicates the relationship between sorptivity index obtained by Autoclam 

permeation system and water-soluble chloride ion content at 25 mm and 40 mm 

depth from the surface of ponding. The figure presents that a clear linear relationship 

exists in the case of 25-mm depth of cover. However, as the cover depth may also 

influence the chloride content, predicting chloride concentration at a certain depth 

from the water absorption tests can be difficult. To compare the expected protection 

abilities of different concretes, water absorption tests can be used as a  rapid 

indicative test.  

 

 

Figure 10. Relationship between sorptivity index and chloride ingress [43] 
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Figure 11. Relationship between sorptivity index and corrosion initiation time [36] 

 

Figure 11 shows the relationship between the time to initiation of corrosion and the 

sorptivity of the near surface concrete. In the case of 25-mm cover depth concrete, a 

good linear relationship exists between Autoclam sorptivity index and the time to 

initiation of corrosion [36] as in the case of chloride content in Figure 10. In the case 

of 40-mm cover depth, reinforcement bars were not corroding at the end of the 44 

weeks test for the 0.45 water-cement concrete, which is shown by a dotted line in the 

Figure 11. It is possible that the relationship between sorptivity and corrosion 

initiation time can be more complex for a deeper cover depth. 

Under the topic of freeze-thaw issue, Fagerlund [37] has developed a testing concept 

in which the critical degree of saturation serves as a criterion to evaluate the potential 

frost resistance of concrete. The moisture content at which obvious damage occurs to 

concrete during the freeze-thaw test is called the critical degree of saturation. 

According to this concept, if the critical degree of saturation is known from the 

capillary absorption rate it should be possible to predict the number of cycles after 

which this saturation level will be reached. Hilsdorf et al. [11] have reported results of 

their study relating weight loss of concrete cubes after 60 cycles of freeze-thaw cycles. 

Figure 12 (Left) shows a relationship between water absorption and the weight loss 

during the freeze-thaw test. Ordinary Portland cement and Portland blast furnace slag 

cement with a slag/cement ratio of 65% by mass were used for the study.  
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Figure 12. (Left) )Relationship between freeze]thaw resistance and water adsorption [11] and (Right) 
relationship between Autoclam water permeability index and weight of scaled material for gravel concrete 

[38] 

 

Basheer et al. [38] obtained a promising correlation between the Autoclam water 

permeability index and the weight loss due to freezing and thawing, as shown in Figure 

12 (Right). Figure 13 presents the correlation between the number of freeze-thaw 

cycles at failure to ISAT 10-min value [34]. 

 

 

Figure 13. Relationship between freeze-thaw resistance and water absorption [34] 
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2.1.4 Design Strategies for Improving Durability 

Previous studies have already provided many methods to reduce the effect of various 

attacks. After understanding the mechanisms of durability, different strategies were 

proposed and applied to practical constructions. 

As mentioned by Fournier and Bérubé [39], the most effective measure against AAR is 

certainly the use of non-reactive aggregates and low alkali binders. However, this 

solution is often not practical or economical. Limiting the alkali content in the concrete 

may be a promising solution. Moreover, current knowledge based on past field 

experience and extensive laboratory investigations have shown that an adequate 

amount of a SCM or of a combination of different SCMs can significantly reduce and 

even control deleterious expansion due to ASR in concrete.  

For sulfate attack, the most important factor to prevent external sulfate attack is to 

reduce the permeability of the concrete (low water/cement ratio, high cement 

content, well compacted and well cured) [40]. It is well known that sulfate resistance 

is highly influenced by the alumina content of the GGBS used [41]. Several approaches 

to increase the sulfate resistance of GGBS blended cement have been reported, 

including the addition of extra materials such as calcium sulfate and limestone powder 

to control the hydration process of blended cement [42]–[44]. Abubake et al. [45] 

found that the increase of depth of burial coating can decrease the amount of 

concrete deterioration against the thaumasite formation of sulfate attack to some 

extent. W.T. Kuo et al. carried out a study on superplasticizer and found that proper 

amount of superplasticizer in concrete mix can cause high water reduction. Thus, it 

may reduce sulfate attack on the concrete and produce a more robust matrix [46]. 

Carmona-Quiroga et al. [47] explored a new approach to produce sulfate-resistant 

cements. They mixed barium carbonate to clinker. The main mechanism was the 

utilization of the capacity of barium to immobilize sulfates in the form of highly 

insoluble barite. 

Steel corrosion protections include increasing concrete cover, coating rebar using, 

stainless steel, and corrosion inhibitors [5]. The time-to-corrosion of the embedded 

reinforcing steel can be significantly influenced by the amount of concrete cover over 
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the rebar [48]. However, as the cover increases, the rebar becomes less effective and 

the potential for cracking due to tensile stress, shrinkage and thermal effects increases 

[30]. The reinforcing steel coating can enhance the durability performance by serving 

as a barrier preventing the access of aggressive species to the steel surface and 

providing electrical insulation. Recently, epoxy-coating markedly demonstrates a 

superior performance against the steel corrosion compared with red-oxide and zinc 

primer coatings [49].  A few investigations on the use of stainless steel bars have been 

carried out [50]. The chloride threshold value for initiation of corrosion in non-welded 

AISI 304 rebar is three to five times higher than that of conventional rebar. Other 

strategy is corrosion inhibitors, which is regarded not only as a preventative measure 

for new structures but also as a preventative and restorative surface-applied 

admixture for existing structures. Corrosion inhibitors admixed to the free concrete 

can act in two different ways: these inhibitors can extend the corrosion initiation time 

and/or reduce the corrosion rate after depassivation has occurred [30]. Recently, Qu 

et al. [51] outlined the mortars with the addition of layered double hydroxides (LDHs) 

perform excellent long-term transport property due to the chloride binding ability and 

physical barrier of the LDH nano-flakes. The chloride diffusion coefficient is reduced 

53% at 1% LDH-13 addition. 

Air entraining agents (AEAs) are surface active agents, which can stabilize small air 

bubbles in the concrete to provide pressure relief when entrained water expands 

during freezing. Thus, AEAs are required by building codes in many freeze-thaw 

susceptible regions in the world, and have been successfully used for 75 years [4].  

Some kinds of additives with appropriate amount are beneficial for the improvement 

of the resistance of freeze-thaw, such as fibre, organic resins, synthetic zeolite, 

encapsulated siloxane, and nano particles [5]. With the maturity of SEM analysis, 

research on hydrophobic and superhydrophobic technology has been rapidly 

increasing. Utilizing hydrophobic applications for concrete became an attractive 

concept to modify the durability of concrete. In order to acquire of better 

understanding of hydrophobicity, basic concepts and mechanisms have been 

reviewed in the next part. 
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2.2  Hydrophobicity 

2.2.1 Wettability 

Wetting of the solid surfaces is one of the most common phenomena and it is 

governed by both surface chemistry and surface roughness [52]. Beginning with the 

idea of contact angle (CA) in 1805 [53], researches on wetting and wettability have 

been conducted for over two hundred years. Young’s equation addressed the 

fundamentals of wettability, establishing contact angles’ application for evaluating the 

static wettability of a solid surface [53].  

Basically, solid surfaces that have contact angles θ < 90° are hydrophilic and solid 

surfaces that have contact angles > 90° are hydrophobic [54]. When the liquid is on an 

ideally smooth surface, the wettability is influenced by the surface tension (γ) of solid-

vapor, solid-liquid, and liquid-vapor interfaces. Thus, contact angle (CA) can be 

calculated by Young’s equation: 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠) 𝛾𝛾𝑠𝑠𝑠𝑠⁄                                                     (3) 

Where, the γ is the surface tension between solid-vapor (𝛾𝛾𝑠𝑠𝑠𝑠) , solid-liquid (𝛾𝛾𝑠𝑠𝑠𝑠), and 

liquid-vapor (𝛾𝛾𝑠𝑠𝑠𝑠).  Here, the ideally smooth surface is defined as isotropic, 

undeformed, and homogeneous, and also the water droplet is considered as a 

mathematic entity whose surface and bulk phase are consistent [55]. Based on this 

existing framework of wetting phenomenon, Ollivier reported an anti-wetting mixture 

in 1907 [56]. However, the fact that solid surface cannot always be assumed as a 

smooth surface in general applications became a question. Another question, which 

arise directly from experiment, was the appreciable hysteresis. Freundlich [57] 

established the existence of hysteresis in 1923, which is able to be observed in almost 

all the cases. It can be normally defined as: 

H = θa − θr                                                              (4) 

Where the θa  is the advancing (maximal) contact angle and θr  is the receding 

(minimal) contact angle. The solid can be perturbed by chemical interaction or by 

adsorption due to the liquid or vapor phase [58].  
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Figure 14. A small droplet in equilibrium on (a) an ideal surface; (b) a hydrophilic, rough surface; (c) a 
superhydrophobic, heterogeneous surface [59]. The angles in the figures are contact angles 

 

The roughness and the surface chemistry lead to the hysteresis of contact angles, 

which is not able to be solved by Young’s equation. Considering about the surface 

roughness, Wenzel explained the dependence of the wetting characteristics of the 

solid surface roughness in 1936 [60]. He introduced a surface roughness factor to 

modify the Young’s equation: 

cosθ∗ = 𝑟𝑟 ∙ cosθ                                                           (5) 

Where θ∗ is the apparent angle (the ratio of the actual area to the apparent area) on 

the rough surface and r is the factor of surface roughness.  In 1944, Cassie and Baxter 

[61] presented a paper by extending Adam’s [62] and Wenzel's analysis to porous 

surfaces, demonstrating that solid-vapor interface can also affect the 

superhydrophobicity. As shown in Figure 14, state a) and b) can be described as 

Wenzel and Cassie–Baxter state, respectively.  

The factor of surface roughness and the model shown in Figure 14-c present the basic 

mechanism of hydrophobicity, which indicates the importance of surface roughness 

in creating hydrophobic surfaces. Now, creating artificial rough surfaces is one of the 

main methods to endow material with hydrophobicity. However, the equations above 

still cannot completely explain some superhydrophobic surfaces such as lotus leaves. 

Later, Jiang et al. [63] observed micro- and nano-scale hierarchical structures on lotus 

by SEM measurements. Besides the micro-papillae, they also found the branch-like 

nanostructures on it. Therefore, they evolved the mathematic model to describe the 

relationship between contact angle on a rough surface (𝑐𝑐𝑓𝑓) and that on a smooth 

surface of the same solid (θ): 
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cos𝑐𝑐𝑓𝑓 = 𝑓𝑓𝑠𝑠(𝐿𝐿/𝑙𝑙)𝐷𝐷−2 ∙ cosθ − 𝑓𝑓𝑠𝑠                                          (6) 

Where, (𝐿𝐿/𝑙𝑙)𝐷𝐷−2 is the surface roughness factor, L and l are the upper and lower limit 

scales of the fractal behaviour of the surface, and D is the fractal dimension. 𝑓𝑓𝑠𝑠 and 𝑓𝑓𝑠𝑠 

are the fractions of the surface under the water droplet occupied by solid material and 

air, which can be evaluated by SEM images. The equation demonstrates the influence 

of multi-scale roughness on contact angle, which indicates the importance of 

hierarchical roughness on creating hydrophobic surfaces.  This multi-scale roughness 

theory also provides the theoretical support for this research. 

 

2.2.2 Definitions 

As mentioned in the previous section, solid surfaces that have contact angles θ < 90° 

are hydrophilic and solid surfaces that have contact angles > 90° are considered as 

hydrophobic. When a surface achieve contact angles > 150°, it can be called a 

superhydrophobic surface [55]. Nonetheless, there are some new perspectives in 

defining the limit of hydrophobicity.  Berg et al. [64] first mentioned that 65° might be 

the limit for classifying hydrophobic surface, while studying the surface force. Volger 

et al. [65] suggested that the water structure can be a manifestation and qualification 

of hydrophobicity and hydrophilicity. Their proposals were based on force 

measurement. The new perspectives provided new thinking and direction in 

understanding hydrophobicity; however, further studies on hydrophobicity are 

required. Currently, 90° and 150° of contact angles are still primarily used for defining 

the condition of hydrophobicity and superhydrophobicity respectively. 

 

2.2.3 Mechanism 

With the development of scanning electron microscope (SEM), various natural 

surfaces have been deeply analysed and studied. Different microstructures help 

terrestrial plants to adapt to various living environments. Insects, such as butterfly, 

cicada and water strider, are also gifted by hydrophobicity on some parts of their body. 

