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ABSTRACT 

Repairing deteriorating structures is a major challenge for many economies around the 

world. The use of fibre reinforced polymer (FRP) composite jackets has become a 

preferred solution in repairing bridge piles as they can be easily installed and form a 

robust single-piece repair system providing structural continuity along the hoop 

direction. Recently, a novel prefabricated glass-FRP (GFRP) jacket with innovative 

joining system that comprises two interlocking edges was developed. The actual 

performance of this jacket however is not fully explored and its structural contribution 

to the repaired structure is yet to be determined. This study focused on investigating 

the behaviour of damaged reinforced concrete (RC) structures repaired with the novel 

jacket and evaluating its effectiveness as prefabricated FRP repair system. 

The grout plays a vital role in transferring the stresses between the damaged 

concrete structure and the FRP jacket, thus the most suitable grout system is 

determined as the first study. The effects of three types of grout infills, i.e. 

cementitious- concrete- and epoxy-based grout, on the structural behaviour of 

prefabricated GFRP tubes were investigated. The considered grouts have compressive 

strength and modulus of elasticity ranging from 10 MPa to 70 MPa and from 10 GPa 

to 35 GPa, respectively, which are the experimental parameters of this stage. The 

results showed that the brittle failure behaviour of the cementitious and epoxy grouts 

led to localised failure in the FRP repair system while the progressive cracking and 

crushing of the concrete infill resulted in effective utilisation of the high strength 

properties of the composite materials. The developed theoretical model accurately 

predicts the compressive behaviour of the grout-filled GFRP tubes. From this study, it 

was also determined that a cementitious grout is a suitable grout system due to its 

relatively high strength and stiffness as well as its ease of handling and installation. 

The effectiveness of the novel FRP jacket as a repair system for RC columns 

with simulated corrosion damage was evaluated as the second study. Large scale 

circular and square columns were fabricated with 25% and 50% steel corrosion 

damage, and 50% and 100% concrete cover damage, then repaired with the FRP jacket 

and tested axially until failure. The results showed that the jacket restored the load-

carrying capacity by 99% and 95% for columns with 25% and 50% corrosion damage, 

respectively, while the repaired columns with 50% and 100% concrete cover damage 

restored their axial load capacity by 95% and 82%, respectively. Moreover, the FRP 
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jacket was found to be 43% more effective in repairing circular columns than the 

square columns due to the better confinement provided by the GFRP jacket in the 

circular than in the square column. Theoretical model predicting the axial strength of 

repaired columns showed an excellent agreement with the experimental results. 

Bridge piers are normally subjected to lateral loads from water, tides and waves 

which create flexural stresses. Thus, the flexural behaviour of seven RC square 

members with simulated damage repaired with the novel FRP jacket was investigated 

as the third study. The FRP jacket was found to be more effective in repairing concrete 

members under flexural load when the damage is located in the compression zone 

rather than in the tension zone. This effectiveness could be further increased by placing 

the joint away from the compression zone. The provision of epoxy and coarse 

aggregates inside the jacket surface improved the stress distribution and cracks 

propagation in the jacket with grout. A simplified fibre model analysis which 

considers the confined tensile and compressive properties of the grout reliably 

predicted the flexural capacity of the damaged beams repaired with the FRP jacket. 

Finally, Finite Element (FE) analysis was conducted to gain a better 

understanding of the behaviour of the repaired columns and to evaluate the effect of 

joint strength on the effectiveness of the repair system. ABAQUS software package 

was utilised to develop the FE model using the information obtained from the 

experimental stages as inputs for the model. The behaviour of the repaired columns 

was simulated accurately by considering the damaged plasticity model for concrete, 

bilinear behaviour for steel and linear elastic behaviour of the FRP composites. The 

results of the FE analysis revealed that the joint of the jacket should be placed away 

from the damaged zone to minimise stress concentration and effectively utilise the 

jacket as a repair system. Moreover, joint with tensile strength of at least 20% of the 

novel GFRP jacket’s hoop strength can significantly improve the capacity of the 

repaired column. 

The results of this work provided a comprehensive evaluation on the 

effectiveness of the novel FRP repair system and detailed understanding on the 

behaviour of the damaged structures where the current system is sufficient for 

structural repair; however, further improvements are necessary to modify the joint to 

extend the jacket’s application as a strengthening system. Moreover, this research 

successfully explored the benefits of this unique system and provided a safe design 

tools for engineers to effectively utilise the novel FRP jacket in repair applications.  
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Chapter 1  

Introduction 

Background and motivation 

Maintaining the existing structures in service is a major challenge for many transport 

authorities around the world due to constant weathering and environmental attacks. 

Corrosion damage costs the Australian economy $13 billion every year including the 

cost of lost production due to the delay in transporting goods and daily services and 

shutdowns to make repairs (Cassidy et al. 2015). In addition, it is estimated that more 

than $15 billion annually is needed to maintain the reinforced concrete (RC) bridges 

in the US, Canada, and Europe (Azam et al. 2016). Compounding this problem is the 

recurring durability issues in the traditional repair techniques such as concrete and 

steel jacketing as they are made with the same materials as the existing structure, 

which will be affected again by the same factors that attacked the original structures 

at first place (Vandoros and Dritsos 2008). Moreover, concrete and steel jackets are 

bulky and heavy, and add weight to the repaired structures and may attract higher loads 

in seismic events (Beddiar et al. 2015). Implementation of these traditional repair 

systems is also difficult and costly in the repair of underwater structures. Hence, there 

has been an urgent need for an alternative technique to overcome the drawbacks of 

using traditional materials in a repair system. 

The introduction of fibre reinforced polymer (FRP) composites as a repair 

system has become very popular because of their versatility due to their high strength, 

light weight and their ability to minimise the durability issues that accompanied the 

use of traditional material (Sakr et al. 2005). As a repair system, FRP composites can 

be applied either as wet lay-up or pre-fabricated systems (Manalo et al. 2014). In the 

wet lay-up, FRP repair systems are prepared and applied on site by impregnating liquid 

resins into fibres and then wrapping them around the existing structure. The pre-

fabricated systems, on the other hand, are manufactured in a factory and delivered to 

a site in a ready for installation condition. Although many studies have shown that 

both systems are effective (Berthet et al. 2005), the pre-fabricated composite jacket is 

favoured over the wet lay-up method because it is easier, quicker, safer to install and 

can achieve a higher quality under well controlled manufacturing conditions. 
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Recently, a novel and sustainable pre-fabricated FRP jacket that can be quickly 

and safely installed due to its easy-fit and self-locking mechanical joining system has 

been developed (Figure 1.1). This innovative joining system comprises two 

interlocking edges that can easily fit into each other, similar to the teeth of a zipper. A 

FRP locking key is placed between the interlocking teeth, which can be slid or levered 

only one pitch length, thus causing wedging of the joint edges together with a uniform 

force distribution along the entire length of the joint. This repair system works by 

wrapping the prefabricated FRP jacket around the damaged structure and placing a 

grout infill between the jacket and the repaired structure, producing a cylindrical 

confinement. This system also serves as protective environmental shield and 

permanent formwork. Manalo et al. (2014) evaluated the effectiveness of this FRP 

jacket numerically, using Strand7 finite element (FE) program and experimentally 

subjecting the jacket to internal pressure. The results showed that the FRP jacket can 

sustain an internal pressure of up to 2 MPa, which substantially exceeds the industry 

standard for internal bursting pressure required of a concrete pile repair system and a 

permanent concrete formwork jacket. However, the actual behaviour of this 

prefabricated FRP repair system has not yet been fully investigated and its structural 

contribution to the damaged member is yet to be determined. 

This thesis systemically investigated and evaluated the overall behaviour of 

the prefabricated FRP composite system in repairing damaged concrete structures. 

Firstly, the effect of different grout-infills’ properties, such as compressive strength 

and modulus of elasticity, on the behaviour of the FRP repair system was studied. 

Secondly, the axial behaviour of the damaged RC columns repaired with the novel 

jacket was investigated. The effect of the level of corrosion damage, the concrete cover 

damage, the shape effect and the innovative joining system efficiency on the behaviour 

of the repaired column was studied under concentric axial loads. Thirdly, the 

effectiveness of the prefabricated FRP composite jacket in repairing RC members 

under flexural loads was investigated considering different parameters, i.e. joint 

location, damage location and jacket-grout bonding effect. Finally, FE analysis was 

conducted for a better understanding of the behaviour of the repaired columns with 

the prefabricated FRP jacket, particularly the behaviour inside the repaired part of the 

columns which was not visible during loading due to the jacket. The developed FE 

model was also used to investigate the effect of joint strength on the behaviour of the 
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repaired structures. This research, in general, provided useful and effective design 

tools for stakeholders and engineers to safely design a reliable repair system that can 

restore the strength of the damaged structure to its original condition. 

 

  
 Shell and joint  

Figure 1.1. Novel GFRP jacket 

Objectives 

The main objective of this study is to investigate the behaviour of damaged structures 

repaired with the composite repair system, and to evaluate the efficiency of the 

prefabricated FRP jacket. The specific objectives of the study are: 

1. Review the existing prefabricated FRP repair system and identify the factors 

affecting their performance. 

2. Determine the effect of different grout infills’ properties on the behaviour of the 

prefabricated FRP repair system. 

3. Experimentally investigate the axial behaviour of damaged RC columns repaired 

with the prefabricated FRP jacket. 

4. Experimentally investigate the flexural behaviour of damaged RC members 

repaired with the prefabricated FRP jacket. 

Locking key 

 

Joint edges 
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5. Simulate the behaviour of the damaged members repaired with the prefabricated 

jacket numerically and investigate the effect of the critical design parameters 

affecting the behaviour of the repaired structure. 

 

Study limitations 

This thesis studied the behaviour of damaged concrete structures repaired with 

prefabricated FRP composite jacket. Only three types of grout currently used in 

industry practice (concrete, cementitious and epoxy based grout) were investigated. 

The diameter of the RC columns was limited to 250 mm based on the maximum load 

capacity of the testing equipment. For the jacketing system, a jacket with one diameter 

(450 mm) and one thickness (3 mm) was used for the repair of damaged compression 

and flexural members. The jacket diameter was based on the curvature of the joint, 

while the 3 mm thickness was sufficient as no failure was observed in the shell 

segment. A new approach was adopted to simulate the steel corrosion damage by 

cutting the longitudinal reinforcements in the test region and replacing them with non-

structural PVC pipe (16-mm diameter) to prevent the concrete from occupying the 

steel volume and to maintain the alignment of the longitudinal reinforcement at both 

ends. This approach was adopted because the accelerated corrosion process takes 

significant time to simulate low levels of corrosion damage. In the FE modelling, for 

simplicity and to save computational efforts, the innovative joint was modelled as a 

lamina with different properties in the longitudinal and transverse directions instead 

of the actual geometry.  

 

Thesis organisation 

The outcome of this work is presented as a thesis by publication. It comprises an 

introduction that presents the research theme, an extensive review of the related 

literature, four major chapters that address the four main objectives of this research 

and with results that are presented in high quality international journals, a conclusion 

that summarises the general findings and contributions of this study, and some 

recommendations for future works. The five journal manuscripts that resulted from 

this research are the following: 
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Manuscript 1: Ali A. Mohammed, Allan C. Manalo, Wahid Ferdous, Yan Zhuge, 

PV Vijay, Ashraf Q. Alkinani and Amir Fam. “State-of-the-art of prefabricated 

composite jackets for structures repair” Engineering Science and Technology, an 

International Journal, (2020). (Top 10% journal; Impact Factor: 4.85 and SNIP: 

2.432). 

DOI: https://doi.org/10.1016/j.jestch.2020.02.006  

 

Manuscript 2: Ali A. Mohammed, Allan C. Manalo, Ginghis B. Maranan, Yan 

Zhuge and P.V. Vijay, (2018) “Comparative study on the behaviour of different infill 

materials for pre-fabricated fibre composite repair systems” Construction & Building 

Materials, vol. 172, pp. 770–780. (Top 10% journal; Impact Factor: 4.046 and SNIP: 

2.369). 

DOI: https://doi.org/10.1016/j.conbuildmat.2018.04.025  

 

Manuscript 3: Ali A. Mohammed, Allan C. Manalo, Ginghis B. Maranan, Yan 

Zhuge, P. V. Vijay, and John Pettigrew (2019) “Behavior of damaged concrete 

columns repaired with novel FRP jacket” Journal of Composites for Construction, vol. 

23, issue (3): 04019013 (Top 10% journal; Impact Factor: 2.606 and SNIP: 1.811). 

DOI: https://doi.org/10.1061/(ASCE)CC.1943-5614.0000942  

 

Manuscript 4: Ali A. Mohammed, Allan C. Manalo, Ginghis B. Maranan, Majid 

Muttashar, Yan Zhuge, PV Vijay, and John Pettigrew. “Effectiveness of a novel 

composite jacket in repairing damaged reinforced concrete structures subject to 

flexural loads” Composite Structures, vol. 233. (Top 10% journal; Impact Factor: 

4.829 and SNIP: 2.035). 

