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ABSTRACT 
The application of Glass fibre reinforcement bars (GFRP) has gained attraction within the 

civil engineering industry with its high tensile strength and corrosion resistance to harsh envi-

ronments. A study of the existing research shows a need to investigate the performance and 

durability characteristics of headed GFRP bars. To achieve those objectives, the two exami-

nation phases were conducted: 1) evaluating the durability characteristics of the polymers 

used in the fabrication of headed anchors after exposure to accelerated ageing conditions for 

periods varying from 0 to 90 days of exposure.  2) evaluation of the durability characteristics 

of headed GFRP bars through a pull-out testing setup to examine the bond behaviour of the 

specimens after exposure to accelerated ageing conditions for 30 days. 102 dog-bone samples 

were examined in the first phase, followed by an examination of 45 headed and 3 straight 

GFRP bars in the study's second phase. The evaluation study of the polymers showcased a 

slight change in the weight of the specimens after exposure to the Alkaline solution. The wa-

ter absorption rate, specific gravity, constituents’ and void contents were reasonably constant 

across the different conditioning phases. The Grivory polymer recorded the highest tensile 

stress results of 187 MPa before exposure to the alkaline environment. The examination of 

the unconditioned-headed GFRP showcased an improvement in the pull-out capacity of the 

specimens compared to straight GFRP bars. The Grivory-headed bars recorded the highest 

bond capacity of 16.67 MPa. The exposure to the highly alkaline solutions resulted in a no-

ticeable reduction in the performance of the dog-bone samples and the headed GFRP bars due 

to the hydrolysis of the polymers used to fabricate the specimens. The strength retention of 

the examined dog-bone samples and headed GFRP bars after exposure for 90 and 30 days 

ranged between 61-79% and 83-94% for each respective condition. Based on the evaluation 

of the experimental work and the cost analysis of the polymers, it was concluded that the Gri-

vory polymer compositions showcased the best tensile capacity and good resistance to deteri-

oration after exposure to an alkaline environment.  
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CHAPTER 1  

INTRODUCTION 
 

1.1 Background 

Reinforced concrete (RC) structures are some of the most fundamental building elements of 

modern civil engineering. The poor tensile capabilities of the concrete are contrasted by the 

high tensile resistance of the reinforcement material to create a composite structure that re-

sists both tensile and compressive loads. Over the past century, steel reinforcement has been 

the dominant reinforcement material due to its impressive tensile strength and relatively low 

cost. Although, the interaction of the steel reinforcement with the external environment could 

result in accelerated degradation of the element in the form of the appearance of rust or iron 

oxide on the surface of the bars, which results in poor bond capabilities between the rein-

forcement bar and the surrounding concrete. Therefore, steel in reinforced concrete structures 

is usually embedded into concrete with varying covers to protect the reinforcement bars. In 

protected concrete structures, the steel reinforcement has shown impressive long-term dura-

bility and the ability to provide the required tensile resistance over the structure's design life. 

On the other hand, accelerated deterioration of the reinforcement was observed in concrete 

structures exposed to harsh environments, even with the more extensive concrete cover en-

casing the reinforcement bars. In the USA, approximately 15 per cent of the 583,000 bridges 

across the country are structurally deficient, primarily due to steel and steel reinforcement 

corrosion (Koch et al., 2002). The study estimated that the direct cost of corrosion in the in-

frastructure industry was $22.6 billion, of which Highway bridges equate to an $8.3 billion 

price tag. The total direct corrosion cost was estimated to be 3.1% of the U.S. GDP ($276 bil-

lion). In Canada, highway structures were estimated to have a tag of $1.24 billion of the total 

corrosion cost of 2005, of which $569 million would be spent directly on replacing structur-

ally deficient bridges.(Sergei, 2009) 

For that reason, the use of steel reinforcement in exposed structures, such as bridges and ma-

rine structures, has been downtrend, especially with the introduction of corrosion-resistant re-

inforcement materials. One of those materials is Glass fibre reinforced polymer (GFRP) bars 

which have gained popularity over the past few decades due to their impressive corrosion re-

sistance and high tensile strength, reaching two times that of steel reinforcement bars. Addi-

tionally, over the past few years, the price of manufacturing GFRP bars has decreased to a 

point where it is financially feasible to substitute it for steel reinforcement as the primary re-

inforcement material in RC structures. Table 1.1 showcases multiple compositions developed 

as an alternative reinforcement material to steel reinforcement or black steel.  
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Table 1.1: Characteristics of non-corrosion and corrosion sensitive reinforcement materials 

Property GFRP Epoxy coated 
(1) 

Stainless Steel 

(300 series) (1) 

Black steel (1) 

Material cost 

(US$/m) 

0.87(2) 1.44 5.48 1.09 

Density (g/cm3) 2.1 7.85 7.92 7.85 

Electronegativ-

ity 

None Low Low High 

Coefficient of 

thermal expan-

sion (106/⁰C) 

Longitudinal 

:6.26 

Transverse:27.6 

13.0 15.9 13.0 

Fire resistance 

(min) 

90min 

65 mm cover 

90min 

45mm cover 

90min 

45mm cover 

90min 

45mm cover 

Typical yield 

strength (MPa) 

Does not yield 400 420 (Grade 60) 400 

Ultimate 

strength (MPa) 

800 – 1000 630 620 630 

Average Bond 

stress (MPa) 

10 6.6 7.36 7.36 

Elastic Modulus 

(MPa) 

60,000 200,000 200,000 200,000 

Ultimate Elon-

gation (%) 

1.6 25 20 25 

(1) Adapted from (Vint, 2012) 

(2) Adapted from (Mateenbar, 2022) 

 

With the rise in usage of GFRP reinforcement in RC structures, areas of concern need to be 

addressed to ensure the feasibility of a material application. In particular, studying the devel-

opment length requirements and mechanical anchorage systems that serve as alternatives to 

the traditional development length requirements achieved by straight or bent bars has been an 

area of research over the past few decades. Development length is defined as the required 

bonded length of the reinforcement agent to ensure adequate transfer of the stresses between 

the concrete and the reinforcement material. More on that is presented in the subsequent sec-

tion.  

Mechanical anchorage systems are achieved by the fixation of a plate at the end of the rein-

forcement bar to enlarge the surface area of the bars, thereby allowing a more significant 

stress force to be transferred and resisted by the reinforcement. In steel reinforcement bars, 

this is mainly achieved by welding or threading a steel stud at the end bar to serve as an alter-

native to the otherwise required hooks, which could result in higher reinforcement conges-

tion. The theory of mechanical anchorage is explained in detail in section 1.4 below.  
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1.2 Development length 

Development length has been a critical study area since reinforcement was introduced into 

concrete structures. It is defined as the amount required for the reinforcement length embed-

ded into the member to establish the desired bond strength between the concrete and the rein-

forcement. An evident downfall occurs at member connections where straight bars are not 

feasible, as shown in (Figure 1.1). Therefore, bent bars and headed anchors have emerged as 

great alternatives to develop the anchorage required for the reinforcement to develop fully. 

One limitation of bent bars is that they could cause reinforcement congestion in highly rein-

forced members (Figure 1.2). This issue could lead to a severe decrease in the overall load ca-

pacity of the member. Therefore, headed anchors or studs have prevailed as the optimum so-

lution to development length and congestion issues.  

 

Figure 1.1: the theory of development length per (CSA S806-12) 
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Figure 1.2 Member congestion due to large reinforcement requirements at member connec-

tion. 

1.3 Headed anchors 

An alternative to the bends and straight bars mentioned above and a mechanism that has pro-

vided excellent anchorage properties to reinforcement material are mechanical anchorages or 

what is known as headed bars or studs for steel reinforcement. The mechanical anchorage 

aims to provide the pull-out resistance needed by the reinforcement material without the long 

development length required with straights or bends. The methodology to achieve such an-

chorage is by enlarging the bar ends, resulting in larger pull-out capacities due to the in-

creased surface area. In steel reinforcement, studs were used for over 40 years (Figure 1.3). 

Their application helps provide the pull-out capacity required from the steel rebar without 

causing issues to other aspects of the structure, such as the reinforcement congestion shown 

in section 1.2.  

https://www.concreteconstruction.net/how-to/materials/reinforcing-congestion_o
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Figure 1.3: typical example of headed/ T head steel reinforcement. (Obtained from HRC-Eu-

rope.) 

1.4 Available anchor material 

The application of GFRP bars in the structural industry is still relatively low compared to 

steel reinforcement. This is apparent in the number of manufacturers of GFRP bars, which is 

still low compared to steel rebar manufacturers. This carries on for headed anchors, where an 

even smaller number of companies manufacture headed anchors for GFRP bars. Through the 

research of the available data, current headed GFRP bars available in the market were cast 

from three compositions. One of the materials was discontinued due to the development of a 

new material's as means of fabricating headed anchors for GFRP bars. 

Additionally, two moulding processes are used to mould or attach the anchor to the bar. The 

first material was a polymeric concrete anchor moulded at the end of a GFRP bar (Schöck 

Bauteile GmbH, 2015) (Figure 1.4a). The second was made from a polymer with the same 

composition as the resin used in the GFRP bar (V-ROD, 2022). The moulding procedure of 

the second anchor was by slipping on the end of the GFRP bar and then curing it at elevated 

temperatures (90⁰C) and under pressure (6 bar). The final anchor consists of a 

polyphthalamide polymer-based anchor reinforced with short glass fibres (V-ROD, 2022). 

This anchor was moulded similarly to the second anchor. Finally, fabrication of grooves on 

the surface of the GFRP bars were created on the Pultrall bars (Figure 1.4b) to increase the 

bonding characteristics between the bar and the anchor. 
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(a) 

 
(b) 

Figure 1.4: headed GFRP bars, (a) Polymeric concrete; (b) thermoset-headed bar 

1.5 Research Motivation 

GFRP bars have shown impressive performance capabilities as the primary reinforcement 

material for exposed concrete structures due to their impressive corrosion resistance to harsh 

environmental conditions. Extensive research and the development of reliable and rational 

design guidelines are needed to instil confidence in using GFRP reinforcement bars. One area 

that requires investigation is the anchorage performance of GFRP bars using mechanical an-

chorage. In steel reinforcement, mechanical anchorages were investigated extensively over 

the past half-century, leading to the development of stud as one form of mechanical anchor-

age. Investigating mechanical anchorage for GFRP bars is particularly crucial to deal with the 

congestion issues of numerous concrete members, such as pile caps and bridge piers. Addi-

tionally, most bends in GFRP reinforcement bars are complex and require off-site prefabrica-

tion, resulting in higher manufacturing and delivery costs. Therefore, the need to investigate 

and develop a reliable mechanical anchorage system for GFRP bars is required to increase the 

useability of the reinforcement material. 

Furthermore, the durability and long-term performance of headed GFRP bars are essential 

concepts that must be investigated. It is critical to determine the service life of the composi-

tion and the attack mode that cause the highest degradation rate of the material. In steel rein-

forcement, research into the material's durability revealed that chloride attacks cause an in-

crease in degradation of the reinforcement resulting in the reduction of the material's service 

life. Therefore, steel-reinforced concrete structures exposed to high chloride concentrations 

could result in premature failure of a structure, as shown in (Figure 1.5). On the opposite end, 

research into the durability of GFRP bars has revealed that the material showcased impres-

sive corrosion resistance to chloride attacks. Finally, research into the durability of headed 

GFRP bars is still limited. The reason can be attributed to the recent development of headed 

GFRP bars as a mechanical anchorage system for GFRP reinforcement. Therefore, an area of 

great concern is the durability performance of headed GFRP bars, and the conditions that pre-

sent the most critical forms of degradation must be investigated to ensure the validity of using 

headed GFRP to provide the required strength resistance.  



7 

 

 
Figure 1.5: Corroded steel-reinforced railing. Photo taken by Osamah Alomirah 2022 

Furthermore, it is usually difficult to compare different experiments on the durability of 

headed GFRP bars due to the significant variation between the investigated GFRP bars and 

the headed anchors. This ranges from different material compositions for the GFRP bars and 

anchors and variations in surface treatment. Those factors play a critical role in the perfor-

mance of each composition. Therefore, it was crucial to ensure the consistency of the ele-

ments not investigated in this study to eliminate or minimize their effect on the examined per-

formance. 

1.6 Objective and scope 

The current study was focused on three interlinked objectives with the scope of examining 

the feasibility of using headed GFRP bars as mechanical anchoring mechanisms in reinforced 

concrete structures. The first objective was to investigate the performance capabilities of the 

polymers used to fabricate the headed anchors. The second objective was to investigate the 

tensile pull-out improvement provided by using headed bars compared to straight GFRP bars. 

Finally, the polymer compositions' durability and headed bars are examined.  

 

The polymer composition was examined to provide a consensus on the tensile strength per-

formance of polymers in contact with concrete. Additionally, the examination was conducted 

to determine the polymers' long-term durability during their proposed service life in concrete. 

The polymers were cast into identical dog-bone samples to ensure the results were compara-

tive amongst each other and with the previous studies conducted on the performance of poly-

mers. Furthermore, the exposure to the concrete environment was simulated by a mechanism 

referred to as a simulated pore solution which replicates the exposure or contact with concrete 

using a highly alkaline solution with a pH level of 12.6, which simulates the pH and exposure 

conditions found in concrete. The dog-bone specimens were also placed in the simulated pore 

solution heated to 60°C to examine the polymers’ durability characteristics during an 
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exposure to an alkaline environment. The conditioned specimens were tested against uncon-

ditioned specimens to determine the change in performance after each conditioning duration. 

The examined dog-bone samples were conditioned with a bundle of unconditioned specimens 

over seven conditioning durations. Each phase contained three specimens from each polymer 

composition. Therefore, a total of 102 specimens were examined in the mentioned phase. 

Furthermore, an investigation into the durability performance of headed GFRP bars under ac-

celerated ageing conditions was conducted. This investigation selected a comparison of two 

phases a batch of unaged specimens serving as the control samples and a batch of conditioned 

specimens. The conditioning of the specimens consisted of immersing the headed GFRP bar 

in a highly alkaline solution for one month (30 days). As mentioned in the previous sections, 

five different polymer compositions were compared to determine the optimum anchor head 

for GFRP bars. The factors that were compared were the anchorage performance provided by 

the headed anchors and the resistance of the anchor to alkaline attacks, which was the main 

factor in determining the long-term performance of the specimens. The confinement and bar 

diameter effects could be neglected since all the specimens were tested under the same condi-

tions. In addition, to minimize the impact of concrete strength on the results, the specified 

concrete mix was kept constant for both testing phases of the experiment. Each headed GFRP 

specimen made from the same polymer and conditioning period was repeated three to six 

times under identical conditions. Finally, to test the anchorage improvement of unaged-

headed GFRP bars, three straight GFRP bars were cast in the same conditions as the unaged 

specimens. The embedded straight GFRP bars served as a performance comparison basis for 

the pull-out improvement provided using headed GFRP bars. The total number of specimens 

tested and explained in this investigation was 48. 

1.7 Thesis organisation. 

A brief explanation of the report is as follows: 

1. This section introduces the background information on the limitations of steel-rein-

forced concrete structures and the advantages of implementing alternative reinforcing 

materials. They are followed by the commonly observed reinforcement congestion 

problems associated with straight and bent bars. An explanation of the anchorage op-

tions available to develop the required strength capacity is presented with an outline 

of the benefits of headed bars. A detailed justification of the need and motivation be-

hind selecting the topic is presented. Additionally, a detailed presentation of the deg-

radation concepts of concrete and the effects they exert on the reinforcement material 

are outlined. Finally, the bond theories and the expected failure modes in the current 

study are explained. 

2. This section outlines a detailed review of the information on polymers' thermal and 

hydraulic degradation and their compositions. A review of the available literature on 

the anchorage and durability of straight and headed GFRP bars are presented. Further-

more, a presentation of the testing procedures used to examine the pull-out perfor-

mance of GFRP.  

3. Chapter three of this thesis includes a detailed explanation of the experimental pro-

gram implemented in this research. The first section discusses the methodology 
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adopted to investigate the durability performance of the headed GFRP bars and the 

polymer compositions in the form of dog-bone specimens. Secondly, a presentation of 

the methodology used to examine dog-bone-sampled polymers' durability perfor-

mance. Finally, an explanation of the testing procedure used to investigate the pull-out 

performance of unconditioned and conditioning GFRP bars is presented.  

4. After conducting the experimental work, chapters four and five present the results and 

detailed discussions of obtained results. Chapter four presents and discusses the re-

sults obtained from the dog-bone samples. Secondly, chapter five includes the presen-

tation and discussion of the performance of straight and GFRP bars, followed by the 

durability performance of headed GFRP bars exposed for 30 days to an alkaline envi-

ronment and the obtained strength retention results.  

5. The final chapter of this report presents the concluding remarks of this thesis. This in-

cludes a summarization of the obtained information through the testing phases. In ad-

dition, a short discussion on the specimens with the best performance is also pre-

sented. Finally, recommendations for future investigation into the durability of headed 

GFRP bars through accelerated ageing conditioning are presented, focusing on the op-

timum testing procedure to obtain realistic and comparable results.  
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CHAPTER 2   

LITERATURE REVIEW 
Over the past four decades, researchers have been investigating the performance and durabil-

ity of GFRP bars. Investigating the factors that play a role in the performance characteristics 

of GFRP bars is crucial to ensuring the viability of the use of GFRP bars as the primary rein-

forcement in concrete structures. Bond and anchorage characteristics of a concrete reinforc-

ing material are some of the most critical aspects determining the feasibility of using the ma-

terial for structural applications. In addition, the long-term performance is equally as crucial 

in defining the design life of structure reinforced with GFRP bars.  

Therefore, the following chapter presents a review of the literature investigating the perfor-

mance of GFRP bars and the elements that affect their behaviour.   

The presentation of the following chapter consists of five sub-section focusing on presenting 

a detailed investigation of the literature on the following aspects, 1) the typical fabrication 

process of GFRP reinforcement and the fabrication of the headed anchors and a comparison 

of their performance as outlined in their data sheets provided by their manufacturers, 2) a de-

tailed explanation into the degradation phenomena observed at concrete structures exposed to 

various environmental conditions which result in the deterioration of the steel reinforcement 

embedded in the structure. 3) the outline of the deterioration process of the polymers used in 

the current investigation focused on the degradation of the polymers in contact with concrete 

or in alkaline environments. 4) the previous experimental work into the bond behavior of 

straight and headed GFRP bars is given, followed by the presentation of the testing proce-

dures followed in the literature and the adopted by design standardizing bodies to examine 

the bond characteristics of GFRP bars. 5) the final sub-section showcases the literature on the 

durability of straight and headed GFRP bars exposed to various environmental conditions to 

help determine the critical environment that results in accelerated deterioration of the rein-

forcement. 

2.1 Material properties. 

GFRP and steel reinforcement and materials are used to enforce concrete structures and pro-

vide the tensile resistance required in the structure. Although, the material composition of 

GFRP bars makes them anisotropic, whereas steel is isotropic. Anisotropic refers to a mate-

rial that performs differently depending on the loading direction. Longitudinally along the 

glass fibres, the bar has high strength properties. In contrast, the resin matrix bonding the fi-

bres transversally exhibit relatively weak strength properties. GFRP used in this investigation 

were manufactured using a pultrusion process. The fabrication starts by unrolling individual 

glass fibres from a wheel that passes through a bath, coating them with vinyl ester resin. Once 

covered in the resin, the fibres are drawn to form a plain GFRP rod. In addition, mechanically 

formed ribs are created on the bar's surface. The purpose of the ribs is to increase the 
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mechanical interlocking properties and reduce the likelihood of bar slippage. Finally, the bars 

are cured, hardened, and cut into desired lengths. (Figure 2.1) 

 

Figure 2.1: typical manufacturing process of GFRP bars 

2.2 Headed anchors 

The headed anchors investigated in the current study were thermoset plastics cast using injec-

tion moulding. The current stud examined the anchorage and durability characteristics of five 

polymer to determine the composition with the optimum performance as a headed anchor for 

GFRP bars. The polymer properties and the manufacturers’ technical information are pre-

sented in (Table 2.1) below. A BOY injection moulding machine was used to fabricate the 

anchor heads. The injection moulding process consists of placing a polymer into a hooper. 

Then the polymer goes through a heated screw where the polymers are melted at a specified 

temperature to ensure optimum flowability. The molten polymer is then forced into a spe-

cially milled mould with the reverse replica of the anchor head shape. Finally, to ensure even 

cooling of the polymer and minimize cracking, heated liquid (water at 80-90°C) is passed in-

side the mould casing.  

The mould was swapped for a dog-bone mould to cast the dog-bone samples that were used 

to characterise the tensile and durability characteristics of the examined polymers. 

Table 2.1: characteristics of the polymer compositions examined in the current study. 

Polymer Duracon 

GH-25 

Amodel 

1133 

Desmovit 

CF-30  

Grilon BG-

50  

Grivory 

GV-5H 

Cost (1) (%) 

 

58 

 

63 84 97 179 

Reinforce-

ment mate-

rial 

Glass Glass Carbon Glass Glass 
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Resin mate-

rial composi-

tion 

Acetal PPA (2) TPU (3) PA6 PA66 

Reinforce-

ment % 

weight 

25 33 30 50 50 

Density  

(g/m3) 
1.59 1.44 1.35 1.45 1.37 

Water ab-

sorption (%) 
0.7 0.21  5* 4* 

Tensile 

Modulus 

(MPa) 

8,500 13,100 4,800 17,500 18,000 

Tensile 

stress (MPa) 
136 193 135 245 250 

Tensile elon-

gation (%) 
2.8 2.1 15.4 3 2.5 

Glass Tran-

sition (⁰C) 
/ 135 60 60 70 

(1) In comparison to 50 dp of GFRP bars. (Adapted through internal communication Pul-

tron 2022) 

(2) Polyphthalamide. 

(3) Thermo-plastic polyurethane.  

2.3 Epoxy 

A unique component of the current study that has not been examined previously was the ex-

amination of the bond and durability characteristics of the epoxy resin used to adhere the 

GFRP bars and the anchor heads together. The previous forms of headed GFRP bars were 

cast directly on the ends of the GFRP bars (E. A. Ahmed et al., 2009; M. S. Ahmed & Sen-

nah, 2014; Hadizadeh Harandi, 2015; Mohamed & Benmokrane, 2012; Vint, 2012). The an-

chor heads in the current examination were purposely fabricated to be slightly larger than the 

GFRP diameter. The gap allows the epoxy resin to form a more robust bond and shear 

strength capacity (Figure 2.2)The epoxy used in this study is made from a two-part plastic 

epoxy mainly used as a bonding agent for post-installed steel anchors placed in concrete. 
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Figure 2.2: Epoxy resin used to attach the headed anchors to the GFRP bar end. 

 

2.4 Background information on corrosion and degradation of mate-

rials 

A product's durability and longevity are critical concepts of design and use. In reinforced 

concrete structures, the long-term performance of the structure is considered one of the essen-

tial aspects of design and construction. Durability is defined in (BS 7543, 2015) as the "ability 

of a building and its parts to perform its required function over a period of time and under the 

influence of agents". The durability of the materials is a significant factor in determining the 

estimated service life of the constructed product. In addition, disputes over the durability and 

performance could hold adverse financial and reputational consequences on the designer and 

contractor if the structure was designed with a flawed design. Therefore, it is crucial to study 

the long-term performance of reinforced concrete structures to investigate the elements that 

cause the highest degradation rate and reduce the structure's service life. Studying the dura-

bility of reinforced concrete structures will help minimize the degradation rate of the materi-

als by dealing with elements that cause the deterioration of the structure. This subsection will 

briefly overview the components affecting the longevity of reinforced concrete structures.  

2.4.1 Degradation and deterioration of concrete 

Concrete is mainly composed of four components, "cement, large and fine aggregates and 

water", mixed to form one of the most widely used materials in the construction industry. 

Cured concrete exhibits impressive corrosion resistance, especially compared to other con-

struction materials. However, concrete is prone to corrosion and environmental deterioration. 

The environment where the structure is located plays the most critical role in the long-term 
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performance of the structure. Three main corrosion phenomena are recognized as the vital 

causes of the degradation of concrete. Those concepts attack the bond matrix between the ce-

ment and the aggregates, causing deterioration of the bond, thereby reducing the strength of 

the structure. 

2.4.2 Degradation phenomenon 

Generally, carbonation is the most common form of concrete corrosion, especially those rein-

forced with steel reinforcement. The electrolysis of the calcium hydroxide causes concrete 

carbonation in the cement with the carbon dioxide and moisture in the atmosphere. The result 

of the reaction is calcium carbonate which has a PH level of 9. This is a reduction in the PH 

level of calcium hydroxide, which lies between PH levels of 12-13. The high alkalinity of the 

calcium hydroxide is crucial in protecting the steel from corrosion and rust degradation. Ex-

amining the carbonation of concrete sloped walls revealed higher carbonation penetration 

levels in sheltered zones than in zones exposed to rainwater (Figure 2.3). The saturation of 

the concrete pores during the rain periods reduced the carbonation rate of the concrete. 

 

Figure 2.3: erosion variance between exposed and protected concrete walls. Adapted from 

(Hadja & Kharchi, 2017) 

Although the rain in the previous study was shown to slow down the carbonation rate of con-

crete, it can cause more pronounced corrosion to the face of the structure. This phenomenon 

is referred to as erosion-corrosion. This concept is propagated by the water flow on the sur-

face of the concrete. The water droplets attack the cement and fine aggregate particulars and 

carry them away, exposing larger aggregates and resulting in what is commonly referred to as 

pitting on the surface of the concrete member. Over time, larger grains get eroded due to 

water's constant attack, which removes the cementitious paste that seals the aggregates 

((Hadja & Kharchi, 2017)). Observation of the erosion-corrosion of concrete members can be 

visible as irregularities on the surface of the section. 

Moreover, another form of erosion-corrosion to concrete structures is erosion due to water ac-

tions, a necessary form of surface degradation of structures exposed to marine environments. 
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The reason is attributed to the wave action, and the result is a phenomenon called cavitation. 

This phenomenon results from waves crashing into the concrete surface at high velocities. 

When a fluid travels at a high velocity, the local pressure of the travelling fluid is low. At 

contact with the structure's surface, the water's local pressure drops to a level that causes the 

water to vaporize at the prevailing fluid temperatures. In addition, the wave action upon con-

tact with the concrete surface encompasses air bubbles. At the collapse point of the waves, 

the air bubbles and the evaporated droplets collapse and burst resulting in a very rapid in-

crease in the pressure (Figure 2.4). The outcome of such actions is pitting, Norse, and vibra-

tion of the surface of the member. This phenomenon is also prevalent at the bottom of Sam 

spillways with smooth declines where water could freely increase speed under gravitational 

force. The resulting outcome is cavitation deterioration of the structure (Figure 2.4). 

 

Figure 2.4: types of corroding attacks on concrete members in marine environments. Adapted 

from (Bjegović et al., 2015) 

Concrete structures exposed to marine environments are exposed to another concrete deterio-

ration concept called salt crystallization. The salt composition in seawater (Figure 2.4) pene-

trates deeper into the concrete pores during the wetting and drying cycles due to the water's 

low and high tidal movement. The penetration of the salts causes internal stresses in the con-

crete pores, which could exceed the concrete's tensile strength, resulting in the propagation of 

cracks, flaking, or spalling of the concrete surface. 

Sulphate attacks are another chemical degradation concept that could significantly deteriorate 

the concrete surface, causing complete structural failure. In marine environments, magnesium 

sulphate concentrations on the structure's surface present the most critical sulphate attack on 

concrete. Magnesium sulphate is produced by the dissolution of small quantities of carbon di-

oxide (CO2) mainly from the atmosphere and magnesium salts naturally found in seawater. 
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Usually, concrete structures are protected from sulphate attacks by aragonite, one of the most 

stable minerals in marine environments. However, aragonite is susceptible to erosion, espe-

cially in what is commonly referred to as the splashing zone (Figure 2.4). Aragonite is eroded 

by high CO2 concentrations that turn the mineral into calcium carbonate leached away over 

time. Once the concrete pores are saturated with a high concentration of magnesium sulphate, 

expansion of the sulphate particulars occur, resulting in high hydraulic pressures causing sim-

ilar outcomes as salt crystallization. In addition, magnesium sulphate interacts with the cal-

cium aluminates, silicates, and lime in the cement to form gypsum CaSO4, softening the con-

crete and turning it into a mud-like substance. 

Surprisingly, biological corrosion of concrete structures exposed to marine environments 

could lead to accelerated deterioration of the concrete structure and reduced service life. Bio-

logical breakdown refers to any natural living organism that could play a role in the deteriora-

tion of the concrete structure. In the case of marine environments, this includes marine 

growth such as barnacles, molluscs and different types of algae present in all sea waters. Al-

gae growth is commonly observed in parts of the constantly immersed structure. They fill the 

concrete pores with a fibrous, green, and brown cover that partially inherits water penetration 

into the concrete. Alternatively, fungi and leches are more commonly observed in the splash 

zone. Finally, the most pronounced biological organisms behind the degradation of concrete 

structures are the activity of various molluscs and barnacles that inhabit the surface of the 

concrete. All three natural organisms share the same degradation phenomenon called "tunnel-

ling". Initially, the organisms attach themselves to the inside of the pores on the concrete sur-

face. Still, as the organisms grow, they drill into the concrete member, weakening its strength 

and exposing it to other forms of degradation. 

Hydraulic and marine structures experience the water erosion phenomenon explained in the 

previous section with an abrasion mechanism. Abrasion is the rubbing action of numerous 

particulars resulting in the removal of the weaker material. The water travelling through or 

crashing into the concrete structures carry multiple forms of silts, rocks, or aggregates, which 

vary in size and strength. The sediments and debris interact with the concrete surface by re-

peatedly grinding or colliding with the face of the structure. The result of such actions is the 

erosion of the outer paste layer of the concrete and exposing the fine and coarse aggregates 

(Figure 2.5). Eventually, the concrete surface deteriorates with constant activity and loses its 

ability to provide the required performance. 