The self-cleaning property endowed by hydrophobic surfaces attract great interests 
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for many applications. Hydrophobic surfaces of plants and animals observed from the 

nature provide a perfect introduction to study the mechanism of hydrophobicity.  

Before the clear relationship between roughness and wettability emerged, the water-

resistance property was contributed to hydrophobic substances with low surface 

energy, such as waxes. Baker and Leffree first stated that plant hydrophobicity is 

mainly caused by epicuticular wax crystalloids covering the cuticular surface, whose 

thickness is about 1 ± 5 µm [66], [67]. A decade later, Barthlott and Neinhuis [68]  

investigated several types of leaves from plants, and the self-cleaning properties of 

lotus leaves attracted their interest. They attributed the low-adhesion 

superhydrophobic property to the microscale papillae incorporated into hydrophobic 

epicuticular wax.  

 

 

Figure 15. Mercury droplet on the papillose adaxial epidermal surface of Colocasia esculenta demonstrating 
the effect of roughness on wettability. Due to the decreased contact area between liquid and surface, air is 

enclosed between the droplet and the leaf, resulting in a particularly strong water-repellent surface [68] 

 

The mechanism of the hydrophobicity of wax can be explained by its components. 

Many components, such as hydrocarbons, exhibit a very low interfacial tension due to 

the lack of polar groups [69]. In the case of water-repellent rough surfaces, air is 

enclosed between the epicuticular wax crystalloids, forming a composite surface 

(Figure 15). This enlarges the water/air (liquid-vapor) interface while the solid/water 

(solid-liquid) interface is minimized [70]. On such a rough and low energy surface, the 

water gains little energy through adsorption to compensate for any enlargement of its 

surface. In this situation, spreading does not occur and the contact angle of the droplet 
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depends almost entirely on the surface tension of the water. Thus, the water tends to 

form the shape with the minimum surface tension, which is the spherical droplet [68].  

As mentioned before, the fundamental theory and principle links between surface 

roughness and water repellency were studied by Cassie and Baxter [61]. The following 

decades, the wettability of surfaces was intensively studied and reviewed in both 

physics and biology fields. In 1964, Fowkes [71] proposed that the main direction in 

wettability research is calculating heats and free energies of adsorption of gases on 

solid surfaces directly from measurements of surface tensions and contact angles. 

Holloway [72] studied the wettability of leaves, and emphasised that superficial waxes 

is their most important physical - chemical  property. De Gennes [73] published an 

article about wetting in static and dynamics perspectives.  The article represents an 

attempt towards images with special emphasis on dry spreading. Barthlott and 

Neinhuis [68] assume that hydrophobic phenomenon, such as lotus effect, can be 

transferred to artificial surfaces,  and thus inventing various technical applications. 

Although the relationship between micro-roughness and hydrophobic properties has 

been accepted, the fundamental mechanism was still uncomplete and unclear.  In 

2002, Jiang et al. [63] discovered that the lotus leaves surfaces are composed of micro- 

and nano-scale hierarchical structures (Figure 16).  

 

 

Figure 16. A superhydrophobic lotus leaf. a) Low- and b) high-magnification SEM images of the surface 
structures on the lotus leaf. Every epidermal cell forms a micro-scale papilla and has a dense layer of 
epicuticular waxes superimposed on it. Each of the papillae consists of branchlike nanostructures [63] 

 

Now, the cooperation of these special double-scale surface structures and the 

hydrophobic cuticular waxes is believed to be the basic mechanism for these super-
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hydrophobicity. A similar superhydrophobic property was also observed on the leaf of 

“lady’s mantle”, a herbaceous perennial plant [74]. This mechanism provides the basic 

principles for designing artificial hydrophobic surfaces, including the bio-based 

concrete studied in this research.  

 

2.2.4 Hydrophobicity Applications in Concrete 

Muhammad et al. [6] divided the hydrophobicity-endowed concrete into three 

categories: external coating, external membrane, and integral mixing. External coating 

and membrane are surface treatments of concrete substrates either by dipping, 

brushing, and/or spraying to serve as coatings. It can be formed by polymers, silane, 

or siloxane-based additives [75]. Most of integral mixing method admixes hydrophobic 

additives with other concrete ingredients during the casting processes. S. Wong et al. 

[8] concluded some typical hydrophobic agents: fatty acids, vegetable oils, animal fats, 

wax emulsions, hydrocarbons, silane and siloxanes and some proprietary admixtures 

that contain combinations of these.  

Various kinds of hydrophobic concrete have been designed and studied. Silanes, 

siloxanes, and their combination are the most widely used coating agents. They 

penetrate into concrete pores in liquid form and react with concrete to form a resin 

covering the exposed surfaces [75]. Flores-Vivian et al. [76] used siloxane emulsions 

with and without particulates as non-volatile organic compounds coatings for 

concrete and depicted the hydrophobic chemical effects of this concrete. Horgnies 

and Chen [77] first obtained an integrated microtextured superhydrophobic concrete 

surface through replicating polydimethylsiloxane (PDMS) mold topography. They also 

found that the transfer of siloxane residues from the mold can modify the hydration 

of the concrete surface. Duan et al. [78] produced hydrophobic geopolymer based on 

metakaolin alkali activation and hydrophobic modification. They coated hydrophobic 

modification agent on the surface of geopolymer to build waterproof layers. Gong et 

al. [79] investigated coating organosilicon hydrophobic agent (OHA) on vitrified 

microspheres (VM) surface or blending OHA with cement and recommended blending 

OHA with cement. The results presented that it is efficient in reducing the water 
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absorption, permeability, and wettability of thermal insulation mortar. Weisheit et al. 

[7] developed a water repellent based on silane/siloxane copolymer especially for high 

performance concrete (HPC), which shows lower water penetration than the concrete 

containing no water repellence. While it is not commercially available because of the 

high content of active substance (31 vol.%) in the aqueous solution.  A new method 

was proposed by Evgeniya et al. [80] to improve the hydro-physical properties of 

aerated concrete by the joint application of water-proofing additives in the form of 

pellets made from bitumen and fly ash. They presented that the residual moisture is 

reduced by 30%, while the water absorption and the capillary leak are reduced by 38–

39% and 30–32%. Liu et al. [81] studied the effect of silanes hydrophobic surface on 

the freezing–thawing issue and referred to the hydrophobic mechanism of silanes 

coating on pore liners. Capillary suction is an unsaturated transport process by means 

of capillary forces [82], which is a thermodynamically spontaneous process when 

contact angle is under 90°. The hydrophobic surface was achieved due to a molecular 

attraction between the liquid and the concrete substrate, accompanied by a capillary 

rise and a concave meniscus (Figure 17). Junaidi et al. [83] pointed out that the 

superhydrophobic coating of concrete can be more easily formed by adding 

nanoparticles into the existing formulation to generate the required roughness. They 

chose rice husk ash as commercial nanoparticles to produce superhydrophobic 

coating.  

 
Figure 17. Illustration of silane pore line effect [30] 

 

The water-repellent admixtures, such as mineral oil, vegetable oil, paraffin waxes, and 

calcium stearate, can be introduced into concrete to endow concrete hydrophobicity/ 
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superhydrophobicity of concrete [84]. Hekal et al. [85] proved that cement mortars 

with polymethyl-hydrosiloxane based admixtures have lower water absorption. The 

PMHS-based admixtures react with cement matrix to release hydrogen and form well-

dispersed air voids. Sobolev and Batrakov [86] endowed concrete with hydrophobicity 

with siloxane-based emulsions containing 50% siloxane and a polyvinyl alcohol 

emulsifying agent. Muzenski et al. [87] proved that concrete has lower permeability 

and absorption due to inner superhydrophobic air voids.  

Most of existing research were based on salts of fatty acids, as well as on silane and 

siloxane products. Due to their poor water solubility, both categories of products have 

to be pre-treated to make proper dispersion into the concrete mixture more effective 

[88]–[90]. The pre-treatments, such as melting, increases the complication of 

manufactures and the consumption of energy. Silane can be easily mixed in ambient 

temperature; however, it is an expensive material comparing with other coating 

materials. Moreover, it cannot hinder water penetration under pressure, such as in 

the case of a water tank or a dam [90]. From the point of safety, raw materials, such 

as epoxy and silane, are either pernicious or toxic. In last decade, the microorganism 

applications in cementitious materials, such as microbial mineral precipitation, has 

become an attractive topic [91]–[94]. For integral method, the water-repellent 

effectiveness can decrease with curing time due to the growth of cement hydration 

products, the surface of which cannot be rendered hydrophobic any more [90]. The 

drawbacks of existing hydrophobic treatments have invited the usage of novel, eco- 

friendly, self-healing and energy efficient technology where microbes are used. 

Recently, an alternative research conducted by Grumbein et al. [9] applied 

microorganisms in hydrophobic concrete field, which brought new inspiration to 

endow concrete with hydrophobicity. 

 

2.3   Microorganism Applications in Concrete 

2.3.1  General Applications in Concrete 

Microorganism applications, such as bacterially induced mineralization, have recently 

emerged as a method for protecting and consolidating decayed construction materials 
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[95]. The microorganism-based agents are treated as eco-friendly materials. The 

potential of bacteria to act as self-healing agent in concrete was studied and analysed 

by several researchers [95]–[97]. Figure 18 demonstrates the basic mechanism of 

bacteria-based self-healing concrete. 

  

`  

Figure 18. Schematic scenario of crack healing by concrete-immobilized bacteria [97] 

 

The applications of microbiologically induced calcium carbonate precipitation to 

improve the performance of concrete also attracted great interests. Previous research 

with aerobic microorganism (B.pasteurii and P.aeruginosa) showed an improvement 

(approximately 18%) in compressive strength of cement mortar [98]. Ramakrishnan et 

al. [99] reported an increase in resistance of concrete towards alkali, freeze thaw 

attack, drying shrinkage, and reduction in permeability upon application of bacterial 

cells. De Muynck et al. [20] studied on the effect of bio-deposition of calcite on 

permeability characteristics of a mortar by B.sphaericus and found the decrease of the 

gas and chloride permeability in the bio-modified mortar.  Krishnapriya et al. revealed 

that B.megaterium BSKAU, B.licheniformis BSKNAU, and B.megaterium MTCC 1684 

are suitable for use in concrete as they not only increase strength of concrete but also 

show cracks healing ability in concrete specimens [74].  

 

2.3.2  Applications to Reduce the Concrete Permeability  

However, little research has focusen on the bacteria applications in reducing the water 

penetration. Recently, Grumbein et al. [9] discovered the hydrophobic property of 
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hydrophobic biofilm (Bacillus subtilis 3610) hybrid mortar, which provides a new 

perspective on designing hydrophobic concrete. As shown in Figure 19, they found 

that both nano- and micro-structures of concrete are altered due to the additional 

biofilm component.  However, the mechanism of the phenomenon is still unclear. 

They hypothesized that the mechanism is, or is similar with, the biomineralization 

process.  Biomineralization is the process by which living organisms produce minerals. 

During this process, organisms are able to secrete one or more metabolic products 

(CO32−) that react with ions (Ca2+) in the environment resulting in the subsequent 

precipitation of minerals [100].  

 

 

Figure 19. Hybrid mortar exhibits increased micro- and nano-roughness: a SEM images; b Light profilometry 
images are shown for unmodified (left) and hybrid mortar surfaces (right); c A schematic of the topological 

changes responsible for the increased wetting resistance of hybrid mortar [9] 

Before the research of Grumbein et al. [9], Willem et al. studied bacterial carbonate 

precipitation as an alternative surface treatment for concrete [94]. They utilized 

biomineralization to form a layer of calcite on the surface of the concrete resulted in 

a decrease of capillary suction and a decrease in gas permeability. Nevertheless, their 
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method of immerging bulks into different suspensions and solutions was time-

consuming and hard to bring into practical applications. Although both of the 

mentioned research require further study, their work provide inspirations in designing 

bio-based hydrophobic concrete.  

 

2.4 Summary 

The mechanisms of major concrete durability problem were first studied and reviewed 

in this chapter. The ingress of water is related to all the major physical and chemical 

degradations endangering concrete durability. Water acts as the carrier of unwanted 

species causing deterioration or allows the penetration of aggressive species that 

cause damage [8]. The water penetration occurs due to porous structures and 

capillaries effects. To improve the durability of concrete, enhancing the water 

resistance of concrete is a promising method. One of the common approaches is to 

increase the packing density by reducing water/cement ratio, which only mitigate 

water penetration. As an alternative approach, endowing concrete with 

hydrophobicity can be a promising way to get to the root of these problem. As Han et 

al. [82] mentioned in their work, the hydrophobic concrete is a correct choice for 

structures in water or humidity environment, which can effectively improve the 

structure durability, reduce the occurrence of concrete erosion, and decrease the life 

cycle cost of concrete infrastructures. Deterioration, such as steel corrosion, would 

not occur if water, which acts as a carrier for the diffusion of chloride ions and is the 

medium where corrosion reactions develop, is prevented from wetting the porous 

structure of the concrete [101]. 