DOI: https://doi.org/10.1016/j.compstruct.2019.111634  

 

 

 

https://doi.org/10.1016/j.jestch.2020.02.006
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Manuscript 5: Ali A. Mohammed, Allan C. Manalo, Wahid Ferdous, Yan Zhuge, 

PV Vijay and John Pettigrew. “Experimental and numerical evaluations on the 

behaviour of structures repaired using prefabricated FRP composites jacket” 

Engineering Structures, 210 (2020) 110358. (Top 10% journal; Impact Factor: 3.084 

and SNIP: 2.089). 

DOI: https://doi.org/10.1016/j.engstruct.2020.110358 

 

In addition, the significant findings from this research were presented in related 

national and international conferences, which are summarised in Appendix A. 

The first objective of this study is to extensively review the existing 

prefabricated FRP repair system and identify the factors affecting their performance 

which is presented in Chapter 2. The current repair practice have been critically 

reviewed and suggestions were made for better rehabilitation techniques. This 

manuscript concluded that the proposed novel jacket with an innovative joining 

system can be a game changer in the construction industry and can breathe new life 

into key infrastructure. 

The second objective of this study is to determine the effect of concrete, 

cementitious and epoxy grout infills’ properties on the behaviour of the prefabricated 

FRP repair system which is addressed in Chapter 3. The compressive strength and 

modulus of elasticity are the two most important mechanical characteristics of the 

grout that affect its functionality in terms of load transferability and effective 

utilisation of the FRP system. Three different types of grout with a wide range of 

compressive strength and elastic modulus used as infills with hollow GFRP tubes and 

subject to axial concentric loads. The study determined how the failure mode of the 

infill can affect the ultimate failure and the utilisation of prefabricated GFRP tubes 

The third objective of this study is to investigate the axial behaviour of 

damaged RC columns repaired with the prefabricated FRP jacket and evaluate the 

jacket effectiveness in repairing damaged structures which is achieved in Chapter 4. 

The load-deformation response, mechanism of failure, strength and deformation 

capacity, reinforcement, concrete and jacket component strain were thoroughly 

investigated. The results of the extensive experimental investigation showed that the 

joint is capable of providing structural continuity along the hoop and the jacket is able 

https://doi.org/10.1016/j.engstruct.2020.110358
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to restore the axial strength and stiffness of RC column with steel corrosion and 

concrete cover damage. 

Chapter 5 addressed the fourth objective of this study and focused on the 

effectiveness of the novel composite jacket in repairing damaged RC structures subject 

to flexural loads. Full-scale beams were prepared and tested under four-point static 

loads to evaluate the effects of damage location in the concrete member, joint location 

and internal surface coating of the jacket. The results showed that the behaviour of the 

repaired system is governed by the tensile cracking of the grout and the failure of teeth 

at the joint. The FRP jacket is found to be more effective in repairing concrete 

members under flexural load when the damage is located at the top rather than at the 

bottom of the member. 

The final objective of this study is to numerically simulate the behaviour of the 

damaged members repaired with the prefabricated jacket which has been addressed in 

Chapter 6. The FE analysis was implemented using ABAQUS/Explicit and accurately 

simulated the behaviour of the repaired columns. The results from this simulation were 

extended to investigate the effect of joint strength on the behaviour of the repaired 

structures. 

For better understanding the link among the studies and manuscripts, the flow 

of the thesis is graphically presented in Figure 1.2. 

 

Figure 1.2. Flow diagram of the thesis 
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Summary 

Most of the available prefabricated FRP repair systems lack an effective joining 

system that is capable of providing structural continuity along the hoop direction. In 

order to overcome this limitation, a novel FRP composite jacket with innovative FRP 

joining system has recently been developed. Evaluating the effectiveness of this novel 

FRP jacket and understanding the behaviour of damaged members repaired with the 

proposed jacket is the main motivation of this research. The effect of various types of 

grout with different mechanical properties on the behaviour of the repair system were 

investigated. Moreover, the behaviour of RC members with simulated steel corrosion 

and concrete cover damaged casted and repaired with the novel jacket subjected to 

axial and flexural loads were studied. Finally, FE model was also developed to 

simulate the behaviour of the repaired structure and gain an in-depth understanding of 

the system components. The results of these works are presented in the succeeding 

chapters. 
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Chapter 2  

State-of-the-Art of Prefabricated Composite Jackets for Structures 

Repair 

Chapter 2 presents a critical review about the current practice and new opportunities 

of using prefabricated composite jackets for structural repair of deteriorating concrete 

structures. The state-of-the-art review highlighted the many drawbacks of using 

traditional repair systems including concrete and steel jacketing, in repairing damaged 

structures. It also summarised research, development and practice in prefabricated 

FRP repair systems. Moreover, the most important factors affecting the effectiveness 

of prefabricated FRP repair system were identified and their effect was analysed. From 

state-of-the-art review, concrete, shrinkage compensating or expansive cementitious 

grout and epoxy-based grout are identified as the most common grouts for the 

prefabricated FRP repair system wherein their compressive strength and modulus of 

elasticity significantly affect the effective transfer of loads from the repaired structure 

to the FRP repair system. However, this can only be achieved if the prefabricated FRP 

repair system can provide structural continuity along the hoop direction through its 

joining system. Thus, the FRP jacket with novel joining system provides the 

construction industry with a repair system that can breathe in a new life into aging and 

deteriorating structures. The performance benefits of this novel FRP jacket should 

however be investigated, its contribution to the structural integrity of the repaired 

structure to be determined and to fully explore the potential and effectiveness of this 

novel composite repair system. This has been the main motivation of this study as 

addressed in Chapters 3 to 6.  
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1. Introduction

Across the globe, civil infrastructure, including highway
bridges, roads, railways, ports, and airports is critical for economic
development and progress. However, keeping this infrastructure in
an efficient working condition is costly and challenging. Steel, tim-
ber and concrete structures are vulnerable to harsh weathering
attacks including chloride and sulphate penetration, especially in
marine or mining environments, that affect their integrity and
cause their performance to deteriorate significantly [1,2]. For
example, many coastal bridges experience corrosion after only
30 years of service, which is early, considering that they are
designed for a service life of about 100 years [3]. A report on the
durability of concrete structures cited in Nkurunziza et al. [4] sta-
ted that the cost of repairs and restoration constitutes a high per-
centage of infrastructure expenditure in many countries including
Australia, the USA, Canada, and European Union countries. The
Commonwealth Scientific and Industrial Research Organisation
(CSIRO) reported that corrosion damage costs the Australian econ-
omy more than $13 billion per year [5]. In the USA, around 40% of
the 575,000 country’s bridges are structurally and/or functionally
defective due to steel corrosion [4]. The same problem exists in
Canada wherein it is estimated that more than 40% of bridges con-
structed 40-years ago are suffering from significant steel corrosion
[4]. Jumaat et al. [6] indicated that investments in maintenance
and repair works on existing buildings represent about 50% of
the total expenditure in construction. In most applications, repair-
ing the damaged structures is preferable and more economical
than replacing them due to the high cost of the new design, mate-
rial, machinery and labour, plus the long extended service life of
the effectively repaired structure. Hence, many industries and
research agency are trying to optimise the current repair tech-
niques and develop more effective ones. The Scopus database
search conducted using the keyword ‘‘structural repair” was lim-
ited to engineering as a subject area and to article as a source type.
It showed that the number of studies conducted on structural
repair has been significantly increased from 2003 to 2018
(Fig. 1), highlighting the demand and necessity for an effective
repair technique.

Rehabilitation of damaged and deteriorating structures with
jackets made of concrete, steel, fibre-reinforced polymer (FRP)
ig. 1. Demand increase on structural repairs from 2003 to 2018 based on Scopus.
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composites is now common and has been widely adopted as these
jackets have high economic benefits by minimising the time the
structure is off-service. Use of these jackets also results in signifi-
cant savings in the amount of time and resources by decreasing
the delay in daily operational services to a considerable level. Con-
crete jackets are used to retrofit damaged reinforced concrete (RC)
structures with steel corrosion damage and concrete spalling.
Many studies have shown that RC jackets can effectively restore
the structural functionality of these deteriorated members
[7–10]. In addition, steel jackets are also used to strengthen and
retrofit RC members with structural defects [11–14]. The versatil-
ity of FRP composite materials has rendered them essential in civil
applications [15–17], especially for strengthening and rehabilita-
tion of civil infrastructure [18]. Many glass-FRP (GFRP) repair sys-
tems have already been used globally for rehabilitating damaged
concrete, steel and timber structures and extending their service
lives [19–24]. Similarly, Carbon-FRP (CFRP) is also good alternative
to be used in seismic repairs and/or when more confinement pres-
sure is required to achieve enhanced structural capacities due to
their higher mechanical properties compared to GFRP jackets
[25–33]. The availability of this wide range of composite jacket
repair systems necessitates a targeted approach to evaluate the
advantages and disadvantages of each technique in order to fully
explore their potential in repairing damaged and deteriorating
structures.

This study presents a systematic review of current practices for
the repair of structures using prefabricated composite jackets and
discusses the factors affecting structural repair using these jackets.
The information on recent developments in prefabricated compos-
ite jackets for repairing structures helps to understand their perfor-
mance and identify the critical factors in their application. Also, the
paper identifies the gap in the state-of-art repair systems, and
makes recommendations for new areas of research and develop-
ment that need further exploration to increase the acceptance
and use of emerging and new composite repair systems.
2. Current jacket repair systems

Splicing deteriorating steel and timber structures involves
replacing the damaged part with a new section of the same
material. For instance, a common practice for repairing corroded
steel structures is bolting or welding a new steel section onto them
Fig. 2. Splicing of timber piles [21].

ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 3. RC columns repair using RC and steel jackets. a) RC jacket [8] b) steel jacket [14].
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[34]. This technique was used for the first time in France in 1943,
when rectangular steel bars were welded between a row of rivets
to strengthen an old steel bridge [35]. Similarly, splicing timber
structures involves removing the damaged portion of an old pile
and splicing a new piece using metallic bolts, as depicted in
Fig. 2 [21]. An example of this technique is the Kaase timber
bridges repair in Ghana where 25 year-old decayed wood piles
were replaced with new members made of the same type of orig-
inal timber that the bridge was built with [36].

Fig. 3 shows RC and steel jackets in actual practice. Concrete
jacketing is one of the earliest and most popular rehabilitation
techniques for poorly detailed or deficient concrete and steel struc-
tures. RC jacketing/encasement has been utilised as a repair
method for corroded steel and damaged wooden piles suffering
from significant section loss [37]. Hawkswood [37] listed several
cases of corroded steel piles successfully repaired using RC jackets
including the14 tubular steel piles (610 mm diameter) used in
Cork, Ireland and the 84H steel piles used on a fishing jetty in
Lunenburg, Canada. For repairing the damaged structure, steel
angle reinforcement was welded at the required location prior to
concrete encasement. On the other hand, steel jackets normally
consist of steel angles or plates and batten with different thickness,
width and spacing [38] have been mostly used for strengthening
square or rectangular sections. They are relatively easier to install,
and have smaller thickness in comparison with the RC jackets.
Cement or epoxy mortar fills the gap between the jacket and col-
umn. Several studies have been conducted investigating the effec-
tiveness of steel jackets for repairing and strengthening RC
structures [39–43]. Abdel-Hay and Fawzy [14] repaired the dam-
aged RC columns with steel jackets wherein the corrosion was sim-
ulated by eliminating the stirrups in the middle third of RC
columns. The jacket was anchored to the column using 10 pieces
of 6 mm diameter anchor bolts on each side and an injection plas-
ter was used to fill the gap between the steel jacket and the retro-
fitted column. The results showed that the repaired columns failed
by concrete crushing outside the strengthened part at load of at
least 90% of the ultimate load of the original columns.

