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Bond Behaviour between Carbon Fibre Strand and Mortar under Marine Environment 

Jie Ji 

 

ABSTRACT 

 

Owing to the steel corrosion in traditional steel reinforced concrete structures exposed to 

marine environment, the present study explores carbon fibre textile reinforced mortar 

(TRM) as the alternative construction material. Moreover, sea sand and seawater can be 

used in casting mortar in this study, because carbon fibre is non-corrosive. Focusing on 

the long-term bond degradation at the interface between the carbon fibre strand (CFS) 

and mortar in carbon fibre TRM under marine environments, experimental and numerical 

investigations have been carried out by using single CFS-reinforced mortar (CFSRM) 

specimens.   

 

Interfacial debonding is one of the key failure modes in TRM, due to the poor bonding 

between CFS and mortar compared with traditional steel rebar to mortar. Since the pull-

out performance is selected to assess the interfacial durability of TRM, this thesis derived 

an analytical solution of interfacial bond-slip behaviour during the pull-out process. The 

moisture-induced degradation has also been discussed in this research, with a particular 

focus on the effects of hygroscopic expansion and interfacial ageing.  

 

Considering that there exists a scientific challenge of understanding CFSRM durability 

before it can be applied to practice extensively, this study focuses on the real working 

condition in the offshore area and thus investigates its durability problems by coupling 

two different degradation mechanisms altogether, namely hygroscopic expansion and 

interfacial ageing. Although each of them has been individually studied in literature so 



Abstract 

IV 

far, this study innovatively takes them into account simultaneously to investigate the 

coupling effect. At last, a long-term prediction model based on multiphysics is proposed 

to estimate its interfacial degradation behaviour under marine environment. 

 

The present study includes both experimental work and numerical testing. A total of 125 

samples are tested in experiments. Mortar samples are used for strength, flowability and 

diffusion tests, containing 24 cubes (100 mm), 24 cylinders (200×100 mm 

height/diameter), three prisms (40×40×160 mm), fresh mortar and eight small cylinders 

(50×20 mm height/diameter). 28 CFS samples are used for mechanical and physical tests. 

32 CFSRM cylinders (50×20 mm height/diameter) are used for pull-out tests. All above-

mentioned tests are carried out in University of Plymouth. According to material 

parameters acquired from experiments, COMSOL Multiphysics software is used to build 

the multi-field numerical model which simulates the coupling effects of water diffusion, 

hygroscopic expansion, and immersion temperature on the bond degradation of CFSRM. 

As the present thesis proposes a three-parameter durability (TPD) model based on 

Arrhenius Law to predict the interfacial ageing over time, TPD model is further used in 

the numerical testing and then validated by the experimental records. Finally, the present 

thesis proposes a hand calculation method of pull-out force retention under long-term 

conditioning, based on above-mentioned experimental and numerical analyses altogether. 

 

Key words: 

carbon fibre strand; sea sand and seawater mortar; marine environments; long-term 

durability; textile reinforced mortar; carbon fibre strand reinforced mortar (CFSRM) 

specimens; 
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1 INTRODUCTION 

 

1.1 Background 

 

There has been an increasing demand on marine structures in modern development, 

including seawalls, port and harbour, offshore structures such as sea bridges, oil & gas 

platforms, offshore renewable energy devices and so on. Seaborne trade activities and the 

utilisation of various marine energy resources would be impossible without the support 

of the relevant infrastructural construction which involves the extensive use of reinforced 

concrete (RC).  

 

However, the traditional RC-based construction materials exposed to the marine 

environment proves to be not as durable as it is used on land (Page, 1975; Melchers, 2020). 

On the one hand, chloride ions in marine environment can penetrate into RC, which can 

lead steel reinforcement corrosion (Wei et al., 2012). On the other hand, oxides would 

generate inside the RC material immersed in saline water and cause expansion cracks 

(Andrade et al., 2016). Subsequently, the crack damage further worsens the steel 

reinforcement corrosion because the protection from the concrete cover is not intact any 

more (Andrade et al., 2016). Apart from the erosion of reinforcement, conventional 

concrete that only adopts normal Portland cement as the cementitious material is prone 

to the damage stemming from marine environmental erosion as well (Qu et al., 2021). 

Fig.1-1 illustrates the representative degradation phenomena of RC structures due to 

seawater erosion (Mohammed, 2015; Nolan et al., 2021). As a result, the long-term 

durability problem of traditional RC materials used in marine environments causes the 

expensive maintenance costs and the potential safety risks, thereby restricting the future 

development of construction industry in marine areas. 
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                                                (a)                                        (b) 

Fig.1-1 Degradation of RC structures due to seawater erosion and steel reinforcement 

corrosion: (a) bridge column (Mohammed, 2015); (b) seawall (Nolan et al., 2021). 

 

Other problems that generally limit the development of construction industry are related 

to resource utilisation and environmental protection. As the global construction industry 

consumes 40 to 50 billion tonnes of sand every year, the shortage of natural sand becomes 

more serious recently (Cousins, 2019). Meanwhile, the production of traditional RC 

materials has consumed a large amount of freshwater. From the perspective of natural 

ecology, the excessive exploitation of natural sand and freshwater resources are usually 

followed by the damage to ecological environments. The carbon emissions during large-

scale production of Portland cement aggravate the global greenhouse effect. 

 

To improve the durability of marine concretes, diverse approaches have been proposed in 

practice. The introduction of mineral admixtures is one of the frequently used methods to 

prevent the corrosion. Existing research indicates that taking advantage of pulverised fuel 

ash (PFA) and ground granulated blast-furnace slag (GGBS) as cement substitutes can 

effectively improve the concrete durability under seawater and retard the interior 

pentration of chloride ions (Sengul and Tasdemir, 2009; Swaroop et al., 2013). Another 

method is to apply corrosion inhibitors to the concrete substrate. However, the inhibitors 
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would gradually lose their protective action over time owing to the migration and leaching 

out mechanism during the long-term water immersion period (Vazques, 1990; Vaysburd 

and Emmons, 2004; Topçu and Uzunömeroğlu, 2020). In recent years, people turn their 

attention to the search for substitute materials. Unlike steel bars, fibre reinforced polymer 

(FRP) materials would not corrode when used in marine conditions. Many studies have 

focused on the durability of FRP materials (Sen, 2015; Guo et al., 2018). Existing research 

demonstrates that carbon fibre reinforced polymer (CFRP) usually has a better 

performance than basalt fibre reinforced polymer (BFRP) or glass fibre reinforced 

polymer (GFRP) in long-term ageing tests (Guo et al., 2018). 

 

To protect the ecological environments and reduce the consumption of natural resources, 

seawater and sea sand can replace freshwater and natural sand respectively in concrete if 

the construction adopts FRP materials as the reinforcement instead of traditional steel 

rebar (Ahmed et al., 2020). They are readily available from marine areas with relative 

cheaper costs. Industrial by-products such as PFA and GGBS are eco-friendly alternatives 

to blend with Portland cement. They act as supplementary cementitious materials used in 

concrete and thus reduce the requirement of Portland cement, thereby help minimising 

CO2 emissions. However, more studies should be done to further understand the change 

and reformation of the reinforced concrete improved in this way, thus facilitating its wide 

applications to engineering practice under marine environments. 

 

1.2 Research aim and objectives 

 

Compared with conventional FRP bar or plate, carbon fibre textile is a new type of 

reinforcement for concrete, which is gaining popularity rapidly. The reinforced concrete 

produced by the combination of using carbon fibre textile reinforcement, sea sand, 
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seawater and other eco-friendly admixtures is deemed as a highly promising construction 

material, particularly for marine environment. However, there still exists a research gap 

in this material before realising its extensive application to marine construction. In order 

to have a better understanding about carbon fibre textile reinforced concrete, especially 

its long-term performance, the present thesis focuses on the long-term interfacial bond 

behaviour between carbon fibre textile and concrete, based on the degradation 

mechanisms including water diffusion, hygroscopic expansion, interfacial ageing and 

interfacial failure which determine the durability performance of such a construction 

material exposed to the marine environment. 

 

In this study, the interfacial contact between the fibre textile and concrete can be 

simplified to the single interface between CFS and mortar, as explained in Fig.1-2 

wherein CFS is the basic element that comprises the fibre textile while mortar is the main 

component that directly contacts the reinforcement in concrete. In this way, the specific 

research objectives of the thesis can be listed as follows,  

 To study the water diffusion and absorption behaviour of carbon fibre textile and the 

textile reinforced mortar specimens under different temperature conditions. 

 To study the hygroscopic expansion behaviour of single CFS embedded in mortar and 

its effect on the pull-out performance. 

 To study the long-term interfacial bond behaviour between CFS and mortar with 

respect to its pull-out performance, and the effect of ageing treatment. 

 To understand the entire interfacial degradation process of CFSRM specimens by 

developing a multi-field numerical model which couples the theoretical mechanisms 

of water diffusion, hygroscopic expansion, interfacial ageing and pull-out behaviour 

altogether. 
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 To predict and evaluate the long-term durability of the interfacial bond between CFS 

and mortar in CFSRM under various exposure conditions in marine environment. 

 

 

                    (a)                                            (b)                                             (c) 

Fig.1-2 Research object and its composition: (a) carbon fibre textile; (b) CFS directly 

extracted from the textile; (c) CFSRM specimen that contains CFS and mortar contacted 

each other by a single interface. 

 

1.3 Research Methodology 

 

The general degradation mechanisms of carbon fibre textile reinforced mortar exposed to 

marine environment can be roughly estimated by sorting out the existing literature in the 

related research field, from which the present thesis decided to focus on hygroscopic 

expansion and interfacial ageing as two key contributing factors. 

 

In order to carry out the study on the coupling effect of the above-mentioned two different 

degradation mechanisms, the present thesis focused on their mutual precondition first, 

namely water diffusion which drove the whole degradation process. Both experimental 

work and numerical testing were adopted to investigate the water diffusion behaviour. 
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Once the diffusion coefficients and the moisture absorption ratio were measured by 

experiments with eight cylindrical mortar specimens (50×20 mm height/diameter) and 16 

groups of CFS specimens (6&240 mm length), they were further used to build the 

numerical model of water diffusion field. Then the diffusion behaviour at any temperature 

and time could be analysed. 

 

In order to understand the hygroscopic expansion occurred inside CFSRM specimen, 

simulation method was adopted to analyse the swelling stress and consequent interfacial 

slip, owing to the fact that such a phenomenon could not be experimentally observed. By 

applying this simulation method to calculating the swelling behaviour of the research case 

from the published paper and then comparing the calculation results with the published 

data, the simulation method used in this study was validated. 

 

In order to understand the interfacial ageing behaviour, the experimental method based 

on accelerated ageing treatment on 32 CFSRM cylindrical specimens (50×20 mm 

height/diameter) was conducted to analyse its durability performance changes within the 

limited duration, given that the interfacial degradation process was extremely slow at 

room temperature. The multiphysics numerical simulation by using COMSOL software 

was adopted to further analyse the ageing experimental records whereby the TPD 

theoretical model proposed by this thesis was numerically realised to estimate the 

interfacial ageing behaviour under different time, temperature and moisture content. 

 

In the meanwhile, the theoretical analysis of the fundamental interfacial failure process 

between mortar and CFS was also necessary to carry out, in order to provide the 

theoretical support for conducting pull-out tests as well as simulating pull-out processes 

which investigated the coupling effects of hygroscopic expansion and interfacial ageing. 
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In order to realise the estimate of long-term degradation behaviour, the present thesis 

combined all aforementioned research achievements together and thereby derived the 

long-term durability prediction model which used the indicator of residual pull-out force 

to showed the bond degradation process at CFS/mortar interface inside CFSRM under 

different environmental exposure. 

 

1.4 Thesis structure and outline 

 

By using a flowchart, Fig.1-3 gives a brief illustration of the thesis outline and how the 

thesis assigns its structure. 

 

 

Fig.1-3 Flowchart of thesis structure and outline. 
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2 LITERATURE REVIEW 

 

2.1 Fibre composites as reinforcement 

 

2.1.1 Historical background 

 

Although the exploitation of fibre materials and relevant products has existed back to 

antiquity, the majority of them during ancient times are in the scope of natural fibres, 

along with handmade products such as jute rope and straw reinforced soil based on the 

collection of natural fibres (Bauer and Halim, 1987; Khan et al., 2018). Those primitive 

materials with low strength and durability were gradually incapable of reinforcing 

constructions with the development of civil engineering especially after the invention of 

cement. Fibre and fibre based composites thus were not considered as the reinforcement 

for modern constructions until the 20th century, when a series of innovations and 

technological breakthroughs were achieved in respect of high-strength synthetic fibres 

including glass fibre and carbon fibre, along with continuous improvements on techniques 

of the large-scale manufacture for them (Bhatt et al., 2018). 

 

Carbon fibre already existed in embryo in 1860s when Sir Joseph Wilson Swan first 

invented the filaments made by carbon fibre material (Seymour et al., 2012), but the 

significant improvement on this material occurred in 1960s when Dr. Akio Shindo, 

working at Agency of Industrial Science and Technology in Japan, used polyacrylonitrile 

(PAN) to create the carbon fibre with the carbon volume fraction ratio more than 50% 

and a large drop in manufacturing cost (Lu, 2021). Then carbon fibre material gradually 

attracted interest from modern industry. After many decades of development, now carbon 
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fibre material has been widely exploited in various fields such as civil engineering, 

aerospace engineering and mechanical engineering (Techno, 2016). 

 

As another popular fibre material, glass fibre has its history of development, similar to 

the carbon fibre. The prototype of modern glass fibre was invented by Games Slayter 

working at Owens-Illinois in 1930s (Babar et al., 2019). Over World War II, many 

technological breakthroughs in its mass production occurred, leading the glass fibre to 

engineering practice from scientific study (Bhatt et al., 2018). Now the application of 

glass fibre can be found not only in traditional industries but also in some emerging fields, 

such as renewable energy, 3D printing and biomimetic material (Masselter and Speck, 

2011; Javaid et al., 2016; Shahrubudin et al., 2019). 

 

With the development of material science and manufacturing technology, more and more 

types of synthetic fibres were invented and introduced into civil engineering since the 

mid-20th century (Khatib, 2016; Naaman, 2018). Apart from above-mentioned fibre 

types, modern construction industry takes advantages of aramid fibre, basalt fibre and 

polypropylene fibre as well, with the time of occurrence that can be traced back to 1960s 

(Madhavi et al., 2014). 

 

The structure of continuous fibre materials is featured as a large quantity of fibre filaments 

aligned parallel. The interconnections among different filaments are loose without resin 

matrix to bind them together. Although each filament has a high mechanical strength, the 

stress transfer among the loose interconnections limits the global mechanical properties 

(Hegger et al., 2004). 
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In order to make better use of fibre materials, a composite material called FRP was 

invented as an alternative for the direct usage of loose fibre filaments in industrial fields. 

It generally has two phases containing fibres and polymer matrix acting like glue to bind 

loose fibre filaments together. Fig.2-1 illustrates the structure of FRP from a microscopic 

point of view. 

 

 

                       (a)                                                                              (b) 

Fig.2-1 Microstructure of FRP material: (a) three-dimensional view; (b) cross-sectional 

view. 

 

The origin of FRP can be traced back to 1930s when the company, Owens Corning, 

started to manufacture glass fibre, and in the meanwhile Carleton Ellis, as the chemical 

engineer of Dupont Company, patented unsaturated polyester resin in 1936 (PASĂRE et 

al., 2019; Godara et al., 2021). Coupled with resin as the matrix for fibre reinforcement, 

the original glass fibre reinforced polymer was thus invented by DuPont Company in the 

same year (Faruk et al., 2017). During World War II, the development of FPR materials 

was booming as materials with light weight and high strength were increasingly 

demanded (Nagavally, 2017). After decades of scientific research and commercial 

exploitation, FRP materials had been widely used in aerospace, automotive industry and 

shipbuilding by 1980s (PASĂRE et al., 2019; Godara et al., 2021). Civil engineering is 

also a major field for the application of FRP. In 1975, GFRP bar was first used as the 
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reinforcement for concrete substrate in Russia (Shrivastava, 2018). Based on more 

applications of FRP to construction industry overtime, Japan in 1996 published the first 

engineering guideline for FRP reinforced concrete structures (Shrivastava, 2018). More 

relevant standards and specifications were compiled and updated when it came into 21th 

century (Nanni et al., 2014; Prince-Lund Engineering, PLC, 2018). Those codes and 

guidelines are stemming from the practice of utilising FRP in construction industry, and 

in turn further promote its development. Now engineering practice adopting FRP material 

as the reinforcement can be found all over the world. The exploration of FRP materials 

along with FRP-based structures is deemed a state-of-the-art scientific field. 

 

2.1.2 Material properties of fibre composites 

 

Compared with traditional materials used in civil engineering, FRP has a series of 

advantages. As the reinforcement, it has a higher mechanical strength than normal steel 

bar but it is much more lightweight than steel reinforcement. In addition, it is featured as 

an excellent durable material, especially the moisture resistance, anti-corrosion of 

chloride ions and oxidation resistance when FPR replaces steel reinforcement to work in 

harsh environments (Afshar et al., 2016; Cousin et al., 2019). On account of its special 

two-phase structure consisting of soft fibre filaments and resin matrix to fix them, FRP 

materials are easy to shape into any profiles to cater for the demand of components 

(Magna et al., 2016). Such superiority makes it highly flexible to design for diverse 

constructions with different purposes (Gemi et al., 2021). Based on its various shapes and 

design flexibility, components made by FRP are simple and fast to install for 

constructions (Živanovic et al., 2019). During the installation, they prove the convenience 

of handling (Santandrea et al., 2016). After the installation, they scarcely need 

maintenance or upkeep even under severe conditions (Živanovic et al., 2019). Apart from 
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those general benefits mentioned above, existing research suggests that the usage of 

CFRP can improve the fatigue resistance of components, particularly when it serves as 

the external reinforcement for the retrofit and rehabilitation (Yu and Wu, 2018). From the 

viewpoint of carbon neutrality, a high performance of electrochemical resistance makes 

FRP reinforcement able to decrease its cover thickness in concrete and thereby support a 

lightweight design of reinforced concrete components with the decline in the amount of 

concrete and carbon emissions (Spelter et al., 2018). Thus, FRP can be classified into eco-

friendly construction material for sustainable civil infrastructures (Hota and Liang, 2011). 

Furthermore, replacing conventional steel reinforcement by FRP helps remove the 

restriction of concrete mix design owing to its anti-corrosion property exposed to 

chloride-rich environments, thereby making lots of environmental friendly raw materials 

feasible to introduce into concrete, such as sea sand and seawater as the alternatives of 

river sand and freshwater respectively (Bazli et al., 2020). 

 

However, as a newly developing construction material, FRP still has many drawbacks 

that cannot be ignored up to now. Although FRP reinforced concrete has a higher 

durability performance than traditional steel reinforced concrete, its long-term 

degradation problem cannot be totally avoided, especially at the bonding interface 

between FRP and concrete substrate (Sen, 2015; Li et al., 2019). Compared with 

conventional construction materials, relevant experimental studies, basic research and 

engineering experiences are not adequate to support the wide application of FRP in 

construction industry (Chin et al., 2015; Kim, 2019). On account of its short application 

history, there is a lack of long-term durability records neither from laboratory 

investigation nor from engineering practice (Portal et al., 2016; Liang et al., 2018). Those 

problems would be likely to cause the irrationality of structural design and the difficulty 

of lifespan evaluation in regard to FRP reinforced concrete. On top of adverse factors 
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mentioned above, the material costs of FRP reinforcement are generally higher than 

conventional steel reinforcement. 

 

2.1.3 Commercialised fibre types 

 

Many fibres have been proved viable to be used in FRP. This section introduces some 

most commonly used fibres that are successfully commercialised and frequently used in 

recent years. 

 

2.1.3.1 Aramid fibre 

 

Aramid fibre can be classified into organic fibre composed of long molecular chains with 

a high rigidity that has at least 85% of amide linkages attached to two cyclobenzene 

(Chatzi and Koenig, 1987). According to the specific molecular structures, there are two 

kinds of aramid fibres commonly used today. One is called Nomex, with its molecular 

structure shown in Fig.2-2 (The University of Southern Mississippi, 2022a). The other is 

called Kevlar, with a greater popularity and the molecular structure shown in Fig.2-2 (The 

University of Southern Mississippi, 2022a). The former was invented by DuPont 

Company in 1961 and commercialised in 1967 (Weber et al., 1992; Baker, 2018), while 

the latter was invented by the same company in 1965 and commercialised in 1971 (Kabir 

and Ferdous, 2012). 
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                                                 (a)                                                (b) 

Fig.2-2 Three-dimensional model of micromolecular structures: (a) Nomex aramid 

fibre; (b) Kevlar aramid fibre (The University of Southern Mississippi, 2022a). 

 

Aramid fibre is featured as a lightweight and high tensile strength material with the 

density of 1.45 g/cm3 and the ultimate tensile strength of 2.06 GPa (Mathavan and Patnaik, 

2020; Dharmavarapu and S, 2021; Kulagina and Zhelezina, 2022). It has the high-

temperature resistance as well, exhibiting stability under 200 °C (Zhou et al., 2020). 

However, existing literature indicates that aramid fibre is prone to damage owing to 

moisture exposure (Kaya et al., 2018). To date, many marketable products made by 

aramid fibre can be found in engineering practice, including aeronautical engineering, 

automotive engineering and even sport industry (Ma et al., 2020; Dharmavarapu and S, 

2021). 

 

2.1.3.2 Basalt fibre 

 

Basalt fibre can be classified into inorganic synthetic fibre composed of a number of oxide 

including silicon dioxide (SiO2 ), aluminium oxide (Al2O3 ), calcium oxide (CaO ), 

magnesium oxide (MgO), etc. that form the network structures of silicate molecules 

(Alagirusamy and Das, 2010; Xing et al., 2019). Fig.2-3 plots five different molecular 

structures of cumulative silicate (Xing et al., 2019).  
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Fig.2-3 Micro-molecular structures of basalt fibre: (a) tectosilicate; (b) phyllosilicate; 

(c) inosilicate; (d) ring silicate; (e) nesosilicate (Xing et al., 2019). 

 

Although the first exploration of basalt fibre material could be traced back to 1920s, 

scientists did not pay much attention to it until 1960s (Jamshaid and Mishra, 2016). Since 

many studies concentrating on this newly developing material have been done over time, 

people gradually find its superiority, including the chemical inertness, outstanding ability 

of sustaining elevated temperature and high mechanical strength (Jamshaid and Mishra, 

2016). In the meanwhile, the shortcomings of its intrinsic properties are gradually 

revealed as well, such as the deficiency in toughness, poor behaviour when withstanding 

bending force and the energy-intensive manufacturing process (Zhang et al., 2012; 

Fonseca et al., 2020). After rapid development over several decades, basalt fibre has been 

widely used in modern industries to date, containing high performance constructions, 

power engineering, environmental protection etc. (Jamshaid and Mishra, 2016). 
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2.1.3.3 Carbon fibre 

 

Carbon fibre belongs to inorganic synthetic fibre. Its microstructure is characterised as 

carbon atoms that align parallel to the longitudinal direction of fibre (Khurshid et al., 

2019). Moreover, carbon atoms are bonded together in crystals on each layer (Khurshid 

et al., 2019). The diagram of its microstructure is illustrated in Fig.2-4, wherein the atomic 

layer of carbon fibre is featured as the laminar alignment of crystal structure (Chung, 

2019). 

 

 

Fig.2-4 Microstructure of carbon fibre in terms of atomic layers (Chung, 2019). 

 

Since large amount of research involving carbon fibre material has been conducted during 

the past several decades, more and more advantages of carbon fibre have been found out 

and exploited in the engineering practice. Carbon fibre material has high tensile strength 

of 2.5 to 4 GPa and low density of 1.8 g/cm3 (Kaur and Keith Millington, 2016; Manu et 

al., 2019). It is usually utilised as the reinforcement in construction industry and lap joint 

for aircraft manufacturing. Its electrochemical resistance makes it possible to work well 

in various harsh conditions including long-term seawater immersion, loading cycles and 

continuous alkaline/acid corrosion (Graham-Jones and Summerscales, 2015; Backe and 

Balle, 2016; Tao and Zhang, 2016; Yu, 2020). Considering the further large-scale 
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application of carbon fibre to diverse industries, relevant basic research, experimental 

investigations and practical experience of modern engineering, however, are still needed 

to support the rational utilisation of this emerging material, owing to its relatively short 

history of application when compared with those conventional construction materials 

(Carra and Carvelli, 2015; Chin et al., 2015; Kim, 2019). Based on the same reason, the 

general consensus about assessment methods of service life have not been achieved until 

now, leading to the difficulty in durability evaluation (Carra and Carvelli, 2015). As a 

consequence, carbon fibre material still suffers from the deficiency in relevant standard 

or specification to guide the structural design, especially under tough conditions (Kafodya 

et al., 2015; Emparanza et al., 2017). 

 

2.1.3.4 Glass fibre 

 

Glass fibre belongs to inorganic synthetic fibre. For normal E-glass fibre, SiO2 is the 

essential chemical composition that occupies more than 58% of total mass, while other 

components contain a series of oxide including Al2O3 , CaO , Fe2O3 , etc. (Deák and 

Czigány, 2009). As a non-crystalline material, it has the basic molecular structural 

element of tetrahedron network with each silicon atom shared by four oxygen atoms, as 

shown in Fig.2-5 (Park and Seo, 2011). Thus, glass fibre can be seen as the integration of 

those basic elements by means of the chemical bond between external silicon atom and 

internal oxygen atom at the corner (The University of Southern Mississippi, 2022b). 
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Fig.2-5 Microstructure of glass fibre in terms of basic molecular element (Park and Seo, 

2011). 

 

After continuous development over nearly one century, a variety of glass fibre types have 

been invented and commercialised according to different purposes and working 

conditions. E-glass fibre is the initial type first invented and introduced into market. C-

glass fibre is deemed a low-priced alternative of E-glass fibre, due to its relatively simple 

manufacturing processes (Richet et al., 2021). AR-glass fibre is well-known for its 

alkaline resistance and thus can be used in concrete. S-glass fibre was invented in 1960s, 

applied to special conditions with higher demands for strength and elevated-temperature 

performance (Richet et al., 2021). Besides, there are D-glass fibre, R-glass fibre and ECR-

glass fibre that are derived from E-glass fibre, widely used all over the world. Based on 

numerous studies and practical applications, its disadvantages are exposed as well. It has 

a poor abrasive behaviour (Demirci and Düzcükoğlu, 2014). It is more susceptible to 

deterioration than other inorganic synthetic fibres such as carbon fibre, owing to the lack 

of thermostability and chemical stability (Joshi and Purnima, 2010; Benmokrane et al., 

2015). Another drawback is that the mechanical property of glass fibre is liable to intrinsic 

defect derived from its manufacturing process (Zhong et al., 2019). 
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2.1.4 Reinforcement produced by fibre composites 

 

Based on the flexibility in shape and structural design, a wide range of FRP reinforcement 

has been developed to meet the needs from construction industry, such as bar, plate, tube 

and mesh (Spadea et al., 2017; Tran et al., 2019). Coupled with concrete substrate, they 

serve as the reinforcement for structures. Besides, they can be applied to the surface of 

existing structures for rehabilitation, retrofit and strengthening. Note that the present 

study here does not discuss those discontinuous fibre composites, namely short fibre 

composites, working as the secondary reinforcement to refine mechanical properties of 

concrete members. 

 

The first category introduced herein is FRP bar, in which fibres (glass, carbon, aramid or 

basalt) are bound together with resin. Fig.2-6 displays BFRP, GFRP and CFRP bars made 

by basalt, glass and carbon fibre respectively (Wang et al., 2017a). They have the 

diameter of 6 mm which is also frequently adopted by the steel rebar in the engineering 

application. As the reinforcement to sustain load, FRP bar is commonly embedded in the 

tensile area of concrete components. It is known as the substitute for conventional steel 

bar, particularly under harsh environmental conditions. 

 

 

Fig.2-6 Types of commonly used FRP bar (Wang et al., 2017a). 

 

The second category is FRP plate. Generally, it has the thickness ranging from 1.2 mm to 

1.5 mm (Rao et al., 2012; Mohee et al., 2016; Wang et al., 2018). Similar to FRP bar, it 
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is able to act as the tensile reinforcement for concrete beam and slab for construction 

(Awad et al., 2012). Fig.2-7 displays the frequently used categories of FRP plates 

fabricated by CFRP, GFRP and BFRP, respectively (Rao et al., 2012; Mohee et al., 2016; 

Wang et al., 2018). 

 

  

Fig.2-7 Frequently used FRP plates (Rao et al., 2012; Mohee et al., 2016; Wang et al., 

2018). 

 

FRP tube is another type of reinforcement used in construction industry, with high hoop 

strength and anti-corrosion performance. When FRP tube covers the exterior surface of 

cylindrical concrete substrate, it can not only serve as the external confinement to prevent 

concrete from cracking, but also protect the reinforced concrete from corrosion under 

hostile natural conditions (Bazli et al., 2020). Fig.2-8 displays the frequently used FRP 

tubes with the common thickness of 3 mm and the outer diameter of 16 cm, fabricated by 

CFRP, GFRP and BFRP, respectively (Bazli et al., 2020). 
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Fig.2-8 Frequently used FRP tubes (Bazli et al., 2020). 

 

In recent years, fibre textile or mesh structure gradually attracts the attention of academics 

and industry. It is generally comprised of fibre strand aligned in two different orientations 

that are perpendicular to each other, namely the warp strand and the weft strand 

respectively. Hence, the fibre mesh can bear tensile stress both in longitudinal and 

latitudinal directions. Apart from the intrinsic superiority of FRP, the special net structure 

brings more advantages than those conventional structures, along with a more flexible 

application to construction industry. It becomes practical to design and produce high 

strength but lightweight concrete structures such as thin-walled sandwich panel or slender 

shell (Shams et al., 2014). A thin layer of fibre mesh is flexible in shape, thereby allowing 

reinforced concrete to have complex geometry or freeform profile like the curved roof 

with hyper-shell structure (Schumann et al., 2018). Furthermore, the adoption of textile 

reinforced concrete (TRC) can improve the ductility, namely a better property to resist a 

large deformation (Butler et al., 2009; Mesticou et al., 2017). On the other hand, if using 

fibre textile as the exterior strengthening or retrofitting for existing concrete members, 

their fatigue performance can be effectively enhanced because the utilisation of fibre 

textile effectively mitigates the crack propagation during fatigue cycles (Sheng et al., 

2017). 
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Like other types of FRP reinforcement, the fabrication of fibre mesh with the common 

thickness ranging from 0.3 mm to 0.9 mm is based on commonly used fibre composites 

as well, including AFRP, BFRP, CFRP and GFRP as presented in Fig.2-9 (Jiang et al., 

2019; Shi et al., 2019; Wei et al., 2020; Techbelt, 2022). 

 

  

Fig.2-9 Frequently used fibre meshes in TRC (Jiang et al., 2019; Shi et al., 2019; Wei et 

al., 2020; Techbelt, 2022). 

 

Benefitting from many advantages mentioned above, fibre mesh has gained popularity in 

engineering practice. To date, TRC has been widely applied to construction and 

manufacturing industry (Motavalli and Czaderski, 2007; Naaman, 2012). However, 

fundamental research related to TRC is still far from sufficiency to support its large-scale 

commercial practice (Mahboob et al., 2021). Based on the same reason, relevant codes, 

guidelines or regulations are not complete in this field (Donnini et al., 2019). As a result, 

when adopting fibre mesh as the reinforcement, there exist many uncertainties with 

respect to mechanical behaviour, optimum structural design, durability problem, etc. that 

are more likely to impede the rational design and constructing of TRC. 

 

Fibre strand is the fundamental element in any fibre mesh. The interfacial properties 

between a single strand and its surrounding concrete are key for investigating the 

mechanical behaviour of TRC. Although there exist studies focusing on the interfacial 

adhesion, they usually only focus on the short-term pull-out mechanical behaviour rather 
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than the long-term durability (Cheng et al., 2020; Zhu et al., 2020). As a result, the lack 

of durability study on bond behaviour makes it difficult to assess or predict the long-term 

mechanical performance of TRC, particularly under harsh environments. 

 

2.1.5 Fibre reinforcement surface treatment 

 

It is known that fibre reinforcement material usually has a smooth surface. One of the 

representative problems about exploiting FRP reinforced concrete is the weakness of 

interfacial bonding between FRP and concrete (Lin et al., 2021). When conducting pull-

out tests, interfacial debonding is a common failure mode. Many experimental studies 

showed that there were poor interfacial adhesion and weak mechanical interlocking at 

interface between the FRP and concrete (Esfandeh et al., 2009; Shrestha et al., 2015; Li 

et al., 2018). 

 

Sand coating is one of the frequently used solutions to overcome the debonding problem 

mentioned above (Solyom and Balázs, 2020). As shown in Fig.2-10, the treatment of sand 

coating on FRP surface is often applied to different FRP materials including bar, mesh 

and strand, for enhancing the bond behaviour between FRP reinforcement and concrete 

substrate (Li and Xu, 2011; Donnini et al., 2018; Šenšelová et al., 2021). Fine-grained 

sand is a low-cost and easily accessible building material. Sand with fine particle size can 

be easily glued to FRP surface by means of adhesive such as epoxy resin (Solyom and 

Balázs, 2020). Experimental studies have demonstrated that after the introduction of sand 

coating on FRP surface, the bond strength at adhesive interface is significantly enhanced 

than those interfaces with a direct contact between smooth FRP surface and concrete 

substrate (Arias et al., 2012; Lee et al., 2013; Rolland et al., 2020). Arias et al. (2012) 

measured the interfacial shear strength between high performance concrete and GFRP bar 
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of 9 mm in diameter, and found that GFRP bar with smooth surface had an average bond 

strength nearly seven times lower than the corresponding sand coated bar, with the value 

of 1.47 MPa and 10.19 MPa, respectively (Arias et al., 2012). Likewise, Lee et al. (2013) 

used CFRP rod with smooth surface and sand coated surface to compare their pull-out 

force from concrete block. Their tests showed that CFRP rod after sand coating could 

enhance the critical pull-out force by more than five times, from 8.72 kN to 48.26 kN 

(Lee et al., 2013). Rolland et al. (2020) reported the similar results for GFRP rebar. 

Compared with the adhesive interface between concrete and smooth surface of GFRP 

rebar, the introduction of sand coating could provide the ultimate bond strength of 9.28 

MPa at the interface, nearly five times higher than the former with 1.90 MPa (Rolland et 

al., 2020). 

 

    
Fig.2-10 Sand coating treatment on FRP bar, mesh and strand (Li and Xu, 2011; 

Donnini et al., 2018; Šenšelová et al., 2021). 

 

2.1.6 Brief summary 

 

With the development of manufacturing technology, diverse types of fibre composite 

materials are produced to replace the traditional construction materials in engineering 

practice. The challenge that their long-term performance during service life is not clear 

hinders their extensive application, which has gained increasing research interests as well. 
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On the other hand, fibre composites acting as the reinforcement have many advantages 

compared with traditional steel rebar, including anti-corrosion of chloride ions and 

oxidation resistance. Furthermore, reinforcement made by fibre composites can have 

flexible structures such as bar, plate and tube. Carbon fibre textile is a relatively new type 

among them. It gains popularity in recent years when producing high strength but 

lightweight construction components such as the curved roof with hyper-shell structure. 

 

However, there still exist many uncertainties with respect to its mechanical behaviour and 

structural design, especially under long-term harsh environment. Fundamental research 

is therefore urgently needed to facilitate the wide application of carbon fibre textile.  

 

2.2 High performance concrete for marine applications 

 

2.2.1 Overview of high performance concrete 

 

Ordinary Portland cement concrete (OPC) with its mix design consisting of Portland 

cement, aggregate and water is one of the most frequently used building materials around 

the world. With the development of construction industry and the increasing demand for 

their working performance, OPC, however, gradually becomes less likely to meet the 

needs of engineering practice, particularly for those applications to strict working 

conditions. In order to cater for diverse demands during the practical engineering, OPC 

has been refined by means of changing mix design, introducing admixtures and additives, 

adjusting curing method, etc. With the improvement on one or several material properties, 

the high performance concrete (HPC) is a solution to special working conditions. 

Compared with the normal OPC, HPC has better material properties in one or more 

aspects as follows: 
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 High strength — By reducing water/binder ratio, the strength of concrete can be 

increased. The introduction of water reducer, also known as superplasticiser, can 

improve the flowability of fresh concrete during the mixing and promote hydration 

reaction. Additionally, some types of mineral admixtures such as silica fume (SF) can 

fill micropores inside concrete and improve its particle size gradation, thereby 

enhancing its mechanical behaviour containing compressive strength (Dong et al., 

2020). 

 Dimensional stability — In order to resist the concrete shrinkage or long-term 

deformation, one method is to reduce the cement content and the related paste volume 

by using mineral admixtures as the replacement, including PFA and GGBS (Ng and 

Kwan, 2016). Another method is to add expansive additive during concrete mixing, 

which can compensate the drying shrinkage of concrete and prevent crack from 

generating (Mo et al., 2012). 

 Self-compacting — Concrete with a high self-compacting performance is featured as 

the filling ability and good flowability that help concrete fully fills moulds without 

vibrating. It has a strong segregation resistance as well. Self-compacting concrete can 

generally be produced by using proper admixtures and additives. For example, the 

usage of water reducer enhances its flowability. Aggregates possessing a continuous 

grading of particle-size distribution are also the important contributing factor 

(Skarendahl and Petersson, 1999). 

 High durability — Concrete with high durability means a better long-term behaviour 

when working in severe environments due to chemical attacks, freeze-thaw cycles and 

even microbial activities. According to different hostile conditions, many ways are 

developed to improve its durability. As an illustration, replacing partial Portland 

cement by PFA or GGBS can obviously enhance its durability performance under 

marine environments (Swaroop et al., 2013). The adoption of dry-shake hardener as 
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the admixture for concrete is able to enhance its wear resistance (Mardani-

Aghabaglou et al., 2021). 

 Anti-penetration — Concrete that has a good performance of anti-permeability is 

more likely to provide a better protection for the interior reinforcement when it serves 

as the cover layer. Reducing water/binder ratio and the introduction of mineral 

particles as supplementary cementitious materials, such as marble powder, are 

effective ways to strengthen the anti-permeability property of concrete (Calvo et al., 

2019). 

 Low hydration heat — Hydration heat is detrimental to concrete casting and curing, 

particularly for those mass concrete structures. The adoption of supplementary 

cementitious materials such as PFA and GGBS to substitute a proportion of Portland 

cement helps decrease hydration heat. A mix design by using low water/binder ratio 

can also lessen the release of hydration heat (Zhang et al., 2002). 

 

2.2.2 Eco-friendly alternatives for constituents of concrete applied to marine constructions 

 

Although normal Portland cement has many advantages as the active cementitious 

ingredient used in concrete, its manufacturing process inevitably brings the adverse effect 

on global climate changes. It is known that the emission of carbon dioxide caused by 

producing cement occupies 5~8% of the global emissions of greenhouse gases (Teh et al., 

2017). 

 

On the other hand, with the rapid increase in the requirement of natural sand used for 

concrete over last twenty years, now the global construction industry consumes 40 to 50 

billion tonnes of sand every year (Cousins, 2019). Consequently, there is a global shortage 

in the supply of sand (Kim et al., 2012). 
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Taking above mentioned into consideration, it is therefore necessary for construction 

industry to explore eco-friendly and sustainable substitutes for conventional concrete 

components. Those substitutes include PFA, GGBS and SF as shown in Fig.2-11. 

 

   

                         (a)                                           (b)                                        (c) 

Fig.2-11 Eco-friendly and sustainable substitutes: (a) pulverised fuel ash; (b) ground 
granulated blast-furnace slag; (c) silica fume. 

 

2.2.2.1 Pulverised fuel ash 

 

Pulverised fuel ash, also called as fly ash, is a frequently used supplementary cementitious 

material. It can react with water, namely the hydration reaction during the hardening 

process of concrete. Generally, it is characterised as small powdered particles with the 

colour of light or dark grey, as shown in Fig.2-11a. The particle size of PFA ranges from 

0.3 to 250 µm (Li et al., 2014). As an eco-friendly material, it is collected from the 

emission of flue gases when traditional thermal power plants burn coal to generate 

electricity. The chemical composition of these fine particles mainly consists of SiO2 , 

Al2O3 and Fe2O3 (Ismail et al., 2007). The direct emission of flue gases full of PFA 

powder would not only pollute natural environments but also cause damage to human 

health. However, once PFA is filtered and captured from coal combustion residuals, it 

turns a valuable product used for the replacement of cement. Similar to Pozzolan, PFA is 

active during hydration reaction and forms cementitious compounds. Moreover, if PFA 
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is used as partial replacement of cement in concrete mix design, it is beneficial to the 

long-term hydration process of Portland cement (Feng et al., 2018). 

 

PFA as the supplementary cementitious material is beneficial to concrete in many ways. 

One important contribution of PFA to concrete is the capacity to retard the diffusion and 

penetration of chloride ions in concrete (Liu et al., 2020). This is because the use of PFA 

in concrete can reduce the permeability of the concrete after its hardening. Furthermore, 

it is also demonstrated that the partial replacement of cement by using PFA can increases 

the compressive strength and flexural strength of concrete after the early age of curing 

(Feng et al., 2018). Meanwhile, using PFA can effectively lessen the hydration heat 

during concrete casting (Matos et al., 2020). In view of those contributing factors, PFA 

are widely used in the field of underwater engineering, especially for those mass concrete 

structures applied to marine constructions. 

 

2.2.2.2 Ground granulated blast-furnace slag 

 

Ground granulated blast-furnace slag is another eco-friendly alternative acting as the 

supplementary cementitious material in concrete. The physical appearance of GGBS is 

featured as fine powder with white or light grey colour, as shown in Fig.2-11b. GGBS 

has a high specific surface area ranging from 400 to 500 m2/kg, with the average particle 

size of 9.2 μm (Divsholi et al., 2014; Ishak et al., 2017). In general, GGBS is the by-

product when using blast furnace to smelt iron and steel. Although the glassy granules 

can be directly gathered from rapidly chilling molten iron slag, they need to be further 

dried and ground until those granules turn into fine powder completely, namely GGBS. 

The chemical composition of GGBS mainly consists of CaO, SiO2 and Al2O3 that occupy 

more than 90% of all ingredients (Siddique, 2014). Like PFA, GGBS is the active 



2 Literature review 

30 

admixture used in concrete and thus is able to participate in the hydration reaction coupled 

with Portland cement. If introducing GGBS into the mix design, the initial hydration rate 

may be slower than the concrete that only uses cement as binder. However, GGBS can 

react with Ca(OH)2 stemming from the hydration product of cement. Such a process is 

called secondary hydration reaction which further promotes the hydration of cement and 

thereby produces more cementitious gels of C-S-H (Dai et al., 2019). 

 

The adoption of GGBS as the supplementary cementitious material can refine the 

concrete properties in many respects. One of the major functions of GGBS used in 

concrete is to reduce the chemical attacks induced by sulphate present in the ambient 

conditions, particularly in seawater environments (Suresh and Nagaraju, 2015). The 

usage of GGBS to replace a portion of cement decreases the content of Ca(OH)2 and 

tricalcium aluminate (Ca3Al2O6) in concrete, which are prone to react with sulphate ions 

and then generate ettringite (Qiao and Chen, 2019). By retarding the generation of 

ettringite, GGBS prevents the concrete from suffering internal stress and subsequent 

expansion-induced cracking owing to the expansive nature of the reaction products. In 

this way, concrete incorporated with GGBS is able to withstand the sulphate attack, which 

is particularly important when the concrete is exposed in marine environments. In 

addition, both the research and practice suggest that using GGBS can improve the 

workability of fresh concrete (Saranya et al., 2018). 

 

2.2.2.3 Silica fume 

 

Silica fume is also a frequently used binder material for concrete constituents, as shown 

in Fig.2-11c. It has another name as microsilica. SF is characterised as an ultrafine powder 

that belongs to the amorphous polymorph of SiO2. Generally, SF comes from the by-
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product during the smelting of ferrosilicon alloys, or more specifically, the collection of 

suspended SiO2 powder full of industrial flue gases when using industrial furnace to smelt 

silicon and ferrosilicon materials. Compared with other components used in concrete, SF 

is featured as the extremely small particle size within the fluctuation between 100 nm and 

200 nm (Pacheco-Torgal et al., 2018). As a superfine material, SF powder has a high 

specific surface area of 20 m2/g (Pacheco-Torgal et al., 2018). Such a high specific surface 

area coupled with a high content of SiO2 makes SF process pozzolanic properties with 

huge reactive surfaces. 