However, abrasion is found in hydraulic and marine environments and is apparent on surfaces 

that experience high moving traffic. An example of such is concrete roadways, where the 

constant movement of vehicles interacts with the roadway's concrete exterior. The steel and 

hard rubber wheels of vehicles and fine sands and aggregates found on the roadway's surface 

can result in accelerated deterioration of the concrete surface and exposure of the reinforcing 

bars. In freezing conditions, tire chains and studded snow tyres are used to improve the trac-

tion of vehicles. Those traction improvement systems could lead to significant abrasion cor-

rosion to the pavement surface due to the rubbing and crushing of the pavement surface by 

the hardened steel chains and studs. (Benjamin D. Scott & Md Safiuddin, 2015) 
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Figure 2.5: Abrasion erosion of aggregates in concrete. Adapted from (Benjamin D. Scott & 

Md Safiuddin, 2015) 

 

2.5 The degradation process of polymers. 

Over time, materials were shown to decrease in performance due to several factors, namely 

chemical, biological, and mechanical degradation of the materials due to the exposure to dif-

ferent environmental conditions. The degradation of polymers can be visual through physical 

examination of the specimens or internal, where the specimens degrade without any visual 

sign of degradation until complete failure has occurred. Several studies have been conducted 

to determine the causes of degradation in composite materials. This section will focus on the 

degradation phenomena observed in composites in contact with concrete since the headed 

bars investigated in the current study are intended to be embedded in concrete for their pro-

longed service life. The observed degradation of polymers in contact with concrete is com-

monly caused by an alkaline hydrolysis reaction between the polymer and the high PH envi-

ronment in concrete. As mentioned in the section, newly cast Portland cement concrete usu-

ally has a PH value of 13. A reduction to 11 could be observed due to the carbonization of the 

cement. Hydrolysis degradation refers to the deterioration of a material due to the presence of 

water resulting in an altered mechanical, electrical, and thermal properties of the polymer. In 

the case of alkaline hydrolysis present in concrete, it is a result of the highly alkaline pore so-

lution help within the nanometre-sized pores of the cement. By capillary condensation, even 

at moderately high relative humidity, there is a risk of alkaline hydrolysis in materials in con-

tact with concrete, even if no "free" water is present.  

Although it should be noted that not all polymers are susceptible to hydrolysis, therefore for a 

polymer to hydrolyse, the polymer must contain hydrolysable ester linkages and groups—for 

example, polyamides (nylon), polycarbonates and polyurethanes and other co and ter- poly-

mers (Wadsö & Karlsson, 2013).  
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In the construction industry, alkaline hydrolysis has caused failures and degradation of poly-

mers in contact with concrete. Two examples where such degradation has occurred were: 

• Hydrolysation of flooring adhesive used to bond PVC-flooring to concrete floors usu-

ally consist of co or terpolymers with butyl- and/or 2-Ethylhexyl-acrylates form odor-

ous butanol and 2-ethyl hexanol (Sjöberg & Ramnäs, 2007).  

• Discolouration of flooring materials and unacceptable odours were observed when ca-

sein (natural milk protein) hydrolyses. Improper drying of the screeds if Portland ce-

ment is used in the mix could result in the hydrolysation of the casein protein 

(Lundholm et al., 1990).  

The rate of hydrolysis of polymers can have very different rates depending on the polymer 

composition. The polymer's physical and chemical properties greatly influence the rate of hy-

drolysis. Physical factors include elements such as chain mobility, crystallinity, and permea-

bility. On the other hand, chemical structures neighbouring the bond control the accessibility 

of ester groups to the hydrolysis agents (water, oxonium ions, hydroxide ions, enzymes, and 

other catalysts). In general, a polymer with increased chain mobility decreased crystallinity, 

and increased permeability will increase accessibility and, in return, a high rate of hydroly-

sis.  

Chemically, hydrolysis occurs when the reaction breaks the ester bonds of the carboxylic acid 

ester with a water molecule. The outcome of the reaction is a two-part molecule: alcohol and 

carboxylic acid. On the other hand, non-crosslinked polymers are hydrolysed through three 

types of degradation mechanisms: 

• Firstly, hydrolysis of the polymers through backbone scission of the ester linkages. 

This form of hydrolysis is a desirable degradation mechanism for biodegradable poly-

mers as the results after complete hydrolysis in the monomers from which the poly-

mer was initially built. An example of a polymer that hydrolyses in such a fashion is 

poly (lactic acid), PLA, which turns into lactic acid. Backbone scission is a degrada-

tion mechanism observed in polyesters like poly(ethylene-terephthalate) PET and 

poly(caprolactone) PLC. Backbone scission breaks down the ester linkages in two 

stages (Kint & Muñoz-Guerra, 1999): the first stage consists of random hydrolytic 

cleavage of the polymer chains during which the mass is essentially unchanged, but 

the morphology and mechanical properties show deterioration. The second stage starts 

when the reduction in the molecular weight has reached a point where the diffusion of 

small fragments out of the polymer becomes significant. This results in a catastrophic 

reduction in the mechanical properties of the polymer. 

• The formation of free carboxylic acid in polymers with ester linkages in the sidechain 

with a carboxylic acid residue outside the oxygen bridge(–O–) is observed due to hy-

drolysis of the linkages. The reaction leaves behind another side chain which ends 

with the hydroxyl group. Polyvinyl acetate and PVAc are polymers where such degra-

dation occurs, for which hydrolysis forms acetic acid, and the remaining part of the 

side group is a hydroxyl group. 
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• The formation of free alcohol in polymers with ester linkages in the sidechain with a 

carboxylic acid residue inside the oxygen bridge(–O–) is observed due to hydrolysis 

of the linkages. At the same time, the remaining side chain will end up with a car-

boxyl group. Examples of polymers where such degradation occurs are poly (methyl 

methacrylate), PMMA, and in dispersion acrylates like butyl acrylate. Hydrolysis can 

produce environmentally harmful by-products from alcohol like methanol, butanol, 

and 1-ethyl hexanol.  

 

With the general chemistry behind the alkaline hydrolysis of polymers presented above, a de-

tailed overview of the breakdown in the polymers included in the current study is outlined in 

the subsequent sections. The sections are presented in four sections of the chemical degrada-

tion of polyamides (PA6 and PA66, PPA), thermoplastic polyurethanes (TPU), and polyace-

tals (POM).  

 

2.5.1 The chemical breakdown of polyamides due to hydrolysis 

Polyamides are polymers composed of carbon and nitrogen atoms as the core ester linkage. It 

should be noted that the polymers used in the current study composed of this linkage are the 

Grilon BG-50, Grivory GV-5H and the Amodel 1133 polymer compositions. Although the 

compounds were observed to behave differently when exposed to an alkaline environment, 

the rate of aqueous base hydrolysis can differ from one composition to the other. In a chemi-

cal sense, the same ester linkage can be the most susceptible area for hydrolysis, as explained 

below.  

A basic molecular structure of polyamides can be presented with the ester linkages shown in 

(Figure 2.6a). The C-N linkage is the critical linkage where a molecule breakdown would oc-

cur during a hydrolysis reaction with a base aqueous solution. The aqueous base solution can 

be of one or multiple molecular structures, but for simplicity, the current example assumes 

that the base solution is composed of a hydroxide solution. The reaction occurs when the hy-

droxide ions attack the polyamide ions and break the C-N bonds (Figure 2.6b). The by-prod-

uct of this reaction is a carboxylate ion and a diamine ion due to the now broken carboxylic 

ions accepting negatively charged oxygen ions from the hydroxide molecule and the hydro-

gen ions being accepted by the diamine ions. The reaction has an nth value since the reaction 

is ongoing until all molecules are balanced in the solution. It should be noted that the rate of 

natural hydrolysis, where heat does not play a role in the degradation environment, is rela-

tively slow and could take several years to observe any visual signs of deterioration in poly-

amide-based polymers.  
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(a) (b) 

Figure 2.6: Polyamides (a) Typical chemical make of an amide link, (b) Bio-hydrolysis of 

polyamide 66 (adapted from Parvinzadeh et al., 2009) 

The main resin used in the Grilon BG-50 polymer consists of a PA6 polymer. PA6 is one of 

the most used nylon-based polymers in the engineering industry due to its high versatility, 

mechanical performance, and relatively low manufacturing cost. Although, the degradation 

resistance of the polymer can be questionable at times, especially in cases where moisture 

and water are involved. The basic nature of the polymer makes it very sensitive to degrada-

tion when exposed to a degrading medium. The medium can be as basic as water, but the 

degradation rate increases rapidly when acids and bases are involved. Even before fabricating 

any product made from PA6, special care is needed to ensure that the polymer is correctly 

dried before fabrication can occur. This is evident in the moisture intake of PA6 polymers in 

atmosphere temperature, which was observed at almost 3% after only 168 hours of exposure 

(Sang et al., 2018).  

PA66 polymer, which makes the resin matrix of the Grivory GV-5H polymer composition, 

was observed to showcase a noticeable reduction in the tensile and mechanical properties of 

the polymer when immersed in an aqueous solution +1000 hours in elevated temperatures 

((Lee & Kim, 2019)). Furthermore, a noticeable increase in the elongation of the conditioned 

specimens was observed during a tensile examination of the polymer.  

As for PPA, which makes up the resin matrix of the Amodel 1133 polymer, the chemical 

bond matrix of the PPA is made from at least 55% carboxylic acid moles and a combination 

of terephthalic (TPA) and isophthalic (IPA) acids. The main difference between PPA and 

other polyamide groups is the presence of aromatic rings in the PPA backbone, which allows 

it to have higher physical and mechanical properties (Djukic et al., 2020). Exposure of PPA 

polymers to an alkaline environment resulted in very minimal degradation due to hydrolysis, 

further solidifying the polymer's degradation resistance (Ferrito, 1996). Although, change in 

the bond characteristics between the resin with any reinforcement or fillers within the compo-

site matrix can be observed after exposure to such conditions.  

 

2.5.2 The chemical breakdown of polyurethanes 

Polyurethane makes up the core resin material of the Desmovit CF-30 composite used in the 

current study. Polyurethane ions can vary slightly in the branches of the ion seen in polyam-

ides, but all polyurethane ions share the chemical structure shown in (Figure 2.7a). 
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Production of polyurethane ions starts with a condensation polymerisation reaction between 

poly-isocyanates and polyols. Then the reaction between alcohol with -OH functional group 

and an isocyanate with -NCO functional group leads to urethane formation (Figure 2.7b). 

This section will assume a hydroxide attack in the polyurethane ions to describe the chemical 

degradation process in such a reaction, similar to the polyamide degradation. During the reac-

tion, carbamic acid is formed as an initial by-product, but due to the unstable nature of this 

chemical product, the hydroxide ions (-OH) and the polyurethane ions react together to form 

a final by-product of polyols, amines and carbon dioxide as shown in (Figure 2.7b).  

 

Figure 2.7: Synthesis (a) and decomposition of urethane bond; (b) hydrolysis;(c) glycolysis. 

2.5.3 The chemical breakdown of polyacetals 

Polyacetals, or what is chemically known as Polyoxymethylene (POM), make the backbone 

of the Duracon GH-25 composite polymer investigated in the current study. POM is origi-

nally a homopolymer, which means the polymer chain contains one monomer (Figure 2.8). 

The molecules of the polymers are naturally unstable due to depolymerization. Oxidative and 

thermo-oxidative degradation of the molecular structure is observed in hydroxyl-terminated 

h-POM, which can happen by unzipping the polymer chain. Hydrolysis and acidosis are in-

fluencers and catalysts of the degradation of the polymer and contribute to an increased rate 

of deterioration. Acetals are generally stable in basic conditions, but deterioration of the mo-

lecular structure can be observed in acidic environments (Ortmann et al., 2014). Therefore, it 

can be assumed that the acetal polymer's degradation rate can be slow when immersed or in 

contact with a base aqueous solution. Although, it should be noted that when in contact with 

alkaline solutions, Acetal and the formaldehyde molecule showed degradation, and the by-

product was an observed formation of undesirable colour on the acetal copolymer. This 

chemical reaction consists of an aldol-type condensation and the formation of formose sugars 

 
Figure 2.8: typical polyoxymethylene bond link 

2.5.4 Influence of heat on the degradation process of polymers 

Heat and elevated temperatures play a critical role in the degradation rate and polymer pro-

cess. Elevated temperatures, even without the presence of moisture, can cause unrecoverable 

https://www.sciencedirect.com/topics/engineering/polyoxymethylene
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changes to the molecular structure. In high-temperature chambers, oxidation and carbonation 

of the polymers can be observed due to the interaction of the polymer ions with the oxygen 

and carbon ions present in the chamber in a degradation mechanism commonly referred to as 

Thermal degradation. The elevated temperatures of the degrading medium solution can also 

play a role in increasing the rate of degradation of the polymers. During the conditioning 

phase of an examination study, the rate of degradation of a polymer is usually controlled by 

activation energy present during the reaction. Hence the higher the activation energy, the 

higher deterioration of the molecules is observed.  Increasing the activation energy within a 

conditioning environment can be done in several methods. One of the most effective methods 

is to expose the specimens to higher temperatures. 

Furthermore, higher temperature conditioning or thermal ageing induces the formation of 

cracks and voids within a polymer's resin matrix, allowing for a higher penetration rate of the 

degradation medium to attack the polymer ester linkages. In some instances, a polymer can 

show the same degradation content of the molecular structure within a month of conditioning 

in elevated temperatures (90°C) compared to over a year at room temperature. Furthermore, 

the Arrhenius equation, commonly used to link the results obtained from accelerated ageing 

examinations with service life degradation performance, states that an increase of 10°C 

roughly doubles the chemical reaction's rate (Arrhenius, 1889). For example, conditioning a 

polymer at 55°C for 40 days can be equivalent to a year of service in room temperature envi-

ronments.  

2.6 Theory of bond 

2.6.1 Bond mechanism  

In reinforced concrete members, three bond mechanisms are responsible for transferring 

forces between the reinforcing material to the concrete: chemical adhesion, friction, and bear-

ing (Figure 2.9). The chemical adhesion component relies on the chemical interaction be-

tween the bar and the concrete interface. The chemical adhesion is always the first bond 

mechanism to lose capacity at relatively low stresses. Therefore, it is regarded as a relatively 

minor contributor to the bond strength of both steel and GFRP bars. Therefore, smooth bars 

are not used in practice for the mentioned downfall of the interface's chemical bond. Friction 

is a function of resistive forces acting upon the bar and concrete interface to prohibit or slow 

the movement of the bar relative to the concrete. It is usually presented in the form of a coef-

ficient value in which the higher the value reflects, the higher the friction force capacity of 

the member. In GFRP bars, it is usually achieved by deformation or sand coating due to their 

high friction coefficient provided by their rough surfaces. Finally, bearing, also called me-

chanical interlock, is a scaled-up version of friction caused by the interaction between the bar 

ribs and the surrounding concrete. In steel-reinforced concrete, bond failure is a function of 

the bearing bond mechanisms causing side-splitting and shearing of the concrete. While in 

GFRP reinforced concrete, the bearing stresses can often exceed the shear capacity between 

the surface deformation and the bar’s core resulting in a bond failure at this interface. 
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Figure 2.9: Typical bond mechanisms of reinforcements embedded in concrete.  

2.6.2 Shear lag effect 

The bond stress of larger bars embedded in concrete sections is observed to decrease as the 

cross-sectional area of the bar increases. Although an increase in the pull-out capacity is ob-

servable in most cases, the increase in the bond stress can have the opposite effect. The bond 

stress, calculated by dividing the applied load over the surface, is of the bonded length and 

does not increase linearly as the bars increase in diameter. This phenomenon is referred to as 

the shear lag effect. It is described as the observed varying normal stress along the bar’s 

cross-section (Figure 2.10) due to the low stiffness in its axial direction. In the case of the 

GFRP bar, the resin is used to bind the longitudinal fibres to control the shear stiffness along 

the bar's cross-section when a tension load is applied. This effect has a greater magnitude; 

therefore, a reduction in the bond stress can be observed. 

 

Figure 2.10: Normal stress distribution of tensile load in GFRP bars. 

 

2.7 Bond behaviour of GFRP bars embedded in concrete 

Characterising the bond behaviour between the GFRP bars and concrete surrounding it is cru-

cial to determine the limitations of using GFRP reinforcement in a structure. it is challenging 

to decide on the optimum method to provide the highest bond strength between the bar and 

the concrete section. (Rossetti et al., 1995) was one of the pioneering researchers to investi-

gate the bond performance of GFRP bars embedded in concrete. He examined the optimum 
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method to reveal the most critical bond case for GFRP bars embedded in concrete.  When 

compared to steel reinforcement, GFRP bars present a unique property. The property is the 

heterogeneity of the material. Heterogeneity means that multiple elements play a role in the 

performance of the bars, unlike steel reinforcement which is homogenous where only one as-

pect determines the performance of the rebar. Therefore, characterising the bond performance 

between one bar and another could differ significantly due to the components used in the 

manufacturing process. The results on the bond properties of GFRP bars shown in (Table 2.2) 

showcase the disparity in bond strength between each experiment. The reason could be at-

tributed to the complexity of the bond matrix between the glass fibres and the epoxy resin. In 

addition, the surface profile of the bars played a crucial role in the bond characteristics of the 

concrete. Like steel reinforcement, smooth bars are not advised due to the inadequate inter-

locking performance presented in such a surface treatment. Although deformation on the sur-

face of the bars provided extra bond strength compared to smooth bars, their interlocking per-

formance was much lower than those found in steel reinforcement. In steel reinforced con-

crete members, the governing component is the concrete face at the deformation of the bars, 

which shears off at failure. The high shear capacity of steel was observed to cause a con-

sistent failure mode of crushing the concrete face at the deformation as it reaches its maxi-

mum strength capacity. However, in GFRP bars, such failure was only observed consistently 

at lower concrete strengths (fc < 20 MPa).(Achillides & Pilakoutas, 2004) 

 

Table 2.2: Bond results of steel and GFRP reinforcement. 

Researcher Year Material 
Testing 

Method 

I embed 

(mm) 

E 

(GPa) 

Concrete 

strength 

Max τavg 

(MPa) 

(Rossetti et 

al., 1995) 
1995 

Steel 
Pull-out 5 

31.0 
53.5 

3.04 

GFRP 200 0.94 

(Benmokrane 

et al., 1996) 
1996 

GFRP 

Beam 10 42.0 31.0 7.3 

(Tighiouart et 

al., 1998) 
1998 

Pull-out 

10 42.0 - 10.8 

(Okelo & 

Yuan, 2005) 
2005 5 40.8 41.9 19.5 

 

Figure 2.11a presents the concrete crushing failure mode. Whereas at concrete strength of 50 

MPa and above, shearing off the deformation layer was observed. It was noted that the rich 

resin layer behind the deformation of the bars would shear off before full inter-locking could 

be reached between the GFRP bars and the surrounding concrete surface. The cause of the 

failure was the manufacturing process of the deformations, where the layer is glued to the 

bar’s surface after pultrusion. Figure 2.11b showcases the resin shear off failure mode 
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Figure 2.11: Pull-out failure of GFRP bars, (a) pull-out accompanied by splitting and crush-

ing, and (b) pure pull-out with the shearing of deformations. Adapted from (CAIRNS & Ab-

dullah, 1997) 

 

2.8 Headed GFRP bars 

Although the concept of using GFRP bars as an alternative reinforcement material to steel in 

concrete members has been gaining more recognition, common issues found in every struc-

ture need to be addressed to ensure the feasibility of the material. One of those issues is the 

development length and guaranteeing a proper anchorage of the GFRP bar in the concrete 

member. Bends and studs are standard solutions to rebar congestion in steel reinforcement. 

Bends provide the required development length for the rebar to reach the desired anchorage 

in the structure. Bends might present congestion problems, leading to inadequate develop-

ment length and interference between the development lengths of multiple bars, resulting in 

lower strengths at critical positions of the structures. In addition, the small space between the 

bars could result in inadequate concrete vibration, and the member may not reach its full ca-

pacity. This congestion could be observed at the member connections where multiple bends 

are required. Therefore, an alternative solution to the congestion issue is using bent bars. The 

concept of studs or anchors shortens the development length while providing a similar an-

chorage performance as bent bars. Therefore, solving the congestion issues without present-

ing any further complications to the fabrication of the member. The method in which the an-

chors provide the required anchorage is by enlarging the surface profile of the bars at their 

ends and, in return, increasing the pull-out capacity of the reinforcement. 

Most of the information mentioned above is true for GFRP bars, but due to the low modulus 

of GFRP bars, fabrication of bent bars can be more challenging than conventional steel rein-

forcement, which can be bent on-site. In contrast, off-site prefabrication of bent GFRP bars is 

required for most high modulus GFRP bars (E = 60 GPa) due to concerns over cracking of 

the bars if bent on site. This issue limits the usage flexibility of GFRP bars in typical con-

struction applications. In addition, it limits the ability to make structural changes when re-

quired during construction.  The ease of manufacturing headed GFRP bars solves the issues 

of fabricating bends. 
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The concept of using headed GFRP bars is new, and investigation into the anchorage perfor-

mance it provides is limited. In addition, GFRP manufacturers have used multiple anchor ma-

terials and moulding methods, so the ability to compare results and analyse the compatibility 

of one anchor manufactured by one company to a GFRP bar manufactured by a different is 

not applicable. Although, there is a wide acceptance within the industry of the profile of the 

anchors. The following (Table 2.3) will present the anchorage performance of headed GFRP 

bars. 

The influence of the concrete strength on the anchorage performance of the headed GFRP 

bars was lower than those of the straight bar (Table 2.3). The mechanical differences between 

straight and headed bars could explain such differences in pull-out performance. Headed bars 

rely on the stiffness of the wedge and surface friction to transfer stresses along with the an-

chor, unlike straight bars, which depend on the interlocking interaction between the bar de-

formation and the concrete face.  

A comparative study of the anchorage performance of headed bent and straight GFRP bars 

revealed that headed bars provided excellent pull-out capacity compared to the other anchor-

age methods. The headed bars were observed to increase the pull-out capacity of the GFRP 

by double compared to straight bars. The headed anchors' polymer composition was revealed 

to play a critical role in the anchorage performance of headed bars.  

Table 2.3: Anchorage results for headed GFRP bars CB = Concrete Breakout; CSH = Con-

crete splitting followed by head breakout followed by bar slippage; BS = Bar slippage be-

cause of shear failure of the grooves; HB = head breakout followed by bar slippage out from 

the attached head 

Confinement of the concrete section was found to play a critical role in the anchorage perfor-

mance of the headed GFRP bars. Confinement could be achieved by multiple methods such 

as spiral cages, steel tubes or external forms of confinement (Benmokrane et al., 2016; 

Year Author Test type 
db 

(mm) 

E 

(MPa) 

f’c 

(MPa) 

Pult 

(kN) 

Failure 

mode 

2009 (Ahmed et al., 2009) Pull-out 
16 

62.5 
36 132 

BS 
20 47 149 

2012 (Vint, 2012) Pull-out 16 56.7 30 101 BS 

2012 
(Mohamed & 

Benmokrane, 2012) 
Pull-out 20 64.7 

36 161.88 CB/ CHS 

47 182.50 BS/HB 

2014 
(M. S. Ahmed & Sennah, 

2014) 
Pull-out 20 

63.5 

181.77 222.45 BS 

2015 
(Hadizadeh Harandi, 

2015) 

Double 

headed 
16 54.2 128.54 BS 
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Hadizadeh Harandi, 2015). Each method provides a different advantage. They all restrict 

cracks from forming and weakening the concrete’s resisting strength. In return, the specimen 

could reach a high pull-out capacity. 

Tensile testing on Headed GFRP bars consistently revealed two failure modes. The first was 

through splitting. This failure mode occurs when the hoop stresses exceed the tensile strength 

of concrete. Secondly, Pull-out failure was observed when bearing confinement is present, 

which causes the GFRP bar to reach its shear capacity. Although, the failure mode observed 

was a combination of the previously mentioned modes. Figure 2.12 showcases the failure 

modes observed. 

Furthermore, two factors were the causes behind the failure modes observed in the experi-

ments. The first factor was the effect of embedment length, and the second was the minimum 

concrete cover. At longer embedment lengths, pull-out was the likely mode of failure. In con-

trast, if the concrete body is shallow, splitting of the concrete member was observed. 

 

Figure 2.12: Splitting failure modes: a) bottom cover (cb) is smallest, v-notch splitting; b) 

side cover (cs) and bar spacing (sb) are smaller than bottom cover; c) test cylinder through 

cracking where angle (a) between cracks is equal. (Adapted from (Kemp, 1986; Tastani & 

Pantazopoulou, 2002) 

 

2.9 Testing procedure 

Since the application of headed anchors in GFRP reinforced structures, the investigation into 

the most realistic testing methodology was conducted by various researchers to pursue the 

optimum method to test the specimens in a way that simulates actual application. 
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2.9.1 Pull-out testing method 

Pull-out testing is the simplest form of bond characteristics testing method. It consists of em-

bedding a single bar into the centre of a concrete prism or cylinder, and direct tension force is 

applied to pull the bar out of the concrete. Researchers have used several setup variations, but 

(Figure 2.13) is the most common methodology. The literature reported that two limitations 

were observed with a pull-out test. The first is the compressive stress induced by the loading 

pad, resulting in higher bond stress than observed in practical applications where concrete 

will be subjected to varying tension. The second was the propagation of splitting failure of 

the specimen (Nanni et al., 2016). Therefore, (fib, 2000) Suggests that pull-out tests are most 

valuable for investigating the effects of different parameters, such as bar diameter, surface 

texture, cover, and concrete strength. The bond stresses along the bonded length are assumed 

to be constant. Therefore, the calculation of the average bond stress is presented as: 

 

 

𝜏 =
𝐴𝑏 ∗  𝑓𝑏

𝑃𝑏 ∗  𝑙𝑒𝑚𝑏𝑒𝑑
≅

(
𝜋𝑑𝑏

2

4 ) ∗ 𝑓𝑏

𝜋𝑑𝑏 ∗ 𝑙𝑒𝑚𝑏𝑒𝑑
=

𝑑𝑏𝑓𝑏

𝑑𝑙𝑒𝑚𝑏𝑒𝑑
 

(2.1) 

 

 

 

Figure 2.13: Typical pull-out test setup RILEM/CEB/FIP 1970 (adapted from (fib, 2000) 

2.9.2 The Modified pull-out testing procedure. 

As mentioned in the pull-out testing method, an apparent observation with the testing proce-

dure is the side-splitting of the concrete member. The small cover provided by the concrete 
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prism was the attributed factor behind this failure mode. Therefore, the investigation into al-

ternative testing procedures was conducted to introduce the optimum method to examine the 

bond characteristics of GFRP bars. Multiple Studies revealed that embedding several test 

specimens in a large concrete slab could provide more accurate bond results than the tradi-

tional one specimen per slab method. The method was implemented to examine the bond 

characteristics of steel and GFRP bars. The observed results of both examinations showcased 

an improvement in the bond performance of the examined specimens and the minimization of 

the premature failure observed in previous studies(E. A. Ahmed et al., 2008; Hoehler et al., 

2011). The first testing technique followed similar guidelines to those specified in (ASTM 

E488) for testing anchor strength in concrete members. The setup consisted of embedding 

post-installed anchors in a concrete slab, and the specimens were spaced equally over the 

slab’s surface. 

On the other hand, and with a slightly different methodology, a pair of headed GFRP bars per 

concrete slab was tested to determine the influence of the distance between the two bars 

(Technishe Universitat Kaiserslautern, 2008). (Table 2.4) presents the spacing used in each 

experiment concerning the embedment length, ℓe. ℓe refers to the bonded length, including the 

length of the headed anchor. 

Finally, multiple specimens were cast in one slab to investigate the performance of straight, 

headed, and bent bars ((Vint, 2012)). The spacing between the specimens was large to mini-

mize the effects of the concrete cone while examining multiple specimens in one slab. Addi-

tionally, a modified testing setup was adopted to examine the specimens featuring a railing 

system to avoid excessive confinement of the section during the examination process (Figure 

2.14). 

 

Table 2.4: Spacing outline used in the modified pull-out examination method. 

Year Authors 
Slab thickness 

(mm) 

Edge Spac-

ing 

Anchor spac-

ing 

2008 (E. A. Ahmed et al., 2008) 400 1.0ℓe 1.5 ℓe 

2008 
(Technishe Universitat 

Kaiserslautern, 2008) 
225 1.25 ℓe 0.625 ℓe 

2011 (Hoehler et al., 2011) 260 2.6 ℓe 2.8 ℓe 

2012 (Vint, 2012) 320 1.9ℓe 2.5ℓe 
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Figure 2.14: Schematic of modified pull-out test setup used by (Vint, 2012). 

2.10 The evaluation of the role of confinement 

An alternative solution to the side-splitting observed during the direct pull-out method is to 

confine the concrete and delay the propagation of cracks in the concrete prism. Confinement 

comes in various forms and could be either internal or external. Confinement of the section 

could be done by casting a concrete prism inside a steel tube (Figure 2.15) tested alongside 

the specimen (Hadizadeh Harandi, 2015) or embedding reinforcement around the examined 

specimen to minimize crack formation during the examination (Mohamed & Benmokrane, 

2012). The obtained results indicated that confinement prevented the blowout of the concrete, 

resulting in the headed GFRP bars achieving the maximum pull-out capacity and then failing 

due to the breakage of the headed end.  
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Figure 2.15: Pull-out test setup used by (Hadizadeh Harandi, 2015). 

2.11 Codes to test the bond performance of headed GFRP bars 

Standardisation of the testing methods for any material is crucial to ensure the comparability 

between the research conducted on that particular component. A standard gives a general 

guideline for the investigation method and the technique of presenting the observed data.  