Repairing the damaged and old structures using traditional
materials like timber, concrete and steel is effective to some extent,
especially in the short term. However, the repair approaches are
interrelated with various aspects such as material compatibility,
load transfer, connections, effectiveness, future maintenance,
repair-downtime and environmental conditions, among other
factors. As an example, the effectiveness of splicing damaged woo-
den piles is compromised due to the improper bearing vertical load
Please cite this article as: A. A. Mohammed, A. C. Manalo, W. Ferdous et al., St
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transfer because of the gap in the splice between the surfaces of
the two wooden pile portions [21]. Moreover, marine borers and
shipworms enter through these gaps and attack the untreated
wood. RC and steel jackets, on the other hand, are heavy and bulky,
which enlarge the retrofitted members’ size and reduce the free
space of the structure. They also significantly increase the overall
structural self-weight that affects the foundation and/or attracts
more loads in seismic events [44]. Moreover, the anchorage of steel
reinforcement for RC and steel jackets is a complex task. In the case
of offshore structures, the production of the facility needs to be
shut down during the so called ‘‘hot works” for safety reasons
which significantly increases the total cost of welding repairs. In
addition, steel jackets are not suitable for concrete structures in
corrosive environments such as marine environments or a bridge
subjected to de-icing salts [13]. Furthermore, repairing deteriorat-
ing structures using the same type of material that they were orig-
inally built with is impractical and ineffective in the long term
because the repaired part will be subjected to the same condition
that caused the deterioration to the original structure and the
repair cycles may never end. More durable and reliable repair sys-
tems and materials with long-term effectiveness such as FRP com-
posites are therefore warranted.
3. Prefabricated FRP composites repair systems

FRP composites offer unique benefits over conventional materi-
als for strengthening and rehabilitation of civil infrastructure. In
addition to their corrosion resistance characteristics, which is their
primary feature, the ease of installation of the FRP composites
makes them highly effective in addressing the drawbacks of con-
ventional materials and repair practices like aggressive marine
environments, limited access, self-weight and complexity of RC
and steel jackets [45]. The availability in various forms including
flexible thin sheets that can be wrapped around beams and col-
umns is a remarkable advantage over rigid steel plates. Moreover,
the superior properties of the FRP composites like lightweight, high
strength, high fatigue capacity particularly for carbon-FRP, high
impact strength, and durability [46], favoured it over the tradi-
tional repair techniques and qualified it for effective rehabilitating
and strengthening applications to damaged RC and steel structures
[47–49]. In addition to the strength requirements, FRP composites
can also serve as a protective shield for the structural members
against harsh environmental and weathering conditions such as
chloride ions penetration, marine borers and waves which can
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 5. Waterfront structure repair, New York [66].

Fig. 6. Steel bridge pile repair [23].
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rapidly cause concrete to weaken and deteriorate [21]. These
favourable properties of FRP composites led to their gaining world-
wide acceptance and significant attention from both researchers
and construction industries. FRP composites have been effectively
utilised in restoring the structural strength of damaged wooden
piers in marine wharves [21], rehabilitating steel bridges [23], ret-
rofit of corroded and severely cracked RC bridge bents [31], seismic
repair of bridge columns with severe concrete crushing, and longi-
tudinal steel bars fracture and buckling [25,26], rehabilitation of
severely damaged precast RC columns connected with grouted
splice sleeves and epoxy-anchored headed steel bars [50] and
enhancing the strength and ductility of RC structures [51–56].
Based on their manufacturing method, FRP repair/strengthening
systems are classified into two groups: wet lay-up and prefabri-
cated systems [57].

Many researchers have successfully demonstrated the effective-
ness of external wet lay-up FRP wrapping in repairing and
strengthening RC structures [58–62]. In a study conducted by
Sen and Mullins [19] pre-impregnated wet lay-up FRP repair sys-
tems were used for emergency repair of underwater circular RC
piles in Tampa Bay, Florida, USA. The access to the piles in the deep
waters was provided by divers for single isolated piles, and a
custom-designed, lightweight modular scaffolding system was
assembled around the piles in the same bent. The evaluation con-
ducted by the authors two years after the wrapping indicated that
the repair was successful and can be adopted in future projects.
Manalo et al. [49] showed that a prepeg CFRP system can effec-
tively restore the original stiffness and load carrying capacity of
I-shaped steel beams with simulated crack and 80% corrosion dam-
age. Saafi and Asa [63] also followed the wet lay-up method to
impregnate an E-glass jacket with epoxy to repair 30-year-old cir-
cular wooden poles in Alabama, USA. The wet lay-up FRP compos-
ite jacket was 5 mm thick and wrapped around the pole for a
length of 850 mm at 2 m distance from the bottom. Cantilever
bending tests showed that the repaired poles can restore the load
capacity by more than 85%. These studies showed that wet lay-up
FRP wrapping is an effective technique in repairing deteriorated
structures. This technique is also preferable when urgent rehabili-
tation is required but demands good work quality in terms of
preparing and installing the FRP jacket. Moreover, if the repair
work is underwater, it will be muchmore difficult to execute, mon-
itor and cure the wet lay-up systems, especially when more than
one layer is required. There are also safety concerns in the styrene
emission while preparing the jacket which restricts the full
employment of this technique [64]. Therefore, the prefabricated
systems have been a preferred technique in rehabilitating struc-
tures under water or in areas that are hard to access.

Prefabricated composite repair systems are manufactured at
specialized plants and delivered to a site in ready for installation
packages. These repair systems are preferable to the wet lay-up
Fig. 4. Wood pile repair [21].

Fig. 7. PileMedicTM [67].
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technique as they are produced under well controlled manufactur-
ing conditions, and are easier, quicker and safer to install and
require less onsite labour [64,65]. Prefabricated FRP jackets are
becoming widely used for regular and under water structural
repairs as they serve as a permanent formwork and protective
shield. The gap between the FRP shell and the treated structural
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 9. GFRP composite pile repair system [70].
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member is filled with non-shrink grout or concrete. Several exam-
ples are available in the literature [21,23,66–68] regarding this
technique and these will be discussed in detail in the following
sections.

Lopez-Anido et al. [21] suggested the use of 3.3 mm thick pre-
fabricated FRP composite shells as a repair system to protect and
restore the structural integrity of circular damaged wooden piles
in Portland Harbor, Maine, USA (Fig. 4). The proposed repair system
comprised a minimum of two FRP prefabricated shells which were
kept together by straps or temporary strips along the circumferen-
tial direction. Another prefabricated FRP repair system consisting
of woven mat and chopped strand fabrics with single seam FRP
shell was used to repair waterfront structures in New York City
as shown in Fig. 5 [66]. In addition to the strength contribution,
both systems served as an environmental protective shield to the
core pile and a permeant formwork to the grout.

Vijay et al. [23] used both pre-cured FRP shells and prepreg
fabrics to repair the corroded H-steel piles of East Lynn Lake Camp-
ground Bridge in Wayne County, West Virginia USA (Fig. 6).
Self-consolidating concrete was used to fill the gap between the
FRP shells and the H-steel piles where the FRP shell worked as a
permanent formwork to the grout. The installation process for this
repair system required the prefabricated FRP shells to be installed
first before applying the prepeg fabrics which needed a few days to
cure prior to grouting. Hence, extended installation time and high
manpower costs were incurred in this practice. Ehsani [67] devel-
oped the FRP seamless jacket PileMedicTM, which consists of thin
and flexible fabric laminates up to 1500 mm wide for pile repairs.
However, it did not serve as a formwork in the construction of col-
umns or piers because of their spiral wrapping method as shown in
Fig. 7. Beddiar et al. [68] used a GFRP prefabricated jacket consist-
ing of three identical shells connected together by stepped lap
joints with shrinkage-compensating cement mortar as infill
between the shells and the square column. The experimental
results demonstrated that the axial load capacity and ductility
increased by 31% and 74%, respectively, compared to the unjack-
eted concrete specimens. However, this came at the expense of
100% increase in the cross sectional area. Karagah et al. [69] imple-
mented a large-scale experimental study to demonstrate the struc-
tural performance of submerged corroded I-shaped steel bridge
piles repaired using two different types of grout-filled FRP jackets.
The first one consisted of two plies of prefabricated flexible CFRP
wrapped around the piles and bonded using an underwater curing
adhesive. The second type consisted of a two-layered FRP system
wherein the first layer was fabricated using two plies of GFRP
Fig. 8. Seismic repa
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installed around the pile using marine adhesive and screws, while
the second layer consisted of one CFRP layer installed over the
GFRP layer using a wet lay-up technique. The results showed that
both repair systems were capable of restoring and enhancing the
axial strength of the piles with the second type providing 11%
higher enhancement than the first one.

Wu and Pantelides [25,26] proposed a rapid seismic repair
method for RC bridge columns, which designed were designed
under current codes, with minimal intervention. The repair
method involves a CFRP cylindrical shell, epoxy-anchored headed
steel bars, and steel collar with studs around the original column
as shown in Fig. 8. The CFRP shell, consisting of unidirectional lam-
inates in the hoop and vertical direction, encloses the headed bars
and is filled with non-shrink concrete to shift the location of col-
umn plastic hinge. Vertical fibres were provided in the CFRP shell
to increase tensile capacity of the shell in the axial direction to
avoid the circumferential cracks [25,26,50]. Steel collar with shear
studs improved the bond between original column and repair con-
crete to increase structural integrity of the whole CFRP ‘‘donut”.
Fig. 9 shows a prototype of a GFRP composite pile repair system
ir method [26].

ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 10. GFRP jacket [71].
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that was successfully utilised for underwater repair trials of piles at
the Missingham Bridge in Northern NSW, Australia in 2005 [70].
Fig. 10 depicts another FRP repair system with a tongue and grove
joining system installed around bridge piles with metal screws
being bolted through the joints. As shown in the summary of the
existing prefabricated FRP repair systems presented in Table 1,
the tongue and grove joining system with metal screws is the most
common technique in the actual applications of the FRP repair sys-
tem due to its ease and rapid fitment. However, the durability of
the use of metal screws in the technique is always a concern as
they do not have the same characteristics as the FRP shell in resist-
ing the severe environmental conditions. The failure of the joining
system results in opening of the jacket leading to its functional
loss. Hence, the effectiveness of the prefabricated FRP composite
jacket for repair of structures depends mostly on the joining tech-
nique as it is responsible to provide complete continuity for the
repair system. Therefore, there is an urgent need to innovate an
effective joining system for the prefabricated FRP repair system
that can assure the structural continuity along the hoop direction.
4. Factors affecting structural repair using prefabricated FRP
repair system

Prefabricated FRP repair systems work by placing the flexible
FRP shell around the degraded structure and then filling the gap
between the shell and the repaired structure with a non-shrink
grout infill. The long-term effectiveness of the repair system
mainly depends on the durability of the FRP jackets which depends
on their inherent properties. Hollaway [74] presented durability
considerations to effectively utilize FRP composites in various
environments. For example, aramid fibres are not recommended
be used in alkaline and acidic environments and UV exposure
while careful consideration is suggested when using glass fibres
in alkaline environment due to the presence of silica in the glass.
On the other hand, carbon fibres are resistant to the ingress of
alkali or solvents, but experience galvanic corrosion. Thus, the
ACI-Committee [57] introduced an environmental reduction factor
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for FRP repair systems to account for the durability effects under
different exposure conditions.

The structural effectiveness of the repair system is associated
with several factors which have to be considered in the design of
the repair system, including the conditions of the existing struc-
tures and the properties and dimensions of its components, i.e.
FRP jacket, joining system and grouting system. The effect of these
factors on the repair system is discussed as follows:

4.1. Condition of the existing structures

The condition of a deteriorated structure and the extent of its
damage are critical parameters for assessment before proceeding
with any repair strategy. It is also important to consider the exist-
ing site and environmental conditions prior to selecting an appro-
priate repair technique.

4.1.1. Environmental conditions
Structures in aggressive environments are susceptible to dura-

bility problems due to the external environmental attacks which
affect their serviceability and structural reliability. Davis [75] clas-
sified the marine environment infrastructure (e.g. piles) into differ-
ent zones: submerged (the part of pile extending from 0.3 m to
1.0 m below mean low tide to mud line), tidal (the part of pile
extending between mean high tide and mean low tide which is
subjected to wet-dry cycles), splash (the part of pile above the
mean high tide where it is subjected to wetting by water drops)
and atmospheric zones (the top part of the pile where it is sub-
jected to minimal wetting by waves splash). The parts of structures
located in the tidal region are considered to be the most critical
members [76] since they are subjected to both physical and chem-
ical attacks. Safehian and Ramezanianpour [77] also identified that
the tidal and the splash zones are subjected to the most aggressive
weathering attacks, which commonly cause reinforcement corro-
sion due to chloride ion ingress in the concrete [78]. Furthermore,
the motion of waves and tides in the tidal zone cause physical col-
lision, erosion and abrasion [79]. Steel structures in such environ-
ments are susceptible to section loss due to corrosion damage
which degrades their structural performance [80,81]. For example,
the East Lynn Lake Campground Bridge was narrowed to one traffic
lane and then closed completely after finding steel section losses of
up to 60% in its piles [23]. As another example, marine borers and
organisms can cause extensive damage to wooden marine piles. In
Portland Harbor, Maine, USA, several wooden piles were severely
decayed due to the surrounding harsh environment and were clas-
sified as structurally deficient [21].