 

As investigated by Lü et al. (2019) who used SF to replace 16% of cement in the concrete 

mix design, SF can increase the strength of hardened concrete by 38% and increase its 

anti-permeability by 63 times, because SF fills the interspace inside concrete structure 

and decreases the concrete porosity. Due to the fact that the particle size of SF is much 

smaller than ordinary Portland cement, the interspace among cement particles tends to be 

filled by the finer powder of SF, and thus forms a close compacting structure (Zhang et 

al., 2018). On the other hand, concrete blended with SF has a better performance to resist 

the alkali-aggregate reaction because the dispersed SF consumes alkaline ions in concrete 

and thereby inhibit the alkali-aggregate reaction between those alkaline ions and natural 

aggregate (Tavares et al., 2020). Meanwhile, concrete blended with SF has a lower 

hydration heat than the concrete only uses normal Portland cement. SF contributes to the 

improvement on abrasion resistance of concrete as well (Rashad et al., 2014). Overall, SF 

is a good eco-friendly admixture for concrete to enhance the mechanical properties and 

long-term durability. 
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2.2.2.4 Sea sand 

 

As mentioned above, the insufficiency of natural sand resource becomes more serious 

with the development of construction industry. Moreover, the process of sand mining has 

the destructive effect on river bed and thus causes great damage to natural environments, 

as demonstrated in Fig.2-12 (Ako et al., 2014). Sea sand, as the replacement for river sand, 

has attracted a lot of interest from engineering practice, particularly for those located near 

the coastline.  

 

 

Fig.2-12 The destruction of river ecosystem due to sand mining (Ako et al., 2014). 

 

Direct utilisation of sea sand is prohibited for casting steel reinforced concrete structures 

due to its involvement of chlorides (Dong et al., 2018). Conventionally, sea sand has to 

be thoroughly washed by using freshwater to remove mineral salts before being used in 

reinforced concrete structures (Xiao et al., 2017). However, if FRP reinforcement is used 

this problem can be avoided because FRP does not have corrosion problem. Extensive 

research has been carried out recently on sea sand concrete structures reinforced by FRP 

materials (Xiao et al., 2017). 

 

Compared with traditional river sand or manufactured sand like crushed rock, the 

relatively low economic costs can be considered to be another benefit of exploiting sea 

sand, particularly for marine applications. For one thing, with the consumption of river 
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sand existent in nature, the costs of extracting river sand climb year by year, which is 

higher than easily available sea sand. Moreover, the costs of long-distance transport could 

be saved if local sea sand is applied to the construction. 

 

2.2.2.5 Seawater 

 

Like sea sand, seawater cannot be used in traditional steel reinforced constructions. 

However, it has been found that concrete cast with seawater, namely seawater concrete, 

can hardly cause damage to FRP reinforcement (Xiao et al., 2017). Unlike steel 

reinforcement, FRP materials have an excellent electrochemical resistance and thus 

steadily keep their material properties under ambient conditions full of salt solution (Xiao 

et al., 2017). Therefore, it is an eco-friendly and economical choice for FRP reinforced 

concretes to use seawater as the substitute for freshwater, especially for coastal and 

marine applications. 

 

2.2.3 FRP reinforced concrete under marine environment 

 

Compared with ordinary terrestrial environments, marine environments have high 

requirement to the quality of concrete materials. This includes:  

 

 Low permeability — Concrete with low permeability can not only prohibit the 

penetration of harmful ions that corrode the interior steel reinforcement of concrete, 

but also retard the free migration of water molecules which are more likely to damage 

the adhesion bond between reinforcement and concrete substrate (Shrestha et al., 

2015). 
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 Corrosion resistance against salty solution — If concrete structures are directly 

subjected to seawater for a long time, it is inevitable that diverse categories of mineral 

salts dissolved in seawater intrude into the interior of concrete in the form of ions. 

Thus, alkali reactive aggregates are not recommended to use in marine concretes. 

 Abrasion resistance — Concrete structures located at oceanic regions have to resist 

long-term abrasion and erosion stemming from seawater in terms of stormy waves. 

Therefore, marine concretes should have good abrasion resistance to keep the 

structural integrity during their service life. 

 Anti-fatigue-fracture property — Marine concretes suffer cyclic loading from wave 

and wind, so good fatigue resistance is preferable.  

 Long-term durability performance — Unlike inland structures, marine concrete 

materials should be durable under wet-dry and freeze-thaw cycles coupled with 

temperature changes, especially for those applied to splash or intertidal zones. 

 Resistance to biological attack — Marine microorganisms widely exist in seawater 

and they are prone to diffuse into the interior of concrete through the porous 

microstructure of concrete. Microbial activities release hydrogen sulphide (H2S) 

which finally converts into sulfuric acid (H2SO4) under marine condition. H2SO4 

would gradually dissolve carbonates inside concrete, leading to the concrete 

deterioration including strength loss and volumetric expansion (Monteny et al., 2000). 

 

Apart from above-mentioned requirements specifically for coastal and marine 

applications, modern construction industry also present higher demands on concrete 

materials than before, particularly for those involving mass concrete, innovative 

architecture or tough working conditions. Overall, those requirements include high 

mechanical strength, good workability of fresh concrete, low hydration heat, long-term 

volume stability, etc. 
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Compared with marine environments, the usage of fibre reinforcement does not give 

additional requirements on concrete properties. On the contrary, the introduction of fibre 

reinforcement to replace conventional steel reinforcement in concrete can remove some 

limitations on the concrete mix design, in particular on the chloride content requirement. 

 

However, it is suggested that the concrete with high mechanical strength is more 

favourable to the efficient utilisation of fibre reinforcement materials (Pan and Leung, 

2007; Godat et al., 2012; Godat et al., 2021). As fibre reinforcement is featured by its 

high tensile strength, long fibre reinforced concrete (FRP reinforced concrete or TRC) is 

more susceptible to the debonding failure at interface rather than the tensile rupture of 

reinforcement (Pan and Leung, 2007; Godat et al., 2012; Godat et al., 2021). In order to 

utilise the high mechanical strength of fibre materials, the interfacial properties should be 

improved. It has been proved that the strength of adhesive bonding is largely dependent 

on the tensile strength at concrete surface (Pan and Leung, 2007). The growth in concrete 

tensile strength is able to strengthen the bond property (Pan and Leung, 2007). Existing 

studies also indicate that the increase in concrete compressive strength is obviously 

beneficial to improve interfacial bond behaviour (Godat et al., 2012; Godat et al., 2021). 

Hence, for the same use of fibre reinforcement the high strength concrete would be better 

than ordinary concrete in terms of their global structural performance. 

 

The aggregate size should also be considered if multiple layers of fibre reinforcement are 

used in concrete. Coarse aggregates with too big size which exceeds the fibre mesh size 

of 20 mm would affect the compatibility of concrete and lead to the poor concrete quality 

(Halvaei et al., 2020), because such coarse aggregates would be difficult to pass through 

the narrow fibre mesh during casting and thus could not be distributed among the 
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structural member evenly, especially when the structural member is reinforced by 

multiple layers of fibre mesh or textile (Ahmed and Ferhadi, 2016). 

 

Taking those aforementioned into consideration, various mix designs have been 

developed for marine concretes, which are summarised in Table 2-1 and Table 2-2. 

 

Table 2-1 Summary of mix designs applied to FRP reinforced concrete. 

references 

ratio of 
cementitious 
materials (%) w/b 

(%) 

concrete mix ratio (kg/m3 or 
L/m3) 

C 
P 
F 
A 

G 
G 
B 
S 

S 
F binder sand gravel water WR 

Triantafillou (2016) 67 30 — 3 30 822 1092 — 246 19.3 

Triantafillou (2016) 30 65 — 5 40 700 1140 — 280 6.3 

Kostova et al. (2013) 50 — 50 — 48 400 1150 770 190 — 

Kostova et al. (2013) 80 — 20 — 48 400 1150 770 190 — 

Benzecry et al. (2021) 80 20 — — 38 404 728 979 152S 0.63 

Benzecry et al. (2021) 48 — 52 — 40 442 793 838 178 0.41 

Won et al. (2008b) 75 15 — 10 22 727 581 865 160 16.7 

Zeng et al. (2022) 72 18 — 10 19 899 617S 1008 171S 18 

Lim and Ozbakkaloglu 
(2014) 84 — — 16 52 450 710 1065 235 1.5 

Zhang et al. (2021) — 15 80 5 49 420 567S 1260 206S — 

Younis et al. (2020) 35 — 65 — 37 450 750S 1190 165S 4.46L 

Liang and Yin (2021) 70 30 — — 38 714 626S 467 271S 6.23 

Liang and Yin (2021) 70 — 30 — 38 714 626S 467 271S 6.23 

Khayat and Meng (2014) 48 — 48 4 13 1138 1018 — 146 69.5L 

Khayat and Meng (2014) 52 — 48 — 15 1139 1002 — 174 54.2L 

Khayat and Meng (2014) 76 — — 24 20 943 1231 — 189 29.2L 

Al-Hamrani et al. (2021) 65 15 — 20 37 400 750 1114 149 4.5 
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Note: (1) Cement is denoted by “C”. (2) Water reducer is denoted by “WR”. (3) Sea sand 

and seawater are labelled the superscript of “S”; if without “S”, they denote normal 

building sand and freshwater, respectively. (4) w/b symbolises the ratio of water to binder. 

(5) The unit of water reducer can be both kg/m3 and L/m3 according to the specific 

references; when using L/m3, it has the superscript of “L”. 

 

Table 2-2 Summary of mix designs for concrete subject to marine exposure. 

references 

ratio of 
cementitious 
materials (%) w/b 

(%) 

concrete mix ratio (kg/m3 or 
L/m3) 

C 
P 
F 
A 

G 
G 
B 
S 

S 
F binder sand gravel water WR 

Katano et al. (2013) 50 — 50 — 50 340 794S 985 170S 0.85 

Katano et al. (2013) 45 — 45 10 50 338 782S 985 169S 0.85 

Liu et al. (2021) 77 7 8 8 29 500 691 1177 145 11 

Liu et al. (2021) 66 10 7 17 25 580 662 1128 145 14 

Li et al. (2009) 37 20 40 3 35 437 689 1035 153 7.87 

Saleh et al. (2019) 67 — 33 — 17 1200 1000S — 204S 24 

Saleh et al. (2019) 50 — 38 12 20 1200 1000S — 240S 24 

Li et al. (2013) 80 20 — — 40 340 754S 1180 136S 3.4 

Li et al. (2013) 70 30 — — 35 488 593S 1159 170S 3.4 
Preez and Alexander 

(2004) 93 — — 7 54 364 762 1200 195 1.19L 

Patil and Dwivedi (2022) 50 25 25 — 36 460 817 1072 168S 3.69 

Patil and Dwivedi (2022) 50 20 30 — 36 460 820 1076 168S 3.69 

Sang et al. (2022) 55 18 27 — 28 550 662S 993 155 4 

Sang et al. (2022) 32 36 32 — 28 550 679S 1072 155 3.5 

Benli et al. (2017) 84 10 — 6 44 650 1176 — 286 8 

Memon et al. (2002) 30 25 40 5 40 420 590 1220 170 1L 

Zhou et al. (2022) 95 — — 5 33 525 562S 1142 173S 4.56 

Dave et al. (2017) 50 30 10 10 38 440 603 1270 167 2.64 

Liao et al. (2022) 72 18 — 10 19 899 617S 1008 171S 18 



2 Literature review 

38 

Note: (1) Cement is denoted by “C”. (2) Water reducer is denoted by “WR”. (3) Sea sand 

and seawater are labelled the superscript of “S”; if without “S”, they denote normal 

building sand and freshwater respectively. (4) w/b symbolises the ratio of water to binder. 

(5) The unit of water reducer can be both kg/m3 and L/m3 according to the specific 

references; when using L/m3, it has the superscript of “L”. 

 

As shown in Table 2-1 and Table 2-2, admixtures including PFA, GGBS and SF are often 

used to substitute a proportion of cement, and multiple admixtures are usually used 

together as the superposition of different admixtures with a proper ratio that can further 

optimise the physical structure of cementitious matrix and enhance the concrete 

performance (Gesoğlu et al., 2009; Guo et al., 2021). Apart from admixtures, Table 2-1 

and Table 2-2 suggest that sea sand and seawater can be freely introduced to FRP 

reinforced concrete mix design, because their unfavourable effects on reinforcement or 

concrete can be effectively avoided. 

 

2.2.4 Brief summary 

 

The rapid development of modern construction industry especially under harsh 

environment puts forward higher demands on the working performance of concrete 

materials. To meet those requirements, HPC is introduced into engineering with various 

advantages such as high strength and enhanced durability exposed to seawater. During its 

production, eco-friendly admixtures like PFA and GGBS can be introduced into the mix 

design to improve its material properties in one or more aspects. Once FRP reinforcement 

replaces traditional steel rebar, sea sand and seawater can be utilised in the mix design 

because the corrosion problem due to chloride ion is negligible for fibre composites. 
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The present study adopted CFS from carbon fibre textile as the reinforcement while 

seawater, sea sand and multiple admixtures were used in the mortar casting. As existing 

studies had not investigated its performance yet, the present study needed to test its basic 

material properties first, before carrying out the research on the durability of interfacial 

bond between CFS and mortar used herein. 

 

2.3 Degradation of fibre composites reinforced concrete along with its ageing behaviour 

 

2.3.1 Overview of degradation in fibre composites reinforced concrete 

 

Durability in regard to diverse types of FRP (including fibre mesh) materials used in 

concrete structures have aroused wide concern both in scientific research and engineering 

practice since 1980s when the viability and superiority of FRP composites replacing the 

traditional steel material in the construction industry were gradually recognised (Rizkalla 

et al., 2003; Balaguru et al., 2008; Imani et al., 2010; Lu and Ayoub, 2011). To date, the 

ageing behaviour of FRP reinforced concrete has been investigated in a number of studies, 

but no consensus has been reached owing to the different materials used in the tests, 

sample shapes, testing methods and evaluation indicators (Mumenya et al., 2010; 

Kafodya et al., 2015; Portal et al., 2016; Al-Lami et al., 2020). Some key affecting 

parameters have been summarised in the following sections.  

 

2.3.2 Effect of fibre types on ageing behaviour 

 

AFRP, BRRP, CFRP and GFRP are all commonly used with concrete substrate, but their 

ageing behaviour vary considerably from type to type due to different chemical 

composition involved (Sonnenschein et al., 2016; Li et al., 2019). 
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AFRP employs aramid fibre as the reinforcement. The major ingredient of aramid fibre 

is aromatic polyamide. It is not only susceptible to ultraviolet radiation that can 

deteriorate its chemical structure but also sensitive to moisture due to the hydrolysis 

reaction occurring at its macromolecular chains (Derombise et al., 2010; Sonnenschein et 

al., 2016). While AFRP is embedded in concrete, the deterioration by ultraviolet radiation 

is considered mild compared with the moisture ageing because the water molecules 

stemming from the concrete pore solution can continuously degenerate AFRP 

reinforcement especially when the concrete stays a moisture saturation condition (Wu et 

al., 2016; Oguz et al., 2021). According to the chemical structure of aramid fibre, such an 

ageing process can be illustrated by Fig.2-13 (Derombise et al., 2010). 
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Fig.2-13 Aramid fibre degeneration subject to moisture (Derombise et al., 2010). 

 

BFRP employs basalt fibre as the reinforcement. Basalt fibre is fabricated from natural 

basalt with pultrusion technology (Lu et al., 2015). Like basalt rock, basalt fibre is 

aluminosilicate fibre, mainly composed of oxides such as SiO2, Al2O3, Fe2O3, etc. (Shi 

et al., 2020). It is prone to the damage from hydroxide ions present in the concrete pore 

solution and chloride ions if BFRP reinforced concrete is applied to the seawater 

environments (Wang et al., 2017b; Lu et al., 2021). The existence of silicon oxide 

framework in basalt fibre is likely to be broken by hydroxide ion attack as shown in 

Eq.2-1, while ferrous ions existing in basalt fibre are expected to react with both of 

chloride ions and hydroxide ions as presented in Eq.2-2 and Eq.2-3, respectively (Wang 

et al., 2017b; Lu et al., 2021). 

 —Si—O—Si—+OH− →—Si—OH+—Si—O−  (2-1) 
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 Fe2+ + Cl− → [FeCl complex]−  (2-2) 

 [FeCl complex]− + OH− → Fe(OH)2 + Cl−  (2-3) 

 

GFRP employs glass fibre as the reinforcement. Glass fibre is classified into inorganic 

non-metallic material and its major ingredient is silica. Existing studies have proved that 

it is liable to ageing in alkaline environments such as concrete pore solution (Larner et al., 

1976; Bashir et al., 2018). Eq.2-1 can be used to characterise glass fibre ageing as well. 

 

CFRP employs carbon fibre as the reinforcement. The percentage of carbon content in 

carbon fibre is more than 90% (Frank et al., 2012). Based on its manufacturing technology, 

carbon atoms are intensively aligned in the crystalline structure of regular hexagon 

(Huang, 2009; Frank et al., 2012). Such a firm structure alignment ensures carbon fibre 

is impermeable and almost corrosion-free during its service life under the possible normal 

service conditions including acid, alkaline, salt solution and moisture (Toumpanaki et al., 

2015; Raman et al., 2020; Shen et al., 2021). Thus, carbon fibre can be seen as a 

chemically inert material in this study. Existing studies focusing on the FRP material 

ageing have demonstrated the corrosion-free property of carbon fibre (Guo et al., 2018; 

Wang et al., 2018; Bazli et al., 2020). Compared with basalt fibre or glass fibre, carbon 

fibre is able to keep its integrity to a full extent after ageing conditioning, as no visible 

corrosion pitting or etching can be found on its surface (Guo et al., 2018; Wang et al., 

2018; Bazli et al., 2020). 

 

According to the research results reported in the literature, carbon fibre has a higher 

performance of electrochemical resistance than other types of fibres and thus FRP 

composites made up by carbon fibre have a better durability performance, especially 

when exposed to harsh environment. Likewise, ageing phenomenon is unlikely to happen 



2 Literature review 

42 

on the carbon fibre embedded in concrete. Focusing on marine environment, carbon fibre 

composite was thus selected to reinforce the mortar in the present study. 

 

However, existing literature listed here cannot proves that CFRP reinforced concrete is 

fully corrosion-free when exposed to marine environment. The polymer matrix that bonds 

fibre together and the adhesive interface between FRP and concrete would be subject to 

damage from those ageing environments and consequently may have macroscopic ageing 

degradation such as the decrease in the material mechanical performance (Alessi et al., 

2014; Cui et al., 2021). The degradation mechanism of polymer under marine 

environment will be further discussed in Chapter 3.  

 

2.3.3 Effect of concrete types on ageing behaviour 

 

The exploitation of FRP materials widens the use of concrete raw materials that have been 

prohibited in conventional steel reinforced concrete products. However, different 

concrete may differ the ageing behaviour of FRP reinforced concrete. Three typical 

concrete types, i.e. normal OPC with its cementitious binder fully based on normal 

Portland cement, HPC and SWSSC, are discussed in this section. 

 

In addition to normal OPC that has been commercially used in the FRP (including fibre 

mesh) reinforced structures since 1980s (Nanni et al., 2014), HPC has attracted a lot of 

interest in recent years as the combination of FRP and HPC can better utilise the material 

strength of both components (Tayeh et al., 2019; Wyrzykowski et al., 2020). As HPC 

usually replaces a portion of normal Portland cement with pulverised fuel ash, ground 

granulated blast furnace slag and silica fume (Kim et al., 2012), the alkalinity of HPC 

pore solution can decline considerably compared with normal OPC (Ahmed et al., 2020). 
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If the concrete pore solution has a relatively low alkaline concentration, basalt and glass 

fibre reinforcements are less likely to be attacked by hydroxide ions and thus show a 

better durability performance, while carbon fibre is barely affected by the alkalinity of 

concrete pore solution as discussed in Section 2.3.2. Although the usage of normal OPC 

or HPC does not deteriorate the long-term performance of carbon fibre itself, a high 

alkaline condition is still able to damage the polymer matrix and the adhesive interface, 

which plays an important part in the ageing behaviour of FRP reinforced concrete (Won 

et al., 2008a; Wang and Petrů, 2019). 

 

SWSSC is a new type of concrete used together with FRP reinforcement. Compared with 

the conventional concrete using freshwater and river sand in the mix design, SWSSC due 

to the use of seawater and sea sand has high chloride ions content with 3.2 kg/m3 in the 

concrete (Teng et al., 2019). It is well known that chloride ion is detrimental to steel 

reinforcement due to its acid nature, but no consensus has been agreed on its influence to 

the ageing behaviour of FRP reinforcement (Wang et al., 2017b; Ahmed et al., 2020). 

Based on the rather limited studies that have been found on the long-term durability of 

FRP reinforced SWSSC, CFRP reinforced SWSSC is usually reported to have a better 

durability performance than other types of FRP reinforced SWSSC (Li et al., 2018; Wang 

et al., 2018; Bazli et al., 2020). For example, Bazli et al. (2020) found that after 180 days 

of 60 °C ageing conditioning in SWSSC pore solution, the retention of hoop tensile 

strength for CFRP tube used to fill SWSSC is 48.3%, higher than GFRP and BFRP by 

17.6% and 23.2%, respectively. 

 

When HPC is utilised as the concrete substrate for FRP reinforcement, the relatively low 

alkalinity of the pore solution present in concrete is beneficial to the protection of the FRP 

reinforcement. In the meantime, seawater and sea sand can be introduced into the concrete 
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mix design as well. Additionally, owing to the intrinsic property of chemical inertness, 

carbon fibre is deemed to be durable working in HPC combined with sea sand and 

seawater. Based on the existing research (Toumpanaki et al., 2015; Guo et al., 2018; Li 

et al., 2018; Wang et al., 2018; Bazli et al., 2020; Raman et al., 2020; Shen et al., 2021), 

the carbon fibre itself hardly contribute to the ageing of CFRP reinforced concrete. 

 

According to the literature listed above, HPC has a better durability performance exposed 

to marine environment than OPC does and it can also provide a better protection for FRP 

reinforcement embedded inside. Therefore, it is rational for the present study to use the 

mortar with the similar mix design of HPC when prepare CFSRM specimens. However, 

the basic mechanical properties of the mortar following this technology need to be 

experimentally tested, especially when sea sand and seawater are introduced into its mix 

design, as their effects on the bond behaviour between CFS and mortar remains unclear. 

 

2.3.4 Effect of sample shapes, structures and testing approaches 

 

A wide variety of FRP reinforcement types have been used in reinforced concrete, 

including bar, plate, tube and mesh. Depending on the different structural types and 

applications, they may present diverse ageing behaviour. In order to effectively evaluate 

the deterioration in their mechanical properties, tensile, compressive, bending, pull-out 

and pull-off tests are commonly used. 

 

The tensile tests are usually conducted to study the long-term durability if the mechanical 

behaviour is dominated by the fibre tensile properties, such as the textile reinforced 

concrete plates or FRP laminate. Munck et al. (2018) treated GFRP reinforced laminate 

with heat-rain cycles and tested the tensile strength after treatment, as shown in Fig.2-14. 
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According to the test results, the authors found that the laminate tensile strength was 

reduced by 42% after the ageing conditioning, and the obvious damage caused by the 

ageing process could be observed on the surface of glass fibre reinforcement (Munck et 

al., 2018). Similar findings of tensile ageing behaviour were also reported based on glass 

fibre textile reinforced plate by Santis and Felice (2015) as well as Butler et al. (2010). 

However, such an ageing phenomenon is not obvious for CFRP reinforced plate. Spelter 

et al. (2019) immersed CFRP reinforced plate into 60 °C water over 6000 hours (250 days) 

but did not find the tensile strength reduction after the ageing treatment. The enduring 

tensile performance of CFRP reinforced concrete is attributed to the integrity of carbon 

fibre during the ageing process, because the mechanical property of tensile resistance is 

mainly determined by fibre reinforcement (Weitsman, 2012; Kafodya et al., 2015; 

Heshmati et al., 2016; Benmokrane and Ali, 2018). 

 

 

Fig.2-14 Tensile test of a plate sample after ageing treatment (Munck et al., 2018). 
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If the ageing behaviour of sample is mainly dominated by the polymer matrix and the 

interfacial bonding, shear strength is a quantitative indicator conventionally used in the 

durability research (Weitsman, 2012; Kafodya et al., 2015; Heshmati et al., 2016; 

Benmokrane and Ali, 2018). Various testing methods have been proposed to study the 

shear-stress controlled ageing behaviour of FRP reinforced concrete, one of which is the 

pull-out test. It is usually adopted to test a FRP bar or rod embedded in cubic or cylindrical 

concrete substrate. 

 

Fig.2-15 shows the FRP bar pull-out test carried out by Nepomuceno et al. (2021). Belarbi 

and Wang (2012) used the same method to study the CFRP bar reinforced concrete in salt 

water with cyclic temperature changes varying from 35 °C to 60 °C and found that the 

pull-out strength was reduced by 23% after the conditioning of 200 cycles with 160 

minutes spent on each of them. Likewise, Wang et al. (2018) used the seawater immersion 

method at elevated-temperature of 60 °C and 80 °C to rapidly age CFRP bar reinforced 

concrete, and found a 59% decrease in the interfacial shear resistance on the 120th day of 

exposure conditioning. 
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Fig.2-15 Pull-out test of FRP bar embedded in concrete block after ageing treatment 

(Nepomuceno et al., 2021). 

 

Another testing approach is the pull-off test, as illustrated in Fig.2-16, which focuses on 

the in-plane shear bond strength between a FRP laminate and the substrate (Li et al., 2010). 

It is usually adopted for the durability study of thin-layer FRP laminate adhering to 

concrete surface. In compliance with this testing approach, the test results from Pan et al. 

(2015) revealed that the average value of the maximum shear force acting upon the FRP 

layer/concrete interface dropped to 67% after immersing in 50 °C water over two weeks. 
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                                                   (a)                                                  (b) 

Fig.2-16 Pull-off test of FRP laminate adhering to concrete surface after ageing 

treatment: (a) lateral view; (b) front view (Li et al., 2010). 

 

Tatar and Hamilton (2016) have carried out three-point bending tests to study the ageing 

behaviour of FRP reinforced beam as shown in Fig.2-17. FRP located at the tensile region 

of the beam carries both tensile force and interfacial shear force between FRP and 

concrete. Therefore, the bending resistance deterioration subject to the ageing 

environment can be attributed to not only the fibre or polymer itself, but also the 

FRP/substrate interface (Marouani et al., 2012; Tanks et al., 2017). Similarly, by 

conducting bending test, Dong et al. (2018) indicated that BFRP bar reinforced concrete 

beam had an obvious ageing behaviour as the maximum load applied to the beam fell by 

21% after immersing in 50 °C seawater for nine months. In addition, the crack spacing 

during loading became wider with the increase of ageing duration, implying the interfacial 

bond strength degradation (Dong et al., 2018). Similar ageing behaviour was also found 

by Silva et al. (2013) who used CFRP strip as the external strengthening of the beam. 

After hygrothermal accelerated ageing in saline water over 3000 hours (125 days), the 

maximum shear force that the CFRP strip/concrete interface could sustain was reduced 

to 81% (Silva et al., 2013). 
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Fig.2-17 Bending test of FRP reinforced beam after ageing treatment (Tatar and 

Hamilton, 2016). 

 

FRP tubes have been targeted to investigate the ageing behaviour as well. As shown in 

Fig.2-18, Eid and Paultre (2017) carried out experimental work to investigate the effect 

of ageing on the confinement of FRP tube to strengthen concrete columns. Similarly, 

Bazli et al. (2020) investigated the ageing behaviour of concrete-filled CFRP tube, and 

found that the compressive strength retention was 62% after six months of ageing 

conditioning, which was caused by the interface degradation between the exterior CFRP 

constriction and the interior concrete column while no damage was found on carbon fibre 

itself. 
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Fig.2-18 Axial compression test of FRP-confined reinforced concrete column after 

ageing treatment (Eid and Paultre, 2017). 

 

Long-term degradation behaviour studies have been carried out on various types of FRP 

reinforced structures such as plate and beam, with different test methods. According to 

the existing research reports listed above, it can be found that unlike AFRP, BFRP or 

GFRP reinforced concrete materials, the ageing treatment of CFRP reinforced concrete 

hardly lead to the physical damage or mechanical property degradation of carbon fibre 

itself. Under the circumstance, the interfacial deterioration between the fibre 

reinforcement and the concrete substrate is deemed to be the major contributing factor 

that controls the ageing behaviour of CFRP reinforced structures. 

 

2.3.5 Brief summary 

 

The degradation behaviour of fibre composites reinforced concrete has raised wide 

concern both in scientific research and engineering practice. Compared with AFRP, 
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BFRP or GFRP, CFRP is found to have a better durability performance when serving as 

the reinforcement in concrete. On the other hand, HPC can provide a better protection for 

FRP reinforcement than OPC does. Above-mentioned conclusions can be found from 

relevant tests with diverse types of FRP reinforced structures such as plate and beam. 

 

However, while many studies have been carried out on the ageing behaviour of 

conventional FRP reinforcement materials embedded in concrete, no research has been 

found on the durability performance of CFSRM composite material used in the present 

study under marine environments. In order to promote the use of such a new construction 

material, its ageing behaviour, especially when applied to marine environments, needs to 

be better understood. 

 

2.4 Long-term durability prediction model 

 

2.4.1 Overview of existing prediction models  

 

The long-term durability performance needs to be well understood before a new material 

is applied to the construction industry, particularly under harsh conditions such as 

seawater immersion. Focusing on various FRP composite materials, many prediction 

models have been proposed so far. However, methodologies used in those models are 

diverse from each other. General consensus has not been achieved, leading to the 

prediction results varying considerably (Carra and Carvelli, 2015). The research on long-

term properties of FRP reinforced concrete structures is still insufficient and thus makes 

it challenging to conduct a valid durability assessment. Among all the prediction models 

mentioned hereinafter, Arrhenius Law is the fundamental theory. Arrhenius Law, also 
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known as Arrhenius Equation as expressed by Eq.2-4, describes the relationship between 

reaction rate and reaction temperature: 

 𝑘 = 𝐴𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)  (2-4) 

where 𝑘 is the reaction rate constant with the unit in s-1 or d-1; 𝐴 is generally called pre-

exponential factor or frequency factor, which is a dimensionless temperature-independent 

constant and indicates the effective molecular collision frequency during a certain 

reaction; 𝐸𝑎 is the apparent activation energy for the material and reaction type with the 

unit of J·mol-1 or kJ·mol-1, which indicates the minimum energy per mole of molecule 

needed for the reaction to occur and is also temperature independent; the higher the 𝐸𝑎, 

the harder a reaction occurs and progresses; 𝑅 is the universal gas constant, which is 8.314 

J·mol-1·K-1; and 𝑇 is the absolute temperature with the unit of K. 

 

Arrhenius Law was first proposed by Svante Arrhenius in 1889 and has been widely used 

in many scientific fields including mass diffusion, chemical reactions, creep relaxation 

and long-term material degradation (Tant et al., 1995; So et al., 2014; Zhang et al., 2015). 

It is known that the long-term changes in material properties at the micro level can be 

seen as the consequence of the thermal motion along with the interaction of molecules 

that constitute the material (Ito and Nagai, 2007; Kovalenko and Dobryakov, 2013). 

However, the molecular motion cannot be used to describe the macroscopic changes in 

material properties directly. As the thermal motion of molecules is temperature-

dependent, Arrhenius Law explains the correlation between molecular motion and the 

variations in macroscopic material properties in terms of the reaction temperature, thus 

making it possible to calculate the macroscopic rate of physical or chemical changes 

based on the ambient temperature. 
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Taking that thermal motion of molecules is responsible for the degradation in 

macroscopic performance of FRP reinforced concrete (Lu et al., 2021), the theoretical 

long-term behaviour of FRP reinforced concrete could be derived from the short-term 

accelerated experiments based on the Arrhenius Law (Chen, 2007). By applying 

Arrhenius Law, it is assumed that the temperature change only affects the ageing rate of 

material properties rather than the degradation mechanism itself (Davalos et al., 2012b; 

Spelter et al., 2019). Therefore, 𝐸𝑎  is independent of temperature (Moelwyn-Hughes, 

1936; Robert et al., 2010), and as by definition it corresponds to a reaction mechanism. 

 

2.4.2 Prediction Model I 

 

Based on a large amount of ageing testing data about glass fibre reinforced concrete, 

Litherland et al. (1981) were the first to find out that there was a linear relationship 

between the retention of the composite material strength property and the logarithmic 

ageing duration. In accordance with this relationship, Bank et al. (2003) further developed 

an Arrhenius Law-based durability prediction model to characterise the FRP material 

performance reduction over time as shown in Eq.2-5. It is called Prediction Model I 

hereinafter. 

 𝑌 = 𝑎 log(𝑡) + 𝑏  (2-5) 

where 𝑌 is defined as the retention of material properties; 𝑡 is the ageing period; 𝑎 and 𝑏 

are fitting coefficients for the model. 

 

Although Prediction Model I has proved its viability to the durability study of FRP 

mechanical properties such as tension and creep (Robert et al., 2009; Robert and 

Benmokrane, 2013; Spelter et al., 2019), the experimental results from Oncu (2003) and 

Wu et al. (2015) indicate that the mechanical behaviour degradation curves derived from 
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Prediction Model I with different temperatures are not parallel to each other, which 

implies an obvious confliction to the basis of Arrhenius Equation. 

 

Although Serbescu et al. (2015) refined Prediction Model I by defining a linear 

relationship with the logarithm of 𝑌 versus the logarithm of 𝑡, as presented in Eq.2-6, 

such a prediction model still stays at the level of phenomenological research directly 

based on experimental data and thereby lacks broad applicability to other materials or 

sample shapes (Davalos et al., 2012b; Wang et al., 2017b). 

 log(𝑌) = 𝑎 log(𝑡) + 𝑏  (2-6) 

 

2.4.3 Prediction Model II 

 

Focusing on the corrosion deterioration of GFRP in concrete pore solution, Purnell et al. 

(2001) first proposed a static fatigue model as shown in Eq.2-7, which is referred to as 

Prediction Model II, 

 𝑌 =
1

√1+𝑔𝑡
  (2-7) 

where 𝑔  denotes an Arrhenius Law-based function of two variables containing the 

concentration of hydroxyl ions (𝐶) and temperature (𝑇), as presented in Eq.2-8. 

 𝑔 =
𝑘𝐶𝑘𝑇𝐶

𝑎0
𝑒𝑥𝑝 (

−𝐸𝑎

𝑅𝑇
)  (2-8) 

where 𝑘𝐶 and 𝑘𝑇 are the functions of 𝐶 and 𝑇 respectively, obtained from fitting test data; 

and 𝑎0 is the length of initial flaw occurring on GFRP surface. 

 

Although Prediction Model II has been used in many studies on GFRP reinforced concrete 

(Purnell et al., 2001; Purnell and Beddows, 2005; Butler et al., 2009), it is rarely used to 

evaluate the long-term behaviour of CFRP composites, because the fundamental theory 
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supporting Prediction Model II is the glass fibre corrosion in alkaline environments. Its 

ageing mechanism cannot explain the general deterioration of CFSRM specimens. 

 

2.4.4 Prediction Model III 

 

Prediction Model III stems from the empirical analysis of FRP material deterioration 

according to Prian and Barkatt (1999), as presented in Eq.2-9. 

 𝑓 = 𝛽𝑡𝛼  (2-9) 

where 𝑓 symbolises the deterioration rate; 𝛼 and 𝛽 are two fitting coefficients obtained 

from test data. 

 

Derived from Eq.2-9, Davalos et al. (2012b) proposed Prediction Model III to characterise 

the relationship between the residual tensile resistance of GFRP bar and the exposure 

duration, as given in Eq.2-10. 

 𝑌 = 100 (1 −
∫ 𝑓 𝑑𝑡
𝑡
0

𝑟0
)
2

= 100 (1 −
𝛽𝑡𝛼+1

(𝛼+1)𝑟0
)
2

= 100(1 − 𝑗𝑡𝛼+1)2  (2-10) 

where 𝑟0 is the initial radius of GFRP bar; 𝑗 is a model parameter explaining the ageing 

environmental factors and expected to vary with temperature based on Arrhenius Law. 

 

Prediction Model III is designed to estimate the tensile property retention for FRP bar, 

rather than the interfacial shear performance reduction. The hypothesis of Prediction 

Model III is the decrease in the effective cross-sectional area of FRP bar over time, 

thereby causing its tensile resistance to reduce (Davalos et al., 2012b). Accordingly, it is 

not suitable to use Prediction Model III to study the interfacial bonding degradation. 

 

 

 



2 Literature review 

56 

2.4.5 Prediction Model IV 

 

Unlike the aforementioned durability models, Prediction Model IV deems that the 

material degradation speed is fast at the beginning and significantly slows down over time. 

In other words, there is an exponential relationship between FRP material performance 

degradation and the exposure period. The degradation trend revealed by Prediction Model 

IV was first found by Phani and Bose (1986, 1987) via damage detection using ultrasonic 

waves. Then Chen et al. (2006) used this degradation model for describing the bonding 

degradation process at the interface between FRP and concrete. Based on their research 

findings, Prediction Model IV was finally proposed by Davalos et al. (2012b) to assess 

the durability behaviour of interfacial bonding, as given in Eq.2-15. The derivation of 

Prediction Model IV is presented by Eq.2-11 to Eq.2-14. 

 

Defining that 𝑌∞ is the final retention of interfacial bonding performance with the ageing 

duration of infinity while the initial bonding performance is considered as 100, the 

chemical degradation kinetics of interfacial bonding can be expressed as Eq.2-11 in first-

order reaction terms (Hukins et al., 2008; Mohanta et al., 2021). 

 −
𝑑(𝑌−𝑌∞)

𝑑𝑡
= 𝑘(𝑌 − 𝑌∞)  (2-11) 

where 𝑘 is the reaction rate constant of interfacial degradation as per Arrhenius Law. 

 

Integrating both sides of Eq.2-11 with respect to 𝑡, it yields, 

 ∫−
𝑑(𝑌−𝑌∞)

𝑌−𝑌∞
= ∫𝑘 𝑑𝑡  (2-12) 

 

Then Eq.2-12 can be transformed in terms of the logarithmic residual property excluding 

the final retention versus ageing period in linear scale, as given in Eq.2-13. 

 − ln(𝑌 − 𝑌∞) = 𝑘𝑡 + 𝑏  (2-13) 
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where 𝑏 is a constant of integration. 

 

As the boundary condition of Eq.2-13 can be written as 𝑌 − 𝑌∞ = 100 − 𝑌∞ when 𝑡 = 0, 

the integration constant thus is determined as 𝑏 = − ln(100 − 𝑌∞). 

 

Substituting the value of 𝑏 into Eq.2-13, it becomes 

 ln (
𝑌−𝑌∞

100−𝑌∞
) = −𝑘𝑡  (2-14) 

 

Rewriting Eq.2-14 in exponential terms, the expression of Prediction Model IV is 

subsequently derived as 

 𝑌 = (100 − 𝑌∞)𝑒𝑥𝑝(−𝑡/𝜏) + 𝑌∞  (2-15) 

where 1/𝜏 is introduced to denote 𝑘 by relevant references which usually defines 𝜏 as an 

experiment-based fitted coefficient for Prediction Model VI (Chen et al., 2006; 

Toumpanaki et al., 2015). 

 

If the bonding performance retention falls to zero at the ageing period of infinity, namely 

𝑌∞ = 0, the Prediction Model IV can be further simplified to Eq.2-16 (Chen et al., 2006; 

Wang et al., 2017b; Benmokrane and Ali, 2018). 

 𝑌 = 100𝑒𝑥𝑝(−𝑡/𝜏)  (2-16) 

 

Since Prediction Model IV was developed, it has been widely used in assessing the 

durability of interfacial bond behaviour and predicting the long-term deterioration in FRP 

materials with regard to interfacial shear performance (Davalos et al., 2012a; 

Benmokrane and Ali, 2018; Sang et al., 2018). 
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As Prediction Model IV cannot perfectly explain the bonding degradation trend over 

long-term exposure duration for all FRP shear test results, Tanks et al. (2017) proposed a 

refined model based on Prediction Model IV, as presented in Eq.2-17. 

 𝑌 = (100 − 𝑌∞)𝑒𝑥𝑝(−𝛾
𝛽) + 𝑌∞  (2-17) 

where 𝛾  represents 𝑡/𝜏  in Eq.2-15 and 𝛽  is a model coefficient derived from fitting 

ageing test data. 

 

The key parameter governing the prediction result of Prediction Model IV is 1/𝜏, which 

symbolises the Arrhenius reaction rate expression. According to Eq.2-4, 1/𝜏  is only 

controlled by environmental temperature and the intrinsic property of the material used 

in the test. However, many investigations revealed that the interfacial bonding 

degradation also largely depends on the concentration change in water molecules when 

they migrate across the interface and the polymer matrix inside FRP (Liang et al., 2019; 

Pan et al., 2019), which is not included in Prediction Model IV. 

 

2.4.6 Prediction Model V 

 

Taking into account the changes in moisture concentration during immersion 

conditioning, another prediction model was proposed by Papanicolaou et al. (2006), as 

presented in Eq.2-18. It is called residual property model (RPM) according to the author, 

namely Prediction Model V herein. 

 𝑃𝑡

𝑃0
= 𝑠 + (1 − 𝑠)𝑒𝑥𝑝(−𝑠𝑀𝑡)  (2-18) 

where 𝑃𝑡 is the mechanical property retention; 𝑃0 denotes the initial mechanical property; 

𝑠 is the ratio of finial residual property to intact property at the beginning; and 𝑀𝑡 is the 

mass percentage of water absorption for test sample at an arbitrary time.  
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In Prediction Model V, moisture content 𝑀𝑡 is the sole governing parameter that decides 

the degree of ageing within an arbitrary exposure duration. Toumpanaki et al. (2015) 

adopted Prediction Model V to assess the durability of CFRP shear behaviour in elevated-

temperature distilled water, but found that the Prediction Model V does not provide 

reliable predictions for all experimental results. This is because the material degradation 

process would not stop after the moisture content inside the specimen reaches the 

maximum. Such a continuous degradation contributes to the gradually inaccurate 

durability assessment by Prediction Model V compared with the testing data. 

 

2.4.7 Prediction Model VI 

 

Prediction Model VI is an empirical method which is usually widely used in design 

guidelines, including ACI PRC-440.1-15 from America (American Concrete Institute, 

2021), NS 3473: 2003 from Norway (Norwegian Council for Building Standardization, 

2003), CAN/CSA S806 from Canada (Canadian Standards Association, 2021), JSCE-

1997 from Japan (Japan Society of Civil Engineers, 1997), IStructE-1999 from UK 

(Institution of Structural Engineers, 1999) and CNR-DT 203/2006 from Italy (Italian 

National Research Council, 2006). This approach is convenient to use, because the 

material degradation within the service life can be quickly calculated using the 

environmental reduction factor given in the related specifications. 

 

A typical prediction equation classified into Prediction Model VI is proposed by fib Task 

Group 9.3, Bulletin 40 (2007), as presented in Eq.2-19. It focuses on the tensile behaviour 

degradation and can be extended to other mechanical properties as well. 

 𝑓𝑓𝑘,𝑡 = 𝑓𝑓𝑘,1000ℎ/𝜂𝑒𝑛𝑣,𝑡  (2-19) 
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where 𝑓𝑓𝑘,𝑡  is the residual tensile property for the material exposed to a particular 

environmental conditioning over a certain period; 𝑓𝑓𝑘,1000ℎ is the residual tensile property 

under the same ageing condition at the exposure time of 1000 hours; and 𝜂𝑒𝑛𝑣,𝑡 is the 

tensile environmental reduction factor which can be expressed by Eq.2-20. 

 𝜂𝑒𝑛𝑣,𝑡 =
1

(
100−𝑅10

100
)
𝑛  (2-20) 

where 𝑅10 is the reduction of the material property in percentage during one logarithmic 

decade of conditioning; and 𝑛 is the environmental influence determined by the synergy 

of moisture, temperature, structure size etc. Note that 𝑛 is directly given by the design 

codes in accordance with the specifically defined environmental conditions. 

 

As a decisive parameter in the prediction method based on Prediction Model IV, the 

environmental reduction factor is further explored by later studies to develop its reliability. 

Huang and Aboutaha (2010) proposed another definition of the reduction factor as shown 

in Eq.2-21. 

 𝜂𝐸 = 1 − [∆1 − 𝜌 ∙ 𝑙𝑜𝑔(𝐷𝐿 ∙ 𝑇𝑆𝐹)] ∙ 𝑛𝐻  (2-21) 

where 𝜂𝐸  is the reduction factor; ∆1  is the percentage of property reduction at the 

reference temperature during the first year; 𝜌  is the slope of retention-time curve in 

double logarithmic scale; 𝐷𝐿 is the projection of design life without any environmental 

influence; and 𝑛𝐻 is the degree of saturation. 

 

Based on the research work with regard to Eq.2-21, Dong et al. (2017) modified the 

expression of 𝜂𝐸  as presented in Eq.2-22. 

 𝜂𝐸 = 1 − 𝛽 ∙ [∆1 + 𝜌 ∙ log (
𝐷𝐿

𝛼∙𝑇𝑆𝐹∙𝜂
)]  (2-22) 

where 𝛼, 𝛽 and 𝜂 are three correction coefficients related to experimental exposure. 
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After the refinement revolving around the diverse exposure conditions, the environmental 

reduction factors become more flexible to use in predicting the long-term behaviour in 

different scenarios (Huang and Aboutaha, 2010; Dong et al., 2017). However, using 

predetermined reduction factors is still rough and sometimes unconvincing, as the real 

environmental exposure is usually complicated. As a result, employing predetermined 

reduction factors to assess a new material durability would be questionable (Huang and 

Aboutaha, 2010). 

 

2.4.8 Brief summary 

 

The present study discussed the current prediction approaches to estimate the durability 

performance of FRP reinforced structures. There were six different prediction models 

introduced herein, all of which have been proved valid by means of the experimental 

records published in the relevant references. 