The basic knowledge of wettability has been acquired in the second section. The 

definition and mechanism of hydrophobicity have been reviewed. Based on previous 

studies, integrating approach has advantages over surface coating because it is not 

vulnerable to deterioration or damages. Moreover, mixture incorporated methods 

reduce labour cost which is incurred for surface preparation. Tittarelli et al. also 

demonstrated that bulk hydrophobic treatment is the most effective treatment to 

improve the corrosion resistance of galvanized steel reinforcements in concrete, also 
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in the presence of cracks [102]. Nevertheless, surface treatments have no influence 

on concrete matrix properties and introduce less extra cost. Existing research has 

presented ideas with maturing products, such as Silane and epoxy, and successfully 

transforming theoretical assumptions to practical applications. Most of existing 

research were based on salts of fatty acids, as well as on silane and siloxane products. 

Due to their poor water solubility, both categories of products have to be pre-treated 

to make proper dispersion into the concrete mixture more effective [88]–[90]. The 

pre-treatments, such as melting, increases the complication of manufactures and the 

consumption of energy. Silane can be easily mixed in ambient temperature; however, 

it is an expensive material comparing with other coating materials. Moreover, it 

cannot hinder water penetration under pressure, such as in the case of a water tank 

or a dam [90]. Recently, microorganism applications in cementitious materials, such 

as self-healing, strength-enhancing, and water-repellency, have attracted many 

attentions [9], [91], [95], [96], [103]. The biological components applied in concrete 

are innocuous and environmental-friendly. Microorganisms such as bacteria can self-

proliferate with the support of appropriate growth-mediums and do not require 

complex synthesis conditions. The reaction between inorganic materials and organic 

additives are complex, which needs more studies. Grumbein et al. [9] successfully 

presented the hydrophobicity of biofilm-enriched mortar; nevertheless, its 

mechanism and durability are still unclear.  

Thus, this research aims to explore: 1) The hydrophobicity performance of 

microorganism hybrid mortar; 2) The hydrophobicity performance of microorganism 

coated mortar; 3) The effects of growth medium, bacteria wettability, cell 

concentration on the hydrophobicity performance of microorganism-based mortar; 4) 

The mechanism of microorganism-based hydrophobic mortar. In the next chapters, 

experiments and investigations on bacteria-based hydrophobic concrete have been 

carried out. Through controlled experiments and material analysis, different 

applications of bacteria agents are evaluated, and the mechanism of bio-based 

hydrophobicity is discussed. 
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Chapter III    

Synthesis of Microorganism Agents 
For microorganism-based materials, the properties of bacteria agents are important 

factors that can influence their performance. Therefore, to develop microorganism-

based hydrophobic concrete, the research on bacteria agents is required. Many 

factors can influence the properties of bacteria agents. The growth medium can 

influence the growth of bacteria and the formation of biofilms. The cell concentration 

decides the content of bacteria of bacteria agents. The types of bacteria can influence 

the wettability of bacteria and the consequently acquired biofilm. Thus, it is 

hypothesized that the hydrophobicity of microorganism-based concrete may be also 

related to the growth medium, the type of bacteria, the formation of biofilms, and the 

cell concentration. In order to explore the main factors of the hydrophobic 

performance of microorganism-based concrete and the related mechanism, five 

bacteria agents were selected and produced in this research. In this chapter, Section 

3.1 presents the materials and synthesis methods of microorganism agents, as well as 

one concentration determination method of bacteria. Section 3.2 presents the results 

and discussions of the produced microorganism agents such as concentrations and 

yields. 

 

3.1   Experimental Methodology 

Five different bacteria agents are synthesised in the Genetic Modified Organism (GMO) 

laboratory. Table 1 briefly presents the details of five different bacteria agents: cell 

suspension, cell pellet, biofilm, cell membrane, and cytoplasm. Cell suspensions were 

prepared not only as a type of bacteria agents, but also a raw material for the 

production of other four agents. In this section, the synthesis of all bacteria agents is 

presented. 
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Table 1, The details of bacteria agents 

Bacteria agent Format Production method 

Cell suspension Liquid Dissolution 

Cell pellet Solid Centrifugation 

Biofilm Solid Plate Culture 

Cell membrane Solid Cell lysis 

Cytoplasm Liquid Cell lysis 

 

3.1.1  Materials 

3.1.1.1 Bacteria 

Two types of bacteria were cultured and tested in this research: Bacillus subtilis ATCC® 

6051™ (B.subtilis or B.s), produced by ATCC and BL21(DE3), and competent E.coli 

(E.coli or E.c), produced by New England Biolabs, Inc (NEB). B.subtilis, known also as 

the hay bacillus or grass bacillus, is a bacterium found in soil and the gastrointestinal 

tract of ruminants and humans [104]. E.coli is a rod-shaped, coliform bacterium of the 

genus Escherichia that is commonly found in the lower intestine of warm-blooded 

organisms [105]. Both of the bacterial strain is non-toxic and harmless. Bacteria stocks 

were purchased and stored at -80 °C before using. For each culture, only a small 

quantity of frozen cells is required, since they can reproduce and grow by themselves 

with growth medium. Thus, once a stock of bacteria has been purchased, they can be 

used for almost infinite times. 

 

3.1.1.2 Growth medium 

A growth medium is a substance designed to support the growth of microorganisms 

or cells. Two types of growth medium are studied in this research, namely Lysogeny 

broth (LB) medium and Lysogeny broth Plus (LB Plus) medium. LB medium is a 

nutritionally rich medium, which contains the elements that most bacteria require for 

growth. It is primarily used for the growth of various types of bacteria, such as E.coli 

and B.subtilis. LB Plus is an alternative type of LB medium invented by Shemesh et al. 
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[106], which contains extra elements (glycerol and MnSO4) that can enrich the growth 

of B.subtilis. In this research, LB medium was prepared by dissolving the powder 

microbial growth medium, LB Broth (Miller), in distilled water (2.5% solution). LB Plus 

medium was prepared by the same LB medium with additional 1 % glycerol and 0.1 

mM MnSO4. 

 

3.1.1.3 Agar plate 

An agar plate is a Petri dish that contains a solid growth medium used to culture 

microorganisms. In this research, agar plates were prepared by agar and LB/LB Plus. 

Agar is a polymer made up of subunits of the sugar galactose. It is generally resistant 

to shear forces and can hardly be degraded by bacteria, which provide an appropriate 

surface for the bacteria growth. 

To prepare agar plate, granulated agar and growth medium powders are first 

dissolved in the water. Then, the solution is put into an Autoclave setting with the 

temperature at 121 ˚C for sterilizing. The agar is solid at ambient temperature. After 

the sterilization process, the solution is poured into Petri dishes and cooled until it 

solidifies. Figure 20 presents the solidified agar plate prepared for biofilm culture. 

 

 

Figure 20. A agar plate after solidification 
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3.1.2  Synthesis of Bacteria Agents 

3.1.2.1 Cell Suspension Culture 

Cell suspension cultures are widely used in biology as a convenient tool for the 

investigation of various bacteria research. In this research, the suspension works not 

only as a type of bacteria agents for casting hydrophobic mortar but also a raw 

material for producing biofilms. 

Cell suspensions were cultivated by inoculating LB Medium solution with a frozen 

bacterial/glycerol stock (B.subtilis/ E.coli). A gas burner was used to ensure a sterile 

environment during the substance transfer. Solutions were incubated at 37 °C and 90 

rpm in a shaking incubator overnight. Because the growth of bacteria requires oxygen, 

all containers should not be fully enclosed. After one-night, fully-grown cell 

suspensions are obtained. Cell suspensions were cultured one day before each usage 

in case undesirable bacteria from environment penetrate suspensions. 

 

3.1.2.2 Biofilms Culture 

A bacterial biofilm is defined as matrix-enclosed bacterial populations adherent to 

each other [4]. When bacteria form a biofilm, they live as a group instead of a single 

cell. Bacteria living in a biofilm usually have significantly different properties from free-

floating bacteria of the same species [5]. One example is that B.substilis only present 

high water repellence in its biofilm form due to the formation of a hydrophobic layer 

produced by massive hydrophobic proteins [6].  

Based on the previous study [9], B.subtilis cultured with LB medium presents 

hydrophilicity, while B.subtilis cultured with LB  Plus medium presents hydrophobicity. 

Thus, B.subtilis biofilms were cultured with both LB and LB Plus medium. Figure 21 

presents the scheme of biofilm production. 100 μL cultured cell suspensions was 

plated on each (1.5% v/w) agar plate, which was enriched with LB medium or LB Plus 

medium. Before scraping the biofilm, all agar plates need to be incubated for 24h. 

Fresh biofilm was harvested from agar plates by manual scraping with a plastic stick. 

The scraped biofilm material was pooled, weighed, and separated into small amounts 

as needed.  
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Figure 21. The culture process of bacteria biofilms 

 

3.1.2.3 Cell Pellets Production 

The growth and the harvests of biofilm are time-consuming. The micro-structure 

alterations caused by additional biofilm agents were considered as one of the reasons 

why biofilm-incorporated concrete has hydrophobic property. Generally, the biofilm 

comprises a group of microorganisms in which cells stick to each other. Thus, the cell 

composition of a bacterium and that of its biofilm are almost the same. This indicates 

that bacteria suspensions may also have ability to alter the concrete structure and 

endow concrete with hydrophobicity. For bacteria hybrid concrete, bacteria are 

incorporated with cementitious material as additional agents. The content of bacteria 

agents should be one of the important factors for its hydrophobicity performance. 

Thus, to study the influence of cell concentration on the hydrophobic performance of 

microorganism-based concrete, the production of bacteria agents with different cell 

concentrations are required. 

Low cell concentration can be easily obtained by reducing the volume of suspension. 

However, high cell concentration agents cannot be produced by simply increasing the 

volume of the cell suspension, since high volume of suspension contains high volume 

of water that can be excessive for the desired water content in the mortar. Therefore, 

to raise the cell concentration without increasing the undesirable components such as 

growth medium, a centrifugation method was chosen to precipitate the disperse 

Plating the 
suspension 
on the agar 
plate 

Culturing the cell suspension for 
24 hours 

 

Growing biofilm 
on agar plate overnight 
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bacteria from suspensions. The culture process of the cell pellet is presented in Figure 

22. Each 2 Litre of suspensions was evenly separated into six containers in order to 

keep the rotation balance during centrifugalising. The centrifugate speed was set at 

10000g (g = 9.80665 m/s2) and the duration was set at 10 minutes. After configuration, 

the cell pellet was separated and precipitated on the bottom of the container. After 

that, cell pellet can be harvested by a ladle.  

 

 

Figure 22. The culture process of the cell pellet 

 

3.1.2.4 Cell Membrane and Cytoplasm Production 

The hydrophobicity of B.subtilis biofilms can contribute to the BlsA protein on the cell 

membrane of B.subtilis. However, it is still uncertain which substance of bacterial cell 

induce the structure alterations of concrete. The main components of bacteria cell can 

be briefly divided into two parts: cell membrane and cell cytoplasm. In order to 

analyse which component attributes the structure alterations of concrete, a 

separation method is applied. 

Centrifugation 

Culturing 2L cell suspension in the 
Erlenmeyer flask for 24 hours 

 

Evenly separating suspensions 
into six bottles 

 

The cell pellet 
 

The precipitated cell pellet 
after centrifugation 

 

Pouring away the 
solution 
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The cell membrane was obtained by the cell lysis process, which refers to the breaking 

down of the membrane of a cell. A homogenizer (Emulsiflex C3), which is presented in 

Figure 23, was used to conduct the cell lysis process. Cell pellets were first prepared 

by the same methods as the one explained in Section 3.1.2.2. NaCl solutions were used 

as lysis buffer. Each gram of cell pellets was mixed with 15 mL NaCl solution. These 

suspensions were loaded in the cylinder cap and homogenized by 3 cycles of French 

press. After that, lysed suspensions were evenly allocated in six tubes. Similar as the 

production of cell pellets (Figure 22), these tubes were centrifuged by the 

centrifugation in order to separate the membrane and cytoplasm suspensions.  