Aggressive soil and acid attacks are other types of harsh envi-
ronments that cause significant structural degradation and loss of
performance [82–86]. There are concerns about iron, steel and
other metals being embedded in aggressive soils as they exhibit
significant rates of corrosion. Montgomery [87] reported on
another issue: severe sulphuric acid attack damaged the pile foun-
dation of chemical plants located on the Atlantic coast of the USA,
which resulted in up to 130 mm settlement of concrete columns.
Concrete, however, would not have been seriously damaged by sul-
phate attacks if moderate sulphate resisting or highly sulphate
resisting cement were to be used, depending on the extent of the
exposure [88].

4.1.2. Level of damage
Corrosion of steel reinforcement is the most substantial degrad-

ing problem faced by RC structures. It is responsible for concrete
cracking, bond strength weakening, loss in steel cross-section,
and loss of serviceability and structural functionality [89–96].
Manalo et al. [97] indicated that simulating 50% steel corrosion
in circular RC columns of 1 m height and 250 mm diameter
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Table 1
Summary of FRP composite application in the laboratory and on real structures.

Reference Description Joining system Level of
Development

Advantages Disadvantages

Lopez-Anido
et al. [21]

Circular GFRP shells made of unidirectional E-glass
layers (0� and 90�) and chop strand layer.

Two overlapping
open shells strapped
together.

R&D Rapid
installation
Permanent
formwork

Outer metal straps are susceptible
deterioration which lead to jacket
opening.

Van Erp et al.
[70]

Circular GFRP composite pile repair system Composite pins Prototype Rapid
installation
Permanent
formwork

No continuity along the hoop

Williams [66] Single seam circular GFRP jacket made up of chop
strand and woven mat impregnated with epoxy resin.

Tongue and groove
with metal screws

Application Rapid
installation
Permanent
formwork

Screws and outer bands are
susceptible deterioration which lead
to jacket opening.

Ehsani [67] Thin, flexible and continuous GFRP jacket wrapped
spirally along the pile.

Seamless jacket Application Rapid
installation

This system cannot serve as a form
work due to its wrapping technique.

Strong-Tie
[71]

Round, H-pile, square/rectangular or octagonal GFRP
jacket

Tongue and groove
with metal screws

Application Rapid
installation
Permanent
formwork
Various
shapes

Screws are susceptible deterioration
which lead to jacket opening.

Beddiar et al.
[68]

Three identical GFRP segment bonded together to form
a cylindrical shell.

Bonded stepped lap
joint

R&D Permanent
formwork

Complex and poor continuity along
the hoop

Vijay et al.
[23]

Circular GFRP shells and prepreg GFRP fabrics for
wrapping

GFRP prepreg fabrics
wrapping

Application Permanent
formwork

Long installation time and high
labour cost

Five Star [72] Five Star PileForm round, H-pile or square/rectangular
GFRP jackets

Tongue and groove
with metal screws

Application Rapid
installation
Permanent
formwork
Various
shapes

Screws are susceptible deterioration
which lead to jacket opening.

FiberSystems
[73]

Combined carbon and glass FRP circular jacket Bonded overlapping
joint

Application Rapid
installation
Permanent
formwork

Poor continuity along the hoop

Karagah et al.
[69]

CFRP or combined CFRP and GFRP jacket where the
CFRP layer installed over the GFRP shell using wet lay-
up technique.

Bonded overlapping
joint

R&D Rapid
installation
Permanent
formwork

Poor continuity along the hoop

Wu and
Pantelides
[25,26]

CFRP cylindrical shell ‘‘donut” and epoxy-anchored
headed steel bars

Bonded overlapping
joint

R&D Seismic
repair
Permanent
formwork

Limited to columns’ ends repair due
to the headed steel bars anchorage.

Fig. 11. Stress–strain curves.
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resulted in 56% reduction in the axial load capacity due to the loss
in the area of steel which resulted in a minor eccentricity effect.
Experiments by Torres-Acosta et al. [94] showed that the increase
in the depth of rebar corrosion damage was the most significant
parameter in reducing the flexural strength of corroded RC beams
as it initiates localised failure. The exposed reinforcement due to
concrete cover spalling affects the structural performance of the
damaged member because the reinforcement loses its structural
integrity and composite action with concrete. A study carried out
by Cairns and Zhao [98] showed that in a rectangular beam with
no concrete cover at the bottom, 50% loss in flexural capacity
was found due to bond strength loss between the steel and the
concrete. In another study, Vosooghi and Saiidi [30] developed a
Please cite this article as: A. A. Mohammed, A. C. Manalo, W. Ferdous et al., St
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trilinear stress–strain relationship (Fig. 11) to estimate the existing
strain in the longitudinal bars of damaged columns based on five
visual damage states (DS) that were defined as follow: DS-1
(flexural cracks), DS-2 (minimal spalling and possible shear
cracks), DS-3 (extensive cracks and spalling), DS-4 (visible lateral
and/or longitudinal reinforcing bars), and DS-5 [compressive fail-
ure of the concrete core edge with only a few longitudinal bars
may exhibit slight buckling (imminent failure)]. A reduction factor
was used, based on the damage state, to modify the original slope
of the first branch of Fig. 11. In the same figure, Point A represents
the yield stress and the strain associated with the modified
stiffness, Point B is associated with the maximum strain in the lon-
gitudinal steel at a given damage state, and Point C is the modified
ultimate point accounting for strain rate effect. Another important
factor to consider in the repair is the bond slip effects of the exist-
ing steel bars if they were still embedded in the damaged concrete
[99], or directly interact with new and confined concrete [100].
Harajli [99] developed a bond-slip relationship predicting the bond
degradation response of bond-critical regions in reinforced
concrete members when retrofitted using external FRP jackets
including the effects of steel bar diameter, ratio of concrete cover
and concrete compressive strength. Moreover, Wu and Pantelides
[100] incorporated the effect of bond-slip in the model they
developed to accurately simulate the seismic performance of
repaired column-to-cap beam/footing connections using CFRP
jacket.
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
0.1016/j.jestch.2020.02.006

16

https://doi.org/10.1016/j.jestch.2020.02.006


Fig. 13. Confinement effectiveness of FRP tubes with various stiffness [115].
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Steel structures, and even galvanised steel after the consump-
tion of galvanic protection, will corrode, when exposed to harsh
environments, and their strength capacity is reduced accordingly.
Beaulieu et al. [101] reported that 25% and 40% simulated corro-
sion in steel angle members resulted in a decrease by 24% and
42%, respectively, of their compressive strength due to the loss in
the cross sectional area. For timber structures, wooden piles with
more than 50% loss in their cross-sectional area need to be replaced
as it is hard to estimate the residual strength capacity of degraded
structures and decide when they are no longer safe [102]. Pizzo
et al. [103] observed an average reduction of 70% in residual com-
pressive strength of decayed wooden piles due to the mass loss and
the alteration in chemical composition of the wood. These results
are in agreement with those established by Klaassen [104] and
Schniewind [105]. The repairability threshold is driven by the
results of the initial repair design where the residual strength of
the original section is assessed and the additional strength from
the FRP repair system is calculated. The summation of both is then
compared with the design load. The economic aspect is also con-
sidered as another criteria for the repair. An appropriate, cost-
effective, reliable, and safe repair system is therefore needed to
restore the capacity of such deteriorating structures to an accept-
able level of service.

4.2. FRP composite jacket

Thickness, fibre type and fibre orientation are the three main
material parameters that influence the effectiveness of an FRP
jacket system. This section discusses how each parameter affects
the behaviour of an FRP jacket.

4.2.1. Thickness
The FRP jacket thickness has substantial effects on the strength

and ductility of repaired columns. In addition, it is directly related
with the exerted confinement pressure of the FRP jacket as the
confinement effectiveness increases with higher thickness [106].
Berthet et al. [107] and Li et al. [108] indicated that FRP wraps with
higher thickness significantly enhance the strength and ductility of
wrapped concrete columns. A study conducted by Hajsadeghi et al.
[51] showed that concrete columns wrapped with five FRP sheets
had higher axial stress and axial strain capacity in comparison with
the columns wrapped with one or three layers because of the
increase in the confining pressure with the increase in thickness.
Other research by Parvin and Jamwal [109] revealed that the axial
strength increased with the increase of the wrap thickness for all
FRP-wrapped columns. On the other hand, the average hoop strain
decreases as the number of sheets or the thickness of FRP jackets is
Fig. 12. Stress–strain curves of confined concrete with FRP tubes of various
thickness [115].
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increased because they are inversely related [110,111]. This effect
was also demonstrated by Fam and Rizkalla [112] as shown in the
Figs. 12 and 13. Increasing the FRP jacket thickness has the same
effect on steel and timber structures because the exerted confining
pressure is what matters the most [63,113]. However, for hollow
steel tubes, Teng et al. [113] indicated that once the thickness of
jacket reaches a specific threshold for which the dominant beha-
viour is the inward buckling deformations of the hollow steel tube,
an additional increase in the thickness of jacket will not result in
noteworthy further benefits as the jacket does not provide good
resistance to inward buckling deformations [113].

Regarding the thickness of prefabricated and ready-to-install
FRP jackets, there is no specified upper limit value since they are
manufactured in specialised plants as one integral part. However,
there is a limitation on the thickness of multilayer FRP laminate
strengthening system as additional layers increase the number of
potential failure modes because failure can occur in the adhesive
between each layer which increases the risk of failure within the
FRP. For example, VicRoads [114] limits the layers of FRP strength-
ening system to maximum of 2 layers for pultruded plates, and 3
layers for FRP fabrics.
4.2.2. Fibre type and orientation
The magnitude of the confining stresses exerted by the prefab-

ricated FRP jacket is the main factor that affects the repair system
effectiveness, and it is highly influenced by the fibres’ type and ori-
entation regardless of the core material type whether it is concrete,
steel or timber [116–119]. For example, glass fibres are more cost
competitive than carbon fibres, but the latter have superior charac-
teristics, while aramid fibres have lower compressive load capaci-
ties compared to other fibre types [52]. Fibres are oriented along
the load direction to resist axial loads. However, in prefabricated
FRP jackets, fibres are oriented in the circumference direction to
produce higher lateral stresses which, in return, results in higher
axial load capacity. Moreover, additional fibres with an inclination
of various angles with respect to the hoop and longitudinal direc-
tions are used to provide resistance against multi-axial strains,
increase the structural integrity of the whole FRP shell and behave
in a more ductile manner at failure [26,51]. Finally, increasing the
confining pressure significantly increases the ductility enhance-
ment ratio [106,107,120].
4.3. Joining system

Many techniques were adopted to join the jacket’s ends and
encapsulate the damaged member. The type of joining system
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 14. Joining systems.
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can affect the durability and the utilisation limit of the repair sys-
tem. For example, the joint will have different capacities to resist
the weathering and environmental attack if it was made from
materials different to that of the jacket body. The premature jacket
failure limits the full utilisation of the FRP repair system. Many
joining systems were proposed and designed in a way to address
the aforementioned concerns; however, their performances varied
significantly from each other.

In the repair system proposed by Lopez-Anido et al. [21], the
splits in FRP shells were aligned away from each other to avoid a
weakness line along the entire height of the shell. The interior sur-
face of each shell was glued to the outer surface of the next shell
using epoxy. Circumferential metal straps or temporary bands
were then used to hold the shells together and achieve the struc-
tural restoration. As shown in Fig. 14a, slip-joint/tongue-and-
groove is another popular joining technique to connect the ends
of the FRP jacket [121]. Epoxy and self-taping metal screws were
also used to hold the tongue in the groove and increase the relia-
bility of the joint. This technique was adopted to repair waterfront
structures in New York City [66]. In addition, steel bands were used
in the adopted repair system to hold the jacket and contain the
infill. The metal screws damage the FRP shell and affect the stress
flow by developing stress concentration regions which eventually
affect the fatigue resistance and the lifespan of the FRP shell.
Another method is that used by Vijay et al. [23] where additional
water-curable GFRP prepregs were applied on the outer surface
of the FRP shell to keep jacket ends together and prevent them
from opening. An alternative seamless FRP repair system was pro-
posed by Ehsani [67] consisted of flexible FRP laminates that can be
spirally wrapped around the damaged member. Finally, a stepped
lap joint technique was proposed and used by Beddiar et al. [68]
to join the FRP jacket ends together (Fig. 14b). Each step was mea-
sured to be 40 mm in length to provide sufficient overlapping for
the jacket ends in addition to being glued together using epoxy.
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There are concerns about the capability of commercially avail-
able prefabricated FRP repair systems to provide effective struc-
tural continuity and actual confinement in the hoop direction.
For instance, the joint and the bands consisting of metallic material
are prone to corrosion. Moreover, using extra FRP layers and/or
epoxy increases the installation time as they require additional
time to cure, which increases the installation/labour cost. These
limitations can be overcome by integrating an innovative and sus-
tainable joining system with the FRP jacket.