Although over a decade has passed since the innovation of headed GFRP bars, regulations on 

testing headed GFRP bars are still unavailable. Researchers modified the testing and design 

standards of straight GFRP bars to test headed GFRP bars. As shown in the previous section, 

researchers mainly used the ACI 440.3R code as a basis for their experimental programs.  

In the early 2000s, awareness of the benefits provided by GFRP bars as a substitute for steel 

reinforcement was gaining more recognition. Therefore, there was a need to standardise the 

testing and design procedures to determine the mechanical characteristics of GFRP bars em-

bedded in concrete. The American concrete institute introduced a testing standard in 2001. 

The code (ACI 440.3R, 2012) went through multiple modifications over the years, and in 

2015, ACI produced the latest version of the standard.  

Canada and Japan were leaders in introducing FRP reinforcement for concrete structures. 

Both nations seemed to standardise the testing and design parameters for FRP reinforcement. 

The Canadian standard code (CSA S806-12) established a design and testing standard in 

2002, whereas Japan had a testing code for continuous fibre reinforced polymer (CFRP) as 

early as 1995. 

The codes pointed out that the casting direction played a critical role in the bond between the 

GFRP bars and the surrounding concrete. Therefore, the above codes specified two casting 
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methods for GFRP bars embedded in concrete. The first casting method is a vertical bond test 

specimen presented in (Figure 2.16). The second casting alteration should be cast by placing 

two GFRP bars horizontally concerning the concrete pouring direction. The dimensions of 

the prisms were specified as 200mm cubes for the vertical embedment tests and 200 x 200 x 

400mm prisms for the horizontal tests. 

 

Figure 2.16: Casting direction of GFRP bars prepared for pull-out examination (ACI Com-

mittee 440, 2012)  

Moreover, three displacement measuring devices (LVDT) should be spaced equally around 

the loaded end of the FRP bar (Figure 2.17). In addition, at least one LVDT should be in-

stalled at the free end of the bars to measure the slip of the specimen. 

The use of a steel loading plate was specified. The plate must be a 200mm square plate to dis-

tribute the tensile load over the concrete surface evenly. The thickness of the plate must be at 

least 20mm. Moreover, the centre of the plate needed to be drilled to slip over the free end of 

the bar. ACI and JSCE did not specify the exact size of the hole. In contrast, CSA S806 set 

the hole size three times the diameter of the FRP bars being tested. Furthermore, the load's 

speed must be monitored to eliminate shock or excessive vibration failures. 

Finally, ISO 15698, 2012 and ASTM A970 standardised the methods to test headed steel re-

inforcement. The methods specified in those standards were similar to the GFRP bond char-

acteristics testing procedures mentioned above. Therefore, lessons could be learned from the 

codes on steel-headed anchors' anchorage performance.  
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Figure 2.17: Placement orientation of the displacement measuring devices (LVDT). Adapted 

from (ACI Committee 440, 2012) 

2.12 Accelerated ageing of GFRP bars 

The durability of a material plays a critical role in the feasibility of its application in the civil 

engineering industry. For GFRP bars, several exposure conditions were investigated to deter-

mine the most critical cause of degradation in a GFRP reinforced structure. The method con-

sists of placing the GFRP bars in a degrading medium that simulates the conditions faced by 

the bars over their service life. This included conditioning in water, salts, and Alkaline solu-

tions under elevated temperatures. Furthermore, GFRP bats exposed to moisture, alkaline and 

acidic solutions were the most critical deterioration mediums (Alhozaimy & Alsayed, 2002; 

Vijay, 1999). Unlike steel reinforcement, where corrosion due to chlorine attacks is the lead-

ing cause of degradation, GFRP bars are resistant to chlorine attacks. However, alkaline solu-

tions increase the degradation rate of the GFRP bars. Alkalis are elements with a higher PH 

level than water at a PH level of 7. Due to the presence of lime in concrete, PH 12-13 is the 

score found in concrete. Therefore, deterioration of the bars could cause a loss in strength. 

The literature on this matter collectively agreed that GFRP bars coated in a vinyl ester resin 

showed an exceptional long-term performance when embedded in concrete.  

A durability study was conducted on first-generation GFRP bars, which were used to con-

struct the MRI pier in San Diego, California. The study consisted of conditioning the GFRP 

bar in an Alkaline solution PH value of 13.5 and under a constant loading of 10%. The au-

thors concluded that bars could lose up to 70% of their tensile strength after nine months of 

conditioning. (sen Rajan et al., 2002) 

A study into the effects of chemical solutions and sustained loading on the degradation rate of 

GFRP bars showcased that the bars lost an 11 and 4% reduction in strength after 60 days of 

conditioning in the alkaline and deionised solutions, respectively. The alkaline solution had a 

pH of 12.8, simulating the concrete structures' environment. The results mentioned in the 

study outlined the degradation severity of GFRP bars exposed to highly alanine environ-

ments. (Nkurunziza et al., 2004).  

GFRP bars tested under a simulated concrete pore solution showed degradation in the glass 

fibres even without sustained loading (Gaona, 2003). The specimens were exposed to an Al-

kaline solution of PH 12 at a temperature of 350°C. The overall strength of the bars decreased 
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by 24% over 50 weeks of conditioning. A fascinating discovery was that the elastic modulus 

tended to increase. Over the 50 weeks, an increase of 9% was recorded. 

Recommendations by multiple authors pointed out the importance of developing an acceler-

ated ageing method that can simulate the long-term behaviour of the bars within a reasonable 

time frame in the laboratory. 

An investigation into the status of the durability of FRP composites in civil engineering appli-

cations and an attempt to evaluate the degradation phenomenon of the composites reported 

that the degradation of the bars is linked to matrix-related problems such as deterioration of 

the fibres/ matrix interface. In addition, the author proposed a reduction coefficient of 0.25-

0.5 for the long-term exposure to express the reduction in material strength over the exposure 

period of the bars (Karbhari, 2003). 

A comprehensive review of the literature on the durability of GFRP bars conditioned in an 

alkaline solution was conducted to evaluate the historical results on the long-term perfor-

mance of the GFRP bar. Results from 18 research groups were compared and analysed. The 

GFRP bar included in this review were fabricated from either E-glass or alkaline resistance 

AR-glass fibres.(D’Antino et al., 2018)  

Figure 2.18 below showcases the plotting of the research results of the different researchers. 

The graph was divided into three charts to represent the different conditioning temperatures. 

The aggressivity of the conditioning solutions varied depending on the testing parameters, 

and they were divided into four groups to represent the PH ranges of the conditioning solu-

tion.  

 

Figure 2.18: Comparative evaluation of the durability process of GFRP bars (adapted from 

D’Antino et al., 2018).  

 

Furthermore, different matrix types, fibre volume fraction, diameter, the tensile strength of 

unconditioned specimen and surface profile were all present in this evaluation. 
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Evaluation of the residual strength ratio for specimens conditioned at temperature ranges of 

11-25°C showcased that the failure mode of the conditioned bars affected the obtained re-

sults. Surprisingly, exposure to severe conditions did not show any further reduction in 

strength than those examined under less harsh environments (Al-Zahrani et al., 2002; Vijay, 

1999). Since the examined bar was embedded into concrete sections after conditioning, the 

suggested cause for the similar results between the studies was attributed to the slippage of 

the bars within the anchorage, preventing the specimens’ fibre failure from reaching their 

maximum pull-out capacity. 

Furthermore, conditioning at moderate temperatures up to 26-53°C showcased similar results 

to those obtained at temperatures 11-25°C. The effect of this temperature range did not show-

case any reduction in the tensile strength of the bar. 

Surprisingly, GFRP bars conditioned at identical condoning environments were observed to 

showcase varying residual strength ratios. This was observed when bars were examined at 

temperatures over 60⁰C (Chen, 2007; Chen et al., 2006). This observation further points to 

the high degree of variation and the difficulty of comparing the different studies.  

Degradation of the resin layer was observed to vary depending on the size of the conditioned 

bar. Larger bars were observed to take longer for the resin layer to show any degradation 

compared to smaller bar diameters (Micelli & Nanni, 2004).  

Furthermore, on the role of the fibre volume fraction on the residual strength ratios, bars con-

ditioned at temperature ranges of 11-25 and 26-53°C did not show any apparent influence of 

the fibre volume fraction on the bar tensile strength. 

On the other hand, an apparent influence of the fibre volume fraction was observed for GFRP 

bars conditioned under temperature ranges of 57-80°C. At higher temperatures, bars with 

lower fibre volume fractions could lose more residual strength due to degradation in the bar 

matrix caused by being conditioned at temperatures close to the glass transition. 

In conclusion, the evaluation revealed many contradictory results and discordant trends. Rep-

lication of natural exposure conditions with Alkaline conditioning environments was not re-

flected in the accelerated ageing experiments. The reasons were attributed to the fluctuation 

of the PH value of concrete over time, whereas the PH values in the evaluated experiences 

were consistent over the conditioning period. Furthermore, in actual application, only the 

concrete pores are filled with the alkaline solution found in concrete, which covers a small 

fraction of the concrete-bar interface. In contrast, the bars conditioned in an alkaline solution 

under accelerated ageing environments directly contact the mix which wets the bar’s external 

surface—resulting in a higher reduction rate of the bar’s tensile strength (D’Antino et al., 

2018). 

2.13 Prediction models of the long-term performance of GFRP bars. 

Multiple estimation models were developed to help determine the long-term behaviour of 

GFRP bars (Vijay, 1999). However, the Arrhenius principle is generally the model preferred 
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by most literature. The Arrhenius empirical model is one of the oldest and most widely used 

models to predict the time of failure of a material as a function of temperature: 

𝑘 = 𝐴𝑒
−𝐸𝑎

𝑅𝑇⁄
 

 (2.2) 

 

Where k is the reaction rate constant, A is the pre-exponential factor that depends on the type 

of reaction, Ea is the activation energy of the reaction, and R and T are the universal gas con-

stant and absolute temperature, respectively.  

(ASTM E2041-13, 2013), and (ASTM E698-18, 2018) provided a procedure that could be 

followed to calibrate the coefficient of (Eq. 2.2). The Arrhenius principle assumes a single 

dominant degradation process that does not change with time. Furthermore, the material deg-

radation rate increases with increasing temperature (Davalos et al., 2011). The Arrhenius 

equation could be used alongside these assumptions to determine the relationship between a 

GFRP bar exposed to a specific weathering condition at temperature T1 for a time t1 and that 

for a GFRP bar exposed to the same situation at temperature T2 > T1 and for a time t2 < t1. 

With that information taken into consideration, the long-term behaviour and service-life of 

GFRP bars can be investigated by increasing the temperature for a given exposure condition. 

The limiting factor to this method is the assumption that the reaction process does not change 

with time. The literature observed that the reaction processes tend to change during the expo-

sure period, affecting the results obtained with the Arrhenius equation (Gonenc, 2003). 

2.14 Durability assessment of extracted samples from GFRP rein-

forced structures 

The first structures built with GFRP bars were built in the 1980s, and their usage has in-

creased. This made it possible to conduct a practical examination of the long-term perfor-

mance of GFRP reinforcement. The first structures were built using GFRP bars with a poly-

ester resin matrix bonding the fibres. Accelerated ageing investigation on the degradation of 

polyester resin under simulated exposures concluded that severe deterioration in resin matrix 

was observed. Therefore, using polyester resins to bond GFRP bars quickly faded away. In 

addition to bonding the glass fibres, the resin acts as the protection layer for the glass fibres 

against alkaline attacks. Therefore, after years of research into different resin materials, vinyl 

ester resin was found to have superior performance capabilities compared to polyester resins.  

The long-term performance of GFRP bars used in construction was investigated by extracting 

core samples of the Sierra de la Cruz creek bridge after 15 years of service. Multiple experi-

ments such as simulated pore solution (SPS) and optical microscopy (OM) were conducted to 

determine the long-term performance of the bars. GFRP bars were found to withstand the al-

kaline environment of concrete without showing any deterioration of the resin matrix.  

In Canada, the investigation into the durability of GFRP bars that have been in service for 5-8 

years concluded that GFRP bars showcased an impressive ability to withstand different 

weathering environments, namely wet-dry cycles and marine life cycles environments, 

freeze-thaw, and de-icing salts.  
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Furthermore, even after 15-20 years in service (Al-Khafaji et al., 2021), vinyl ester resin used 

in GFRP bars did not significantly deteriorate the bar-resin matrix. This showcases the im-

pressive weather resistance capabilities of vinyl ester resin. See Figure 2.19 for the imaging 

of the optical microscopy revealing minor cracking in the fibres due to degradation. 

 

Figure 2.19:  Optical microscopy imaging of extracted GFRP bar samples after 15 years of 

service. Adapted from (Al-Khafaji et al., 2021) 

The literature evaluating GFRP reinforced structures highlighted the lack of comparability 

between specimens conditioned under laboratory environments and the natural application of 

bars embedded in reinforced structures. The correlation between the accelerated ageing tech-

nique and the long-term performance of GFRP reinforcement is still inconclusive. Although 

the literature widely recognises the impressive weathering resistance capabilities of GFRP 

bars.  

2.15 The durability of headed GFRP bars. 

The concept of headed anchors for GFRP bars is still in its initial phases, with very little re-

search into the anchorage on the durability of the headed bars. A review of the limited litera-

ture on the durability of headed GFRP bars and the long-term performance of polymers pro-

vides sufficient information to determine the optimum testing procedure for headed anchors. 

In addition, research into the long-term performance of polymers (for example, nylon, acetal 

and polyphthalamide) and their resistance to Alkaline conditions are presented subsequently. 

Benmokrane et al., 2016 investigated the durability of headed GFRP bars conditioned under 

several weathering environments. The specimens were composed of anchors manufactured 

from a glass-reinforced polyphthalamide polymer. The polymer properties allow it to be sof-

tened and hardened repeatedly by heating or cooling the material. The parameters investi-

gated in this study were the effects of confinement, bar diameter, and concrete compressive 

strength. In addition, material characteristics tests (for example, water absorption, glass tran-

sition temperature, and optical microscopy) were conducted to determine the properties of the 

specimens. In addition, the effects of confinement on the performance of the headed bar were 
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examined using spiral steel reinforcement shown in (Figure 2.20) before pouring the con-

crete. The theory on the advantages of using this method is mentioned in (section 2.10) 

The concrete compressive strength did not significantly affect the tensile performance of the 

headed GFRP bars. The results from the confined specimens revealed a 13-15% increase in 

pull-out capacity to unconditioned specimens. Larger diameter bars showed a 14-16% pull-

out capacity reduction compared to smaller bars. This was expected due to decreased net area 

of the head bearing on the concrete. The causes for those observations were consistent with 

the information provided in the literature, as the most critical element that directly affects the 

performance of headed GFRP bars was the degree of the concrete confinement. Additionally, 

the reduction in performance between large and smaller bars was attributed to the shear lag 

effect mentioned in (section 2.2). 

The effect of conditioning was observed to result in a 7% reduction in strength after 90 days 

of conditioning in a highly alkaline solution. Additionally, the average failure modes were al-

tered after conditioning since unconditioned specimens failed by headed breakout and bar 

pull-out (CSH), whereas conditioned samples failed by bar slippage from the head (BSH). 

The observed change in the failure mechanism was attributed to the Moisture absorption at 

the bar-head interface, leading to a weaker bond strength between the bar and the inside por-

tion of the anchor.  

The physical properties of the headed anchors were observed to have a water absorption per-

centage, and glass transition temperatures were 0.48% and 142°C, respectively. 

Finally, it was concluded that thermoplastic polymers, especially polyphthalamide, had good 

physical, mechanical, and durability properties in civil engineering applications. The conclu-

sion also reveals that improvements in the connection mechanism between the anchor and bar 

interface are required to ensure that the headed bars can reach their ultimate pull-out capacity.  
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Figure 2.20: Steel spiral reinforcement used to confine the concrete section around the 

headed GFRP bars (adapted from Benmokrane et al., 2016). 

An internal company investigation into the long-term performance of the headed anchors 

manufactured from polymeric concrete revealed that headed anchors showcased exceptional 

resistance to chemical attacks in a highly alkaline solution. It was concluded that the behav-

iour of the bar was the governing component in the long-term performance of the specimens. 

The specimens were immersed in a highly alkaline concrete cube and conditioned in water at 

an elevated temperature of 60°C. In addition, the bars were stressed under a constant load un-

til failure was observed.  

Furthermore, applications with a maximum effective temperature of 40°C were determined as 

the point where the anchorage strength is guaranteed. The results obtained from the investiga-

tion are presented in (Figure 2.21), shown below. The prediction reveals that ⁓ 3000 hours 

(125 days) of conditioning at 60℃ corresponds to around 85000 hours (100 years) of expo-

sure at 23℃. 
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Figure 2.21: A durability prediction model for ComBAR GFRP bars. (Adapted from Schöck 

Bauteile GmbH, 2015) 

2.16 Testing procedures in international standards. 

Due to the uniqueness of headed GFRP bars materials and the ability to use different polymer 

compositions as headed anchors, standardising a testing method to determine their durability 

is difficult. Therefore, ACI, CSA, JSCE, and ASTM codes ACI Committee 440, 2012; 

ASTM D7992 / D7992M-15, 2015; JSCE-E 539-1995; CSA S806-12 did not mention a pro-

cedure to test the long-term performance of headed GFRP bars. However, the literature on 

GFRP concluded that Alkaline attacks present the most critical degradation condition for 

GFRP bars, and the elevated temperatures accelerated the deterioration of the resin layer of 

GFRP bars. Therefore, it is sensible to determine that alkaline attacks on headed GFRP bars 

should be investigated. ACI and ASTM specified an alkaline solution with a pH value of 

12.6, and 60°C was selected as the accelerated conditioning environment. Furthermore, 1, 2-, 

3-, 6- and 12-month conditioning periods were considered feasible to determine the degrada-

tion rate of GFRP bars. 

On the other hand, CSA specified a less aggressive exposure. The (CSA S806-12) committee 

chose a pH value of 9.0 and a conditioning temperature of 23°C as the optimum testing pro-

cedure. ASTM C581-15 was the specification where the testing method was determined. Fi-

nally, the conditioning of GFRP bars should have the same pH composition as the simulated 

pore solution (SPS). 

2.17 Consideration for the current test program 

After reviewing the available literature on the aspects investigated in the current study, the 

following points were considered in the testing setups used to examine the specimens. 

1. The accelerated ageing conditions were adopted per ASTM D3171 in reference to the 

solution mix and the heat. 



41 

 

2. The critical conditioning durations for the specimens are 7, 30, 60, and 90 days, and 

1000 hours of conditioning is used extensively in polymers' accelerated ageing dura-

bility examination. Additionally, a 14- and 70-day conditioning period was adopted to 

provide a detailed presentation of the deterioration of the polymers. 

3. Examination of the water absorption content of the examined dog bone following 

ASTM D570 is to be conducted to investigate the effect of conditioning on the chemi-

cal properties of the polymers.  

4. Tensile examination of the specimens following ASTM D2534 investigates the 

change in tensile properties between the polymers after conditioning.  

5. The conditioned polymers could see an increase in void content after conditioning. 

Therefore, it is crucial to investigate the number of voids per polymer and whether an 

increase in voids can be observed. The evaluation of void content is conducted fol-

lowing the ASTM D5424. Supporting information was needed to determine the con-

tent by determining the specific gravity following ASTM D5171 and the constituents’ 

content in reference to the ASTM D3171.  

6. The pull-out examination of the straight and headed GFRP bars was cast in concrete 

slabs following a similar arrangement mentioned in ASTM E488, with multiple speci-

mens cast in one concrete slab. 

7. Multiple displacements measuring devices "LVDT" were used to determine the slip at 

the loaded and free end of the examined specimen and the strain exerted on the sam-

ples during the tests. 
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CHAPTER 3   

EXPERIMENTAL PROGRAM 

3.1 General 

This chapter presents a detailed description of the current experimental program, explaining 

the testing procedures used to characterise the polymer compositions used to fabricate the 

headed anchors, followed by the pull-out testing examination of straight and headed GFRP 

bars. Lastly, an explanation of the testing methodology followed to examine the durability of 

the headed GFRP bars is presented in the sections below. 

The initial phase of the research was the conditioning and characterisation of the polymers 

used to manufacture the headed anchors used for GFRP bars. The characterisation of the pol-

ymers aimed to provide a detailed overview of the degradation process. The phase included 

examining 102 dog-bone samples from the five polymer compositions selected in the current 

study. The second phase of the experiment aims to study the pull-out capacity gained by in-

stalling the headed anchors at one end of the GFRP bar compared to straight GFRP bars, with 

18 specimens selected in the examination of this phase. Finally, 30-headed GFRP bars were 

selected to study the durability performance of the specimens. All procedures and guidelines 

followed are explained in the following sections.  

3.2 Specimen preparation 

The headed GFRP bars investigated in this study were different to the headed GFRP bars 

used in the industry as the system is supplied as an unfinished product, and the system's in-

stalment happens on-site. The concept behind such a system was to minimize the space re-

quired to deliver the product to the consumer whilst providing similar anchorage performance 

to the preinstalled GFRP bars. Therefore, the headed anchors must be attached to one end of 

the GFRP bar using a two-part epoxy resin. In the current experimental program, a 6 mm hole 

was drilled into the centre of the anchor’s underside (Figure 3.1a). The hole's purpose was to 

provide access to the GFRP bar, which was used to measure the free end slip of the specimen. 

The bottom hole was taped off during the epoxying process to prevent any epoxy from seep-

ing out from the anchor (Figure 3.1b). The headed anchors were then filled to ¼ of their vol-

ume with the epoxy resin before the GFRP bars were pushed into position (Figure 3.1c). The 

GFRP bars were lowered carefully to prevent any air bubbles from being trapped in the an-

chor leading to potential inadequate bond between the components. During the attachment of 

the GFRP bars, the centring of the specimens was a critical component that was achieved by 

taking special care to adjust the position of the GFRP bars to centre it within the headed an-

chor. Once the attachment of the specimens was successful, the epoxy resin was left to cure 

for 20 minutes initially. After the initial curing, the tapes covering the bottom of the headed 

anchors were removed, and the access holes were cleaned with a wooded stick to remove any 

epoxy resin that would prevent access to the GFRP bars. Finally, the specimens were placed 

on their side and left to cure for at least 24 hours, following the manufacturer’s instructions 

before further work was conducted.  



43 

 

 (a) 

 

 

 

        
                                 (b) 

 (c)  

Figure 3.1: Typical specimen preparation methodology (a) pre-drill free end LVDT access; 

(b) tape the access hole; (c) epoxy the anchors to the bar. 

3.3 Conditioning phase 

The conditioning of the specimens was a critical aspect of the experiment. The conditioning 

mentioned in this section refers to the conditioning duration of both headed and dog-bone 

samples. This should not be confused with the conditioning mentioned in the ASTM stand-

ards, which prepares the specimen for testing by drying the sample in an oven for 24 hours 

explained in section 3.5.1 below. The conditioning detailed in the current section focuses on 

the conditioning of the GFRP bars and polymers in an alkaline environment to investigate the 

degradation of the materials over several conditioning periods. The conditioning of the speci-

men was critical to investigate and determine the long-term durability of the materials in-

cluded in the current study. The conditioning method used in the current experimental pro-

gram was a method referred to as accelerated ageing conditioning. The definition of an 
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accelerated ageing conditioning method is a medium that simulates the exposure conditions 

faced by the specimen over its service life. The acceleration process of the experiment refers 

to the use of elevated temperatures to speed the deterioration process of the specimen being 

investigated. The results obtained from such tests could be used to produce an assumption 

about the long-term behaviour of the specimen. The ageing medium used in this current study 

was a simulated pore solution which simulates the alkaline solution present in the pores of 

hardened concrete. The alkaline environment was determined to cause the most deterioration 

of the GFRPs and polymers alike). The conditioning solution was mixed following ASTM to 

produce a liquid solution with a pH of 12.6 ASTM D7705, 2019 and the proportions are 

shown in Table 3.1 below. The typical pH level of concrete pores ranged between 12 and 13 

due to calcium carbonate in cement. The solution was prepared in a large conditioning tank or 

chamber. The conditioning chamber was a cylindrical tank with an electrical heating element 

at the bottom (Figure 3.2) to keep the conditioning solution at the 60⁰C required to accelerate 

the degradation process of the specimens. The heating element was expected to reach temper-

atures higher than 60⁰C during the conditioning phase. Therefore, the headed bars were iso-

lated from contacting the heating element by using a steel mesh placed above the heating ele-

ment. 

Table 3.1: Simulated pore solution mixture in accordance with (ASTM D7705, 2019) 

Chemical  Ca (OH)2
*  NaOH** KOH*** Water (H2O) 

Proportions   118.5 g (1) 0.9 g 4.2 g 1.0 L (2) 

(*) Calcium Hydroxide.  (**) Sodium Hydroxide. (***) Potassium Hydroxide. 

(1) Grams 

(2) Litre 

 

Figure 3.2: Conditioning chamber 

The conditioning periods of the specimens varied, and Table 3.2 showcases the conditioning 

breakdown of both the dog-bone samples and the headed GFRP bars. The conditioning 
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periods align with the accelerated ageing periods followed in the literature and the ASTM 

standard. The dog-bone samples were conditioned for seven different conditioning periods to 

provide a detailed overview of the deterioration process of the polymer matrix. The 7, 30-, 

42-, 60- and 90-day conditioning periods were considered the most critical. The 14- and 70-

day periods provided some supporting information on the deterioration of the polymers. The 

42-day conditioning period is commonly referred to as a 1000-hour conditioning period. This 

conditioning duration is typical for durability and ageing examination of polymers. Due to the 

limited number of dog-bone samples cast for the GV-5H polymer, the conditioning periods of 

the specimens were focused on the most critical conditioning periods. The headed anchors 

were conditioned for 30 days due to the space limitations in the conditioning chamber.  

Table 3.2: Conditioning durations for the examined specimens 

Material compo-

sition 

Conditioning periods (days) 

0 7 14 30 42(1) 60 70 90 

Acetal         

Amodel         

Desmovit         

Grilon         

Grivory         

Headed bars (All 

polymers) 

        

(1) Equivalent to 1000 hours of conditioning  

3.4 Specimens’ designation and labelling 

The labelling of the examined specimens was coded to ease the presentation of the obtained 

results and reduce the clutter that can be caused with the addition of the full description of 

each specimen. For the pull-out examination, the first letter was representative of the anchor-

age mechanism, or the polymer composition used in the fabrication of the headed GFRP bars, 

a detailed description of the labelling is shown in Table 3.3 below. The location of the exam-

ined specimens was labelled from A to C to represent the location of the specimens in regard 

to the examined slab of each specimen. The conditioned headed bars had an additional C1 

and C2 designation which represented the slab from which the results were obtained and rec-

orded. The reason for that designation was the casting of the six examined headed bars into 

two slabs consisting of three specimens per slab to ensure the consistency of the examination 

between the conditioned and unconditioned specimens.  

The dog-bone samples had the exact material labelling as the headed bars. However, the 

numbering from 0 to 7 following the material labelling represented the duration of the condi-

tioning starting from 0 days (unconditioned) to 90 days of exposure the alkaline solution. The 

A to C designation was also adopted since three specimens were examined per each variation 

of the study.  

Table 3.3: Specimens’ Designation and labels. 

Label Reference 

S Straight GFRP bars.  
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A Acetal polymer and headed GFRP bars. 

B Grilon BG-50 polymer and headed GFRP bars. 

D Desmovit CF-30 polymer and headed GFRP bars. 

G Grivory GV-50 polymer and headed GFRP bars. 

P Amodel 1133 polymer and headed GFRP bars. 

 

3.5 Polymer characterisation 

Multiple standardisation bodies have codified and produced testing procedures and parame-

ters to determine the performance capabilities of polymers and thermoset plastics. Each 

standardising body provides several testing methods to test each variable to provide flexibil-

ity to the testing options of the required information. Those variations, in some instances, 

could complicate the comparability between the polymers when abstracting information for 

the technical data provided by polymer manufacturers. Therefore, it was crucial to carry out 

multiple tests relevant to the current study to aid in comparing the different polymer composi-

tions. 

The specimen size and dimension were an integral part of the characterisation of the poly-

mers. Additionally, physical variations between the different specimens would defeat the pur-

pose of the comparative study conducted in this section. Therefore, to eliminate any fabrica-

tion variability that could affect the results of the experiments. The (ASTM D638, 2014) 

standard was used to fabricate the specimens. Dog-bone specimens were selected as the opti-

mum shape for the characterisation examination. The primary purpose of the specimen shape 

is to determine the change in tensile capacity after conditioning the specimens. The dog-bone 

shape encourages the failure of the specimen to occur at mid-section. The specimens were in-

jection moulded similarly to the headed anchors explained in (section 2.6.2).  

3.5.1 Water absorption testing 

After conditioning in the SPS environment mentioned in section 3.3 and for the duration out-

lined in Table 3.2, the specimens underwent testing of the water absorption content according 

to (ASTM D570-98, 2018) to survey the change in molecular structure and void content after 

conditioning in the alkaline environment. After completing the final conditioning phase, the 

dog-bone samples were placed in an oven at 50ºC (Figure 3.3) for 24 hours to condition the 

specimens as mentioned in the ASTM standard. 
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Figure 3.3: Environmental chamber used to condition the dog-bone samples. 

After conditioning, the dry specimens are weighed to the nearest 0.01g and recorded. The 

conditioned specimens are then placed in water at a temperature of 23ºC for 24 hours to wet 

the specimens. Finally, the wet specimens are weighed similarly to the conditioned speci-

mens.  