 

 

Figure 23. The Emulsiflex C3 homogenizer used for the cell lysis 

 

3.1.3  Concentration Determination 

Different from cementitious materials, the mass and the content of a cell suspension 

cannot be measured directly. However, to provide precise experimental result, it 

should be ensured that the suspensions cultured with the same type of bacteria have 

similar concentrations, e.g. similar yields.  Thus, the optical density (OD) value was 

selected to characterize the concentration of cell suspensions.  

Optical density, measured in a spectrophotometer, can be used as a measure of the 

concentration of bacteria in a suspension [107]. When the visible light goes through a 
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cell suspension, the light would be absorbed and scattered. Because larger cells 

absorb and scatter more light, the biomass concentration of the cell suspension can 

be measured. OD600, which measures with a wavelength of 600 nm, was chosen to 

conduct the measurements. Because the cells cannot be killed at this wavelength 

[108]. The results of OD600 cannot be directly converted into cell concentrations so 

that calculating the accurate cell concentration of each suspension is not achievable. 

However, it can present the difference among the suspensions cultured with same 

type of bacteria, since the same type of bacteria has the same ability to influence the 

light. If two E.coli suspensions show similar OD value, they are supposed to absorb and 

scatter similar quantity of light. This indicates that they have similar cell concertation 

due to each bacterium in both suspensions has the similar ability to influence the light. 

 

 

Figure 24. The biophotometer used for OD value measurements 

 

3.1.4  Scanning Electron Microscope (SEM) Measurements 

A scanning electron microscope (SEM), which scans the surface with a focused beam 

of electrons. The electrons interact with atoms in the sample, producing various 

signals that contain information about the surface topography and composition of the 

sample. The electron beam is scanned in a raster scan pattern, and the position of the 

beam is combined with the detected signal to produce an image [109]. The SEM used 
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in the research can achieve resolution in nano-scale, which can observe the structure 

of bacterial cells. By conducting SEM measurements, the achievement of the cell lysis 

process can be verified.  

 

3.2   Results and Discussions  

To further study the bacteria hybrid hydrophobic concrete, promising production of 

bacteria agents are required. Four types of bacteria agents (cell suspensions, biofilms, 

cell pallets, and cell membrane) were successfully cultured and produced by using the 

methods mentioned in Section 3.1.2. In this section, discussions about yields and 

concentration of bacteria agents are presented first. Later, an analysis on cell lysis was 

discussed. 

 

3.2.1 Yields of Bacteria Agents 

As shown in Figure 25, different amounts of cell suspensions are prepared for different 

applications. The yield of cell suspensions depends on the volume of growth medium. 

1 Litre of growth medium can culture 1 Litre of cell suspension. 

 

 

Figure 25. A tube of suspension is enough for biofilm culture (Left), and 2 Litre flask of suspension is prepared 
for the productions of cell pellets and cell membrane (Right) 

 

Although growing each biofilm only requires 100 µL of cell suspensions, bacteria 

suspensions plated on the agar surfaces require extra nutrition from agar plates to 
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grow and form biofilms. Therefore, the yields of biofilms have no direct relationship 

with the volume of the cell suspension plated on the agar plates. Instead, the surface 

area of agar plate is selected to compare with the yield of biofilms. In the experiments, 

the surface of the agar plates is 113 cm2.  

 
Table 2. The average biofilms yield of one agar plate after one-night growth 

 Surface area  

(cm2) 

Average biofilms yield 

(Gram) 

B.subtilis + LB 113 0.06 

B.subtilis + LB Plus 113 0.47 

 

Table 2 shows the average biofilms yield of each agar plate after one-night growth. 

The biofilms cultured with LB Plus medium shows much higher yield than the biofilms 

cultured with LB medium. This indicates that LB Plus can accelerate the growth of 

B.subtilis. The further study on the effects of growth medium are conducted in next 

chapter. It is noteworthy that a higher yield of biofilms need a larger agar plate, which 

is practically difficult for commercial productions. Because it does not only involves 

large area for the growth of biofilms, but also requires longer time to harvest biofilms 

from agar plates.  

 
Table 3. The average yields of cell pellets from cell suspensions after 24-hour culture 

 Cell suspension (Millilitre) Cell pellet (Gram) 

B.subtilis + LB 2000 12.43 

E.coli + LB  2000 4.21 

 

The cell pellet can be classified as a high-concentrated cell suspension since it is the 

product centrifugated from the cell suspension. In order to raise the yield, 4 Litre flasks, 

which are the largest container in the lab, were used in cell pellet productions. To 

provide oxygen for the bacteria growth, only 2 Litre of growth medium was used for 

each culture. Figure 26 presents the equipment and materials used in cell pellet 

productions. Table 3 presents the average yields of cell pellets from cell suspensions 

after 24-hour culture. It indicates that the yield of cell pellets mainly depends on the 
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type of bacteria. This can be also support by the results of OD values, which are 

presented in the next section. Both of the bacteria were cultured in the same 

condition, while B.subtilis, as a wild type of bacteria, showed stronger reproduction 

ability.  

 

 

Figure 26. a) The Erlenmeyer flask containing 2 Litre cell suspensions of bacteria in LB medium; b) The 
centrifugate; c) The container used for centrifugation; d) The cell pellet after centrifugation 

 

Comparing with the production of biofilms, the production of cell pellets skips the 

manually harvesting step and does not require large plate areas for growing. The 

previous research [9] only conducted hydrophobic concrete with biofilm agents; 

however, it is difficult to industrialise this bacteria-based concrete due to the complex 

production process of biofilms. If the cell suspension hybrid concrete could also endow 

concrete with hydrophobicity, it is possible to transform it into industrial productions. 

Cell membrane and cytoplasm were produced in order to study which component of 

bacterium cell can endow concrete with hydrophobicity instead of developing new 

types of microorganism-based hydrophobic concrete. Therefore, the yield of these 

two agents are not analysed and discussed. 

 

a b 

c d 
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3.2.2 Concentrations of Bacteria Agents 

Two cell suspensions with the same volume may not contain same amount of bacteria 

due to the difference on cell concentrations. If the cell concentration significantly 

changes in different groups of productions, the content of bacteria is uncontrollable.  

The cast of mortar requires large quantity of bacteria agents, which cannot be 

produced in single synthesis. When conducting research on suspension hybrid mortar, 

the content of bacteria is required to be controllable. Thus, it is necessary to verify if 

each culture produce suspensions with similar cell concentrations. Moreover, to 

investigate if higher concentrations can be achieved by longer culture duration, 

suspensions cultured for 28 hours were measured. Two groups of experiments, whose 

details are shown in Table 4 and Table 5, were cultured with 25 mL of growth medium 

and measured by OD600. 

Table 4. OD values of B.subtilis suspensions cultured with 25 mL growth medium 

B.subtilis Sample 1 Sample 2 Sample 3 

Culturing duration 24 h 24 h  28 h 

OD value 4.81 4.64 4.66 

 
Table 5. OD values of E.coli suspensions cultured with 25 mL growth medium 

E.coli Sample 1 Sample 2 Sample 3 

Culturing duration 24 h 24 h  28 h 

OD value 1.57 1.44 1.85 

 

For each type of bacteria, all measurements show similar results. The similarity 

between Sample 1 and Sample 2 from both experiments indicates that the cell 

suspensions cultured with the same bacteria have stable cell concentrations. 

Furthermore, the results of Sample 3 from both experiments demonstrate that the 

cell concentration did not raise with the increase of the culturing duration after 24 

hours. This implies that bacteria will reach a growth saturation after depleting all the 

nutrition from the growth medium. Based on the results, it can be confirmed that, 

with same type of bacteria, all the suspensions cultured in the research can be 

controlled in a stable cell concentration. Thus, for experiments on suspension hybrid 
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mortar, the higher volume of cell suspensions can stand for a higher content of 

bacteria agents in the mortar. 

 

3.2.3 Cell Lysis Analysis 
 

 

Figure 27. Samples after lysis and centrifugation 

 

As shown in Figure 27, the precipitates in the tubes with purple covers are cell 

membranes and the suspension in the blue cover tubes contains cytoplasm. In order 

to analyse if bacterial cells have been lysed after cell lysis process, SEM measurements 

were conducted for first two cell membrane samples. Figure 28 presents a 

presentative image from SEM. It is clear that cells lost their structures, which indicates 

the cells were successfully lysed.  
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Figure 28. The SEM image of lysed B.s cells 

 

3.3   Summary 

In this chapter, five types of bacteria agents were produced and evaluated. Their 

synthesis and production steps were presented and described in detail. Furthermore, 

the verification of the cell lysis process was also conducted.  

Due to the complex production, biofilms are not practically available for large-scale 

applications. Cell suspension can be produced with a simple method, which can be an 

advantage for transforming to large-scale productions. The OD value measurements 

proved that all the cell suspensions reached their limit value after 24 hours. Therefore, 

fully-grown suspension can be obtained in 1-day. The cell pellet can be treated as the 

concentrated cell suspension. Although an extra centrifugation step is required, the 

production of cell pellets is still simpler than that of biofilms. If subsequent mortar 

experiments verify the hydrophobicity of suspension hybrid mortar, the production of 

microorganism-based hydrophobic mortar in large-scale will be practically feasible. 
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Chapter IV   

Analysis of Microorganism Agents 
The previous research [9] attributed the hydrophobicity of biofilm hybrid mortar to 

the wettability of the biofilms and the structure alterations caused by biofilm agents. 

Surprisingly, they found a hydrophilic biofilm, the LB cultured B.subtilis biofilm, can 

also endow mortar with hydrophobicity. This implies that the wettability of bacteria 

may be not the main factor of hydrophobicity performance of biofilm hybrid mortar. 

If the B.subtilis biofilms cultured with LB and LB Plus present different wettability, the 

growth medium may also be one of the main factors in designing microorganism-

based hydrophobic concrete. In order to investigate the influence of growth medium, 

a group of controlled experiments on LB and LB Plus mediums were conducted. 

Furthermore, in order to study if other hydrophilic bacteria can endow mortar with 

hydrophobicity, a hydrophobic type of bacteria is required. In order to study and verify 

if hydrophilic biofilms can endow mortar with hydrophobicity, a hydrophilic type of 

biofilms is required. Thus, E.coli, a hydrophilic type of bacteria, was selected as 

research target, and the wettability of its biofilms was analysed. 

 

4.1   Experimental Methodology 

Three types of biofilms were cultured in the experiment by using the method from 

Section 3.1.2.2. The biofilms cultured with LB or LB Plus were produced to study the 

effects of growth medium. The biofilms cultured with E.coli was produced to study the 

wettability of E.coli biofilms. The wettability of biofilms characterised by contact angle, 

which can be measured by contact angle measurements. 

 

4.1.1  Bacteria Wettability Variables 

4.1.1.1 Experiments on Growth Medium 

The hydrophobicity of additives influences the wettability of concrete when mixing 

them in the concrete. The growth medium can influence the growth of bacteria and 



45 
 

the formation of biofilm. It is reported that B.subtilis cultured with LB medium 

presents hydrophilic property while the one cultured with LB Plus medium show 

hydrophobic property [9]. Their results indicated that the type of growth medium can 

affect the wettability of biofilm. In order to thoroughly investigate the medium 

influence, two groups of controlled experiments were conducted (Table 6).   

Table 6. Controlled experiments on different growth medium 

Growth medium Sample 1  Sample 2 

GM Sample B.subtilis + LB B.subtilis + LB Plus 

 

 

4.1.1.2 Experiments on Bacteria Type 

The mechanism of the multi-structure alteration in previous research [9] was still not 

clear. It is also possible that the wettability of bacteria has only limited relations with 

the hydrophobicity performance. If B.subtilis (B.s) can alter micro- and nano-structure 

of concrete, other bacteria may also have abilities to endow concrete with 

hydrophobicity. To verify this hypothesis, a hydrophilic type of bacteria is required. 

E.coli (E.c), a nontoxic bacterium which is widely studied and operated in the biological 

field, was selected as a research target. E.coli is a hydrophilic type of bacteria, while 

the wettability of its biofilms are unknow. To ensure both E.coli and its biofilms are 

hydrophilic, four plates of E.coli biofilms were cultured and grown using the method 

described in Section 3.1.2.1. Instead of contact angle measurements, visual 

assessments were conducted to evaluate the wettability of the E.coli biofilms. Because 

low contact angles cannot be detected by the sensor.  