4.4. Grouting system

Studies on the effect of grouting systems on the effectiveness of
prefabricated FRP repair systems are limited. However, the grout is
a key player in transferring the stresses between the damaged core
and the outer FRP shell and developing the composite action
within the repair system. The functionality of the grout, with
regard to load transferability and effective employment of the
FRP jacket, is dependent on its compressive strength and modulus
of elasticity [23,122,123]. Grout thickness, on the other hand, is
insignificant in the case of a grout with stiffness higher than 20
GPa, while in the case of a low stiffness grout, the thinner grout
is better than thicker grout for bringing together an effective com-
posite action among different components of the jacket system,
thus producing lower strains in the core [124]. Mohammed et al.
[122] revealed that the behaviour of the prefabricated FRP jacket
is strongly affected by the compressive strength and the modulus
of elasticity of the infill. Localised failure was observed in the FRP
repair system due to the brittle cracking and crushing behaviour
of the cementitious and epoxy grouts while the progressive failure
of the concrete infill resulted in effective utilisation of the high
strength characteristics of the FRP repair system. The authors also
concluded that the high compressive strength of the grout infill
restrained its ability to transfer the stresses uniformly around the
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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FRP jacket due to increased brittleness. The numerical analyses
conducted by Sum and Leong [125] showed that increasing the
epoxy grout stiffness resulted in better stress transfer and more
effective utilisation of the composite sleeve as a repair system for
high pressure steel pipelines due to the enhanced composite action
of the repair system. In another study, Deb and Bhattacharyya
[126] highlighted the importance of the bond strength between
the infill and the FRP shell as it can influence the effectiveness of
the prefabricated FRP jacket because any discontinuity or voids
presence would induce non-uniform stresses in the FRP shell lead-
ing to premature failure.

The grout is a vital part in the FRP repair system as it provides a
smooth surface for the FRP shell and refill of the lost profile of the
damaged structure which will assure a full contact among the
components of repair system [123]. In addition, the grout infill is
necessary when the original structure requires shape modification,
i.e. from square or rectangular to a circular section for more effec-
tive confinement [127–129]. In order to eliminate separation from
the FRP shell due to shrinkage, Fam and Rizkalla [115] used expan-
sive cement in the concrete fill to fully engage the tube from the
onset of applying the system through some active confinement.
It is important therefore that the effect of these parameters are
considered in the design of a prefabricated FRP repair system.
Fig. 15. Confinement mechanism.

Please cite this article as: A. A. Mohammed, A. C. Manalo, W. Ferdous et al., St
Engineering Science and Technology, an International Journal, https://doi.org/1
5. Existing models to evaluate effectiveness of prefabricated
FRP repair systems

It is well established that using an FRP jacket to laterally confine
the concrete significantly increases its strength and ductility. Over
the last two decades, substantial amounts of research have been
carried out to understand and model the axial behaviour of FRP-
confined concrete. As a result, about 80 stress–strain models have
been developed [120,130] considering the various shapes of col-
umns, i.e. square, rectangular, circular and elliptical [131,132].
The majority of the available models can be categorised into two
groups as suggested by Lam and Teng [120]: (a) design-oriented
models [133–142], and (b) analysis-oriented models [115,143–
151]. In design-oriented models, the compressive strength, ulti-
mate strain and stress–strain behaviour are predicted using
closed-form equations based directly on the interpretation of
experimental results. In analysis-oriented models, stress–strain
curves are generated using an incremental numerical procedure
to capture the interaction between the FRP jacket and concrete
core. They are, therefore, more appropriate for incorporation in
non-linear finite element analysis in computer-based numerical
analysis software [120]. In contrast, design-oriented models are
specifically suitable for direct implementation in design calcula-
tions as they offer an approach that is familiar to engineers for cal-
culating the strength of FRP-confined RC structures. Hence, the
design-oriented models are widely adopted in repair system
applications.

Most of the previous research work on RC columns retrofitting
using FRP composites, focused on columns wrapped fully with FRP
jackets to assure the confinement continuity along their longitudi-
nal axes [111,152]. Only a small number of studies investigated
columns wrapped partially with FRP composites yet also showed
an increase in strength and ductility, in comparison with equiva-
lent unconfined columns [153–157]. However, concrete columns
partially confined with FRP composite are less efficient in nature
than fully-confined columns due to the presence of the unconfined
areas along their heights (Fig. 15a). Mander et al. [158] proposed a
model to determine the effective confining pressure on the con-
crete core, and it has been utilised in several subsequent studies
[153,159,160]. Fig. 15a shows the effectively confined areas of
the concrete core where the confining pressure is assumed to be
fully developed due to arching action. The arching effect is
described with assumed second-degree parabola with initial slope
of 45�. Hence, a confinement effective coefficient (ke) is introduced
to consider the partial wrapping effects as shown in Eq. (1):

ke ¼ Ae

Ac
¼ 1� s

2D

� �2
ð1Þ

where Ac and Ae are the cross-sectional area and the effectively con-
fined concrete area respectively; s is the clear spacing between two
FRP strips and D is the diameter. Consequently, the active confining
pressure (rl,a) on the columns wrapped partially with FRP compos-
ites can be calculated as stated in Eq. (2):

rl;a ¼ 2tgEf ehu
D

� ke ð2Þ

where the first term accounts for the jacket properties as tg is the
nominal thickness of FRP jacket; Ef is the elastic modulus of FRP;
and ehu is the rupture strain of FRP in the hoop direction. However,
since the partial confinement in most pile repair systems is carried
out using one large FRP segment as mentioned in the existing liter-
ature, Mohammed et al. [161] proposed a confinement effective
coefficient (hf/hlu) considering the height of the FRP jacket (hf) and
the total height of the column (hlu) instead of the confined area
(Fig. 15b) to predict the maximum axial load of the damaged RC
concrete columns repaired using prefabricated FRP jackets and
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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cementitious infill. The active confining pressure on the concrete
columns wrapped partially with one FRP segment was calculated
as stated in Eq. (3):

rl;a ¼ 2tgEf ehu
D

� hf

hlu
ð3Þ

Moreover, the model developed by Mohammed et al. [161] con-
sidered the level of damage in the original structure while predict-
ing the axial strength of the repaired column as detailed in Eq. (4)

rcc ¼ rco þ 5tgEf ehu
dgi

� hf

hlu
� 1:3rco

� �
� 1:22

Aef

Aundamaged

� �
� 1:28

� �

ð4Þ
where rcc and rco are the predicted and the original compressive
strength of the column, respectively, and Aef and Aundamaged are the
normalised effective area and the original area, respectively. More-
over, the jacket strain at the moment of joint failure was considered,
while the grout was considered to be of the same material type as
that of the core. This model showed a close agreement between
the experimental and the predicted values of the repaired RC col-
umns. However, the developed theoretical model might be only
applicable to the prefabricated FRP repair system investigated in
that research and further verification and/or calibrations are recom-
mended for other different types of repair systems with different
core materials, i.e. steel or timber.

Finally, for the steel structures, there are several models avail-
able to predict their strength and behaviour when strengthened
with FRP wrapping [113,162–165], but there are no theoretical
models to predict the behaviour and/or strength capacity of dam-
aged steel structures repaired with prefabricated FRP jackets, and
similarly for timber structures. Hence, further theoretical investi-
gation in the area of repairing steel and timber structures using
prefabricated FRP repair system is recommended.

6. Discussion and future research

The damage level of existing structures is closely associated
with the severity of the surrounding environmental conditions.
The highest level of damage is found at the tidal zones as those
areas are subjected to both physical (waves) and chemical attacks
(chloride ion ingress). RC and steel jackets are commonly used to
repair these damaged structures despite the fact that they are
heavy and bulky repair systems. They also significantly increase
the size and weight of the retrofitted member which is not desir-
able, especially during seismic events, as they tend to attract
higher loads due to their increased rigidity [44]. Furthermore,
using the same original material for repair with the presence of
the same environment will cause similar damage again and the
repair cycle may never end. Hence, more research is being con-
ducted to use the prefabricated FRP composite jackets in structural
repair to overcome the drawbacks of using traditional materials in
a repair system.

The effectiveness of the prefabricated repair system depends on
the properties of the jacket (thickness, fibre type and orientation)
and its joining system to maintain the jacket continuity around
the damaged member. The confinement effectiveness increases
with the increase of the jacket’s thickness as the exerted confine-
ment pressure is higher for thicker jackets [106]. Carbon fibres
are also used when higher effectiveness is required because they
have superior properties compared to those of glass and aramid
fibres, and they are oriented along the circumference axis [52].
The grout, on the other hand, is essential to connect the repair sys-
tem components by transferring the loads between the damaged
core and the composite FRP shell. The grout’s compressive strength
and modulus of elasticity [23,122,123] are the two critical mechan-
Please cite this article as: A. A. Mohammed, A. C. Manalo, W. Ferdous et al., St
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ical properties that affect its functionality in terms of load transfer-
ability and effective utilisation of the FRP system. High
compressive strength grout reduces the repair system effective-
ness as it has limited capacity in transferring the load uniformly
due to the increased brittleness. Further research considering var-
ious types of cost-effective grouts with a different range of proper-
ties should be conducted to optimise the design and utilisation of
the repair system.

Interestingly, the original compressive strength of the core
material can affect the strength gain of the confined structure.
The very low strength confined concrete experience severe crush-
ing under axial load [122]. In the developing countries, the very
low strength concrete is commonly used in RC structures where
it should be noted that the concrete core can be significantly dam-
aged without any remarkable deformation in FRP jacket which will
not result in any additional axial load carrying capacity for the
repaired column despite the use of confining jackets. For normal
strength confined cores (20–50 MPa), the strength gains depend
only on the confinement pressure generated by FRP jackets and it
increases with higher confinement pressure. In case of high
strength cores, the strength gain is a function of both the confine-
ment ratio and the maximum compressive strength of the core.
The strength gain, however, decreases marginally with the increase
in the compressive strength of the core. In the same way, the hoop
strain capacity of the FRP shell declines as the core’s compressive
strength increases. The main reason for the decline is the high
material brittleness which increases with the core compressive
strength regardless of its type i.e., concrete, steel or timber. In con-
crete, the increased brittleness drives the micro-cracks to be devel-
oped in heterogeneous manner which is considered the main
reason for this deficiency [110], while in steel and timber, the
increased brittleness decreases the Poisson’s ratio effects and more
internal stresses will be generated resulting in local failure of the
core and consequently of the FRP jacket. Moreover, the original
shape of the core structure can affect the overall behaviour of the
repaired structure as several studies showed that the confinement
mechanism of prefabricated FRP shells is less competent for
square/rectangular columns in comparison with circular columns
[68,100,130]. Prefabricated FRP composite jackets have an excel-
lent in-plane tensile strength but, as they are quite thin, possess
relatively small out-of-plane bending strength. Hence, the tensile
hoop stresses in the composite jacket generate confining pressure
that uniformly confines the whole area of a circular column. At the
same time, non-uniform confining pressures are exerted by the
prefabricated FRP jackets onto square/rectangular cross sections.
Concentrated confining pressures are generated at the corners of
square/rectangular columns rather than on the sides because con-
fining pressures on the sides result from the flexural behaviour of
the composite shell rather than its behaviour in tension [58]. Nev-
ertheless, there are concerns about the ability of the commercially
available prefabricated FRP repair systems to provide effective
structural continuity and actual confinement in the hoop direction.
These concerns have motivated the development of a prefabricated
FRP repair system with an easy-fit and self-locking mechanical
joining system (Fig. 16). The novel joining system consists of two
interlocking edges and a locking key to provide a uniform force dis-
tribution along the entire height of the joint. This joint design was
inspired by the way in which clams attach themselves to rock
ledges using anchors through hundreds of small filaments. These
filaments can produce a strong hold when their strength is com-
bined (Fig. 16b).

Manalo et al. [64] identified the most effective joint materials
that can provide a scenario of structural continuity in the hoop
direction and effective confinement to the repaired structure.
Mohammed et al. [161] conducted a large-scale experimental
investigation to evaluate the effectiveness of the novel FRP repair
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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Fig. 16. The prefabricated composite pile repair system.

Fig. 17. Bridge piles repaired with FRP jacket [166].
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system in repairing RC concrete piles. Concrete columns with sim-
ulated steel corrosion and concrete cover damage were repaired
with an FRP jacket that partially covered the columns’ height.
The gap between the pile and the jacket was filled with grout prior
to axial compressive loading of the test specimens. The compres-
sion testing results showed that FRP jacket could restore the stiff-
ness and the axial strength capacity of the damaged columns to the
original levels of the undamaged columns [161]. This repair system
has been successfully used to rehabilitate a road bridge located at
the Gold Coast in Queensland, Australia (Fig. 17). It was chosen
over other rehabilitation jackets for its benefits: cost-
effectiveness, rapid fitment, safety, and ease of installation [166].
Mohammed et al. [161] however recommended further modifica-
tions on the current joining system design to fully utilise the jacket
capacity and expand the application of the prefabricated repair
system to strengthening situations.