3.5.2 Tensile testing 

The tensile capacity tests of the dog-bone samples to determine the strength reduction ob-

served after the conditioning of the specimens were conducted following the guideline men-

tioned in (ASTM D7205/D7205M, 2021). A tensile load was applied using an Instron 50kN 

universal testing machine (Figure 3.4) at a 2mm/min loading rate following the ASTM stand-

ard. A 50mm strain gauge was attached to the mid-section of the specimen to measure the 

strain during the examination. The testing machine had a built-in stop system that inhibited 

the machine from moving after the failure of the specimen. Therefore, procedures to stop the 

machine or remove the strain gauge to prevent damage to the gauge after failure were ne-

glected.  
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Figure 3.4: Instron 50kN testing machine. 

3.5.3 Determination of voids 

Voids are generally defined as the empty regions within a material matrix containing air 

trapped within the material. In the polymer industry, voids are regions unfilled with resin or 

fibres. Voids are the most critical defect affecting the polymer's chemically and mechanically 

performance. Although the injection moulding process has excellent mitigation processes to 

minimize the formation of voids during the moulding process of the polymer matrix, the for-

mation of voids is inevitable even in minimal contents. Determining the voids content within 

the polymers included in this study was crucial to studying their effects on the durability of 

the polymers used to fabricate the headed anchors. The method used to determine the void 

content was the following (ASTM D2734, 2016), the standard test methods to determine the 

void content of reinforced plastics are a function of the densities of the resin and reinforce-

ment within the polymer matrix, and their content percentage. In order to gather the infor-

mation needed to calculate the void content mentioned above, two testing programs must be 
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carried out. The first test measured the composite density to help determine the densities of 

the polymer and the reinforcement (ASTM D792, 2020). The second test conducted was the 

determination of the constituent content of the composite or the ignition loss testing method 

following (ASTM 3171, 2022) and (ASTM D2584, 2018). The details of the testing proce-

dures are detailed in the following sections.  

Changes to the dimensions of the specimens were required to ensure the void content, the 

density, and the constituents’ content were conducted following the (ASTM 3171, 2022; 

ASTM D792, 2020; ASTM D2734, 2016), respectively. Therefore, after completing the tensile 

testing of the dog-bone samples, the specimens were cut using a band saw to roughly 40mm 

by 20mm by 3mm specimens to satisfy the requirement mentioned in section 11. (ASTM 

D792, 2020). 

The cut specimens were prepared following (ASTM D792, 2020). The edges of the cut edges 

were hand sanded with 400-grit emery paper to remove fuzzy edges caused by cutting (Figure 

3.5).  

 (a)  (b) 

Figure 3.5: Cut specimens (a) initial cut with fussy edges; (b) sanded to remove irregulari-

ties. 

3.5.3.1 Density determination  

The density determination tests were non-destructive. They were selected as the initial tests to 

be conducted. The test consisted of using an analytical scale as the weighing device to meas-

ure the weight of the samples accurately. Unlike traditional weighing techniques to weigh the 

specimens, special equipment is fitted onto the analytical balance (Figure 3.6) to measure the 

dry and immersed weight of the composite. The first piece of equipment was the attachment 

of a balance pan “pan straddle”, which replaces the weighing pan of the analytical balance. 

The purpose of the straddle is to hang the specimens and allow for an accurate weighing of 

the specimen, both dry and immersed underwater. Secondly, stationary support was placed 

above the straddle to support the immersion vessel. The stationary support lifts the immersion 

vessel and eliminates its effect on the weight of the specimens. The immersion vessel used to 

hold the water was a glass beaker. The beaker was filled with water and placed on the 
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support. Then a thermometer was attached to the side of the thermometer to record the water 

temperature. The density of water varies depending upon its temperature. It was crucial to 

record that value to measure the composite's density. Finally, the thermometer was removed, 

and the sample holder was placed on the pan saddle. The sample holder is simply two pans 

attached by two wires. The top pan measures the dry weight of the specimen, and the bottom 

pan is perforated and immersed in the immersion liquid and helps measure the immersed 

weight of the sample. They were followed by the weighing of the specimens immersed in wa-

ter. Finally, the difference between the dry and immersed weight of the specimens is deter-

mined and recorded to determine the density of the specimens. 

(a) (b) 

Figure 3.6: Analytical balance (a) typical weighing layout; (b) specific gravity measurement 

installed. 

3.5.3.2 Constituent content  

The second phase of the investigation of the void content within the polymer matrix of the 

thermoset plastics included in this research included the testing methodology in determining 

the constituent content of the composite materials. The (ASTM 3171, 2022) testing standard 

outlines multiple testing procedures to help determine the weight and percentage contents of 

the resin and reinforcement of the composite. Procedures G and H were chosen as the testing 

methods to determine the constituent content of the composite material. Procedure G was 

used in the determination of the glass-reinforced polymer. In contrast, procedure H was used 

to determine the carbon fibre reinforced polymer (Desmovit CF-30). Procedure H was chosen 

due to the fear of carbon fibre oxidation if the polymers were burned off in a muffle furnace 

in the presence of oxygen. The glass fibres are not affected by being redundant to oxidation; 

therefore, the specimens were burned off in a muffle furnace following procedure G. Cou-

pons of the different polymers were weighed and placed in a pre-weighed ceramic crucible 

then the entire set-up was recorded. The crucibles were placed in a muffle furnace (Figure 
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3.7), burned off at a temperature of 600º C for 4 hours, and then weighed after cooling. The 

difference between the crucible weight before and after the burn-off test was determined to be 

the reinforcement content of the composite. 

 

Figure 3.7: Muffle furnace with the burning crucibles.  

A thermogravimetry analysis (TGA) technique was used to examine the reinforcement con-

tent of the carbon fibre reinforced polymer. The TGA uses a thermobalance furnace (Figure 

3.8) to play the role of the furnace in the first section of the test. The thermobalance is a small 

furnace with specimen limit weights of 30mg. Therefore, chips and small polymer pieces 

were cut from the 40 by 20 mm specimens to achieve the weight and dimensions required to 

fit the thermobalance. The nitrogen gas inlet is attached to the thermobalance to achieve the 

inert carbonization environment required to gather the constituent content of the composites. 

The samples were placed on a pre-weighed and tared aluminium pan before placing in the 

furnace and running the experiment. The maximum temperature used in this study was 800º 

C with a ramp rate of 10º C/min. The initial 600⁰C was conducted under an inert gas environ-

ment of nitrogen. The final 200⁰C saw the introduction of air into the furnace. The speci-

men’s weight was recorded throughout the run time of the test using electro-balance, which 

measures the weight of the specimens every 0.1 seconds. The reinforcement percentage was 

recorded between the inert and air gasses transition point. 
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Figure 3.8: Thermogravimetry device.  

 

3.6 Pull-out test of straight and headed GFRP bars. 

The pull-out testing in the current study was divided into two phases; the first is investigating 

the increase in pull-out capacity between straight and headed GFRP bars. The second phase 

investigated the performance deterioration after exposure to an alkaline environment for 30 

days. Both phases were cast in concrete slabs, with each variable being cast in a separate slab 

containing three specimens per slab. Eighteen specimens were tested in the first phase, 

whereas 30 were included in the study's second phase. A summary of the experimental pro-

gram can be observed in Table 3.4.  

Table 3.4: Phase breakdown of unconditioned and conditioned specimens. 

 Phase breakdown 

Material composition Phase One (unconditioned) Phase two (conditioned) 

Acetal 

3 6 Amodel 

Desmovit 
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Grilon 

Grivory 

Straight 3  

 

The slab dimensions were kept consistent throughout the investigation, with each slab having 

a length, width, and height of 960, 280, and 370 mm, respectively. The typical slab layout is 

shown in Figure 3.9. The specimens were placed on 40mm high seats to ensure the entire 

specimen was enclosed within the concrete prism. During the testing phase, two steel plates 

connected by two steel threaded rods were placed 50 to 100 mm below the top of the slab to 

provide confinement to the slab and minimize premature failure. A visual presentation of the 

placement of the confinement device is presented in Figure 3.10.  

 

Figure 3.9: Side view of the slab layout 

(a) (b) 

Figure 3.10: Confinement of the slab, (a) longitudinal view; (b) side view. 
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3.7 Debonding 

The bonded length of the straight bars was 5 db, and the 150 mm headed bars were embedded 

with an addition of 1 db above the anchor. Both bar orientations had a de-bonded length of 5 

db. the debonding of the specimens was conducted by wrapping a thick waxy tape along the 

de-bonded length to prevent any concrete from bonding with the external section of the bar 

(Figure 3.11).  

 

Figure 3.11: Debonding of the bar. 

3.8 Formwork construction. 

In phase 1 of the pull-out examination, the construction of 6 formworks was required. All the 

slabs had identical height and width dimensions, whilst one slab had varying heights than the 

remaining five. The straight GFRP bars were cast in a 355mm high slab, whereas the headed 

GFRP bars had a height of 370mm. The varying height was the varying bonded lengths be-

tween the straight and headed GFRP bars. Therefore, five slabs were cast on a large plane 

with dividing slots for each slab. Ensuring the specimens were evenly spaced, level, and per-

pendicular were critical aspects of the casting phase to eliminate the effects of bending mo-

ments on the pull-out performance of the specimens. Therefore, 2x4 timber straps running 

along the length of the slab were screwed onto the ending of the formworks. The straps had 

three predrilled holes equalling the outside diameter of the GFRP bars (28mm) and spaced 

240mm apart to ensure the even spacing between the specimens (Figure 3.12). The cover 

blocks at the bottom of the slab were screwed into position to ensure they did not move dur-

ing the concrete pouring phase. The cover blocks were temporary, and their removal after 

pouring was required to access the bottom of the specimen and attach an LVDT to measure 
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the bottom slip of the specimen. Therefore, wooden blocks soaked in oil were used to ease 

removal after casting. The slabs were reinforced by placing two 10mm steel rebars on rein-

forcement seats at the bottom of the slabs running in the longitudinal direction. In phase two 

of the experiment, steel cages were used to reinforce the external edges of the slabs. Cementi-

tious and fine aggregate are crucial components of a concrete mix. Seepage of both elements 

results in improper compaction of the concrete, loss of the bond matrix between the coarse 

aggregates, and premature failure of the concrete prism. Therefore, care was taken to ensure 

the slab compartments were sealed using a silicone sealant caulked onto the contact zones be-

tween the formwork segments. The formwork surfaces were oiled to ensure the slabs were 

removed from the moulds without any damage. 

(a) 
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 (b) 

Figure 3.12: (a) Schematic presentation of the formwork; (b) fabricated formwork with the 

headed GFRP bar. 

3.9 Concrete strength. 

Two concrete pours were required in the current experimental program both had a specified 

compressive strength of 25 MPa, slump of 150mm and maximum aggregate size of 15mm. 

The concrete was vibrated to ensure optimum compaction and minimum air voids in the cast. 

Extreme care was taken to compact the concrete around the specimens to ensure an optimum 

bond between the concrete mix and the specimens. Reporting of the compressive and tensile 

strengths of the mix were examined using concrete cylinders 100x200 in diameter and height 

cast at the same time as the batches and tested at the start and end dates of the experiment. 

The concrete properties examination was carried out following (NZS 3112.2, 1985) seen in 

(Figure 3.13)  
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(a) 

(b) 

Figure 3.13: Concrete properties testing setup; (a) Compressive strength; (b) split tension 

testing. 

3.10 Coupling system 

Two coupling systems were used in the current study. The first was a steel sleeve filled with 

an epoxy resin, whilst the second was a wedge and barrel system. Both coupling methods re-

quire the entire testing set up on a specific specimen before placing or attaching the coupling 

system. The first coupling method was initially started by placing a rubber O-ring with the 

same outside diameter as the inside diameter of the steel sleeve to ensure alignment of the 

sleeve and containment of the epoxy resin (Figure 3.14). The steel sleeve was then placed and 

filled with a two-part epoxy capable of withstanding high shear forces. The sheer force capa-

bilities were crucial for the effective bond between the GFRP bar-epoxy and the sleeve-epoxy 

interfaces. The epoxy resin was the same resin used to attach the headed anchors to the bars; 

the strength properties of the epoxy resin are shown in section. In the final stage of the instal-

ment of the sleeve coupler, a second rubber O-ring is placed on top of the sleeve and pushed 

to compact the epoxy resin to ensure good bondage between the bar and sleeve.  
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(a) 

(b) 

Figure 3.14: Sleeve and epoxy coupling method (a) initial placement; (b) epoxied sleeve. 

On the other hand, the wedge and barrel were a more straightforward and less time-consum-

ing coupling method than the first method. The system consists of 2 parts a barrel and three 

wedges. The wedges are tapered, high-strength steel pieces with serrations and the wedge's 

height. The barrel is a cylindrical component. The interior of the barrel was conical to repre-

sent the tapering shape of the wedges and ensure the even distribution transfer of the stresses 

onto the specimen. The stressing mechanism of the coupling system works by stressing the 

exterior of the specimen through the tapered shape of the wedges and digging the serrations. 

The system thereby applies a compressive and shear force on the bar to lock in the coupling 

system. Therefore, the literature had shown that premature rupture of the bar was a critical 

failure mechanism associated with using a wedge and barrel system due to the low shear 

strength of the GFRP bar.) The mitigation strategy used in the current investigation was using 

an aluminium sleeve with an inside diameter close to the exterior dimensions of the GFRP 

bar, and the sleeve thickness was 0.75mm. The purpose of the sleeve was to distribute the 

stress forces evenly across the bar’s contact zone. 
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(a) 

(b) 

Figure 3.15: Wedge and barrel coupling system, (a) bare W&B in contact with the GFRP 

bar; (b) modified coupling system with the aluminium sleeve. 

   

3.11 Test setup 

After a minimum of 30 days of curing, the slabs were lifted and placed on two steel tables. 

The tables had a slight gap between them to accommodate the access to the underside of the 

slab and specimen. The steel tables had adjustable rollers to lift the tables and ensure the table 

surface was level. The table's surface was cleaned before the slab was lowered onto the ta-

ble’s surface. The pull-out tests used the (ASTM E488, 2018) and previous literature as the 

guidelines to set up the optimum test method to investigate the pull-out performance of 

headed GFRP bars. The testing rig consisted of a steel stand 150mm in height, with a gap of 

150mm between the stand supports. The purpose of the gap is to test the specimen without 

providing any confinement to the slab surface, resulting in an unrealistic increase in the pull-

out capacity of the test specimen. The pulling-out mechanism was achieved using a 30 Ton 

hollow jack with a 50mm stroke. A 250 kN load cell was then placed on a steel O-ring on the 

topside of the hollow jack to ensure a level surface to push against the load cell sensor. Fi-

nally, the coupling system was installed before the tests were conducted (Figure 3.14). The 

hollow jack is connected to a hand pump using a high-pressure oil hose.  
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(a) 

 
(b) 

Figure 3.16: Pull-out test setup, (a) longitudinal view; (b) side view. 

3.12 Data acquisition  

The most critical stage of the testing phase is the initial locking of the coupling system. Slip-

page had been observed in the literature previously (Vint, 2012). Therefore, special care was 

taken to ensure that the sleeves were not prematurely failing due to slippage; the pumping 

speed of the hydraulic oil into the jack was controlled using small strokes until the coupling 

method was engaged. Once a proper coupling was ensured, the jack was pumped until failure 

of the specimen was observed. The pumping speed of the hydraulic oil was between 20 and 

30 kN/min. The testing speed was controlled by the recorded applied load on the 250 kN load 

cell. To measure the slippage at the loaded end of the specimen, the ASTM E488 standard 

states that three 2.5V LVDTs placed 120° apart (Figure 3.17) were being used to measure the 

slippage case, and the average value of the results would show if the eccentricity of the speci-

mens were present during the tests. The orientation of the stand supports prohibited the abil-

ity to place the LVDTs in such a manner. Therefore, two LVDTs placed 180° apart were cho-

sen to mitigate this drawback of recording the loaded end slippage. The LVDTs contacts 

were placed on the centre of a steel plate 150x50 mm with a 28 mm hole to fit over the speci-

men and were epoxied in place with a fast-setting epoxy resin. As mentioned previously, the 

LVDT results on the loaded end would be used to determine the eccentricity of the specimen 

during the test. The slip at the free end was required to measure the specimens' stresses up to 

failure. Therefore, after removing the wooden concrete cover, a 2.5V LVDT was attached to 

the underside of the specimen. The LVDT was placed to have direct contact with the under-

side of the GFRP bars through a predrilled hole into the headed anchor with a diameter of 

6mm (Figure 3.17). The recorded slips would be used to measure the upward movement of 

the GFRP bar, and subtraction of that result by the average value of the loaded end slips re-

sults in the measurement of the bar's elongation and strain. 
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(a) 

(b)  (c)  

Figure 3.17: Data acquisition set up; (a) schematic layout; (b) loaded end LVDT placement; 

(c) Free end LVDT. 
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CHAPTER 4    

Characterisation and Evaluation of 

The Polymer Compositions  

4.1 General 
This chapter presents a detailed discussion of the results of the experimental program focus-

ing on evaluating the performance characterisation of the polymers used to fabricate the 

headed GFRP bars. The chapter follows a logical sequencing starting by commenting on the 

visual observations after the specimens’ conditioning phases, followed by the water absorp-

tion results of the polymers across the different conditioning phases. The void contents of the 

polymers were analysed through the presentation of the polymers’ specific gravity results and 

constituents’ contents. The tensile performance characteristics are given with a comparative 

study to compare the tensile performance characteristics of the different polymers. The chap-

ter is concluded with a summary of the examined specimens and highlights areas of im-

portance observed during the examination. The details of the conditioned and unconditioned 

specimens focus on the degradation phenomena observed during the study. The  

The figures and tables presented in the following chapter were averages gathered from the 

raw data in Appendix B. 

4.2 Polymer characterisation  

4.2.1 Initial observations after Conditioning 

The initial observations of the dog-bone samples after conditioning in the calcium-rich envi-

ronment were the coating of the exterior of the specimens with a fine white powder (Figure 

4.1). The coating is referred to as scaling, and it was determined to be the result of both phys-

ical and chemical changes to mainly the calcium particles in the alkaline solution. Chemi-

cally, the supersaturation of the calcium hydroxide particles found in the conditioning solu-

tion and heat causes the dissolution of calcite and the presence of scaling on the samples.  

 
(a) 
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(b) 

Figure 4.1: Visual change to the polymer’s exterior after conditioning. 

Slight discolouration of the samples was observed in the acetal and TPU specimens (Figure 

4.2). The discolouration could be attributed to elevated temperature and the alkaline solution, 

causing the polymers' pigmentation to dilute and become lighter in colour than the uncondi-

tioned specimens. After conditioning, the Acetal composite turned from a natural white col-

our to slightly pale. The conditioning TPU specimens had a slightly grey exterior compared 

to the natural black of their unconditioned counterparts. The remaining three polymer compo-

sitions did not show any significant discolouration. Pitting or voids on the surface of the sam-

ples were not present from the visual observations even after cleaning the calcium scaling off 

the samples using a cloth. The amount of scaling build-up on the specimen did not increase 

across the conditioning durations. This indicates that scaling on the surface of the specimens 

reached its full saturation within a short time inside the conditioning chamber.  

(a) 
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(b) 

Figure 4.2: Slight discolouration of the Desmovit CF-30 polymer. 

4.2.2 Water absorption. 

The water content absorbed by the five polymer compositions is a function of their dry 

weight versus wet weight. Before weighing the specimens, a cloth was used to remove any 

calcium build-up from the conditioned samples to eliminate their contribution to the weight 

of the specimens, leading to misleading test results. The specimens were weighed in a lab at a 

temperature of 23°C and relative humidity of 50%. The results of the dry weight are shown in 

Table 4.1a. The dry weight of the samples seems consistent with injection moulded samples, 

where variations in weight between samples are minimised due to the excellent resin/rein-

forcement proportions and the high precision of the injection moulds. The wet weight of the 

specimens was obtained after conditioning in a water bath at 23°C for 24 hours. The speci-

mens were removed from the conditioning vessels, placed on clothes to dry, and then wiped 

to remove any surface water before weighing (Figure 4.3). (Table 4.1b) showcases the wet 

weight results of the specimens. The water absorption percentage was calculated following 

(4.1).  

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 % =
𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡

 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡
  𝑋 100 (4.1) 

 

The results of the 24-hour absorption tests (Table 4.2) did not showcase any significant water 

absorption in any of the specimens. The literature determines significant water absorption as 

a gain in weight of over 2% over the 24-hour conditioning period. The BG-50 samples show-

cased the highest dry and wet weight difference within the included specimens. Such obser-

vation was attributed to the PA-6/nylon resin of the specimen, which is naturally more water-

absorbent than other resins.  

It should be noted that the weight of the Desmovit CF-30 specimens decreased as the speci-

mens' conditioning duration increased (Table 4.1, Table 4.2). Along with an apparent in-

crease in the water absorption values, the composite could point towards a possible increase 

in voids and deterioration of the composite. The reduction of the weight of the specimens 

could pose a more significant observation of deterioration as the other polymer examined in 
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the current study were observed to showcase some or no increase in the overall weight of the 

sample after conditioning. 

Table 4.1: Weight of the dog-bone samples, (a) conditioned “dry”; (b) wet 

Polymer 

composition 

Average dry weight by conditioning duration 

0 7 14 30 42(1) 60 70 90 

Acetal 14.93 14.91 14.91 14.91 14.93 14.94 14.94 14.94 

Amodel 13.90 14.08 14.15 14.28 14.35 14.26 14.25 14.30 

Desmovit 13.13 13.12 13.09 13.09 13.07 13.04 13.02 12.09 

Grilon 15.33 15.56 15.51 15.54 15.63 15.52 15.54 15.64 

Grivory 15.58  15.86 15.91 15.96 15.85  15.95 

(a) 

Polymer 

composition 

Average dry weight by conditioning duration 

0 7 14 30 42(1) 60 70 90 

Acetal 14.95 14.95 14.95 14.95 14.97 14.97 14.98 14.97 

Amodel 13.94 14.12 14.18 14.31 14.38 14.30 14.29 14.34 

Desmovit 13.15 13.15 13.12 13.11 13.10 13.08 13.06 13.01 

Grilon 15.39 15.65 15.61 15.63 15.72 15.61 15.63 15.73 

Grivory 15.58  15.86 15.91 15.96 15.85  15.95 

(b) 

(1) Equivalent to 1000 hours of conditioning 

 

Figure 4.3: Sample layout after 24-hour water absorption tests. 
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Table 4.2: Average water absorption content of the dog-bone samples. 

Polymer 

composition 

Average water absorption per conditioning duration 

0 7 14 30 42(1) 60 70 90 

Acetal 0.156 0.291 0.268 0.291 0.268 0.245 0.268 0.245 

Amodel 0.264 0.284 0.283 0.210 0.209 0.280 0.281 0.256 

Desmovit 0.152 0.229 0.229 0.178 0.255 0.281 0.282 0.542 

Grilon 0.413 0.600 0.623 0.622 0.597 0.601 0.579 0.554 

Grivory 0.300  0.380 0.357 0.398 0.380  0.251 

(1) Equivalent to 1000 hours of conditioning 

4.2.3 Specific gravity 

Each polymer composition's specific gravity was evaluated per the conditions outlined in the 

(ASTM D792, 2020) standard clause 1.2.1. Like the water absorption examination, the current 

experimental program required weighing the specimens dry and immersed in water. How-

ever, the conditioning period of the specific gravity evaluation was shorter (1-2 minutes). The 

formula used to calculate the polymers' specific gravity is shown in equation 4.2 below. Fig-

ure 4.3 presents a summarized overview of the specific gravity evaluation of the polymers. 

Table 4.3 presents the specific gravity range obtained for each polymer composition with an 

outline of the mean density of the specimens. As mentioned in the experimental program, the 

specimens included in the current examination were cut from the failed dog-bone samples 

and sanded to remove any irregularities that may trap air bubbles and affect the test results. 

The specific gravity of the polymers investigated in the current study did not show any signif-

icant change in their specific gravity over their conditioning periods. 

sp gr
23

23
°C =  a/(a + w −  b) (4.2) 

 

Where sp gr 23/23 ⁰C is the relative density of the specimen at 23⁰C for both the atmosphere 

and the immersing liquid, a equal the apparent mass of the specimen in grams (g), without 

wire or sinker, in air, b is the apparent mass of specimen (and of sinker, if used) completely 

immersed and of the wire partially immersed in liquid in grams (g), and w is the apparent 

mass of totally immersed sinker (if used) and of partially immersed wire in grams (g). 

The water density is affected by the change in temperature. Adjustments were made to reflect 

the change in specific gravity due to temperature. (ASTM D792, 2020) clause 13.3. 

The specific gravity obtained from the current examination varied slightly from the values 

provided by the manufacturers of the polymers. Figure 4.3 showcases the density information 

of each polymer composition supplied by their manufacturers. 

Table 4.3: specific gravity results versus supplied information 

Polymer 

composi-

tion 

Average specific gravity by conditioning duration 

Manu-

facture 

0 7 14 30 42(1) 60 70 90 

Acetal 1.59 1.58 1.57 1.52 1.58 1.58 1.57 1.56 1.58 
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Amodel 1.44 1.44 1.45 1.45 1.45 1.45 1.45 1.45 1.45 

Desmovit 1.35 1.34 1.33 1.34 1.35 1.34 1.34 1.34 1.34 

Grilon 1.58 1.56 1.57 1.56 1.56 1.56 1.57 1.57 1.56 

Grivory 1.56 1.59  1.59 1.59 1.59 1.59  1.59 

 

This indicated that the resin/reinforcement matrix was still intact, and voids within the poly-

mer did not seem to increase over the conditioning of the specimens. The results of the spe-

cific gravity and tensile strength examinations outlined the degradation phenomenon faced by 

the polymers during their conditioning periods. The alkaline hydrolysis was the root cause of 

the degradation phenomenon observed in the current examination. The unchanged mass and 

density of the polymers indicated that scission of the polymer matrix was present during the 

conditioning of the polymers. Scission refers to the breakdown of linkages between the chem-

ical bonds of the resin matrix. Each polymer has a different chemical compound that makes 

up the resin matrix, and during alkaline conditioning, the bond weakens through hydrolysis of 

the solution; thereby, a reduction in the structural performance of the resin was observed 

without any change in their mass or density.  

4.2.4 Constituent content 

This study aimed to determine the reinforcement content used in each polymer composition. 

The initial examination was conducted by weighing the specimens to be tested before being 

placed in a clean crucible and burned off at 600°C in a muffle furnace for 2 and 4 hours, re-

spectively. After the examination, the period was chosen to determine the effects of the burn-

off duration on the remaining polymer content. The muffle furnace test results are presented 

in Table 4.4 below. The results of the Desmovit CF-30 polymer were the only polymers to 

show a significant change to the reinforcement content remaining after the burn-off test.  

Table 4.4: Constituent content results for the glass fibre reinforced polymers.  

 

Polymer Reference 

Acetal 
Amodel 

1133 

Desmovit 

CF-30(1) 

Grilon 

BG-50 

Grivory 

GV-5H 

2
 H

o
u
r 

B
u
rn

 o
ff

 @
 6

0
0

⁰C
 

Initial weight 

(g) 
3.3526 3.5073 3.1409 3.8682 3.6215 

Residual 

weight (g) 
0.8402 1.1621 0.3962 1.8915 1.7992 

reinforcement 

content by % 

weight 

25.1 33.1 12.6 48.9 49.7 

Reinforcement 

content by % 

volume 

15.25 18.37 8.81 29.49 30.50 

4
 

H
o

u
r 

B
u
r

n
 

o
ff

 

@
 

6
0
0

⁰C
 Initial weight 

(g) 
3.3670 3.2289 2.9344 3.8952 3.6254 
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Residual 

weight (g) 
0.9461 1.0478 0.2117 1.8799 1.7696 

Constituent 

content % by 

weight 

25.1 32.5 7.21 48.3 48.9 

Constituent 

content % by 

density 

15.4 18.1 5.1 29.0 30.0 

(b) 

(1) They were affected by the oxidation of the carbon fibre. 

The results obtained from the burn-off examination were not reflective of the reinforcement 

content provided by the polymer manufacturer for the Desmovit polymer, which was rein-

forced with 30% carbon fibres per weight. The observation of such behaviour was attributed 

to oxygen in the muffle furnace during the burning process, which caused the carbon fibres to 

oxidize and turn into carbon dioxide. Therefore, to measure the constituent content of the car-

bon fibre reinforced polymer (Desmovit), inert gas was determined to have the best results in 

eliminating the oxidation of the fibres. The Desmovit CF-30 constituents content examination 

results were conducted in a TGA. The examination plot of the weight reduction over burn-off 

time is presented in (Figure 4.4) below. The residual content was mainly determined to be the 

remaining reinforcement with a higher burn-off point than the burned-off resin. Fillers were 

not mentioned in the manufacturers' data sheets; therefore, their presence in the constituent 

content was neglected. 

 

Figure 4.4: Constituent content % for the Desmovit CF-30 polymer. 

4.2.5 Void content  

The voids were determined following the (ASTM D2734, 2016) standard. The density of the 

glass reinforcement used in the glass-reinforced polymers was gathered from clause 7.2 of the 

standard. The upper limit of the glass fibre density assumed that the materials were reinforced 
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with a higher density glass fibre. The carbon fibre density was obtained from (Gulgunje et al., 

2015). Furthermore, the resin densities were obtained from (Density of Plastics Material: 

Technical Properties Table, 2022). The information mentioned above is presented in Table 

4.5 below. The density of resin and carbon fibres does not vary significantly between manu-

facturers. Therefore, the use of the obtained values was deemed acceptable. The equation to 

determine the void content of the polymers was as shown in (eq 4.3). Table 4.6 showcases the 

void content results calculated for each polymer.  

V =  100 −  𝑀𝑑  (
R

D
  +

𝑟(1)

𝑑
 ) (4.3) 

 

(1) = 100 – R. 

Table 4.5: Polymer density breakdown used to calculate the void content 

Polymer composi-

tion 
d (1) R 

(2) 

D (3) 

P0 P7 

Acetal 2.59 25.1 25.1 1.41 

Amodel 1133 2.59 33.1 32.5 1.2 

Desmovit CF-30 1.75  35.77 1.21 

Grilon BG-50 2.59 48.9 48.3 1.14 

Grivory GV-5H 2.59 49.7 48.9 1.15 

(1) The density of the reinforcement materials. 