 

4.1.2  Contact Angle Measurements 

In this research, contact angle is the main index of hydrophobic properties. The 

contact angle measurements were conducted by a measuring device OCA (Figure 29). 

Three droplets of 10 μL H2O were pipetted onto each sample at different spots, and 

images were acquired from a lateral view using a digital camera equipped with a 
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varifocal lens connected to the computer software. The contact angle was evaluated 

and recorded by using the SCA 20 software. 

 

 

Figure 29. The measuring device for contact angle measurements 

 

4.2   Results and Discussions 

4.2.1 Effects of Growth Medium 
 

 

Figure 30. B.s biofilms cultured with LB Plus (Left) and LB (Right) 

 

Two groups of biofilm samples were cultured on enriched agar plates. First, visual 

hydrophobicity assessments were conducted to group I. A water droplet was dropped 

on the surfaces of each biofilm. Through visual assessments, general performance of 
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samples wettability can be gained. Figure 30 presents the visual CA assessments for 

two samples. B.s biofilms cultured with LB Plus present a distinct hydrophobic 

property on most of the surface areas. As previous research stated [9], most of the 

areas on the LB cultured biofilms indeed present hydrophilic properties. However, 

some points near the centre area show slight hydrophobic properties. This indicates 

that LB cultured B.s biofilms can actually be hydrophobic. In order to further 

investigate the wettability of the two types of biofilms, contact angle (CA) 

measurements were conducted. To avoid the influence from unevaporated water 

droplets, Group 2 was chosen to conduct CA measurements. 

 

 

Figure 31. The contact angle measurement for biofilms 

 

The sample table of the CA measurement device cannot hold a complete biofilm 

sample due to the size limitation. Thus, each measured biofilm sample was cut 

together with the agar to protect the completeness of the biofilms. As shown in Figure 

31, the cut samples were first placed on a glass stage prior to the measurement. Figure 

32 presents the representative images from the CA measurements. B.s cultured with 

LB Plus showed high mean value of contact angles, and the highest result was 138°. 

The spots near the surface edges of LB sample presented no contact angle or angle 

smaller than 90°, while the contact angle of few centre points demonstrated extremely 

high values (Figure 32b).  
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These results indicated that the growth medium is not the key factor of the wettability 

of biofilms. As shown in Figure 32b, LB cultured biofilms are also capable of presenting 

high contact angles, which indicates that the hydrophobicity is an innate property of 

B.s biofilm. Comparing with LB Plus cultured biofilms, B.s biofilm with LB presents 

lower hydrophobicity in most of the areas. This may be contributed to the uneven or 

uncomplete formations of LB samples due to the CA difference between edge and 

centre areas.  Based on these results and analysis, it can be concluded that LB Plus 

does not alter but help the growth and formation of B.s biofilms. With a sufficient time 

condition, B.s can also form a uniform biofilm with the support of LB medium. LB Plus 

is a superior growth medium of B.s comparing with standard LB medium. However, it 

is not a requirement for creating hydrophobic biofilms. Grumbein et al. [9] treated LB 

cultured B.s as a hydrophilic agents, thus supposed hydrophilic biofilms could also 

endow concrete with hydrophobicity. However, as LB cultured biofilms also present 

hydrophobic properties, this means that their supposition is doubtful.  Hence, another 

type of bacteria with certain hydrophilicity needs to be tested and analysed to prove 

that the reactions between bacteria and cement is one of the main contributions of 

the hydrophobicity of concrete. 

 

 

Figure 32. Contact angle measurements on LB (a, b) and LB Plus (c) cultured B.s biofilms 

 

4.2.2 Effects of Bacteria Type 

The E.coli biofilms were cultured and grown using the same method and condition as 

B.subtilis. The visual assessment was conducted to briefly evaluate the wettability of 

the biofilms. As shown in Figure 33, the water droplet dispersed immediately after 

contacting with the biofilm surface. The same results were conducted from other 

B.s + LB (edge) 
Contact angle: 84° 

a 

B.s + LB (centre) 
Contact angle: 141° 

b 

B.s + LB plus 
Contact angle: 138° 

c 
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three plates so that the hydrophilicity of E.coli biofilms was confirmed.  Due to the 

absence of contact angle, it is unnecessary to conduct CA measurement for these 

samples. Bacterium E.coli is available for genetical modifications, which is an 

important advantage in modifying bacteria properties for enhancing its effects on 

concrete.  

 

 

Figure 33 The visual assessment of B.subtilis (Left) and E.coli (Right) biofilms 

 

4.3  Summary 

In this chapter, two experiments were conducted to analyse the microorganism agents. 

First, the effects of growth medium on B.subtilis biofilms were evaluated. Although a 

previous study stated that LB cultured B.subtilis biofilms presents hydrophilicity, the 

contact angle results in this research indicate that LB cultured B.subtilis biofilms can 

also demonstrate hydrophobicity. It can be concluded that LB Plus medium 

accelerates the formation of B.subtilis biofilm instead of altering its properties. Based 

on the results, LB cultured B.subtilis biofilms cannot be treated as hydrophilic agents. 

In order to verify if hydrophilic types of bacteria can endow mortar and/or concrete 

with hydrophobicity, another type of bacteria with certain hydrophilicity is required. 

As a result, E.coli, a hydrophilic type of bacteria, was evaluated. Although E.coli 

bacterium presents hydrophilicity, the wettability of its biofilms is uncertain. Thus, a 

visual assessment was conducted for the wettability of E.coli biofilms. The result 
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shows that the E.coli biofilm is hydrophilic. Thus, if subsequent experiments verify the 

hydrophobicity of E.coli-used mortar, the fact that hydrophilic types of bacteria can 

also endow mortar with hydrophobicity can be confirmed.  
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Chapter V 

Development of Microorganism-based Hybrid Mortar 
The previous research [9] presented biofilm-enriched hydrophobic mortar, which 

provided new inspirations to endow concrete with hydrophobicity. As a hydrophobic 

supplement, Bacillus subtilis biofilm could potentially endow concrete with reduced 

water penetration potential. Nonetheless, the mortar demonstrated changes on both 

micro- and nano-scale roughness in the inner and outer layer, which cannot be simply 

explained by the extra hydrophobic agents. Although promising results were achieved 

in their study, the particularized mechanisms of these phenomenon are still unclear. 

Thus, a study on the integral applications of microorganism-based hydrophobic 

mortar is conducted in this chapter. Chapter III presents the culture and analysis of 

bacteria, which provides supports and preparations for studying the microorganism-

based mortar.  

 

5.1   Experimental Methodology 

In order to study the mechanism of bacteria-incorporated concrete and explore 

superior products, several controlled experiments have been carried out in this 

research:  

1) To verify if the wettability of bacteria is one of the main factors on hydrophobic 

performance, a hydrophilic type of bacteria, E.coli, was tested as a comparative study 

of B.subtilis;  

2) With the purpose of simplifying the production of bio-based hydrophobic mortar, a 

modification method that replaces biofilm with bacteria suspension was evaluated;  

3) Controlled experiments on different cell concentrations were conducted in order to 

improve the hydrophobic performance of bacteria suspension hybrid mortar, as well 

as to evaluate the influence of cell concentration;  

4) To further study the mechanism and clarify which substances of bacteria can 

influence the hydrophobic performance, the cell membrane, a biological membrane 
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that separates the interior of all cells from the outside environment, was obtained and 

applied to mortar.  

Unfortunately, the GMO (genetically modified organism) laboratory at TU/e has no 

capacity for providing sufficient number of bacteria to prepare samples for mechanical 

property (e.g. compressive strength) determination following relevant standards. 

Therefore, the general strength of mortar samples was only evaluated by visual and 

manual cracking assessments. The hydrophobic performance of bio-based mortar was 

characterised by contact angle measurement, and the microstructure of mortar was 

obtained by SEM. Heat of hydration measurements are important for assessing the 

cement hydration rates, as well as for assessing the potential temperature changes in 

cementitious materials. The influence of bacteria agents on hydration rates can be 

analysed through hydration heat measurements. The mechanism of the reactions 

between bacteria and cement was unclear. It is possible that new phases are 

generated during the cement hydration. In order to investigate the components of 

bacteria hybrid mortar, XRD measurements were also conducted. 

 

5.1.1  Materials 

5.1.1.1 Standard Mortar 

The two types of cement used in this study are Portland Cement CEM I 42.5 and CEM 

I 52.5 R, provided by ENCI (the Netherlands). CEN standard sand (EN 196-1) is used as 

aggregates. All the standard mortar cast in this research used a water/cement ratio 

(w/c) of 0.5. Bacteria agents were mixed with 30 g of CEN standard sand and 10 g 

cement and stirred for 2 min.  

 

5.1.1.2 Bacteria Agents 

The bacteria agents used in this research includes: biofilms, cell suspensions, cell 

pellets, and cell membrane. The productions of all agents are described and discussed 

in Chapter III. 
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5.1.2  Experiments on Bacteria Hybrid Mortar 

5.1.2.1 Experiments on Different Bacteria 

Table 7. Ingredients of biofilm hybrid mortar 

Biofilm hybrid 

mortar (BHM) 
BHM I BHM II BHM III 

Biofilm 0.3g B.subtilis+LB 0.3g B.subtilis+LB Plus 0.3g E.coli+LB 

Cement 10 g CEM I 42.5 N 10 g CEM I 42.5 N 10 g CEM I 42.5 N 

Aggregate 30 g CEN Sand 30 g CEN Sand 30 g CEN Sand 

Water/Cement 0.5 0.5 0.5 

Agent/cement ratio 

(gram/gram) 
3% 3% 3% 

 

The mechanism of the multi-structure alteration in previous research [9] was still not 

clear. It is also possible that the wettability of bacteria has only limited relations with 

it. If B.subtilis (B.s) can alter micro- and nano-structure of mortar, other bacteria may 

also have abilities to endow concrete with hydrophobicity. To verify this hypothesis, 

E.coli (E.c), a nontoxic bacterium which is widely studied and operated in the biological 

field, was selected as a control group.  

Comparing with B.subtilis, E.coli is cheaper and has no any hydrophobicity. Although 

it’s found that B.subtilis cultured with LB presents hydrophilic properties in most of 

the areas, a number of spots indeed show hydrophobic property. These results 

indicated that B.subtilis cultured with LB medium could also be hydrophobic due to 

individual differences. Thus, experiments on B.subtilis only inadequately support the 

argument that hydrophilic biofilm can endow mortar hydrophobicity. While E.coli 

biofilm presents hydrophilic property on the whole surface. If mortar incorporated 

with E.coli biofilm shows hydrophobicity, the fact that hydrophilic biofilm can also 

endow mortar with hydrophobicity can be affirmed. Furthermore, Bacterium E.coli is 

available for genetical modifications, which is an important advantage in modifying 

bacteria properties for enhancing its effects on mortar. The sample cast with LB Plus 

cultured B.subtilis was also tested in this research in order to compare its performance 

with the sample cast with LB cultured B.subtilis.  
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The ingredients used for experiments are shown in Table 7. 0.3 gram of biofilms were 

mixed with 5 mL H2O for a water/cement ratio (w/c) of 0.5. An aqueous suspension 

can be generated by stirring the biofilm with a glass stick for 2 min. This suspension 

was mixed with 30 g of sand and 10 g cement (CEM 42,5 N) and stirred for 2 min. The 

mortar samples were cured for 3 days before being further experiment. 

 

Figure 34. Basic steps for producing bio-based hydrophobic mortar 

 

5.1.2.2 Experiments on Cell Suspensions 

Table 8. Ingredients of cell suspension hybrid mortar 

Suspension hybrid 

mortar (SHM) 
SHM I SHM II SHM III 

Culture suspension 5 mL B.subtilis+LB 5 mL B.subtilis+LB Plus 5 mL E.coli+LB 

Cement 10 g CEM I 42.5 N 10 g CEM I 42.5 N 10 g CEM I 42.5 N 

Aggregate 30 g CEN Standard Sand 30 g CEN Standard Sand 30 g CEN Standard Sand 

Agent/cement ratio 

(gram/gram) 
0.3% 0.3% 0.3% 
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Figure 34 presented the basic steps for producing bio-based hydrophobic mortar, 

which require about three days to complete the whole process. The growth and the 

harvests of biofilm are the time-consuming parts. Hydrophobicity biofilms were 

considered as one of the reasons why biofilm-incorporated mortar has hydrophobic 

property. Generally, the biofilm comprises a group of microorganisms in which cells 

stick to each other. Thus, the cell composition of a bacterium and that of its biofilm 

are almost the same. This indicates that bacteria culture medium may also have ability 

to alter the mortar structure and endow mortar with hydrophobicity. In order to 

investigate the effect of bacteria culture suspensions on mortar, as well as the 

necessity of biofilm formation process, suspensions are mixed with cementitious 

materials instead of the harvested biofilm. The ingredients used for casting concrete 

are shown in Table 8. 5 mL cell suspension contain approximately 0.03 g bacteria 

agents. Thus, agent/cement ratio of three samples is 0.3%. As shown in Figure 35, after 

culturing bacteria for 24 hours, the cultured cell suspensions were directly mixed with 

cement. Due to suspensions contain approximately 97% of water, instead of water, 5 

ml cell suspensions were mixed with 30 g of CEN standard sand and 10 g cement and 

stirred for 2 min. 