Important parameters such corrosion level, concrete cover loss,
shape, grout infill properties, jacket thickness and the integrity of
the joint should be taken into consideration while designing and
constructing using the prefabricated FRP repair system. The cost
effective prefabricated composite jacket is being further explored
Please cite this article as: A. A. Mohammed, A. C. Manalo, W. Ferdous et al., St
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and investigated with a focus on developing the next generation
of efficient and reliable structural composite repair methods. The
current model for damaged RC columns repaired with prefabri-
cated jacket can be developed further to include additional factors
like the type of grouting system and the degree of damage within
the core structure.
7. Conclusions

This paper critically reviews the existing jacketing techniques
to repair and strengthen existing damaged or deteriorating infras-
tructure. It focuses on prefabricated FRP composite jackets and
identifies the parameters that affect the effectiveness of this type
of repair system. From this critical review, the following conclu-
sions and recommendations can be drawn:

� Repairing the damaged structures using either concrete or steel
jackets or timber splicing is impractical in infrastructure
exposed to aggressive environments. Using these conventional
materials will lead to never-ending repair cycles as they are
subjected to the same environment which caused damage to
the existing structure.

� FRP composite jacketing systems offer superior properties in
terms of corrosion resistance, lightweight and durability com-
pared to conventional repair systems and are compatible with
steel, concrete and timber structures.

� Prefabricated FRP composite repair systems are preferable to
the wet lay-up as the former systems are easier, quicker, safer
to install, require fewer workers on site, lead to less resource
wastage and have higher quality as they are manufactured
under well controlled conditions.

� The design of an effective joint is key to providing structural
continuity for prefabricated FRP composite jackets. The joining
schemes should offer a composite repair system that is easy,
quick and safe to install, and can be easily implemented for pre-
fabricated FRP repair systems.

� The effectiveness of the prefabricated FRP composite jackets is
governed by the thickness and orientation of the fibres within
the jacket, the type and properties of infill grout, and the level
ate-of-the-art of prefabricated FRP composite jackets for structural repair,
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of damage and shape of the existing structures. Understanding
the effects of these design parameters will lead to an optimal
and safe design of prefabricated FRP jacket repair systems.

� Available models to predict the strength and behaviour of
strengthened structures with FRP composite jackets do not
account for the level of damage in the existing structures. The
development of numerical and/or analytical models that sys-
tematically consider the effect of key parameters upon the over-
all response of repaired structures is needed to achieve a
reliable and safe repair system.

From the above findings, the prefabricated composite jacket
with an innovative joining system can be a game charger in the
construction industry and can breathe new life into key infrastruc-
ture. The low cost-to-performance benefits of this type of repair
system should be fully explored and its contribution to the struc-
tural capacity of the repaired structure should be determined. Next
generation joining schemes with FRP prefabricated systems can
offer a rapid and effective repair solution for deteriorating and
structurally deficient structures.
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Chapter 3  

Comparative study on the behaviour of different infill materials for 

pre-fabricated fibre composite repair systems 

Chapter 2 highlighted that the high strength of the FRP composite material can be 

effectively utilised if the grout can efficiently transfer the stresses between the 

damaged structure and the external FRP jacket. This chapter investigated the 

behaviour of prefabricated FRP system filled with different types of grouts commonly 

used by the industry. Concrete-, cementitious- and epoxy-based grout infills with 

compressive strength and modulus of elasticity ranging from 10 MPa to 70 MPa and 

from 10 GPa to 35 GPa, respectively, have been considered and used as infills for 

GFRP tubes of 100 mm diameter and 200 mm height. The bond effect was also 

investigated as an additional parameter by coating the inner surface of the tube by 

epoxy and 5 mm coarse aggregate. All specimen type,  3 replicates each, were tested 

under concentric axial loading until failure. The results showed a strength and strain 

enhancement by only 1.3 and 1.0, respectively, for the GFRP repair system filled with 

epoxy grouts but up to 6.2 and 38 times, respectively, for the tubes filled with the 

lowest strength and modulus concrete.  The 3 replicates for each specimen types 

behaved almost the same. Moreover, the provision of epoxy and coarse aggregates 

inside the GFRP tube surface enhanced the stress transfer between the tube and infill 

which consequently improved the load capacity and ductility by at least 10%. 

Furthermore, localised failure was observed in the FRP repair system due to the brittle 

cracking and crushing behaviour of the cementitious and epoxy grouts while the 

progressive failure of the concrete infill resulted in effective utilisation of the high 

strength characteristics of the FRP repair system. Moreover, the high compressive 

strength of the infill material limited its capacity to transfer the stresses uniformly 

around the tubes due to the increased brittleness. A theoretical model was developed 

to accurately predict the compressive behaviour of infills and grout-filled GFRP tubes 

which accounts for the experimental axial and hoop FRP rupture strains. From this 

work, cementitious grout was found effective as a practical infill between 

prefabricated FRP jacket and damaged RC structures due to its sufficiently high 

workability, compressive strength and stiffness. The behaviour of damaged structures 

repaired with FRP jacket and filled with this grouting system under compression and 

bending were then investigated in Chapters 4 and 5, respectively.
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a b s t r a c t

Prefabricated fibre-reinforced polymer (FRP) composite jacket is now becoming an effective repair system
for deteriorating piles and columns exposed tomarine environment. This systemworks by providing grout
infills between the annulus of the existing structure and the composite jacket. Few studies are however
available on the optimal grouting materials that can effectively transfer the stresses between the existing
structure and the FRP jacket. This study is investigating the effect of cementitious, concrete and epoxy-
based grout infills on the structural behaviour of pre-fabricated glass-FRP (GFRP) tubes. The considered
grouts have compressive strength and modulus of elasticity ranging from 10 MPa to 70 MPa and from
10 GPa to 35 GPa, respectively. The experimental results showed that the behaviour of the composite repair
system is highly dependent on the modulus of elasticity and the compressive strength of the grout infill.
The brittle failure behaviour of the cementitious and epoxy grouts led to localised failure in the FRP repair
systemwhile the progressive cracking and crushing of the concrete infill resulted in effective utilisation of
the high strength properties of the composite materials. Theoretical analysis of the overall compressive
behaviour has also been conducted and showed very good agreement with the experimental results.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction
The increasing problems of deteriorating reinforced concrete
(RC) civil infrastructure have resulted in many of them becoming
out of service due to safety concerns. These damaged structures
need to be either replaced or retrofitted so that they can continue
to remain in service. It is estimated that more than $5 billion
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annually is needed to maintain the RC bridges in each of the coun-
tries like US, Canada, and Europe [1]. In Australia, the corrosion-
induced damages cost the economy more than $13 billion per year
due to lost production and shutdowns to make repairs as reported
by the Commonwealth Scientific and Industrial Research Organisa-
tion (cited in Cassidy et al. [2]). In most cases, it is more economical
to repair the existing damaged structures than to replace them.
Adopting effective rehabilitation and strengthening techniques
can be economically beneficial by minimizing the off-service time
of the structure, and eventually saving a significant amount of
resources. Due to the limitations of the traditional rehabilitation
techniques, such as concrete and steel jacketing, in terms of the
material weight and the complexity of steel anchorage [3], the
introduction of versatile fibre-reinforced polymer (FRP) compos-
ites for strengthening and rehabilitation of civil infrastructure
has been essential and very valuable. The superior characteristics
of this advanced material, such as high strength, corrosion resis-
tance, lightweight, high fatigue resistance, high impact resistance,
and durability [4], enabled it to be successfully utilised for
strengthening and rehabilitating damaged and/or deteriorating
concrete and steel structures, [5–8], especially those that are
located in harsh environments such as marine and mining areas.

Pre-fabricated composite jackets are becoming increasingly
used in repairing structures especially for under water applica-
tions. These composite repair systems are manufactured at spe-
cialised plants, thereby achieving high quality and uniformity.
Moreover, they can be easily installed at site by placing the jacket
around the damaged structure and serving as a permanent form-
work. An appropriate grout is then placed to fill the gap between
the jacket and the existing structure. The pre-fabricated FRP jacket
provides protective shield and induces lateral confining passive
pressure, which eventually strengthens the damaged structure.
Lopez-Anido et al. [9] proposed a repair system utilizing FRP shells
with two different types of grouting systems, cement-based struc-
tural grout and expanding polyurethane chemical grout, to provide
protection and structural restoration for deteriorated wood piles.
Williams (cited in Manalo et al. [10]) utilised pre-fabricated FRP
pile jackets consisting of chop strands and woven mats impreg-
nated with epoxy resin in the rehabilitation of New York City
waterfront structures to restore its structural strength. A 3/800 light-
weight stone concrete was utilised as the grout infill to prevent the
weight increase that could cause structural damage to the pier.
Vijay et al. [11] used pre-cured FRP shells for encasing and rehabil-
itating the water-submerged steel H-piles of a bridge in the USA.
The space between the FRP shells and the steel piles was filled with
self-consolidating concrete to strengthen and protect the piles
from further deterioration. Considering the behaviour of the repair
system components, Shamsuddoha et al. [12] highlighted the effec-
tiveness of using FRP composites and grout infills for steel pipeline
repairs. In these applications, the repair systems have been suc-
cessfully implemented by providing grout infills between the
annulus of the existing structure and the prefabricated composite
jackets.

The effectiveness of the pre-fabricated FRP jacket in repairing
damaged or deteriorating structures is highly dependent on the per-
formanceof thegrout infill. Thegroutplaysavital role in transferring
the stresses between the core structure and the external FRP jacket
to develop the composite action [13]. The compressive strength
and modulus of elasticity are the two most important mechanical
characteristics of the grout that affect its functionality in terms of
load transferability and effective utilisation of the FRP system
[11,12]. Sum and Leung [13] conducted a numerical analysis on a
composite sleeve and epoxy grouts over a pipe subjected to internal
pressure. The results indicated that a stiffer epoxygrout is preferable
because it is more effective in stress transfer and makes the repair
system act compositely. The bond between the grout and the FRP
jacket is another factor that affects the efficiency of the FRP repair
systembecause any discontinuity and/or voidswould lead to gener-
ating non-uniform stresses onto the FRP jackets that could lead to
premature failure [14]. The grout is necessary to assure a full contact
between the system components as it provides a smooth bed for the
FRP jacket and refill of the damaged profile of the existing structure
[12]. Moreover, it is essential when shape modification is required,
i.e.modifying theoriginal structure fromsquare/rectangular to a cir-
cular section for better confinement [15,16].

A number of studies have used several types of grouts as infill
for the pre-fabricated FRP repair system [9,11,17–20]; however,
these studies did not consider the structural contribution of the
grout infills. There is a need therefore to have a better understand-
ing on the mechanical properties of the grout infills and how they
affect the stress development on the composite repair system. In
this study, the properties of three different grout materials and
the structural behaviour of a FRP repair system filled with different
grouts are evaluated. The results of this study provide information
on the important characteristics of the grouting materials that will
be useful to effectively utilise the inherent properties of the pre-
fabricated composite repair systems.

2. Experimental program

The material properties and procedures employed in the study are presented
and discussed in this section.

2.1. Material properties

2.1.1. Infills
Three different types of infills were considered in this study: (1) concrete-grout

infill, (2) shrinkage compensating cementitious-grout infill, and (3) epoxy-grout
infill. These grout infills were selected based on their market availability and cur-
rent industry practice, with taking into consideration the compressive strength
and elastic modulus of the infills. For the concrete-grout infill, three different com-
pressive strength grades, i.e. Grade 1, Grade 2 and Grade 3, of commercially avail-
able normal concrete made up of Portland cement, water, sand, and gravels with
maximum aggregate size of 10 mm were used. The shrinkage-compensating
cementitious grout was made up of cement powder with 0.3 mmmaximum particle
size. Its shrinkage-compensating feature allowed the final product to be volumetri-
cally stable during the initial stage of curing and prevented cracking due to plastic
shrinkage. Following the recommended procedure in the technical data sheet [21], a
water-to-cement weight ratio of 0.175 was adopted to obtain a flowable grout that
suits filling applications while avoiding the formation of voids. A high strength
chemical epoxy grout [22] was used in this study and consisted of two main com-
ponents; the polyurethane (Part A) and binder (Part B). After the proper mixing of
these components, special graded aggregate and fillers for epoxy compounds were
added to the mix to produce the desired grout mortar.

2.1.2. GFRP tubes
Fig. 1 shows the prefabricated glass-fibre-reinforced polymer (GFRP) tubes that

were manufactured using the filament winding method with E-glass fibres and
vinyl ester resin. Experimental approaches in accordance with the ISO 527-
1:1995 [23] and ISO 14126:1999 [24] were adopted to ascertain the tensile and
compressive properties of the GFRP tubes. The test coupons were cut from the large
GFRP laminates, with the same lay-up and composition as the GFRP tubes, using the
water jet cutting machine. The results of the material characterisation are listed in
Table 1. As can be seen from the table, the GFRP tubes had average tensile strength
(ff) and tensile modulus (Ef) equivalent to 297 MPa and 24 GPa, respectively. The
compressive strength ðf 0f Þ and compressive modulus ðE0

f Þ on the other hand, were
equal to 180 MPa and 30 GPa, respectively.