 

However, each prediction model has its own limitations respectively. Prediction Model I 

and II stayed at the level of phenomenological research which restricted their scope of 

applications. Prediction Model III was suitable for the bar-shaped reinforcement but could 

hardly be applied to other shapes. Prediction Model IV did not consider the concentration 

changes in water molecules that was usually responsible for the water-induced 

deterioration in adhesive bonding, while Prediction Model V considered moisture as the 

single contributing factor to the contrary. Prediction Model VI along with the 

environmental reduction factors it proposed was essentially an empirical method, still 

rough for scientific research to predict the durability behaviour under various 

environments. 
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2.5 Summary 

 

The literature review here introduced the FRP reinforced concrete along with its 

degradation behaviour under environmental conditioning. Although such a construction 

material attracted much attention in recent years, there is still lack of understanding, 

especially its long-term durability, neither from laboratory investigations nor from 

construction projects on account of its short application history. 

 

The combination of fibre composite reinforcement and HPC can better utilise the material 

strength of both components. However, existing research is far from forming a complete 

system on this area. Rare studies focus on FRP reinforced concrete which possesses high 

performance as well as adopts seawater, sea sand and sustainable admixtures at the same 

time. 

 

While a lot of durability research has been done on FRP reinforced materials exposed to 

severe conditioning, almost no quantitative conclusion has been reached due to the 

different materials used in the tests, sample shapes, testing methods and evaluation 

indicators. CFRP reinforced concrete generally has a better long-term performance than 

others when exposed to moisture environment, but the related literature has not 

considered carbon fibre textile reinforced concrete or mortar cast by sea sand, seawater 

and admixtures. 

 

Although many prediction approaches have been proposed to estimate the durability 

performance of FRP reinforced structures, there are limits to their application ranges 

respectively, as reviewed in Section 2.4. Therefore, it is necessary for the present study 
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to further investigate the durability prediction method which is targeted at carbon fibre 

textile reinforced mortar applied to marine environment. 

 

To sum up, FRP reinforced concrete/mortar that utilises sea sand, seawater and 

admixtures has superiority in construction industry compared with conventional steel 

reinforced materials, particularly under marine environment. Carbon fibre TRM is a new 

construction material belonging to the FRP reinforced material family. In order to make 

better use of it, more studies should be done to understand its long-term durability 

performance when it is exposed to marine environment. 
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3 DEGRADATION MECHANISMS OF TRM EXPOSED TO MARINE 

ENVIRONMENT 

 

3.1 Overview 

 

According to the literature review presented in Chapter 2, the long-term degradation of 

carbon fibre TRM is less likely to result from the mortar substrate or carbon fibre itself. 

HPC blended with the admixtures of PFA, GGBS and SF in this study has relatively low 

alkaline concentration in its pore solution and high corrosion resistance against seawater 

environments. Hence the mortar substrate adopted is unlikely to cause degradation in 

TRM. Likewise, carbon fibre itself proves to have the chemically inert behaviour as 

explained in Chapter 2. Relevant studies have suggested that the deterioration occurring 

in the polymer matrix that bonds carbon fibre together and the adhesive interface between 

fibre reinforcement and mortar are the main sources leading to the degradation. 

Meanwhile, moisture attack plays a key role in the long-term degradation process located 

in these areas.  

 

This chapter conducts an in-depth study on the degradation mechanisms for TRM, 

offering the theoretical foundation for the later experimental and numerical investigations. 

The water diffusion mechanism for TRM, using CFSRM cylindrical specimens as 

adopted for the pull-out tests, will be discussed first. With the water uptake inside CFSRM, 

the moisture swelling of CFS reinforcement produces a negative effect on the bonding 

behaviour, while the adhesive interface and polymer matrix are under attack from water 

molecules continuously. In accordance with Arrhenius Equation, raising ambient 

temperature can obviously accelerate the above-mentioned process. Due to the fact that 

the above-mentioned degradation process is revealed by the pull-out performance decline 



3 Degradation mechanisms of TRM exposed to marine environment 

65 

and both ends of fibre reinforced mortar are acted upon by loading in general engineering 

applications, this chapter proposes an analytical theory of 1D simplified bond-slip 

behaviour along with its interface failure mechanism under loading actions at both ends. 

Finally, this theoretical solution is used to analyse the entire process of pulling out carbon 

fibre strand from mortar in one direction, thereby providing the theoretical support for 

conducting pull-out tests as well as simulating pull-out processes in the later chapters that 

target the coupling effects of hygroscopic expansion and interfacial ageing.  

 

3.2 Water diffusion mechanism 

 

3.2.1 Cylindrical orthotropic water diffusion mechanism 

 

Fick's Law is commonly used to describe the macro-level diffusion behaviour in gas, 

liquid or solid medium (Webb and Pruess, 2003; Donev et al., 2014; Díaz et al., 2016). 

In this study, Fick's Law is adopted to investigate the long-term water diffusion 

mechanism of seawater mortar (SM), CFS and CFSRM specimens by immersing them in 

seawater. 

 

Both CFS and SM that used to make CFSRM specimens for water diffusion in this study 

feature a cylindrical shape (See the details in Chapter 4). Therefore, the axisymmetric 

geometry can be adopted to study the water uptake behaviour. 

 

The SM is assumed uniform and thus possesses the isotropic physical properties including 

its water diffusion coefficient. Therefore, the cylindrical specimen has the same diffusion 

coefficient (𝐷𝑆𝑀) along its axial and radial directions.  
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Unlike SM material, CFS material has a feature of orthotropy (Ahmad et al., 2017; Tie et 

al., 2020). In terms of its water diffusion behaviour, the diffusion coefficient is higher in 

axial direction 𝐷𝐶𝐹𝑆𝑧 than in radial direction 𝐷𝐶𝐹𝑆𝑟  by up to ten times (Aoki et al., 2008; 

Barjasteh and Nutt, 2012; Huo et al., 2015; Li et al., 2018). Although theoretically the 

polymer matrix of carbon fibre is isotropic and has identical diffusion behaviour in any 

direction, there are voids and cracks generated at the interface between the fibre and the 

matrix inside CFS during its fabrication (Bao and Yee, 2002a). As voids and cracks are 

quickly filled with water during immersion, the apparent diffusion rate along axial 

direction inside CFS would be distinctly faster than that in radial direction (Bao and Yee, 

2002a). For 𝐷𝐶𝐹𝑆𝑟, it only shows the intrinsic diffusion behaviour in the polymer matrix 

(Bao and Yee, 2002b). As a result, the water uptake mechanism for CFS should consider 

the different diffusion coefficients of 𝐷𝐶𝐹𝑆𝑧 and  𝐷𝐶𝐹𝑆𝑟 at the same time. 

 

 

Fig.3-1 Diagram of diffusion mechanism: (a) cylindrical isotropic diffusion in 

SM material; (b) cylindrical orthotropic diffusion in CFS material. 
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As shown in Fig.3-1, cylindrical coordinates are more convenient to describe the diffusion 

mechanism mentioned above. Now define that the moisture concentration inside the 

cylinder at an arbitrary time and point is 𝐶(𝑟, 𝑧, 𝑡). Let the radius and the half height of 

the cylinder be denoted by 𝑟𝑅  and 𝑧ℎ  respectively. The mass function 𝑀(𝑡)  that 

represents the total water absorption dependent on 𝑡 can be written as Eq.3-1. Note that 

𝐶(𝑟, 𝑧, 𝑡) here cannot exceed the saturated concentration 𝐶′ which is independent of time. 

 𝑀(𝑡) = ∫ 𝑑𝜃
2𝜋

0
∫ 𝑟 𝑑𝑟
𝑟𝑅

0
∫ 𝐶(𝑟, 𝑧, 𝑡) 𝑑𝑧
𝑧ℎ
−𝑧ℎ

  (3-1) 

 

Combined with Fick's Law, the general form of 𝑀(𝑡) in a cylindrical orthotropic water 

diffusion field can be derived as Eq.3-2, which is adopted to study the diffusion 

mechanism in the cylindrical structure (Watson et al., 2010; Gagani et al., 2018). 

 

 𝑀(𝑡) = 𝑀′ {1 −
32

𝜋2
∑

1

𝛼𝑚2
exp (−𝛼𝑚

2 𝐷𝑟

𝑟𝑅2
𝑡)∞

𝑚=1 ×  

 ∑
1

(2𝑛+1)2
exp [−(2𝑛 + 1)2𝜋2

𝐷𝑧

4𝑧ℎ
2 𝑡]

∞
𝑛=0 }  (3-2) 

where 𝑀′ is the water content at saturated concentration state; 𝐷𝑟 and 𝐷𝑧 are the diffusion 

coefficient in radial and axial direction, respectively; 𝛼𝑚  are the roots of 𝐽0  Bessel 

function, namely 𝐽0(𝛼𝑚) = 0; and 𝑚 gives the sequence of these roots, i.e. 𝛼1 means the 

first root of 𝐽0. 

 

If the material is uniform and has an isotropic water diffusion coefficient 𝐷, Eq.3-2 can 

be simplified to 

 𝑀(𝑡) = 𝑀′ {1 −
32

𝜋2
∑

1

𝛼𝑚2 exp (−𝛼𝑚
2 𝐷

𝑟𝑅2
𝑡)∞

𝑚=1 ×  

 ∑
1

(2𝑛+1)2
exp [−(2𝑛 + 1)2𝜋2

𝐷

4𝑧ℎ
2 𝑡]

∞
𝑛=0 }  (3-3) 
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Eq.3-2 illustrates the relationship between the water uptake and time in a cylindrical 

orthotropic water diffusion field, while Eq.3-3 describes their relationship in a cylindrical 

isotropic water diffusion field. It can be found that the total mass of water absorption at 

saturation state and the diffusion coefficients are the two critical parameters that decide 

the water diffusion behaviour. However, the behaviour is also influenced by the 

temperature of the solution used for immersing specimens, according to Arrhenius Law, 

which will be discussed in later sections.  

 

3.2.2 Arrhenius Law and time-temperature superposition 

 

This section adopts the Arrhenius Law to study the water diffusion mechanism, along 

with the effect of time-temperature superposition on the diffusion behaviour.  

 

According to the basic form of Arrhenius Equation (Eq.2-4) as explained in Section 2.4.1, 

it can be found that once employing Arrhenius Law to study the rate of diffusion, the 

diffusion mechanism should comply with the default precondition that the variation in 

temperature only influences the water diffusion rate but not the diffusion mechanism itself. 

 

Taking the natural logarithm of Eq.2-4, it yields 

 ln (
1

𝑘
) =

𝐸𝑎

𝑅

1

𝑇
− ln(𝐴)  (3-4) 

 

As 𝐸𝑎 , 𝑅 and 𝐴 are all temperature independent, Eq.3-4 indicates a linear relationship 

between ln (1
𝑘
) and 1

𝑇
, where 𝐸𝑎

𝑅
 can be seen as the slope of the straight line and − ln(𝐴) 

is the intercept on coordinate axis.  
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Eq.3-4 serves as the theoretical basis of time-temperature superposition principle (Tajvidi 

et al., 2005; Amiri et al., 2015). Once obtaining the values of 𝑘  under two different 

temperatures of 𝑇1 and 𝑇2 within the same medium, they yield 

 {
ln (

1

𝑘1
) =

𝐸𝑎

𝑅

1

𝑇1
− ln(𝐴)

ln (
1

𝑘2
) =

𝐸𝑎

𝑅

1

𝑇2
− ln(𝐴)

  (3-5) 

Then the slope of 𝐸𝑎
𝑅

 can be obtained. According to this superposition principle, the 

temperature-dependent water uptake behaviour can be manipulated by changing the 

ambient temperature. Therefore, a long-term water diffusion test can be accelerated by 

raising temperature. By defining 𝑀 as the maximum mass of water uptake for a specimen, 

it yields 

 𝑀(𝑡1, 𝑇1) = 𝑀(𝑡2, 𝑇2)  (3-6) 

 

where 𝑡1 and 𝑡2 are the time required for reaching the saturated water absorption under 

the ambient temperature of 𝑇1 and 𝑇2, respectively. 

 

Since the water diffusion rate varies with the ambient temperature, their relationship can 

be described as 

 {
𝑇1 > 𝑇2  ⇔  𝑡1 < 𝑡2
𝑇1 < 𝑇2  ⇔  𝑡1 > 𝑡2
𝑇1 = 𝑇2  ⇔  𝑡1 = 𝑡2

  (3-7) 

 

Eq.3-6 and Eq.3-7 can be further explained by the correlation of water diffusion 

coefficient 𝐷 with the diffusion temperature 𝑇 in terms of Arrhenius Law. During the 

water diffusion process, 𝐷 is physically equal to 𝑘 in Eq.3-4. Then the value of 𝐷 at an 

arbitrary 𝑇 can be derived as a function of 𝑇, namely 𝐷(𝑇). By introducing the initial 

diffusion coefficient 𝐷0  as a baseline for the diffusion rate at the corresponding 

temperature of 𝑇0, Eq.3-4 can be transformed as 
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 𝐷(𝑇) = 𝐷0 exp [
𝐸𝑎

𝑅
(
1

𝑇0
−

1

𝑇
)]  (3-8) 

 

Using Eq.3-8, the shift factor 𝛼𝑇  of time-temperature superposition can be derived as 

shown in Eq.3-9: 

 ln(𝛼𝑇) = ln (
𝐷

𝐷0
) =

𝐸𝑎

𝑅
(
1

𝑇0
−

1

𝑇
)  (3-9) 

 

The mass increment for water uptake is usually extremely small during a limited testing 

period. Besides, mediums comprised of high performance mortar or polymer resin usually 

have a small 𝐷 (Carra and Carvelli, 2015), and thus it takes a long duration of immersion 

for specimens made by those materials to attain saturation state at room temperature. To 

accelerate the water absorption process and quickly achieve the saturation, raising 𝑇 is 

commonly used in many studies on water diffusion (Takiya et al., 2015; Li et al., 2018). 

It is a helpful method for those investigations into water uptake behaviour to overcome 

the limitation on test period and avoid the measurement deviation caused by the short 

time. 

 

According to Eq.3-8 and Eq.3-9, at least two different immersion temperatures are always 

needed to solve 𝛼𝑇 and 𝐸𝑎 for studying the water uptake mechanism of a specimen. In 

addition, the selected immersion temperature ranges from room temperature and 60 °C 

(Robert et al., 2010; Jiang et al., 2014). Selecting too high temperature would be more 

likely to make the specimen, especially the polymer matrix used therein, fail to obey its 

original water diffusion mechanism based on Fick's Law and Arrhenius Law (Robert et 

al., 2010; Jiang et al., 2014). However, selecting too low temperature would make it more 

difficult to observe the water absorption increment within the immersion duration. 

Relevant contents about this part will be further discussed in Chapter 4. 
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3.3 Hygroscopic expansion 

 

3.3.1 Hygroscopic expansion mechanism 

 

CFS used herein is susceptible to moisture conditions due to its polymer matrix part that 

serves as the adhesive during the fabrication process of carbon fibre textile (Zhang et al., 

2015). While its carbon fibre component resists the water ingress and thus would not be 

subject to the moisture-related effect (Tsai, 1988; Ibarra and Chamorro, 1991; Meng et 

al., 2015; Toscano et al., 2016), the other component of CFS, namely the polymer matrix, 

is sensitive to water molecules ingression, which would cause a series of physical and 

chemical changes such as swelling, osmotic cracking, plasticising, hydrolysis, polymer 

chain scission or polymer cross-link density reduction (Weitsman, 2011; Regazzi et al., 

2016; Kari, 2017; Bahrololoumi et al., 2020). Consequently, the mechanical performance 

of CFSRM specimen is affected by ambient moisture. Although water uptake has multiple 

effects on this composite material, the mechanism of its interior hygroscopic expansion 

can be analysed separately. By using FEM tools in Chapter 5, the effect of CFS 

hygroscopic expansion on CFSRM pull-out behaviour can be decoupled from those 

multiple effects and further help analyse the experimental results in Chapter 6 

quantitatively. 

 

At the micro level, the onset of hygroscopic expansion often follows the water molecular 

movement from ambient environment to the inner space among macromolecular chain 

structures of the polymer matrix during the diffusion process (Pérez-Pacheco et al., 2013; 

Kafodya et al., 2015). Then the interior free volume of cross-linked polymer chain 

networks is occupied by absorbed water molecules gradually. With the water uptake 

going on, a portion of internal free water converts into bound water attached to polymer 
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chains, leading to the deformation and swelling of chain segments (Pérez-Pacheco et al., 

2013; Amidi and Wang, 2016). As more and more water molecules are jammed into the 

inner space among polymer chains, these molecules are more likely to weaken or even 

break the Van der Waals interactions present in the cross-linked chain network structures, 

thereby giving polymer chains greater freedom and mobility to change its spatial 

morphology, especially for making the dilatation movement (Pérez-Pacheco et al., 2013; 

Bahrololoumi et al., 2020). The diagram of such a microscopic expansion mechanism 

based on water molecular movement is illustrated in Fig.3-2. 

 

 

Fig.3-2 Diagram of microscopic hygroscopic expansion mechanism. 

 

At the meso scale level, the porous structure of polymer matrix is another factor that 

contributes to its swelling when absorbing moisture (Toumpanaki et al., 2020). The 

interior of polymer matrix contains quantities of voids and pores (Fan, 2008). The ingress 

of water molecules into the polymer matrix is prone to enlarge those voids and pores, 

resulting in the swelling phenomenon (Shirangi, 2010; Amidi and Wang, 2016). 

 

Above mentioned local hygroscopic expansion mechanisms are applicable to an arbitrary 

point inside the polymer matrix of CFS. At last, the macro swelling behaviour of CFS can 

be observed with increased water uptake. 
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Note that this swelling behaviour of CFS in the present study specifies its transverse 

swelling in particular. Compared with the transverse hygroscopic swelling ratio, the 

longitudinal swelling ratio of fibre reinforced polymer material is found to be 

insignificant according to the relevant experimental measurement in references (Tsai, 

1988; Krauklis et al., 2019). Such an orthotropic dilatation characteristic of the composite 

material is due to the high elastic modulus of the carbon fibre reinforcement which is 

aligned with the axial direction of CFS but does not absorb water or swell, as well as the 

much lower elastic modulus of the polymer matrix itself (Meng et al., 2015). Thus, the 

global dilatation of CFS in its longitudinal orientation is anticipated to be negligible. To 

optimise the analysis method for the hygroscopic expansion mechanism, the present study 

only pays attention to the transverse swelling behaviour of CFS subject to water uptake. 

Without special emphasis, CFS swelling hereinafter only indicates the transverse swelling. 

 

It has been proved by existing literature that the hygroscopic expansion of the polymer 

based material is directly proportional to its current moisture concentration if the mass 

percentage of water absorption does not exceed 2% (Shen and Springer, 1976; Cairns and 

Adams, 1983). Then the correlation between the dilatation strain and the moisture 

concentration yields 

 휀𝐻𝐸 = 𝛽𝑠𝑟𝐶𝐶𝐹𝑆  (3-10) 

wherein 휀𝐻𝐸  is the transverse hygroscopic expansion strain of CFS; and 𝛽𝑠𝑟  is the 

swelling ratio, namely the ratio of dilatation strain to current moisture concentration at a 

point in CFS. 

 

As 𝐶𝐶𝐹𝑆 cannot be directly measured by water uptake test or strictly describe the water 

content in CFS, the present study introduces the concept of mass concentration 𝑃𝐴𝐶𝐹𝑆 in 

percentage, namely the percentage of water absorption that occupies the mass of CFS 
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under its dry condition, along with the coefficient of hygroscopic expansion 𝛽𝐶𝐻𝐸  to 

rephrase the relationship between hygroscopic expansion and moisture content as 

 휀𝐻𝐸 = 𝛽𝐶𝐻𝐸𝑃𝐴𝐶𝐹𝑆  (3-11) 

 

Considering that 𝐶𝐶𝐹𝑆 has the physical meaning of molar concentration equal to the ratio 

between molar quantities of water molecules and the volume of CFS material used, 

whereas 𝑃𝐴𝐶𝐹𝑆 represents the mass concentration equal to the mass ratio of water content 

to CFS material used, 𝛽𝐶𝐻𝐸  can be transformed from 𝛽𝑠𝑟  by using Eq.3-12 which is 

deemed as the expression of their relationship derived from Eq.3-10 in combination with 

Eq.3-11. 

 𝛽𝐶𝐻𝐸 = 𝛽𝑠𝑟
𝐶𝐶𝐹𝑆

𝑃𝐴𝐶𝐹𝑆
= 𝛽𝑠𝑟

𝜌𝐶𝐹𝑆

𝑀𝑤
  (3-12) 

where 𝜌𝐶𝐹𝑆 is the material density of CFS; 𝑀𝑤 = 18 g/mol, denoting the molar mass of 

water. 

 

However, once CFS possesses an initial moisture content to a certain degree before 

starting the test, the practical swelling strain during the test period should remove the 

initial dilatation value from the total dilatation value. In this study, CFS is embedded in 

fresh SM with 28 days of immersion curing before the test. The moisture stemming from 

its external SM substrate can easily diffuses into the interior of CFS reinforcement with 

a very small radius of 0.7 mm over one month of immersion in 20 °C seawater. 

Furthermore, SM used here has more than ten times the diameter of the central CFS and 

thus can provide adequate free water diffusing into CFS in the first 28 days after casting. 

In view of these factors, the present study considers that CFS embedded therein has an 

equal moisture concentration to the 28th day's concentration of its surrounding SM 

substrate. Excluding the initial expansion of CFS owing to its water content growth before 
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the specimen passes the standard curing time of 28 days, the practical hygroscopic 

expansion strain taking place in the test herein after 28 days can be written as 

 휀𝐻𝐸 = 𝛽𝐶𝐻𝐸(𝑃𝐴𝐶𝐹𝑆 − 𝑃𝐴𝐶𝐹𝑆28)  (3-13) 

where 𝑃𝐴𝐶𝐹𝑆28 denotes the mass percent concentration of water absorption at the 28th 

curing day for CFS embedded in CFSRM specimen. 

 

As per Hooke’s Law, the elastic stress-strain constitutive relation for CFS can be defined 

as 

 𝜎𝐶𝐹𝑆 = [𝐾𝐶𝐹𝑆
𝑒𝑙 ]휀𝐶𝐹𝑆

𝑒𝑙   (3-14) 

where 𝜎𝐶𝐹𝑆 symbolises the stress existing in CFS; [𝐾𝐶𝐹𝑆𝑒𝑙 ] symbolises the material elastic 

stiffness matrix for CFS; 휀𝐶𝐹𝑆𝑒𝑙  symbolises the elastic strain in CFS. 

 

Note that 휀𝐶𝐹𝑆𝑒𝑙  herein is not equal to the total strain of CFS owing to the presence of 

swelling strain, as given in Eq.3-15 

 휀𝐶𝐹𝑆
𝑡 = 휀𝐶𝐹𝑆

𝑒𝑙 + 휀𝐻𝐸  (3-15) 

where 휀𝐶𝐹𝑆𝑡  represents the total strain in CFS. 

 

Substituting Eq.3-13 and Eq.3-15 into Eq.3-14, the practical stress-strain relation of CFS 

when taking account of the occurrence of its hygroscopic expansion behaviour can be 

obtained as 

 𝜎𝐶𝐹𝑆 = [𝐾𝐶𝐹𝑆
𝑒𝑙 ][휀𝐶𝐹𝑆

𝑡 − 𝛽𝐶𝐻𝐸(𝑃𝐴𝐶𝐹𝑆 − 𝑃𝐴𝐶𝐹𝑆28)]  (3-16) 

 

3.3.2 Research hypothesis about swelling effect on CFSRM specimens 

 

If CFS is not acted upon by any constraint force during its swelling process, namely the 

free expansion, its total strain 휀𝐶𝐹𝑆𝑡  is expected to be the same as 휀𝐻𝐸, and thereby no stress 
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would occur. However, CFS reinforcement herein is embedded in hardened SM substrate 

when it suffers the seawater immersion curing along with the entire CFSRM specimen. 

Obviously, its hygroscopic expansion behaviour is restricted by the hoop of cylindrical 

SM, causing the occurrence of 휀𝐶𝐹𝑆𝑒𝑙  in Eq.3-15 and the corresponding 𝜎𝐶𝐹𝑆 which can be 

deemed as the swelling stress inside CFSRM. 

 

The transverse elastic modulus of fibre reinforced polymer material is dependent on the 

polymer matrix and thus usually has a much lower value than the mortar elastic modulus 

especially for the high strength mortar (Sun et al., 2014; Faraj et al., 2019). On the other 

hand, the radius of SM cylindrical hoop herein is more than ten times longer compared 

with the CFS reinforcement. It can be found that the transverse compression stiffness of 

SM component is vastly higher than that of CFS component used herein. In consequence, 

the SM hoop tends to retain its original position subject to the swelling press from the 

CFS reinforcement. On account of Poisson effect, the transverse swelling strain of CFS 

is more likely to be converted into its axial strain inside CFSRM, particularly at both ends 

of CFS, when the lateral surface of CFS bears the restraining force provided by the 

surrounding SM substrate. The diagram of this phenomenon is illustrated in Fig.3-3. 
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(a)                                         (b)                                        (c) 

Fig.3-3 Swelling deformation diagram of CFS embedded in a CFSRM specimen: (a) 

before hygroscopic expansion; (b) assumed free hygroscopic deformation; (c) practical 

hygroscopic deformation for CFS under restraint conditions from surrounding SM. 

 

With the axial deformation of CFS occurring, the interfacial slip between the deformed 

CFS and non-swelling SM material is anticipated to generate the interfacial shear stress. 

Relevant research regards it as the swelling shear stress present on the fibre 

composite/mortar interface and finds that it would increase following the moisture 

absorption in the fibre composite (Amidi and Wang, 2016). 

 

To sum up, the hygroscopic expansion behaviour of CFS creates the internal pressure and 

further causes the interfacial shear stress when it is surrounded by hardened mortar and 

immersed in water. Once the CFS embedded in CFSRM is acted upon by a pull-out force 

with the presence of swelling deformation, such a swelling deformation is expected to 

redistribute the shear stress along the adhesive contact between CFS and SM and lead to 

the relative interfacial slip between them as well, thereby deteriorating the pull-out 

performance of CFSRM. 
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SC
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Additionally, the hygroscopic expansion mechanism introduced herein is subject to the 

ambient temperature when CFSRM is conditioned with water submersion until its internal 

CFS reaches the saturation condition. As discussed in Section 3.2, although the variation 

in temperature does not affect the maximum water absorption of CFS, it influences the 

water diffusion rate inside CFS (Shen and Springer, 1976; Vinson, 1978; Cairns and 

Adams, 1981; Springer, 1984). That is, temperature does not change the ultimate extent 

of CFS dilatation strain but it can accelerate or decelerate this expansion process by 

controlling the water absorption rate of CFS. 

 

Chapter 5 further investigates the hygroscopic expansion mechanism mentioned above 

by utilising a numerical model with multi-physical fields. In the meantime, Chapter 6 

uses related experimental data coupled with the simulation results to validate the effect 

of CFS hygroscopic expansion on its pull-out behaviour. 

 

3.4 Interfacial ageing 

 

3.4.1 Interfacial ageing induced deterioration  

 

Unlike the mortar reinforced by aramid, basalt, or glass fibre composites, the ageing 

treatment of the mortar reinforced by carbon fibre composites proves to hardly lead to the 

physical damage or mechanical property degradation of carbon fibre itself according to 

the existing studies (Marouani et al., 2012; Toumpanaki et al., 2015; Spelter et al., 2019; 

Bazli et al., 2020). CFSRM specimen used herein employs CFS as the reinforcement 

embedded in the SM substrate. CFS/SM interfacial bonding and the polymer matrix in 

CFS play a critical role in force transfer mechanism between SM substrate and CFS 

reinforcement. Under the circumstance, their deterioration is deemed to be the major 



3 Degradation mechanisms of TRM exposed to marine environment 

79 

contributing factor that controls the ageing behaviour of CFSRM in terms of the 

macroscopic mechanical performance. Once the integrity of the polymer matrix and the 

interfacial bonding degrade under ageing conditioning, the stress transfer inside CFSRM 

is expected to weaken gradually. With less load transferring to CFS, carbon fibres, 

particularly at the internal region, cannot be exploited effectively as the reinforcement for 

SM substrate. Moreover, the bonding performance decrease based on the polymer matrix 

is likely to cause the delamination among fibres when CFSRM bears external loads 

(Davalos et al., 2012b). As a result, the ageing behaviour of interfacial bonding reduces 

the ultimate load which CFSRM can sustain. 

 

It is known that the degradation of fibre is reflected by tensile behaviour while that of 

polymer matrix and interface is reflected by shear behaviour (Weitsman, 2012; Kafodya 

et al., 2015; Heshmati et al., 2016; Benmokrane and Ali, 2018). However, the durability 

of CFS reinforced mortar material in terms of the interfacial shear behaviour is yet to be 

studied. Referring to existing studies on FRP/concrete bond property (Baena et al., 2009), 

CFSRM ageing behaviour concentrating on shear mechanical performance at the 

interface can be revealed by the pull-out process. 

 

3.4.2 Microscopic ageing mechanism 

 

Common ageing conditions occurring in natural environments include thermal ageing, 

oxidative ageing, ultraviolet radiation, moisture-induced ageing and their synergies 

(Maxwell et al., 2005). Considering that CFSRM herein is designed for the application in 

offshore environments, and the polymer matrix used in CFS is embedded in mortar 

substrate, water-induced ageing is particularly focused. 
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Once water molecules diffuse into the polymer matrix, they attack the polymer network 

and polymer chains continuously (Lekatou et al., 1997). This chemical degradation 

process is dynamic and irreversible (Nguyen et al., 2012; Sen, 2015; Shrestha et al., 2016). 

Water molecules age the polymer matrix through three kinds of micro mechanisms. As 

shown in Fig.3-4, one mechanism is the cross-link reduction in polymer matrix due to the 

water molecule attack (Bahrololoumi et al., 2020; Fulmali et al., 2021). The molecular 

structure of polymer materials is featured by long polymer chains. At the micro level, 

polymer chains are cross-linked and entangled with each other. On an arbitrary polymer 

chain, there are many points contacting other chains by cross-links and entanglements 

(Bahrololoumi et al., 2020). Additionally, these points may also bond to the molecular 

surface of other mediums, namely the fibre and mortar in the present study. The existence 

of water molecules in polymer is expected to dissolve cross-links and detach the 

entanglement at those points. According to the thermal motion of water molecules inside 

the polymer network, they continuously impact upon the polymer chains which compose 

the polymer matrix at the macro level (Pradas et al., 2001; Philip and AlAzzawi, 2018). 

Cross-link points on polymer chains are sensitive to the water molecular attack with time 

and thus prone to damage (Bahrololoumi et al., 2021; Shaafaey et al., 2022). 

Consequently, cross-link points are reduced under moisture attack. With the breakage of 

cross-links, the global cross-link density of polymer matrix decreases, leading to the 

degradation of its mechanical performance at the macro level (Manaila et al., 2018). 

Another mechanism is the dissolution of the original polymer network through cross-link 

detachment, as shown in Fig.3-4, which is more likely to increase the segment length of 

polymer chains between two network nodes (Bahrololoumi et al., 2020). 
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Fig.3-4 Diagram of cross-link reduction in polymer network attacked by water 

molecules. 

 

The third microscopic ageing mechanism for the polymer matrix is the chain scission that 

occurs on polymer chains acted upon by water molecules in the matrix, as presented in 

Fig.3-5 (Weitsman, 2012; Kari, 2017; Bahrololoumi et al., 2020). The phenomenon of 

chain scission usually happens along with the cross-link reduction simultaneously 

(Barbosa et al., 2017; Bahrololoumi et al., 2020; Uthaman et al., 2020). As the cross-link 

detachment causes the increase in the average length of polymer chain segments between 

two remaining cross-link points, the cross-link reduction further facilitates the chain 

scission process, because the polymer chain segment is more susceptible to breakage 

under attack from water molecules if its unrestricted length becomes longer. 

Consequently, a portion of polymer chains in the matrix are broken and some branches 

of the main chain would be cut down from the polymer skeleton. These new chains 

created from chain scission mechanism are much shorter than before and thus are prone 

to the separation from the original molecular network structure as well as the subsequent 

extraction out of the polymer matrix over time, accompanied by the motion, diffusion and 

migration of water molecules therein, particularly when the polymer matrix is under the 

moisture saturation condition by means of immersion (Xin et al., 2016). With the 

 

cross-link and entanglement
points in polymer chains

detachment and breakage
occurring at these points
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continuous scission and precipitation of short chains, the polymer matrix as a whole 

would suffer the mass loss over time as well (Uthaman et al., 2020). On top of generating 

short chains, the chain scission process transforms the original structure of polymer 

chains by adding the free end. As shown in Fig.3-5, two free ends on the polymer chain 

are created whenever the chain is broken into two pieces owing to the water-induced chain 

scission. As a result, water-induced chain scission mechanism damages polymer chains 

and polymer network, contributing to the dissolution of polymer matrix at the macro level. 

Similar to cross-link reduction, the polymer matrix ageing by means of chain scission 

mechanism leads to the degradation of its mechanical performance. 

 

 

Fig.3-5 Diagram of water-induced chain scission in the polymer matrix. 

 

During the cross-link reduction and chain scission, the original polymer network is also 

subject to the damage from new link reformation, namely the network rearrangement 

(Kari, 2017; Bahrololoumi et al., 2020). The breakage and reformation of cross-links in 

the polymer matrix is a dynamic process. The original network is attacked by water 

molecules and thus degrades. In the meantime, detached polymer chains can be entangled 

and linked with other chains again to reform a new polymer network with different 

structure (Kari, 2017; Bahrololoumi et al., 2020). Likewise, the reformed network present 

 

chain scission with two free ends on chains
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in the polymer matrix is detrimental to its mechanical properties (Azura and Thomas, 

2006; Sun et al., 2011; Padarthi et al., 2021). 

 

In brief, there are four different types of microscopic ageing mechanisms of polymer 

matrix in total. They include cross-link reduction after water molecules detach those 

entanglement points inside polymer network, water-induced chain scission on polymer 

chains, dissolution and rearrangement of the original polymer network. Cross-link 

reduction and chain scission are two major ageing mechanisms while others are their 

derivative mechanisms.  

 

The microscopic ageing mechanism of interfacial bonding is related to the polymer matrix 

ageing aforementioned. With the hardening process of fresh mortar used to cast CFSRM 

specimen herein, the CFS consisting of carbon fibre and polymer matrix tightly adheres 

to the surface of the SM substrate by means of producing the firm adhesion between CFS 

and SM (Lee et al., 2008; Wu et al., 2019). The adhesive force at the interface, or more 

specifically, the secondary forces of attraction (Ray and Rathore, 2015), can be classified 

into the intermolecular interactions, including hydrogen bond, van der Waals force and 

electrostatic force which is also called Coulomb force, wherein hydrogen bond 

predominates (Pan et al., 2015; Wang et al., 2021). Once moisture molecules migrate to 

the interface, they weaken the interfacial adhesion and gradually destroys the interfacial 

integrity in two ways as follows. 

 

On the one hand, moisture molecules generate hydrogen bonds with silica on the surface 

of SM substrate (Pan et al., 2015; Wang et al., 2021). The presence of these new hydrogen 

bonds occupies the interfacial adsorption sites which should be used for the molecular 

adhesion between CFS and SM (Wang et al., 2021). Moreover, hydrogen bonds induced 
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by moisture molecules are able to aggravate the interfacial damage by replacing the 

original interfacial hydrogen bonds connecting two sides of the interface initially (Afshar 

et al., 2016). With more moisture molecules migrating to the interface and creating 

hydrogen bonds with silica on SM surface, the interfacial interaction would be further 

impaired and thus the integrity of adhesive interface would be threatened more seriously. 

In some references, such a microscopic ageing mechanism on interfacial adhesion is 

characterised as the disruption of interfacial hydrogen bonds under attack from water 

(Luo et al., 2006; Wang and Petrů, 2021). 

 

On the other hand, as water molecules gradually enter and fill the interfacial space 

between CFS and SM, they expand the interval between two sides of the interface, and 

thereby reduce the interfacial interaction which would, in turn, aggravate the increase in 

intermolecular distance from CFS side to SM side (Pan et al., 2015). With the increased 

intermolecular distance, those interaction forces, such as the hydrogen bond at the 

interface, are weakened and prone to breakdown. As a consequence, the interfacial 

adhesion energy at the interface declines, indicating the decrease in the integral of 

intermolecular forces over the whole interface (Pan et al., 2015; Wang et al., 2021). 

 

Apart from the direct attack on interfacial adhesion, water molecules worsen it indirectly 

by means of the polymer network dissolution and rearrangement process as introduced 

above (Sun et al., 2011). A series of changes occurring in the polymer matrix on account 

of the moisture intrusion are likely to influence and alter the polymer network structure 

at its surface boundaries. Then those intermolecular interactions presented at the interface 

are liable to breakage as a result of the molecular structure change occurring at the 

polymer matrix side of the interface (Sun et al., 2011). 
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Based on the aforementioned microscopic ageing mechanisms of interface and polymer 

matrix, the shear stress transfer between fibre reinforcement and mortar substrate is 

hindered with the development of water-induced material degradation. Finally, CFSRM 

material used herein is expected to show the macroscopic shear performance reduction 

by means of pull-out test, after the water-based ageing treatment. 

 

3.4.3 Elevated-temperature accelerated ageing 

 

Infrastructures, including those located in offshore areas, are usually designed to have a 

service life for 50 years or longer (Fergani, 2017; Uthaman et al., 2020). However, the 

history of widely applying FRP reinforced mortar to the construction industry is no more 

than this time span (Matthys and Triantafillou, 2001; Fergani, 2017). Consequently, if 

degradation data collected from existent FRP reinforced structures was the only 

information to study their long-term behaviour in natural environments, it would not be 

feasible to investigate their durability performance throughout the whole service life. On 

the other hand, experimental methods used to explore the ageing behaviour of FRP 

composite are usually limited to the finite period, thereby unrealistic to simulate the 

material ageing in normal service conditions. Therefore, elevated-temperature accelerated 

ageing is a commonly used approach to study the durability of FRP reinforced mortar 

within a limited duration (Ahmed et al., 2020; Gravina et al., 2020; Duo et al., 2021). 

 

The material ageing is actually the result of molecular movements and microstructure 

changes which damage the material integrity, particular at the interface. Within a certain 

range, raising temperature can facilitate the current molecular motions and thus accelerate 

the material ageing process. Many experimental investigations into accelerated ageing of 

FRP reinforced mortar demonstrated that increasing the ambient temperature moderately 



3 Degradation mechanisms of TRM exposed to marine environment 

86 

can significantly speed up the ageing reaction rate, while having hardly any influence on 

the original ageing mechanism (Bank et al., 2003; Huang and Aboutaha, 2010; Spelter et 

al., 2018). 

 

In order to quantify the internal relationship between temperature setup and accelerated 

ageing rate, Arrhenius Equation presented in Eq.2-4 is adopted by existing studies to 

guide the relevant experimental design. Based on measurement results of diverse 

chemical reactions, Svante Arrhenius in 1880s proposed the Arrhenius Equation to 

characterise the effect of temperature on the chemical reaction rate (Laidler, 1984). Since 

Arrhenius Equation was proposed, it has been widely used in scientific research including 

mass diffusion, chemical reactions, creep relaxation and long-term material degradation 

(Tant et al., 1995; So et al., 2014; Zhang et al., 2015). Arrhenius Equation has a close 

relationship to molecular reaction dynamics. The macroscopic reaction rate indicated by 

the Arrhenius Equation is in accordance with the result of intermolecular collision 

frequency and interaction (Kovalenko and Dobryakov, 2013). With temperature rising, 

the intermolecular collision frequency goes up and the intermolecular interaction turns 

intense. This phenomenon interprets the dependence of ageing reaction rate on the 

ambient temperature at the micro level. It should be noted that applying the theory about 

Arrhenius Equation to accelerated ageing research has a premise that the activation 

energy 𝐸𝑎 of ageing reaction stays constant while the environmental temperature changes. 

Otherwise, it would be equal to the change of ageing reaction mechanism. As mentioned 

above, many existing studies have conducted a series of experiments to validate that 

increasing temperature within a certain range wound not affect the ageing reaction 

mechanism (Bank et al., 2003; Huang and Aboutaha, 2010; Spelter et al., 2018). That is, 

the activation energy 𝐸𝑎 corresponding to the ageing reaction keeps unchanged during 

the elevated-temperature accelerated ageing treatment. Therefore, it is viable for the 
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present study to investigate the interfacial ageing of CFSRM material by means of 

elevated-temperature accelerated ageing approach in compliance with Arrhenius Law. 

 

According to Arrhenius Equation, time-shift factor (𝑇𝑆𝐹) is introduced by the relevant 

studies to further define the dependence of ageing rate on ambient temperature 

quantitatively, as shown in Eq.3-17 (Wang et al., 2018; Bazli et al., 2020). By using 𝑇𝑆𝐹, 

the ratio of ageing rate at the prescribed temperature 𝑇 to the initial temperature 𝑇0 can 

be calculated. 

 𝑇𝑆𝐹 =
𝑘

𝑘0
=

𝐴𝑒𝑥𝑝(
−𝐸𝑎
𝑅𝑇

)

𝐴𝑒𝑥𝑝(
−𝐸𝑎
𝑅𝑇0

)
= 𝑒𝑥𝑝 [

𝐸𝑎

𝑅
(
1

𝑇0
−

1

𝑇
)]  (3-17) 

where 𝑘0 is the ageing reaction rate at the initial temperature 𝑇0. 

 

Note that the ratio of ageing reaction rate between 𝑇  and 𝑇0 , namely TSF, is not 

equivalent to the change in the interfacial ageing rate of CFSRM specimen used herein. 

Although raising temperature from 𝑇0 to 𝑇 can speed up the interfacial ageing rate by a 

certain ratio, this ratio cannot directly decide the reduction in durability performance 

without substituting it into an appropriate durability prediction model for CFSRM 

material. The relationship between interfacial ageing and temperature along with the 

proposed prediction model is discussed in Chapter 6 in more detail. 

 

As regards the temperature selection, existing literature indicates that the accelerated 

ageing treatment with overly high temperature is more likely to change the degradation 

reaction mechanism and causes the underestimate of material durability (Robert et al., 

2010; Ascione et al., 2016; Ksouri and Haddar, 2018). In view of this, 60 °C is usually 

adopted by relevant studies as the acceleration temperature which is also recommended 

by the current durability testing standard such as ACI 440.3R-12 (American Concrete 

Institute, 2012) and CAN/CSA S806 (Canadian Standards Association, 2021). Many 
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published experimental results have proved that such a temperature is efficient to 

facilitate the ageing process and observe the degradation phenomenon of FRP material in 

a short period (Chen et al., 2006; Al-Lami et al., 2020). Therefore, the accelerated ageing 

approach used in the present study decides 60 °C as the immersion temperature to age 

CFSRM specimens. The specific material ageing method and test setup are given in 

Chapter 6. 

 

3.5 Analytical method of pull-out performance based on bond-slip behaviour 

 
Based on the existing studies on fibre composite reinforced concrete in the last chapter, 

it is featured as a high tensile property due to fibre composite reinforcement while a poor 

pull-out property due to the weak interfacial bonding. Under the circumstances, 

interfacial debonding is a common failure type for fibre composite reinforced mortar 

materials according to the literature review presented in Section 2.3.4. 

 

In the engineering practice, fibre reinforcement embedded in concrete substrate usually 

bears tensile force in both directions, especially between two cracks. That is, each end of 

the fibre reinforcement is acted upon by a pull-out force simultaneously in practical 

applications. As regards the concrete substrate, it bears axial force at both ends as well, 

which could be tensile or compressive force. 

 

In order to understand the bond-slip behaviour owing to the loading actions mentioned 

above, the present study proposes an analytical theory of applying force to both ends of 

one CFS as well as its mortar substrate simultaneously. The analytical derivation is able 

to cover the entire interfacial failure process from the initial loading stage to the total 

failure stage inclusive, and provides the relevant analytical solution.  
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The analytical derivation provides the theoretical support for later chapters involving 

experimental and numerical studies that analyse the durability according to the pull-out 

performance. By means of pull-out test, the long-term degradation in the pull-out 

performance of CFSRM can be analysed in terms of the changes in the ultimate pull-out 

resistance along with the related pull-out force-displacement curves.  

 

3.5.1 1D simplified bond-slip behaviour and interface failure mechanism 

 

The ultimate pull-out force is used to assess the deterioration in CFSRM specimens after 

a variety of ageing treatments. In general, the force-displacement curve rises and then 

falls with a unique peak point during the whole pull-out process. Before investigating the 

degradation of pull-out performance, it is necessary for this study to explain the interfacial 

failure mechanism of CFSRM.  

 

In an idealised mechanical model, it contains only one interface with mortar and fibre 

reinforcement contacting each other, as shown in Fig.3-6. Mortar and fibre in this model 

are only acted upon by uniaxial loading along the axial direction. 𝑃1  and 𝑃2  are the 

loading acting upon right and left end of fibre respectively, whilst 𝑃3  and 𝑃4  are the 

loading acting upon right and left end of mortar respectively. Note that 𝑃3 and 𝑃4 could 

be either tensile or compressive force. Compared with the shear deformation along the 

interface, the deformation along its normal direction can be neglected under such a 

loading condition. Furthermore, the loading condition at the interface is quite close to the 

pure shear stress mode (Mode II). Based on the mechanical feature of Mode II, this study 

assumes that (1) an arbitrary point within mortar or fibre can only have deformation in 

axial direction when loading is applied on them; (2) an arbitrary point on the interface 
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can only have pure shear deformation. In this way, the bending deformation would not 

happen therein. 