(2) Reinforcement % by weight. 

(3) The density of polymer matrix. 

Table 4.6: Void content % per polymer composition.  

Void content Material composition 

Acetal Amodel Desmovit Grilon Grivory 

Test 1 0.99 1.61 -5.189 

 

0.49 -0.07 

Test 2 0.51 0.42 -8.478 

 

0.52 -0.68 

Void % using Desmovit CF-30 TG rein-

forcement content 

2.768   

 

4.2.6 Tensile strength 

4.2.6.1 Introduction to section 

The tensile strength tests were performed after the water absorption tests. The entire testing 

phase was performed within two days, with a weekend delaying the duration to 106 hours. 

The testing of the specimens was conducted in the same laboratory where the specimens were 

weighed. The examination procedure was conducted as described in (section 3.5.2). During 

the first Acetal specimen (A-0-A) examination, slippage at the grips (Figure 4.5) was ob-

served due to the smoothness of the specimen. Therefore, the grips were tightened further to 
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secure the specimens. Due to this change, initial stressing of the specimens was expected, but 

to ensure all specimens were tested under the same conditions, the gripping force of the grips 

was consistent across the testing procedure. The top and bottom plates of the grips were 

marked to indicate the tightening force. In the following sections, a detailed evaluation of the 

results found for each specimen is presented in the following format, 1) the initial observa-

tions, including and exclusion of specimens from the calculations of the average performance 

results, followed by a comparative evaluation of the tensile performance of the specimens and 

the failure modes observed at peak loads for each polymer composition. A concluding section 

is presented to cross-examine the results presented for each polymer to determine the opti-

mum performing specimens from the current experimental work.  

4.2.6.2 Acetal  

The exterior of the unconditioned acetal specimens was observed to have a smooth glass-like 

film layer on the exterior of the samples, resulting in difficulties gripping the specimens per 

the ASTM standard. The smooth film layer made it challenging to grip the specimens without 

slippage of the samples. Figure 4.5 showcases the slipped specimen with the scrape mark of 

the grip's teeth clearly shown. After further adjustment of the gripping force, the slippage at 

the tab was eliminated, and examination was commenced. Although, the tensile performance 

of the A-0-A specimen was observed to be affected by the initial examination run, with the 

tensile stress recorded at 105.45 MPa, whereas the B and C specimens were recorded at 

116.12 and 118.11 MPa, respectively. Therefore, the A-coded specimen was excluded from 

the average results (Table 4.7).  

 

Figure 4.5: Slippage of the acetal specimen at the tabs. 

The unconditioned specimens, excluding the A-0-A, were observed to record average tensile 

stress of 117.2 MPa with a standard deviation of 5.56. The results were in line with the infor-

mation provided by the polymer manufacturer for dry or unconditioned specimens (Table 
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2.1). On the other hand, after 90 days of conditioning in the alkaline environment, the tensile 

stress and strain were observed to average 68.13 MPa and 0.024, respectively. The standard 

deviation of the tensile stress after 90 days of conditioning was 0.07. The standard deviation 

was observed to shrink with an increase in the duration of conditioning, indicating that the 

performance characteristics reduce in variations after the hydrolysis attack on the polymer 

composition. The tensile performance was observed to showcase an abrupt change after con-

ditioning, with the average tensile performance of the specimens reducing to 75.1 MPa after 

seven days in the conditioning chamber. The rate of reduction between the conditioned speci-

mens was observed to become fairly steady, indicating a reduction of the hydrolysis attack on 

the resin matrix and pointing to the corrosion resistance of the Acetal polymer. The mode and 

location of failure of the examined specimens were observed to be similar across the various 

conditioning durations, with the failure occurring at the gage area of the specimen. The per-

formance plot of the examined specimens shown in (Figure 4.6) outlines the average tensile 

behaviour performance, which was bilinear up to the peak where a sudden drop in capacity 

was observed. 

Table 4.7: Average tensile performance of the Acetal polymer composition. 

Conditioning 

duration 
0 7 14 30 42(1) 60 70 90 

Tensile Load 

(kN) 
4.57 2.48 2.33 2.71 2.73 2.82 2.94 2.91 

Elongation 

(mm) 
4.02 2.48 2.33 2.71 2.73 2.82 2.940 2.91 

Tensile stress 

(MPa) 
117.12 75.10 70.45 69.18 68.63 69.18 68.92 68.13 

Standard de-

viation 
5.56 1.26 0.268 0.71 0.24 0.29 0.25 0.07 

Tensile strain 

(mm/mm) 
0.022 0.015 0.017 0.020 0.022 0.024 0.025 0.024 

Failure loca-

tion/ code 
LGT LGB LGB LGB LGB LGB LGB LGB 

(1) Equivalent to 1000 hours of conditioning. 
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Figure 4.6: Average Tensile strength performance of the Acetal polymer composition. 

The average strength retention plot of the examined specimens (Figure 4.6) shows the steep 

drop in performance after ageing in the conditioning environment.  The elements affecting 

the performance of the conditioned specimens are the elevated temperatures, the alkaline so-

lution, or a combination of both. In the case of the Acetal polymer, the elevated temperatures 

could have attributed to the reduction in performance with minimal hydrolysis degradation of 

the polymer across the conditioning periods. If the impact of the alkaline hydrolysis were to 

have more significance, the performance variation between the various conditioning dura-

tions within the alkaline environment would have been more noticeable. Additionally, re-

sistance to aqueous base attacks on Acetal polymer was showcased in the literature.   
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Figure 4.7: Strength Retention of the Acetal polymer over the conditioning duration. 

4.2.6.3 Amodel PPA 

The gripping and the initial examination observations of the Amodel specimens did not re-

veal slippage at the tabs or premature failures of the specimens. Therefore, the average tensile 

performance of the specimens was evaluated from all the examined specimens.  

The unconditioned specimens recorded average tensile stresses of 167.2 MPa with a standard 

deviation of 10.27 (Table 4.8). Furthermore, the average tensile strain was 0.022. The results 

were in line with the information provided by the polymer manufacturer for dry or uncondi-

tioned specimens (Table 2.1). On the other hand, after 90 days of conditioning in the alkaline 

environment, the tensile stress and strain were observed to average 118.8 MPa and 0.016, re-

spectively. The standard deviation of the tensile stress after 90 days of conditioning was 3.3. 

The standard deviation was observed to shrink with an increase in the duration of condition-

ing, indicating that the performance characteristics reduce in variations after the hydrolysis 

attack on the polymer composition. The average tensile stress and strain characteristics of the 

Amodel polymer were seen to decrease as the conditioning duration prolonged steadily. The 

mode and location of failure of the examined specimens were observed to be similar across 

the various conditioning durations, with the failure occurring at the gage area of the speci-

men. The performance plot of the examined specimens shown in (Figure 4.8) outlines the av-

erage tensile behaviour performance, which was bilinear up to the peak where a sudden drop 

in capacity was observed. 

 

Table 4.8: Average tensile performance of the Amodel 1133 polymer composition. 

Conditioning 

duration 
0 7 14 30 42(1) 60 70 90 

Tensile Load 

(kN) 
6.52 6.02 5.72 5.30 5.06 5.26 4.95 4.63 
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Elongation 

(mm) 
4.11 3.70 3.41 2.93 3.18 3.03 2.95 2.74 

Tensile stress 

(MPa) 
167.24 154.35 146.60 135.94 129.75 134.93 127.04 118.80 

Standard de-

viation 
10.27 16.00 11.99 1.855 2.44 0.88 2.84 3.31 

Tensile strain 

(mm/mm) 
0.022 0.017 0.017 0.015 0.015 0.017 0.017 0.016 

Failure loca-

tion/ code 
LGB LGT LGB LGB LGB LGB LGB LGB 

(1) Equivalent to 1000 hours of conditioning. 

 

Figure 4.8: Average Tensile stress performance of the Amodel 1133 polymer composition. 

The average strength retention plot of the examined specimens presented in (Figure 4.9) 

showcases the incremental drop in performance after ageing in the conditioning environment. 

It should be noted that unorthodoxly, the specimens conditioned for 60 days were observed to 

showcase averages higher than the 42-day or 1000 hours conditioned samples. The strength 

retention percentage of the 60-day conditioned specimens is closer to the samples conditioned 

for 30 days. The observed results contradict the presumed performance characteristics of the 

specimens after a more significant conditioning period. The average stress/strain graph of the 

P-5 plotted in (Figure 4.8) did not showcase and noticeable change in the tensile behaviour of 

the specimen.    
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Figure 4.9: Strength Retention of the Amodel 1133 polymer over the conditioning duration. 

 

4.2.6.4 Desmovit CF-30 

the gripping of the specimens did not result in slippage for specimens A and B of the uncon-

ditioned specimens. Except for during the examination of the C-classified specimen, slippage 

at the grips was observed. Therefore, the average data presented in (Table 4.9) was obtained 

from the successfully examined A and B specimens. The conditioned specimens did not 

showcase any slippage at the tabs.  

The unconditioned specimens, excluding the D-0-C, were observed to average tensile stress 

of 110.86 MPa with a standard deviation of 2.08. The tensile strain of the specimens was 

0.120 on average. After conditioning for 90 days in the highly alkaline environment, a notice-

able reduction in tensile strength to 51.01 MPa and the tensile strain to 0.018 were observed. 

The reduction of the tensile performance was observed to be the largest among the examined 

specimens. This is indicative of a severe hydrolysis attack on the ester-linkages of the TPU 

resin matrix of the Desmovit polymer. The failure location on the specimens was observed to 

be similar across the different conditioning periods, with the failure occurring at the gage area 

of the sample.  

 

Table 4.9: Average tensile performance of the Desmovit CF-30 polymer composition. 

Conditioning 

duration 
0 7 14 30 42(1) 60 70 90 

Tensile 

strength (kN) 
4.32 4.11 4.09 3.83 3.50 3.12 2.69 1.99 

Elongation 

(mm) 
17.45 15.37 14.11 12.51 11.34 8.37 5.58 2.45 

Tensile stress 

(MPa) 
110.86 105.36 104.75 98.22 89.82 79.88 68.87 51.01 
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Standard de-

viation 
2.08 5.73 2.45 1.11 0.77 1.01 0.52 1.31 

Tensile strain 

(mm/mm) 
0.120 0.114 0.111 0.098 0.089 0.070 0.046 0.018 

Failure loca-

tion/ code 
LGT LGT LGT LGT LGB LGM LGT LGB 

(1) Equivalent to 1000 hours of conditioning. 

 

Figure 4.10: Average Tensile strength performance of the Desmovit CF-30 polymer composi-

tion. 

The average strength retention plot of the examined specimens presented in Figure 4.10 

showcases the incremental drop in performance after ageing in the conditioning environment. 

The drop in performance between the different conditioning periods reflects the presumed 

tensile characteristics of conditioned specimens with a reduction in performance as the condi-

tioning duration was prolonged. The conditioning environment mimics the environmental ex-

posure of the samples, which would show deterioration and degradation of the elements as 

the life service of the member increases.   
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Figure 4.11: Strength Retention of the Desmovit CF-30 polymer over the conditioning dura-

tion. 

4.2.6.5 Grilon 

The gripping and the initial examination observations of the Grilon specimens did not reveal 

slippage at the tabs or premature failures of the specimens. Therefore, the average tensile per-

formance of the specimens was evaluated from all the examined specimens.  

The unconditioned specimens recorded average tensile stresses of 129 MPa with a standard 

deviation of 1.71 (Table 4.10). Furthermore, the average tensile strain was 0.032. The results 

were in line with the information provided by the polymer manufacturer for dry or uncondi-

tioned specimens (Table 2.1). On the other hand, after 90 days of conditioning in the alkaline 

environment, the tensile stress and strain were observed to average 102 MPa and 0.036, re-

spectively. The standard deviation of the tensile stress after 90 days of conditioning was 1.08. 

The standard deviation was observed to shrink with an increase in the duration of condition-

ing, indicating that the performance characteristics reduce in variations after the hydrolysis 

attack on the polymer composition. On average, the average tensile stress and strain charac-

teristics of the Grilon polymer were seen to fluctuate over the different conditioning duration. 

The mode and location of failure of the examined specimens were observed to be similar 

across the various conditioning durations, with the failure occurring at the gage area of the 

specimen. The performance plot of the examined specimens showcased in (Figure 4.12) out-

lines the average tensile behaviour performance, which was bilinear up to the peak where a 

sudden drop in capacity was noted. 

Table 4.10: Average tensile performance of the Grilon BG-50 polymer composition 

Conditioning 

duration 
0 7 14 30 42(1) 60 70 90 

Tensile 

strength (kN) 
5.03 4.29 4.20 4.12 4.01 4.27 4.16 4.01 

Elongation 

(mm) 
4.20 4.46 4.27 4.27 4.18 4.25 4.11 4.06 
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Tensile stress 

(MPa) 
129.03 110.00 107.68 105.52 102.52 109.52 106.61 102.79 

Standard de-

viation 
1.71 1.28 0.99 1.11 1.70 1.37 0.24 1.08 

Tensile strain 

(mm/mm) 
0.032 0.039 0.036 0.037 0.037 0.034 0.035 0.036 

Failure loca-

tion/ code 
LGT LGT LGT LGT LGT LGT LGT LGT 

(1) Equivalent to 1000 hours of conditioning. 

 

Figure 4.12: Average Tensile strength performance of the Grilon BG-50 polymer composi-

tion. 

The average strength retention plot of the examined specimens Figure 4.13 shows an overall 

reduction in performance after ageing in the conditioning environment. An important note is 

that the steep reduction was observed after seven days of conditioning, followed by a steady 

decrease in performance over the subsequent three conditioning periods. The literature and 

the manufacturer's detail sheets showcased that the PA6 resin used in the Grilon polymer 

composition varies in performance after exposure to moisture and heat due to the high ab-

sorption characteristics and the glass transition temperature of the PA6 resin. It should be 

noted that unorthodoxly, the performance behaviour was observed to increase over the 60 and 

70-day conditioned specimens in comparison to the 40-day conditioned samples compared to 

the 30 and 42-day conditioned specimens. The observed results contradict the presumed per-

formance characteristics of the specimens after a more extensive conditioning period. The av-

erage stress/strain graph of the B-5 and B-6 plotted in Figure 4.12 did not showcase and no-

ticeable change in the tensile behaviour of the specimen.    
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Figure 4.13: Strength Retention of the Grilon BG-50 polymer over the conditioning duration. 

4.2.6.6 Grivory 

The gripping and the initial examination observations of the Grivory specimens did not reveal 

slippage at the tabs or premature failures of the specimens. Therefore, the average tensile per-

formance of the specimens was evaluated from all the examined specimens.  

The unconditioned specimens recorded average tensile stresses of 187 MPa with a standard 

deviation of 0.91 (Table 4.11). Furthermore, the average tensile strain was 0.02. The results 

were in line with the information provided by the polymer manufacturer for dry or uncondi-

tioned specimens (Table 2.1). On the other hand, after 90 days of conditioning in the alkaline 

environment, the tensile stress and strain were observed to average 121.8 MPa and 0.046, re-

spectively. The standard deviation of the tensile stress after 90 days of conditioning was 0.44. 

The standard deviation was observed to shrink with an increase in the duration of condition-

ing, indicating that the performance characteristics reduce in variations after the hydrolysis 

attack on the polymer composition. The average tensile stress and strain characteristics of the 

Grivory polymer were seen to fluctuate over the different conditioning duration. The mode 

and location of failure of the examined specimens were observed to be similar across the var-

ious conditioning durations, with the failure occurring at the gage area of the specimen. The 

performance plot of the examined specimens showcased in (Figure 4.14) outlines the average 

tensile behaviour performance, which was bilinear up to the peak where a sudden drop in ca-

pacity was noted. 

Table 4.11: Average tensile performance of the Grivory GV-5H polymer composition. 

Condition-

ing duration 
0 7 14 30 42(1) 60 70 90 

Tensile 

strength 

(kN) 

7.32  5.20 5.02 4.82 5.11  4.75 

Elongation 

(mm) 
3.83  5.50 5.27 5.43 5.00  5.33 
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Tensile 

stress (MPa) 
187.67  133.31 128.77 123.64 130.99  121.81 

Standard de-

viation 
0.91  0.22 0.13 0.45 1.36  0.44 

Tensile 

strain 

(mm/mm) 

0.020  0.045 0.045 0.045 0.041  0.046 

Failure loca-

tion/ code 
LGT  LGT LGT 

LG 

(A&B&M) 
LGT  LGT 

(1) Equivalent to 1000 hours of conditioning. 

 

Figure 4.14: Average Tensile stress performance of the Grivory GV-5H polymer composi-

tion. 

The average strength retention plot of the examined specimens Figure 4.15 shows an overall 

reduction in performance after ageing in the conditioning environment. An important note is 

that the steep reduction was observed after seven days of conditioning, followed by a steady 

performance decrease over the three successive conditioning periods. The literature and the 

manufacturer's detail sheets showcased that the PA66 resin used in the Grilon polymer com-

position varies in performance after exposure to moisture and heat due to the high absorption 

characteristics and the glass transition temperature of the PA6 resin. It should be noted that 

unorthodoxly, the performance behaviour was observed to increase over the 60 conditioned 

specimens in comparison to the 40-day conditioned samples compared to the 30 and 42-day 

conditioned specimens. The observed results contradict the presumed performance character-

istics of the specimens after a more significant conditioning period. The average stress/strain 

graph of the G-5 plotted in Figure 4.14 did not showcase and noticeable change in the tensile 

behaviour of the specimen.    
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Figure 4.15: Strength Retention of the Grivory GV-5H polymer over the conditioning dura-

tion. 

4.2.6.7 Comparative study of the tensile performance of the dog-bone sam-

ples 

The tensile performance of the examined polymers revealed several elements where 

cross-examination of the result would help indicate the most optimum specimen to with-

stand the exposure to the alkaline environment in concrete. The first area to point at is the 

tensile performance of the unconditioned specimens, which showcased the clear indica-

tion of the high tensile capabilities of the Grivory polymer with an average gap of 12% to 

the second-best performing sample. The results were in line with the information pro-

vided by the manufacturer. Surprisingly, the Grilon polymer was observed to have aver-

age tensile stresses of 53% to the information presented in the manufacturer’s data sheets. 

Generally, the acceptable variation in performance between the information outlined in 

the manufacturers’ data sheets and the obtained results from the current experimental 

work was marked at around 20% of the outlined performance capabilities. All the poly-

mers except the Grilon polymers were observed to lay within the acceptable range.  

The Tensile stress after the 90 days of conditioning was observed to result in the highest 

reduction in performance across the examined specimens. The highest recorded tensile 

stress results after conditioned were obtained from the Grivory polymer composition. Alt-

hough, the gap in performance to the Amodel polymer composition, which ranked sec-

ond, was shrunk to 2.5%, indicating the Grivory polymer composition showcases a higher 

rate of deterioration than the Amodel polymer. Conversely, the Desmovit polymer com-

position recorded the lowest tensile stress results after the most prolonged conditioning 

duration. This points to the extreme deterioration of the polymer matrix during exposure 

to the alkaline solution.  

The obtained tensile strain information from the conducted examination on the condition-

ing specimens reflected the elongation % outline in the manufacturers’ data sheets. The 

conditioning of the specimens was observed to change the behaviour of the specimens 
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during the examination. The average strain results of the Amodel and Desmovit speci-

mens were observed to reduce after 90 days of conditioning, indicating an increase in 

stiffness of the behaviour of the specimens. On the other hand, the elasticity of the Grilon 

and Grivory polymers was observed to increase after conditioning. The elasticity of the 

Grivory polymer was observed to increase by more than double after the final condition-

ing period.  

The tensile behaviour of the five examined polymer compositions and the various condi-

tioning durations revealed similar behavioural trends during the tensile examination of the 

specimens. A bilinear tensile behaviour trend was observed across the examination of the 

dog-bone samples. Additionally, the model and location of failure were observed to be 

consistent across the various conditions. The mode of failure was lateral, and the location 

was observed at the gage area of the examined sample.  

The strength retention results presented in the former sections showcased two trends in 

the performance of the dog-bone samples. The first was an overall steady reduction up to 

the 90-day conditioning period observed at the Acetal and Desmovit polymers. The sec-

ond trend was observed in the nylon-based polymer “Amodel, Grilon and Grivory”, 

which showcased fluctuations in the degradation trends of the samples. An apparent in-

crease in the tensile retention percentage of the samples was observed on the specimens 

conditioned for 60 days across the mentioned polymers.  

 

4.2.7 Summary of the polymer characterisation  

The performance observed in the previous chapter revealed several characteristics of the pol-

ymer composition used to fabricate the headed GFRP bars.  

The results obtained from the water absorption examination were observed to reveal changes 

in the weight of the specimens after exposure to the alkaline environment. The material with 

the highest diversity was the Desmovit polymer which recorded a change of - 8 g after condi-

tioning for 90 days. Generally, the materials lost weight after conditioning except for the Gri-

lon samples, which were observed to increase in weight after conditioning. 

It should be noted that the water absorption content of the polymer was observed to stay con-

sistent with the unconditioned specimens except for the Desmovit specimens, which were ob-

served to showcase an increase in the absorption rate as the conditioning duration in-

creased. Similarly, the examination of the specific gravity of the materials after exposure did 

not reveal any changes in the characteristics of polymers after exposure.  

Examining the constituents’ content of each polymer composition was observed to showcase 

values similar to the information provided by the manufacturers of each composition.  
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The void content of the materials was evaluated to determine the change in physical proper-

ties of the polymers, but the evaluation did not reveal any sign of increased void content after 

exposure to the conditioning environment.  

Finally, the effects of conditioning on the tensile strength capabilities of the polymers were 

the most significant during the composition evaluation. Overall, an apparent reduction in the 

tensile performance of each material was observed after exposure to the harsh environment. 

The most significant reduction in performance was recorded by the Desmovit polymer, which 

lost 47% of its strength on average after 90 days of exposure to the alkaline solution. The ma-

terial with the highest resistance to degradation was the Grilon polymer, with impressive 

strength retention of 79%.  

Changes to the tensile behaviour were also observed in the conditioned specimens. The com-

position of each polymer played the most significant role in the behaviour change. The 

Desmovit specimens lost 15 mm of their peak displacement after the final stage of condition-

ing. This change was the highest compared to the other polymers, which recorded a change 

varying between – 1.4 and + 1.5 mm after conditioning.  

Oddly, the rate of degradation of the nylon-based polymers "Amodel, Grilon, and Grivory" 

on the 60th conditioning day showcased an increase in the tensile capacity compared to the 

specimens conditioned for 42 days allotting to fluctuations in the chemical deterioration of 

those polymers. The Acetal and Desmovit specimens did not showcase such a change in per-

formance.  

As for the strength capacity of the polymers, the Grivory composition was the dominant poly-

mer with an average tensile stress of 187 MPa before conditioning. Additionally, it was the 

polymer with the highest tensile strength after 90 days of conditioning with an average of 121 

MPa. It should be noted that the highest drop in tensile strength was observed between the 0 

and 7-days of conditioning, with a reduction of 54 MPa recorded by the Grivory composition, 

pointing towards the severity of the conditioning solution.   
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CHAPTER 5    

Bond Characteristics of Headed 

GFRP Bars 

5.1 General 
This chapter presents a detailed discussion of the results of the experimental program focus-

ing on the bond characteristics of the headed GFRP bars. The chapter follows a logical se-

quencing starting by presenting the concrete properties of the two phases of the examination, 

followed by the performance of the coupling mechanisms and their effects on the perfor-

mance of the GFRP specimens. The chapter's bond performance starts with a presentation of 

the bond characteristics of the straight GFRP bars, followed by the performance of the 

headed GFRP bars. The bond performance of the conditioned headed GFRP bars were given. 

A presentation of the effects of section confinement was given as an explanation for several 

failures of the headed bars. The chapter is concluded with a summary of the examined speci-

mens and highlights areas of importance observed during the examination. 

The figures and tables presented in the following chapter were chosen from specimens that 

showcased typical performance. The raw data are presented in Appendices C and D below. 

5.2 Concrete properties 

5.2.1 Compressive strength capacity 

The concrete compressive properties were tested at the start and end dates of the examination 

of each phase. The results yielded an average compressive capacity of 25 MPa for phases one 

and two. Three concrete cylinders were tested for each batch, and six cylinders were exam-

ined per phase. The examination timeline of cylinders was dependent on the duration of the 

examination of the specimens. Therefore, batch cylinders of batch 1 were examined 87 days 

apart, and batch cylinders of batch 2 were only examined six days apart due to an improved 

coupling system. The average results of each batch are presented in Figure 5.1 below. The re-

sults showed no significant increase in compressive strength over the testing period. Oddly, 

the final phase of batch 2 was observed to showcase a reduction in strength compared to the 

cylinders examined three days earlier. Although this result is slightly unrealistic in the scien-

tific term since concrete tends to showcase an increase in compressive capacity as time 

passes. Although, it should be noted that the increase is slow after the initial 28 days when 

the concrete gains 80% of its ultimate capacity. Therefore, the observed results were accepta-

ble since the results are close to each other and the time difference between the tested speci-

mens. Full stress-strain curves of the concrete cylinders and plots can be found in appendix A 

figures.  
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Figure 5.1: Average compressive strength results of the concrete. 

 

5.2.2 Tensile strength capacity 

Similarly, the split tension tests of the three concrete cylinders were examined at the start and 

end dates of each testing phase. The tensile strength results were significant to obtain since 

the pull-out tests are mainly affected by the tensile capacity of the concrete. The average re-

sults of each batch are presented in Figure 5.2 below. The results showcased a slight increase 

in the tensile capacity on the final day of the batch 2 examination. Oddly, the final phase of 

batch 1 was observed to showcase a reduction in strength compared to the cylinders exam-

ined 87 days earlier. The reduction was in the magnitude of 10%. Although this result is 

slightly unrealistic in the scientific term, as explained in the previous section. Therefore, the 

observed results in this matter were accepted since the results are close to each other. Addi-

tionally, concrete has been shown to have a high degree of fluctuation in performance capa-

bilities.  
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Figure 5.2: Average tensile strength results of the concrete. 

5.3 Anchorage performance 

The subsequent sections present the results of the headed and straight GFRP examination to 

investigate the increase in pull-out performance with the use of headed versus straight GFRP 

bars, followed by the investigation into the performance of the conditioned headed anchors 

versus their unconditioned counterparts. The first section investigates the reason behind the 

increase in pull-out performance of headed bars compared to straight GFRP bars and how 

they link to the results mentioned in the literature. The second section presents the results of 

the conditioned specimens for 30 days under accelerated ageing conditions to determine the 

long-term durability performance of the headed anchors. The durability performance of the 

GFRP bars had been studied previously, and the vinyl ester resin used in manufacturing 

GFRP showcased excellent resistance capabilities. Therefore, the investigation into the dura-

bility performance of straight GFRP bars was neglected. The sections are divided into pre-

peak, peak, and post-peak performance analyses. As mentioned in the section, the specimens 

were tested with two coupling methods: an epoxied steel sleeve and a wedge and barrel. The 

advantages and downfalls of each system are presented in the following sections.  

 

5.4 Tests of the Coupling systems. 

The effectiveness of the coupling systems was tested in the pull-out performance comparison 

between the headed and straight GFRP bars. The pull-out performance of the conditioned 

specimens was entirely conducted using a wedge and Barrel system and an aluminium alloy 

sleeve to minimize the effects of concentrated stress on the circumference of the bars.  
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5.4.1 Sleeve and epoxy 

The epoxied sleeve coupling method, as mentioned in section 3.10, consisted of the place-

ment of a 500mm steel tube with an external diameter of 50mm over the remaining length of 

the bars after the installation of testing instrumentation, then the sleeve was filled with an 

epoxy resin and left to cure for at least 24 hours. The first obvious downfall of the mentioned 

method was the time consumption required between tests which limited the number of tests 

conducted in a single day to one test in most cases. From a structural performance point of 

view, the sleeve method was observed to have inconsistent interlocking bond capabilities, es-

pecially between the bar and epoxy, which led to stepped slippage of the coupler until the 

hollow jack had reached its maximum stroke (Figure 5.3). 

 

Figure 5.3: A view into a failed a sleeve and epoxy (Acetal A) 

Thereby remedying the entire specimens as a failure even before the observable failure of the 

anchors was obtained. This was a common observation in the current test and literature where 

the grout was used alongside steel tubes as a coupling device (Vint, 2012). Therefore, an up-

date to the coupling methodology was required to ensure the remaining specimens were ex-

amined without fearing data loss due to poor coupling performance.  

5.4.2 Wedge and Barrel 

Halfway through the experiment on the performance of headed versus straight GFRP bars, 

the decision to change the coupling mechanism was made to adopt a more reliable system to 

eliminate the slippage downfall of the previous method. Additionally, due to the COVID-19 

pandemic in New Zealand, limited testing time was available to conduct the examination. 
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Therefore, the time consumption of using a particular coupling method was critical in the de-

cision-making phase of this section. Therefore, the decision to adopt the wedge and barrel 

system was made. The coupling system is comprised of two parts, three wedges, and a cylin-

drical barrel, as mentioned in section 3.10. The wedge and barrel systems are mainly used to 

anchor pre- and post-tensioned steel tendons. Therefore, the serration on the wedges was rela-

tively deep. The method enabled the number of daily tests to rise from 1 to more than 5 in a 

single day. Initial tests with the system revealed the expected premature failure of the exterior 

of the bars due to concentrated stresses and shear of the bond matrix between the resin and 

glass reinforcement (Figure 5.4). Therefore, the barrel and wedge system implemented miti-

gation strategies to remedy the stress concentration issues observed. 

 

Figure 5.4: Failed GFRP bar due to wedge and barrel stresses (PPA-A). 