Burnout test was also conducted, in accordance with ISO 1172-96 [25], to deter-
mine the fibre content ratio and fibre stacking sequence of the GFRP tubes. The test
revealed that the GFRP tube material has 67.6% fibre content by weight. As depicted
in Fig. 2, the GFRP tube had a stacking sequence of �45�/+45�/�45�/+45� with
respect to the hoop direction. Such configuration is effective in managing multi-
axial stresses and in achieving more ductile behaviour at failure [26,27].

2.2. Test specimens

Three replicates were prepared for each type of specimen, yielding a total of 36
specimens including three (3) hollow GFRP tubes, fifteen (15) infill cylinders, fifteen
(15) grout-filled GFRP tubes, and three (3) filled GFRP tubes with the internal sur-
face roughened with epoxy and 5 mm size course aggregates. The specimens were
cured and tested after seven days.
27



Fig. 1. The pre-fabricated GFRP tube.

(a) Infill (b) Filled GFRP tube 

Fig. 3. Geometry and configuration of the test specimens.
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Fig. 3 shows the geometry and configuration of the tested specimens. The aver-
age height (hi) and diameter (di) of the infill cylinders were 200 mm and 100 mm,
respectively, while the average thickness (tg), height (hg), and internal diameter
(dgi) of GFRP tubes were 3, 200 and 100 mm, respectively. The GFRP tubes were
roughened by coating the inner surface with a thin layer of epoxy and 5 mm coarse
aggregates (Fig. 4) to investigate the influence of the bonding between the GFRP
tubes and the infills. These tubes were filled with Grade 2 concrete.
Table 1
Properties of GFRP coupons.

Test Test standard Dimensions (mm)

Length Width

Tensile ISO 527-1:1995 [1] 250 25

Compression ISO 14126:1999 [2] 140 12.75

Burnout ISO 1172:1998 [3] 50 15

(a) 1st layer (-45˚) (b) 2nd layer (+45˚) 

Fig. 2. Stacking sequenc
Grades 1, 2, and 3 cylindrical concrete infills were labelled as C1, C2, and C3,
respectively, and were collectively labelled as C#. The cylindrical cementitious-
grout and epoxy-grout infills were labelled as CG and EG, respectively. The grout-
filled GFRP tubes were then identified by adding the prefix G- to the infill label
while the hollow GFRP tubes were named as H-Tube. The filled GFRP tubes with
roughened internal surface were identified by adding the symbol ⁄. For example,
the specimen named as G-EG stands for GFRP tubes filled with epoxy-grout while
G-C2⁄ represents the specimen with roughened GFRP tubes and filled with Grade
2 concrete-grout infill. The concrete-filled GFRP tubes were collectively called as
G-C#.

2.3. Test set-up and procedure

The mechanical properties of the test specimens were determined using the
uniaxial compression test in accordance with the ASTM C39/C39M [28] as shown
in Fig. 5. The specimens were vertically positioned at the centre of the loading
Property Value Standard deviation

Peak stress, MPa (ff) 297 45
Modulus, GPa (Ef) 24 –
Peak strain, le (efu) 11,268 –

Peak stress, MPa ðf 0f Þ 180 38

Modulus, GPa ðE0f Þ 30 –

Peak strain, le ðe0fuÞ 11,001 –

Fibre content 67.65% 0.31

(c) 3rd layer (-45˚) (d) 4th layer (+45˚) 

e of the GFRP tube.
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Fig. 4. Roughened GFRP tube.
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plates. The monotonically increasing loads were applied using the 2000 kN SANS
servo-hydraulic compression testing machine at a displacement rate of 3.0 mm/
min. The machine was equipped with a digital acquisition system that measured
and recorded the applied loads and corresponding deformations. The axial and lat-
eral strains were measured using strain gauges (SG) glued longitudinally and trans-
versely at the mid-height of the specimens and were captured using the System
5000 data logger. A calibrated 2000 kN load cell attached to the logger was also
used to synchronise the deformation readings obtained from the SANS machine
and the strain readings captured from the data logger.
a. Infill 

Fig. 5. Compressio

(a) C1 (b) C2 (c) C3

Fig. 6. Representative failure mo
3. Results and observations

3.1. Behaviour of infill materials

This section summarises the results obtained from the com-
pression tests of infills.
3.1.1. Failure mode
Fig. 6 shows the representative failure modes of the tested

cylindrical infill specimens after the compression test. Visible
crushing and cracking were observed at the top section of the
concrete and cementitious grout cylinders during the test. As the
applied load increased, the cracks spread and propagated down-
ward with increased crushing. At failure, C1 (Fig. 6a), C2 (Fig. 6b),
and C3 (Fig. 6c) underwent concrete crushing coupled with the for-
mation of longitudinal cracks throughout the height of each spec-
imen. In general, as the compression strength of concrete increases,
the degree of aggregate separation and crushing severity decreases
while the width of cracks increases. CG (Fig. 6d) exhibited nearly
similar failure mode as the concrete specimens, but with a sharp
and sudden break in the form of a large vertical crack throughout
the height of the cylinder.
b. Filled GFRP tube 

n test set-up.

(d) CG (e) EG

des of the cylindrical infills.
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The failure of EG (Fig. 6e), on the other hand, was governed by
the combination of cone formation at the bottom and large fracture
without crushing at both ends. The cone formation can be attribu-
ted to the frictional force between the top and bottoms plates, and
the specimen surfaces which creates horizontal stresses and even-
tually forms cones at the ends [28]. However, no cone was formed
at the top due to the presence of the cap which minimised/elimi-
nated the friction force. Interestingly, similar failure pattern was
observed by Shamsuddoha et al. [12] but without the cone forma-
tion as the frictional force was marginal due to the relatively low
axial applied load. This specimen underwent the most violent com-
pression failure among all the other infills, wherein a loud snap-
ping sound was heard at failure.

3.1.2. Stress-strain behaviour
Fig. 7 presents the typical relationship between the axial stress

(rc) and the axial strain (ec) of the tested cylindrical infills. As
shown in the figure, C# exhibited a linear elastic behaviour,
wherein the load increased rapidly with the deformation. As can
be expected, the elastic modulus increases with the compressive
strength. A short nonlinear behaviour prior to peak load was
observed, owing to the simultaneous crushing and cracking of
the specimen. After reaching the maximum load, the load dropped
progressively. C3 showed the fastest degradation followed by C2
and C1, respectively. In the case of CG, the axial stress increased
rapidly with the axial strain; however, CG did not show any
post-peak response as the curve dropped immediately after failure.
The typical stress-strain curve of EG was composed of a short linear
segment followed by a long nonlinear segment prior to peak,
owing to the high deformability characteristic of the epoxy grout,
which was then followed by a short decreasing stress-strain
segment.

3.1.3. Compressive strength, modulus of elasticity, and axial strain at
peak

Table 2 summarises the experimental results obtained from the
compression tests of cylindrical infills including the average axial
load capacity (Piu), the average peak compressive strength (riu)
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Fig. 7. Representative stress-strain (rc � ec) curves of the cylindrical infill
materials.

Table 2
Peak axial load, compressive strength and its standard deviation, elastic modulus, and str

Specimen Piu, kN riu, MPa

C1 99.1 12.6
C2 136.5 17.4
C3 215.8 27.5
CG 378.4 48.2
EG 619.5 78.9
and corresponding standard deviation (siu), the modulus of elastic-
ity (MOEi), and the axial strain at peak (eiu). The Piu of C1, C2, and C3
were 99.1 kN, 136.5 kN, and 215.8 kN, respectively, which trans-
late to riu of 12.6 MPa, 17.4 MPa, and 27.5 MPa respectively. CG
and EG, on the other hand yielded Piu of 378.4 kN and 619.5 kN that
were equivalent to riu of 48.2 MPa and 78.9 MPa, respectively. The
values of siu ranged from 1.4 MPa to 4.6 MPa, suggesting a good
precision among the obtained results.

The MOEi values were taken from the regression analysis of the
linear segment of the stress-strain curves. As expected, C3 (26.8
GPa) yielded the highest MOEi among the concrete infills followed
by C2 (19.5 GPa) and C1 (18.4 GPa), respectively. CG exhibited the
highest MOEi (34.3 GPa) among the tested cylindrical infills. Inter-
estingly, the experimental MOE of the concrete-grout and
cementitious-grout infills were more or less comparable to the the-
oretical values obtained from the established empirical formula
(Eq. (1)) for normal concrete:

MOEi ¼ 4700
ffiffiffiffiffiffiffi
riu

p ð1Þ
Although EG yielded the highest riu among infills, it produced

the least MOEi (10 GPa). This value was equivalent to the MOEi
(11 GPa) reported by Shamsuddoha et al. [12] for epoxy-based
grout with relatively similar material composition as the epoxy
grout adopted in this study.

The magnitude of eiu increases with the compressive strength of
the concrete infills, wherein C3 (1312 le) yielded the largest value
followed by C2 (755 le) and C1 (662 le), respectively. The eiu of CG
and EG, on the other hand, were equivalent to 1178 le and 10,800
le, respectively.

3.2. Behaviour of hollow and filled GFRP tubes

This section summarises the results obtained from the com-
pression tests of hollow GFRP tubes and grout-filled GFRP tubes.

3.2.1. Failure mode
Fig. 8 shows the typical mode of failure of the hollow and grout-

filled GFRP tubes. As shown in Fig. 8a, the hollow GFRP tubes expe-
rienced localised crushing just below the loading point (end crush-
ing). Then, the damage was transferred axially to the body by
forming a large crack with continuous fibre rupture. Sounds of
resin cracking and fibres rupturing were heard before the final fail-
ure. Filling the GFRP tubes with grout infills, however, modified the
failure from axial to hoop failure. For all the grout-filled GFRP
tubes, the failure was initiated by the development of cracks and
crushing of the core infills. White spots appeared onto the body
of the tubes, especially at the potential failure zones due to the ten-
sioning of fibres. The mechanism and extent of fibre rupture, how-
ever, were different for each type of grout infill.

G-C# exhibited a failure mode that was characterised by the
longitudinal cracks perpendicular to the fibre orientation. G-C1
(Fig. 8b) exhibited the most violent and most severe degree of fail-
ure among the G-C# specimens, owing to the rupture of fibres
through its entire height, followed by G-C2 (Fig. 8c) and G-C3
(Fig. 8e), respectively, which exhibited local fibre rupture at the
top portion. Interestingly, this localised failure was also reported
ain at peak of the cylindrical grout infills.

si, MPa MOEi, GPa eiu, le

1.4 18.4 662
4.4 19.5 755
3.1 26.8 1312
1.1 34.3 1178
4.6 10.0 10,800
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(a) H-Tube (b) G-C1 (c) G-C2 (d) G-C2*

(e) G-C3 (f) G-CG (g) G-EG

Fig. 8. Typical compression failure of hollow and filled GFRP tubes.
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by Vincent and Ozbakkaloglu [29] for FRP-tube encased specimens.
The curing of concrete inside the tube resulted in a localised con-
crete shrinkage at the top because the evaporation takes place only
in this region. Hence, the concrete shrinkage should be avoided in
the practical engineering applications. G-CG (Fig. 8f) also exhibited
similar failure mode as G-C3 specimens but with shorter cracks
and less violent failure. On the other hand, more localised failure
was observed in G-EG (Fig. 8 g). An upside down triangle-shaped
FRP rupture was observed in the upper part of G-EG, which seems
to be a replicate of the top fracture that was observed in EG
(Fig. 6e).