 

 

(a) Longitudinal view 

  

(b) Cross-sectional view 

Fig.3-6 1D idealised mechanical model subject to loading at both ends (Cheng et al., 

2020). 

 

Before deriving the interfacial failure mechanism, the present study defines a series of 

material parameters first. In the axial direction, mortar and fibre have the same initial 

length symbolised by 𝐿 which means the length of interfacial bond. As shown in Fig.3-6, 

the perimeter of the interface in the cross-sectional view is 𝜋∅ wherein ∅ denotes the 

diameter of fibre. The Young’s modulus of fibre and mortar are 𝐸𝑓𝑖 and 𝐸𝑚𝑜 respectively. 

The cross-sectional area of fibre and concrete are 𝐴𝑓𝑖 and 𝐴𝑚𝑜 respectively. Besides, the 

1D coordinate system is built with the origin at the left end of the model. 

 

𝑥

∅
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fibre
  

    𝑛 𝑡𝑜𝑡𝑎𝑙
interface
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∅
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During the loading process, the whole model should keep in static equilibrium. Based on 

conditions of static equilibrium, an arbitrary point at fibre obeys the first order differential 

equation Eq.3-18 whilst an arbitrary cross section inside the model obeys Eq.3-19 as 

 𝐴𝑓𝑖
𝑑𝜎𝑓𝑖

𝑑𝑥
− 𝜋∅𝜏 = 0  (3-18) 

 𝐴𝑓𝑖𝜎𝑓𝑖 + 𝐴𝑚𝑜𝜎𝑚𝑜 = 𝑃 = 𝑃1 − 𝑃3 = 𝑃2 − 𝑃4  (3-19) 

where 𝜎𝑓𝑖(𝑥)  and 𝜎𝑚𝑜(𝑥)  are the axial stress at arbitrary 𝑥  in fibre and mortar 

respectively; and 𝜏(𝑥) is the bond stress at arbitrary 𝑥 along the interface. 

 

Now define the interfacial slip 𝛿(𝑥) as the relative displacement between fibre and mortar 

at arbitrary 𝑥. Then the geometric relationship between 𝛿 and the absolute displacement 

of these two parts at 𝑥 yields 

 𝛿(𝑥) = 𝑢𝑓𝑖(𝑥) − 𝑢𝑚𝑜(𝑥)  (3-20) 

where 𝑢𝑓𝑖(𝑥)  and 𝑢𝑚𝑜(𝑥)  are the absolute displacement at 𝑥  of fibre and mortar, 

respectively. 

 

The model should globally satisfy compatibility conditions that the deformation or strain 

for an arbitrary point is compatible. Thus, calculating the derivative of function 𝛿(𝑥) with 

respect to 𝑥 yields 

 𝑑𝛿

𝑑𝑥
= 휀𝑓𝑖(𝑥) − 휀𝑚𝑜(𝑥)  (3-21) 

where 휀𝑓𝑖(𝑥) and 휀𝑚𝑜(𝑥) are the strain of fibre and mortar respectively at arbitrary 𝑥. 

 

Based on the 1D deformation-strain relation that 휀𝑓𝑖 =
𝑑𝑢𝑓𝑖

𝑑𝑥
 and 휀𝑚𝑜 =

𝑑𝑢𝑚𝑜

𝑑𝑥
, Eq.3-21 can 

be transformed into Eq.3-22 as the compatibility equation controlling the model 

deformation along its axial direction. 

 𝑑𝛿

𝑑𝑥
=

𝑑𝑢𝑓𝑖

𝑑𝑥
−

𝑑𝑢𝑚𝑜

𝑑𝑥
  (3-22) 
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Assuming that materials comprising the model keep in the elastic stage in the course of 

loading process, then physical equations used to describe the constitutive relation for 

these two parts individually can be given based on Hooke’s Law, as shown in Eq.3-23 

and Eq.3-24 respectively. 

 𝜎𝑓𝑖 = 𝐸𝑓𝑖
𝑑𝑢𝑓𝑖

𝑑𝑥
  (3-23) 

 𝜎𝑚𝑜 = 𝐸𝑚𝑜
𝑑𝑢𝑚𝑜

𝑑𝑥
  (3-24) 

 

Additionally, this study uses Eq.3-25 to formulate the concept of the constitutive relation 

located at the interface. 

 𝜏 = 𝑓(𝛿)  (3-25) 

 

Now substituting Eq.3-19, 3-22, 3-23, 3-24 and Eq.3-25 into Eq.3-18, a second order 

differential equation for arbitrary 𝑥 along the interface can be obtained as 

 𝑑2𝛿

𝑑𝑥2
− 𝜆2𝜏 = 0  (3-26) 

where 𝜆2 = 𝜋∅𝛾 and 𝛾 = 1

𝐸𝑓𝑖𝐴𝑓𝑖
+

1

𝐸𝑚𝑜𝐴𝑚𝑜
. 

 

Using factor 𝛾  in combination with Eq.3-18, 3-19 and Eq.3-22,  𝜎𝑓𝑖  and 𝜎𝑚𝑜  from 

Eq.3-23 and Eq.3-24 can be rewritten as 

 𝜎𝑓𝑖 =
1

𝐴𝑓𝑖𝛾
(
𝑑𝛿

𝑑𝑥
+

𝑃

𝐸𝑚𝑜𝐴𝑚𝑜
)  (3-27) 

 𝜎𝑚𝑜 = 𝑃 −
𝜎𝑓𝑖𝐴𝑓𝑖

𝐴𝑚𝑜
  (3-28) 

 

The interfacial bond-slip behaviour is dominated by the local bond-slip relationship, 

namely 𝑓(𝛿), for an arbitrary point on the interface between fibre reinforcement and 

mortar substrate. To date, many viable bond-slip relationships have been proposed and 
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validated such as the modified Bertero-Eligehausen-Popov (mBEP) model and the 

Cosenza-Manfredi-Realfonzo (CMR) model (Focacci et al., 2000; Lin and Zhang, 2014). 

However, it would be difficult for using the simultaneous equations mentioned 

hereinbefore to obtain a closed form of interfacial bond-slip solution based on those bond-

slip relationships, without the method of iterative computations (Cheng et al., 2020). In 

view of this, simplified trilinear or bilinear (a special case of the trilinear model) local 

bond-slip relationships are usually adopted by relevant studies and prove to be 

advantageous (Naaman et al., 1991; Ren et al., 2010; Zhu et al., 2020). In this section, the 

trilinear local bond-slip relationship is selected to analyse the interfacial failure 

mechanism. The used relationship has been applied to the model of bond-slip behaviour 

by many existing studies and validated by them successfully as well (Ma et al., 2016; 

Yang et al., 2017; D'Antino et al., 2018). 

 

Fig.3-7 illustrates a general form of the linear local bond-slip relationship applicable to 

the interface inside the idealised mechanical model of fibre reinforced mortar in which 

the reinforcement may bear the pull-out force at both ends while the mortar may bear 

either compressive or tensile loading. All stages within the bond-slip process as shown in 

Fig.3-7 are linear for an arbitrary point on the interface, from its intact stage to its total 

debonding stage inclusive. During the elastic stage, 𝜏 climbs monotonously with 𝛿, until 

it reaches the peak point with the coordinate value of (𝛿1, 𝜏𝑓) or (−𝛿1, −𝜏𝑓) which means 

that the maximum shear stress for arbitrary 𝑥 at the interface cannot exceed 𝜏𝑓 and the 

slip corresponding to 𝜏𝑓  is 𝛿1  at the moment. Subsequently the bond-slip relationship 

enters a monotonous softening stage. In this stage, the absolute value of 𝛿 keeps growing 

from 𝛿1 to 𝛿2 and the absolute value of 𝜏 declines linearly from 𝜏𝑓 to 𝜏𝑟 which denotes 

the residual shear stress. That is, 𝜏𝑟 is defined as the symbol of the final retention of shear 

stress once the point located on the interface is thoroughly debonded with the interfacial 
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slip ±𝛿2. As soon as 𝛿 exceeds ±𝛿2, this bond-slip relationship enters the total debonding 

stage and defines that the retention of local shear stress for an arbitrary point on the 

interface has the constant value of 𝜏𝑟  or −𝜏𝑟 . It is clear that the complete debonding 

failure of a local point has already existed since the onset of this stage. Note that if the 

effect of residual shear stress due to interfacial friction etc. is neglected, the trilinear local 

bond-slip relationship can be simplified to the bilinear local bond-slip relationship with 

𝜏𝑟 = 0. 

 

 

Fig.3-7 Local bond-slip relationship applied to an arbitrary point on the interface. 

 

3.5.2 Analytical solutions to the entire process of interface failure 

 

3.5.2.1 General solutions to the micro-level bond-slip failure process 

 

Based on the different stages of local bond-slip relationship as shown in Fig.3-7, the 

specific analytical solution to the entire process of debonding failure occurring at the 

interface is discussed in this section. It provides a mathematical explanation for the 

interfacial failure mechanism. 

𝜏
𝜏𝑓

𝜏𝑟

𝛿1 𝛿2 𝛿

−𝜏𝑓

−𝜏𝑟

−𝛿1−𝛿2
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As per the curve depicted in Fig.3-7, a piecewise function can be utilised to describe the 

evolution of local bond-slip relationship in mathematical terms, as shown in Eq.3-29. 

 𝑓(𝛿) =

{
 
 
 

 
 
 
−𝜏𝑟                                             (𝛿 ≤ −𝛿2)             

−
𝜏𝑓−𝜏𝑟

𝛿2−𝛿1
𝛿 −

𝜏𝑓𝛿2−𝜏𝑟𝛿1

𝛿2−𝛿1
             (−𝛿2 ≤ 𝛿 ≤ −𝛿1)

𝜏𝑓

𝛿1
𝛿                                             (|𝛿| ≤ 𝛿1)              

−
𝜏𝑓−𝜏𝑟

𝛿2−𝛿1
𝛿 +

𝜏𝑓𝛿2−𝜏𝑟𝛿1

𝛿2−𝛿1
            (𝛿1 ≤ 𝛿 ≤ 𝛿2)       

𝜏𝑟                                                (𝛿 ≥ 𝛿2)                 

  (3-29) 

 

Substituting Eq.3-29 into Eq.3-26, 𝛿  can be solved at arbitrary 𝑥  along the interface. 

Once obtaining the local interfacial slip 𝛿, interfacial shear stress 𝜏 can be derived by 

using the local bond-slip relationship. Then 𝜎𝑓𝑖  and 𝜎𝑚𝑜 , the axial stress in fibre and 

mortar respectively, can also be calculated by using Eq.3-27 and Eq.3-28 respectively. 

According to the specific 𝛿 located at both ends of the interface, the load-displacement 

behaviour during the whole failure process can be acquired eventually. The combination 

of above mentioned variables and their interrelationships forms the interface failure 

mechanism for the idealised 1D mechanical model which is subject to loading actions at 

both ends. 

 

Based on the aforementioned five subfunctions and their different intervals within the 

domain of Eq.3-29, Eq.3-26 can be transformed into ordinary differential equations (ODE) 

as expressed from Eq.3-30 to Eq.3-34 in sequence. 

 𝑑2𝛿

𝑑𝑥2
− 𝜆1

2𝛿 = 0               (−𝛿1 ≤ 𝛿 ≤ 𝛿1)     (3-30) 

 𝑑2𝛿

𝑑𝑥2
+ 𝜆2

2𝛿 = 𝜆2
2𝑒         (𝛿1 ≤ 𝛿 ≤ 𝛿2)         (3-31) 

 𝑑2𝛿

𝑑𝑥2
+ 𝜆2

2𝛿 = −𝜆2
2𝑒      (−𝛿2 ≤ 𝛿 ≤ −𝛿1)   (3-32) 

 𝑑2𝛿

𝑑𝑥2
− 𝜆2𝜏𝑟 = 0                (𝛿 ≥ 𝛿2)                    (3-33) 
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 𝑑2𝛿

𝑑𝑥2
+ 𝜆2𝜏𝑟 = 0                (𝛿 ≤ −𝛿2)                 (3-34) 

where 𝜆1
2, 𝜆2

2 and 𝑒 are the simplified factors in those equations, defined as 𝜆1
2 = 𝜆2

𝜏𝑓

𝛿1
, 

𝜆2
2 = 𝜆2

𝜏𝑓−𝜏𝑟

𝛿2−𝛿1
 and 𝑒 = 𝜏𝑓𝛿2−𝜏𝑟𝛿1

𝜏𝑓−𝜏𝑟
. 

 

By introducing coefficients of 𝐶1 to 𝐶10, Eq.3-30 to Eq.3-34 can be solved in general 

solution terms, as shown from Eq.3-35 to Eq.3-39 sequentially. 

 𝛿 = 𝐶1𝑒
𝜆1𝑥 + 𝐶2𝑒

−𝜆1𝑥                             (−𝛿1 ≤ 𝛿 ≤ 𝛿1)     (3-35) 

 𝛿 = 𝐶3 cos(𝜆2𝑥) + 𝐶4 sin(𝜆2𝑥) + 𝑒     (𝛿1 ≤ 𝛿 ≤ 𝛿2)         (3-36) 

 𝛿 = 𝐶5 cos(𝜆2𝑥) + 𝐶6 sin(𝜆2𝑥) − 𝑒     (−𝛿2 ≤ 𝛿 ≤ −𝛿1)  (3-37) 

 𝛿 =
𝜆2 𝜏𝑟

2
𝑥2 + 𝐶7𝑥 + 𝐶8                           (𝛿 ≥ 𝛿2)                   (3-38) 

 𝛿 = −
𝜆2 𝜏𝑟

2
𝑥2 + 𝐶9𝑥 + 𝐶10                     (𝛿 ≤ −𝛿2)                (3-39) 

 

Once the specific model boundary condition is given within the bond-slip process, 𝐶1 to 

𝐶10 for above general solutions can be determined. 

 

Eq.3-35 to Eq.3-39 are the basic forms of analytical solutions to the micro-level bond-

slip failure process in terms of arbitrary 𝑥 on the interface, where (1) Eq.3-35 indicates 

the elastic stage which is represented by E State and corresponds to the elastic stage of 

the local bond-slip relationship plotted in Fig.3-7 with −𝛿1 ≤ 𝛿 ≤ 𝛿1; (2) Eq.3-36 and 

Eq.3-37 indicate the softening stage which is represented by S State and correspond to 

the softening stage of the local bond-slip relationship plotted in Fig.3-7 with 𝛿1 ≤ 𝛿 ≤ 𝛿2 

and −𝛿2 ≤ 𝛿 ≤ −𝛿1 respectively; (3) Eq.3-38 and Eq.3-39 indicate the debonding stage 

which is represented by D State and correspond to the debonding stage of the local bond-

slip relationship plotted in Fig.3-7 with 𝛿 ≥ 𝛿2 and 𝛿 ≤ −𝛿2 respectively. 
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3.5.2.2 Bonding states along the interface during bond-slip process 

 

According to the micro-level failure mechanism mentioned above, it is feasible to deduce 

that the macro-level failure for the entire interface may experience several different states 

when the idealised 1D mechanical model is subject to the loading actions at two ends of 

the fibre and the mortar. In terms of the interfacial shear stress distribution, Fig.3-8 lists 

those possible states that occur along the interface during the bond-slip process, where 𝐿𝑠 

and 𝐿𝑑 symbolise the length of the interface in bond softening state and debonding state, 

respectively. 

 

 

Fig.3-8 Possible bonding states along the interface during bond-slip process. 

 

The interfacial bonding states listed in Fig.3-8 is derived from the analytical bond-slip 

behaviour under the general condition that both ends are loaded. Since the present study 

focuses on the pull-out performance of CFSRM specimens and uses pull-out test method, 

its loading condition and bond-slip behaviour compared with the general analytical 

solution should be adjusted accordingly. Only one end of fibre is acted upon by a pull-
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out force while the reaction force from the support is applied on the mortar at the same 

end. 

 

Under such a loading condition, the expression of 𝛿 ≥ 0 holds true throughout the entire 

pull-out process at an arbitrary point on the interface. Then the possible bonding states 

given in Fig.3-8 can be further simplified and the types of the bonding states are thus 

reduced either. In this way, the present study proposes five interfacial bonding states that 

may occur within the uniaxial pull-out process of CFSRM, containing E State, E-S State, 

E-S-D State, S State and S-D State. 

 

The interface moves to E State at first with the onset of loading applied to one end of 

fibre. With the monotonous displacement of the loading end of fibre, the interface goes 

to E-S State in which the interfacial bond softening phenomenon happens from the 

loading end while the remaining length of the interface keeps unchanged. With the 

displacement further increasing, the interface enters E-S-D State if it has enough bond 

length and thus the interface debonding occurs from the loading end or the whole interface 

enters S State if its bond length is too short to maintain both elastic bond and debonding 

existent on the interface at the same time. At last, the interface reaches S-D State in which 

the debonding length grows continuously until the whole interface is in debonding state, 

namely the total pull-out failure. 

 

As per the order of the interfacial bond-slip process mentioned above, analytical solutions 

to all possible interfacial bond states are derived in Table 3-1 which focuses on the process 

of pull-out test adopted in this study. It provides the theoretical support for later chapters 

involving experimental and numerical studies that analyse the durability according to the 

pull-out performance. 
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Table 3-1 Analytical solutions to interfacial bond states during pull-out test. 

Interfacial 

bond states 
Diagram Region 

Analytical solutions 

𝛿 𝜏 𝜎𝑓𝑖 

E State 
 

E 𝑃𝛾 cosh(𝜆1𝑥)

𝜆1 sinh(𝜆1𝐿)
  𝜆1𝑃𝛾 cosh(𝜆1𝑥)

𝜆2 sinh(𝜆1𝐿)
  

𝑃 sinh(𝜆1𝑥)

𝐴𝑓𝑖 sinh(𝜆1𝐿)
  

E-S 

State  

E 𝛿1 cosh(𝜆1𝑥)

cosh[𝜆1(𝐿−𝐿𝑠)]
  𝜏𝑓 cosh(𝜆1𝑥)

cosh[𝜆1(𝐿−𝐿𝑠)]
  

𝛿1𝜆1 sinh(𝜆1𝑥)

𝐴𝑓𝑖𝛾 cosh[𝜆1(𝐿−𝐿𝑠)]
  

S 

(𝛿1 − 𝑒) cos[𝜆2(𝑥 − 𝐿 + 𝐿𝑠)] +

𝛿1𝜆1

𝜆2
tanh[𝜆1(𝐿 − 𝐿𝑠)] sin[𝜆2(𝑥 − 𝐿 +

𝐿𝑠)] + 𝑒  

𝜏𝑓 cos[𝜆2(𝑥 − 𝐿 + 𝐿𝑠)] −
𝜏𝑓𝜆2

𝜆1
tanh[𝜆1(𝐿 −

𝐿𝑠)] sin[𝜆2(𝑥 − 𝐿 + 𝐿𝑠)]  

1

𝐴𝑓𝑖𝛾
{𝜆2(𝑒 − 𝛿1) sin[𝜆2(𝑥 − 𝐿 +

𝐿𝑠)]+𝛿1𝜆1 tanh[𝜆1(𝐿 − 𝐿𝑠)] cos[𝜆2(𝑥 − 𝐿 +

𝐿𝑠)]}   

E-S-D State 
 

E 

𝛿1 cosh[𝜆1(𝑥 − 𝐿 + 𝐿𝑠 + 𝐿𝑑)] +

𝜆2

𝜆1

(𝛿2−𝑒)+(𝑒−𝛿1) cos(𝜆2𝐿𝑠)

sin(𝜆2𝐿𝑠)
sinh[𝜆1(𝑥 − 𝐿 +

𝐿𝑠 + 𝐿𝑑)]  

𝜏𝑓 cosh[𝜆1(𝑥 − 𝐿 + 𝐿𝑠 + 𝐿𝑑)] +

𝜆1𝜆2

𝜆2

(𝛿2−𝑒)+(𝑒−𝛿1) cos(𝜆2𝐿𝑠)

sin(𝜆2𝐿𝑠)
sinh[𝜆1(𝑥 − 𝐿 +

𝐿𝑠 + 𝐿𝑑)]  

1

𝐴𝑓𝑖𝛾
{𝛿1𝜆1 sinh[𝜆1(𝑥 − 𝐿 + 𝐿𝑠 + 𝐿𝑑)] +

𝜆2
(𝛿2−𝑒)+(𝑒−𝛿1) cos(𝜆2𝐿𝑠)

sin(𝜆2𝐿𝑠)
cosh[𝜆1(𝑥 − 𝐿 +

𝐿𝑠 + 𝐿𝑑)]}  

E

𝜏 ≤ 𝜏𝑓 

E S
Ls

𝜏𝑓

E S
Ls Ld

D
𝜏𝑓
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Interfacial 

bond states 
Diagram Region 

Analytical solutions 

𝛿 𝜏 𝜎𝑓𝑖 

S 

𝑒−𝛿1

sin(𝜆2𝐿𝑠)
sin[𝜆2(𝑥 − 𝐿 + 𝐿𝑑)] +

𝛿2−𝑒

sin(𝜆2𝐿𝑠)
sin[𝜆2(𝑥 − 𝐿 + 𝐿𝑠 + 𝐿𝑑)] + 𝑒  

−𝜏𝑓
sin[𝜆2(𝑥−𝐿+𝐿𝑑)]

sin(𝜆2𝐿𝑠)
+ 𝜏𝑟

sin[𝜆2(𝑥−𝐿+𝐿𝑠+𝐿𝑑)]

sin(𝜆2𝐿𝑠)
  

1

𝐴𝑓𝑖𝛾
{
𝜆2(𝑒−𝛿1)

sin(𝜆2𝐿𝑠)
cos[𝜆2(𝑥 − 𝐿 +

𝐿𝑑)] +
𝜆2(𝛿2−𝑒)

sin(𝜆2𝐿𝑠)
cos[𝜆2(𝑥 − 𝐿 + 𝐿𝑠 + 𝐿𝑑)]}  

D 

𝜆2 𝜏𝑟

2
(𝑥 − 𝐿 + 𝐿𝑑)

2 +

𝜆2
(𝑒−𝛿1)+(𝛿2−𝑒) cos(𝜆2𝐿𝑠)

sin(𝜆2𝐿𝑠)
(𝑥 − 𝐿 + 𝐿𝑑) + 𝛿2  

𝜏𝑟  

1

𝐴𝑓𝑖𝛾
[𝜆2 𝜏𝑟(𝑥 − 𝐿 + 𝐿𝑑) +

𝜆2
(𝑒−𝛿1)+(𝛿2−𝑒) cos(𝜆2𝐿𝑠)

sin(𝜆2𝐿𝑠)
]  

S State  S −
𝑃𝛾 cos(𝜆2𝑥)

𝜆2 sin(𝜆2𝐿)
+ 𝑒  𝜆2𝑃𝛾 cos(𝜆2𝑥)

𝜆2 sin(𝜆2𝐿)
  

𝑃 sin(𝜆2𝑥)

𝐴𝑓𝑖 sin(𝜆2𝐿)
  

S-D 

State  

S (𝜆2𝜏𝑟𝐿𝑑−𝑃𝛾) cos(𝜆2𝑥)

𝜆2 sin[𝜆2(𝐿−𝐿𝑑)]
+ 𝑒  𝜆2(𝑃𝛾−𝜆

2𝜏𝑟𝐿𝑑) cos(𝜆2𝑥)

𝜆2 sin[𝜆2(𝐿−𝐿𝑑)]
  

(𝑃𝛾−𝜆2𝜏𝑟𝐿𝑑) sin(𝜆2𝑥)

𝐴𝑓𝑖𝛾 sin[𝜆2(𝐿−𝐿𝑑)]
  

D 
𝜆2 𝜏𝑟

2
(𝑥 − 𝐿 + 𝐿𝑑)

2 + (𝑃𝛾 − 𝜆2𝜏𝑟𝐿𝑑)(𝑥 −

𝐿 + 𝐿𝑑) + 𝛿2  
𝜏𝑟  

𝑃

𝐴𝑓𝑖
+

𝜆2 𝜏𝑟(𝑥−𝐿)

𝐴𝑓𝑖𝛾
  

 

S
𝜏 ≤ 𝜏𝑓 

S
Ls Ld

D𝜏 ≤ 𝜏𝑓 
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3.5.3 Validation 

 

The analytical solutions presented in Table 3-1 have been validated by existing studies 

with similar composite materials, as shown in Fig.3-9 (Cheng et al., 2020). It can be found 

that force-displacement curves in Fig.3-9 match well with the result given by Teng et al. 

(2006) which focused on the FRP laminate strengthened concrete, and Liu et al. (2019) 

which focused on FRP strengthened joint. 

 

       

                                        (a)                                                                    (b) 

Fig.3-9 Validation of the present theoretical solutions (Cheng et al., 2020) 

 

The integration of above analytical solutions to all states reveals the closed-form 

piecewise expression of the interfacial failure mechanism that controls the bond-slip 

behaviour for the entire interface of CFSRM. It provides the theoretical support for 

conducting pull-out tests as well as simulating pull-out processes in the later chapters that 

involve the in-depth studies on the durability of pull-out performance by experimental 

and numerical methods respectively. 
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3.6 Summary 

 

This chapter gives a detailed exposition of the theoretical mechanisms for pull-out 

performance degradation of CFSRM specimens and a general analytical solution of the 

full interfacial failure process to study the interfacial degradation in later chapters. 

 

According to Fick's Law, it is a long-term and slow process for seawater to diffuse into 

the interior of CFSRM. Unlike the homogeneous SM substrate, CFS is an orthotropic 

material and has different diffusion coefficients in axial and radial directions respectively, 

namely the orthotropic water diffusion mechanism. Using time-temperature superposition 

based on Arrhenius Law, immersion temperature of 60 °C can accelerate the water 

diffusion process from the outside to the interior CFSRM, without changing its 

degradation mechanism or causing the underestimate of material durability. That is, 

raising temperature from room temperature to 60 °C helps fulfil the water diffusion test 

within a limited experimental duration. 

 

With water molecules diffusing into CFS/SM interface and the interior of CFS, they cause 

the pull-out performance degradation of CFSRM in two aspects, containing hygroscopic 

expansion and interfacial ageing. In order to observe the related experimental 

phenomenon within the limited conditioning period, the treatment method of elevated-

temperature accelerated ageing in compliance with Arrhenius Law is practical to adopt 

by the present study. 

 

This chapter also proposes a general analytical solution (Eq.3-35 to Eq.3-39) to describe 

the bond-slip behaviour during the pull-out test in terms of the interfacial failure 

mechanism.  
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The degradation mechanisms for pull-out performance in the present study are assumed 

as the combination of hygroscopic expansion and interfacial ageing. They can be used to 

analyse the long-term durability of CFSRM under marine environments. Chapter 6 will 

discuss it in more detail. 
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4 EXPERIMENTAL STUDY ON PHYSICAL AND MECHANICAL PROPERTIES OF 

CFSRM 

 

4.1 Overview 

 

This chapter describes the experimental investigation into the physical and mechanical 

properties of SM, CFS and CFSRM. The experimental results will serve as the basic 

physical and mechanical parameters not only used in the later numerical modelling but 

also on the long-term durability performance prediction of CFSRM. The chapter is 

arranged in four aspects, containing specimen preparation, test setup, test results and 

related analyses. Focusing on SM, this study measures its density, compressive strength, 

splitting tensile strength, Young’s modulus and flowability. Focusing on CFS, its cross-

sectional area, tensile strength and Young’s modulus are measured. In addition, the 

present study measures the diffusion coefficient of CFS and SM immersed in seawater 

according to the method introduced in Chapter 3. Finally, static pull-out test is conducted 

for CFSRM to acquire its initial pull-out performance, acting as the baseline data for the 

long-term durability analysis hereinafter. 

 

4.2 Mortar test setup 

 

4.2.1 Specimens preparation and curing 

 

In this section, there were 65 specimens prepared for mortar tests in total. 24 mortar cubes 

with standard size (100 mm) were used to test the compressive strength. 24 mortar 

cylinders with standard size (200×100 mm height/diameter) were used to test the splitting 

tensile strength. Three prisms of mortar specimens (40×40×160 mm) were used to test 
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the Young’s modulus. Six fresh mortar samples were used to conduct the flowability test. 

Eight small mortar cylinders (50×20 mm height/diameter) were used to carry out the 

water uptake test. 

 

Table 4-1 summarises the mortar mix design that was used to cast SM in the study group 

and freshwater mortar (FM) in the control group. 

 

Table 4-1 The mortar mix design. 

Mortar 
type 

Binder materials (kg/m3) Dosage of mortar constituents (kg/m3) 

Cement FA GGBS SF Binder Sea 
sand 

Seawater Freshwater Water 
reducer* 

SM 383.9 139.6 139.6 34.9 698 1396 209.4 0 7.6 

FM 383.9 139.6 139.6 34.9 698 1396 0 209.4 7.6 

* ROCKBOND ADMIX 201 (brand) powder has been used as the water reducer in this 

study.  

 

In this study, the mortar mix design has a considerably low water/binder ratio of 0.3. The 

binder consists of normal Portland cement and three types of admixtures, including PFA, 

GGBS and SF. It is necessary to mix those dry components uniformly before adding water 

into the binder, as shown in Fig.4-1. 
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(a)                                                         (b) 

Fig.4-1 Dry mix of components in mixer: (a) before mixing; (b) after mixing. 

 

Before casting, the fine aggregate used herein was dried in the oven under 80 °C for at 

least 24 hours. Then casting was carried out under the following sequences: (1) weigh out 

the exact amount of each ingredient in the mortar mix design; (2) mix all water reducer 

powder with seawater until no visible powder remains; then let the solution stand still 

until all bubbles disappear; (3) use wet wipe to wet the inner surface of the mortar mixer; 

(4) mix all dry components together for 3 min in the mixer; (5) add the water reducer 

solution to the already mixed dry components, and mix for another 4 minutes in total; (6) 

stop the mixer and fill the fresh mortar into prepared moulds; (7) vibrate the fresh mortar 

for 5 minutes. 

 

Bubbles were generated when mixing the water reducer powder with seawater (Fig.4-2a). 

Thus the solution needs to stand still for 15 minutes until those bubbles disappear as 

shown in Fig.4-2b. Otherwise bubbles would enter the fresh mortar and cause excessive 

air content inside mortar specimens, which may reduce the strength of hardened mortar 

(Zhang et al., 2018). 
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 (a)                                                          (b) 

Fig.4-2 Water reducer solution preparation: (a) mixing in seawater; (b) stand still until 

bubbles disappear. 

 

Complied with above casting method, the casted specimens are shown in Fig.4-3. 

 

   

                (a)                                           (b)                              (c)                   (d) 

Fig.4-3 The specimens casting work: (a) the fresh mortar; (b) cubes and cylinders; (c) 

prisms; (d) small cylinders. 

 

As soon as the specimens were cast, the upper surface of moulds was covered by a plastic 

sheet to avoid the moisture loss. Specimens were demoulded after 24 hours, and then 

cured under 20 °C in the curing tanks until testing. SM and FM specimens were cured 

under seawater and freshwater respectively. Note that the seawater used in the present 

study came from Marine Station in University of Plymouth. 
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4.2.2 Physical properties test 

 

This study has adopted the compressive strength test of cubic specimens, the splitting 

tensile test of cylindrical specimens and the uniaxial compressive elastic modulus test of 

prism specimens. In addition, flow table test was also conducted to examine the 

workability of fresh mortar. 

 

According to the standard BS EN 12390-3 (British Standards Institution, 2019a), 100 mm 

cubic mortar specimens are recommended for testing the compressive strength of the 

mortar. The standard also recommends 0.3 MPa/s as the loading rate, equivalent to 3 kN/s 

for the cubic specimen. The compressive strength test can be conducted as follows: (1) 

apply a small preload to remove any tolerance in the testing machine; (2) start the 

compressive loading with 3 kN/s; (3) terminate the loading when the cubic specimen is 

crushed. Fig.4-4 shows the compressive test setup. 

 

 

Fig.4-4 The compressive strength test of the mortar cubic specimen. 

 

Existing references show that the mortar specimen cast with seawater usually has a 

different strength growth curve compared with freshwater (Xiao et al., 2017). The usage 

of admixtures also influences both the short-term strength and long-term strength (Xie et 

al., 2019). Hence, it is necessary to conduct the test with different curing time to examine 
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its strength change over time. In this study, the compressive strength was tested with 

curing times 7d, 14d, 28d and 90d. Three specimens were tested for each condition. 

 

The tensile strength of the mortar was measured using the splitting tensile test of 

cylindrical specimens. According to BS EN 12390-6 (British Standards Institution, 2009), 

mortar cylinders with 100 mm diameter and 200 mm length have been used. The standard 

also recommends a loading rate as 

 𝑅𝑡𝑠 =
1

2
(𝑆𝑡𝑠 × 𝜋 × 𝐿𝑡𝑠 × 𝑑𝑡𝑠)  (4-1) 

where 𝑅𝑡𝑠 is the load rate (kN/s); 𝑆𝑡𝑠 is the splitting stress rate of 0.05 N/mm2 per second; 

𝐿𝑡𝑠 and 𝑑𝑡𝑠 are the length and diameter of the mortar cylindrical specimen, which are 200 

mm and 100 mm respectively. Therefore, a load rate 𝑅𝑡𝑠 of 1.5 kN/s was adopted. The 

setup of the splitting tensile test is shown in Fig.4-5. 

 

 

Fig.4-5 The splitting tensile test of mortar cylindrical specimen. 

 

Same as the compressive strength test, specimens with different curing durations (7d, 14d, 

28d and 90d) were also adopted for the splitting tensile test. 
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As shown in Fig.4-6, mortar specimens of the study group were cast by seawater (Fig.4-6a) 

while specimens of the control group were cast by freshwater (Fig.4-6b). 

 

  

(a) Study group                                          (b) Control group 

Fig.4-6 Specimens used in the experimental programme about mortar strength tests. 

 

Measuring the uniaxial compressive Young’s modulus of mortar prisms is similar to the 

aforementioned compressive strength test method. Following the standard BS EN 1052-

1 (British Standards Institution, 1999), the specimens of mortar prism with 40 mm side 

length and 160 mm height are used to measure the uniaxial compressive Young’s modulus 

along the height direction. The specific testing procedures are described as below: (1) 

mark the testing region by two small buttons adhering to both front and rear surfaces of 

the prism; the testing region on the surface of mortar prism is parallel to its height 

direction and 30 mm away from its top or bottom as shown in Fig.4-7; (2) start the 

compressive loading with 2 kN/s; (3) use LVDT to collect the axial deformation data 

within the testing region while the related loading data is recorded by Instron testing 

machine simultaneously until the loading curve deviates from the linear growth or the 

testing machine reaches its maximum capacity. 
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Fig.4-7 Uniaxial compressive Young’s modulus test of mortar prism specimen. 

 

The present study tested the Young’s modulus of SM after 28 days of curing. Three 

specimens used for this test are shown in Fig.4-8.  

 

 

Fig.4-8 Prism specimens of SM for testing Young’s modulus 

 

Slump tests and flow tables test are usually conducted in order to check the fresh mortar 

workability, especially its flowability. The slump test focuses on the global consistency 

and the plasticity property of the fresh mortar which contains coarse aggregates, while 

the flow table test is more recognised for mortar. As the mortar specimens in this study 
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only contains sand without coarse aggregate, the flowability is similar to the fresh mortar 

or paste. Thus, flow table test was adopted to check the consistency of the fresh mortar.  

 

Complying with the testing standard BS EN 12350-5 (British Standards Institution, 

2019c), the flow table test steps are as follows: (1) prepare a flat and horizontal place to 

lay the flow table test apparatus; (2) use wet wipe to wet the surface of the flow table and 

the mould used to form the test sample which possesses a conical frustum shape with base 

diameter of 100 mm, top diameter of 80 mm, and height of 80 mm; (3) prepare the fresh 

mortar sample and fill the mould with it; note that filling the entire mould should be 

completed by two layers of the fresh mortar with the same thickness and a tamping bar 

should be used to compact the sample during this process; (4) upon the removal of the 

mould, steadily rotate the handle of the flow table to make it shake manually over one to 

three seconds for each cycle until 15 cycles is attained in total; (5) measure current 

maximum diameters of the fresh mortar in two directions perpendicular to each other; (6) 

decide the flow value as the ratio of average increase of the above two dimensions of the 

mortar spread to its original base diameter. The flow table test was repeated three times 

to verify the reliability of test results. Fig.4-9 shows the flow table test setup. 

 

 

Fig.4-9 Flow table test of the fresh mortar sample. 
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4.2.3 Water uptake test for mortar 

 

Water uptake test is usually conducted to study its water diffusion behaviour. Several 

testing methods are recommended in existing standards and references (Alsayed and 

Amjad, 1996; ASTM International, 2013a; ASTM International, 2013b; British Standards 

Institution, 2014; Siddique, 2016). ASTM C1585 focuses on the single directional 

absorption rate, where a single surface of a cubic specimen is exposed to water, while 

other surfaces are sealed (ASTM International, 2013b; Siddique, 2016). Besides, ASTM 

C642 focuses on the relationship between specimen internal porosity and its water 

absorption rate instead of the water diffusion process through a uniform medium (ASTM 

International, 2013a), which is not the focus of this study. Compared with other 

specifications, the standard BS 1881-122 was adopted in this study because it targets 

exactly the same problem as this study is going to explore, using completely immersion 

method for cylindrical specimen (Alsayed and Amjad, 1996; British Standards Institution, 

2014).  

 

As shown in Fig.4-10, the water uptake test used seawater mortar cylinders with the size 

of 50 mm in height and 20 mm in diameter, which were the same as those used for the 

subsequent pull-out tests. Seawater used for mortar casting and curing was also used for 

the long-term immersion during the water uptake test. This test was repeated four times 

to get reliable results. 
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Fig.4-10 A set of four SM specimens used for the water uptake test. 

 

Water diffusion through mortar is a considerably slow process, especially for those with 

low w/b ratio (Nilsson, 2002). In this study, the mortar not only possesses a relatively low 

w/b ratio with 0.3, but also contains multiple admixtures like PFA, GGBS and SF which 

improves the particle size gradation of binder components, thereby reducing micro-voids 

and micropores inside hardened mortar, and increasing its self-compacting capacity and 

further resisting the internal water mass transport (Gesoğlu et al., 2009). Therefore, the 

mortar specimen used here has a much lower diffusivity than normal mortar. In order to 

observe water uptake behaviour and obtain good understanding in a limited period, 

elevated temperature acceleration method has been adopted, as the water molecules 

transport mechanism complies with the Arrhenius Law (Takiya et al., 2015; Zehtab and 

Tarighat, 2018). In this study, 60°C is selected as the accelerated temperature. 

 

The water diffusion test at 20°C was also carried out as the control group in this study. 

The water diffusion activation energy 𝐸𝑎𝐶𝑊 for SM material in seawater condition can be 

deduced through test results of these two groups, based on the Arrhenius Law described 

in Section 3.2.2. The test results are given in Section 4.5.2. 

 

According to the standard BS 1881-122 (British Standards Institution, 2014), the test was 

carried out as follows: (1) fresh mortar was cast into eight cylinder moulds and cured in 
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seawater for 28 days; (2) dry specimens in an oven for 72 hours with 80°C; (3) after 

removing specimens from the oven, cool them for 24 hours in a dry indoor condition; (4) 

weigh and record the mass of each specimen after cooling; (5) divide specimens into two 

sets of four; put each set into the curing tank filled by seawater with 20°C and 60°C 

respectively (Fig.4-11a and Fig.4-11b); note that specimens should be completely 

immersed; (6) considering uncertain factors during the weight measurement because the 

mortar specimen used here has a quite slow daily mass growth of water uptake, define the 

test time interval: specimens should be weighed at two days interval for the first ten days, 

at ten days interval for the next 80 days and at 30 days interval for the last 90 days; (7) 

once taking the specimen out from the tank, remove its surface moisture by drying it with 

a cloth towel until no visible free water can be seen on its surface; (8) weigh each 

specimen by the digital analytical balance (Fig.4-11c) and record its mass; (9) return the 

specimens to the curing tank. 

 

   

                             (a)                                    (b)                                         (c) 

Fig.4-11 Mortar water uptake test: (a) specimens immersed in 20°C seawater; (b) 

specimens immersed in 60°C seawater; (c) weigh the cylindrical specimen by the digital 

analytical balance. 
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4.3 Carbon fibre strand test setup 

 

4.3.1 Physical properties test 

 

This section presents the physical properties measurement of CFS, including the cross-

sectional area, uniaxial tensile strength, uniaxial tensile elastic modulus and transverse 

hygroscopic swelling ratio. 

 

Short CFS samples used for the cross-sectional area measurement were directly cut from 

the intact carbon fibre mesh. A total of eight samples with a length of 10 mm was used, 

as show in Fig.4-12. As the cross-sectional area ranges within 1 to 2 mm2 by a rough 

estimation, the microscope with magnification power of ten from the objective lens is 

utilised to conduct the measurement. 

 

 

Fig.4-12 Eight CFS samples prepared for the cross-sectional area measurement. 

 

The detailed measurement steps are given as below: (1) randomly cut eight CFS samples 

with 10 mm length from the intact carbon fibre mesh; note that the cutting direction 

should be perpendicular to CFS axis; (2) specify the end to measure the area for each 

sample by marking it with white dot; (3) measure the cross section of each CFS sample 

under the microscope with magnification power of ten. 
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Once the average cross-sectional area of CFS was obtained, it can be applied to the later 

mechanical performance test about the material tensile strength and elastic modulus. 

Many standards and specifications have been produced to guide relevant tests (Jawaid et 

al., 2018). ASTM C1557 is for a single filament or a tow made up of a few filaments as 

it uses a thin mounting tab as the specimen anchorage (ASTM International, 2020a), while 

BS EN ISO 2307 and ISO 10406-1 aim at fibre ropes and FRP bars respectively (British 

Standards Institution, 2010; International Organization for Standardization, 2015). As a 

new type of fibre composite material, currently there is no well recognised testing 

standard for CFS to measure its uniaxial tensile strength and elastic modulus.  

 

To measure the tensile strength and the elastic modulus of CFS, single strand uniaxial 

tensile test was adopted in this study. As shown in Fig.4-13, four CFS samples, with a 

length of 240 mm, have been cut from the carbon fibre mesh that are available in the lab. 

The testing region of the sample is with 50 mm length in the middle, while a length of 95 

mm at both ends will be anchored in an aluminium tube to facilitate the grip at the testing 

machine. 

 

 

Fig.4-13 Four samples of 240 mm CFS prepared for the uniaxial tensile test. 

 

Carbon fibre commonly features a relatively higher tensile strength and smaller cross-

section compared with traditional building materials such as steel bar (Dhoska, 2019; 

Zhou et al., 2019). Thus, higher anchorage stress is needed for CFS material during its 

tensile test. However, the normal tensile jig provided by Instron testing machine does not 
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have a matched geometric shape to sufficiently hold those quite thin CFS materials. 

Furthermore, the sharp edge of the jig is more likely to cause excessive stress 

concentration and cause undesirable failure at the grip ends. Taking into account of those 

adverse conditions, the present study used epoxy resin to anchor the two ends of CFS into 

an aluminium tube, with 3 mm in diameter and 95 mm in length. The specimens were 

cured for seven days under ambient room temperature before tensile testing. Fig.4-14 

shows the CFS samples with aluminium tube anchorage.  

 

 

Fig.4-14 CFS samples for tensile test. 

 

The sample preparation and test setup procedures can be summarised as follows: (1) cut 

carbon fibre mesh into four CFS samples of 240 mm in length; (2) prepare eight 

aluminium tubes with the length of 95 mm; (3) put one end of CFS into the aluminium 

tube; (4) seal the tube bottom by plasticine and adhesive tape; note that the usage of 

plasticine can also help fix the CFS end at the central axis of the tube; (5) fill the interior 

of the tube with epoxy resin; (6) cure this anchorage end at room temperature for seven 

days; (7) repeat steps three to six for the other end of CFS; (8) install the sample on Instron 

testing machine as shown in Fig.4-15; ensure that both aluminium tubes are tightly 

gripped by testing machine jigs; (9) conduct the tensile test using the displacement control 

method, with a loading rate of 0.05 mm/min; (10) stop the test and collect testing data 

when the sample is completely ruptured. 
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Fig.4-15 CFS tensile test setup. 

 

It is worth mentioning that the aluminium tube used to anchor CFS should have adequate 

length to provide sufficient bonding strength at the CFS anchorage region during the 

tensile test. The specific calculation method for CFS physical properties is given in 

Section 4.6.1. 

 

Hygroscopic swelling of CFS material, mainly due to polymer, is another important 

physical property in this study. Compared with its swelling in radial direction, its 

longitudinal swelling can be neglected because the material stiffness of the carbon fibre 

is vastly higher than the polymer matrix in the axial direction and the global axial swelling 

deformation of CFS is thus restricted by those fibre filaments (Meng et al., 2015; Dijk et 

al., 2018). Therefore, the swelling of CFS can be simplified to a 2D behaviour. 
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The present study only targets at the measurement of its transverse hygroscopic expansion. 