5.4.3 Improved wedge and barrel coupling 

The stress concentration on the bar’s exterior was minimised after introducing aluminium 

sleeves 0.75mm thick, placed between the GFRP bar and the wedge serrations, which were 

machined from tubes with an internal diameter of 28mm and 2 mm thickness. The length of 

each sleeve was 90mm, and a 1.35mm slit running in the longitudinal direction was cut in 

each sleeve. The purpose of the cut was to allow the sleeve to compress whilst minimizing 

the possible effects of pinching on the stress distribution over the surface of the bars. Initial 

tests of the sleeve, wedge, and barrel system were conducted on extra sets of specimens, and 

the results showcased an increase in the tensile force exerted on the bars before failure could 

be observed. Therefore, the decision was made to adopt the wedge and barrel coupling 

method as the coupling system due to the time efficiency and effective coupling capabilities 

(Figure 5.5).  
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(a) 

(b) 

Figure 5.5: Improved Wedge and barrel system, (a) teeth marks on the aluminium sleeve; (b) 

scratch mark on the exterior of the tested GFRP bar (PPA-C2-A). 

5.5 Pull-out performance of headed versus straight GFRP bars 

5.5.1 Calculation of the bar stresses  

The results obtained from the pull-out performance tested for both conditioned and uncondi-

tioned specimens were presented to represent the peak average bond stress on the exterior of 

the GFRP bars. The average bond stress is calculated by dividing the ultimate load at failure 

by the surface area of the bonded length of the bar. This is in line with the literature found in 

(E. A. Ahmed et al., 2008) experiments.  

𝜏 =
𝑁

𝜋𝑑𝑏𝑙𝑒𝑚𝑏𝑒𝑑
 5.1 

 

Where N is the applied load in kN, d is the bar's diameter in mm, and l is the embedment 

length of the specimen in mm.  

The headed GFRP bars were embedded with another diameter length of bonded length that 

would be removed to calculate the peak average bond stress of the specimens using the aver-

age stress of the three straight GFRP bars examined in the current study. The obtained results 

would reflect the average bond stress of the bonded length inside the headed anchor.  

Additionally, the strain on the specimens was calculated using the obtained LVDT results for 

both loaded and free end positions. The average loaded end displacement of the two LVDTs 

at the top of the specimen was subtracted from the free end slip results to determine the elon-

gation of the specimen during the testing phase. Then the typical strain equation (5.2) was 

used to calculate the strain on the bar until failure was observed. It should be noted that the 



90 

 

strain information for some headed anchor specimens was eliminated due to the poor free end 

LVDT results due to the LVDT needle getting stuck during the test.  

Strain =
𝛥𝐿

𝐿
 5.2 

 

5.5.2 Straight GFRP bars 

Three straight GFRP bars were tested in the current phase of the study to be used to compare 

the pull-out performance of straight vs headed GFRP bars. The pull-out performance of 

straight bars was based on three components 1) chemical and bond adhesion, 2) friction be-

tween the GFRP bar and the concrete surface, and 3) the mechanical interlocking capabilities 

of the bar deformations with the surrounding concrete layer. Failure of the chemical and bond 

adhesion is determined to be at the point of upward movement of the free end of the speci-

men where the specimens shift from their original position. The friction and mechanical inter-

locking were engaged all the way through, even after the break of the chemical adhesion. 

They determine the ultimate strength capacity of the specimen. The results of the examined 

specimen were in line with the information provided in the literature on GFRP bars embed-

ded in concrete members and tested under pull-out testing conditions. The average bond 

stress of the specimens was observed to be. As expected, the slip results at the loaded end 

were more prominent in magnitude than the results obtained from the slip at the free end. 

GFRP bars elongate when a tensile load is applied to them. The bond response of the straight 

GFRP bars, as shown in figure 5.6 below, showcases a clear transition between the elastic 

and plastic behaviour of the specimens. The point at which the transition occurred was at 

50% of the ultimate load capacity of the specimen.  

The free end slip results at the pre-peak stage can be of a small magnitude (Figure 5.6) due to 

the engagement of all three bond mechanisms, which also indicates an elastic behaviour of 

the specimens. The transition and increase in the free end slip were found to initiate at 30% of 

the ultimate bond strength of the specimens. This information was in line with the results 

found in the literature for similar specimen orientation. The free end displacement increase 

indicates the breakdown of the chemical adhesion mechanism and the start of concrete crush-

ing in the front of the deformation layer due to the mechanical interlocking properties.  
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Figure 5.6: The full straight GFRP bar Stress/Displacement graph (S is a reference to 

Straight GFRP). 

 

As expected, the results from the loaded end displacement were more significant than those 

from the free end slip for all three specimens tested in the current study. The increase in dis-

placement is the elongation of the loaded end of the bar due to the applied tensile load that 

stretches the resin and reinforcement matrices to engage their tensile capacity. Although only 

2 LVDTs were used to measure the loaded end displacement as to the recommended three 

concentrically placed LVDTs, the results were consistent with the information found in the 

literature for pre-peak elongation behaviour of straight GFRP bars.  

The peak results of the examined specimens revealed an average bond stress capacity (Table 

5.1). The obtained results were found to have an average standard deviation value of 14.5. 

The standard deviation values align with the information provided in the literature for short 

embedded GFRP bars. The high standard deviation values are influenced by the surface im-

perfections, which become more significant with short embedment lengths.  

Table 5.1: Peak Stress results of Straight GFRP bars. 

Reference 
Lembed 

(mm) 

Pultimate 

(kN) 
𝜏 (MPa) f/fu Sf (mm) 

Mode of 

failure 

A 134.7 98.4 8.6 0.188 1.325 Pull-out 

B 135.1 118.4 10.3 0.227 1.228 Pull-out 

C 134.8 103.3 9.0 0.198 1.215 Pull-out 

Average  106.7 9.3 0.207 1.256  
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Once the mechanical interlocking bond mechanism was broken at the peak load, the post-

peak phase showcased a steady reduction in the specimens' bond capacity. Therefore, an in-

crease in slip was observed since the only bond mechanism was the friction between the con-

crete and bar surface. The post-peak behaviour of the three examined specimens was ob-

served as a wavy decrease in residual bond stress.  

5.5.3 Headed bars 

During the pull-out examination of the headed GFRP bars, some irregularities were observed 

during the testing phase. Therefore, one specimen per polymer composition was ruled out as 

inconclusive due to 1) a compromised concrete section due to crack propagation from the 

previously tested specimen and 2) slippage or shear of the bar's exterior due to the coupling 

mechanism (Table 5.2). For the formally mentioned reasons, the average tensile results pre-

sented in the subsequent sections were obtained from the unaffected specimens.  

Table 5.2: outline of the removed specimens. 

Material Specimen ref. Reason 

Acetal A-C Crack propagation from the centre specimen to the external 

specimen (C). 

Amodel P-A Bar delamination due to local stress from the wedge and bar-

rel coupling system 

Desmovit D-C Bar delamination due to local stress from the wedge and bar-

rel coupling system 

Grilon B-C Sleeve slippage, then the wedge and barrel were used, which 

resulted in the bar’s delamination 

Grivory G-A Bar delamination due to local stress from the wedge and bar-

rel coupling system 

 

Figure 5.7 shows that the initial bond stiffness of the specimens varied depending on their 

polymer composition, chemical adhesion, and mechanical interlocking properties. It should 

be noted that the ultimate bond strength results of the acetal polymer coded as A in the graph 

below are not comparable to the rest of the specimens due to section confinement variability 

compared to the other examined headed bars. Although, the initial stiffness of all the speci-

mens can be seen to be infinite until approximately 5 MPa when the free end slip was ob-

served. The phase until the slip is explained as the phase where all three bond mechanisms 

are still intact, and only elongation of the bars is observed on the specimens' loaded end. The 

Desmovit CF-30 and the Grivory 5H were observed to record slippage at slightly lower stress 

loads attributed to noise in the data that resulted in a shift of the recorded slippage. 
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Figure 5.7: Typical free end slip graph of the headed GFRP bars. 

As shown in Figure 5.7, the Acetal headed bars recorded the lowest bond stress capacity 

compared to the examined headed bars. The performance behaviour of the Acetal specimens 

was affected by the lack of section confinement (Figure 5.8), which resulted in premature 

failures of the concrete section through side-splitting. In the literature, such a failure mode is 

referred to as a concrete blowout (Benmokrane et al., 2016). The observed failure mode indi-

cates an incomplete tensile and pull-out examination of the headed bars due to the premature 

breakdown of the chemical adhesion and mechanical interlocking capabilities after splitting 

the slab. 
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Figure 5.8: Unconditioned Acetal Headed Bars testing setup (section confinement). (Acetal 

B) 

On the other hand, the confinement of the remaining four headed bars was achieved using 

two thick steel plates attached by two threaded rods to confine the concrete slab, as men-

tioned in section 3.6. The results of the confined sections showcased an improvement in the 

tensile capacity of the headed bars. Additionally, the mode of failure observed after the exam-

ination changed with the introduction of confinement. The specimens were observed to con-

stantly fail through concrete splitting, followed by breaking off the headed anchors (CSH). 

Such failure is described as the headed bars' inability to pull out of the concrete section due to 

the friction between the head bar and the concrete and the interaction within the headed an-

chors between the GFRP bar and epoxy. Although, splitting cracks in the concrete section 

propagate from the headed bar to the concrete surface typically through the observation of 

face and side-splitting of the concrete section as a result of the upwards movement of the 

headed GFRP bars. The presence of the stresses provided through confinement prevented the 

concrete from breaking out. Finally, the material used in the fabrication of the headed bars 

exceeds their maximum tensile resistance resulting in the breaking of the foot of the headed 

bars. This was the most common failure mode of the headed GFRP bars examined in the cur-

rent study.  

The loaded end displacement plots shown in Figure 5.9 revealed the higher recorded dis-

placement magnitude compared to the free end displacement values. The loaded end values 

included the elongation of the examined specimens during the pull-out tests. The displace-

ment results varied depending on the head’s polymer composition. Additionally, the variation 

recorded displacements from specimens from the same polymer composition was apparent, 

especially in the case of the Desmovit and the Amodel-headed bars. Both of which were 
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observed to showcase the highest loaded end displacements. The anomaly observed from the 

Amodel P-B headed bar, which recorded an 8.9 mm displacement at the loaded end of the 

specimens, was attributed to noise and erroneous data recording by the DAQ system. There-

fore, those results were not included in the comparative study of the current section. The 

Desmovit-headed bars were observed to record the largest loaded end displacements with a 

slight increase compared to the other examined specimens. The Acetal headed bars were ob-

served to record similar displacement values to the other examined specimens, with an aver-

age displacement of 3.08 mm.    

 

Figure 5.9: The headed bars' typical Stress/displacement graph. 

The peak bond stresses of the headed bars in Table 5.4 reveal an apparent increase in pull-out 

performance compared to the straight bars. The increase was attributed to an increase in the 

mechanical or interlocking bond mechanism, which allows the bar to reach higher tensile 

stresses. Even with the premature failures of the Acetal headed bars, The 11.2 MPa bond 

stress was higher than the 9.3 MPa of the straight GFRP bars. The highest bond capacity was 

obtained from the Grivory-headed bars with average bond stresses of 16.65 MPa.  

Additionally, the increased tensile forces exerted on the headed bars allowed more stresses to 

be applied to the GFRP and equates to better usage of the ultimate tensile stress of bars. The 

headed GFRP bars were observed to double the tensile load on the examined bars. 

It should be noted that the embedment length of the headed anchors had an additional one di-

ameter of bonded length (⁓27.2mm) which was included in the presented ultimate tensile ca-

pacity of the specimens (Pultimate) but excluded from the bond capacity results presented in 

(Table 5.3). The exclusion method to remove the additional strength capacity gained by the 

additional bonded length was conducted by using the average bond capacities of the straight 
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bars to measure the bond capacity of the one diameter of bonded length above the headed an-

chors, as mentioned in section 3.7. Then the force is subtracted from the ultimate force of the 

specimen before calculating the bond stress of the headed bar as per (equation 5.1). 

For example, the acetal A-A specimen had ultimate bond stress of 11.32 MPa when the addi-

tional bonded length above the headed bar was included. To exclude the additional strength 

provided by the bonded bar, the bonded area of the additional bonded length in mm2 was 

multiplied by the average bond stress obtained from the straight bars’ examination. The result 

was a strength capacity in kN subtracted from the head bars' ultimate strength. Finally, the 

bond stress of the headed bars was calculated using (equation 5.1). The GFRP bars embedded 

within the headed anchors were used to obtain the ultimate stress behaviour of the headed 

bars. 

Table 5.3: Average Bond stress results of headed GFRP bars. 

Refer-

ence 

Pultimate 

(kN) 

SD (1) 𝜏 (MPa) 
(2) f2/fu Sf (mm) Sl (mm) 

Mode of 

failure 

Acetal 169.87 1.58 11.20 0.287 0.864(3) 3.074 CB 

Amodel 221.33 7.16 15.01 0.385 1.448 6.704 CSH 

Desmovit 211.80 4.11 14.34 0.367 4.992(4) 4.849 CSH 

Grilon 227.29 9.39 15.49 0.397 0.781 3.125 CSH 

Grivory 242.47 2.61 16.65 0.420 0.704 4.345 CSH 

(1) Standard deviation. 

(2) The average tensile stress of the headed anchor, excluding the de-bonded length 

(3) Free end slip was obtained from specimen B only due to unrecorded slip for specimen 

A and affected specimen C. 

(4) The slip was obtained from specimen A due to the B specimen recording error slip-

page. 

The actual bar diameter of 27.2 mm was used to calculate the information presented in (Table 

5.3) and the plotted stress results in the previous graphs. Typically, the nominal bar diameter 

of the bars is used to calculate that information. Therefore, if the 25 mm nominal diameter of 

the GFRP bars were used to calculate the mentioned information, then the tensile stress 

would increase, meaning that the bond capacity provided from the Grivory GV-5H would in-

crease to 18.0 from 16.7 MPa. This is an increase of 8% on the average bond stress capacity 

of the headed bars. The peak stress results observed in the current section can be attributed to 

the strength capabilities of each polymer composition. Therefore, it could be concluded that 

the Grivory GV-5H showcased the best pull-out performance and the highest bond stress ca-

pabilities compared to straight GFRP bars, and it can be used as an alternative anchorage type 

to straight or bent GFRP bars.  

The post-peak behaviour of the examined specimens can be seen to showcase a rapid reduc-

tion in strength capacity after the peak load was reached. The abrupt failure is attributed to 

the loss of the two bond mechanisms. Although the graph does not show the duration of the 

post-peak behaviour, the phase only lasts for a few seconds. The abrupt drop in strength is 

followed by the side-splitting of the concrete slab due to the upward movement of the broken 
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anchor and bar. The failure location had consistently been at the head anchors' neck-to-foot 

transition. The neck portion of the anchors stayed intact and attached to the bar after failure 

(Figure 5.10). Once the failed specimen was pulled out of the prism, the concrete above the 

anchor was radially stressed, and side-splitting of the concrete was observed. The literature 

on the failure modes of headed anchors had shown that the bar's rib or deformation would 

shear off in most cases, and the bar would act like a straight bar slipping out of the concrete 

prism. Thereby, no radial stresses on the pull-out of the failed specimens were observed.  

  
Figure 5.10: (a) Failed specimen, (b) Cracked slab 

 

5.6 The durability of headed bars. 

5.6.1 Initial observations 

Conditioning of the headed bars can be seen to change the visual appearance of the headed 

anchors due to the scale build-up on the exterior of the anchors (Figure 5.11). The specimens 

did not showcase any visual degradation in pitting or peeling of the resin layers. The only vis-

ual difference observed between the conditioned, and unconditioned specimens was a slight 

discolouration to the exterior of the headed anchors. Additionally, the GFRP bars and the 

epoxy resin used to attach the bars to the anchors did not show any significant appearance 

change after conditioning. However, the GFRP bars were observed to have a slightly 

smoother exterior and fewer shards than the unconditioned specimens. The mentioned shards 

were tiny fibres covering the exterior of the GFRP bars due to the pultrusion and deformation 

forming techniques used to manufacture the bars. Upon handling, the fine shards were sus-

ceptible to splintering the person handing the bars. The initial observations point to visual 
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delamination of the bars or any unforeseen deterioration to the headed bars. Therefore, any 

reduction in observed performance can be attributed to the alkaline degradation of the headed 

bars over the exposure duration in the accelerated ageing chamber. 

 

Figure 5.11: visual presentation of the conditioned headed bars. 

 

5.6.2 Bond stress performance of conditioned specimens 

Firstly, it should be noted that the results presented in the following sections were obtained 

from 4 of every six examined specimens, which were the A and C-coded specimens of each 

polymer composition. The reason for such selection was the observed crack propagation from 

the external specimens towards the middle specimen coded as B. Although, some specimens 

were not affected by the mode of failure, and in the case of P-C2-B, an increase in the pull-

out capacity compared to its C counterpart (Appendix D) was observed. The decision was 

made to ensure a consistent presentation of the obtained results. Secondly, the slippage fail-

ure of the Grivory C1-A was observed to be an anomaly compared to the expected head 

breakout, resulting in the removal of that specimen from the average performance character-

istics of the conditioned headed GFRP bars. Using the modified wedge and barrel system and 

the aluminium sleeve to reduce the concentrated stress on the bar's exterior positively im-

pacted the elimination of premature failures and slippages of the specimens.  

The Initial slippage values recorded after conditioning the headed bars were observed to be 

similar to the unconditioned specimens. The initial bond stiffness of the typical performance 

of the specimens presented in (Figure 5.12) varied depending on their polymer composition, 

chemical adhesion, and mechanical interlocking properties. Although, the initial stiffness of 

the specimens par the Desmovit specimen can be seen to be infinite until approximately 4 

MPa when the free end slip was observed. This phase until the initial slip was recorded is ex-

plained as the phase where all three bond mechanisms were still intact, and only elongation of 

the bars was observed on the specimens' loaded end.  

After conditioning the headed bars, a general increase in the free end slippage at the peak 

stress was observed. The change in the bond matrices within the headed bars allowing for fur-

ther elongation at the foot of the headed bar could have been attributed to the observed 

change in the free end slippage. Alternatively, improved connection properties between the 

underside of the GFRP bar and the LVDT could have resulted in those displacement values.  
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Figure 5.12: typical free end slippage graph of the conditioned headed bars. 

On the other hand, the initial plot trajectory of the examined specimens was reflective of the 

free-end plot. The typically loaded end displacement plots shown in Figure 5.13 revealed the 

higher displacements compared to the free end displacement values similar to the uncondi-

tioned headed bars. As excepted, the displacement results varied depending on the head’s 

polymer composition. The Desmovit-headed bars were observed to record the highest loaded 

end displacements across the examined specimens, with an average loaded end displacement 

at the peak of 8.213 mm. Additionally, the Desmovit specimens recorded the most noticeable 

elongation results, with a difference of 4.043 mm between the free and loaded end displace-

ments. The value mentioned above refers to the elongation of the headed bar under the ex-

erted tensile loading. The average loaded end displacements shown in Table 5.4 were reflec-

tive of each polymer’s elongation behaviour under tensional stress.  
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Figure 5.13: Typical stress/displacement plot for the conditioned specimens. 

A reduction in the ultimate bond capacity of the headed bars was observed across the exam-

ined specimens baring the Acetal specimens, which recorded a 16% increase in bond capacity 

after conditioning. The unrealistic increase in performance was attributed to the absence of 

concrete confinement during the examination of the unconditioned specimens. The Acetal-

headed bars were observed to record the third-highest conditioned bond performance after 

presenting the lowest bond capacity during the unconditioned examination. This increase in-

dicates two elements, 1) the confinement of the concrete section played a critical role in the 

performance behaviour of the examined specimen, 2) the strength capacity of the acetal poly-

mer is comparable to the selected polymers in the current examination, and the durability 

characteristics of the acetal polymer is highly impressive. The first element was backed by 

the reduction in performance of the unconditioned acetal-headed bars compared to their con-

ditioned counterparts, which was 16% at a minimum. With that information at hand, the min-

imum bond capacity of the unconditioned Acetal-headed bars in confined sections would be 

13.26 MPa. If that were the case, the unconditioned Acetal-headed bars would still rank last 

in bond capacity compared to the remained unconditioned specimens. The second element 

regarding the performance of the Acetal-headed bars was supported by the low rate of hydrol-

ysis observed during the dog-bone sample examination. Although a significant drop in per-

formance was observed, the acetal dog-bone samples presented in (section 4.2.6.2) of the 7 to 

90 days of conditioning saw a minimal reduction in the tensile capacity of the specimens.  

The rate of deterioration of the four remaining polymers varied, and as a result, the perfor-

mance ranking order saw the drop of the Grivory headed bars to second place behind the 

Amodel 1133 specimens, which recorded the highest bond capacity of 14.04 MPa. The high-

est rate of deterioration was observed by the Desmovit headed bars with a reduction of 12.6% 

after 30 days of conditioning. The observed results of the Desmovit specimens were in line 
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with the durability examination of the polymer's dog-bone samples, which recorded the most 

prominent rate of deterioration in the current study.  

Table 5.4: Peak tensile performance of conditioned headed bars. 

Refer-

ence 

Pultimate 

(kN) 

SD (2) 𝜏 (MPa) 
(2) 

f2/fu Sf (mm) Sl (mm) 
Mode of 

failure 

Acetal 197.21 8.27 13.26 0.340 4.151(3) 5.931 CSH 

Amodel 208.05 20.82 14.04 0.360 3.947 4.701 CSH 

Desmovit 184.89 7.25 12.29 0.315 4.170 8.213 CSH 

Grilon 205.12 12.40 13.83 0.354 1.962(3) 5.549 CSH 

Grivory 212.32 6.80 14.59 0.374 2.562 5.547 CSH 

(1) Standard deviation. 

(2) The average tensile stress of the headed anchor, excluding the additional bonded 

length 

(3) Specimen A was removed from the average calculations due to errors in the free-end 

slip results. Refer to Appendix D. 

The post-peak behaviour of the examined specimens can be seen to showcase a rapid reduc-

tion in strength capacity after the peak load was reached. The abrupt failure is attributed to 

the loss of the two bond mechanisms. Although the graph does not show the duration of the 

post-peak behaviour, the phase only lasts for a few seconds. The abrupt drop in strength is 

followed by the side-splitting of the concrete slab due to the upward movement of the broken 

anchor and bar. The failure location had consistently been at the head anchors' neck-to-foot 

transition. The neck portion of the anchors stayed intact and attached to the bar after failure 

(Figure 5.14). Once the failed specimen was pulled out of the prism, the concrete above the 

anchor was radially stressed, and side-splitting of the concrete was observed. The literature 

on the failure modes of headed anchors had shown that the bar's rib or deformation would 

shear off in most cases, and the bar would act like a straight bar slipping out of the concrete 

prism. Thereby, no radial stresses on the pull-out of the failed specimens were observed.  

The durability performance characteristics of materials are usually presented through the cal-

culation of the retained strength percentage after the specimens’ conditioning. The average 

forces of the conditioned and unconditioned specimens are evaluated to determine the change 

in performance after exposure to the conditioning solution. The material with the highest 

strength retention percentage is the most durable when exposed to highly alkaline environ-

ments, similar to those found in concrete structures.  

The Amodel Headed bars were observed to showcase the highest strength retention of the 

current study by retaining 94% of their average tensile strength after exposure to alkaline so-

lution. The PPA resin used in the composition showcased impressive corrosion resistance ca-

pabilities to the alkaline attacks of the accelerated ageing conditions.  

Grivory-headed bars (Table 5.5) were observed to have tensile retention of 87.6 with a stand-

ard deviation value of 6.8. The three specimens selected for this polymer composition ob-

served an overall reduction in pull-out. One specimen was removed from the average stress 
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calculation due to influence from the bottom steel reinforcement bar, which was observed to 

be on top of the foot of the headed anchor.  

Table 5.5: Strength retention % of conditioned headed GFRP bars. 

Reference 

Unconditioned Conditioned 

Retention % Pultimate 

(kN) 
𝝉 (MPa) 

Pultimate 

(kN) 
𝝉 (MPa) 

Acetal 169.87 11.20 197.21 13.26 116.1 

Amodel 221.33 15.01 208.05 14.04 94.0 

Desmovit 211.80 14.34 184.89 12.29 87.3 

Grilon 227.29 15.49 205.12 13.83 90.2 

Grivory 242.47 16.65 212.32 14.59 87.6 

 

The standard deviation of 20.82 of the Amodel-headed bars was the highest amongst the ex-

amined headed bars. The high degree of variation between the specimens resulted in some 

uncertainty on the durability performance of the headed bars. The impressive 94% average 

strength retention of the Amodel specimens saw the outperformance of two conditioned bars 

over the average tensile strength of the unconditioned specimens of 221 kN. The specimens 

coded C1 were observed to have tensile capacities of 226 and 228.6 kN for P-C1-A and P-

C1-C. The results obtained from specimens coded C2 were 198.4 and 178.5 kN, respectively. 

Since the coded specimens were from different slabs, it was likely that the level confinement 

on the C1 slab was higher than that of the C2 slab. The likelihood of the Amodel-headed bars 

degrading in such a fashion and showing those high fluctuations in performance capabilities 

is extremely low. 

The specimens with the second-highest degree of variation were the Grilon-headed bars with 

a standard deviation of 12.40 (Table 5.4). Unlike the Amodel specimens, this degree of varia-

tion was acceptable for three reasons: 1) the 9.3 deviation value of the unconditioned speci-

mens indicates the high variations in the performance of the polymer composite used in the 

Grilon-headed bars. 2) the dog-bone sample examination revealed a high variation in perfor-

mance. 3) the literature on the PA-6 resin performance used in the fabrication of the Grilon 

composite showed high degrees of variation due to the resin's bonding characteristics.  
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(a) 

(b) 

Figure 5.14: outline of the failure mechanisms observed; (a) uncompromised (GV-5H- C2-B) 

specimen; (b) initiation of a tensile crack at the foot of the specimen. (GV-5H-C2-B)  

  

 

Figure 5.15: Concrete splitting after the failure of the headed GFRP bar (B-C2-C). 
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5.7 Effect of crack propagation on the performance of mid-section 

specimens. 

This section presents the results from the compromised specimens located at the mid-section 

of the three specimens' slab orientation and the effects of crack propagation on the pull-out 

performance of the headed bars (Figure 5.16). The midsection specimens generally show-

cased a lower tensile strength performance due to the previously mentioned crack propaga-

tion downfall. The capacity reduction was comparable to the external specimens (A and C) 

but not to the performance in the second slab of the same polymer composition. The Grilon 

B-C1-B showed the most significant performance reduction compared to the average of the 

external specimens, with a reduction of 52 kN or 25% of the ultimate bond stress of the 

headed bars. It was followed by the Grivory GV-5H with 41 kN or around a 20% reduction in 

performance. There were two anomalies where the pull-out performance of the specimen at 

the midsection was observed to be higher than one of the external specimens. They were the 

Amodel P-C2-B and the Desmovit CF-30 D-C2-B. The first was observed to have higher 

pull-out results than P-C2-C. The second specimen was observed to be more prominent in 

magnitude than D-C2-A. The increase of both specimens compared to their external counter-

parts was less than 5%. This could indicate that the crack size and magnitude were small or 

“hairlike”, as mentioned in (fib, 2000), where the crack does not affect the concrete section's 

bond performance. 
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Figure 5.16: Crack propagation from the external specimens to the centre-headed bar (Ace-

tal C1 slab). 

5.8 Summary of the results 

The performance characteristics of the Headed GFRP bars presented in the previous chapter 

showcased the increase in pull-out capacity gained by using Headed anchors compared to 

straight GFRP bars. The gain varied depending on the material composition used to fabricate 

the Headed anchors. The Grivory GV-5H specimens were observed to showcase the highest 

bond capacity with an average peak bond stress of 16.65 MPa before conditioning the speci-

mens.  

The displacement plot trajectories of the examined headed bars were similar across the vari-

ous polymer compositions, but the displacement magnitude at peak stresses varied. The 

Desmovit CF-30 specimens recorded the most prominent peak displacement results from the 

examined specimens reflecting the high elastic properties of the material. 

It was observed across the examined sample that the loaded end displacements were consist-

ently more significant than the free end displacement due to the elongation of the specimen 

under the exerted tensile loading during the tests. The largest average loaded end displace-

ment at peak loads was recorded from the Amodel specimens with an average displacement 

of 6.704 mm. The free end displacement results showcased the upward movement of the 

specimens during the examination. In contrast, the Desmovit recorded the highest average 

free-end displacement of 4.992 mm at peak. The difference between the recorded displace-

ments provided an estimate of the elongation of the GFRP bars and the headed anchors dur-

ing the examination process. Therefore, the Amodel specimens were observed to record the 

highest averages of 5.256 mm.  
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After conditioning for 30 days in the simulated pore solution environment, a general reduc-

tion in the bond and tensile properties of the headed bars was observed except for the Acetal 

headed bars affected by the testing set-up. The reduction in performance is presented in the 

form of retention percentage, which was observed to showcase the impressive durability of 

Amodel specimens, which recorded a retention percentage of 94% after the 30-day condition-

ing period. The bond performance of the Grivory specimens was observed to reduce by 30 

kN on average after conditioning, giving it strength retention of 87%. The strength retention 

of Grilon and the Desmovit specimens was 83 and 84%, respectively, recording the two most 

significant deterioration values of the current study. Additionally, a change in the tensile be-

haviour was observed through a slight increase in the displacement magnitude of the exam-

ined specimens after conditioning.  

As for the Acetal specimens, their tensile and bond characteristics were affected by the ab-

sence of section confinement, which reduced the tensile properties of the unconditioned spec-

imens by at least 16%. Therefore, a 116% strength retention was recorded by conditioned 

specimens, which was deemed unrealistic. Conditioning a material in a degrading environ-

ment would likely showcase a reduction in the overall performance of the specimen.  