 

Figure 35. Simplifications for producing bio-based hydrophobic mortar. The cultured cell suspensions were 
directly used for mortar casting 
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5.1.2.3 Experiments with Different Concentration  

 
Table 9. The details of concentration-controlled experiments 

Pellet hybrid mortar 

(PHM) 

Pellet dosage of  

B.s hybrid sample 

Pellet dosage of  

E.c hybrid sample 

Cell pellet/Cement 

ratio 

PHM I 0.1 g 0.1 g 1% 

PHM II 0.5 g 0.5 g 5% 

PHM III 1 g 1 g 10% 

PHM IV 2 g 2 g 20% 

 

Cell concentration was assumed as one of the main factors that influences the 

hydrophobic performance on concrete matrix. To study the concentration influence 

on the hydrophobicity performance of suspension hybrid mortar, concentration-

controlled experiments were required. 2 Litre of LB medium was used as the growth 

medium to expand the production of cultured bacteria. However, bacteria growth 

requires oxygen from air and nutrition from the growth medium. Thus, a growth 

limitation is reached after bacteria consume all the nutrition from the growth medium. 

The limit of cell concentrations is characterised by the OD value. Stable values have 

been observed for both types of bacteria after 24 hours culturing, which indicates that 

suspensions have reached the growth limit after one day. The conclusion can be drawn 

that both types of bacteria can reach their growth limit in LB medium within 24 hours. 

The dosage of water used during the casting process has great influence on concrete 

strength, workability and other properties. Therefore, raising the concentration by 

admixing higher dosages of the suspension is infeasible. With the purpose of reducing 

the content of water, a centrifugation method was chosen to precipitate the disperse 

bacteria from suspensions. The details of centrifugation are shown in Chapter III. After 

centrifugation, the cell pellet was harvested by a ladle. Before casting, an aqueous 

suspension was generated by grinding the cell pellet with a pestle. The suspension 

generated with a higher amount of cell pellet represented higher cell concentration. 

Table 9 shows the bacteria dosage of each experiment. 
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5.1.2.4 Experiments on Cell Lysis  

 
Table 10. The details of controlled experiments on cell lysis 

Lysis hybrid mortar 

(LHM) 
B.subtilis Pellet E.coli Pellet 

LHM I 1 g Cell membrane 1 g Cell membrane 

LHM II 5 mL Cytoplasm suspension 5 mL Cytoplasm suspension 

 

Kobayashi et al. [110] characterized the mechanism of Bacillus’s hydrophobic property. 

Figure 36 presents a group of controlled experiments they carried out, which indicated 

the relationship between biofilm microscale roughness and its hydrophobicity. They 

attributed hydrophobic properties to two factors: a hydrophobic layer as well as the 

micro-scale roughness on the biofilm surface. This mechanism is similar to natural 

superhydrophobic surfaces, such as lotus leaves. Inspired by the mechanism of B.s 

biofilms, a hypothesis was proposed in this study that the roughness of mortar surface 

cooperated with some hydrophobic substance of E.c create the hydrophobic property 

for mortar.  

 

 

Figure 36. Controlled experiments on surface water repellency of B.s biofilms by Kobayashi et al. [110] 

 

Although E.coli presents hydrophilicity, some substance, such as the hydrophobic tail 

in the lipid bilayer (the structure of the cell membrane) show hydrophobic properties. 

In order to confirm if the cell membrane contributes to the hydrophobic properties, 

experiments on cell lysis were conducted. A homogenizer (Emulsiflex C3) was used to 

conduct the cell lysis process. The production of cell membrane is described in Section 
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3.1.2.3. For Group 1 (Cell membrane), an aqueous suspension was first generated by 

stirring the membrane with a glass stick for 2 min. This suspension was mixed with 30 

g of standard and 10 g cement and stirred for 2 min. For Group 2 (Cytoplasm), 

cytoplasm suspensions were mixed with 30 g of standard sand and 10 g cement 

instead of water. 

 

5.1.3  Scanning Electron Microscope (SEM) Analysis 
 

 

Figure 37. a) The SEM device; b) The sample loading process; c) The sputter-coated device; d) The sample 
holder used for SEM measurements 

 

To observe and analyse the micro-structure of mortar, a microscope that can produce 

images around 1 µm scale is required. A scanning electron microscope (SEM), which 

scans the surface with a focused beam of electrons, has the capacity to produce the 

a b 

c d 
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information about the mortar surface topography in both micro- and nanoscales. 

Figure 37a presents the SEM device used in this research. Mortar can endure the 

vacuum conditions and high energy beam of electrons so that no extra treatments 

were required. However, non-conductive samples can collect charge when scanned 

by the electron beam, which may cause the inaccuracy or even faults of images. 

Basically, mortar can be classified into non-conductive materials. Therefore, a sputter-

coating process is required to obtain clear and precise images. Figure 37c shows the 

sputter-coating device that coat materials with an ultrathin coating of electrically 

conducting material. The reason why samples require the ability of enduring vacuum 

conditions is that a gas atmosphere can rapidly spread and attenuate electron beams, 

thus influencing the image. Due to the porous structures of mortar, the duration of 

vacuuming required a longer time (approximate 20 mins per sample).  

All the mortar samples were prepared before SEM measurements to satisfy the size 

requirements as well as to reduce the vacuuming duration. Then mortar samples were 

coated with Au through sputter-coating. The current of sputter-coating was set as 65 

mA, and the coating duration was set as 30 seconds. After coating process, samples 

were loaded in SEM and waited for vacuuming. Measurements could start after 

pressure reached 1x10-5 Pa. 

 

5.1.4  Contact Angle Measurements 

Contact angle (CA) is the main index of hydrophobic properties. All the mortar samples 

conducted in the experiments were measured and evaluated by CA measurements. 

The mortar samples were small enough to be directly placed on the test table. The 

position of the test table was calibrated before every measurements.  The results and 

images of CA were obtained from the supporting software on the computer. The 

contact angle measurement in this chapter using the same setting as the 

measurement described in Section 4.1.2. 
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5.1.5  Mortar properties analysis  

5.1.5.1 Hydration Rate Experiment 

Heat of hydration determination is important for assessing cement hydration rates, as 

well as for assessing the potential temperature changes in cementitious materials. 

Hydration rate can be analysed in action of heat flow by using an isothermal 

calorimetry. Isothermal calorimetry analysis was carried out using a TAM air 

calorimeter set at 20°C (Figure 38).  Participations of bacteria may affect the rate of 

hydration, which for instance may lead to a hydration retardation. Thus, the heat of 

hydration is studied in order to evaluate its effect and to find an appropriate ratio 

between bacteria agents and cement.  

 

 

Figure 38. The calorimeter device 

 

To start the calorimetry measurements, the ampoule was weighed before preparing 

the samples. Then, samples were prepared with different amounts of bacteria agents, 

10 g water, and 10 g cement (CEM I 52.5N R). All the ingredients were weighed and 

mixed for 2 mins. Then, these samples were carefully transferred into each ampoule 
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and loaded into TAM. The TAM device can be controlled by a software installed in the 

connected computer. The measurements were conducted for 3 days. 

 

5.1.5.2 X-ray Powder Diffraction 

 

Figure 39. Tools for sample preparations (Left) and the XRD device (Right) 

To investigate the components of bacteria hybrid mortar, XRD measurements were 

conducted. XRD is a rapid analytical technique primarily used for phase identification 

of a crystalline material and can provide information on unit cell dimensions [111]. 

Proper sample preparation is one of the most important processes in analysing the 

powder samples by X-ray diffraction. The analysed material should be finely ground, 

homogenized, and average bulk composition is determined. Figure 39 presents the 

tools for sample preparations and the XRD device used in this work. Samples from 

Section 4.1.2.3 were chosen to study the components of both B.s and E.c hybrid 

mortar. Mortar samples were cracked first to support the milling process. The cracked 

mortar bulks were loaded into ball milling machine and milled for 2 cycles (20 mins 

per cycle). After milling, mortar powders were collected from the milling pots and 

transferred into enclosed tubes. Then, a proper amount of powder was scraped and 

deposited into the depression of the sample holder. A press tool was used to tamp the 

powders for 3-5 times. Later, a metal blade was used to spread powder sample evenly 

and smooth the surface. Finally, the sample holder was loaded into the XRD device 
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and the analysis began. XRD measurements were performed on the D2 Phaser 

operating in a step scan mode with the step of 0.075° (2θ) and 2 s per step. 

 

5.2  Results and Discussions 

5.2.1 Effects of Bacteria Types 

As shown in Table 7, three samples were prepared to evaluate their effect on 

endowing mortar with hydrophobicity. E.coli (E.c), a hydrophilic and innocuous 

bacterium, was selected to investigate if hydrophilic bacteria can be applied to create 

hydrophobic mortar. Sample 2, which cast with LB Plus cultured B.s biofilms, was 

tested to verify the assumption that the growth medium is not the main factor of bio-

based hydrophobic mortar. The hydrophilicity of E.c biofilms was confirmed in the last 

chapter. Three Biofilm hybrid mortar (BHM) and one no-biofilm reference were cast 

and compared. All the measurements were conducted after 3 days curing.  

 

Figure 40. Visual assessments of reference (mortar without biofilm), BHM I (B.s cultured with LB), BHM II (B.s 
cultured with LB Plus), BHM III (E.c cultured with LB) 

 

Three water droplets were dropped on the surface of each BHM sample. The most 

representative images are presented in Figure 40. All points on the reference surface 

Reference  

BHM3 

BHM1 

BHM2 
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presented certain hydrophilicity. Similar contact angles were observed for BHM I and 

BHM II, which showed higher contact angle than the reference sample. Unexpectedly, 

BHM III, the E.c hybrid mortar, also presents water penetration resistance property 

comparing with the reference.  

Three points were tested for each sample during the contact angle measurements. 

Figure 41 demonstrated the representative images from the measurements. BHM I, 

whose contact angle was 61°, presented a comparable result as BHM I. BHM III 

showed relatively lower contact angle in the measurement, but it showed better 

water resistance comparing with the reference sample.  BHM samples indeed yielded 

better wetting resistance than the reference sample, although, their results still 

cannot be defined as hydrophobic surfaces. These results were similar from the results 

conducted from the previous research [9], which incorporated mortar with LB Plus 

cultured B.s biofilms. Based on the results from this experiment and the previous 

experiment on growth medium, it can be assumed that LB medium can be used in 

producing bio-based hydrophobic mortar. By replacing LB Plus with LB, the 

manufacturing cost can be significantly reduced in large-scale productions. E.c hybrid 

mortar also presented a slight water-resistance property, which showed a possibility 

of creating hydrophobic surfaces on mortar after further study and modifications. All 

three types of samples performed higher contact angles than the reference sample, 

while the contact angles were relatively lower comparing with existing hydrophobic 

treatments on concrete.  

 

Figure 41. Contact angle measurements for BHM samples: a) BHM I: LB cultured B.s Biofilm hybrid mortar; b) 
BHM II: LB Plus cultured B.s Biofilm hybrid mortar; c) BHM III: LB cultured E.c Biofilm hybrid mortar 

 

B.s + LB  
Contact angle: 61° 

a 

B.s + LB plus 
Contact angle: 66° 

b 

E.c + LB 
Contact angle: 34° 

c 
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Because of the culturing and harvesting steps of biofilms, the production of Biofilm 

hybrid mortar can hardly be considered as a simple process. Based on the results, 

further research and investigations were focused on simplifying the producing process 

as well as improving the hydrophobicity of the bio-based mortar. Thus, in the next 

section, a study on bacteria suspensions was conducted and discussed to simplify the 

production of bacteria agents. 