According to the relevant water absorption trial studies, CFS material in dry condition 

can reach its moisture saturation after it is immersed in 20 °C seawater for less than 30 

days. Based on those short CFS samples that are used for the cross-sectional area 

measurement as shown in Fig.4-12, the swelling ratio test was carried out by the following 

steps: (1) after the measurement of initial cross-sectional area for the CFS samples in 

Fig.4-12, they are taken into a box and placed in 20 °C seawater immersion condition for 

over 30 days; (3) take out these samples and dry the surfaces; (4) individually measure 

the current cross-sectional area for each sample at the marked end by microscope; (5) 

calculate the transverse swelling ratio through the measured area changes before and after 

immersion. 

 

4.3.2 Water uptake test for carbon fibre strand 

 

To investigate the water absorption behaviour of CFS material, the water uptake test was 

conducted. To date, there are several relevant testing methods recommended by existing 

standards and references (ASTM International, 1995; British Standards Institution, 1997; 

International Organization for Standardization, 2014). Generally, they are all widely 

applied, depending on material properties and experimental conditions. ISO 3344 is often 

employed to measure water uptake mass of pure continuous fibres (Gopinath et al., 2013; 

International Organization for Standardization, 2014; Kasaby and Bdelmagied, 2019). 

This standard specifies 105 °C as the drying temperature for the specimen before the test 

and focuses on the moisture content of fibre reinforcement itself that usually possesses a 

loose structure without any polymer resin impregnation. However, CFS specimens used 

here involves the polymer matrix which would be prone to damage in overheating. ASTM 

D570 focuses on the water absorption of plastics including the polymer resin that are used 
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to impregnate the fibre (ASTM International, 1995; Genna et al., 2017). Although it is 

appropriate to a wide variety of plastics, this specification is not applicable to composite 

materials comprised of fibre reinforcement and polymer resin matrix. BS EN 2378 was 

adopted in this study as it uses completely immersion method for the moisture uptake 

measurement of fibre reinforced plastics (British Standards Institution, 1997; Onyakora 

et al., 2017, Onyakora et al., 2020). 

 

Note that the specific testing samples and procedures should consider the following two 

problems: first, the measuring work should take into account both radial moisture 

diffusion and axial moisture diffusion inside CFS material, as illustrated in Section 3.2.1; 

second, an individual CFS is relatively lightweight with around 0.5 g per 200 mm and 

generally has a quite small water absorption percentage compared with SM material (Pan 

et al., 2015; Liu et al., 2018), which adds challenges in measurement reliability. 

 

To solve the first problem, two different lengths of CFS samples were chosen for the 

water uptake test, namely 240 mm and 6 mm. Although water diffuses into the sample 

radially and axially simultaneously, the diffusion in the axial direction can be ignored for 

the sample of 240 mm in length because its lateral surface area is more than 100 times 

larger than its cross-sectional area. However, the diffusion effect from both of axial and 

radial directions should be considered for the 6mm CFS samples as the axial diffusion 

plays a crucial role if the length of the sample is less than five times as long as its diameter 

(Gagani et al., 2018). 

 

To solve the second problem, a bundle of 60 long strands was used in each group 

composed of 240 mm CFS samples, and approximately 2400 short strands in each group 

composed of 6 mm CFS samples which are cut by a digital guillotine. In this way, both 
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types of the test group used have a similar total mass between 32g and 33g, and the water 

uptake mass has been recorded according to the mass variations in each group during the 

test. 

 

Like the water uptake test for SM material, four repeat tests were carried out for both 6 

mm and 240 mm CFS, as shown in Fig.4-16. The mass measurement is also repeated four 

times to get reliable results. 

 

              

                                      (a)                                                               (b) 

Fig.4-16 A set of four groups of CFS samples used for the water uptake test: (a) 240 

mm long strands; (b) 6 mm short strand. 

 

The water uptake test for CFS was also conducted by seawater immersion approach with 

60 °C and 20 °C respectively, the same as SM in Section 4.2.3. According to BS EN 2378 

(British Standards Institution, 1997), the test was carried out as follows: (1) prepare all 

groups of CFS samples for both 6 mm short stands and 240 mm long strands; (2) dry them 

in an oven at 70 °C until the value of their mass is stable for at least 12 hours; (3) upon 

the removal of them from the oven, immediately weigh and record the mass of each group; 

(4) take them into the curing tank for the seawater immersion bath at 20 °C and 60 °C 

respectively; (6) define the test time interval based on the accuracy of the digital analytical 

balance: for 60 °C immersion, the test groups should be weighed at two-hour intervals 
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over the first day and at 12-hour intervals over the next three days; with regard to 20 °C 

immersion, the test groups should be weighed at four-hour intervals over the initial two 

days, at 24-hour intervals over the next eight days and at five-day intervals over the last 

20 days; (7) over the period of immersion, seawater should be refreshed at seven-day 

intervals to avoid the concentration change; (8) upon the removal of test groups from the 

curing tank, take them to the covered strainer and dry them until no visible free water 

remains on their surface; (9) weigh each group and record its mass in 0.1 mg accuracy; 

(10) return them to the tank and repeat the above mentioned steps until the test completes. 

Fig.4-17 shows the procedure of the water uptake tests.  

 

     
                                (a)                                    (c)                                     (e) 

     
                                (b)                                    (d)                                     (f) 

Fig.4-17 Water uptake test for CFS: (a) 240 mm long CFS immersed in 20 °C seawater; 

(b) 240 mm long CFS immersed in 60 °C seawater; (c) 6 mm short CFS immersed in 

20 °C seawater; (d) 6 mm short CFS immersed in 60 °C seawater; (e) weigh 240 mm 

long CFS by the digital analytical balance; (f) weigh 6 mm short CFS by the digital 

analytical balance. 
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4.4 Preparation of cylindrical CFSRM specimens 

 

Pull-out test is conventionally adopted to study the interfacial bond performance of two 

materials. RILEM-CEB-FIP-RC6 focuses on the bond between the steel rebar and 

concrete, which suggests that the cubic concrete size of 100*100*100 mm3 should be 

used and the steel rebar is up to 12 mm of diameter (RILEM, 1983). CEN–EN 10080 

recommends a cubic specimen of 200 mm in length and a rebar with the embedded length 

five times longer than its diameter (European Committee for Standardization, 2005). 

ASTM D7913 proposes a test method for bond strength between FRP rebar and its 

substrate, where the specimen size follows the same as that of pull-out test for steel 

reinforced material (ASTM International, 2020b). 

 

There have been several pull-out testing guidance for fibre composite materials (ASTM 

International, 2020b; ASTM International, 2021; Canadian Standards Association, 2021). 

For instance, CAN/CSA S806 and ASTM D7913 focus on FRP bar, while ASTM D7522 

focuses on FRP laminate. These codes highlight the minimum side length of the cubic 

specimen used to embed FRB bar with 150 mm, because the minimum side length should 

be five or six times longer than the diameter of FRP bar to avoid splitting.  

 

CFS used herein is much smaller than the rebar, with the diameter of less than 2 mm. 

Thus the recommended specimen sizes for steel reinforced specimen may not be suitable 

for CFSRM in this study. To solve such a problem, existing literature has proposed special 

test methods for pulling out very thin FRP composites from its substrate. Portal et al. 

(2014) and Bielak et al. (2018) use thin plate samples to conduct pull-out test by 

embedding the FRP reinforcement in the middle of the plate, as shown in Fig.4-18. The 

bond length is controlled by saw cutting or drilling hole in this method. Although such a 
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specimen has its unique advantages of easy gripping by the testing machine, the rather 

slender geometry of the specimen means that it is prone to damage during its preparation 

and handling, such as carving notch (Nadiv et al., 2017a), saw cutting and drilling hole 

(Lorenz and Ortlepp, 2012; Bielak et al., 2018), due to the brittle nature of mortar 

materials. All those would eventually lead to an underestimation of the bond performance 

and add uncertainty to test results. 

 

                                 

                      (a)                                      (b)                                           (c) 

Fig.4-18 Specimen shapes and preparation methods for fibre strand pull-out test: (a) 

control the bond length through saw cutting (Lorenz and Ortlepp, 2012); (b) control the 

position of pull-out happening through carving notch (Nadiv et al., 2017a); (c) control 

the bond length through drilling hole (Bielak et al., 2018). 

 

In order to simplify the specimen making process and improve its reliability, this research 

adopted the specimen shape from the classic pull-out test, where the CFS was embedded 

in a mortar cylinder with a diameter of 20 mm and a length of 50 mm, as shown in 

Fig.4-19. According to the existing research on interfacial debonding failure (Cheng et 

al., 2020), the bond behaviour depends on the effective bonding length, namely the local 

debonding region within a limited length instead of the entire interface. In this study, pull-
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out trials with different bond length before the formal tests showed that 50 mm was the 

effective bonding length which can take the full advantage of bond properties between 

fibre strand and mortar. Before 50 mm, peak pull-out force increased with bond length, 

but it would not increase anymore if the bond length continued to increase. Thus the 

specimen should have its bond region of 50 mm in length, between the mortar substrate 

and the strand reinforcement. 

 

 

Fig.4-19 CFSRM specimen used in the pull-out test. 

 

As grain coating is a simple and commonly used method to enhance the bond performance 

at the interface between fibre based reinforcement and the mortar substrate (Nadiv et al., 

2017b; Solyom and Balázs, 2020), this surface treatment method was also adopted in the 

present study. First the CFS reinforcement was cut into 230 mm in length. Such a length 

contains four parts with different function regions, including 50 mm of CFS/SM bond 

region, 10 mm of junction region between SM and aluminium tube, 150 mm of CFS 

anchorage region embedded in the aluminium tube and 50 mm of CFS/aluminium 

anchorage end tightly gripped by the jigs of Instron testing machine. Before being 

embedded in the cylindrical mortar substrate, the CFS surface was coated by a thin layer 

of epoxy resin and then covered by sprinkled fine sea sand of up to 2 mm in size, as shown 

in Fig.4-20. The sand coating covered 50 mm length of each CFS from its end, 
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corresponding to the design bond length of CFSRM specimen. Note that the fine sea sand 

used here was the same as the sand used in the mortar mix design. After the sand coating 

treatment, CFS reinforcements were cured in air at the room temperature for seven days 

before being embedded in the cylinder. 

 

 

Fig.4-20 Sand coating treatment. 

 

Another essential step was preparing the anchorage end of the specimen. Similar to the 

CFS tensile test, to improve the anchorage, an aluminium tube (Fig.4-21) of 3 mm in 

diameter and 170 mm in length was used to glue to the loading end of each CFS. The 

interior space of the tube was fully injected with epoxy resin to fix CFS inside the tube. 

The curing time for this step lasted for seven days under indoor ambient conditions before 

testing. 

 

 

Fig.4-21 Aluminium tubes applied to cover the anchorage region of CFS. 

 

To sum up, the entire making process of CFSRM specimens can be given as follows: (1) 

cut CFS reinforcements from the carbon fibre mesh to 230 mm in length; (2) apply sand 
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coating treatment to the CFS surface with the length of 50 mm from one end, and cure it 

in the air at the room temperature for one week; (3) prepare the fresh mortar and use it to 

fill the specimen mould; (4) vertically insert the CFS into the centre of the mould filled 

with the mortar substrate while vibrating; (5) demould after 24 hours and cure these 

specimens in 20 °C seawater for 28 days; note that the control group of specimens which 

use freshwater to cast the mortar substrate are cured in freshwater; (6) take out specimens 

from the curing tank and dry them in the air for 24 hours; (7) anchor the CFS to the 

aluminium tube using epoxy resin and cure it in the air at the room temperature for another 

week; (8) mark the free surface of CFS at the junction area, as shown in Fig.4-22, to 

observe whether or not CFS is pulled out from mortar substrate and in the meanwhile no 

slip appears between CFS and the aluminium tube during the pull-out process. 

 

After a series of preparation procedures above, the completed CFSRM specimen is 

displayed in Fig.4-22. 

 

 

Fig.4-22 The completed CFSRM specimen for the pull-out test. 

 

In order to accommodate the small dimensions of the specimens, a custom made 

apparatus was designed and manufactured using stainless steel for this study, as shown in 

Fig.4-23. The upper and the lower plates have identical dimensions, with length, width 

and thickness of 100 mm, 56 mm and 25 mm respectively. The diameter of the threaded 

bar is 18 mm. 
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Fig.4-23 The diagram of the stainless steel apparatus used for pull-out test: (a) the upper 

plate; (b) the lower plate; (c) the threaded bar; (d) nuts; (e) CFSRM specimen. 

 

The stainless steel used for the apparatus has a grade of 304 which is widely used in 

engineering and scientific research with a Young’s modulus ranging from 200 to 250 GPa 

(Velasco et al., 2009; Rabi et al., 2019). The relevant early trial results indicate that the 

ultimate pull-out force would not exceed 2.5 kN. Thus the maximum tensile deformation 

of the apparatus during the loading process can be obtained as follows 

 𝛥𝑙𝑡𝑟 = 𝛥𝑙𝑡𝑟1 + 𝛥𝑙𝑡𝑟2 =
𝑃𝑙𝑡𝑟1

𝐴𝑡𝑟1𝐸𝑡𝑟
+

𝑃𝑙𝑡𝑟2

𝐴𝑡𝑟2𝐸𝑡𝑟
  (4-2) 

where 𝛥𝑙𝑡𝑟1 and 𝛥𝑙𝑡𝑟2 are the bar tensile deformation at the upper half and the lower half 

respectively; 𝑃 is the tensile force provided by the mechanical testing machine; 𝐸𝑡𝑟 (200 

GPa) is the elastic modulus of the stainless steel threaded rebar used in the apparatus; 𝑙𝑡𝑟1 

(the bar length at the upper half) and 𝑙𝑡𝑟2 (the bar length at the lower half) have the same 

value of 150 mm; 𝐴𝑡𝑟1 (the rebar cross-sectional area at the upper half) and 𝐴𝑡𝑟2 (the 

rebar cross-sectional area at the lower half) are 254.5 mm2 and 508.9 mm2 respectively. 

 

 

a:

b:

c

c

d

e
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Therefore, the maximum tensile deformation of the apparatus under the loading is only 

about 11.05 m, which is much smaller than the expected slip distance between CFS and 

mortar substrate. 

 

Following the recommendations of RILEM TC 232-TDT combined with the existing 

studies of pull-out tests (Brameshuber et al., 2016; Raoof et al., 2016), two extensometers 

was used to measure the pull-out distances at two opposite sides of the sample, as shown 

in Fig.4-24. The actual pull-out distance was taken as the average of the two readings, to 

eliminate any bending deformation caused by eccentricity. Displacement control method 

was used, with a loading rate of 0.05 mm/min. This resulted in a strain rate of 1e-3/min, 

which was considered adequately to avoid any dynamic effect, and agreed with the 

existing researches (Butler et al., 2009; Brameshuber et al., 2016; Kabir et al., 2016; 

Raoof et al., 2016; Schütze et al., 2018). 

 

The pull-out test setup is illustrated in Fig.4-24. The pull-out test follows a procedure: (1) 

put the stainless steel apparatus into the Instron mechanical testing machine and fix its 

top end; (2) put the specimen into the apparatus and let the anchorage end of CFS go 

through the middle hole of the lower plate; (3) use the jig of the Instron to grip the 

aluminium tube that embeds the anchorage region of CFS; (4) place two digital dial 

indicators at the front and rear of the lower plate to record the displacement data during 

the test; (5) start the pull-out loading by 0.05 mm/min; (6) terminate the test when the 

specimen reaches the complete failure status, i.e. the pull-out force has a sharp drop which 

suggests that the interface between CFS and mortar has been debonded. 
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Fig.4-24 Pull-out test setup. 

 

In order to acquire the pull-out test data for the subsequent durability study on CFSRM, 

two batches of four samples cast by seawater and freshwater (control group) respectively 

were prepared here for the static pull-out test, as shown in Fig.4-25. 

 

 

Fig.4-25 Samples used for static pull-out test: seawater batch (PI-1, 2, 3, 4) and 

freshwater batch (PI-1F, 2F, 3F, 4F). 
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4.5 Mortar test results and analysis 

 

4.5.1 Physical properties  

 

The failure modes of the mortar specimens for both compressive strength tests and tensile 

splitting tests are displayed in Fig.4-26. Fig.4-26a and Fig.4-26b show the SM specimens 

in study group (cast by seawater) with curing duration of 28d and 90d respectively, while 

Fig.4-26c and Fig.4-26d present the FM specimens in control group (cast by freshwater) 

with curing duration of 28d and 90d respectively. In spite of different curing durations or 

the usage of seawater/freshwater, it can be found that the mortar failure mode is similar 

among those specimens. In addition to those specimens used for strength tests, Fig.4-27 

displays the tested SM specimens for the uniaxial compressive elastic modulus test after 

28 days of curing. 

 

 

                          (a)                           (b)                            (c)                          (d) 

Fig.4-26 Tested specimens of the mortar compression test and the splitting tensile test: 

(a) study group with 28 days curing; (b) study group with 90 days curing; (c) control 

group with 28 days curing; (d) control group with 90 days curing. 
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Fig.4-27 Tested specimens of mortar uniaxial compressive elastic modulus test. 

 

The mortar density is calculated using Eq.4-3: 

 𝜌𝑚𝑜 =
𝜌𝑤𝑎𝑡𝑒𝑟𝑚𝑤𝑎

(𝑚𝑤𝑎−𝑚𝑤𝑤)
  (4-3) 

where 𝜌𝑚𝑜 is the density of mortar specimens; 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of freshwater, with 

1000 kg/m3; 𝑚𝑤𝑎  and 𝑚𝑤𝑤  are the specimen mass weighed in the air and water 

respectively. 

 

Eq.4-4 and Eq.4-5 are used to calculate the cubic compressive strength and the cylindrical 

splitting tensile strength respectively, according to the testing standard BS EN 12390-3 

and BS EN 12390-6 (British Standards Institution, 2009; British Standards Institution, 

2019a). 

 𝑓𝑚𝑐 =
𝐹𝑚𝑐

𝐴𝑚
  (4-4) 

 𝑓𝑚𝑡 =
2𝐹𝑚𝑡

𝜋𝐿𝑡𝑠𝑑𝑡𝑠
  (4-5) 

where 𝑓𝑚𝑐  and 𝑓𝑚𝑡  are the compressive strength and the splitting tensile strength of 

mortar respectively; 𝐹𝑚𝑐 and 𝐹𝑚𝑡 are the maximum load of the compressive test and the 

splitting tensile test; and 𝐴𝑚 is the single surface area of the cubic mortar specimen that 

sustains compressive force. 

 

As a typical linear elastic and brittle material, the force-displacement curves of SM prism 

compression test feature linear growth before the specimen failure, as shown in Fig.4-28. 
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Based on the slope of curve, the elastic modulus of SM material after 28 days of curing 

can be derived as 

 𝐸𝑆𝑀 =
𝐹𝑝𝑙𝐿𝑝𝑙

∆𝑙𝑝𝑙𝐴𝑝𝑙
  (4-6) 

where 𝐸𝑆𝑀  is the SM elastic modulus; 𝐹𝑝𝑙  and ∆𝑙𝑝𝑙  are the uniaxial compressive force 

acting on the specimen and the corresponding axial deformation within the testing zone 

respectively; 𝐿𝑝𝑙 = 100 mm, denoting the length of the prism specimen; and 𝐴𝑝𝑙 = 1600 

mm2, denoting the cross-sectional area of the prism specimen. 

 

 

Fig.4-28 Force-displacement curves of SM prism compression test. 

 

Each test has been repeated three times, and the standard deviation (SD) is used to assess 

the data reliability. Table 4-2 below summarises the average values of all test results based 

on cubic and cylindrical mortar specimens. 
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Table 4-2 Test results for cubic and cylindrical mortar specimens. 

Type Group Curing days 𝜌𝑚𝑜 kg/m3 
(𝑆𝐷) 

𝐹𝑚𝑐 & 𝐹𝑚𝑡 
kN (𝑆𝐷) 

𝑓𝑚𝑐 MPa 
(𝑆𝐷) 

𝑓𝑚𝑡 MPa 
(𝑆𝐷) 

Cube 
Study 

group 

7 2302 (6.6) 523 (6.0) 52.3 (0.60)  

14 2301 (5.0) 631 (9.3) 63.1 (0.93)  

28 2315 (4.9) 699 (4.4) 69.9 (0.44)  

90 2324 (6.4) 775 (8.0) 77.5 (0.80)  

Cube 
Control 

group 

7 2309 (5.5) 464 (4.6) 46.4 (0.46)  

14 2308 (6.1) 592 (3.2) 59.2 (0.32)  

28 2309 (4.7) 707 (6.5) 70.7 (0.65)  

90 2317 (7.8) 801 (14.7) 80.1 (1.47)  

Cylinder 
Study 

group 

7 2300 (5.8) 157 (8.1)  5.0 (0.26) 

14 2302 (6.1) 176 (10.9)  5.6 (0.35) 

28 2310 (9.6) 179 (4.8)  5.7 (0.15) 

90 2321 (6.2) 191 (15.4)  6.1 (0.49) 

Cylinder 
Control 

group 

7 2298 (2.0) 144 (3.7)  4.6 (0.12) 

14 2310 (7.0) 169 (3.3)  5.4 (0.11) 

28 2317 (2.8) 181 (12.9)  5.8 (0.41) 

90 2317 (4.9) 200 (11.5)  6.4 (0.37) 

 

In addition, the uniaxial compressive elastic modulus 𝐸𝑆𝑀 for SM prism specimens after 

28 days of curing can be obtained as per Eq.4-6, with an average value of 40.4 GPa, and 

standard deviation (𝑆𝐷) of 1.13. 

 

As shown in Fig.4-29, the mortar density of specimens saw a slight rise with curing days. 

By comparing between the average values of the densities of all specimens cured in 7 
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days and 90 days, nearly 1% of density growth can be found. As curing days grow, the 

growth of mortar density can be attributed to the water uptake inside the mortar. Since 

mortar specimens were continuously cured in seawater/freshwater, the water diffusion 

into mortar went on constantly until reaching the saturation. In order to investigate such 

a phenomenon, Section 4.2.3 and 4.5.2 study the water diffusion behaviour of mortar in 

more detail. 

 

 

Fig.4-29 The measurement results of mortar density with different curing times. 

 

Fig.4-30 and Fig.4-31 show the test results of mortar compressive strength and splitting 

tensile strength respectively. Both the compressive strength and splitting tensile strength 

increased with curing days rising, for both the SM and FM. The 28d standard compressive 

and splitting tensile strength in study group were 69.9 MPa and 5.7 MPa, while they were 

70.7 MPa and 5.8 MPa in control group respectively. Furthermore, their strength growth 

curves indicate that the increase rate slowed down with the increase of curing time. 
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Fig.4-30 Mortar compressive strength with different curing days. 

 

 

Fig.4-31 Mortar splitting tensile strength with different curing days. 

 

Although strength curves in Fig.4-30 and Fig.4-31 have a similar rising trend for both 

groups, SM specimens had a higher early strength than FM specimens. For compressive 

strength, the value in the study group is higher by 12.7% in 7d and 6.5% in 14d compared 

with the control group. For splitting tensile strength, values in the study group are 9.2% 

and 4.3% higher than the control group cured in 7 and 14 days respectively. 
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While tested mortar specimens in both groups had a similar 28d standard strength with 

the difference around 1%, the long-term strength (90d) of SM specimens was lower than 

FM specimens by 3.2% in compressive strength and 4.9% in splitting tensile strength as 

shown in Fig.4-30 and Fig.4-31. This phenomenon indicates the strength growth rate of 

the study group after 28 days curing is relatively slower than the control group. During 

the hardening and curing process, chloride ions participate in the mortar hydration 

reaction in the study group while the control group uses fresh water without any chloride 

ions. Existing literature has demonstrated that the chloride ion plays a role like the 

hardening accelerator, as it can facilitate the early hydration up to 28 days but decelerate 

the later hydration (Ogirigbo and Ukpata, 2017; Han et al., 2021). Based on the 28d 

standard strength, 90d compressive strength and splitting tensile strength can reach 110.9% 

and 106.5% in the study group, while they were 113.3% and 110.8% respectively in the 

control group. 

 

Existing studies revealed similar test results about mortar strength changes (Wegian, 2010; 

Xiao et al., 2017). Experiments conducted by Wegian (2010) and Xiao et al. (2017) 

showed that mortar cast by seawater usually had a higher early strength than freshwater. 

This is because the chloride ion present in seawater can accelerate the mortar setting and 

hardening process at early stage (Lu et al., 2018; Li et al., 2021). It plays the role like the 

hardening accelerator as it reacts with tricalcium aluminate in mortar and then generates 

the Friedel's salt, which accelerates the hydration of tricalcium aluminate and thereby 

contributes to the increase in the early strength (Li et al., 2021; Zheng et al., 2021). 

However, its long-term strength was expected to be the same or slightly lower than that 

of the specimen cast by freshwater (Wegian, 2010; Xiao et al., 2017). In this study, the 

mortar strength in the study group and the control group had the same development trend 

during the early stage. For 28d standard strength, test results in the study group were 
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considerably close to the control group. Thus it can be summarised that the usage of 

seawater in SM casting had no obvious influence on its mechanical properties in terms of 

strength, compared with its control group consisting of FM. 

 

Another mortar material property is the flowability of fresh mortar. The present study 

used flow table, as introduced in Section 4.2.2. The flow table test result of fresh mortar 

is shown in Fig.4-32. Then the flowability of SM and FM can be evaluated using Eq.4-7 

as 

 𝐹𝑙 =
𝑑𝐹𝑙−𝑑𝑜𝑏

𝑑𝑜𝑏
× 100  (4-7) 

where 𝐹𝑙 denotes the value of mortar flowability; 𝑑𝐹𝑙  is the average dimension of the 

spread fresh mortar specimen in two directions perpendicular to each other when the 

shaking work for the flow table finishes; and 𝑑𝑜𝑏 represents the original base diameter of 

the fresh mortar specimen before the removal of the mould used to hold the specimen, 

with the length of 100 mm. 

 

 

Fig.4-32 Flow table test result of fresh mortar. 

 

Substituting measured dimension data into Eq.4-7, the flowability for SM is found as 

𝐹𝑙 = 41.7 with the standard deviation of 1.05, while 𝐹𝑙 for FM is calculated as 43.4 with 

the standard deviation of 1.28. There is little difference of flowability between SM and 
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FM, as 𝐹𝑙 value of FM is only 4.1% higher than that of SM. This concludes that the use 

of seawater has almost no influence on the fresh mortar flowability. 

 

4.5.2 Water uptake behaviour of seawater mortar 

 

4.5.2.1 Results analysis and parameters calculation 

 

In accordance with the water uptake test method for mortar introduced in Section 4.2.3, 

the mass variation was recorded for four SM cylindrical specimens individually under 

60 °C immersion condition over 180 days. Then the water absorption mass growth 

𝑀𝑆𝑀𝐶(𝑡) for each specimen can be calculated by Eq.4-8 as 

 𝑀𝑆𝑀𝐶(𝑡) = 𝑀𝑆𝑀𝐶𝑡 −𝑀𝑆𝑀𝐶𝑑  (4-8) 

where 𝑀𝑆𝑀𝐶𝑡 is the current mass after removing its surface moisture; 𝑀𝑆𝑀𝐶𝑑  is the initial 

mass of that specimen after 72 hours of oven drying treatment. 

 

Water uptake test results for all specimens are shown in Fig.4-33. Note that specimens 

used here are named by WU60-SMC-1, 2, 3, 4 respectively, where WU denotes water 

uptake test; 60 means the temperature at 60 °C; SMC means cylindrical specimen made 

of seawater mortar and the last term is the serial number of those specimens. 
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Fig.4-33 Water uptake mass growth of four SM cylindrical specimens up to 180 days of 

60 °C seawater immersion. 

 

The water absorption mass varied between 1.26 g and 1.48 g by the 180th day, with an 

average value of 1.37 g. Although the water absorption speed slowed down over time, it 

had not yet reached its plateau by the end of the test. The average value of water uptake 

at the 120th, 150th and 180th day still had an increase of 5.4% and 4.6% at each 30-day 

interval. 

 

Even using 60 °C elevated temperature immersion method to accelerate the water uptake 

process, it still did not make those specimens attain their moisture saturation condition by 

the end of the test. This is because SM used in this study features low porosity and thus 

strong resistance to the internal water mass transfer. It has a relatively low w/b ratio of 

0.3 and a series of admixtures like PFA, GGBS and SF to improve the particle size 

gradation of binder components and thus reduce its water diffusivity. Considering the 

time restraint of this study, the maximum water uptake mass and diffusivity of the SM 

specimens is predicted using Fick's second Law, by assuming homogeneous composition 

of the mortar materials. 
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Based on the experimental data of the water uptake test in this study, the maximum 

moisture absorption at the saturation status (𝑀𝑆𝑀𝐶
′ ) and the water diffusion coefficient of 

SM material (𝐷𝑆𝑀) can be determined using Eq.3-3, with the value of 𝑀𝑆𝑀𝐶
′ = 1.97 g and 

𝐷𝑆𝑀 = 7.89*10-13 m2/s at 60 °C. Then the saturated water absorption of SM material 

(𝑃𝐴𝑆𝑀′ ) can be obtained as 5.4%, using Eq.4-9: 

 𝑃𝐴𝑆𝑀
′ =

𝑀𝑆𝑀𝐶
′

𝑀𝑆𝑀𝐶𝑑
× 100%  (4-9) 

where 𝑀𝑆𝑀𝐶𝑑  has been weighed as 36.15 g. 

 

In addition, the saturation concentration of SM (𝐶𝑆𝑀′ ) can be derived by Eq.4-10. The 

value has been found to be 125.38 kg/m3, or 6965.28 mol/m3, considering that the molar 

mass of water molecules is 18 g/mol. 

 𝐶𝑆𝑀
′ =

𝑀𝑆𝑀𝐶
′

𝑉𝑆𝑀𝐶
  (4-10) 

where 𝑉𝑆𝑀𝐶 is the volume of the cylindrical SM specimen with 50 mm height and 20 mm 

diameter. 

 

The moisture saturation of the specimen 𝑆𝑆𝑀𝐶(𝑡) at any time 𝑡 in percentage terms is 

described as 

 𝑆𝑆𝑀𝐶(𝑡) =
𝑀𝑆𝑀𝐶(𝑡)

𝑀𝑆𝑀𝐶
′ × 100%  (4-11) 
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Fig.4-34 The moisture saturation analysis of four specimens immersed in seawater at 

60 °C. 

 

By using Eq.4-11, Fig.4-34 reveals the water uptake test results for all specimens in terms 

of the moisture saturation. From Fig.4-34, it can be found that the average moisture 

saturation in the water uptake test just attains around 69.8% by the end of the test. 

According to the analysis results, 𝑆𝑆𝑀𝐶 has an increase of 57.1% and 12.7% during the 

first and second 90 days of 60 °C immersion respectively. Obviously, the growth rate of 

𝑆𝑆𝑀𝐶 for the specimen slows down gradually with immersion time. 

 

4.5.2.2 Temperature effect on water diffusion of mortar 

 

By using Eq.4-8, 20 °C water uptake test results for four SM cylindrical specimens are 

shown in Fig.4-35 wherein the specimens are named by WU20-SMC-1, 2, 3, 4 

respectively. The test lasted for 180 days, following the method given in Section 4.2.3. 
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Fig.4-35 Water uptake mass growth of four SM cylindrical specimens up to 180 days of 

20 °C seawater immersion. 

 

The average water uptake growth 𝑀𝑆𝑀𝐶(180) at 20 °C for all specimens is 0.69 g by the 

end of the test, nearly 50% lower than the value for the 60 °C test group. Compared with 

Fig.4-33, the growth rate of water uptake is much slower in Fig.4-35. This phenomenon 

proves that the water diffusion behaviour is subject to temperature changes and reducing 

the immersion temperature in a certain scope would retard the rate of water uptake for 

SM material. 

 

Combined with 𝑀𝑆𝑀𝐶
′  which has been given in Section 4.5.2.1 with the value of 1.97 g, 

the present study substitutes the test results that constitute Fig.4-35 into Eq.3-3. 𝐷𝑆𝑀20, 

serving as the water diffusion coefficient of SM material at 20 °C, can thus be obtained 

as 1.30*10-13 m2/s. 

 

With temperature rising from 20 °C to 60 °C, the ratio of the diffusion coefficient, 

𝐷𝑆𝑀/𝐷𝑆𝑀20 , is 6.07. In accordance with Arrhenius Law and time-temperature 

superposition principle introduced in Section 3.2.2, raising temperature can accelerate the 

water uptake process in the SM cylindrical specimen because there is a unique 
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relationship between 𝐷𝑆𝑀(𝑇)  and 𝑇  (temperature). Upon the decision of the water 

diffusion activation energy of SM (𝐸𝑎𝑀𝑊), 𝐷𝑆𝑀 with an arbitrary 𝑇 can be found out by 

using 𝛼𝑇 which is defined as the shift factor of time-temperature superposition used for 

water diffusion as per Eq.3-9. Based on Eq.3-3, 𝑀𝑆𝑀𝐶(𝑡) at an arbitrary 𝑇 and 𝑡 can also 

be deduced once 𝐷𝑆𝑀(𝑇) is acquired. In brief, employing Arrhenius Law along with 

𝐸𝑎𝑀𝑊 makes it viable to evaluate the water uptake behaviour of SM specimens with the 

variations in temperature ranging from 20 °C to 60 °C. 

 

To derive the value of 𝐸𝑎𝑀𝑊, this study substitutes 𝐷𝑆𝑀 and 𝐷𝑆𝑀20 into Eq.3-8. Note that 

𝐷𝑆𝑀 along with its corresponding temperature of 60 °C acts as the initial value of the 

diffusion coefficient 𝐷0 and temperature 𝑇0 respectively in Eq.3-8. Then 𝐸𝑎𝑀𝑊 is found 

to be 36.60 kJ/mol. 

 

Fig.4-36 shows the water uptake test results for all specimens under 20 °C. Note that its 

comparison that records the water uptake test results under 60 °C is given in Fig.4-34 in 

terms of the moisture saturation. As the immersion temperature declines to 20 °C, the 

final moisture content only attains 35.3% of the complete saturation by the end of the 

duration of 180 days, whereas this value at the temperature of 60 °C is approximately 

twice higher than 20 °C. Under the condition of 60 °C, it only takes the specimens 30 

days to attain the same degree of saturation compared with those at the 180th day of 

immersion at 20 °C. 
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Fig.4-36 The moisture saturation analysis of four specimens immersed in seawater at 

20 °C. 

 

Taking the temperature effect mentioned above into consideration, and by employing 

Arrhenius Law along with 𝐸𝑎𝐶𝑊 that is deemed as the intrinsic property of SM material, 

its water uptake behaviour at an arbitrary 𝑇 can be calculated, thereby providing the 

support for the later numerical and experimental studies on the water-dependent 

durability performance of CFSRM specimens. 

 

4.6 Test results and analysis of carbon fibre strand (CFS) 

 

4.6.1 Geometric and mechanical properties 

 

This section presents the physical properties of CFS including its cross-sectional 

geometry, transverse hygroscopic swelling ratio, ultimate tensile strength, and uniaxial 

tensile elastic modulus. As illustrated in Fig.4-37, eight cross sections stemming from the 

random selection of CFS samples were measured using the microscope after the material 

surface polishing treatment. The cross section of eight selected samples has an average 

area of 1.552 mm2. The standard deviation of all measured values is 0.09, which indicates 
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a good consistency of the cross-sectional area of CFS materials used in this study. Table 

4-3 presents all the measured CFS cross-sections. 

 

    
(a)                                                                  (b) 

    
(c)                                                                  (d) 

    
(e)                                                                  (f) 

    
(g)                                                                  (h) 

Fig.4-37 Measurement results of the CFS cross section: (a) to (h) correspond to the 

sample serial number 1 to 8 in Table 4-3 respectively. 
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Table 4-3 CFS cross-sectional areas in the initial state and after saturated hygroscopic 

swelling. 

 CFS cross-sectional area (mm2) 

No. 1 2 3 4 5 6 7 8 

initial state 1.627 1.402 1.669 1.583 1.456 1.552 1.635 1.492 

saturated state 1.640 1.414 1.678 1.597 1.465 1.561 1.647 1.504 

 

In addition to the CFS cross-sectional areas in its initial dry state, Table 4-3 also records 

the area changes owing to the hygroscopic swelling effect. Once CFS samples reached 

the moisture saturation condition after immersion into seawater, they were considered to 

attain the highest transverse hygroscopic swelling strain. The cross-sectional area of CFS 

samples at moisture saturation has an average value of 1.563 mm2 with the standard 

deviation of 0.09. 

 

As shown in Fig.4-37, the shape of CFS cross section can be considered as a circle in the 

simplified analysis. Let an arbitrary point inside the circular cross section share the same 

value of the transverse strain. The maximum cross-sectional expansion strain 휀𝐻𝐸′  under 

its moisture saturation condition thus can be defined as 

 휀𝐻𝐸
′ = √

𝐴𝐶𝐹𝑆
′ −𝐴𝐶𝐹𝑆

𝐴𝐶𝐹𝑆
  (4-12) 

where 𝐴𝐶𝐹𝑆′  and 𝐴𝐶𝐹𝑆  denote the measured CFS cross-sectional area in the moisture 

saturation state and the initial dry state respectively. Substituting the measurements 

shown in Table 4-3 into Eq. 4-12, the average value of 휀𝐻𝐸′  for all CFS samples used here 

is found to be 3.60*10-3. 
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In order to explore the coupling relationship between the water diffusion and the 

hygroscopic stress caused by the swelling deformation inside CFS, Section 3.3 introduces 

the coefficient of transverse hygroscopic expansion 𝛽𝐶𝐻𝐸  for CFS material. Then its 

transverse hygroscopic swelling strain 휀𝐻𝐸 with arbitrary percentage of water absorption 

that occupies the mass of CFS under its dry condition, namely 𝑃𝐴𝐶𝐹𝑆, can be calculated 

by Eq.3-11 as given in Section 3.3. 

 

Since the maximum expansion strain 휀𝐻𝐸′  and the related saturated water absorption mass 

percentage 𝑃𝐴𝐶𝐹𝑆′  are acquired, the constant 𝛽𝐶𝐻𝐸 for the CFS material can be determined 

according to Eq.3-11, with the value of 0.28. As the interior of CFS absorbs moisture 

continuously over time, its hygroscopic swelling increases simultaneously as per 𝛽𝐶𝐻𝐸 

until reaching the saturation state. For CFSRM specimens used herein, CFS is embedded 

in SM substrate, therefore its swelling is confined to its original space. Consequently, the 

swelling deformation causes local stress inside the specimen, which has an effect on the 

interfacial bonding when conducting the pull-out test for the reinforcement. Section 5.5 

and 7.4 further discuss the effect of hygroscopic swelling mechanism on the pull-out 

behaviour of CFSRM in terms of the numerical simulation and the experimental 

phenomena. 

A typical tensile failure mode of CFS is shown in Fig.4-38. It can be found that the 

fracture generally happens at the middle testing region, while the breaking surface is 

uneven, revealing the irregular rupture characteristics for filaments. 
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Fig.4-38 Tensile failure of CFS material. 

 

Note that the present tensile test focuses on the basic mechanical properties of CFS 

specimen including its tensile strength and elastic modulus. The specimens used here all 

keep in initial state before the test, without any conditioning such as water immersion. 

 

However, plenty of existing studies have indicated that the tensile property changes or 

any failure mode differences as the results of the tensile test would not occur on the CFS 

specimen itself before and after immersion treatment (Weitsman, 2012; Kafodya et al., 

2015; Heshmati et al., 2016; Benmokrane and Ali, 2018). The ageing treatment of water 

immersion damages the polymer matrix and the CFS/SM interface, thereby degrading the 

interfacial bond behaviour and causing the reduction in pull-out performance (Weitsman, 

2012). By contrast, carbon fibre is corrosion-free when exposed to moisture (Raman et 

al., 2020). Unlike the pull-out test, the tensile test is dependent on the tensile behaviour 

of carbon fibre itself rather than the polymer matrix inside (Spelter et al., 2019). Thus, 
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the tensile properties including the failure mode of CFS after immersion exposure would 

not change, compared with the specimen under the initial condition. 

 

Fig.4-39 plots the tensile force-displacement curves for all CFS samples (CFST-1, 2, 3, 

4). Contrary to conventional steel reinforcement which has a good ductility, carbon fibre 

reinforced composite generally can be classified into the brittle material with linear elastic 

property (Zaidi et al., 2017). From Fig.4-39, it is obvious that the tensile force-

displacement curves for all samples have a distinct linear growth with almost the same 

slope in their early stages. However, with tensile force continuing to go up, these curves 

experience several modest drops on account of the successive fracture of partial filaments. 

At last, the tensile force suddenly declines to zero due to the brittle rupture of the main 

strand. The peak tensile force during the test occurs at the critical point before the fracture 

failure for all samples. The average value of the peak force is 3.16 kN with the standard 

deviation of 0.19. Table 4-4 shows the relevant tensile test data for those samples in more 

detail. 

 

 

Fig.4-39 CFS tensile test results. 
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Hooke’s Law is applied to calculating 𝑓𝑢𝐶𝐹𝑆 by substituting the ultimate tensile force 

𝐹𝑢𝐶𝐹𝑆 during CFS tensile test into Eq.4-13 as 

 𝑓𝑢𝐶𝐹𝑆 =
𝐹𝑢𝐶𝐹𝑆

𝐴𝐶𝐹𝑆
  (4-13) 

 

In order to acquire the initial uniaxial tensile elastic modulus of CFS material 𝐸𝐶𝐹𝑆𝑧, this 

study only adopts the testing data at early tensile stage. The testing data within the first 

0.5 mm of the tensile displacement is used to calculate 𝐸𝐶𝐹𝑆𝑧 of CFS material. 

 

As shown in Fig.4-38, the anchorage region embedded in the tube is longer than the 

testing machine jig by 45 mm at both upper and lower ends, which is necessary to make 

sure that bond-slip would not occur at the anchorage region during the tensile test. 

However, such an extra anchorage region also contributes to the tensile deformation in 

the test. Neglecting this contributing factor would lead to underestimation of 𝐸𝐶𝐹𝑆𝑧. As 

introduced in Section 4.3.1, the anchorage region is comprised of the aluminium tube, 

epoxy resin and CFS. By using the equation of static equilibrium combined with Hooke’s 

Law, the analytical solution to CFS tensile process within the early stage can be described 

as 

 

{
 

 𝐹𝑡𝐶𝐹𝑆 =
∆𝑙𝑡𝑎

𝑙𝑡𝑎
(𝐴𝐴𝑙𝐸𝐴𝑙 + 𝐴𝑒𝑠𝐸𝑒𝑠 + 𝐴𝐶𝐹𝑆𝐸𝐶𝐹𝑆𝑧)

𝐹𝑡𝐶𝐹𝑆 =
∆𝑙𝑡𝐶

𝑙𝑡𝐶
𝐴𝐶𝐹𝑆𝐸𝐶𝐹𝑆𝑧                                       

∆𝑙𝑡 = 2∆𝑙𝑡𝑎 + ∆𝑙𝑡𝐶                                      

  (4-14) 

where 𝐹𝑡𝐶𝐹𝑆 denotes the uniaxial tensile force acting on the sample during the test; 𝐴𝐴𝑙 = 

1.80 mm2, symbolising the cross-sectional area of aluminium tube of 3 mm in outer 

diameter and 2.59 mm in inner diameter measured by a digital bore gauge; 𝐴𝑒𝑠 = 3.72 

mm2 is the cross-sectional area of internal epoxy resin, which is derived from the tube 

size and 𝐴𝐶𝐹𝑆; 𝐸𝐴𝑙 is the elastic modulus of aluminium material with the value of 69 GPa 

(Kouzeli et al., 2001; Khalili et al., 2005); 𝐸𝑒𝑠 is the elastic modulus of epoxy resin, which 
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adopts the value of 3.1 GPa (Huang et al., 2002; Ayatollahi et al., 2011); ∆𝑙𝑡𝑎 denotes the 

tensile deformation of CFS anchorage region beyond jig’s grip at upper or lower end; 

∆𝑙𝑡𝐶 denotes the tensile deformation of CFS in the sample testing region; ∆𝑙𝑡 denotes the 

total tensile displacement between a pair of testing machine jigs in CFS tensile test; 𝑙𝑡𝑎 = 

45 mm, representing the length of CFS anchorage region that exceeds the grip range of 

the upper or lower jig; 𝑙𝑡𝐶 = 50 mm, representing the length of CFS in the testing region 

of the sample used for the tensile test. 

 

Substituting the data point at 0.5 mm tensile displacement into Eq.4-14, the average 

uniaxial tensile elastic modulus of CFS is found as 𝐸𝐶𝐹𝑆𝑧 = 131.0 GPa, with the standard 

deviation of 2.54. Table 4-4 gives the solution to all tested samples as follows.  

 

Table 4-4 Mechanical properties of CFS material. 