The failure modes observed after conditioning were generally consistent across the various 

conditions. The CHS failure mode was the dominant failure mode observed after the peak 

load was achieved.  

Lastly, the after-peak behaviour of the specimens was also observed to be consistent across 

the examined specimens, with a rapid fall in strength capacity after the peak loads were 

reached. Additionally, cracks on the surface of the concrete followed by a rapid upward 

movement of the headed bars were observed.  
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CHAPTER 6     

Conclusion 
6.1 Conclusion based on Experimental work 

1. The physical and chemical properties of a polymer are highly affected by the environ-

mental exposure they face during its service life. The conditioning of the specimens 

was observed to coat the specimens' exterior with scaling, but no observable deterio-

ration was reported. The evaluation of the water absorption revealed a change in the 

weight of the dog-bone samples after conditioning. The water absorption rate did not 

showcase any noticeable change, except for the Desmovit, which was observed to 

showcase a slight increase in absorption on the 90th conditioning day. 

2. Secondly, the specific gravity values were observed to showcase behaviours similar to 

those shown in the water absorption analysis, with the density of the polymers being 

observed to stay constant across all conditioning levels. 

3. The gathered results on the void content and the reinforcement percentage were rela-

tively stable within all the polymer compositions even after conditioning for 90-days 

in the accelerated ageing environment. The observed results indicate that the degrada-

tion of the polymers caused by scission of the resin matrix reduces the sample's me-

chanical capabilities without changing the specimen's physical appearance.  

4. The tensile results of the unconditioned Grilon BG-50 and Grivory GV-5H did not re-

flect the tensile capabilities outlined in their manufacturers’ data sheets. In contrast, 

the tensile results of the three other polymer compositions showcased similar perfor-

mance characteristics as those outlined in their data sheets. The varying performance 

of the Grilon BG-50 and Grivory GV-5H were attributed to their tendency to reduce 

tensile strength when exposed to water or moisture, which leads to saturation of the 

polymers and reduction of their tensile capacity. 

5. The Grivory dog-bone samples recorded the highest average tensile stresses of 187 

MPa before conditioning.  

6. The Tensile capabilities of the examined polymers showcased a significant reduction 

in performance after conditioning. The accelerated ageing of the samples revealed that 

the degradation rate of the polymers varies throughout the conditioning phases, and in 

some instances, an increase in the tensile performance could be observed. The condi-

tioning of the samples was observed to change the stiffness of the specimens due to 

the alkaline attacks on the resin matrix of the polymers, which results in the break-

down of the ester linkages within the matrix.  

7. The strength retention of the Grilon polymer was observed to be the highest, with a 

retention of 79%. Although, the nylon-based “Amodel, Grilon, Grivory” polymers 

were observed to showcase fluctuations in the deterioration plots. The tensile perfor-

mance of the specimens conditioned for 60 days was constantly observed to be higher 

than the specimens conditioned for 42 days.  

8. In the second phase of the examination, the headed GFRP bars provided a higher pull-

out capacity than the straight GFRP bars embedded in concrete. The mechanical 
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interlocking capabilities of the headed bars were observed to provide higher tensile 

stress than the straight GFRP bars due to the enlarged surface area and stiffness of the 

headed bars. Comparing the results with the results provided in the literature reveals 

that the headed anchors in the current study showcased lower bond stresses than their 

smaller diameter counterparts. 

9. The ultimate tensile performance of headed GFRP bars was highly dependent on the 

degree of confinement of the section. The higher the confinement of the section, the 

higher the bond capacity of the specimen. Additionally, the mode of failure was de-

pendent on the same characteristic. The sections with unconfined concrete were ob-

served to fail prematurely through the flexural breaking of the concrete or what is re-

ferred to as concrete blowout (CB). The tested samples with a confined slab could 

reach the maximum tensile capacity of the headed anchor before failure of the slab 

was apparent.  

10. Similar to the dog-bone samples, the visual observation of the conditioned headed 

GFRP bars did not reveal any observable degradation or deterioration of the speci-

mens. The exposure to the highly alkaline environment was observed to change the 

performance capabilities of the headed anchors. A reduction in the pull-out capacity 

of the specimens was observed after the 30-day conditioning duration.  

11. The Acetal-headed bars after conditioning showcased an increase in pull-out capacity 

due to the presence of confinement of the concrete slab during the examination. The 

results of the conditioned Acetal-headed bars place it as the third-best performing 

specimen. In contrast, the unconditioned results of the Acetal-headed bars were al-

most 25% less than the closest specimen in performance. The results further indicate 

the importance of confinement to the strength performance of the headed anchors. 

12. The shape of the sample was a critical factor in the degradation process of the poly-

mers. The retention percentage between the dog-bone samples and the headed GFRP 

bars after 30 days of conditioning revealed that the degradation rate varied between 

the samples. The retention percentage of the dog-bone samples at the 30-day condi-

tioning phase ranged between 46.0 and 71.1. The conditioned headed GFRP bars were 

observed to have a retention percentage between 87.3 and 94. The epoxying of the 

headed anchors before submerging in the alkaline solution limited the degradation lo-

cation to be at the external surface of the anchor. In contrast, the dog-bone samples 

were in complete contact with the degrading solution resulting in a higher deteriora-

tion rate over the conditioning periods. 

6.2 evaluation of the performance characteristics of the materials, 

Ultimately, the performance capabilities and the cost associated with a specific material play 

some of the most prominent roles in selecting one material over another for any required ap-

plication. This study is no different; the durability and tensile performance obtained from ex-

amining the polymers and the cost per kilogram of raw material aid in determining the opti-

mum material for the use in Headed GFRF bars. The performance capabilities of the exam-

ined polymer composition are ranked in (Table 6.1) below, along with the ranking of their 

cost per Kg. The ranking is ordered from 5 to 1, with five referring to the best performing 

material. The final score was the tally of the scores across the various conditions, and the 
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material with the highest score was determined to be the most optimum. The tensile capacity 

of the specimens holds a higher degree of importance. Therefore, a 1.5 multiplier was applied 

to the ranking of each material to represent their importance in the overall evaluation.  

From the information presented in (Table 6.1), a clear distinction can be pointed towards 

three materials that showcased similar performance characteristics and, therefore, are re-

garded as the material with the highest possibility of adoption for the use in headed GFRP 

bars. Even after showing higher degradation grades, the Grivory polymer's tensile capacity 

far outperformed any material examined. The Amodel and Grilon polymers were observed to 

showcase impressive performance capabilities, especially regarding their resistance to degra-

dation after exposure to the alkaline environment.   

Table 6.1: evaluation of the examined material against their cost. 

Material 

Strength retention after 

conditioning 

Tensile capacity after 

conditioning (1.5X) Cost of 

raw ma-

terial 

Score Dog-bone 

coupons (90 

days) 

Headed bars 

(30 days) 

Dog-bone 

coupons 

(90 days) 

Headed 

bars (30 

days) 

Acetal 2 X 2 (3) 2 (3) 5 13* 

Amodel 4 5 4 (6) 4 (6) 2 23 

Desmovit 1 1 1 (1.5) 1 (1.5) 1 6 

Grilon 5 4 3 (4.5) 3 (4.5) 4 22 

Grivory 3 3 5 (7.5) 5 (7.5) 3 24 

(1) The results of the strength retention were inconclusive. Refer to section 5.5.3 for de-

tails. 

6.3 Recommendations for future work 

Based on the results presented in the current study, The Grivory polymer composed of a PA-

66 resin 50% reinforced by weight with glass fibres revealed the best performance capabili-

ties and relatively reasonable material cost, which meant it was the concluded that it was the 

material with the highest potential to be used in the application of headed GFRP bars. Future 

work should investigate the polymer composition and examine its tensile performance and 

strength retention results after accelerated ageing.  

Additionally, examination of the effects of varying glass fibre contents of the Grilon polymer 

or PA-6 resin could result in a polymer that showcases superior performances to those rec-

orded in the current examination. Furthermore, the relatively low cost of the PA-6 resin could 

reflect the economic benefits of examining such polymers as a potential material for headed 

GFRP bar.  

Fabricating dog-bone samples of the proposed polymer to be used in headed GFRP bars can 

be a time and space-efficient solution to fabricating headed GFRP bars and exposing them to 

accelerated ageing conditioning. The dog-bone sampling indicates the polymer's strength re-

tention properties after exposure to a highly alkaline environment. 

Based on the observed results of the pull-out examination, it could be determined that embed-

ment of headed GFRP bars in concrete slabs with a minimum cover and spacing of 140 mm 
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is not advised due to the interacting stress cones between the specimens. It is advised to em-

bed the specimens in separate concrete prisms or a concrete slab with a larger minimum spac-

ing similar to those conducted by (Vint, 2012).  

The modified wedge and barrel coupling system can be the best solution to the common slip-

page downfall observed using the sleeve and epoxy system. Extra care should be taken to en-

sure that the sleeve placed between the wedge serrations and the outside of the GFRP bars 

can withstand the stresses exerted on it while being malleable to transfer the stresses evenly 

across the bar's surface. An aluminium alloy sleeve with a thickness ranging between 0.50-

0.75mm is an excellent sleeve alongside the wedge and barrel systems. 

Adjustments to the data acquisition methodology for the free end slip are required to ensure a 

consistent slip recording. The 6 mm hole was slightly too small and was the cause of many 

erroneous slip results due to the LVDT side getting stuck at the edge of the drilled hole.  

Confinement of the concrete section is crucial in thoroughly examining the pull-out capabili-

ties of the headed GFRP bars. Therefore, consistency in the degree of confinement of the 

concrete prism is crucial to eliminate their effect on the headed bars' final results. 
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APPENDIX A    

Material Properties 
 

The Properties of the polymers used to fabricate the headed anchors, the epoxy resin and the 

GFRP bars are presented below. The information was obtained from the manufacturers of 

each aspect presented. A descriptive presentation of the concrete mix properties used in 

batches one and two of the experiments is shown below. The concrete compressive perfor-

mance and test plot are shown. 
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Figure A.1: Polymer properties (Acetal) (adapted from Polyplastics, 2022) 
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Figure A.2: Polymer properties (Amodel 1133) (adapted from Solvay, 2022) 
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Figure A.3: Polymer properties (Desmovit CF-30) (adapted from Geba Kunststoffcompounds 

GmbH, 2022) 
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Figure A.4: Polymer properties (Grilon BG-50) (adapted from EMS-GRIVORY - Grilon, 

2022) 
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Figure A.5: Polymer properties (Grivory GV-5H) (adapted from (EMS-GRIVORY - Grivory 

GV, 2022) 
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Figure A.6: Glass Fibre Reinforced bars GFRP properties (adapted from Mateenbar, 2022)
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Figure A.7: Resin Epoxy Properties (Hilti 500 V3) (adapted from Hilti New Zealand, 2022)
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Concrete Tests (Phase One) “Start of 

Examination” 

 

Normal Strength Concrete Test Properties 

 

Date of tests:                                  6 August 2021 & 10 November 2021             .                                 

Specifies strength:                                              25 MPa                                       0  

Aggregate size:                                                     19 mm                                       0  

 

Test 

Date 
Test ID 

Modulus (Ec) 

(GPa) 

Ult. Stress (fc’) 

(MPa) 

Ult. Strain 

(ε) (10-3) 

Average (fc’) 

(MPa) 

6/8/21 

1 22565.16 25.15 1.69 

24.42 2 22765.29 25.59 1.84 

3 21356.76 22.52 2.04 

10/11/21 

4 23100.39 26.35 2.03 

26.35 5 23430.70 27.11 1.82 

6 22765.29 25.59 1.63 

 

 

Figure A.8: Concrete compressive strength Slab 1 
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Concrete Tests (Phase One) “Tensile 

Testing” 

 

Normal Strength Concrete Test Properties 

 

Date of tests:                                 6 August 2021 & 10 November 2021_______                                

Manufacturer:                                                Allied Concrete                              0  

Aggregate size:                                                     19 mm                                       0  

 

Test Date Test ID Lavg (mm) Davg (mm) Fult (kN) ft (MPa) 
Average 

ft (MPa) 

6/8/21 

1 200 100 64 2.04 

2.25 2 199.85 100 69 2.20 

3 198 100 78 2.51 

10/11/21 

4 199 99.8 63 2.02 

2.05 5 199.1 99.7 68 2.18 

6 202 100.2 62 1.95 

 

 

 
Figure A.9: Tensile examination setup of phase 1 
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Concrete Tests (Phase Two) “Start of 

Examination” 

 

Normal Strength Concrete Test Properties 

 

Date of tests:                                  17 January 2022 & 20 January 2022              .                                 

Specifies strength:                                              25 MPa                                       0  

Aggregate size:                                                     19 mm                                       0  

 

Test Date Test ID 
Modulus (Ec) 

(GPa) 

Ult. Stress (fc’) 

(MPa) 

Ult. Strain 

(ε) (10-3) 

Average 

(fc’) (MPa) 

17/01/22 

1 23579.31 27.46 1.73 

27.04 2 22933.67 25.97 1.73 

3 23.682.57 27.70 1.72 

20/01/22 

4 23190.94 26.56 1.95 

25.00 5 22611.32 25.25 1.57 

6 21665.53 23.18 1.60 

 

 

Figure A.10: Concrete compressive strength Slab 2 
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Concrete Tests (Phase One) “Tensile 

Testing” 

 

Normal Strength Concrete Test Properties 

 

Date of tests:                                 17 January 2022 & 20 January 2022 _______                                

Manufacturer:                                                Allied Concrete                              0  

Aggregate size:                                                     19 mm                                       0  

 

Test Date Test ID Lavg (mm) Davg (mm) Fult (kN) ft (MPa) 
Average 

ft (MPa) 

17/01/22 

1 201.25 100 66 2.09 

1.97 2 201 100 55 1.74 

3 201.4 100 66 2.09 

20/01/22 

4 200.5 100 58 1.84 

2.18 5 202.5 100 72 2.26 

6 201 100 78 2.46 

 

 

 
Figure A.11: Tensile examination setup of phase 2 
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APPENDIX B    

Dog-Bone Samples Detailed Results 
 

A detailed presentation of the examinations conducted on the dog-bone samples cast from the 

polymer compositions tested in the current study. The presentation follows the sequence fol-

lowed through the report by presenting the water absorption results first, followed by the ten-

sile results. Finally, the full presentation of the specific gravity determination concludes the 

section. The results are presented in tables for each polymer composition and testing method-

ology. For example, A-0-A is the first specimen presented for the three testing methods. The 

information is as follows: 

➢ Lf = overall length of the dog-bone sample 

➢ Lns = length of the narrow section. 

➢ w = maximum width of the specimen. 

➢ wG = width at the gage area. 

➢ T = thickness of the sample. 

➢ V = volume. 

➢ Wc = weight of the conditioned samples (dry). 

➢ Ww = wet weight of the specimen.  

➢ Abs = water absorption content by percentage. 

➢ Nmax = Maximum load. 

➢ ΔL = Elongation or displacement of the specimen. 

➢ σ = Maximum tensile stress. 

➢ ε = Maximum tensile strain. 

➢ ρ = Density of the immersing liquid (water). 

➢ a = weight of the samples. 

➢ b = weight of the sample immersed in water. 

➢ SG = specific gravity of the sample. 
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➢ Code of Failure (failure mode – location – the place of failure) = S (slippage at the 

tabs), LGT (lateral-Gage-Top), LGB (lateral – Gage – Bottom), LGM (Lateral – Gage 

– Middle), LAB (Lateral – Tab – Bottom), AGT (Angled – Gage – Top),  AGM (An-

gled – Gage – Middle). 
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Table B.1:Full results of the water absorption examination of the Acetal polymer dog-bone samples. 

Specimen reference Conditioning duration lf (mm) Lns (mm) w (mm) wG (mm) T (mm) V (mm3) Wc (g) Ww (g) Abs (%) 

A-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

14.93 14.95 0.134 

A-0-B 14.92 14.95 0.201 

A-0-C 14.93 14.95 0.134 

A-1-A 

7 Days 

14.91 14.95 0.268 

A-1-B 14.90 14.95 0.336 

A-1-C 14.91 14.95 0.268 

A-2-A 

14 Days 

14.91 14.95 0.268 

A-2-B 14.91 14.96 0.335 

A-2-C 14.92 14.95 0.201 

A-3-A 

30 Days 

14.91 14.96 0.335 

A-3-B 14.91 14.95 0.268 

A-3-C 14.90 14.94 0.268 

A-4-A 

1000 Hours (42 days) 

14.93 14.97 0.268 

A-4-B 14.93 14.97 0.268 

A-4-C 14.93 14.97 0.268 

A-5-A 

60 Days 

14.99 15.03 0.267 

A-5-B 14.91 14.95 0.268 

A-5-C 14.91 14.94 0.201 

A-6-A 

70 Days 

14.90 14.95 0.336 

A-6-B 15.02 15.05 0.200 

A-6-C 14.91 14.95 0.268 

A-7-A 

90 Days 

14.94 14.98 0.268 

A-7-B 14.93 14.97 0.268 

A-7-C 14.94 14.97 0.201 
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Table B.2:Full results of the water absorption examination of the Amodel 1133 polymer dog-bone samples. 

Specimen reference Conditioning duration lf (mm) Lns (mm) w (mm) wG (mm) T (mm) V (mm3) Wc (g) Ww (g) Abs (%) 

P-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

13.76 13.80 0.291 

P-0-B 13.93 13.97 0.287 

P-0-C 14.01 14.04 0.214 

P-1-A 

7 Days 

14.15 14.18 0.212 

P-1-B 14.03 14.09 0.428 

P-1-C 14.06 14.09 0.213 

P-2-A 

14 Days 

14.22 14.26 0.281 

P-2-B 14.09 14.13 0.284 

P-2-C 14.13 14.17 0.283 

P-3-A 

30 Days 

14.33 14.36 0.209 

P-3-B 14.19 14.21 0.141 

P-3-C 14.31 14.35 0.280 

P-4-A 

1000 Hours (42 days) 

14.37 14.40 0.209 

P-4-B 14.32 14.35 0.209 

P-4-C 14.35 14.38 0.209 

P-5-A 

60 Days 

14.28 14.32 0.280 

P-5-B 14.20 14.24 0.282 

P-5-C 14.31 14.35 0.280 

P-6-A 

70 Days 

14.32 14.36 0.279 

P-6-B 14.17 14.21 0.282 

P-6-C 14.25 14.29 0.281 

P-7-A 

90 Days 

14.17 14.21 0.282 

P-7-B 14.37 14.41 0.278 

P-7-C 14.37 14.40 0.209 
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Table B.3:Full results of the water absorption examination of the Desmovit CF-30 polymer dog-bone samples. 

Specimen reference Conditioning duration lf (mm) Lns (mm) w (mm) wG (mm) T (mm) V (mm3) Wc (g) Ww (g) Abs (%) 

D-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

13.13 13.16 0.228 

D-0-B 13.12 13.14 0.152 

D-0-C 13.14 13.15 0.076 

D-1-A 

7 Days 

13.11 13.14 0.229 

D-1-B 13.12 13.15 0.229 

D-1-C 13.13 13.16 0.228 

D-2-A 

14 Days 

13.11 13.14 0.229 

D-2-B 13.09 13.12 0.229 

D-2-C 13.06 13.09 0.230 

D-3-A 

30 Days 

13.10 13.13 0.229 

D-3-B 13.08 13.10 0.153 

D-3-C 13.08 13.10 0.153 

D-4-A 

1000 Hours (42 days) 

13.07 13.10 0.230 

D-4-B 13.05 13.09 0.307 

D-4-C 13.08 13.11 0.229 

D-5-A 

60 Days 

13.05 13.08 0.230 

D-5-B 13.03 13.07 0.307 

D-5-C 13.04 13.08 0.307 

D-6-A 

70 Days 

13.02 13.06 0.307 

D-6-B 13.04 13.08 0.307 

D-6-C 13.01 13.04 0.231 

D-7-A 

90 Days 

12.97 13.02 0.386 

D-7-B 12.98 13.03 0.385 

D-7-C 12.86 12.97 0.885 
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Table B.4:Full results of the water absorption examination of the Grilon BG-50 polymer dog-bone samples. 

Specimen reference Conditioning duration lf (mm) Lns (mm) w (mm) wG (mm) T (mm) V (mm3) Wc (g) Ww (g) Abs (%) 

B-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

15.30 15.37 0.458 

B-0-B 15.34 15.40 0.391 

B-0-C 15.34 15.40 0.391 

B-1-A 

7 Days 

15.55 15.63 0.514 

B-1-B 15.56 15.66 0.643 

B-1-C 15.57 15.67 0.642 

B-2-A 

14 Days 

15.54 15.63 0.579 

B-2-B .15.50 15.60 0.645 

B-2-C 15.49 15.59 0.646 

B-3-A 

30 Days 

15.55 15.64 0.579 

B-3-B 15.53 15.63 0.644 

B-3-C 15.54 15.64 0.644 

B-4-A 

1000 Hours (42 days) 

15.59 15.68 0.577 

B-4-B 15.63 15.72 0.576 

B-4-C 15.66 15.76 0.639 

B-5-A 

60 Days 

15.53 15.62 0.580 

B-5-B 15.53 16.63 0.644 

B-5-C 15.55 15.59 0.581 

B-6-A 

70 Days 

15.56 15.64 0.514 

B-6-B 15.54 15.64 0.644 

B-6-C 15.53 16.62 0.580 

B-7-A 

90 Days 

15.62 15.71 0.576 

B-7-B 15.67 15.76 0.574 

B-7-C 15.64 15.72 0.512 
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Table B.5:Full results of the water absorption examination of the Grivory GV-5H polymer dog-bone samples. 

Specimen reference Conditioning duration lf (mm) Lns (mm) w (mm) wG (mm) T (mm) V (mm3) Wc (g) Ww (g) Abs (%) 

G-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

15.53 15.58 0.332 

G-0-B 15.53 15.57 0.258 

G-0-C 15.54 15.59 0.332 

G-1-A 

7 Days 

   

G-1-B    

G-1-C    

G-2-A 

14 Days 

15.80 15.86 0.380 

G-2-B 15.79 15.85 0.380 

G-2-C 15.80 15.85 0.380 

G-3-A 

30 Days 

15.86 15.91 0.315 

G-3-B 15.87 15.93 0.378 

G-3-C 15.83 15.89 0.379 

G-4-A 

1000 Hours (42 days) 

15.90 15.96 0.377 

G-4-B 15.90 15.97 0.440 

G-4-C 15.89 15.95 0.378 

G-5-A 

60 Days 

15.79 15.86 0.443 

G-5-B 15.80 15.85 0.316 

G-5-C 15.79 15.85 0.380 

G-6-A 

70 Days 

   

G-6-B    

G-6-C    

G-7-A 

90 Days 

15.90 15.94 0.252 

G-7-B 15.91 15.95 0.251 

G-7-C 15.93 15.97 0.251 
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Table B.6: Tensile strength results of the Acetal dog-bone samples. 

Specimen 

Reference 

Conditioning 

duration 

lf 

(mm) 

Lns 

(mm) 

w 

(mm) 

wG 

(mm) 

T 

(mm) 
V (mm3) 

N 

(kN) 

ΔL 

(mm) 

σ 

(MPa) 

ε 

(mm/mm) 

Failure 

Location 

A-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

4.112 2.900 105.446 0.018 S / LGT 

A-0-B 4.529 3.527 116.122 0.022 LGT 

A-0-C 4.606 4.520 118.108 0.023 LGB 

A-1-A 

7 Days 

2.903 2.537 74.448 0.017 LGB 

A-1-B 2.997 2.627 76.856 0.016 LGB 

A-1-C 2.886 2.274 73.992 0.013 LGB 

A-2-A 

14 Days 

2.758 2.544 70.712 0.019 LGB 

A-2-B 2.733 2.214 70.087 0.018 LGT 

A-2-C 2.752 2.230 70.576 0.015 LGB 

A-3-A 

30 Days 

2.705 2.734 69.362 0.021 LGB 

A-3-B 2.661 2.550 68.233 0.019 LGT 

A-3-C 2.728 2.844 69.942 0.021 LGB 

A-4-A 
1000 Hours 

(42 days) 

2.676 2.664 68.618 0.022 LGB 

A-4-B 2.665 2.567 68.339 0.020 LGB 

A-4-C 2.688 2.947 68.921 0.022 LGB 

A-5-A 

60 Days 

2.685 2.804 68.842 0.024 LGM 

A-5-B 2.697 2.914 69.145 0.024 LGB 

A-5-C 2.713 2.747 69.554 0.023 LGB 

A-6-A 

70 Days 

2.702 3.024 69.273 0.025 LGB 

A-6-B 2.682 2.884 68.762 0.023 LGM 

A-6-C 2.680 2.914 68.726 0.026 LGB 

A-7-A 

90 Days 

2.660 2.950 68.205 0.024 LGB 

A-7-B 2.657 2.977 68.138 0.025 LGB 

A-7-C 2.653 2.804 68.036 0.023 LGB 
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Table B.7: Tensile strength results of the Amodel 1133 dog-bone samples. 

Specimen 

Reference 

Conditioning 

duration 

lf 

(mm) 

Lns 

(mm) 

w 

(mm) 

wG 

(mm) 

T 

(mm) 
V (mm3) 

N 

(kN) 

ΔL 

(mm) 

σ 

(MPa) 

ε 

(mm/mm) 

Failure 

Location 

P-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

6.702 4.020 171.855 0.027 LGB 

P-0-B 5.967 3.787 153.012 0.019 LGT 

P-0-C 6.898 4.513 176.866 0.019 LGB 

P-1-A 

7 Days 

6.411 4.483 164.385 0.017 LGT 

P-1-B 5.139 3.220 131.770 0.016 LGT 

P-1-C 6.509 3.393 166.896 0.019 LGT 

P-2-A 

14 Days 

5.068 2.690 129.948 0.014 LGB 

P-2-B 5.934 3.360 152.164 0.019 LAB 

P-2-C 6.140 4.180 157.700 0.018 LGB 

P-3-A 

30 Days 

5.293 2.677 135.716 0.015 LGB 

P-3-B 5.394 3.060 138.317 0.017 LGT 

P-3-C 5.218 3.053 133.790 0.014 LGB 

P-4-A 
1000 Hours 

(42 days) 

4.926 2.807 126.306 0.013 LGT 

P-4-B 5.124 3.450 131.390 0.016 LGB 

P-4-C 5.131 3.277 131561 0.016 LGB 

P-5-A 

60 Days 

5.290 3.021 135.637 0.017 LGM 

P-5-B 5.284 3.024 135.479 0.017 LGB 

P-5-C 5.214 3.050 133.587 0.016 LGB 

P-6-A 

70 Days 

5.097 3.183 130.693 0.017 LGB 

P-6-B 4.829 2.870 123.818 0.018 LGB 

P-6-C 4.937 2.810 126.599 0.015 LGM 

P-7-A 

90 Days 

4.451 2.883 114.139 0.016 LGM 

P-7-B 4.737 2.670 121.428 0.016 LGB 

P-7-C 4.710 2.667 120.781 0.016 LGB 
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Table B.8: Tensile strength results of the Desmovit CF-30 dog-bone samples. 

Specimen 

Reference 

Conditioning 

duration 

lf 

(mm) 

Lns 

(mm) 

w 

(mm) 

wG 

(mm) 

T 

(mm) 
V (mm3) 

N 

(kN) 

ΔL 

(mm) 

σ 

(MPa) 

ε 

(mm/mm) 

Failure 

Location 

D-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

4.242 16.570 108.781 0.111 LGM 

D-0-B 4.405 18.330 112.946 0.130 LGT 

D-0-C 3.142 6.240 80.572 0.052 S 

D-1-A 

7 Days 

4.291 14.847 110.028 0.111 LGT 

D-1-B 4.241 17.000 108.756 0.126 LGT 

D-1-C 3.794 14.257 97.284 0.105 LGT 

D-2-A 

14 Days 

3.970 12.290 101.794 0.098 LGT 

D-2-B 4.081 14.331 104.646 0.116 LGT 

D-2-C 4.204 15.700 107.802 0.120 LGM 

D-3-A 

30 Days 

3.869 13.430 99.201 0.101 LGT 

D-3-B 3.853 12.474 98.798 0.101 LGT 

D-3-C 3.770 11.614 96.668 0.091 LGT 

D-4-A 
1000 Hours 

(42 days) 

3.539 11.880 90.732 0.090 LGB 

D-4-B 3.506 11.794 89.887 0.099 LGB 

D-4-C 3.465 10.350 88.849 0.076 LGM 

D-5-A 

60 Days 

3.068 8.210 78.666 0.072 AGM 

D-5-B 3.164 8.710 81.133 0.071 LGM 

D-5-C 3.113 8.204 79.826 0.068 LAB 

D-6-A 

70 Days 

2.692 5.377 69.031 0.043 LGT 

D-6-B 2.707 5.924 69.409 0.050 LGT 

D-6-C 2.658 5.704 68.158 0.045 LGB 

D-7-A 

90 Days 

2.021 2.287 51.812 0.017 LGM 

D-7-B 2.030 2.660 52.050 0.018 LGB 

D-7-C 1.918 2.310 49.168 0.020 LGB 
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Table B.9: Tensile strength results of the Grilon BG-50 dog-bone samples. 