 

5.2.2 Effects of Suspensions Applications 

To simplify the production process and verify the necessity of the biofilm formation, 

three types of cultured suspensions were incorporated directly with cement and sands 

instead of biofilms. In order to amplify the effect of bacteria suspensions, for each 

sample, 5 mL water was totally replaced by 5 mL suspensions. All the suspensions were 

cultured for 24 hours and immediately mixed with cement after removing from the 

incubator. Figure 42 demonstrated the contact angle results of the SHM samples. 

Surprisingly, all the sample performed similar results. Again, these results did not 

achieve hydrophobicity as their contact angle is smaller than 90°. Nevertheless, the 

results confirmed that the formation of biofilm is not the major factor of endowing 

concrete with hydrophobicity. Comparing with the BHM samples, the SHM samples 

presented competitive results on contact angle, which verified the feasibility of the 

simplification of the production process.  

 

Figure 42. Contact angle measurements for SHM samples: a) SHMI: LB cultured B.s suspensions hybrid mortar; 
b) SHM II: LB Plus cultured B.s suspensions hybrid mortar; c) SHM III: LB cultured E.c suspensions hybrid mortar 

 

Based on the results, the conducted experiments investigated the effects of the types 

of growth medium, the wettability of bacteria and the formation of biofilms and 

a 

B.s + LB   
Contact angle: 55° 

b 

B.s + LB plus 
Contact angle: 52° 

c 

E.c + LB  
Contact angle: 53° 
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excluded these factors from the major mechanism of bio-based hydrophobic concrete. 

New objectives were to determine the optimal suspension concentration that yields 

the highest wetting resistance, and to characterise the mechanism of bio-based 

hydrophobic concrete. 

 

5.2.3 Effects of Bacterial Concentration 

To raise the cell concentration, cell pellets were collected and used for resuspensions. 

The independent parameter, the ratio of cell pellet and cement, was tuned with the 

purpose of optimizing the concentration of suspensions. First, CEN I type cement was 

used to cast the samples. However, hydration delay was observed for the samples 

with 10% and 20% cell pellets. Therefore, CEN I Rapid type cement was applied to 

solve the delay problem, which achieved desirable results. When the mortar was cast 

with rapid hydrating cement (CEN I 52.5 R), all the samples can set within 3 days. The 

hydration rate measurements also presented that no significant delay was observed 

with the bacteria hybrid samples.  

In the contact angle measurements, both PHM I and PHM II demonstrated similar, or 

even lower contact angles than the SHM samples. This may be related with the uneven 

distribution of cell pellet in the resuspensions, which leads to the asymmetric 

distribution of bacteria agents in the mortar. B.s PHM I sample indeed presented a 

contact angle of approximately 70°, while the water droplet lost its shape and was 

absorbed in 1 second. As Figure 44a implied, the camera could not catch the image of 

the water droplet because of the fast absorption. E.c PHM I sample could hold the 

droplet and showed a relatively high contact angle of 65° comparing with the SHM 

samples. 
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Figure 43. XRD measurements for the reference, PHM III and PHM IV 

 

 

Figure 44. Contact angle measurements for PHM samples (a, b, d, e: Top surfaces; c, f: Inner sections) 

 

CaCO3 
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CaCO3+SiO2 
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d 
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b 
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a 
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Figure 45. SEM images of different spots (Top surfaces and inner sections) on reference, B.s hybrid, and E.c 

hybrid samples 

  

Ref Top Surface 

E.c Top Surface E.c Inner Section 

B.s Inner Section 
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Cell-like particle 

Biomineralization products 
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As shown in Figure 44b and Figure 44e, promising results (95° and 97° respectively) 

were obtained when the contents were raised to 20%, which could be defined as 

hydrophobic surfaces. Surprisingly, the inner sections of PHM IV samples 

demonstrated even higher contact angles, which are 130° and 117° respectively. This 

indicated that the inner layer of PHM IV samples as endowed with wetting resistance 

as well. Based on the measurements, the cell concentration can be regarded as a major 

factor for creating hydrophobic concrete. Figure 43 shows the results from XRD 

measurements, which presents similar peaks for all the samples. This indicates that no 

extra substance was generated during the hydration processes. In order to further 

analyse the morphology, another group of SEM measurements were conducted for 

both inner and outer section of the samples. 

Figure 45 presents the representative SEM images of the reference, B.s hybrid, and 

E.c hybrid mortar samples. In general, the morphology of hybrid samples was 

significantly altered due to the addition of bacteria agents. Moreover, the morphology 

difference is also shown between the inner and outer sections, as well as B.s and E.c 

hybrid samples. Clear cubic crystals were observed on the point A of B.s sample, which 

indicated the occurrence of the biomineralization process. These crystals had scales 

under 1 µm, which is possible to provide multi-scale roughness for the mortar surfaces. 

As mentioned by Willem et al. [94], these biomineralization products could also 

enhance the water and gas penetration of the mortar. Different from the B.s hybrid 

samples, no crystals or other similar products were found in E.c-based samples. As 

reported in previous research [103], [112], E.coli showed almost no ability on 

biomineralization. Thus, the absence of crystal structures was reasonable. However, 

some cell-like structures were observed. Anbu et al. [100] conducted a review on 

formations of CaCO3 by bacteria. They mentioned that bacterial cell surfaces have 

negatively charged groups that act as scavengers for divalent cations, such as Ca2+ and 

Mg2+. Clifton et al. [113] also mentioned that the repulsive forces due to accumulation 

of the negative charges on cell membrane are screened and bridged by the divalent 

cations (Mg2+ and Ca2+) that are known to be crucial for the integrity of the bacterial 

outer membrane. 
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Cell surfaces can bind these divalent cations onto their cell surface, which make ideal 

nucleation sites for calcite deposition. Although E.c cannot induce calcite precipitation, 

it is possible that Ca2+ ions from the hydration environment were bound onto E.coli 

cell surface, resulting in the cell-like structures. The micro-scale cell-like particles also 

provide roughness for the mortar surface. Their multi-roughness may contribute to 

the hydrophobic of mortar top surfaces.  Both the inner sections presented spike-like 

structures which generally cannot be formed by biomineralization. As mentioned 

before, XRD measurements indicated that no extra products were generated from 

hydration process. Therefore, these spike-like structures observed in SEM were 

probably the ettringite, which is a regular product generated at early hydration stage 

of cement. Its volume and shape can be influenced by factors such as pH value, 

humidity and growing space. Moist environment can promote the formations of spike-

like ettringites, while it has less influence on the size of ettringites. The “spikes” 

observed from SEM were in the size of 5 µm, or shorter.  Thus, the narrow and acicular 

formation of ettringite may contribute to the appearance of bacteria agents due to 

their occupations of growing space of ettringites. Lacking growing spaces led to the 

size shrinkage and shape transform of ettringites so that short spike-like ettringites 

can be observed from the SEM images. These “spikes” increase the nano- and micro- 

roughness of the mortar that endow the mortar with hydrophobicity. 

 

5.2.4 Effects of Cell Components 

Figure 46 presents the results of visual assessments for LHM samples. Both of the LHM 

I sample presented hydrophobic properties and both of the LHM II samples presented 

better water-resistance than the reference samples. LHM II samples showed certain 

angle contact angle when the water droplets contacted with the mortar surface. 

However, the droplets cannot be held on the surface and absorbed by the mortar in 3 

seconds. The water droplets on LHM I with B.s performed higher contact angles than 

LHM I with E.c, which may be attributed to the hydrophobic protein BslA on the cell 

membrane of B.s. In order to reach a convincing conclusion, SEM measurements were 

also carried out to the LHM samples, as shown in Figure 47. No obvious spike-like 

structures were observed in membrane hybrid mortar, which indicated that lifeless 
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cell membrane may not alter the structure of mortar but functions as hydrophobic 

agents. Rougher morphology was observed from several points on cytoplasm hybrid 

samples implying that substances in cytoplasm, such as proteins, may be the cause of 

structure alteration or work as the hydrophobic agents. Comparing with PHM III 

samples, which mixed with 1-gram cell pellets, the LHM samples demonstrated lower 

roughness and less alteration. This may be attributed to the low concentration of 

cytoplasm which was difficult to be concentrated after the lysis process. Furthermore, 

when bacteria lose their shape, they cannot work as the nucleation sites for calcite 

deposition. The absence of cell-like particles which were observed from PHM samples 

may also cause the low contact angles of LHM samples. 

According to these results, even without the influence on hydration, cell membranes 

can endow mortar with water-resistance. Nevertheless, the water droplets could not 

be sustained over a long period without the supports from multi-roughness altered by 

cytoplasm. Thus, it is infeasible to design a hydrophobic concrete only by mixing with 

cell membrane because of its complex process as well as its inferior performance. Cell 

lysis experiments did not create a new hydrophobic treatment, yet, it supported the 

assumptions that some kinds hydrophobic agents of E.c membrane incorporated with 

the multi-roughness of mortar achieved the hydrophobic properties of mortar.  

 

 

Figure 46. Visual assessments for reference samples and LHM samples a) Reference sample; b) LHM I B.s cell 
membrane hybrid sample; c) LHM II B.s cytoplasm suspension hybrid sample; d) Reference sample; e) LHM I E.c 

cell membrane hybrid sample; f) LHM II E.c cytoplasm suspension hybrid sample 

 

a b c 

d e f 
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Figure 47. SEM images for LHM samples: a) LHM I E.c; b) LHM I B.s; c) LHM II B.s;  

 

5.3  Summary 
 

Table 11. The best performing samples from four controlled experiments 

Sample name 
Highest  

contact angle 
Bacteria agent 

Agent/Cement ratio 

(gram/gram) 

BHM 

 (Biofilm Hybrid Mortar) 
66° 

B.subtilis 

Biofilm 
3% 

SHM  

(Suspension Hybrid Mortar) 
55° 

B.subtilis 

Suspension 
0.3% 

PHM  

(Pellet Hybrid Mortar) 
130° 

B.subtilis 

Cell pellet 
20% 

LHM  

(Lysis Hybrid Mortar) 

Approximately 

80° 

B.subtilis 

Cell membrane 
10% 

 

In this chapter, four controlled experiments on microorganism hybrid hydrophobic 

mortar are presented and discussed. Based on the results, it can be summarised that: 

1) Different bacteria agents were successfully applied to the hybrid mortar, including 

cell suspensions, biofilms, cell pellets, cell membrane and cytoplasm. With the 

additional bacteria agents, all the mortar can achieve higher contact angles than 

reference samples. 

2) The samples with the highest contact angles from each controlled experiment are 

presented in Table 11. Due to the water droplet cannot be held on the LHM samples 

a b c 
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for over 3 seconds, only approximate contact angle can be obtained. In general, the 

sample with higher agent/cement ratio achieved higher contact angles, which 

indicated a direct proportion between these two parameters. 

3) Although biofilms hybrid mortar (BHM) presented little higher contact angles than 

suspension hybrid samples (SHM), the agent/cement ratio of BHM is much higher than 

that of SHM. The production of biofilms requires an extra day and the manually 

harvest process, which is much less efficient comparing with the production of cell 

suspensions.  

4) Although the samples cast with E.coli agents also presents certain hydrophobicity, 

B.subtilis hybrid mortar performed better on the hydrophobic property. This may 

contribute to the additional hydrophobicity of B.subtilis. Therefore, the wettability of 

bacteria agents has certain influences on the wettability of mortar. While the 

hydrophobic property of E.coli samples presented that the wettability of bacteria not 

the only factor that endow mortar with hydrophobicity. 
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Chapter VI    

Development of Microorganism-Coated Mortar 
The integral method has certain advantages over coating treatments (such as anti-

abrasion), but it significantly increases the cost. As studied in Chapter V, the inner 

sections of PHM III samples presented higher contact angles than top surface, which 

may be attributed to the uneven distributions of bacteria agents in the bulks. Most of 

the bacteria agents probably submerged into the cement paste during the casting 

process. Grumbein et al. [9] used the mortar slice to present the promising 

hydrophobicity, which is hardly achievable in practical applications. 

Although it is indeed an advantage that the inner sections presented promising 

hydrophobicity, it will be problematic if the outer layer that directly contacts liquids 

endowed with lower hydrophobic properties. A higher cell concentration, which was 

expressed by a higher bacteria pellets to cement ratio, may mitigate the problem. 

However, a higher concentration can cause a significant reduction on strength 

development. When the ratio reached higher than 20%, the mortar cannot set within 

a reasonable period due to the retardation effect of the used bacteria. One promising 

method to solve the problem is to use a coating treatment.  