Sample serial number 1 2 3 4 
Average 

value 

Ultimate tensile force 𝐹𝑢𝐶𝐹𝑆 (kN) 3.38 3.18 2.92 3.17 3.16 

Ultimate tensile strength 𝑓𝑢𝐶𝐹𝑆 (GPa) 2.18 2.05 1.88 2.04 2.04 

Uniaxial tensile elastic modulus 𝐸𝐶𝐹𝑆𝑧 

(GPa) 
134.1 131.9 128.3 129.8 131.0 
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4.6.2 Water uptake behaviour analysis 

 

4.6.2.1 Test results 

 

As discussed in Section 3.2.1, different from the homogeneous diffusion of SM material, 

the water uptake process inside CFS material features the orthotropic diffusion behaviour. 

Thus Eq.3-2 should be used here to analyse test results of water mass growth. In order to 

distinguish between the effect of axial diffusion coefficient 𝐷𝐶𝐹𝑆𝑧 and the effect of radial 

diffusion coefficient 𝐷𝐶𝐹𝑆𝑟  in Eq.3-2, two types of CFS samples with different lengths 

are designed for the water uptake test under the identical ambient conditions of 60 °C 

seawater immersion over 96 hours, as introduced in Section 4.3.2. For the 240 mm CFS 

specimen, the aspect ratio (length/diameter) is more than 100, indicating that the 

contribution from 𝐷𝐶𝐹𝑆𝑧 is negligible. Therefore, Eq.3-2 can be simplified as below to 

describe the water diffusion behaviour in this sample. 

 𝑀𝐹𝑆𝐿(𝑡) = 𝑀𝐹𝑆𝐿
′ [1 − 4∑

1

𝛼𝑚2 exp (−𝛼𝑚
2 𝐷𝐶𝐹𝑆𝑟

𝑟𝐶𝐹𝑆2
𝑡)∞

𝑚=1 ]  (4-15) 

where 𝑀𝐹𝑆𝐿(𝑡) is the moisture absorption mass growth for a group of 60 CFS samples 

with 240 mm length at an arbitrary time 𝑡; 𝑀𝐹𝑆𝐿
′  is the maximum moisture uptake at the 

saturation status for this group; 𝑟𝐶𝐹𝑆 is the radius of the CFS material, with 0.70 mm. 

 

Applying the method similar to Eq.4-8, water uptake test results for four groups of 240 

mm CFS samples are obtained by the current mass of each group subtracted from its 

initial mass, as shown in Fig.4-40. Note that four groups used here all individually 

comprise 60 of 240 mm CFS samples, named by WU60-FSL-1, 2, 3, and 4 respectively. 
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Fig.4-40 Water uptake test results for four groups of 240 mm CFS samples immersed in 

60 °C seawater up to 96 hours. 

 

The water absorption mass varied between 0.38g and 0.44g at the 96th hour, with an 

average value of 0.41g. Throughout the immersion, the mass growth saw a nearly 

parabolic rise for the first 36 hours and then reached its plateau by the end of the test, 

indicating that the samples had already approached the saturation status within the period 

of the test. During the last 60 hours of the test, there was still a slight mass increase from 

0.38 g at the 36th hour to 0.41 g at the 96th hour, revealing the water uptake trend that 

significantly slows down over time. 

Substituting the above test records into Eq.4-15, the maximum water uptake mass for 

those four groups and the radial diffusion coefficient of CFS can be acquired as 𝑀𝐹𝑆𝐿
′  = 

0.41 g and 𝐷𝐶𝐹𝑆𝑟 = 1.33*10-12 m2/s. 

 

Since the maximum moisture uptake at the saturation status 𝑀𝐹𝑆𝐿
′  stems from the data 

analysis of the test group comprising 60 strands with 240 mm length, this value does not 

strictly present the water uptake capacity of CFS material universally. Accordingly, the 

definition of the saturated moisture absorption in mass percentage terms (𝑃𝐴𝐶𝐹𝑆′ ) is 

applied to describe the maximum water absorption of CFS material as per Eq.4-16. 
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 𝑃𝐴𝐶𝐹𝑆
′ =

𝑀𝐹𝑆𝐿
′

𝑀𝐹𝑆𝐿𝑑
× 100%  (4-16) 

where 𝑀𝐹𝑆𝐿
′  is known before and 𝑀𝐹𝑆𝐿𝑑 (the initial mass of the test group consisting of 

60 CFS samples with 240 mm length, after complete drying treatment) has already been 

weighed with 32.21 g. The value of 𝑃𝐴𝐶𝐹𝑆′  can thus be derived as 1.3%. 

 

In addition, the saturation concentration of CFS material 𝐶𝐶𝐹𝑆′  can also be obtained based 

on 𝑀𝐹𝑆𝐿
′  using Eq.4-17. 

 𝐶𝐶𝐹𝑆
′ =

𝑀𝐹𝑆𝐿
′

𝑉𝐹𝑆𝐿
  (4-17) 

where 𝑉𝐹𝑆𝐿 is the net volume of 60 CFS samples of 240 mm in length and 0.70 mm in 

radius respectively. Then the value of 𝐶𝐶𝐹𝑆′  is found to be 18.47 kg/m3, namely 1026.25 

mol/m3 in view of the molar mass of water molecules with 0.018 kg/mol. 

 

Once the specific values of material coefficients 𝑀𝐹𝑆𝐿
′  and 𝐷𝐶𝐹𝑆𝑟  related to diffusion 

behaviour of CFS have been determined, they can be substituted into Eq.3-2 in which 

there is only one unknown diffusion coefficient 𝐷𝐶𝐹𝑆𝑧 yet to be decided. In accordance 

with the experimental design introduced in Section 4.3.2, four groups of short CFS 

samples with 6 mm length are prepared for the water uptake test to calculate 𝐷𝐶𝐹𝑆𝑧 and 

distinguish its effect from 𝐷𝐶𝐹𝑆𝑟 . Fig.4-41 represents the test results of four groups 

comprised of 6 mm CFS samples where the four groups are named by WU60-FSS-1, 2, 

3, 4 and each of them includes about 2400 of 6 mm short CFS samples. Note that it is 

crucial for this test to control the used material amount of short CFS in each group equal 

to the foregoing group made up of 60 long CFS samples with 240 mm length, because a 

series of subsequent data comparison and data analysis all require an invariable value of 

the used CFS material quantity as a baseline. In addition, as explained in Section 4.3.2, 

such a test setup can avoid the experimental error. The water uptake amount for a single 
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CFS is too small to measure, but it is feasible to observe the moisture absorption from a 

group of 60 long CFS samples whose water uptake amount should be 60 times higher 

than a single strand theoretically. 

 

 

Fig.4-41 Water uptake test results for four groups of 6 mm CFS samples immersed in 

60 °C seawater up to 96 hours. 

 

Like the test records in respect of long CFS samples, test results of those groups consisting 

of short CFS samples had the final water absorption mass ranging from 0.38 g to 0.44 g 

at the 96th hour, with an average of 0.41 g equal to the value of 𝑀𝐹𝑆𝐿
′ . This implied that 

the moisture absorption had already attained the saturation state by the end of the test. As 

shown in Fig.4-41, the mass growth almost entered its plateau after the first day when the 

water uptake was 0.35 g. Compared with the growth trend in long CFS samples, the water 

uptake growth of short CFS samples featured a steeper slope at the initial increase stage, 

revealing the noticeable effect of axial diffusion coefficient 𝐷𝐶𝐹𝑆𝑧 on the water uptake 

behaviour of short CFS with 6 mm length. 

 

On account of the same CFS material quantity used in both sample groups mentioned 

above, 𝑀𝐹𝑆𝐿
′  stemming from the test group made up of long CFS samples can be applied 
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to the group of short CFS samples directly, serving as the maximum moisture uptake at 

the saturation status for each group comprising about 2400 short CFS with 6 mm length. 

Furthermore, 𝐷𝐶𝐹𝑆𝑟  has also been acquired before. Substituting them into Eq.3-2, the 

axial diffusion coefficient of CFS material immersed in 60 °C seawater can be obtained 

as 𝐷𝐶𝐹𝑆𝑧 = 1.05*10-11 m2/s, nearly eight times the value of 𝐷𝐶𝐹𝑆𝑟 . This phenomenon 

results from the orthotropic structural characteristics of CFS material. There tend to be a 

certain number of micro-voids or pores along its axial direction, especially at the interface 

between the fibre and the polymer matrix (Bao and Yee, 2002a). Subsequently water 

molecules become more likely to diffuse through its axis than its radius owing to such a 

porosity distribution feature (Bao and Yee, 2002b). As a result, its radial diffusion rate 

𝐷𝐶𝐹𝑆𝑟 is markedly lower than its axial diffusion rate 𝐷𝐶𝐹𝑆𝑧. 

 

Since the identical material amount is used for both long and short CFS sample groups, 

the variations in their moisture content during the course of the water uptake test can be 

directly compared by using 𝑆𝐶𝐹𝑆(𝑡) which is defined as the moisture saturation of the test 

group composed of CFS material at an arbitrary time 𝑡. Similar to Eq.4-11, 𝑆𝐶𝐹𝑆(𝑡) is 

derived from the ratio of the current water uptake mass to the maximum water uptake 

mass 𝑀𝐹𝑆𝐿
′  for an arbitrary test group used here. In terms of the moisture saturation, water 

uptake test results of long and short CFS samples are presented in Fig.4-42a and Fig.4-42b 

respectively. 
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(a) 

 

(b) 

Fig.4-42 The moisture saturation analysis of four sample groups under ambient 

conditions of 60 °C seawater immersion up to 96 hours: (a) long CFS samples with 240 

mm length; (b) short CFS samples with 6 mm length. 

 

From Fig.4-42, it can be found that the increase in moisture intake of short CFS samples 

was faster than that of long CFS samples at the beginning, holding a lead of around 2% 

to 16% over the first 16 hours. However, the difference between them was reduced 

gradually over time. Finally, the complete saturation was reached at nearly the 48th hour 

and the 36th hour for long and short CFS samples respectively. 
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In view of the fact that the radial diffusion coefficient 𝐷𝐶𝐹𝑆𝑟 is nearly one eighth the value 

of the coefficient in axial direction 𝐷𝐶𝐹𝑆𝑧 in this study, but the lateral surface area of CFS 

is usually much larger than the cross-sectional area, the water uptake behaviour of CFS 

as shown in Fig.4-42 is featured as the axial diffusion at the beginning and gradually turns 

to radial diffusion over time. This diffusion behaviour is more evident for short CFS 

samples of 6 mm in length, accounting for the difference in the saturation changes 

between long and short CFS samples. 

 

4.6.2.2 Temperature effect  

 

This section studies the temperature effect of CFS in terms of its water diffusion 

activation energy 𝐸𝑎𝐹𝑊𝑟  and 𝐸𝑎𝐹𝑊𝑧  which represent the intrinsic water absorption 

property of CFS material in radial and axial direction respectively. To investigate the 

effect of temperature 𝑇 on water diffusion behaviour of the CFS material used herein, the 

water uptake test for both 240 mm and 6 mm CFS was conducted at 20 °C seawater with 

the duration of 30 days. Fig.4-43a and Fig.4-43b demonstrate water uptake test results for 

four groups of 240 mm and 6 mm CFS individually. Four specimen groups of the former 

are named by WU20-FSL-1, 2, 3, 4 and each one consists of 60 strands with 240 mm 

length. As for the latter, they are named by WU20-FSS-1, 2, 3, 4 and every group contains 

around 2400 of 6 mm short CFS. In this way, the total amount of used CFS material in 

these two groups is equal to each other. 
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(a) 

 

(b) 

Fig.4-43 Water uptake test results for four sample groups of CFS immersed in 20 °C 

seawater up to 30 days: (a) long CFS samples with 240 mm length; (b) short CFS 

samples with 6 mm length. 

 

By the end of the test, the average water absorption mass on the 30th day was 0.43 g for 

240 mm sample groups and 0.40 g for 6 mm sample groups. As shown in Fig.4-43, the 

water uptake mass in both long and short CFS groups reached a plateau by the end of the 

test, indicating that all groups in the test attain the saturation stage eventually. By 

comparing Fig.4-43 with Fig.4-40 and Fig.4-41, it can be found that the water uptake 
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mass at the saturation stage of the 20 °C immersion is almost the same as the 60 °C 

immersion, so changing immersion 𝑇 has little influence on the final water absorption 

ratio of CFS material at saturation. Furthermore, considering that the amount of CFS 

material used in each group is almost identical, the total water absorption mass for each 

group should be the same as well, equal to the value of 𝑀𝐹𝑆𝐿
′  which is 0.41 g derived from 

Section 4.6.2.1. 

 

Fig.4-44 presents the CFS water absorption process under 20 °C seawater ambient 

conditions, in terms of moisture saturation. It is found that test specimens attained their 

90% saturation on the 15th day for 240 mm samples and on the 9th day for 6 mm samples. 

It took 240 mm CFS samples under 20 °C immersion ten times longer than that under 

60 °C immersion to reach the same saturation level. As regards to 6 mm CFS samples 

under 20 °C immersion, reaching 90% saturation took them six times the duration of 

water uptake compared with those under 60 °C immersion. Besides, the mass growth for 

20 °C sample groups also experienced an almost linear increase at the beginning and then 

the uptake rate slowed down gradually with time, which was similar to the growth trend 

in 60 °C sample groups. After the 15th day, the increment of water uptake as shown in 

Fig.4-44 became unobvious and the slight fluctuation within 5% was present in the degree 

of saturation, owing to the statistical discrepancy. Similar trend had been found in the 

60 °C sample groups after the second day of immersion. 

 

Substituting 𝑀𝐹𝑆𝐿
′  combined with the test results recorded in Fig.4-43a into Eq.4-15, the 

radial diffusion coefficient of CFS material immersed in 20 °C seawater 𝐷𝐶𝐹𝑆𝑟20 can be 

obtained as 1.65*10-13 m2/s. Subsequently, the axial diffusion coefficient of CFS material 

immersed in 20 °C seawater 𝐷𝐶𝐹𝑆𝑧20 is found to be 1.55*10-12 m2/s by means of Eq.3-2 

coupled with the test data presented in Fig.4-43b. 
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(a) 

 

(b) 

Fig.4-44 The moisture saturation analysis for four sample groups under ambient 

conditions of 20 °C seawater immersion up to 30 days: (a) long CFS samples with 240 

mm length; (b) short CFS samples with 6 mm length. 

 

With the immersion 𝑇 drops from 60 °C to 20 °C, a remarkable reduction appears in the 

water diffusion coefficient of CFS. In its radial direction the ratio of the diffusion 

coefficient 𝐷𝐶𝐹𝑆𝑟/𝐷𝐶𝐹𝑆𝑟20 is 8.05, while in its axial direction the ratio 𝐷𝐶𝐹𝑆𝑧/𝐷𝐶𝐹𝑆𝑧20 is 

6.78. These findings lay the foundation in investigating the water diffusion of CFS 

material using Arrhenius Law. 
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Compared with 20 °C, elevated temperature of 60 °C significantly increases the water 

uptake rate and thus effectively reduces the duration for CFS to attain its saturation 

condition. In accordance with Arrhenius Law, there is a correlation between the diffusion 

coefficient of CFS and the immersion 𝑇. Based on Eq.3-9, 𝛼𝑇 is introduced to define the 

dependence of diffusion coefficient on ambient 𝑇 quantitatively, namely the ratio of the 

current diffusion coefficient to the initial diffusion coefficient due to the temperature 

changes. Once the diffusion coefficient at a certain 𝑇 is measured, 𝛼𝑇  can be used to 

determine the unique diffusion coefficient at an arbitrary 𝑇 using Eq.3-9. 

 

To determine 𝛼𝑇 at an arbitrary 𝑇 requires the water diffusion activation energy of CFS, 

which is an intrinsic material property and independent of temperature changes. Note that 

there is a difference of the value between 𝐷𝐶𝐹𝑆𝑟/𝐷𝐶𝐹𝑆𝑟20 and 𝐷𝐶𝐹𝑆𝑧/𝐷𝐶𝐹𝑆𝑧20. It suggests 

that the temperature affects the CFS water diffusion to a different extent between the 

radial and the axial directions. Substituting the above mentioned four diffusion 

coefficients into Eq.3-9, the water diffusion activation energy of CFS in radial and axial 

directions can be obtained as 𝐸𝑎𝐹𝑊𝑟 =  42.35 kJ/mol and 𝐸𝑎𝐹𝑊𝑧 =  38.86 kJ/mol 

respectively. 

 

In general, the activation energy determines the corresponding chemical reaction or 

material property change. The higher the value of the activation energy, the more difficult 

for the material to react. In this study, the difference between 𝐸𝑎𝐹𝑊𝑟 and 𝐸𝑎𝐹𝑊𝑧 reveals 

that it is easier for water molecules to diffuse into the interior of CFS along its axial 

direction than its radial direction. In terms of the physical structure of CFS, micro-voids 

or pores are more likely to exist at the interface between the fibre and the polymer matrix. 

Thus, the CFS is more compact along its radial direction compared with its axial direction, 
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indicating that the water diffusion is more likely to happen through the axial direction 

than the radial direction. 

 

As the water uptake mass of CFS at the saturation condition is independent of the ambient 

temperature variation, the diffusion coefficients for CFS material at an arbitrary 𝑇 can be 

calculated theoretically, assuming that the water diffusion activation energy for CFS is 

independent to temperature. 

 

4.7 Pull-out test results 

 

After 28 days curing in 20 °C water, pull-out tests had been carried out on four specimens 

(PI-1, 2, 3, 4) using SM and four specimens (PI-1F, 2F, 3F, 4F) using FM. Fig.4-45a and 

Fig.4-45b plot the force-displacement curves for SM and FM specimens, respectively. 

 

The ultimate pull-out forces are summarised in Table 4-5, using the peak point on the 

force-displacement curve for each specimen individually. Average ultimate pull-out force 

with the related standard deviation of each batch is given in Table 4-5 as well. 

 

According to the test results, seawater did not have any obvious effect on ultimate pull-

out force. Although the ultimate pull-out force for seawater mortar samples was slightly 

higher than the freshwater mortar samples, the difference was less than 5%, and thereby 

can be attributed to the normal statistical variation. Therefore, opting for seawater rather 

than freshwater to cast the mortar substrate would not be disadvantageous to the pull-out 

performance for those tested specimens.  
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(a) Specimens made of SM: PI-1, 2, 3, 4 respectively 

 

(b) Specimens made of FM: PI-1F, 2F, 3F, 4F respectively 

Fig.4-45 Pull-out force-displacement curves. 

 

Table 4-5 Test results of the ultimate pull-out force. 

Specimen type Seawater batch Freshwater batch 

Serial number PI-1 PI-2 PI-3 PI-4 PI-1F PI-2F PI-3F PI-4F 

Ultimate pull-out force (kN) 1.91 1.86 1.91 2.04 2.02 2.15 1.80 1.93 

The average force (kN) 1.93 1.98 

Standard deviation 0.08 0.15 
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Fig.4-46 shows the failure modes of the CFSRM specimens. All eight specimens have 

shown pull-out failure mode, as shown in Fig.4-46a. Fig.4-46b presents all the mortar 

cylinders after CFS is pulled out from the interior of CFSRM, and Fig.4-46c displays the 

upper surface of the cylindrical mortar after the test. According to those test records 

shown in Fig.4-46, the pull-out failure characteristics of CFSRM specimens can be 

concluded as follows: (1) no longitudinal crack appears in cylindrical mortar surface; (2) 

no radius crack occurs in cylindrical mortar surface; (3) the embedded CFS reinforcement 

of 50 mm in length is completely pulled out from the interior of mortar, indicating that 

the obvious fracture of CFS does not occur during the pull-out process; (5) no visible 

damage can be found on the pulled out CFS surface. 

 

 
(a) 

  
                                                    (b)                                                       (c) 

Fig.4-46 Specimens after the pull-out test: (a) surface of CFS reinforcement fully pulled 

out from mortar; (b) tested CFSRM of the control group (freshwater mortar) on the left 

hand and the study group (seawater mortar) on the right hand; (c) upper surface of the 

cylindrical mortar after pulling out its internal CFS. 
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As no visible crack can be found on the surface of those mortar cylinders after the test, 

the mortar mix design is thus believed to be adequate for the present study. In addition, 

the CFS is found to be sufficiently strong to sustain the pull-out force before the complete 

debonding failure occurs. 

 

4.8 Summary 

 

This chapter has carried out a series of tests to investigate the physical and mechanical 

properties of CFSRM with its material components, namely CFS and SM. In brief, those 

tests contain compressive strength test with cubic mortar specimens, splitting tensile test 

with cylindrical mortar specimens, Young's modulus test with prism specimens, flow 

table test with fresh mortar, tensile test with CFS, water uptake tests for both CFS and 

mortar materials at 60/20 °C respectively and the pull-out test with CFSRM specimens 

before any ageing treatment. The key results from those tests are concisely presented as 

below. 

 

The use of seawater in mortar would not influence its strength or flowability, compared 

with normal freshwater mortar. As regards to CFS used herein, this chapter has acquired 

its basic material properties including ultimate tensile strength, axial elastic modulus, 

coefficient of hygroscopic expansion, etc. The water diffusion activation energy, which 

is a material intrinsic property that does not change by varying temperature, has been 

found out in this chapter as well, by using Arrhenius Law to analyse test results at 20 °C 

and 60 °C.  

 

Focusing on the interfacial bond behaviour between CFS and SM, a pull-out test method 

for CFSRM specimen is proposed in this chapter. Test results suggest that whether using 
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seawater or freshwater to make the mortar substrate would not affect the pull-out 

performance of CFSRM. The average ultimate pull-out force is 1.95 kN, which will serve 

as the baseline to investigate the degradation in pull-out performance after environmental 

conditioning. 
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5 NUMERICAL SIMULATION ON PHYSICAL AND MECHANICAL PROPERTIES 

OF CFSRM SPECIMENS 

 

5.1 Overview 

 

In this chapter the structural behaviour of CFSRM specimens is investigated by using 

numerical method, including water diffusion, interfacial bonding, hygroscopic expansion 

and its effect on pull-out resistance. Considering the multi-field coupling nature of the 

problem, COMSOL Multiphysics software are used as the modelling tool. 

 

The present study directly adopts the material coefficients measured in Chapter 4 to build 

the numerical water diffusion field. The pull-out behaviour is simulated by adding a stress 

field using cohesive zone model (CZM), which dominates the gradual failure at the 

interface between CFS and SM during the pull-out process. The model parameters that 

govern the interfacial properties of CZM are derived from the pull-out test results. In this 

way, the simulated pull-out behaviour can be calibrated using the experimental data. 

 

However, the effect of hygroscopic expansion taking placing inside CFSRM specimen 

cannot be directly observed by the conventional experimental method. This chapter 

focuses on the mechanism of hygroscopic expansion and its influence on pull-out 

performance. The present research of the swelling effect can be further broadened to a 

general analysis applied to FRP and FRP reinforced materials in which the hygroscopic 

expansion effect cannot be ignored. The relevant details are discussed in Section 5.5. 
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5.2 Geometrical model 

 

The numerical model in this study adopts the same geometry as the experimental studies, 

as shown in Fig.5-1. 

 

 

(a) 

 

(b) 

Fig.5-1 Geometry of the numerical model: (a) 3D geometric profile; (b) 2D 

axisymmetric geometric model. 
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The SM substrate of CFSRM has a standard cylindrical geometry with 50 mm height and 

20 mm diameter, where the centre is occupied by the CFS reinforcement along the 

longitudinal axis. Although the cross-section of CFS is measured as a random and 

irregular round profile as shown in Fig.4-37, an equivalent circular cross-section of 1.41 

mm in diameter has been used in the present numerical model. Fig.5-1a depicts the 3D 

geometry of the numerical model. Taking advantage of the axisymmetric boundary 

conditions, a two-dimensional axisymmetric model is adopted to improve computational 

efficiency, as shown in Fig.5-1b. 

 

5.3 Water diffusion model 

 

5.3.1 Boundary conditions based on two-medium diffusion 

 

The diffusion mechanism presented in Section 3.2.1 is for a single material. It cannot be 

directly used to describe the water uptake process occurring inside CFSRM which is 

characterised as a composite material consisting of cylindrical SM substrate and 

embedded CFS reinforcement. On account of such a problem, it is necessary to find out 

the special model boundary conditions which agree the two-medium diffusion mechanism, 

in order to simulate the whole water diffusion process inside CFSRM specimen. 

 

Fig.5-2 shows the diagram of the two-medium diffusion mechanism of CFSRM. It 

indicates that the centrally embedded CFS has an orthotropic diffusion coefficient tensor 

in axial and radial directions, respectively, whilst the SM substrate features isotropic 

water diffusion with a coefficient scalar. For the SM substrate, it absorbs moisture from 

the external environment directly. For the CFS reinforcement, moisture transfers into it 
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from both the external environment (the two ends) and from the SM medium (the strand 

wall), as shown in Fig.5-2. 

 

 

Fig.5-2 The diagram of two-medium diffusion mechanism in CFSRM. 

 

The boundary conditions in accordance with this two-medium diffusion mechanism 

comprise two parts, including the global boundary condition located at the global solid as 

well as its exterior surface and the interface boundary condition located at the interface 

between those two different mediums. 

 

Based on different saturation concentrations of the two mediums, the global boundary 

conditions can be expressed as 
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{
  
 

  
 
𝐶(𝑟 < 𝑟𝑅 , |𝑧| < 𝑧ℎ, 𝑡 = 0) = 0        

𝐶(𝑟𝑅 , 𝑧, 𝑡) = 𝐶𝑆𝑀
′                                   

𝐶(𝑟 ≤ 𝑟𝐶𝐹𝑆, 𝑧 = ±𝑧ℎ, 𝑡) = 𝐶𝐶𝐹𝑆
′        

𝐶(𝑟𝐶𝐹𝑆 < 𝑟 ≤ 𝑟𝑅 , 𝑧 = ±𝑧ℎ, 𝑡) = 𝐶𝑆𝑀
′

𝐶(𝑟 ≤ 𝑟𝐶𝐹𝑆, 𝑧, 𝑡∞) = 𝐶𝐶𝐹𝑆
′                   

𝐶(𝑟𝐶𝐹𝑆 < 𝑟 ≤ 𝑟𝑅 , 𝑧, 𝑡∞) = 𝐶𝑆𝑀
′           

  (5-1) 

where 𝑟𝑅 and 𝑧ℎ are the radius and the half length of CFSRM respectively; 𝑟𝐶𝐹𝑆 is the 

radius of CFS; 𝐶𝐶𝐹𝑆′  and 𝐶𝑆𝑀′  are the saturation concentration of CFS medium and SM 

medium respectively. 

 

While the global boundary condition remains unchanged at the outer surface of CFSRM, 

the interface boundary condition varies over time, controlled by the current concentration 

at the interfacial point and the total mass of water absorption among each medium. 

 

Fig.5-3 to Fig.5-5 give the graphic exposition of above mentioned variations in terms of 

Dirichlet (first-type) boundary condition and Neumann (second-type) boundary condition, 

wherein 𝐶𝑆𝑀  and 𝐶𝐶𝐹𝑆  denote the current concentration of the point in SM and CFS 

medium respectively; 𝑀𝑆𝑀 and 𝑀𝑆𝑀
′  are the current water absorption and the saturated 

water absorption within the entire SM medium; 𝑀𝐶𝐹𝑆  and 𝑀𝐶𝐹𝑆
′  are the current water 

absorption and the saturated water absorption within the entire CFS medium; 𝑁 is the 

diffusion flux of water molecular mass transfer at the point on the interface. Besides, 

variations described in Fig.5-3 to Fig.5-5 fit any point at the interface between those two 

mediums. The variations used herein are classified into three stages. Each of them is 

illustrated by Fig.5-3 to Fig.5-5.  

 

Fig.5-3 shows the initial stage of water diffusion inside CFSRM specimen. Dirichlet 

boundary condition focuses on the value changes in moisture concentration at the 

interface. In this stage, water molecular concentration of the point grows from zero at 
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both sides of the interface simultaneously. This stage ends as long as the right side located 

in CFS medium attains its saturation concentration 𝐶𝐶𝐹𝑆′ . To keep the concentration 

balance between both sides of a point at the interface of those two mediums, 𝑁 ≠ 0 exists 

on those points of which concentration exceeds zero in terms of Neumann boundary 

condition. The orientation of diffusion flux depends on the concentration gradient 𝛻𝐶 at 

the specific point. 

 

Stage one: Initial diffusion stage 

                                   0 ≤ 𝐶𝑆𝑀 < 𝐶𝐶𝐹𝑆
′                    0 ≤ 𝐶𝐶𝐹𝑆 < 𝐶𝐶𝐹𝑆

′  

                                   0 ≤ 𝑀𝑆𝑀 < 𝑀𝑆𝑀
′                   0 ≤ 𝑀𝐶𝐹𝑆 < 𝑀𝐶𝐹𝑆

′  

 

Fig.5-3 The interface boundary condition at initial diffusion stage. 

 

Fig.5-4 shows the one-way diffusion stage at the interface. In terms of Dirichlet boundary 

condition, concentration of the interfacial point belonging to CFS medium side attains its 

maximum value 𝐶𝐶𝐹𝑆′  during this period, while it continues rising for the interfacial point 

located at SM medium side. This stage will not end until the entire CFS medium attains 

its saturated water absorption 𝑀𝐶𝐹𝑆
′ . Based on the continuity of moisture mass during its 

transport, 𝑁 > 0 serves as the Neumann boundary condition always existing on those 

points that have moved to the second stage. That is, the mass transport of water through 

the interface within this stage is featured by the direction from SM medium to CFS 

medium. 
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Stage two: One-way diffusion stage 

                                   0 < 𝑀𝑆𝑀 < 𝑀𝑆𝑀
′                    0 < 𝑀𝐶𝐹𝑆 < 𝑀𝐶𝐹𝑆

′  

 

Fig.5-4 The interface boundary condition at one-way diffusion stage. 

 

Fig.5-5 shows CFS medium saturation stage. In this stage, CFS medium reaches its 

saturation point after the continuous water molecular mass transfer in stage one and two. 

Hence the entire CFS medium attains its saturated water absorption 𝑀𝐶𝐹𝑆
′ . As no moisture 

mass transfers into it, Neumann boundary condition can be described as 𝑁 = 0. For 

Dirichlet boundary condition, an arbitrary point at the interface keeps 𝐶𝐶𝐹𝑆′  unchanged at 

CFS medium side while there is a continued increase of the concentration at SM medium 

side until attains 𝐶𝑆𝑀′ . Stage three can be seen as the final state for interface boundary 

condition changes. 

 

Stage three: CFS medium saturation stage 

                                   0 < 𝑀𝑆𝑀 ≤ 𝑀𝑆𝑀
′                    𝑀𝐶𝐹𝑆 = 𝑀𝐶𝐹𝑆

′  

 

Fig.5-5 The interface boundary condition at CFS medium saturation stage. 
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The above mentioned three stages cover all variations occurring at the interface from 

completely dry state to saturation. Coupled with those boundary conditions at the 

interface and the outer surface, the numerical model can simulate the two-medium 

diffusion mechanism during the whole process of water diffusion for the CFSRM 

specimen immersed in seawater. 

 

5.3.2 Cylindrical orthotropic water diffusion model set up 

 

A cylindrical orthotropic water diffusion model is built based on Fick's Law in order to 

simulate the water diffusion behaviour inside the CFSRM specimen. Diffusion coefficient 

and concentration are two key parameters when describing a diffusion behaviour. This 

section dedicates to present how those two parameters are determined.  

 

CFS and SM have different diffusion characteristics. SM has an isotropic diffusion 

coefficient, while CFS is orthotropic, where the diffusion coefficient in the radial 

direction is much smaller than that in the axial direction. In addition, the diffusion 

coefficient is temperature dependent. Arrhenius Law can be employed to investigate the 

mathematical relationship between temperature and the diffusion coefficient. In order to 

obtain the diffusion coefficient under a certain temperature, the water diffusion activation 

energy is required in advance. Moreover, the saturation concentration for CFS and SM in 

the water diffusion field is also different, although both of them share the same initial 

water molecular concentration. 

 

As shown in Fig.5-6, the model assumes that its exterior surface reaches the saturation 

condition at the start of the water diffusion process. Red lines represent boundary 

conditions of SM domain with the value of 𝐶𝑆𝑀′  while the blue lines represent boundary 
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conditions of CFS domain with the value of 𝐶𝐶𝐹𝑆′ . It is worth mentioning that in the model, 

rather than setting saturation concentration directly at the boundaries, the concentration 

value at boundaries quickly rises from 0% to 100% of the saturation concentration over 

the first hour, which helps avoid convergence problems caused by the sharp concentration 

discontinuity at the initial step. Fig.5-7 shows the numerical function which is used to 

control the boundary conditions. 

 

 

Fig.5-6 Global boundary conditions. 

 

 

Fig.5-7 A step function utilised to control global boundary conditions. 

 

As shown in Fig.5-8, interfacial boundary conditions between SM and CFS are located 

on the blue line which represents the CFS/SM interface with zero thickness. Note that 

such an interface along with the interfacial contact is established by using the interfacial 

elements based on CZM method which will be introduced in Section 5.4.1 in detail. Based 
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on Dirchlet boundary condition, the moisture concentration at CFS side is equal to SM 

side before reaching 𝐶𝐶𝐹𝑆′ . Afterwards, it becomes discontinuous because the 

concentration at SM side will further climb until it reaches the value of 𝐶𝑆𝑀′ . Based on 

Neumann boundary condition, the total flux at the interface is in equilibrium, i.e. an 

opposite flux should be defined at SM side, equal to the flux generated from the 

concentration definition for CFS side. 

 

   

Fig.5-8 Interface boundary conditions. 

 

The finite element mesh used in the present numerical model is shown in Fig.5-9. The 

mesh size ranges from 0.06 mm to 0.12 mm for CFS, and has a maximum size of 0.25 

mm for SM. As shown in Fig.5-9, most of the elements are triangular elements while a 

small quantity of quadrangular boundary layer elements are present in the exterior surface 

of the model. The application of the boundary layer element to the model can help prevent 

the computation non-convergence problem from suddenly raising the boundary 

concentration from zero to saturation within one hour as mentioned by Fig.5-7. 

 

SM side

Interface
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Fig.5-9 The diagram of mesh built for the model. 

 

5.3.3 Diffusion model calibration and data analysis 

 

This section calibrates the diffusion model using the water uptake test results for SM 

cylindrical specimens at 60 °C. Once calibrated, the numerical model is used to simulate 

the 60 °C water diffusion process of the CFSRM specimen over 720 days. 

 

The saturated moisture content in CFS domain is nearly three orders less than that in the 

SM domain, because of the vast differences in volume and the maximum moisture 

concentration between CFS and SM domain. Therefore, in terms of the total water uptake 

mass for the whole model, the contribution of CFS can be neglected.  

 

Table 5-1 summarises the calibrated model parameters which are used to control the 

ultimate moisture content and the diffusion rate of the simulated specimen during the 

diffusion process. According to the test results in Section 4.5.2 and 4.6.2, the theoretical 

maximum moisture content of a CFSRM specimen is 1.96 g. Defining this value as 100% 

of the moisture mass that the whole CFSRM model can absorb, Fig.5-10 compares the 

simulated water uptake growth of the CFSRM model with experimental results from 
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specimens under 60 °C seawater immersion over 180 days, in saturation percentage terms. 

Owing to the fact that the experimental specimens used herein experience oven drying 

treatment to remove their internal moisture before the water uptake test, the initial 

moisture concentration of the numerical model used for the calibration work is set to zero 

accordingly to simulate the initial dry state. After the calibration work, such value returns 

to 619.63 mol/m3 that represents the initial moisture content of the experimental 

specimens on the 28th day of curing. In this way, the subsequent numerical study can be 

used to analyse the general water diffusion process for CFSRM without the oven drying 

treatment at the beginning. Note that four experimental specimens used here are named 

by WU60-SMC-1, 2, 3, 4 respectively. The numerical result has the coefficient of 

determination 𝑅2 = 0.9588 when compared against the experimental data as shown in 

Fig.5-10, which demonstrates that the numerical model is reliable in predicting the long-

term water uptake behaviour of a CFSRM specimen.  

 

Table 5-1 Model parameters used in the water diffusion field. 

Model parameters Symbol Unit Value 

Water diffusion coefficient of SM material 
immersed in 60 °C seawater 𝐷𝑆𝑀 m2/s 7.89*10-13 

Water diffusion activation energy of SM 𝐸𝑎𝑀𝑊 kJ/mol 36.60 

Saturation concentration of moisture in SM material 𝐶𝑆𝑀
′  mol/m3 6965.28 

Initial concentration of moisture in SM material — mol/m3 619.63 

Radial diffusion coefficient of CFS material 
immersed in 60 °C seawater 𝐷𝐶𝐹𝑆𝑟  m2/s 1.33*10-12 

Axial diffusion coefficient of CFS material 
immersed in 60 °C seawater 𝐷𝐶𝐹𝑆𝑧 m2/s 1.05*10-11 

Radial water diffusion activation energy of CFS material 𝐸𝑎𝐹𝑊𝑟 kJ/mol 42.35 

Axial water diffusion activation energy of CFS material 𝐸𝑎𝐹𝑊𝑧 kJ/mol 38.86 

Saturation concentration of moisture in CFS material 𝐶𝐶𝐹𝑆
′  mol/m3 1026.25 

Initial concentration of moisture in CFS material — mol/m3 619.63 
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Fig.5-10 The moisture saturation comparison between the simulation data and four 

CFSRM specimens at 60 °C. 

 

Fig.5-11 predicts the water uptake growth curve up to 720 days. By the end of the 

simulated duration, the total water uptake is 1.92 g, equal to 97.7% of the moisture 

saturation of the model. As shown in Fig.5-11, the increase in moisture saturation starts 

from 8.9%, namely 0.18 g which represents the initial moisture existing in the model. The 

moisture mass growth rate is comparatively high at the beginning. Subsequently it 

decreases gradually with time. In the end, it approaches zero and the curve reaches a 

plateau. 
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Fig.5-11 Simulated moisture uptake growth under conditions of 60 °C water diffusion 

for the whole CFSRM model. 

 

Fig.5-12 displays this process in chronological order. The diffusion starts from surfaces 

and gradually extends inward until it reaches to saturation. 

 

 

Fig.5-12 The diagram of the simulated diffusion process under conditions of 60 °C 

immersion. 

 

As the whole model shares a uniform initial moisture concentration in this study, CFS 

domain has a comparatively higher initial degree of saturation than SM domain due to the 

much lower saturated concentration of CFS compared with SM. Fig.5-13 plots the water 
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uptake growth curve for CFS domain of the model, in the degree of saturation terms. As 

shown in Fig.5-13, the water uptake in CFS domain grows from 60.4% of saturation at 

the beginning and reaches the complete saturation on the 120th day. Combined with 

Fig.5-12, it can be found that the water uptake at early stage mainly occurs from both 

ends of CFS domain. It lasted for nearly 30 days until the absorbed moisture from the 

outside passes through SM domain and reaches the lateral surface of CFS. Then the water 

uptake turns to be dominated by its transverse diffusion until it reaches the complete 

saturation in the next 90 days. During this period, the curve in Fig.5-13 shows a 

monotonic increase. After 120 days of simulated duration, the curve reaches a plateau, 

indicating that CFS domain of the model has attained the saturation condition. 

 

 

Fig.5-13 Simulated moisture uptake growth under conditions of 60 °C water diffusion 

for CFS domain in the model. 

 

5.3.4 Effect of immersion temperatures 

 

To investigate the temperature effect on the water diffusion, this section uses the 

numerical method to study the diffusion phenomenon under three ambient temperatures, 

namely 20 °C, 40 °C and 60 °C. By using time-temperature superposition principle based 
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on Arrhenius Law, the model is able to show different water absorption rates under 

various temperatures. 

 

Before carrying out the numerical investigations, the model of the temperature effect is 

firstly calibrated under condition of 20 °C ambient temperature using experimental data 

obtained from the water uptake test as presented in Section 4.5.2. Fig.5-14 plots the 

calibration of the numerical water diffusion behaviour by using the water uptake test 

results under 20 °C immersion condition with the CFSRM specimens after oven drying 

treatment. Hence the model parameter of the initial concentration for Fig.5-14 is set to 

zero, in agreement with the initial dry state of those experimental specimens. Overall, the 

numerical results in Fig.5-14 follow the same trend as the experimental data, indicating 

that the numerical model is reliable in predicting the long-term water uptake behaviour 

of a CFSRM specimen under different temperatures. 

 

 

Fig.5-14 The moisture saturation comparison between the simulation data and test 

records at 20 °C. 

 

After calibration of the numerical model, the temperature effect on water diffusion of 

CFSRM has been investigated, as plotted in Fig.5-15. Note that the initial moisture 
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concentration is returned to 619.63 mol/m3 as given in Table 5-1, in order to analyse the 

general water diffusion process for CFSRM without the oven drying treatment at the 

beginning. By comparing the three moisture growth curves shown in Fig.5-15, it is 

obvious that the water absorption rate for the global model rises steadily with the 

temperature climbing from 20 °C to 60 °C. To reach 50% saturated condition, it takes the 

model 55 days at 60 °C, 130 days at 40 °C and 330 days at 20 °C respectively. Compared 

with the condition of 60 °C moisture diffusion, the period needed by the model to attain 

its half saturation are 2.4 times and six times longer under conditions of 40 °C and 20 °C 

individually. Moreover, 90% saturated condition can be reached by 390 days at 60 °C and 

910 days at 40 °C. Regarding the 20 °C condition, the model can only reach 88% of the 

theoretical complete saturation by the end of the simulation duration. The comparison of 

moisture growth curves ranging from 20 °C to 60 °C clearly demonstrates that higher 

diffusion temperature can accelerate the water absorption process for CFSRM model. 

 

 

Fig.5-15 Simulated moisture uptake growth up to 2160 days for the global model with 

different ambient temperatures. 

 

According to the analysis from Section 5.3.3, the water diffusion for the global model is 

mainly dependent on its SM domain, and the moisture absorption rate of SM is controlled 
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by its water diffusion coefficient which rises with temperature. With temperature 

climbing from 20 °C to 60 °C, its diffusion coefficient increases by more than six times 

as calculated by Section 4.5.2 based on its water diffusion activation energy 𝐸𝑎𝑀𝑊. As a 

result, the period required by the model to reach a certain degree of saturation at 60 °C is 

reduced by nearly six times when compared with 20 °C.  

 

Fig.5-16 reveals the water diffusion process inside the model at 20 °C. Compared with 

Fig.5-12, it can be found that variations in temperature between 20 °C and 60 °C have an 

insignificant effect on the water uptake mechanism including the water diffusion path and 

the order of concentration changes in the model, although decreasing temperature can 

significantly slow down the water diffusion process. 

 

 

Fig.5-16 Simulated diffusion process under conditions of 20 °C immersion. 

 

Water uptake growth curves for only CFS domain are given in Fig.5-17, which also 

indicates that raising temperature can noticeably accelerate the moisture absorption rate. 

While the temperature rises in the sequence of 20 °C, 40 °C and 60 °C, it takes the model 

710, 270 and 116 days to reach the saturation condition respectively. Compared with the 

moisture absorption period at 60 °C, the model takes 2.3 times longer at 40 °C, and 6.1 

times longer at 20 °C. Additionally, the comparison with these three curves reveals that 
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CFS domain under different temperature conditions keeps a similar trend of water 

diffusion, even though its water absorption rate is subject to temperature changes. The 

same with SM domain in the model, this phenomenon can also be explained by time-

temperature superposition principle. According to intrinsic parameters 𝐸𝑎𝐹𝑊𝑟 and 𝐸𝑎𝐹𝑊𝑧 

of CFS material given in Table 5-1, the growth in temperature from 20 °C to 60 °C 

increase its diffusion coefficient by 8.1 times in the radial direction and 6.8 times in the 

axial direction, leading to the reduction in the duration of its water uptake to reach 

saturation. 

 

 

Fig.5-17 Simulated moisture uptake growth for CFS domain with different ambient 

temperatures. 

 

To sum up, parameters 𝐸𝑎𝑀𝑊, 𝐸𝑎𝐹𝑊𝑟 and 𝐸𝑎𝐹𝑊𝑧 proved to be valid in the model as the 

intrinsic properties of CFSRM specimen. By using time-temperature superposition 

principle complied with Arrhenius Law, the model is able to simulate the temperature 

effect of water uptake on CFSRM specimen, and further analyse its moisture diffusion 

process beyond the available test duration between 20 °C and 60 °C. 
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5.4 Numerical model of pull-out behaviour 

 

5.4.1 Cohesive zone model (CZM) introduction 

 

Subject to environmental conditioning as described in Section 2.3 with diverse 

temperature and duration, CFSRM that is similar to FRP reinforced concrete is expected 

to reveal different degradation behaviours in hygroscopic expansion and interfacial 

ageing (Ray and Rathore, 2015; Maljaee et al., 2016), which lead to the decline in pull-

out performance. In view of the fact that hygroscopic expansion and interfacial ageing 

are always coupled together in reality, each individual effect is impossible to be 

investigated using experimental studies. Therefore, numerical method is commonly used 

to investigate the influence of hygroscopic expansion or interfacial ageing on pull-out 

performance degradation individually (Liu et al., 2016). Hence the present section builds 

the numerical model to simulate the pull-out process, which will also be applied to the 

investigation into those complex ageing behaviours involving multi-field coupling effects 

in later studies. 

 

In order to simulate interfacial bond properties between CFS and SM inside the specimen, 

a cohesive zone model (CZM) is usually used in the numerical studies and have proved 

to be able to acquire good simulation results when compared with the bond-slip tests 

(Wang, 2006; Liu et al., 2020; Mukhtar and Shehadah, 2021). Accordingly, the present 

study also adopts CZM to simulate the pull-out behaviour of the specimen. 