Specimen 

Reference 

Conditioning 

duration 

lf 

(mm) 

Lns 

(mm) 

w 

(mm) 

wG 

(mm) 

T 

(mm) 
V (mm3) 

N 

(kN) 

ΔL 

(mm) 

σ 

(MPa) 

ε 

(mm/mm) 

Failure 

Location 

B-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

4.945 4.284 126.784 0.033 LGM 

B-0-B 5.106 4.207 130.910 0.033 LGT 

B-0-C 5.047 4.100 129.403 0.030 LGT 

B-1-A 

7 Days 

4.315 4.600 110.634 0.040 LGT 

B-1-B 4.220 3.980 108.216 0.036 LGT 

B-1-C 4.335 4.794 111.148 0.041 LGT 

B-2-A 

14 Days 

4.254 4.427 109.070 0.038 LGT 

B-2-B 4.166 4.364 106.827 0.036 LGT 

B-2-C 4.179 4.020 107.154 0.034 LGB 

B-3-A 

30 Days 

4.143 4.550 106.241 0.041 LGT 

B-3-B 4.148 4.290 106.360 0.037 LGT 

B-3-C 4.054 3.967 103.952 0.032 LGT 

B-4-A 
1000 Hours 

(42 days) 

3.931 3.934 100.804 0.035 LGT 

B-4-B 4.005 4.144 102.704 0.038 LGT 

B-4-C 4.093 4.464 104.951 0.040 LGT 

B-5-A 

60 Days 

4.324 4.420 110.872 0.036 LGT 

B-5-B 4.292 4.330 110.042 0.036 LGT 

B-5-C 4.198 4.014 107.651 0.030 LGT 

B-6-A 

70 Days 

4.168 4.164 106.881 0.037 LGT 

B-6-B 4.159 4.137 106.650 0.035 LGT 

B-6-C 4.146 4.017 106.303 0.034 LGT 

B-7-A 

90 Days 

3.950 3.897 101.282 0.033 LGT 

B-7-B 4.046 4.294 103.750 0.037 LGT 

B-7-C 4.031 3.984 103.348 0.037 LGT 
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Table B.10: Tensile strength results of the Grivory GV-5H dog-bone samples. 

Specimen 

Reference 

Conditioning 

duration 

lf 

(mm) 

Lns 

(mm) 

w 

(mm) 

wG 

(mm) 

T 

(mm) 
V (mm3) 

N 

(kN) 

ΔL 

(mm) 

σ 

(MPa) 

ε 

(mm/mm) 

Failure 

Location 

G-0-A 

0 Days 

183.0 57.9 19.0 13.0 3.0 9136.027 

7.336 3.864 188.099 0.028 LGT 

G-0-B 7.352 3.857 188.508 0.023 AGT 

G-0-C 7.270 3.777 186.402 0.021 LGT 

G-1-A 

7 Days 

     

G-1-B      

G-1-C      

G-2-A 

14 Days 

5.197 5.577 133.266 0.046 LGT 

G-2-B 5.190 5.487 133.070 0.046 LGT 

G-2-C 5.210 5.440 133.590 0.045 AGT 

G-3-A 

30 Days 

5.029 5.457 128.948 0.047 AGT 

G-3-B 5.016 5.087 128.624 0.043 LGT 

G-3-C 5.021 5.277 128.749 0.045 LGT 

G-4-A 
1000 Hours 

(42 days) 

4.825 5.487 123.706 0.045 LGT 

G-4-B 4.799 5.547 123.061 0.048 LGM 

G-4-C 4.842 5.260 124.156 0.045 LGB 

G-5-A 

60 Days 

5.132 5.107 131.579 0.042 LGT 

G-5-B 5.159 5.417 132.274 0.044 LGT 

G-5-C 5.035 4.467 129.109 0.035 LGT 

G-6-A 

70 Days 

     

G-6-B      

G-6-C      

G-7-A 

90 Days 

4.727 5.184 121.217 0.045 LGT 

G-7-B 4.768 5.420 122.264 0.048 LGT 

G-7-C 4.756 5.387 121.952 0.046 LGT 
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Table B.11: Specific gravity results for the Acetal dog-bone samples. 

Specimen Ref-

erence 

Conditioning 

duration 

Water Tem-

perature (⁰C) 
ρ (kg/m3) a (g) b (g) SG ρ (kg/m3) 

A-0-A 

0 Days 

22 997.9948 

3.352 1.231 1.580 1575.982 

A-0-B 3.466 1.275 1.582 1577.721 

A-0-C 3.747 1.374 1.579 1574.885 

A-1-A 

7 Days 

3.562 1.302 1.576 1572.280 

A-1-B 3.582 1.311 1.577 1573.172 

A-1-C 3.634 1.325 1.574 1569.802 

A-2-A 

14 Days 

3.658 1.080 1.419 1415.104 

A-2-B 3.765 1.380 1.578 1574.441 

A-2-C 3.726 1.371 1.582 1578.376 

A-3-A 

30 Days 

3.713 1.363 1.580 1576.251 

A-3-B 3.697 1.360 1.582 1577.817 

A-3-C 3.675 1.339 1.573 1569.330 

A-4-A 
1000 Hours (42 

days) 

3.738 1.368 1.577 1573.261 

A-4-B 3.687 1.348 1.577 1572.692 

A-4-C 3.762 1.370 1.573 1568.924 

A-5-A 

60 Days 

3.716 1.361 1.578 1573.609 

A-5-B 3.724 1.364 1.578 1574.003 

A-5-C 3.638 1.334 1.579 1574.816 

A-6-A 

70 Days 

3.747 1.375 1.580 1575.846 

A-6-B 3.707 1.295 1.537 1533.358 

A-6-C 3.769 1.390 1.585 1580.500 

A-7-A 

90 Days 

3.767 1.394 1.587 1583.340 

A-7-B 3.805 1.400 1.583 1578.297 

A-7-C 3.715 1.360 1.577 1573.502 
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Table B.12: Specific gravity results for the Amodel 1133 dog-bone samples. 

Specimen Ref-

erence 

Conditioning 

duration 

Water Tem-

perature (⁰C) 
ρ (kg/m3) a (g) b (g) SG ρ (kg/m3) 

P-0-A 

0 Days 

21 997.9948 

3.508 1.070 1.439 1435.259 

P-0-B 3.362 1.028 1.440 1436.585 

P-0-C 3.578 1.094 1.440 1436.840 

P-1-A 

7 Days 

3.421 1.061 1.449 1445.684 

P-1-B 3.630 1.121 1.447 1443.365 

P-1-C 3.470 1.081 1.453 1448.985 

P-2-A 

14 Days 

3.524 1.092 1.449 1445.721 

P-2-B 3.594 1.104 1.448 1443.944 

P-2-C 3.553 1.104 1.451 1446.919 

P-3-A 

30 Days 

3.607 1.132 1.457 1453.510 

P-3-B 3.561 1.107 1.451 1447.609 

P-3-C 3.474 1.071 1.445 1441.783 

P-4-A 
1000 Hours 

(42 days) 

3.573 1.113 1.453 1449.021 

P-4-B 3.560 1.114 1.456 1452.011 

P-4-C 3.729 1.154 1.448 1444.259 

P-5-A 

60 Days 

3.593 1.121 1.454 1449.999 

P-5-B 3.430 1.061 1.448 1444.131 

P-5-C 3.621 1.117 1.446 1442.485 

P-6-A 

70 Days 

3.477 1.090 1.456 1452.797 

P-6-B 3.520 1.092 1.450 1445.876 

P-6-C 3.323 1.035 1.452 1448.638 

P-7-A 

90 Days 

3.230 1.002 1.450 1446.167 

P-7-B 3.279 1.023 1.453 1449.547 

P-7-C 3.382 1.051 1.451 1447.090 
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Table B.13: Specific gravity results for the Desmovit CF-30 dog-bone samples. 

Specimen Ref-

erence 

Conditioning 

duration 

Water Tem-

perature (⁰C) 
ρ (kg/m3) a (g) b (g) SG ρ (kg/m3) 

D-0-A 

0 Days 

22 997.7730 

3.140 0.776 1.328 1324.881 

D-0-B 3.501 0.905 1.348 1345.061 

D-0-C 3.344 0.867 1.350 1346.837 

D-1-A 

7 Days 

3.292 0.849 1.348 1344.169 

D-1-B 3.058 0.790 1.349 1345.101 

D-1-C 3.446 0.786 1.295 1292.115 

D-2-A 

14 Days 

3.147 0.810 1.347 1343.319 

D-2-B 3.135 0.797 1.341 1337.680 

D-2-C 3.106 0.808 1.352 1348.466 

D-3-A 

30 Days 

3.212 0.835 1.352 1348.134 

D-3-B 3.295 0.860 1.353 1349.593 

D-3-C 3.136 0.806 1.346 1342.502 

D-4-A 
1000 Hours (42 

days) 

3.166 0.795 1.335 1331.626 

D-4-B 3.254 0.833 1.344 1340.505 

D-4-C 3.183 0.821 1.348 1344.216 

D-5-A 

60 Days 

3.152 0.814 1.348 1344.861 

D-5-B 3.319 0.845 1.342 1338.307 

D-5-C 3.097 0.802 1.349 1345.982 

D-6-A 

70 Days 

3.921 0.758 1.351 1347.345 

D-6-B 3.227 0.814 1.337 1333.678 

D-6-C 3.063 0.789 1.347 1343467 

D-7-A 

90 Days 

2.935 0.757 1.347 1343.919 

D-7-B 3.075 0.792 1.347 1343.190 

D-7-C 3.022 0.774 1.344 1340.736 
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Table B.14: Specific gravity results for the Grilon BG-50 dog-bone samples. 

Specimen Ref-

erence 

Conditioning 

duration 

Water Tem-

perature (⁰C) 
ρ (kg/m3) a (g) b (g) SG ρ (kg/m3) 

B-0-A 

0 Days 

21 997.9948 

3.869 1.396 1.565 1560.734 

B-0-B 3.711 1.343 1.567 1563.143 

B-0-C 3.800 1.379 1.569 1565.422 

B-1-A 

7 Days 

3.770 1.371 1.572 1567.744 

B-1-B 3.882 1.407 1.569 1564.822 

B-1-C 3.742 1.356 1.568 1564.335 

B-2-A 

14 Days 

4.947 1.434 1.570 1566.349 

B-2-B 3.995 1.446 1.568 1563.569 

B-2-C 3.950 1.428 1.566 1562.173 

B-3-A 

30 Days 

3.562 1.294 1.571 1566.696 

B-3-B 4.044 1.459 1.565 1560.615 

B-3-C 3.523 1.266 1.561 1557.058 

B-4-A 
1000 Hours 

(42 days) 

3.896 1.395 1.558 1554.180 

B-4-B 3.945 1.421 1.563 1559.155 

B-4-C 3.824 1.384 1.567 1563.290 

B-5-A 

60 Days 

3.929 1.433 1.574 1570.035 

B-5-B 3.934 1.432 1.572 1568.178 

B-5-C 3.917 1.417 1.567 1563.201 

B-6-A 

70 Days 

3.367 1.438 1.569 1564.643 

B-6-B 3.812 1.389 1.573 1569.099 

B-6-C 3.920 1.418 1.567 1562.552 

B-7-A 

90 Days 

3.899 1.396 1.558 1553.650 

B-7-B 3.833 1.386 1.566 1562.208 

B-7-C 3.772 1.358 1.562 1558.475 

 

  



146 

 

Table B.15: Specific gravity results for the Grivory GV-5H dog-bone samples. 

Specimen Ref-

erence 

Conditioning 

duration 

Water Tem-

perature (⁰C) 
ρ (kg/m3) a (g) b (g) SG ρ (kg/m3) 

G-0-A 

0 Days 

21 997.9948 

3.681 1.370 1.593 1588.937 

G-0-B 3.787 1.411 1.594 1589.536 

G-0-C 3.620 1.359 1.601 1596.820 

G-1-A 

7 Days 

    

G-1-B     

G-1-C     

G-2-A 

14 Days 

3.730 1.388 1.592 1588.210 

G-2-B 3.966 1.476 1.593 1588.653 

G-2-C 3.740 1.395 1.595 1590.836 

G-3-A 

30 Days 

3.737 1.394 1.595 1590.883 

G-3-B 3.705 1.382 1.595 1590.761 

G-3-C 3.699 1.374 1.591 1587.025 

G-4-A 
1000 Hours 

(42 days) 

3.518 1.312 1.594 1590.394 

G-4-B 3.891 1.448 1.593 1588.480 

G-4-C 3.849 1.426 1.589 1584.752 

G-5-A 

60 Days 

3.644 1.360 1.595 1591.301 

G-5-B 3.600 1.346 1.597 1592.762 

G-5-C 3.817 1.425 1.595 1591.381 

G-6-A 

70 Days 

    

G-6-B     

G-6-C     

G-7-A 

90 Days 

3.627 1.350 1.593 1588.580 

G-7-B 3.785 1.407 1.592 1587.986 

G-7-C 3.857 1.436 1.593 1589.390 
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Graph plots for the tensile examination of 

the dog-bone samples. 

 

Part one: Load / Displacement graphs. 

 

Part Two: Stress / Strain graphs.  
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(a) (b) 

(c) (d) 

Figure B.1: full load / displacement plots of the Acetal dog-bone samples; (a) unconditioned, (b) 7-day (c) 14-day, (d) 30-day conditioning peri-

ods. 
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(a) (b) 

(c) (d) 

Figure B.2: full load / displacement plots of the Acetal dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day conditioning 

periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.3: full load / displacement plots of the Amodel 1133 dog-bone samples; (a) unconditioned, (b) 7-day (c) 14-day, (d) 30-day condition-

ing periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.4: full load / displacement plots of the Amodel 1133 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day condi-

tioning periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.5: full load / displacement plots of the Desmovit CF-30 dog-bone samples; (a) unconditioned, (b) 7-day (c) 14-day, (d) 30-day condi-

tioning periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.6: full load / displacement plots of the Desmovit CF-30 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day con-

ditioning periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.7: full load / displacement plots of the Grilon BG-50 dog-bone samples; (a) unconditioned, (b) 7-day (c) 14-day, (d) 30-day condition-

ing periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.8: full load / displacement plots of the Grilon BG-50 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day condi-

tioning periods. 
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(a) 

 

 
(b) 

 
(c) 

Figure B.9: full load / displacement plots of the Grivory GV-5H dog-bone samples; (a) unconditioned, (b) 14-day, (c) 30-day conditioning peri-

ods. 
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(a) 

 
(b) 

  

 
(c) 

Figure B.10: full load/displacement plots of the Grivory GV-5H dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 90-day conditioning peri-

ods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.11: full Stress / Strain plots of the Acetal dog-bone samples; (a) unconditioned, (b) 7-day, (c) 14-day, (d) 30-day conditioning periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.12: full Stress / Strain plots of the Acetal dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day conditioning peri-

ods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.13: full Stress / Strain plots of the Amodel 1133 dog-bone samples; (a) unconditioned, (b) 7-day, (c) 14-day, (d) 30-day conditioning 

periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.14: full Stress / Strain plots of the Amodel 1133 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day conditioning 

periods. 
  



162 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.15: full Stress / Strain plots of the Desmovit CF-30 dog-bone samples; (a) unconditioned, (b) 7-day, (c) 14-day, (d) 30-day condition-

ing periods. 
  



163 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.16: full Stress / Strain plots of the Desmovit CF-30 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day condi-

tioning periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.17: full Stress / Strain plots of the Grilon BG-50 dog-bone samples; (a) unconditioned, (b) 7-day, (c) 14-day, (d) 30-day conditioning 

periods. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure B.18: full Stress / Strain plots of the Grilon BG-50 dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 70-day, (d) 90-day conditioning 

periods. 
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(a) 

 

 
(b) 

 
(c) 

Figure B.19: full Stress / Strain plots of the Grivory GV-5H dog-bone samples; (a) unconditioned, (b)14-day, (c) 30-day conditioning periods. 
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(a) 

 
(b) 

  

 
(c) 

Figure B.20: full Stress / Strain plots of the Acetal dog-bone samples cont.; (a) 1000 hour, (b) 60-day (c) 90-day conditioning periods. 
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APPENDIX C    
Bond Test Results of Straight and Headed 

GFRP Bars 
 

A detailed presentation of the pull-out examinations conducted on the straight and headed 

GFRP bars. The section presents the full test results from the pull-out performance examina-

tion, using headed GFRP bars versus straight GFRP bars embedded in concrete slabs. The re-

sults are followed by the graph plots of the tests detailing the performance of each specimen. 

The data presented in the tables are formatted by the material or anchorage performance. For 

example, Straight A is the first in the test’s series of the straight embedded bars with an em-

bedment of Iembed, where: 

➢ Iembed = Embedment length of straight GFRP bar or the length of the anchor in the 

headed bars. 

➢ db = length of bonded length above the headed anchor in headed bars. 

➢ f’c = Average concrete compressive strength of the test phase. 

➢ f’t = Average concrete tensile strength of the test phase. 

➢ Nmax = Peak load. 

➢ f2 = Bar stress at peak load. 

➢ fu = Ultimate bar strength (889 MPa for the GFRP bars used in the current study). 

➢ σ = average bond stress at peak load. 

➢ Sf = free end slip at peak load. 

➢ Sl = Loaded end slip at peak load. 

➢ Failure modes: P (Pull-out), E (Effected by neighbouring specimen through crack 

propagation), CB (concrete blowout), BD (Bar Delamination), SS (Sleeve Slippage), 

CSH (Concrete breakout followed by head breakout then bar slippage). 

 



169 

 

 

. 

Table C.1: Bond stress Results for unconditioned specimens (straight and headed GFRP bars). 

Specimen refer-

ence 

Refer-

ence 

code 

Iembed 
db 

(mm) 

f’c 

(MPa) 

f’t 

(MPa) 

Nmax 

(kN) 
f2 f2/fu 

σ 

(MPa) 

ex. db 

Sf Sl 
Mode of 

Failure 

Straight 

A 134.7 

 

25.39 2.15 

98.388 169.322 0.190 8.551 1.325 4.221 P 

B 135.1 118.430 203.814 0.229 10.257 1.228 3.190 P 

C 134.8 103.296 177.768 0.200 8.967 1.215 5.587 P 

Acetal 

A 

150 

27.24 167.537 252.012 0.283 11.056 -0.002 2.393 CB 

B 27.25 168.289 252.450 0.284 11.075 0.864 3.755 CB 

C 26.74 155.226 230.655 0.259 10.119 0.976 4.864 E 

Amodel 

A 28.36 204.512 313.188 0.352 13.740 0.056 2.338 BR 

B 27.21 214.165 331.357 0.372 14.537 1.313 4.619 CSH 

C 28.41 228.448 353.787 0.398 15.521 1.583 8.789 CSH 

Desmovit 

A 27.14 215.691 334.118 0.376 14.658 4.212 4.992 CSH 

B 28.84 206.982 318.263 0.358 13.963 6.918 4.706 CSH 

C 27.82 201.414 308.578 0.347 13.538 2.622 4.913 BR 

Grilon 

A 27.83 236.679 369.255 0.415 16.200 0.784 3.223 CSH 

B 27.82 217.909 336.966 0.379 14.783 0.778 3.027 CSH 

C 27.89 211.620 326.047 0.367 14.304 -0.180 2.457 SS 

Grivory 

A 26.80 231.280 361.372 0.406 15.854 0.689 5.614 BR 

B 27.78 242.059 379.051 0.426 16.629 0.702 3.790 CSH 

C 27.59 239.857 375.052 0.422 16.454 0.706 4.900 CSH 
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Figure C.1:  Full bond Force/displacement relationship for straight GFRP bars. 
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Figure C.2: Full bond Stress/displacement relationship for straight GFRP bars. 
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Figure C.3: Full bond Force/displacement relationship for Acetal headed bars. 
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Figure C.4: Full bond Stress/displacement relationship for Acetal headed bars. 
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Figure C.5: Full bond Force/displacement relationship for Amodel 1133 headed bars.  
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Figure C.6: Full bond Stress/displacement relationship for Amodel 1133 headed bars. 
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Figure C.7: Full bond Force/displacement relationship for Desmovit CF-30 headed bars. 
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Figure C.8: Full bond Stress/displacement relationship for Desmovit CF-30 headed bars. 
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Figure C.9: Full bond Force/displacement relationship for Grilon BG-50 Headed bars. 
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Figure C.10: Full bond Stress/displacement relationship for Grilon BG-50 Headed bars. 
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Figure C.11:  Full bond Force/displacement relationship for Grivory GV-5H Headed bars. 
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Figure C.12: Full bond Stress/displacement relationship for Grivory GV-5H Headed bars. 
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APPENDIX D    

Bond Test Results of Conditioned Headed 

GFRP Bars 

A detailed presentation of the pull-out examinations conducted on the straight and headed 

GFRP bars. The section presents the full test results from examining the pull-out performance 

of the conditioned headed GFRP bars. The results are followed by the graph plots of the tests 

detailing the performance of each specimen. The data presented in the tables are formatted by 

the material composition of the headed bars. Additionally, the results were divided into C1 

and C2 to represent the slab where the specimens were examined. For example, Acetal C1-A 

is the first in the test’s series of the headed bars, which represents specimen A of the first slab 

examined: 

➢ Iembed = Embedment length of straight GFRP bar or the length of the anchor in the 

headed bars. 

➢ db = length of bonded length above the headed anchor in headed bars. 

➢ f’c = Average concrete compressive strength of the test phase. 

➢ f’t = Average concrete tensile strength of the test phase. 

➢ Nmax = Peak load. 

➢ f2 = Bar stress at peak load. 

➢ fu = Ultimate bar strength (889 MPa for the GFRP bars used in the current study). 

➢ σ = average bond stress at peak load. 

➢ Sf = free end slip at peak load. 

➢ Sl = Loaded end slip at peak load. 

➢ Failure modes: E (Effected by neighbouring specimen through crack propagation), 

CSH (Concrete breakout followed by head breakout then bar slippage), BHS (slippage 

of the bar inside the anchor head). 
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Table D.1: Bond stress Results for conditioned specimens (headed GFRP bars). 

Specimen refer-

ence 

Refer-

ence 

code 

Iembed 
db 

(mm) 

f’c 

(MPa) 

f’t 

(MPa) 

Nmax 

(kN) 
f2 f2/fu 

σ 

(MPa) 

ex. db 

Sf Sl 

Mode 

of Fail-

ure 

Acetal 

C1-A 

150 

26.48 

26.02 2.04 

190.292 291.271 0.328 12.778 2.735 4.532 CSH 

C1-B 27.27 UNTESTED E 

C2-C 26.55 211.351 327.416 0.368 14.364 4.112 6.187 CSH 

C2-A 27.60 193.759 295.706 0.333 12.973 4.363 6.131 CSH 

C2-B 26.69 UNTESTED E 

C2-C 28.15 193.453 294.427 0.331 12.917 5.394 5.892 CSH 

Amodel 

C1-A 28.08 226.629 351.617 0.396 15.426 4.504 6.337 CSH 

C1-B 28.07 206.077 316.262 0.356 13.875 3.018 4.573 E/CSH 

C2-C 29.32 224.666 346.544 0.390 15.203 4.385 5.943 CSH 

C2-A 26.40 198.437 305.397 0.344 13.398 1.063 3.668 CSH 

C2-B 26.40 181.230 275.785 0.310 12.099 1.503 3.229 E/CSH 

C2-C 27.54 178.494 269.518 0.303 11.824 1.343 2.857 CSH 

Desmovit 

C1-A 26.52 192.982 295.846 0.333 12.979 4.167 8.927 CSH 

C1-B 26.40 167.094 251.138 0.282 11.018 2.264 4.498 E/CSH 

C2-C 26.40 175.865 266.640 0.300 11.698 5.159 7.411 CSH 

C2-A 29.34 179.198 268.267 0.302 11.769 4.445 6.553 CSH 

C2-B 28.95 188.231 284.345 0.320 12.474 4.440 7.852 E/CSH 

C2-C 28.87 179.124 271.249 0.305 11.900 2.909 9.961 CSH 

Grilon 

C1-A 28.53 220.429 340.347 0.383 14.931 17.522 6.388 CSH 

C1-B 31.09 157.006 227.781 0.256 9.993 1.287 2.668 E 

C2-C 28.08 198.312 302.884 0.341 13.288 8.022 5.022 CSH 

C2-A 26.88 212.968 329.748 0.371 14.466 1.458 5.703 CSH 

C2-B 26.70 UNTESTED E 

C2-C 26.67 181.587 277.402 0.312 12.170 3.159 5.084 CSH 

Grivory 
C1-A 27.23 223.198 346.874 0.390 15.218 1.462 5.209 

CSH / 

BHS 

C1-B 25.37 UNTESTED E 
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C2-C 28.53 220.520 341.856 0.385 14.998 3.866 6.298 CSH 

C2-A 28.96 203.874 311.252 0.350 13.655 1.274 4.971 CSH 

C2-B 27.91 166.831 248.939 0.280 10.921 0.652 2.284 E 

C2-C 24.85 212.555 331.813 0.373 14.557 2.545 5.371 CSH 
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Figure D.1: Full bond Force/displacement relationship for the conditioned Acetal headed bars. 
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Figure D.2: Full bond Stress/displacement relationship for the conditioned Acetal headed bars. 
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Figure D.3: Full bond Force/displacement relationship for the conditioned Amodel 1133 headed bars. 
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Figure D.4: Full bond Stress/displacement relationship for the conditioned Amodel 1133 headed bars. 
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Figure D.5: Full bond Force/displacement relationship for the conditioned Desmovit CF-30 headed bars. 
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Figure D.6: Full bond Stress/displacement relationship for the conditioned Desmovit CF-30 headed bars. 
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Figure D.7: Full bond Force/displacement relationship for the conditioned Grilon BG-50 Headed bars. 
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Figure D.8: Full bond Stress/displacement relationship for the conditioned Grilon BG-50 Headed bars. 
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Figure D.9:  Full bond Force/displacement relationship for the conditioned Grivory GV-5H Headed bars. 
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Figure D.10: Full bond Stress/displacement relationship for the conditioned Grivory GV-5H Headed bars
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APPENDIX E    

Photos from The Experimental Work. 
 

The following sections present pictures from the experiments conducted throughout the 

study. The section consists of the specimen preparation before and during the examination 

and photos of the failure modes. The section is divided into two subheadings, the photos from 

the dog-bone examination and the photos from the pull-out investigation. The photos pre-

sented in both sections were selected from a few specimens that had failed similarly and 

specimens that behaved differently from their counterparts.
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(a) (b) 

(c) (d) 

Figure E1: photos of the Dog-bone samples; (a) a photo of the entire set of samples, (b) the unconditioned specimens, (c) the 90-day conditioned 

specimens, (d) the samples in the drying oven to be prepared for the conditioning phase of the water absorption tests. 
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(a) (b) (c) 

Figure E2: photos of the water absorption test, (a) the conditioning oven, (b) The specimens in the oven after drying for 24 hours, (c) steel pans 

filled with water and placed in the oven for the wet conditioning phase of the test. 
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 (a)  (b) 

 (c)  (d) 

Figure E3: Water absorption tests cont. (a) & (b) specimens immersed in water, (c) specimens placed on cloths to remove access water, (c) the 

weighing scale.  
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 (a) 

(b) 
 (c) 

Figure E4: Tensile examination of the dog-bone samples, (a) Instron 33R testing machine, (b) typical testing setup of the dog-bone specimens, 

(c) typical failure mode and position failure code LGT (B-4-C). 
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 (a)  (b) 

 (c)  (d) 

Figure E5: Premature failures of the specimens, (a) & (b) slippage at the tabs of Acetal A-0-A specimen, (c) & (d) slippage at tabs of the 

Desmovit CF-30 D-0-C 
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 (a)  (b) 

 (c)  (d) 

Figure E6: tests to determine the void content, (a) an analytical balance, (b) a specific gravity measuring device attached to the analytical bal-

ance, (c) a muffle furnace, (d) specimens placed in crucibles for the resin burn-off tests. 
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(a) 

 (c) 

 
(b) 

Figure E7: tests to determine the void content cont., (a) residual material after burn-off, (b) Desmovit CF-30 Specimen around 20 milligrams in 

weight cut from the corner of the dog-bone tab. (c) Thermo-gravimetry machine.  
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 (a) 

 
(b) 

 (c) 

Figure E8: Pull-out testing setup, (a) headed anchors glued to the end of a GFRP bar, (b) debonding 5 db of the bar using Denso tape, (c) form-

work with the placed specimens.  
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 (a)  (b) 

 (c)  (d) 

Figure E9: Pull-out testing setup cont., (a) poured concrete into the formworks, (b) test setup of the specimens with the presence of confinement 

from the steel plate, (c) side view of the test setup, (d) modified wedge and barrel coupling device. 
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 (a)  (b) 

 (c) 
 

(d) 

Figure E10: Pull-out testing, (a) Steel plates glued to the GFRP bar used for the recording of the loaded end slip, (b) placement of the free-end 

measuring device LVDT, (c) observed failure of the specimen through the side-splitting of the concrete, (d) failed Headed GFRP bar (BG-A). 
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 (a)  (b) 

Figure E11: Eliminated specimens, (a) test setup of the Acetal A specimen with no confinement to the concrete section, (b) Slippage of the sleeve 

coupling mechanism before failure of the specimen was observed. 
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 (a)  (b) 

Figure E12: Eliminated specimens cont., (a) Failed Acetal A specimen, (b) indentation in the concrete slab of the failed Acetal headed bar. 

  



208 

 

 
(a) 

 
(b) 

 
(c) 

Figure E13: Eliminated specimens cont., (a) BG-50 (C) specimen testing setup, (b) out of plane specimen during the examination, (c) slippage of 

the Sleeve. 
  



209 

 

 (a)  (b) 

 (c)  (d) 

Figure E14: Compromised B specimens, (a) Acetal C1, (b) Grilon BG-50 C2, (c) Grivory GV-5H, (d) Acetal C2. 
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(a) 

 

 (b) 

 (c) 

Figure E15: Failed Grivory GV-5H headed bars, (a) C1-A, (b) C1-C, (c) C2-A. 
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 (a) 

 

 (b) 

 (c) 

Figure E16: Failed Grivory GV-5H headed bars, (a)&(b) C2-B (partial crack of the headed bar), (c) C2-C. 
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(a) (b) 

Figure E17: Failure modes of the Grivory GV-5H headed bars, (a) Slippage of the bar from the anchor (anomaly), (b) Breaking at the anchor 

foot (typical). 