No existing literature mentions the wettability effect of bacteria coating on 

cementitious materials.  It has already been studied that B.s not only can form a 

hydrophobic film but also can alter the morphology of concrete. This indicates that a 

bacteria coating may not be easily affected by cracks and wears because bacteria 

initially alter the morphology of contacted surfaces. As existing treatments contain 

issues such as unrepairable abrasion and complex treatments, bacterial coating can 

be simply applied on the concrete surface with no extra process. Moreover, if bacteria 

can survive on the surfaces of mortar, the coating may be recovered by its growing 

activities. In this chapter, two groups of experiments were conducted to explore the 

best design of bacterial coating as well as to investigate their mechanism.  
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6.1  Experimental Methodology 

Two types of coating applications were carried out as different applications from 

hybrid mortar. First, the bacteria suspension was immediately spread over the mortar 

after casting process in order to induce the reaction between bacteria agents and 

cementitious materials. Second, the bacteria suspension was plated on the mortar 

after moulding in order to avoid the influence from hydration and study the sole effect 

from the wettability of bacteria. The hydrophobicity performance of coated mortar 

was characterised by contact angles, which can be measured by contact angle 

measurements. The surface structures of mortar were analysed by SEM 

measurements. 

 

6.1.1  Materials 

6.1.1.1 Standard Mortar 

The cement used in this study is Portland Cement CEM I 52.5 R, provided by ENCI (the 

Netherlands). CEN standard sand (EN 196-1) is used as aggregates. All the standard 

mortar cast in this research used a water/cement ratio (w/c) of 0.5. Bacteria agents 

were mixed with 30 g of CEN standard sand and 10 g cement and stirred for 2 min.  

 

6.1.1.2 Bacteria Agents 

B.subtilis and E.coli cell pellets were used to conduct coating process. To achieve a 

uniform distribution, cell pellets were mixed with water and stirred for 3 minutes to 

generate an aqueous suspension. The aqueous suspensions were later uniformly split 

on the surface of samples. 

 

6.1.2  Coating Before Hydration 

Existing hydrophobic coating treatments of concrete require a complicated coating 

process to bind the coating material and the surfaces. With the purpose of simplifying 

the coating process, the aqueous suspension, which can be generated by grinding cell 

pellet with a pestle in 1 mL water for 3 mins, was uniformly spilt on the top of the 
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mortar immediately after casting process. Due to the lower density, most of the 

suspensions were supposed to suspend over the mortar due to the lower density. Both 

B.subtilis and E.coli were tested in the experiment. The details of experiments are 

presented in Table 12. 

 
Table 12. The details of experiments on the coating applied before moulding 

Bacteria coating mortar I 

(BCM I) 

Dosage of cell 

pellets 

Mass/Surface 

area ratio 

Dosage of  

water 

B.s Pellet 0.5 g  0.025 g/cm2  1 mL 

E.c Pellet 0.5 g 0.025 g/cm2  1 mL 

 

6.1.3 Coating After Hardening 

Coating after 3-day curing was also conducted in order to eliminate the influence on 

hydration and investigate the individual effect of bacteria coating. All the samples 

used in this group of experiments were mixed with 30 g of CEN standard sand (DIN EN 

196-1) and 10 g cement (CEM I R 52,5 N) and stirred for 2 min. The CEN IR cement was 

selected to accelerate the hydration process. Both B.subtilis and E.coli were tested in 

the experiment. The details of experiments are presented in Table 13. 

 
Table 13. The details of experiments on the coating applied after moulding 

Bacteria coating mortar 

(BCM II) 

Dosage of cell 

pellets 

Mass/Surface 

area ratio 

Dosage of  

water 

B.s Pellet 0.5 g  0.025 g/cm2  1 mL 

E.c Pellet 0.5 g 0.025 g/cm2  1 mL 

 

6.1.3  Contact Angle Measurements 

The hydrophobicity performance of Mortar was characterized by contact angle (CA). 

The details of CA measurement can be found in Section 4.1.2. 

 



76 
 

6.1.4  Scanning Electron Microscope (SEM) Analysis 

To investigate the micro-structures and bacteria influence on the surface of mortar, 

SEM analysis was conducted for microorganism-coated mortar. The details of SEM can 

be found in Section 5.1.3. 

 

6.2  Results and Discussions 

Table 12 and Table 13 presents the details of experiments. 0.025 g/cm2 pellet means 

the mass of cell pellets used for per square centimetre.  Bacterial surface treatments 

were also expected to influence the hydration and alter the surface roughness of 

mortar bulks. Therefore, BCM II samples were carried out in order to reduce the 

effects from reaction and focus on the influence of bacterial wettability on mortar 

surface wettability. 

 
Figure 48. The contact angle measurements for BCM samples 
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Figure 48 presents the most promising results from the contact angle measurements. 

All the samples demonstrated hydrophobic properties, whose contact angles were 

larger than 90°. Due to bacteria agents were placed on the top surfaces, the cell 

concentration of surface was higher than any other samples conducted in the previous 

chapter. Thus, it is reasonable that BCM I samples also achieved higher contact angles 

than most of previous samples. The hydrophobicity of BCM II B.s may be attributed to 

the hydrophobicity of B.s biofilms due to a clear film can be observed over the mortar 

surface. The interesting phenomenon was, how the hydrophilic E.coli endowed the 

cured mortar with hydrophobicity by only being spread over the surface. The SEM 

images of BCM I samples were similar with that of bacteria hybrid mortar. To further 

investigate its mechanism, SEM measurements were conducted for BCM II samples. 

As Figure 49 demonstrated, B.s biofilms are successfully formed on the top surface of 

the BCM II B.s sample. Besides the hydrophobicity of E.c biofilm, the roughness of 

individual cells also can be observed. The film seems to be stickily grown on the top 

surface by using mortar as the growing substrate. These B.s particles not only worked 

as hydrophobic agents but also provide nano- and micro-scale roughness to the mortar 

surface. Although additional experiments are required to verify the self-healing 

property of this coating, it is worth to mention that B.s bacteria survived and self-

generated on the surface. The results presented possibilities on growing hydrophobic 

bacterial layers on the cementitious materials by simply applying them on the surfaces.  

The SEM images of BCM II E.c sample showed a similarity for several points. As 

presented in Figure 50, the images indicated the existence of E.c biofilms on the 

surface. No extra products or particles were observed. The morphology of the mortar 

sample surface was highly similar with the morphology of E.c bacteria colony. 

Therefore, the hydrophobic property of BCMII E.c required other hypothesis to 

characterise its mechanisms. One hypothesis is that some hydrophobic agents of E.c, 

which may be from the cell membrane, incorporated with the multi-roughness of 

mortar achieve the hydrophobic properties of E.c coating. Although no remarkable 

roughness was observed from SEM images comparing with BCM II B.s sample, the 

surface of BCM II E.c was still rougher than the reference samples. This hypothesis can 

also be supported by the results of cell lysis experiments, which is described in Section 



78 
 

5.2.4. Further research is needed to characterise this mechanism, which requires more 

knowledge and research in biological fields.  

 

 

Figure 49. SEM images of two different points on the top surface of BCM II B.subtilis 

 

 

Figure 50. Comparison between a) BCM II E.coli top surface and b) E.coli bacteria 

 

Point a-1 

Point b-1 

Point a-2 

Biofilm 

Point b-2 

B.subtilis 
bacterium 

a b 



79 
 

6.3  Summary 

In this chapter, two different kind of microorganism coated mortar were conducted 

and analysed. All the samples presented promising hydrophobic properties. The 

highest contact angle was achieved by BCM I B.s sample, which was 130°. Based on 

the results, it can be concluded that: 

1) Microorganism coating is a promising method to endow mortar with 

hydrophobicity. It can be applied on the mortar by simply spreading the bacteria agent 

suspensions on the surface. Furthermore, coated mortar demonstrated higher contact 

angles and required less agents in the experiments. 

2) Observing from SEM images, the surface roughness caused by bacterial cells is the 

main factor that influence the hydrophobicity of the coated samples. Moreover, 

because the biofilms covered the surface and filled the cracks, the coatings may also 

enhance the water resistance of the mortar. 

3) The film and the cell structures observed from SEM images indicates the possible 

survival of bacteria. If bacteria can survive on the mortar surface, it may reproduce 

and regenerate by feeding growth medium. These kinds of self-healing properties can 

remedy the abrasion defeat of the coating method. 
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Chapter VII    

Conclusions and Recommendations 

7.1  Conclusions 

In this thesis, firstly a literature review on concrete durability and hydrophobicity is 

presented. Based on previous research, the importance of water-resistance on the 

theme of improving concrete durability has been demonstrated. Thus, the rationality 

of enhancing concrete durability by endowing concrete with hydrophobicity can be 

established. An advanced type of hydrophobic mortar, biofilm-enriched hybrid 

hydrophobic mortar, attracted and inspired people to study the microorganism 

application in designing hydrophobic concrete. However, particularized mechanisms 

of biofilm-enriched mortar are still unclear. To explore the mechanism as well as the 

modification design of bio-based hydrophobic concrete, five groups of experiments 

on different parameters (growth medium, bacterium types, cell concentrations), 

agents (biofilms, suspensions, cell membrane) and applications (hybrid, coating) were 

conducted in this research. SEM, hydration rate, and XRD measurements were carried 

out to study the mechanism of bio-based concrete. Based on the experimental results, 

this research shows that: 

1) The growth medium (e.g. LB and LB Plus) is not be main factor of the wettability of 

biofilms and, further, the key factor of the wettability of biofilm hybrid hydrophobic 

mortar. LB Plus only accelerates the formation of B.subtilis biofilms but does not alter 

the character of them. With enough time, B.subtilis cultured with LB medium can form 

hydrophobic biofilms. 

2) Due to the reproducibility of bacteria, the purchase of bacteria stocks is one-time-

consumption. Comparing with conventional supplements for hydrophobic concrete, 

bacteria agents are eco-friendlier than polymers and more workable than fatty acids. 

3) The production of bio-based hydrophobic mortar can be simplified by replacing 

biofilm agents with bacterial cell suspensions. Bacterial suspension hybrid mortar 

demonstrated competitive results comparing to biofilm hybrid mortar. Cell 

concentration is one of the main factors that influence the performance of mortar 

hydrophobicity. Samples with a higher cell concertation performed higher contact 
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angles. However, excessively high cell concentration can cause a reduction on material 

strength. Based on the experiments, the highest bacteria agents/cement ratio should 

be 20%. 

4) Bacterial coating is a promising method on creating hydrophobic mortar surfaces. 

Comparing with the hybrid application, it is more cost-efficient and easier to be 

applied into practical use. No extra process is required for the coating treatments. 

Living bacteria were observed on the coating surface. Biomineralization was also 

observed from B.subtilis hybrid samples, which indicated the survival of the bacteria. 

With the support of growth medium, their reproducibility may endow coating with a 

self-regeneration function.  

5) The mechanism of microorganism-based hydrophobic mortar contains multiple 

effects, including the hydrophobic layers of bacteria, the structure alterations of 

mortar, and the biomineralization process. One possible explanation of the structure 

alterations is that bacterial cell surfaces make ideal nucleation sites for calcite 

deposition due to their negatively charged groups attract Ca2+ to bind onto cell surface.  

6) The survivability of bacteria may have less influence on contact angle. However, the 

biomineralization of living bacteria can induce calcite precipitation on the surface, 

which may result in higher gas and liquid resistances and therefore leads to higher 

concrete durability.  

 

7.2  Recommendations 

The reactions between cementitious materials and microorganisms are complex, 

which require further study and optimisation. The findings in this research provide 

some insights for future research:  

1) Microbially induced calcite precipitation (MICP) is one of the main factors to the 

concrete structure alteration. Deeper understanding on MICP should be obtained in 

order to characterize a more precise mechanism;  

2) The maintenance is an issue for functional concrete coatings. Whether the 

hydrophobic bacterial coatings are capable to self-generate is an interesting topic to 

study;  
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3) To further analyse the durability of bio-based concrete, porosity, gas permeability, 

and water permeability experiments can be conducted in future works;  

4) The present research focused on characterising the mechanism; therefore, 

standard mortar and CEN I 42.5 cement were chosen to reduce the variable during the 

controlled experiments. In future studies, different types of cement, such as 

magnesium oxychloride cement, can be tested to modify the performance of bio-

based hydrophobic concrete.  
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