 

In general, there are three types of possible contact failure modes at the interface subject 

to the traction force, namely pure tensile failure (Mode I), pure shear failure (Mode II) 

and mixed failure (Mode III) which is the combination of tensile failure mode and shear 
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failure mode based on a certain proportion. In this study, the contact failure mode can be 

classified into Mode II, as the shear stress plays a major role in the interfacial bond-slip 

behaviour while tensile stress can be generally ignored (Imani et al., 2010; Cheng et al., 

2020). Compared with the carbon fibre itself, the interfacial contact between fibre and 

mortar substrate has proved to be the weakness which controls the bond-slip behaviour, 

especially when exposed to the harsh environment (Alessi et al., 2014; Cui et al., 2021). 

While tensile stress dominates the tensile behaviour and eventually causes the fibre 

fracture failure, shear stress dominates the interfacial bond-slip behaviour and finally 

causes the interfacial debonding failure (Weitsman, 2012; Kafodya et al., 2015; Heshmati 

et al., 2016; Benmokrane and Ali, 2018). Under the circumstance, the present study 

considers that the failure mode of the CFSRM specimen is predominantly Mode II, 

namely the pure shear failure at the CFS/SM interface under shear stress. 

 

When utilising the CZM approach, there is a zero-thickness layer of CZM elements added 

between CFS and SM boundaries in the numerical model. These two components contact 

each other through CZM elements. Shear stress occurs in those interfacial elements as 

soon as the loading starts. For an arbitrary point in CZM elements, a local relative slip 

forms as the response to this shear stress (Sakin and Anil, 2019). The interfacial shear 

stress monotonically climbs until it attains the peak value. From this moment on, the 

adhesive contact at the point moves to damage state (Campilho et al., 2013). With the 

evolution of damage of adhesive contact in this state, the deterioration of shear stiffness 

for those interfacial elements is employed to simulate the delamination propagation at the 

interface. Then the shear stress reduces while the slip grows continuously. Once it reaches 

zero, the total decohesion happens at this point in CZM elements and the relevant 

interfacial shear stiffness falls to zero (Campilho et al., 2013). CZM defines such an 

interface separation condition as the complete adhesive contact damage. 
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The above mentioned process of the decohesion development for an arbitrary point in 

interfacial elements can be illustrated by a bilinear stress-displacement curve as presented 

in Fig.5-18, which is adopted as the constitutive relation of CZM by the present study, 

namely the local contact-separation law of CZM (Liu et al., 2019). 𝜏 and 𝑢 in Fig.5-18 

denote the local shear stress and the relative slip, respectively for an arbitrary point in 

interfacial elements. 𝜏𝑝  and 𝑢𝑝  are the peak shear stress the point can attain and the 

related interfacial relative slip respectively. 𝑢𝑡𝑑 is the critical slip value before the total 

decohesion occurs. 𝐺𝑒𝑙 and 𝐺𝑠𝑜 are the elastic fracture toughness and interface softening 

fracture toughness of CZM, respectively. 𝐷 symbolises the adhesive contact damage for 

an arbitrary point in CZM, ranging from 0 to 1. 𝐷 = 0 represents the intact adhesion state 

at the interface and 𝐷 = 1 stands for the total decohesion state. 

 

 

Fig.5-18 Bilinear constitutive relation of CZM adopted by the present study. 

 

As shown in Fig.5-18, three basic CZM parameters, 𝜏𝑝, 𝑢𝑝 and 𝑢𝑡𝑑, are used to describe 

the unique interfacial behaviour. Those parameters are usually determined through 

calibration against experimental bond-slip test curves (Wu et al., 2010; Khoramishad and 

Zarifpour, 2018). In this study, the pull-out test data of specimens with no treatment, as 

shown in Section 4.7, has been used to determine these model parameters. When 𝜏𝑝 and 

𝑢𝑝 are determined, the interfacial shear stiffness 𝐾𝜏 can be obtained by Eq.5-2. 
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 𝐾𝜏 =
𝜏𝑝

𝑢𝑝
  (5-2) 

 

The total fracture toughness of CZM, 𝐺𝑡, is defined as the area under the bilinear curve 

of the interfacial contact-separation law in Fig.5-18. It consists of 𝐺𝑒𝑙 and 𝐺𝑠𝑜, where 𝐺𝑒𝑙 

is called the elastic fracture toughness that is equivalent to the area below the upward 

slope and 𝐺𝑠𝑜 is called the softening fracture toughness that is equivalent to the area below 

the downward slope (Liu et al., 2019). 

 

Combined with 𝐾𝜏, 𝐺𝑡 can be written as 

 𝐺𝑡 = 𝐺𝑒𝑙 + 𝐺𝑠𝑜 =
𝜏𝑝𝑢𝑡𝑑

2
=

𝐾𝜏𝑢𝑝𝑢𝑡𝑑

2
  (5-3) 

 

Another important model parameter in CZM is the interfacial shear energy release rate 

𝐺𝑟  (Camanho et al., 2003). With the local slip 𝑢  increasing at a certain point on the 

interface, 𝐺𝑟 can be used to describe its interfacial adhesion energy changes because 𝐺𝑟 

indicates the area under the current stress-displacement track located at this point:  

 𝐺𝑟 = ∫ 𝜏
𝑢

0
𝑑𝑢  (5-4) 

 

Then the interfacial decohesion failure criterion of CZM can be given based on the 

relationship between energy release rate and fracture toughness as presented in Eq.5-5. 

For an arbitrary point in CZM elements, it should comply with Eq.5-5 within the entire 

contact-separation process. Once the relative slip 𝑢 goes up to 𝑢𝑡𝑑, this point reaches the 

total decohesion state. Meanwhile, its 𝐺𝑟 climbs up to the maximum value, namely 𝐺𝑡. 

 {
𝐺𝑟 < 𝐺𝑡       (0 ≤ 𝑢 < 𝑢𝑡𝑑)

𝐺𝑟 = 𝐺𝑡      (𝑢 ≥ 𝑢𝑡𝑑)         
  (5-5) 
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After that, the interfacial adhesion evolution can be further subdivided into intact contact 

stage and damage development stage in terms of the energy changes (Camanho et al., 

2003). When 𝐺𝑟 < 𝐺𝑒𝑙, CZM elements remain in the intact contact condition without any 

adhesive damage emerging, namely 𝐷 = 0. The damage initiation is governed by the 

criterion of 𝐺𝑟 = 𝐺𝑒𝑙 . When 𝐺𝑒𝑙 < 𝐺𝑟 < 𝐺𝑡 , CZM elements move to damage 

development stage as the interfacial adhesive damage grows continuously from 𝐷 = 0 to 

𝐷 = 1. In order to include the effect of 𝐷 on the adhesive contact, CZM uses the adhesive 

shear stiffness deterioration of interfacial elements to simulate such a damage 

development process, as shown in Eq.5-6. 

 𝑘𝑠(𝑢) = (1 − 𝐷)𝐾𝜏  (5-6) 

where  𝑘𝑠(𝑢)  denotes the current adhesive shear stiffness for an arbitrary point in 

interfacial elements, corresponding to its relative displacement 𝑢 as the argument of the 

function  𝑘𝑠(𝑢). 

 

𝐷  is a function of argument 𝑢  for the whole contact-separation process in CZM. 

According to the interfacial shear stiffness changes presented in the CZM constitutive 

relation curve, 𝐷(𝑢) is a piecewise function and yields 

 𝐷(𝑢) =

{
 

 
0                          (0 ≤ 𝑢 < 𝑢𝑝)    

𝑢𝑡𝑑

𝑢
(
𝑢−𝑢𝑝

𝑢𝑡𝑑−𝑢𝑝
)     (𝑢𝑝 ≤ 𝑢 < 𝑢𝑡𝑑)

1                         (𝑢 ≥ 𝑢𝑡𝑑)           

  (5-7) 

 

Compared with the theoretical 1D bond-slip process as discussed in Section 3.5, CZM 

approach simulates this interfacial debonding process in terms of interfacial adhesion 

energy changes through stiffness deterioration. The published studies according to Cheng 

et al. (2020) and Zhu et al. (2020) have demonstrated that the residual frictional stress 𝜏𝑟 

present at the interface has minimal influence on its bond-slip behaviour before its 
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complete delamination failure if it possesses a relatively short bond length such as 50 mm 

adopted in this study. Considering the above-mentioned research conclusion in 

combination with the fact that 𝜏𝑟 is not the research focus in this study, the trilinear local 

bond-slip relationship given in Section 3.5 can be further simplified into a bilinear curve 

while the last segment of the curve which represents the existence of 𝜏𝑟 is neglected. Then 

the theoretical interface failure mechanism as per the local bond-slip relationship in 

Section 3.5 is equivalent to the interfacial decohesion evolution defined by the CZM 

approach in the present section. 

 

5.4.2 Numerical results for pull-out process 

 

Alongside the water diffusion numerical model, a stress field at the interface between SM 

domain and CFS domain is added to the model for the simulation of CFSRM pull-out 

behaviour. According to Chapter 4, the uniaxial compressive elastic modulus of SM 

𝐸𝑆𝑀 = 40.4 GPa, and the uniaxial tensile elastic modulus of CFS material is measured as 

𝐸𝐶𝐹𝑆𝑧 = 131.0 GPa. Poisson's ratio of SM is taken as 𝜐𝑆𝑀 = 0.18 which is widely used in 

existing references (Chen et al., 2009; Szmigiera and Woyciechowski, 2013; Wang et al., 

2015; Carrillo et al., 2019). Taking account of the orthotropic mechanical properties of 

CFS material, its Poisson's ratio and shear modulus for both the axial and radial directions 

are adopted from Camanho et al. (2003) who investigated the material delamination of 

carbon fibre reinforced polymer matrix composite by CZM approach. Detailed model 

parameters are shown in Table 5-2. 
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Table 5-2 Mechanical properties of CFS and SM in the model. 

Parameter types Symbol Value Unit 

Elastic modulus of SM 𝐸𝑆𝑀 40.4 GPa 

Poisson's ratio of SM 𝜐𝑆𝑀 0.18 — 

Axial elastic modulus of CFS 𝐸𝐶𝐹𝑆𝑧 131.0 GPa 

Radial elastic modulus of CFS 𝐸𝐶𝐹𝑆𝑟 10.1 GPa 

Axial Poisson's ratio of CFS 𝜐𝐶𝐹𝑆𝑧 0.25 — 

Transverse Poisson's ratio of CFS 𝜐𝐶𝐹𝑆𝑟 0.45 — 

Axial shear modulus of CFS 𝐺𝐶𝐹𝑆𝑧 5.5 GPa 

Transverse shear modulus of CFS 𝐺𝐶𝐹𝑆𝑟 3.7 GPa 

 

After defining mechanical properties for the material in the model, the model parameters 

such as 𝜏𝑝, 𝑢𝑝 , 𝑢𝑡𝑑  in the CZM were calibrated using experimental data presented in 

Section 4.7. However, the testing curves cannot be used here directly because the 

displacement value includes not only the relative slip taking place at the interface between 

CFS reinforcement and SM substrate, but also the deformation in the anchorage zone. 

 

Similar to the anchorage structure of the specimen used for CFS tensile test described in 

Section 4.6.1, the anchorage zone of the pull-out specimen comprised of the aluminium 

tube, hardened epoxy resin and CFS largely exceeds the length of the testing machine jig 

by 120 mm as shown in Fig.4-24 and symbolised by 𝑙𝑝𝑎, let alone the junction zone of 10 

mm in length that is represented as 𝑙𝑝𝑗 between the cylindrical mortar and the tubular 

structure of the anchorage. Consequently, the tensile deformation of such anchorage 

zones acted upon by the pull-out force 𝑃 is going to contribute to the displacement growth 
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in the curve as well, in addition to the interfacial slip. In order to find out the actual 

interfacial slip of the specimens presented in Section 4.7, the tensile deformation of the 

anchorage zone, ∆𝑙𝑝𝑒, is calculated using Eq.5-8, by assuming a linear elastic behaviour 

in the anchorage: 

 ∆𝑙𝑝𝑒 =
𝑃𝑙𝑝𝑗

𝐴𝐶𝐹𝑆𝐸𝐶𝐹𝑆𝑧
+

𝑃𝑙𝑝𝑎

𝐴𝐴𝑙𝐸𝐴𝑙+𝐴𝑒𝑠𝐸𝑒𝑠+𝐴𝐶𝐹𝑆𝐸𝐶𝐹𝑆𝑧
  (5-8) 

where the cross-sectional area and elastic modulus used here are given in Section 4.6.1. 

 

After solving the above-mentioned problems, all CZM parameters used in the numerical 

model can be summarised in Table 5-3. According to the average measured pull-out 

curves given in Section 4.7, the basic CZM parameters are determined as 𝜏𝑝 = 10.9 MPa, 

𝑢𝑝 = 0.13 mm, 𝑢𝑡𝑑 = 0.58 mm. By using Eq.5-2, the interfacial shear stiffness 𝐾𝜏 for 

CZM elements is found to be 8.3*1010 N/m3. The fracture toughness of CZM is obtained 

as 𝐺𝑡 = 3.18 kJ/m2, derived from 𝜏𝑝 and 𝑢𝑡𝑑 in combination with Eq.5-3. Furthermore, 

𝐺𝑡 contains elastic fracture toughness 𝐺𝑒𝑙 and softening fracture toughness 𝐺𝑠𝑜 with 0.73 

kJ/m2 and 2.45 kJ/m2 respectively. 

 

Table 5-3 CZM parameters for interfacial elements in the model. 

Parameter types Symbol Value Unit 

Peak shear stress 𝜏𝑝 10.9 MPa 

Relative slip corresponding to peak shear stress 𝑢𝑝 0.13 mm 

Critical relative slip before total decohesion 𝑢𝑡𝑑 0.58 mm 

Interfacial shear stiffness 𝐾𝜏 8.3*1010 N/m3 

Fracture toughness 𝐺𝑡 3.18 kJ/m2 
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The boundary condition setup for the numerical model should comply with the actual 

pull-out test process as shown in Fig.4-24. It is obvious that the surface of the cylindrical 

SM at its loading end is constrained by the lower plate of the loading frame in its axial 

direction, while the CFS reinforcement embedded in SM substrate is pulled out on 

account of the pull-out force 𝑃. Other area of CFSRM is free without any constraint. As 

a 2D axisymmetric model, it defines these boundary conditions at an arbitrary 

longitudinal section as presented in Fig.5-19. In view of the fact that the bond-slip failure 

only happens at the interface between SM domain and CFS domain, the numerical model 

defines its internal boundary condition here with CZM element contact mode. 

 

 

Fig.5-19 The diagram of boundary conditions setup. 

 

The same as the experimental setup, the numerical model is loaded using displacement 

control method, with an increment of 1 μm each step. The load-displacement curve can 

be acquired, reflecting the relationship between the pull-out force and the loading end 

displacement of CFS domain in the numerical model. 

 

Fig.5-20 displays the simulated pull-out curve in red line, along with the experimental 

test data in black curves after eliminating its extra tensile displacement stemming from 

the anchorage zone of the specimens. It is shown that the numerical model captures the 

ascending stage of the pull-out test reasonably well. However, the descending stage of 

the pull-out test cannot be well simulated in the model, due to the use of the simplified 
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interfacial bond-slip law by ignoring the residual friction force on the interface after 

debonding, and the assumption of the linear-elastic behaviour in the anchorage zone. As 

the experiment only recorded the total displacement of the lower plate, i.e. bottom of the 

mortar cylinder, the actual displacement of the anchorage zone is unknown. However, as 

this study only focuses on the maximum pull-out force and the interfacial behaviour 

beforehand, the descending stage of the pull-out data will not be discussed. Further studies 

will be necessary if the post-debonding behaviour is focused.  

 

 

Fig.5-20 The numerical and processed experimental force-displacement curve at the 

loading end of CFSRM during the pull-out test. 

 

Comparing the numerical and the experimental data, the numerical model is able to 

capture the experimental pull-out behaviour within its ascending stage, including the 

measured peak pull-out force of 1.95 kN and the derived interfacial slip of 0.37 mm at 

the peak point. The numerical model is thus believed reliable in carrying out later studies.  

 

It is worth noting that the simulation result given in this section has not considered the 

effect of the material hygroscopic expansion or interfacial ageing yet. The actual 

interfacial behaviour, in fact, is largely dependent on the material durability under the 
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seawater ambient conditions. With moisture, time and temperature varying, the ultimate 

pull-out force is not a constant any more. Such a coupling effect on the pull-out behaviour 

will be investigated in Chapter 6. 

 

5.5 Simulation study on hygroscopic expansion 

 

5.5.1 Numerical results for hygroscopic expansion 

 

As the effect of hygroscopic expansion is hard to calibrate by experimental method, the 

numerical study on hygroscopic expansion here pays more attention to the analysis of its 

general mechanical behaviour and the general trend about how the moisture swelling 

would affect the pull-out performance in terms of the CZM approach. 

 

Based on the numerical model of pull-out behaviour given in Section 5.4.2, a new 

physical field focusing on the hygroscopic expansion is added into the model to simulate 

the swelling phenomenon and investigate the swelling stress. While this section revolves 

around the influence of hygroscopic expansion on CFSRM itself, subsequent sections will 

further discuss the temperature effect on hygroscopic expansion behaviour and how the 

hygroscopic expansion mechanism changes the pull-out behaviour. 

 

The hygroscopic expansion field used herein is built based on the swelling mechanism 

presented in Section 3.3. In this model, Eq.3-13 is used to define the hygroscopic 

expansion coefficient 𝛽𝐶𝐻𝐸  in CFS, i.e. the relationship between transverse swelling 

strain and its current moisture variation. With water diffusing into CFS through SM 

substrate, the moisture concentration in CFS climbs from the initial concentration until 

reaching the saturation condition, which causes hygroscopic expansion in CFS. As CFS 
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dilatation is physically constrained by the surrounding SM, the swelling stress caused by 

water diffusion can be obtained in this numerical study. 

 

Before conducting the hygroscopic expansion investigations, the simulation method is 

validated using an experimental study on the free hygroscopic swelling strain of 

bismaleimide triazine resin (Pyo et al., 2016). Fig.5-21 compares the experimental data 

(Pyo et al., 2016) and numerical data using the present simulation method. As shown in 

Fig.5-21, the simulated swelling strain curve agrees well with the experimental results, 

although the experimental swelling strain in the initial stage is subtly higher than the 

simulation results. Such a difference may be due to the effect of the initial moisture 

content existent in the test sample. Overall, it is believed that the simulation method 

proposed herein is reliable to study the hygroscopic expansion behaviour of CFS 

embedded in CFSRM specimen. 

 

 

Fig.5-21 Comparison of simulated swelling strain and experimental results. 

 

For CFS material used in the present study, its hygroscopic expansion coefficient, 𝛽𝐶𝐻𝐸, 

is measured to be 0.28 as given in Section 4.6.1. Only the elements in CFS domain are 

defined with 𝛽𝐶𝐻𝐸 , while the dilatation is assumed to not occur in SM domain. 
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Additionally, the moisture concentration of the whole model is adopted from the water 

diffusion simulation results as discussed in Section 5.3, in order to reveal the actual 

swelling process in the CFSRM specimen. The mechanical properties, including the 

stress-strain constitutive relation and the boundary conditions for CFS and SM, comply 

with the pull-out numerical model presented in Section 5.4.2. 

 

The swelling behaviour with water diffusion inside CFSRM at 60 °C is firstly investigated. 

The simulation result is illustrated in Fig.5-22 in terms of the variation in the transverse 

compressive stress 𝜎𝑟. 

 

 

 

Fig.5-22 Evolution of the transverse stress 𝜎𝑟 induced by the hygroscopic expansion. 
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Compared with Fig.5-12 and Fig.5-13 which demonstrate the water uptake behaviour in 

CFS, it is obvious that the evolution of the transverse stress 𝜎𝑟 induced by CFS expansion 

is simultaneous with the moisture ingress into CFS domain, as explained in Eq.3-16. 

Water uptake growth in CFS lasted for 120 days. The development of 𝜎𝑟, likewise, has a 

gradual increase within this duration and peaks on the 120th day with 33.0 MPa located 

at the middle region of the cylinder, as shown in Fig.5-22. After CFS reaches saturation, 

𝜎𝑟 remains unchanged while SM domain continues to absorb moisture from the outside. 

Considering that CFS water uptake behaviour is mainly governed by its axial moisture 

diffusion mechanism at the early stage from 0 d to 60 d, 𝜎𝑟 only occurs at the two ends 

and propagates towards the middle. Once the moisture crosses from SM substrate to 

CFS/SM interface since the 60th day and is consequently absorbed by CFS, the radial 

moisture diffusion mechanism starts to dominate its water uptake and thus makes 𝜎𝑟 go 

up rapidly over CFS domain until it reaches the saturation. 

 

The stress contour of Fig.5-22 also reveals its transverse stress distribution along the 

longitudinal orientation. After CFS reaches saturation, namely on the 120th day, it has 

the highest value of 33.0 MPa in compressive stress at the middle and gradually falls to 

11.2 MPa towards both ends symmetrically. Since the transverse swelling of CFS is 

restrained by the mortar, such deformation tends to convert into the axial expansion of 

CFS material owing to the effect of Poisson's ratio. However, the closer to the middle of 

CFS, the more restraints upon the axial deformation of the swell region, thus the higher 

the transverse compressive stress 𝜎𝑟. Furthermore, Fig.5-22 suggests that the radial stress 

𝜎𝑟 drops drastically along the radial direction in SM domain, while it is almost constant 

along the radius in CFS domain, which is likely due to its small diameter (1.4 mm) of 

CFS compared to SM, and the axisymmetric hoop constraint on its lateral surface, leading 

to the almost uniform elastic compressive strain 휀𝐶𝐹𝑆𝑒𝑙  along its radial direction. Contrary 
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to CFS, SM has more than ten times the diameter of CFS, and the free boundary on its 

lateral surface. Thus its internal transverse elastic strain tends to rapidly recover along the 

radius, resulting in the rapid reduction of 𝜎𝑟 in SM. Fig.5-23 illustrates this phenomenon 

by slicing a path along the radius of CFSRM model from its centroid to its lateral 

boundary. As depicted in the graph, 𝜎𝑟 along this path proves to be in accordance with 

the above mentioned distribution characteristics throughout 120 days of hygroscopic 

expansion. 

 

 

Fig.5-23 Distribution of transverse compressive stress 𝜎𝑟 along the model radius from 

the model centroid to its lateral boundary up to 120 days of water gain in CFS. 

 

As shown in Fig.5-23, the highest 𝜎𝑟 along the path in SM domain occurs on its inner 

lateral surface, namely the contact interface with CFS. In addition, the swelling stress 

along the interface in the longitudinal direction is plotted in Fig.5-24.  
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Fig.5-24 𝜎𝑟 distribution along the interface between CFS and SM up to 120 days of 

hygroscopic expansion. 

 

According to the water diffusion mechanism, the saturation condition first occurs at both 

ends of CFS where the swelling strain is hardly constrained in the axial direction. Hence 

𝜎𝑟 at both ends is almost totally due to the transverse constraint imposed by the SM hoop. 

As shown in Fig.5-24, 𝜎𝑟 resulting from the pure transverse constraint is 11.2 MPa at both 

ends of CFS and remains unchanged over time once 𝐶𝐶𝐹𝑆 reaches the maximum level. On 

the 120th day, 𝜎𝑟 at the midpoint of the interface is 33.0 MPa, nearly three times higher 

than the value located at the CFS end. A relatively high value of 𝜎𝑟  at the middle is 

attributed to not only the transverse swelling strain restricted by the SM hoop but also the 

constraint on its longitudinal deformation, as discussed previously. In addition, Fig.5-24 

indicates that the global increase of 𝜎𝑟 at the interface strictly follows the water diffusion 

process. For the first 60 days, 𝜎𝑟 climbs steadily at the end and propagates towards the 

centre, while its growth at the middle is quite slow (from zero to 4.5 MPa) by the 60th 

day, with the corresponding 𝐶𝐶𝐹𝑆 raised by 28.1 mol/m3. For the later 60 days when 𝐶𝐶𝐹𝑆 

at the middle quickly rises by 378.5 mol/m3 until reaching the saturation, 𝜎𝑟  there 
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experiences an increase simultaneously from 4.5 MPa to 33.0 MPa by the 120th day, 

more than six times the average growth rate of 𝜎𝑟 during the course of the former 60 days. 

 

𝜎𝑟 is essentially resulted from the transverse hygroscopic deformation of CFS constrained 

by the surrounding SM. According to the effect of Poisson's ratio, 휀𝐻𝐸  is expected to 

convert into the axial strain along CFS under the circumstances of 𝜎𝑟. However, due to 

the incompatible elastic modulus and swelling properties of CFS and SM, which are 

bonded together by their shared interface, interfacial shear stress 𝜏𝑠 will be induced and 

can be derived based on the bond-slip law defined at the contact interface of the CZM. 

Fig.5-25 indicates the variations in 𝜏𝑠 acquired along the interface within 120 days of the 

swelling process. 

 

 

Fig.5-25 Shear stress 𝜏𝑠 distribution along the interface up to 120 days of hygroscopic 

expansion. 
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only appears at both ends of CFS, 𝜏𝑠 can hardly be found in the middle part. Once the 

external water starts to move into CFS through the transverse diffusion mechanism, the 

rapid swelling of CFS makes 𝜏𝑠 climb quickly along the interface, particularly at both 

ends. During the latter 60 days, 𝜏𝑠 at the end jumps from 0.9 MPa to 3.4 MPa by the 120th 

day, nearly four times as quick as the average growth rate of 𝜏𝑠 during the course of the 

former 60 days. 

 

In accordance with the theory of 1D bond-slip mechanism introduced in Section 3.5, the 

existent 𝜏𝑠 at the interface will further cause the axial stress 𝜎𝑧 both in the SM domain 

and the CFS domain. In view of the fact that the cross-sectional area of the surrounding 

SM substrate is more than two hundred times larger than the CFS reinforcement, the axial 

stress 𝜎𝑧 in SM can be considered insignificant, compared with 𝜎𝑧 in CFS. Fig.5-26 plots 

the 𝜎𝑧 distribution inside CFS domain and its trend during the hygroscopic expansion. 

 

When CFS reaches the saturation, the maximum 𝜎𝑧 occurs at the midpoint of CFS lateral 

surface with the axial stress of 102.4 MPa, while 𝜎𝑧 at both ends remains zero throughout 

the swelling process. The distribution of 𝜎𝑧 in CFS has a gradual ascending trend from 

the end to the middle as the result of the accumulated interfacial 𝜏𝑠 acting upon the CFS 

lateral surface. Similar to the evolution of 𝜎𝑟, the increase in 𝜎𝑧 is not obvious within the 

first 60 days, as it goes up from zero to 9.7 MPa at the mid-span of CFS. Subsequently it 

experiences a sharp rise with respect to the later 60 days whereby 𝜎𝑧 climbs from 9.7 MPa 

to 102.4 MPa, more than ten times faster than the former period. 
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Fig.5-26 Axial stress 𝜎𝑧 distribution inside CFS up to 120 days of hygroscopic 

expansion. 

 

Integrating 𝜎𝑧 over the cross section of CFS for the whole CFS domain, the axial force 

distribution along its longitudinal direction can be acquired as presented in Fig.5-27. 

Acted upon by the interfacial shear force that restrains the axial slip between CFS and 

SM, the compressive force in CFS longitudinal orientation monotonically increases from 

the end to the middle. With time passing, CFS axial force along its length has an 

ascending trend which is consistent with 𝜎𝑧 mentioned above. The maximum axial force 

located at the middle is 153.6 N on the 120th day, while it keeps zero at both CFS ends 

over the entire swelling process. 
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Fig.5-27 Axial force distribution along CFS length up to 120 days of hygroscopic 

expansion. 

 

5.5.2 Temperature effect on hygroscopic expansion 
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water absorption. Temperature is the only control variable for the whole swelling process 
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Fig.5-28a illustrates the increase in 𝜎𝑟 located at the midpoint of CFS/SM interface during 

the course of CFS dilatation with temperature changes. Fig.5-28b shows the comparison 

of the maximum 𝜏𝑠  between various temperatures over the entire swelling process. 

Fig.5-28c describes the growth in the axial force located at the middle cross-section of 

CFS during its hygroscopic expansion on the condition of different temperatures. 

 

According to the simulation results presented in Fig.5-28, variations in temperature do 

not change the ascending trend in the stresses or the axial force inside the model. Once 

the embedded CFS reaches its full saturation, the values of 𝜎𝑟, 𝜏𝑠 and the axial force reach 

their theoretical maximum owing to the hygroscopic expansion, and likewise remain 

unchanged afterwards despite the change of ambient temperature, with 33.0 MPa in 

compressive stress, 3.4 MPa in shear stress and 153.6 N in axial force respectively. 

 

In comparison with the water uptake growth curve of CFS domain from 20 °C to 60 °C 

given in Section 5.3.4, Fig.5-28 reveals that the evolution of the swelling stress is 

simultaneous with the water diffusion behaviour in CFS no matter what temperature is. 

This phenomenon is explained in Section 3.3 with CFS hygroscopic expansion 

mechanism whereby the swelling stress at an arbitrary point in CFS domain is completely 

induced by its local moisture concentration growth on the condition that its dilatation 

strain is constrained by the hoop of the surrounding SM domain. 
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(a) Growth curves of 𝜎𝑟 at the midpoint of CFS/SM interface with different 

temperatures. 

 

(b) Growth curves of the maximum 𝜏𝑠 at the interface between CFS and SM with 

different temperatures. 

 

(c) Growth curves of the axial force located at the middle cross-section of CFS with 

different temperatures. 

Fig.5-28 Temperature effect on CFS hygroscopic expansion in terms of the transverse 

compressive stress, the interfacial shear stress and the axial force. 
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Furthermore, the change in the ambient temperature can affect the swelling process, 

thereby controlling the growth rate of 𝜎𝑟 and 𝜏𝑠 in the model. More specifically, for all 

types of swelling stresses, there is an identical correlation between the prescribed 

temperature and the duration needed by them to reach their ultimate value. Compared 

with the entire period of hygroscopic expansion development at 60 °C, it takes 1.5 times, 

2.3 times, 3.7 times and 6.1 times longer at 50 °C, 40 °C, 30 °C, and 20 °C respectively. 

Obviously, the whole swelling duration monotonically increases with the decline in 

temperature. Fig.5-29 indicates this trend as per the specific days needed for the swelling 

process at different temperatures. 

 

 

Fig.5-29 The trend of swelling duration going up with the decline in temperature. 

 

To sum up, temperature plays a key role in governing CFS hygroscopic expansion rate 

by directly controlling the water diffusion rate inside CFS. Based on 60 °C of the ambient 

temperature, reducing temperature can prolong the swelling duration. Therefore, the 

temperature effect on hygroscopic expansion cannot be neglected with regard to the 

further degradation studies focusing on CFSRM pull-out behaviour in later sections. 
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5.5.3 Influence of hygroscopic expansion on pull-out behaviour 

 

Conventional pull-out test when used for accelerated ageing treated CFSRM specimens 

immersed under elevated temperature seawater for a period, has its intrinsic limitation, 

such as that it cannot distinguish the hygroscopic expansion effect from the other 

contributing factors on the pull-out behaviour degradation. Once the moisture diffuses 

into the CFS, hygroscopic expansion occurs. In the meantime, such a moisture intrusion 

is expected to cause the interfacial ageing, namely damaging the adhesive bonding of the 

polymer matrix among fibres in CFS as well as the interface between CFS and SM. 

However, by utilising numerical simulation method this problem can be avoided as it can 

decouple the above accelerated degradation process and thus investigate the influence of 

hygroscopic expansion or interfacial ageing on CFSRM pull-out behaviour separately. 

Based on the multi-filed coupled model used hereinbefore, this section focuses on the 

pure swelling effect on the pull-out performance. 

 

According to the simulation results of the material dilatation with time and temperature 

introduced in Section 5.5.1 and 5.5.2, the swelling strain recorded in the hygroscopic 

expansion physical field is extracted as the initial strain of CFSRM material and then 

added into the numerical model of its pull-out behaviour given in Section 5.4.2. Under 

the condition that the model has a time and temperature dependent initial strain before 

simulating the CFS pull-out process from SM domain, the present study can thus 

investigate how the hygroscopic expansion mechanism influences the pull-out behaviour 

over the whole swelling duration. 

 

Fig.5-30 illustrates the evolution of the peak pull-out force in the model, revolving around 

the development of the swelling extent from the original status without any dilatation 
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deformation to the moisture saturation status with the maximum dilatation deformation 

of the model. Clearly, the hygroscopic expansion present in the model is detrimental to 

CFSRM pull-out performance. As the swelling phenomenon develops with time, it makes 

the peak pull-out force decline gradually until the dilatation process finishes. 

 

 

Fig.5-30 The decrease in peak pull-out force with the development of hygroscopic 

expansion. 

 

As shown in Fig.5-30, the time-dependent pull-out forces at various temperatures ranging 

from 20 °C to 60 °C share the same starting point of 1.95 kN in pull-out force, 

representing the initial value of the peak pull-out force for the model before water 

diffusion or swelling occurs. Note that this value is obtained from the fundamental pull-

out mechanical model in Section 5.4.2, consistent with the experimental results given in 

Section 4.7. Subsequently, the peak pull-out force falls monotonically over time. By the 

end of the simulated duration, it reaches a plateau no matter what the ambient temperature 

is. Finally, it is reduced by 6.4% over the entire simulation period, dropping to 1.83 kN. 

 

Compared with the hygroscopic expansion presented in Section 5.5.1, it is found that 
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model swelling process. Both of them are dominated by the water diffusion level in the 

model. Taken the curve at 60 °C as an example, at the early stage from 0 d to 60 d, the 

peak pull-out force only goes down by 1.1%, quite slowly from 1.95 kN to 1.93 kN, while 

the swelling stress experiences a slight increase at the same time. Then they all enter a 

period of rapid development. The peak pull-out force quickly falls by 5.2% during the 

later 60 days, from 1.93 kN to 1.83 kN. Eventually they keep constant after nearly the 

120th day when CFS reaches the saturation condition. 

 

Temperature change has been found to affect the pull-out force subject to hygroscopic 

expansion as the same way as the hygroscopic expansion itself, as shown in Fig.5-30. On 

the one hand, reducing temperature can remarkably slow down the force reduction, which 

is equal to the swelling duration under each prescribed temperature condition respectively. 

On the other hand, the ultimate peak pull-out forces given in Fig.5-30 are identical once 

CFS reaches the saturation. To sum up, the ambient temperature can only influence the 

reduction rate of the peak pull-out force based on the temperature effect on hygroscopic 

expansion, which does not change its descending trend or the ultimate value. 

 

In view of the fact that the mechanism of CFS swelling acting upon CFSRM pull-out 

behaviour does not alter with temperature, the present study selects the simulation result 

of pull-out process at 60 °C, serving as the representative model case to do further analysis. 

Fig.5-31 displays the pull-out curves after zero, 40d, 80d and 120d of 60 °C hygroscopic 

expansion conditioning respectively. 

 

A continuous drop in the pull-out force can be found over time. The peak point on the 

curve gradually declines with the onset of CFS swelling, agreeing with the findings in 

Fig.5-30. The maximum pull-out force is 1.95 kN to begin with, and falls to 1.94 kN, 1.90 
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kN and 1.83 kN on the 40th, 80th and 120th day respectively. The decrease rate of the 

pull-out performance is obviously slow at the early stage and accelerates later. 

 

 

Fig.5-31 Simulated pull-out curves on the starting day, the 40th, 80th and 120th day of 

60 °C hygroscopic expansion conditioning respectively. 

 

The pull-out behaviour with the swelling development shown in Fig.5-31 is dependent on 

the shear stress evolution at the interface between CFS and SM domain. At the beginning, 

water diffusion inside the model leads to CFS dilatation deformation. Then the increase 

in deformation is expected to further cause the shear stress and local slip along CFS/SM 

interface. When simulating CFSRM pull-out behaviour, this interface composed of CZM 

elements is acted upon by the superposition of the swelling stress and the pull-out shear 

stress. The initial swelling stress and strain existing in the interface reduces its ultimate 

mechanical properties for the pull-out behaviour. On the condition that the complete 

interfacial debonding has not happened yet, the critical interfacial shear stress and the 

critical local relative slip induced by the pull-out force during the entire pull-out process 

experience a gradual reduction with the development of hygroscopic expansion. 
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As a result, the presence of the hygroscopic expansion has an adverse effect on the pull-

out behaviour of CFSRM model. Fig.5-32 gives an exposition of such an adverse effect 

in terms of the interfacial shear stress distribution at 60 °C. Note that all curves depicted 

in Fig.5-32 record the unique 𝜏𝑠 distribution under the condition that the pull-out force 

reaches its peak point no matter how long the swelling duration is. 

 

 

Fig.5-32 Shear stress distribution at the interface acted upon by the peak pull-out force 

after 0d, 40d, 80d and 120d of 60 °C hygroscopic expansion conditioning respectively. 

 

Overall, 𝜏𝑠 reduces with the increase of the swelling deformation, although its maximum 

value along the interface keeps unchanged with 10.9 kN, which is the pre-defined 

interfacial ultimate shear strength 𝜏𝑝 given in Section 5.4.2. By integrating 𝜏𝑠 within the 

interface, the acquired shear force is consistent with the pull-out force on each 

corresponding day presented in Fig.5-31. It is reduced to 99.4%, 97.4% and 93.6% on the 

40th, 80th and 120th day respectively, indicating the same falling process as the pull-out 

performance suffering the consequences of hygroscopic expansion. Apart from the 𝜏𝑠 

evolution trend with time, Fig.5-32 also reveals that 𝜏𝑠  along the whole interface is 
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more striking if the position of 𝜏𝑠 is closer to the end of the interface, which is due to the 

accumulative interfacial slip induced by CFS axial deformation under the condition that 

the surrounding SM domain imposes the physical constraints upon CFS radial dilatation. 

 

By means of changing the specific value of 𝛽𝐶𝐻𝐸 in the numerical modelling, the present 

study finds that there is a linear relationship with 𝛽𝐶𝐻𝐸  versus the reduction in the 

maximum pull-out force, as shown in Fig.5-33. The simulated ambient temperature is set 

to be 60 °C here, as the above-mentioned analysis has proved that the variation in 

temperatures only changes the duration required within the swelling process. 

 

 

Fig.5-33 Reduction in pull-out force owing to hygroscopic expansion with different 

𝛽𝐶𝐻𝐸. 

 

Furthermore, from Fig.5-33 it can be found out that such a linear relationship is constant 

during the entire development process of hygroscopic expansion. With the development 

of hygroscopic expansion, the reduction in the pull-out force on any given day under the 

condition of different 𝛽𝐶𝐻𝐸 has an obvious scaling relationship as per the specific value 

of 𝛽𝐶𝐻𝐸. When the effect of moisture swelling reaches its maximum and the pull-out force 

reaches a plateau accordingly, the reduction in the pull-out force is 262.8 N with its related 
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𝛽𝐶𝐻𝐸 = 0.6 or 44.3 N with its related 𝛽𝐶𝐻𝐸 = 0.1. The reduction in the pull-out force for 

the former is six times larger than the latter. 

 

As the simulation results suggest that the reduction in pull-out force is linear to the change 

of 𝛽𝐶𝐻𝐸, the present research of the swelling effect can be further broadened to a general 

analysis applied to FRP and FRP reinforced materials with diverse coefficients of 

hygroscopic expansion, instead of being limited by a certain type of material with a 

particular value of 𝛽𝐶𝐻𝐸. 

 

While Section 5.5.3 analyses to what extent the moisture swelling itself can affect the 

pull-out performance of CFSRM material, Chapter 6 carries out the special study focusing 

on the influence of hygroscopic expansion coupled with interfacial ageing in terms of the 

pull-out force decline. 

 

As the degradation in the experimental pull-out force of CFSRM is comprised of two 

parts from both the hygroscopic expansion effect and the interfacial ageing effect on the 

adhesive interface between CFS and SM, it should be noted that the experimental results 

cannot be used directly to validate the numerical model herein. Combined with the 

interfacial ageing data stemming from the degradation process studies based on TPD 

model, the decoupled swelling effect can be further analysed, the detail of which is 

presented in Chapter 6. 
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5.6 Summary 

 

This chapter carries out the numerical simulation on the physical and mechanical 

properties of CFSRM specimens, including its interior water diffusion behaviour, 

interfacial bond behaviour and the hygroscopic expansion behaviour. 

 

Based on Fick's Law and CFS/SM two-medium diffusion mechanism, a cylindrical 

orthotropic water diffusion model is built to simulate the long-term diffusion process. 

Simulation results agree well with the test records, proving the accuracy of the numerical 

model. The simulation of temperature effect on water diffusion shows that the growth in 

temperature from 20 °C to 60 °C can shorten the required duration of the embedded CFS 

to reach saturation by 6.1 times. It quantitatively explains the feasibility of raising the 

temperature to accelerate the water diffusion and the subsequent degradation process of 

CFSRM specimen within a limited experimental time. 

 

By means of the CZM approach, the numerical model simulates the entire process of the 

interfacial debonding failure under the uniaxial pull-out loading. The simulated pull-out 

curve is able to capture the experimental pull-out behaviour within its ascending stage, 

including the measured peak pull-out force and interfacial shear stiffness.  

 

Based on the numerical model of water diffusion and interfacial bond behaviour, another 

physical field that simulates the hygroscopic expansion of CFS inside CFSRM is added 

into the model. The development of the swelling process and the resultant swelling stress 

are found to be synchronous with the water diffusion process. Accordingly, raising 

temperature can accelerate the moisture swelling but would not change the maximum 

swelling stress when CFSRM reaches the saturated condition. The interfacial shear stress 
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owing to the hygroscopic expansion mechanism has an adverse effect on the pull-out 

performance. Such an effect has a linear correlation with the coefficient of CFS 

hygroscopic expansion. 
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6 LONG-TERM DURABILITY PERFORMANCE OF CFSRM 

 

6.1 Overview 

 

The degradation of bond behaviour of TRM materials is a long-term phenomenon under 

normal marine environments. Based on Arrhenius Law, the elevated-temperature 

accelerated ageing was adopted as the conditioning method in the present study in order 

to observe the interfacial degradation of CFSRM specimen within a limited experimental 

duration. Pull-out test was used in this chapter to investigate the interfacial degradation 

of CFSRM specimens after exposure to seawater immersion for a certain period.  

 

In brief, there were 24 CFSRM specimens prepared and tested in Chapter 6, wherein 12 

of them were immersed in 60 °C seawater up to 240 days whilst the other 12 were 

immersed in 20 °C seawater up to the same duration. After ageing treatment, they were 

used to carry out the pull-out test by means of Instron testing machine. Note that in 

Chapter 6, the test results of specimens after ageing treatment were compared with the 

baseline value of the pull-out force which was obtained from the previous pull-out test 

with eight intact CFSRM specimens as mentioned in Section 4.7. 

 

A multiphysics numerical model which combines water diffusion, hygroscopic expansion, 

interfacial ageing and pull-out behaviour altogether was also carried out in this chapter. 

A three-parameter durability (TPD) model was proposed to analyse and predict the long-

term interfacial ageing behaviour. In this study, the degradation mechanism of interfacial 

ageing was simulated by the reductions in local bond-slip relationship which were 

assumed to be governed by TPD model. Then the multi-field numerical model was used 
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to investigate the interfacial degradation mechanisms of CFSRM considering both 

hygroscopic expansion and interfacial ageing. 

 

Following the above-mentioned method, two different degradation modes (Reduction 

Mode I and Reduction Mode II) in terms of local bond-slip relationship that were used in 

CZM are discussed. As per each of them, the contributions of hygroscopic expansion and 

interfacial ageing to the total degradation are separately simulated. After comparing with 

experimental and numerical data, only Reduction Mode I was adopted in further studies, 

due to the advantage of enabling decoupling of hygroscopic expansion and interfacial 

ageing. A simplified hand calculation method was then proposed to predict the long-term 

pull-out performance of CFSRM under various marine environments. The effects of two 

key influencing factors, immersion temperature and the moisture concentration, were 

discussed at the end of this chapter. 

 

6.2 Elevated-temperature accelerated ageing method 

 

In order to investigate the long-term durability of fibre composite materials within a 

restricted experimental duration, elevated-temperature treatment is commonly used to 

accelerate material degradation and thus shorten the required duration (Kunioka et al., 

2016; Cabral-Fonseca et al., 2018; Nepomuceno et al., 2021). By immersing the FRP 

reinforced concrete into a high temperature solution, existing studies have focused on 

their degradation of mechanical properties under various service conditions and 

predictions of durability performance (Micelli and Nanni, 2004; Silva et al., 2014). 

 

This study targets the long-term interfacial properties of CFSRM specimens. Elevated-

temperature accelerated ageing method was adopted by immersing the specimens in the 
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water tank under the temperature of 60 °C for various periods before carrying out pull-

out tests. Using 60 °C as the acceleration temperature can attain the balance between the 

accelerated ageing efficiency and the allowable critical immersion temperature according 

to the composite material properties (Robert et al., 2010; Ascione et al., 2016; Ksouri and 

Haddar, 2018). Both ACI 440.3R-12 (American Concrete Institute, 2012) and CAN/CSA 

S806 (Canadian Standards Association, 2021) recommend immersion temperature of 

60 °C for the accelerated ageing treatment, which is also selected as the highest 

accelerated temperature in published durability studies of relevant composite materials 

(El-Hassan et al., 2018; Ghabezi and Harrison, 2020). Therefore, the present study 

adopted 60 °C as the ambient temperature of seawater immersion during the elevated-

temperature accelerated ageing treatment for CFSRM specimens. 

 

A custom-made insulated curing tank, as shown in Fig.6-1, was built for carrying out the 

accelerated ageing test. A digital thermostatic controller was attached to the tank, as 

shown in Fig.6-1b, which worked as an automatic switch of heating and keeps the 

seawater temperature fluctuating within the range of 60±0.5 °C. 

 

 

                                            (a)                                                                          (b) 

Fig.6-1 Elevated-temperature insulated seawater curing tank: (a) stainless steel curing 

tank; (b) digital thermostatic controller. 
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Another control group of specimens was prepared alongside, which were immersed in 

20 °C normal temperature seawater for the same duration as for the elevated-temperature 

treated specimens. It should be noted that the immersion temperature used here is 

consistent with the previous studies on the water diffusion of CFSRM specimens. 

 

In general, the accelerated ageing period varies from 7 to 240 days (Nepomuceno et al., 

2021). For fibre composite materials, existing literature indicates that the material 

degradation slows down with time (Silva et al., 2014; Wang et al., 2017a), which is more 

distinct under high temperature accelerated ageing process (Chen et al., 2006; Uthaman 

et al., 2020). In order to optimise the experimental work, various duration intervals should 

be adopted. In this study, durations of 30, 60, 120 and 240 days were used for both 20 °C 

and 60 °C test groups. Based on the aforementioned experimental variable setup, each 

test with a unique set of experimental variables was repeated three times to ensure the 

reliable results which were collected from the same test group including three specimens 

after the same ageing conditioning. The specimen labels used herein indicate the purpose 

and the conditioning method of specimens as follows: “P” denotes the pull-out test; “60C” 

or “20C” means the seawater immersion temperature; “30d, 60d, 120d, 240d” represents 

the ageing treatment duration; the last number in the label symbolises the serial number 

of specimens conditioned in the same way. In this way, the specimens used for 20 °C test 

groups are named by P20C-30d-1, 2, 3; P20C-60d-1, 2, 3; P20C-120d-1, 2, 3 and P20C-

240d-1, 2, 3 respectively. The specimens used for 60 °C test groups are named by P60C-

30d-1, 2, 3; P60C-60d-1, 2, 3; P60C-120d-1, 2, 3 and P60C-240d-1, 2, 3 respectively. 

 

Fig.6-2 shows the overall specimens for the interfacial degradation study.
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                                   (a)                                                                (b) 

Fig.6-2 Specimens prepared for CFSRM degradation investigation. 

 

6.3 Ageing test results  

 

6.3.1 Residual pull-out performance exposed to elevated-temperature accelerated ageing 

 

Fig.6-3 displays all pull-out tested CFSRM specimens after elevated-temperature 

accelerated ageing treatment at 60 °C, from left to right in chronological order of ageing 

duration. CFS pull-out failure mode, namely the interfacial debonding failure between 

CFS and SM, was found for all specimens, and little difference was found among different 

ageing periods. That is, the fibre reinforcement of all CFSRM specimens presented here 

was pulled out from the mortar substrate after the test. The same conclusions have been 

found on the specimens under room temperature as well, as presented in Section 4.7. 
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Fig.6-3 Tested CFSRM specimens exposed to elevated-temperature accelerated ageing 

of seawater immersion at 60 °C. 

 

Fig.6-4 to Fig.6-7 show the pull-out test results of CFSRM specimens after 30, 60, 120 

and 240 days of elevated-temperature accelerated ageing respectively. A gradual decline 

in the residual pull-out performance of CFSRM has been found. The decrease in the peak 

pull-out force becomes more evident with the increase of the ageing period. Additionally, 

the ascending stage of the pull-out force-displacement curve becomes more nonlinear 

with a longer degradation duration, which suggests that the interfacial bonding between 

CFS and SM is more likely to lose the integrity under longer exposure time. 

 

Although the test results for all specimens complied with the pull-out failure type, it 

should be noted that the discreteness and the randomness still existed in the test results. 

As shown in Fig.6-5, the peak pull-out force on the blue curve (P60C-60d-2) has a lower 
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value than others. It means that the interfacial debonding failure of this specimen occurred 

earlier than other specimens. The CFS/SM bond of P60C-60d-2 is weaker compared with 

P60C-60d-1 or P60C-60d-3. Such a lower pull-out performance may result from the 

specimen making process or the experimental operation process. As shown in Fig.6-6, 

the pull-out curve of the green one (P60C-120d-3) has a strange shape with fluctuation in 

half way. The long-term ageing treatment damaged the integrity of adhesive interface 

between CFS and SM, leading to the problem of uneven shear stress transfer from SM to 

CFS when the specimen was acted upon by a force (Davalos et al., 2012b). Consequently, 

partial fibre filaments at the outermost CFS were prone to the early rupture during the 

loading process. Then the pull-out force experienced a sudden drop at its ascending stage 

as the interfacial shear stress was redistributed along the remaining continuous fibres. 

Owing to the fact that the interfacial bond still worked by this moment, the pull-out force 

continued to go up until reaching the peak point which represented the maximum pull-

out force the specimen could sustain. 

 

 

Fig.6-4 Pull-out curves of CFSRM specimens on the 30th day of ageing treatment at 

60 °C. 
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Fig.6-5 Pull-out curves of CFSRM specimens on the 60th day of ageing treatment at 

60 °C. 

 

 

Fig.6-6 Pull-out curves of CFSRM specimens on the 120th day of ageing treatment at 

60 °C. 
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Fig.6-7 Pull-out curves of CFSRM specimens on the 240th day of ageing treatment at 

60 °C. 

 

As shown from Fig.6-4 to Fig.6-7 inclusive, although the discreteness and the randomness 

present in those pull-out curves cannot be avoided, the scatter of the test results is within 

a small range of 15%. The coefficients of variation for the peak pull-out force of each test 

group which contains three specimens after 30, 60, 120 and 240 days of treatment have 

the values of 7.2%, 12.8%, 9.1% and 12.1% respectively. Note that the detailed testing 

data containing all specimens used in Chapter 6 will be summarised in Table 6-1. The 

above-mentioned data analysis of test results indicates that the scatter of those pull-out 

curves will not affect the research conclusions from the present study about the long-term 

pull-out behaviour of CFSRM. 

 

6.3.2 Residual pull-out performance under normal service condition 

 

Fig.6-8 displays all tested specimens from left to right in chronological order of 20 °C 

conditioning duration. Little difference in the failure mode of pull-out has been found 

when compared with those in 60 °C test group. It indicates that the reinforcement rupture 
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does not happen during the test and the interfacial failure controls the pull-out test results 

for all specimens in this study. 

 

 

Fig.6-8 Tested CFSRM specimens exposed to the normal service condition of seawater 

immersion at 20 °C. 

 

The pull-out force-displacement curves of CFSRM specimens after 30, 60, 120 and 240 

days of treatment under normal service conditions are shown in Fig.6-9 to Fig.6-12. 

Unlike the 60 °C test group, no distinct difference of test results can be observed within 

the first 120 days of treatment. The variation trend in the peak pull-out force indicates 

that the deterioration of adhesive interface between CFS and SM under the normal service 

condition at 20 °C is much slower than the accelerated ageing condition at 60 °C. 

Consequently, specimens from 20 °C test group maintain the higher pull-out resistance 

than 60 °C test group when the long-term conditioning is ended at the 240th day. 

Furthermore, linear increase in the ascent stage of the pull-out curve has been found 



6 Long-term durability performance of CFSRM 

231 

among all conditioning time. Compared with specimens from 60 °C test group, 

environmental conditioning of immersion at 20 °C is deemed less likely to damage the 

interfacial integrity, which is in agreement with what reported in the literature (Tatar and 

Hamilton, 2016; Wang et al., 2017a). 

 

 

Fig.6-9 Pull-out curves of CFSRM on the 30th day of environmental conditioning at 

20 °C. 

 

 

Fig.6-10 Pull-out curves of CFSRM on the 60th day of environmental conditioning at 

20 °C. 
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Fig.6-11 Pull-out curves of CFSRM on the 120th day of environmental conditioning at 

20 °C. 

 

 

Fig.6-12 Pull-out curves of CFSRM on the 240th day of environmental conditioning at 

20 °C. 

 

6.3.3 Comparison between the two immersion conditions 

 

Table 6-1 summarises all pull-out test results of the specimens under both elevated-
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1.95 kN that represents the initial pull-out force of CFSRM specimen before any exposure, 

as derived from Section 4.7. 

 

Table 6-1 The results summary of pull-out test with CFSRM specimens. 

Specimen 
name 

Pull-out 
force 
(kN) 

Residual 
performance 

(%) 

Mean 
value 
(kN) 

Standard 
deviation 

Coefficient of 
variation 

(%) 

P60C-30d-1 1.93 98.9 

1.88 0.13 7.2 P60C-30d-2 1.72 88.2 

P60C-30d-3 1.97 101.1 

P60C-60d-1 1.66 85.2 

1.64 0.21 12.8 P60C-60d-2 1.42 72.7 

P60C-60d-3 1.84 94.2 

P60C-120d-1 1.01 51.9 

1.02 0.09 9.1 P60C-120d-2 1.12 57.4 

P60C-120d-3 0.94 48.0 

P60C-240d-1 1.30 66.8 

1.15 0.14 12.1 P60C-240d-2 1.04 53.5 

P60C-240d-3 1.09 55.9 

P20C-30d-1 2.07 106.2 

1.95 0.12 5.9 P20C-30d-2 1.92 98.5 

P20C-30d-3 1.85 94.5 

P20C-60d-1 1.97 100.8 

2.02 0.07 3.4 P20C-60d-2 2.10 107.4 

P20C-60d-3 1.99 101.9 

P20C-120d-1 1.76 90.0 

1.92 0.14 7.5 P20C-120d-2 1.97 101.0 

P20C-120d-3 2.03 103.9 

P20C-240d-1 1.54 79.1 

1.71 0.16 9.2 P20C-240d-2 1.86 95.1 

P20C-240d-3 1.74 89.3 
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Fig.6-13 plots the reduction in pull-out force of all specimens. The descending trend 

between the 60 °C condition and 20 °C condition starts to distinguish from the 30th day 

onwards. The average retention of pull-out force drops to 58.7% (1.15 kN) under 

accelerated ageing by the end of the experimental duration, in comparison to 87.8% (1.71 

kN) for specimens at 20 °C. When the specimens are under 60 °C condition, the pull-out 

force reduces steadily to its lowest value at the 120th day, and increases slightly 

afterwards. When the specimens are under 20 °C condition, the pull-out force fluctuates 

slightly in the first 60 days, since then it reduces monotonically until the end of the test. 

The slight increase in the pull-out force of specimens under either 60 °C or 20 °C 

condition could be related to the continuous hydration of the cementitious materials, 

especially PFA, which has been found to contribute to long-term strength in concrete 

(Hwang et al., 2004). However, further studies will be needed to prove this hypothesis, 

as the effect of continuous hydration has been neglected in this study.  

 

 

Fig.6-13 Reduction in pull-out force of CFSRM exposed to accelerated ageing 

condition and normal service condition. 
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6.4 Multiphysics coupling model for long-term pull-out behaviour 

 

6.4.1 Three-parameter durability (TPD) model for predicting pull-out performance under 

interfacial ageing 

 

As introduced in Chapter 2, six types of prediction models have been proposed regarding 

various applications and all have some drawbacks. Overall, Prediction Model IV is most 

appropriate to this study as it focuses on the reduction to shear-induced interfacial 

bonding durability. Furthermore, many existing experimental studies have demonstrated 

that Prediction Model IV is effective to assess the long-term behaviour of interfacial 

bonding between FRP reinforcement and concrete substrate (Davalos et al., 2012a; 

Benmokrane and Ali, 2018; Sang et al., 2018). However, Prediction Model IV cannot be 

directly utilised in this study as the effect of hydroscopic expansion caused by water 

diffusion is not included. It is believed that the water diffusion and the subsequent 

moisture concentration growth inside specimen are of significance because the interfacial 

ageing largely depends on the concentration changes in water molecules as explained in 

Chapter 2. While immersion only serves as an ageing treatment method in previous 

research, the present study specifically discusses the effect of water content changes on 

the interfacial ageing. Therefore, the moisture concentration inside the specimen is no 

longer a constant like the default condition in former studies. To solve this problem, a 

modified method based on Prediction Model VI is developed as follows. 

 

If moisture concentration is unchanged over the ageing period, the ageing kinetics at the 

adhesive interface is equivalent to a pseudo-first-order reaction as shown in Eq.6-1 (Bélan 

et al., 1997; Farrar, 2008; Dubelley et al., 2018; Borovikov et al., 2019). 

 −
𝑑(𝑌−𝑌∞)

𝑑𝑡
= 𝑘(𝑌 − 𝑌∞)𝐶  (6-1) 
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where 𝐶 represents the concentration of moisture involved in the ageing kinetics. 

 

Within the water uptake process, change in 𝐶 cannot be ignored. Under this circumstance, 

Eq.6-1 is no longer a reduced pseudo-first-order reaction but a second-order reaction in 

terms of ageing kinetics, with both 𝑌 and 𝐶 being time dependent (Bélan et al., 1997; 

Pickett and Coyle, 2013; Speranza et al., 2014; Borovikov et al., 2019). 

 

Integrating Eq.6-1 yields an integral form as 

 ∫−
𝑑(𝑌−𝑌∞)

𝑌−𝑌∞
= ∫𝑘𝐶 𝑑𝑡  (6-2) 

 

Solving Eq.6-2 in combination with the boundary condition (𝑌 − 𝑌∞) = 1 − 𝑌∞ when 

𝑡 = 0, the solution can be obtained in particular integral terms as 

 ln (
𝑌−𝑌∞

1−𝑌∞
) = −𝑘 ∫ 𝐶 𝑑𝑥

𝑡

0
  (6-3) 

where 𝑥 is an introduced integration variable denoting the physical quantity of time. 

 

Rewriting Eq.6-3 in exponential terms, the expression of 𝑌 is subsequently derived as 

 𝑌 = (1 − 𝑌∞)𝑒𝑥𝑝 (−𝑘 ∫ 𝐶 𝑑𝑥
𝑡

0
) + 𝑌∞  (6-4) 

 

Substituting Eq.2-4, namely the basic form of Arrhenius reaction rate constant 𝑘, into 

Eq.6-4, the modified approach to predicting the long-term interfacial ageing of CFSRM 

can be given as 

 𝑌 = (1 − 𝑌∞)𝑒𝑥𝑝 [− (∫ 𝐶
𝑡

0
𝑑𝑥)𝐴𝑒𝑥𝑝 (

−𝐸𝑎

𝑅𝑇
)] + 𝑌∞  (6-5) 

 

As a refinement proposed by the present study, the prediction model given in Eq.6-5 has 

three governing parameters including time ( 𝑡 ), moisture concentration ( 𝐶 ) and 



6 Long-term durability performance of CFSRM 

237 

temperature (𝑇). Such three parameters play a dominant role in the interfacial ageing of 

CFSRM during seawater immersion conditioning. With the real-time changes in the 

ageing condition, the durability model herein assigns appropriate values to variables of 𝑡, 

𝐶  and 𝑇  synchronously. Then the model can be utilised to analyse the pull-out 

performance owing to interfacial ageing and thus assess the long-term durability of 

CFSRM. Hence this model is named three-parameter durability model (TPD model) 

hereinafter for pull-out performance prediction. 

 

It is worth noting that TPD model has three constant coefficients, namely the final residual 

bonding performance (𝑌∞), pre-exponential factor of Arrhenius Equation (𝐴) and the 

activation energy for the material and reaction type (𝐸𝑎), which are determined according 

to intrinsic properties of the material and the ageing treatment. In the present study, they 

are derived from the pull-out test results, or more specifically, the reduction in pull-out 

force owing to the interfacial ageing under different 𝑡, 𝐶 and 𝑇 conditions after removing 

the effect of hygroscopic expansion on pull-out behaviour. Table 6-2 summarises the TPD 

model coefficients that are determined for the specimens used in this study. 

 

Table 6-2 TPD model coefficients. 

Material coefficient Value 

𝑌∞ 57.8% 

𝐴 2.15*10-2 

𝐸𝑎 51.61 kJ/mol 

𝑘 
1.74*10-10 at 60 °C 

1.37*10-11 at 20 °C 
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6.4.2 Introduction of the multiphysics coupled modelling 

 

The multiphysics numerical simulation couples the water diffusion field, the water-

induced interfacial ageing, the hygroscopic expansion in CFS and the interfacial pull-out 

mechanical model. When analysing and predicting the durability performance, it takes 

both hygroscopic expansion mechanism and interfacial ageing mechanism into 

consideration.  

 

The numerical modelling of interfacial behaviour of CFSRM based on CZM has been 

calibrated using experimental results given in Section 5.4.2, which has shown to be 

reliable in predicting pull-out behaviour of CFSRM. Coupled with CZM method, the 

present study hereinafter proposes a TPD model-based multiphysics model to predict the 

long-term degradation in pull-out behaviour of CFSRM. As introduced in literature, CZM 

method based on various bond-slip relationships has been used to study the interfacial 

ageing (Ouyang, 2007; Yang et al., 2017; Biscaia et al., 2019). Despite the type of bond-

slip law the research chooses, the degradation of interface is usually reflected by altering 

model governing parameters among 𝜏𝑝, 𝑢𝑝, 𝑢𝑡𝑑, 𝐾𝜏 and 𝐺𝑡 (Mubashar et al., 2011; Liu et 

al., 2016; Shawa and Andrawes, 2017; Wang and Petrů, 2019; Zaeri and Googarchin, 

2019). This study uses the reduction parameter Y derived from the TPD model to describe 

the degradation of interface. Fig.6-14 gives a flowchart of this multiphysics simulation.  
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Fig.6-14 TPD model-based multiphysics. 

 

As illustrated in Fig.6-14, the water diffusion field provides information on time and 

temperature dependant moisture concentration of the CFSRM specimen. Then TPD 

model calculates the interfacial ageing under the exposure condition, which is then used 

to update the CZM parameters. Coupled with the initial stress and strain fields incurred 

by hygroscopic expansion due to water uptake, the long-term degradation in pull-out 

behaviour, taking into account of both hygroscopic expansion and interfacial ageing, 

could be simulated. 

 

6.4.3 CZM parameter evaluation based on interfacial ageing  

 

So far, no consensus has been achieved in literature regarding the CZM parameter 

changes during environmental exposure (Ouyang, 2007; Mubashar et al., 2011; Silva et 

al., 2013; Sugiman et al., 2013; Shawa and Andrawes, 2017; Emre, 2018; Zaeri and 

Googarchin, 2019; Li et al., 2020b). Fig.6-15 presents some typical CZM degradation 

models that have been used so far. All types of evolutionary trends in bond-slip law given 

from Fig.6-15a to Fig.6-15h are the diagrams taken from the theoretical CZM degradation 

models in the existing references which is introduced as following. 
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After exposing to freeze-thaw cycling with salt water, Shawa and Andrawes (2017) found 

that all parameters related to bond-slip law experienced a decline as shown in Fig.6-15a. 

Under freshwater exposure at 50 °C, Sugiman et al. (2013) observed the decrease in 

height of bond-slip path with its base unchanged, whereas the conclusion from Mubashar 

et al. (2011) was opposite, as shown in Fig.6-15b and Fig.6-15c respectively. When 

exposed to salt water at room temperature, Li et al. (2020b) found the increase in 𝑢𝑡𝑑 and 

the decrease in 𝜏𝑝 , 𝐺𝑡  and 𝐾𝜏 , as shown in Fig.6-15d. Zaeri and Googarchin (2019) 

reported the similar result but the interfacial stiffness 𝐾𝜏 did not decline when exposed to 

tap water at room temperature as shown in Fig.6-15e. Likewise, Fig.6-15f from Ouyang 

(2007) indicated that all CZM parameters except 𝐾𝜏 dropped by the same ratio, which 

stayed fixed when exposed to the same ageing condition. Additionally, some or all 

aforementioned parameters were found to rise during exposure as shown in Fig.6-15g and 

Fig.6-15h, reported by Silva et al. (2013) who adopted salt fog conditioning at 35 °C and 

Emre (2018) who adopted conditioning of high humility higher than 90% at the same 

temperature. 

 

 

Fig.6-15 Evolutionary trend in bond-slip law of CZM subject to conditioning. 
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The degradation trend in Fig.6-15f and Fig.6-15e have been adopted in this study due to 

its simplicity. Furthermore, the present study finds that during the experimental period, 

the reduction ratio for 𝜏𝑝 , 𝑢𝑝  and 𝑢𝑡𝑑  is equal to the interfacial ageing, namely the 

expression of (1 − 𝑌) complied with the TPD model. Therefore, the CZM parameters 

considering interfacial ageing can be expressed as: 

 

(1) Reduction Mode I (Fig.6-15f) denotes that TPD model-based reduction factor 

(𝑌𝐶𝑍𝑀−𝐼) governs CZM parameters decreasing in the same ratio, as described from 

Eq.6-6 to Eq.6-8 inclusive. 

 

 𝜏𝑝
𝑎𝑔𝑒

= 𝜏𝑝 ∙ 𝑌𝐶𝑍𝑀−𝐼  (6-6) 

 𝑢𝑝
𝑎𝑔𝑒

= 𝑢𝑝 ∙ 𝑌𝐶𝑍𝑀−𝐼  (6-7) 

 𝑢𝑡𝑑
𝑎𝑔𝑒

= 𝑢𝑡𝑑 ∙ 𝑌𝐶𝑍𝑀−𝐼  (6-8) 

 

(2) Reduction Mode II (Fig.6-15e) denotes that TPD model-based reduction factor 

(𝑌𝐶𝑍𝑀−𝐼𝐼) governs CZM parameters decreasing in the different ratio, as described from 

Eq.6-9 to Eq.6-11 inclusive. 

 

 𝜏𝑝
𝑎𝑔𝑒

= 𝜏𝑝 ∙ 𝑌𝐶𝑍𝑀−𝐼𝐼  (6-9) 

 𝑢𝑝
𝑎𝑔𝑒

= 𝑢𝑝 ∙ 𝑌𝐶𝑍𝑀−𝐼𝐼  (6-10) 

 𝑢𝑡𝑑
𝑎𝑔𝑒

= 𝑢𝑡𝑑  (6-11) 

 

where 𝑌𝐶𝑍𝑀−𝐼  is taken as the ageing reduction factor 𝑌 , while 𝑌𝐶𝑍𝑀−𝐼𝐼  has been 

recalibrated to best describe the pull-out degradation as found from the experiments.  
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Fig.6-16 compares the numerical results based on both reduction methods against the 

experimental results. 

 

 

(a) exposure under 60 °C 

 

(b) exposure under 20 °C 

Fig.6-16 Comparison of test results with simulated results in accordance with two 

reduction modes. 

 

Overall, the numerical results, coupling both the swelling effect and the interfacial ageing 

effect, capture the trend of the experimental results very well. Little difference has been 

found between the two different interfacial bond-slip reduction laws. This is because that, 
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although the peak interfacial shear stress and the slip at debonding are different, the 

critical fracture energy, which is the area under the local bond-slip curve, is the same. 

Therefore, the same pull-out force has been found to cause debonding under the two 

different interfacial reduction methods. The comparison between experimental and 

simulated results under the two different exposure temperatures has shown that it is 

reliable to use the TPD model to analyse the interfacial ageing for CFSRM specimens 

subject to different ambient temperatures and exposure time. 

 

Fig.6-17 to Fig.6-20 plot the experimental and numerical 𝑃 − 𝑢𝑠𝑡  curves at different 

times. As little reduction has been found in experimental pull-out results when the 

specimens were exposed to the normal service condition within the experimental duration, 

testing data under elevated-temperature accelerated ageing at 60 °C have been used.  

 

The comparison between the numerical and experimental 𝑃 − 𝑢𝑠𝑡  curves demonstrates 

that TPD model-based multiphysics is able to simulate the degraded pull-out behaviour, 

which is in agreement with the experimental results covering the total ageing duration. 

Compared with the long-term durability degradation revealed by the experiment, 

essentially the same trend in pull-out behaviour can be found in the simulation results, 

although the displacement at the maximum pull-out force for some specimens are 

relatively longer than that in the numerical model. Overall the numerical model has 

captured the ascending behaviour and the peak load very well. The descending stage 

could not be compared due to the noneffective experimental set up, as discussed in 

Section 5.4.2.  
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Fig.6-17 Numerical 𝑃 − 𝑢𝑠𝑡  curve and its experimental contrast for upward slope, on 

the 30th day of accelerated ageing. 

 

 

Fig.6-18 Numerical 𝑃 − 𝑢𝑠𝑡  curve and its experimental contrast for upward slope, on 

the 60th day of accelerated ageing. 
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Fig.6-19 Numerical 𝑃 − 𝑢𝑠𝑡  curve and its experimental contrast for upward slope, on 

the 120th day of accelerated ageing. 

 

 

Fig.6-20 Numerical 𝑃 − 𝑢𝑠𝑡  curve and its experimental contrast for upward slope, on 

the 240th day of accelerated ageing. 
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6.5 Long-term pull-out force prediction model 

 

6.5.1 Theoretical derivation of degradation process 

 

By applying the degradation mechanisms discussed in Chapter 3, the reduction in the 

pull-out resistance of CFSRM can be attributed to both the hygroscopic expansion and 

the interfacial ageing. On the one hand, the water diffusion in CFSRM causes water 

molecules to immigrate into CFS reinforcement across SM substrate and thereby induces 

the swelling stress inside CFS. On the other hand, the long-term immersion weakens the 

interfacial bond properties between CFS and SM. As a consequence, the pull-out 

behaviour deteriorates over exposure time, particularly under the accelerated ageing 

condition. Let the pull-out force retention after a certain duration of conditioning be 

denoted by 𝐹𝑃𝑅 and the initial pull-out force of intact specimens be denoted by 𝐹𝑃𝐼, the 

relationship between 𝐹𝑃𝑅 and 𝐹𝑃𝐼 in the present study can be given as 

 𝐹𝑃𝑅 = 𝐹𝑃𝐼 − 𝐹𝐻𝐸 − 𝐹𝐼𝐴  (6-12) 
where 𝐹𝐻𝐸  is the decrease in pull-out force on account of hygroscopic expansion; 𝐹𝐼𝐴 is 

the decrease in pull-out force on account of interfacial ageing. 

 

As per the degradation mechanism with respect to interfacial ageing, 𝐹𝐼𝐴 can be expressed 

by subtracting the residual pull-out performance from its original value:  

 𝐹𝐼𝐴 = 𝐹𝑃𝐼(1 − 𝑌)  (6-13) 
 

Substituting Eq.6-13 into Eq.6-12, 𝐹𝑃𝑅 can be rewritten as 

 𝐹𝑃𝑅 = 𝐹𝑃𝐼 ∙ 𝑌 − 𝐹𝐻𝐸   (6-14) 

 

Fig.6-21 plots the retention of the simulated pull-out forces with and without considering 

hygroscopic expansion, along with the related ageing reduction factor curves for CZM 
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parameters. Reduction Mode I and Reduction Mode II are adopted in the numerical 

modelling respectively. 

 

  

(a) Reduction Mode I under 60 °C  (b) Reduction Mode I under 20 °C 

  

(c) Reduction Mode II under 60 °C  (d) Reduction Mode II under 20 °C 

Fig.6-21 Retention of the simulated pull-out force with and without considering 

hygroscopic expansion, along with the related ageing reduction factor curves for CZM 

parameters. 

 

It is found that the reduction in the pull-out force closely follows the trend of the ageing 
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ageing and hygroscopic expansion could be decoupled using Reduction Mode I in CZM, 

while they are coupled if Reduction Mode II is used. Further research is needed to 

investigate the coupling effect if Reduction Mode II is to be used. For simplicity, 

Reduction Mode I has been used in CZM for the following studies. 

 

6.5.2 Contribution of hygroscopic expansion 

 

This section aims to propose a simplified calculation method to describe the pull-out force 

degradation due to hygroscopic expansion. Fig.6-22 plots the pull-out forces under 

different immersion temperature 𝑇 , immersion time 𝑡 , and different coefficient of 

hygroscopic expansion 𝛽𝐶𝐻𝐸. 

 

As shown in Fig.6-22, the maximum hygroscopic expansion induced pull-out force 

degradation 𝐹𝐻𝐸  is only dependant on the 𝛽𝐶𝐻𝐸. The immersion temperature only affects 

the speed of degradation, rather than the magnitude. Before reaching the maximum value 

of 𝐹𝐻𝐸  under a certain 𝛽𝐶𝐻𝐸 , a parabolic function could be used to describe the time-

dependant trend of 𝐹𝐻𝐸 . After then 𝐹𝐻𝐸  remains constant with the increase of immersion 

time because CFS has already reached the saturated condition and the swelling process 

has stopped. Fig.6-23 gives the diagram of the proposed piecewise function to describe 

𝐹𝐻𝐸 . 
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(a) 𝛽𝐶𝐻𝐸 = 0.6                                              (b) 𝛽𝐶𝐻𝐸 = 0.5 

 

    

(c) 𝛽𝐶𝐻𝐸 = 0.4                                              (d) 𝛽𝐶𝐻𝐸 = 0.3 

 

    

(e) 𝛽𝐶𝐻𝐸 = 0.2                                              (f) 𝛽𝐶𝐻𝐸 = 0.1 

Fig.6-22 Simulated changes in 𝐹𝐻𝐸  with different 𝑡, 𝑇 and 𝛽𝐶𝐻𝐸. 
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Fig.6-23 The diagram of the piecewise function used to fit simulated 𝐹𝐻𝐸 . 

 

Complied with Fig.6-23 which demonstrates the increase trend in 𝐹𝐻𝐸 , Eq.6-15 gives the 

expression of a piecewise function used to fit such a trend with different 𝑡, 𝑇 and 𝛽𝐶𝐻𝐸. 

 𝐹𝐻𝐸 = 𝑦0 (
𝑡

𝑥0
)
𝛼1
≤ 𝑦0  (6-15) 

where 

 𝑥0 = 𝛼2 ∙ exp (
𝛼3

𝑇+273.15
−

𝛼3

60+273.15
)    (6-16) 

 𝑦0 = 𝛼4𝛽𝐶𝐻𝐸   (6-17) 

 
Four coefficients used in the function are derived from fitting the simulation curves shown 

in Fig.6-22 and Fig.6-24, namely 𝛼1 = 2.59, 𝛼2 = 112, 𝛼3 = 4409, and 𝛼4 = 0.44.  

 

    

(a) fitting curve of 𝑥0                                   (b) fitting curve of 𝑦0 

Fig.6-24 Derivation of the fitting curve based on (𝑥0, 𝑦0) along with their coefficients. 
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6.6 Durability prediction of long-term pull-out performance of CFSRM under marine 

environment 

 

This section aims to demonstrate the applications of the simplified hand calculation 

method proposed in Section 6.5. The durability of CFSRM under seawater environment 

will be assessed in terms of long-term pull-out behaviour. The two key influencing factors, 

the immersion temperature and the moisture concentration, will be discussed in detail.  

 

6.6.1 Effect of temperatures 

 

Under normal conditions, seawater temperature stays above 0 °C but hardly exceeds 

30 °C (Grotefendt et al., 1998; Tompkins, 2001; Ward, 2006; Cárdenas et al., 2018). It 

can reach around 30 °C at sea surface located in tropical seas (Tompkins, 2001; Ward, 

2006). In the meantime, it is close to 0 °C in the Arctic Ocean and the Antarctic Ocean 

(Grotefendt et al., 1998; Cárdenas et al., 2018). In view of this, the present study focuses 

on six working conditions for CFSRM used in seawater, with the ambient temperature 

varying from 5 °C to 30 °C at five-Celsius intervals. 

 

As introduced in Chapter 3, the utilisation of time-shift factor 𝑇𝑆𝐹  can be used to 

determine the ageing reaction rate constant under various temperatures. Taking the value 

of 𝑘 at 20 °C as the baseline, 𝑇𝑆𝐹 used to convert the baseline into the corresponding 

value of 𝑘 at 5 °C to 30 °C inclusive can be solved according to Eq.3-17 wherein 𝐸𝑎 has 

already been decided in Section 6.4.1. 

 

Based on the above-mentioned calculation method of 𝑇𝑆𝐹 value, Table 6-3 summarises 

the 𝑇𝑆𝐹 of interfacial ageing reaction rate constant as per Arrhenius Law under various 
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temperatures. It is shown that 𝑇𝑆𝐹 climbs up steadily with the increase of temperature, 

and the increase is more rapid under higher temperature.  

 

Table 6-3 Time-shift factor (𝑇𝑆𝐹) in the temperature range of 5 °C to 30 °C. 

Temperature (°C) 𝑇𝑆𝐹 

5 0.32 

10 0.47 

15 0.69 

20 1 

25 1.43 

30 2.01 

 

Fig.6-25 plots the hand calculated degradation curves of pull-out resistance following the 

method proposed in Section 6.5. A variety of undersea environments with ambient 

temperature from 5 °C to 30 °C is used, given the fact that the seawater temperature 

around the world can hardly exceed 30 °C (Tompkins, 2001; Ward, 2006). The 

degradation rate of pull-out performance gradually slows down with the increase of 

immersion time and the decline in environmental temperatures, finally reaching the 

plateau. It is expected to take 2.1 years for the retention of pull-out force to fall to 60% 

of its initial value under the ambient temperature of 30 °C which is expected to occur at 

sea surface located in tropical seas (Tompkins, 2001; Ward, 2006), whilst it is predicted 

to take 12.4 years for the retention to drop to the same level at 5 °C, nearly six times 

longer than the 30 °C condition. 
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Fig.6-25 Prediction of CFSRM durability in regard to pull-out performance. 

 

6.6.2 Effect of moisture concentration 

 

When a structure is under marine environment, moisture concentration is another key 

factor to its long-term behaviour. Unlike the underwater structures, offshore platforms 
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As a consequence, CFSRM under such working conditions is less likely to stay saturated 

during the degradation period. Therefore, the effect of moisture concentration is analysed 

in this section.  

 

Due to the fact that the real working condition subject to cycles or random intervals of 

seawater exposure is impractical to reproduce, the present study considers a saturation 

range likely to occur therein, according to the initial water content and the saturated water 

content. As shown in Fig.5-13, the initial degree of saturation for CFS is 60.4%. Then 

this study defines five different saturation levels for the durability prediction, including 
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Once the saturation levels are assigned for the whole CFSRM specimen as mentioned 

above, they are input into the multiphysics coupling numerical model in turn, as the 

concentration parameter of moisture. Then the simulated retention of pull-out force for 

the specimen subject to the effect of hygroscopic expansion with different saturation 

levels is compared with its initial value which comes from the numerical result of the 

specimen with the initial saturation level of 60.4%. The difference derived from such a 

comparison is 𝐹𝐻𝐸 . In this way, the swelling-induced decrease in pull-out force (𝐹𝐻𝐸) at 

various degrees of saturation can be obtained, as shown in Table 6-4. 

 

Table 6-4 Values of 𝐹𝐻𝐸  at various degrees of saturation. 

Degree of saturation (%) 𝐹𝐻𝐸  

60.4 0 

70 0.03 

80 0.06 

90 0.09 

100 0.12 

 

Fig.6-26a plots the prediction curves about durability over 25 years on the condition that 

the ambient temperature remains 30 °C and five different saturation levels therein are in 

compliance with Table 6-4. Substituting 𝑇𝑆𝐹  as summarised by Table 6-3 into TPD 

model approach and repeating the aforementioned prediction procedures, prediction 

curves of durability among varied saturation levels are obtained as plotted in Fig.6-26b, 

c, d, e and f, at temperatures of 25 °C, 20 °C, 15 °C, 10 °C and 5 °C respectively. 
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                              (a) 30 °C                                                      (b) 25 °C 

    

                              (c) 20 °C                                                      (d) 15 °C 

    

                              (e) 10 °C                                                      (f) 5 °C 

Fig.6-26 Prediction curves of durability with different saturation levels from 60.4 % to 

100 % inclusive. 

 

The prediction results in Fig.6-26 cannot thoroughly avoid the error, because they are 

based on assumptions made in Table 6-3 and Table 6-4. The error range is qualitatively 

discussed as follows. 
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Table 6-3 gives the theoretical value of 𝑇𝑆𝐹 that reflects the interfacial ageing reaction 

rate as per Arrhenius Law under various temperatures. It would agree with the reality if 

the discreteness of material properties is not taken into account. However, Table 6-4 

directly defines the effect of moisture swelling and does not consider the water diffusion 

process. As explained hereinbefore, it assumes that the moisture can attack the specimen 

immediately without the intrusion process and the exposure to water attack is continuous 

without any intervals. Thus, the prediction results based on Table 6-4 would not be 

identical to the actual situation. Furthermore, the prediction results in Fig.6-26 can be 

regarded as the worst case which reveals a lower bound of the expected long-term pull-

out performance. 

 

Back to the durability prediction as shown in Fig.6-26, it can be found that the influence 

of moisture factor on the durability is consistent with the theoretical analysis given in 

Chapter 3. The increase in saturation level compounds the swelling effect and thus 

reduces the pull-out resistance. On the other hand, the growth in water content is able to 

speed up the degradation rate during the conditioning time. 

 

Based on the prediction curves as presented in Fig.6-26, the durability of CFSRM 

specimens subject to offshore environments can be evaluated. Table 6-5 summarises the 

required period for the pull-out force of CFSRM to reduce to 70%, when it is exposed to 

various saturation levels at temperatures of 30 °C, 25 °C, 20 °C, 15 °C, 10 °C and 5 °C 

respectively. It can be found that the required period for the pull-out force degrading to 

70% under full saturation condition is 2.5 times shorter compared with the initial 

saturation level of 60.4%. 
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Table 6-5 Required time for the residual pull-out property dropping to 70 %. 

Degree of saturation (%) 60.4 70 80 90 100 

Temperature (°C) Required time (yr) 

30 2.3 1.8 1.4 1.1 0.9 

25 3.2 2.5 2.0 1.6 1.3 

20 4.6 3.6 2.8 2.3 1.8 

15 6.6 5.2 4.1 3.3 2.7 

10 9.7 7.6 6.0 4.8 3.9 

5 14.3 11.3 8.8 7.1 5.8 

 

It is worth noting that the calculated degradation duration given in Table 6-5 neglects the 

water diffusion process and thus would not be identical to the practical application. In 

fact, the water diffusion process is heavily impacted by the variation in ambient 

temperatures, moisture concentration, as well as the thickness of mortar cover, which are 

likely to bring more uncertainties to the durability prediction. As the results in Table 6-5 

are calculated based on constant immersion conditions, it can be treated as the worst case, 

which provides a lower bound prediction for the long-term interfacial behaviour of 

CFSRM.  

 

6.7 Summary 

 

In accordance with Arrhenius Law, CFSRM specimens exposed to 60 °C accelerated 

ageing treatment along with the control group at 20 °C are used to conduct pull-out tests 

in order to measure the retention of pull-out force after the accelerated ageing treatment. 

Test results show that the pull-out performance of specimens after 240 days of accelerated 
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ageing has an obvious reduction, to 58.7% of the pull-out force without ageing treatment. 

Meanwhile, little change is found under normal service condition, retaining 87.8% of the 

pull-out force by the end of the test. 

 

Based on second-order ageing kinetics in combination with Arrhenius Equation, TPD 

model is proposed to characterise and predict the long-term effect of interfacial ageing on 

pull-out performance. Multiphysics numerical simulation is used to couple water 

diffusion, hygroscopic expansion, interfacial ageing and pull-out altogether, wherein TPD 

model governs the reduction ratio of local bond-slip relationship that is used in CZM.  

 

The individual contribution of hygroscopic expansion and interfacial ageing to the total 

degradation is analysed separately by the numerical model. The effect of interfacial 

ageing and hygroscopic expansion can be decoupled if using Reduction Mode I in CZM, 

while they are coupled if Reduction Mode II is used. 

 

According to the simulation results based on Reduction Mode I, this chapter proposes a 

simplified hand calculation method, which enables the long-term durability prediction of 

TRM exposed to various marine environmental scenarios. Prediction results suggest that 

if the residual pull-out performance decreases to 60% of its initial performance, raising 

the immersion temperature from 5 °C to 30 °C can accelerate this degradation process by 

six times. If the moisture saturation level increases from 60.4% to 100% and the 

temperature stays unchanged at an arbitrary value, the required time for the pull-out 

performance degrading to 70% can be shortened by 2.5 times. 
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7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

 

7.1 Conclusions 

 

Compared with traditional concrete or mortar materials, carbon fibre TRM investigated 

in the present study is not only corrosion-resistant against marine environments but also 

eco-friendly and resource-conserving. The main purpose of the present study is to acquire 

a better understanding of the interfacial bonding behaviour between CFS and SM within 

the TRM structure, especially its durability performance under marine environments. 

CFSRM specimens have been used throughout the study to investigate the interfacial 

performance of TRM.  

 

7.1.1 Material and mechanical properties of CFSRM 

 

In order to obtain the essential physical and mechanical properties before the durability 

research, the present study carried out a series of investigations into CFSRM along with 

its components (CFS and SM) by using experimental and numerical methods. Mortar 

experiments related to compression, tension and flowability were conducted to acquire 

the mechanical properties and workability of SM used in this study, while tensile test and 

pull-out test were used to test the mechanical properties of CFS and CFSRM respectively. 

Besides, both experimental and numerical studies were conducted to understand the water 

diffusion behaviour of CFSRM. 

 

The key findings are listed as follows. 
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 The water diffusion behaviour of CFSRM is temperature-dependent as per Arrhenius 

Equation. Raising temperature from 20 °C to 60 °C can accelerate the interior 

diffusion process by nearly six times. Such a process at an arbitrary temperature can 

be quantitatively analysed by the numerical model of water diffusion field based on 

the material diffusion coefficients. 

 The  utilisation of seawater to replace freshwater in the mortar mix design almost has 

no negative effect on the mechanical properties of the mortar. The ultimate pull-out 

force of CFSRM was found to be 1.95 kN, regardless of the use of seawater or 

freshwater to cast the mortar substrate. 

 The analytical solution to the 1D analytical model of interfacial failure mechanism 

theoretically explains the entire process of interfacial failure of CFSRM subject to 

axial loadings. The solution can be further used to study the debonding failure of fibre 

composite reinforced materials. 

 The numerical model based on CZM approach can simulate the experimental pull-out 

process of CFSRM. Acting as the foundation, it can be further applied to the numerical 

study on the long-term pull-out behaviour. 

 

7.1.2 Long-term durability of carbon fibre TRM under marine environments 

 

This study obtains an insight into interfacial degradation of CFSRM specimens in order 

to assess the long-term durability of carbon fibre TRM under marine environment. The 

individual effect of hygroscopic expansion on interfacial degradation was studied by the 

numerical method first. Then both experimental and numerical pull-out tests for 

specimens after ageing treatment were conducted to understand the coupled mechanisms 

of hygroscopic expansion and interfacial ageing during the degradation process. 
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The key findings are listed as follows. 

 

 The moisture swelling is completely synchronous with the water diffusion process. Its 

effect on pull-out behaviour linearly correlates with the swelling coefficient 𝛽𝐶𝐻𝐸. The 

present research on moisture swelling can be further applied to FRP materials with 

diverse 𝛽𝐶𝐻𝐸. 

 Immersion with elevated temperature can accelerate CFSRM degradation. Test results 

show that the pull-out force drops nearly by half over 240 days under 60°C, but the 

failure mode remains unchanged. 

 Three-parameter durability model (TPD model) is proposed to study the individual 

effect of interfacial ageing on pull-out behaviour. Furthermore, TPD model-based 

multiphysics is proposed to analyse the long-term pull-out performance subject to the 

coupled effects of hygroscopic expansion and interfacial ageing. This multiphysics 

has proved valid by comparing the related experimental data. 

 Based on the aforementioned multiphysics, a hand calculation method of pull-out 

force retention over time is proposed, which can be applied to the prediction of the 

durability performance of CFSRM under marine environmental exposure. Prediction 

results show that raising temperature or internal moisture content accelerates the 

degradation process. 

 

7.2 Recommendations for future studies 

 

As a new composite material, carbon fibre textile reinforced mortar still has many 

unsolved questions to be explored in depth before its large-scale applications. Revolving 

around its long-term durability performance subject to marine environmental exposure, 

the follows problems need be addressed: 
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 The effect of regular temperature fluctuations on the long-term durability should be 

studied, given the fact that TRM applied to marine areas is more likely to work under 

continuous temperature cycles owing to diurnal cycle and seasonal variation. Under 

the critical scenario, the temperature changes can be presented in the form of freeze-

thaw cycles. 

 TPD model proposed herein still requires more long-term test results and in situ 

engineering data under normal service condition to further calibrate the material 

coefficients. 

 Size effect is expected to be another contributing factor that affects the long-term 

durability performance of TRM. Further study is needed to find out the specific 

degradation behaviour according to different structural types and different specimen 

sizes. 

 The long-term fatigue resistance of TRM exposed to marine environments requires 

in-depth research. Fatigue load stemming from stormy winds and waves plays an 

important role in its durability assessment and prediction. 
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