Fig. 8d presents the post-failure configuration of G-C2⁄. As can
be seen in the figure, G-C2⁄ exhibited nearly similar failure as G-
C2, but with a lesser degree of fibre’s rupture. G-C2⁄ appeared to
confine the fibre rupture along the height of the tube and pre-
vented the propagation of fibre rupture around the tube, suggest-
ing the influence of internal surface roughening. In fact, it was
evident in G-C2 (Fig. 9a) that the whole concrete cylinder was com-
pletely detached from the surface of the tubes while G-C2⁄ showed
otherwise (Fig. 9b), wherein some concrete was attached to the
tubes owing to the epoxy grout and concrete gravel that enhanced
the bonding between the concrete infill and the tube.
(a) G-C2 (b) G-C2*

Fig. 9. Post-failure configuration of G-C2 and G-C2*.
3.2.2. Stress-strain behaviour
Fig. 10 shows the representative axial stress-axial strain

(rc � ec) curves of the grout-filled GFRP tubes. The typical rc � ec
behaviour of G-C# specimens was embodied by a monotonically
increasing bi-linear curve. It is an increasing type of rc � ec curve,
wherein both of the significantly enhanced compressive strength
and ultimate strain were reached at the same time [30]. The initial
rapidly ascending linear segment represents the elastic region
wherein the axial behaviour of the G-C# was comparable to that
of their corresponding infills, which can be expected since the
behaviour of the specimen at this stage was governed by the core
infills. As long as the axial stress is lower than the compressive
strength of the concrete core, the core dilation will be insignificant
to activate the passive confinement of the low modulus GFRP tube
and hence, will not influence the overall behaviour of the specimen
[31,32]. In fact, negligible hoop strain readings up until an applied
stress equivalent to the compressive strength of the infills were
recorded during the test as shown in Fig. 11. Furthermore, this
can be mathematically proven by calculating the axial rigidity
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Fig. 10. Axial stress-axial strain curves of the grout-filled GFRP tubes.
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(EA) of the filled GFRP tube system, wherein the EA of C1, C2, and
C3 were equivalent to 97.2%, 97.4% and 97.6% of the overall EA of
G-C1, G-C2, and G-C3, respectively, suggesting that more loads
were attracted by the infills during the elastic stage. The next seg-
ment was represented by another linear segment with a reduced
slope (E2) that embodied the plastic hardening behaviour of the
specimens. The infills undergo more severe crushing and cracking
that fully activated the passive confinement of the tubes as evi-
denced by the large amount of strain values obtained along the
hoop direction. At this stage, the GFRP tube mainly governed the
behaviour of the specimens. The GFRP tubes filled with C1 infill
yielded the highest E2 than those filled with C2 and C3, respec-
tively. The specimens did not show any response after reaching
their peaks. A nonlinear behaviour was observed between the
two linear segments that indicated the initiation and propagation
of concrete crushing and cracking, and the partial activation of
the tubes.

The typical rc � ec curve of G-CG (Fig. 10) specimens, on the
other hand, can be categorised as a decreasing type featured by a
post-peak descending branch [30]. A slight load drop occurred after
the initial peak. This drop marked the transition from linear to non-
linear behaviour and was not observed in concrete infills having
compressive strength lower than that of the cementitious-grout
infills (48.9 MPa). Vincent and Ozbakkaloglu [29] reported that this
phenomenon happened in specimens filled with high strength and
ultra-high strength concrete (59 MPa to 112 MPa) and not in the
specimens filled with normal strength concrete (34.8 MPa to
38.0 MPa). However, this phenomenon will start to transpire at a
stress ranges from 38.0 MPa to 48.9 MPa. After reaching the peak
or the confined compressive strength, a softening segment
occurred. At this stage, more severe infill crushing and cracking
transpired concomitant with fibre rupture and crushing of matrix
of the GFRP tubes. The compressive stress at FRP rupture was
higher than that of the compressive strength of the infill, suggest-
ing that CG were still sufficiently confined.

The rc � ec behaviour of G-EG specimens can be represented by
a bilinear curve. The initial linear branch was similar to that of the
cylindrical epoxy grouts. The second linear segment tend to show
Table 3
Peak axial load, peak axial stress and corresponding standard deviation and strains at rup

Specimen Pgu, kN rgu, MPa sg, MPa rgu

riu
egu, le ehu, le

G-C1 692.7 78.5 11.4 6.2 24,850 16,200
G-C2 599.5 67.9 5.0 4.1 20,900 16,230
G-C2* 639.0 72.4 2.5 4.4 20,240 16,180
G-C3 498.2 56.5 3.6 2.2 19,780 16,170
G-CG 645.1 73.1 0.3 1.6 6980 7990
G-EG 798.5 90.5 7.2 1.3 10,800 7170
the plateau behaviour of the specimens. A short nonlinear transi-
tion zone transpired in between the two segments that marked
the beginning of the GFRP tube’s confinement.

G-C2⁄ exhibited nearly identical shape of stress-axial strain
behaviour as G-C2. Nevertheless, these specimens showed differ-
ent hoop strain readings at comparable loads. At lower loads, G-
C2⁄ yielded higher hoop strains than G-C2, suggesting the early
activation of the passive confinement of the GFRP tubes in G-C2⁄.
At higher loads, however, lower hoop strains were recorded for
G-C2⁄ compared to G-C2, which tend to suggest that the circumfer-
ential stresses are more uniformly distributed in G-C2⁄ compared
to G-C2. Further studies are suggested to verify these findings.

In general, upon exceeding the strength of the infills, all the
filled GFRP specimens produced higher axial strains than hoop
strains for the same magnitude of applied stress. This observation
is in contrast with the earlier findings [31], wherein the lateral
strains increase more quickly than the axial strains. The discrep-
ancy may be due to the difference between the fibre stacking
sequence. The GFRP tubes used in the study had a stacking
sequence of �45�/+45�/�45�/+45� with respect to hoop direction
while the previous study utilised tubes with the principal fibres
oriented perpendicular to the column axis (0� orientation). Addi-
tional research works are recommended to verify this finding.

3.2.3. Ultimate strength
Table 3 summarises the average peak load (Pgu) and the peak

stress (rgu) and corresponding standard deviation (sg) of the filled
GFRP tubes. The Pgu and rgu of G-C1, G-C2, and G-C3 were 692.7 kN
and 78.5 MPa, 599.5 kN and 67.9 MPa, and 498.2 kN and 56.5 MPa,
respectively. It was obvious from the results that the strength of
filled GFRP tubes decreases as the compression strength of the con-
crete core infill increases. The Pgu were 616 kN and 798 kN for G-
CG and G-EG, respectively, which are equivalent to rgu of 78.4
MPa and 101.6 MPa, respectively. The recorded Pgu and rgu were
639.0 kN and 72.4, respectively, for G-C2⁄ that translate to an
increase of approximately 7%.

3.2.4. Axial and hoop strains
The average axial and hoop strains at peak stress (egu and ehu,

respectively) and at FRP rupture (eg,rup and eh,rup, respectively) in
the grout-filled GFRP tubes are also presented in Table 3. G-C1
(24850 le) produced the highest egu followed by G-C2 (20900 le)
and G-C3 (19780 le), respectively. G-CG yielded the lowest
egu equivalent to 6980 le and eg,rup of 16,140 le while the egu
and eg,rup for G-EG were equivalent to 10,800 le and 15,390 le,
respectively. In the case of concrete-filled GFRP tubes, eg,rup and
eh,rup were equivalent to their egu and ehu, respectively. The egu of
G-C2⁄ was 18% larger than that of G-C2. As can be expected,
the GFRP tubes failed in an approximately the same magnitude
of eh,rup, with an average value of 16,050 le.

3.2.5. Strength and strain enhancement ratios
Fig. 12 shows the typical relationship between the normalised

axial stress, which is the results of dividing rgu by riu, and the nor-
malised axial strain, which is the results of dividing egu by eiu. Based
ture of grout-filled GFRP tubes.

eg,rup, le eh,rup, le egu
eiu

e1, le e85, le l UT, MPa

24,850 16,200 37.6 4266 24,850 5.8 1.01
20,900 16,230 27.7 3235 20,900 6.5 0.88
24,665 16,180 32.7 3448 24,665 7.2 1.13
19,780 16,170 15.1 2108 19,780 9.4 0.83
16,116 16,140 5.9 2131 10,976 5.2 0.93
15,200 15,390 1.0 9048 10,914 1.2 0.84
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on the figure, the enhancement of the strength and strain of the
concrete-filled GFRP tubes were comparable to each other when
the applied stress was lower than the compressive strength of
the cylindrical infills. At higher applied stress, however, G-C1
yielded the highest strength and strain gain followed by the tubes
filled with Grade 2 and 3, respectively. Table 3 presents the
strength enhancement ratio (rgu/riu) and strain enhancement ratio
(egu/eiu) of the concrete-filled GFRP tubes. Based on the table, the
highest strength and strain gain ratios were observed in GFRP
tubes filled with Grade 1 concrete (6.2 and 37.6, respectively) fol-
lowed by the tubes filled with Grades 2 (4.1 and 27.7, respectively)
and 3 (2.2 and 15.1, respectively), respectively.

Next to G-C# specimens, G-CG exhibited rgu/riu and egu/eiu
equivalent to 1.6 and 5.9, respectively. G-EG exhibited the least
rgu/riu (1.3) and egu/eiu (1.0). The rgu/riu and egu/eiu of G-C2⁄ were
1.1 and 1.2 times that of their corresponding values in G-C2,
respectively.
3.2.6. Ductility and energy absorption
Table 3 also shows the ductility (l) and energy absorption (UT)

of the tested filled GFRP tubes. The parameter l was calculated by
taking the ratio of the post-peak strain at a stress 0.85rgu (e85) to
the elastic strain limit (e1), wherein e1 was determined from the
ratio between rgu and MOEi. The parameter UT, on the other hand,
was determined by taking the area under the stress-strain of the
specimen.

It can be seen from the table that l increased in the order of G-
C1 (5.8), G-C2 (6.5), and G-C3 (9.4) following the ductility of the
corresponding infills. Opposite trend, however, was observed in
terms of UT, wherein G-C1 (1.01 MPa) exhibited the highest fol-
lowed by G-C2 (0.88 MPa) and G-C3 (0.83 MPa), respectively. The
opposite trend of UT is attributed to the low eg,rup values of G-C3
and G-C2 in comparison with G-C1. G-EG produced the least l
(1.2) and UT (0.84 MPa), respectively, while G-CG yielded 5.2 and
0.93 MPa, respectively. G-C2⁄ yielded l and UT that were 11% and
28%, respectively, higher than that of G-C2.
4. Discussion

4.1. Effect of concrete grade on the behaviour of GFRP tubes

This section presents the effects of the concrete grade on the
behaviour of the GFRP tubes. In general, the amount of stress
needed to activate the passive confinement of the GFRP tubes
decreases with the compression strength of the concrete. This is
attributed to the low compression resistance of C1 infills, which
underwent early crushing and cracking at lower applied stress.
The advance activation of the passive confinement resulted in
the enhancement of the performance of the GFRP tubes. In general,
the strength and strain enhancement ratio decrease when the com-
pressive strength of the concrete core infill increase. This result
may be explained by the fact that the concrete brittleness increases
with its strength, thereby changing the crack pattern development
from heterogenic micro-cracks to localised macro-cracks [33]. The
localised crack pattern limits the stress distribution along and
around the GFRP tubes as was apparent in the failure configuration
of the specimens. The fibre rupture transpired along the height of
G-C1 while those with higher strength concrete (G-C2 and G-C3)
experienced local fibre rupture mainly at the upper section of the
GFRP tube.

Interestingly, the same trend of straight gain was reported by
Vincent and Ozabakkaloglu [29]. According to their study, the
FRP tube-encased specimens with normal strength concrete
yielded the highest strength enhancement ratio followed by the
high strength concrete and the ultra-high strength concrete,
respectively. Berthet et al. [31] also reported the same trend, but
for specimens with concrete core having compressive strength of
100–200 MPa only. Further studies are recommended to verify
these differences.

4.2. Effect of infill types on the behaviour of GFRP tubes

Different stress-strain behaviour were observed upon filling the
GFRP tubes with different types of infills. The concrete-,
cementitious-, and epoxy-filled GFRP tubes yielded increasing,
decreasing, and plateauing stress-strain curves, respectively. This
observation could be attributed to the post-peak response of the
infills, wherein the cylindrical concrete infills yielded a degrading
stress-strain curves. The cylindrical cementitious grout did not
show any post peak response while the cylindrical epoxy grout
showed a decreasing post-peak response, but at a faster rate com-
pared to cylindrical concrete infills. The concrete-filled GFRP tubes
showed the highest strength and strain enhancement ratios while
the epoxy-filled GFRP tubes showed the least. This finding sug-
gested that the epoxy grout was not effectively confined. This
can be attributed to the high deformability and insufficient stress
absorption of the epoxy grout, which immediately stressed the
GFRP tube as soon as the load was applied. Shamsuddoha et al.
[34] reported that, for pipeline repairs using FRP systems, the
low stiffness epoxy grout did not absorb the stress from the steel
and hence, did not transfer the stress efficiently to the FRP. It is
important to note however that the epoxy grouts considered by
Shamsuddoha et al. [34] has a MOE of only up to 10 GPa which is
slightly lower than that of the epoxy grouts used in this study.
On the other hand, the ductility tend to increase with the concrete
compressive strength; however, an opposite trend was found in
terms of the energy absorption. Upon using different types of grout
infills, no trend was found with respect to the ductility and the
energy absorption. This could be expected since each type of infill
have different material composition and mechanical properties.

4.3. Effect of surface preparation on the behaviour of filled GFRP tubes

The modification of the internal surface of GFRP tubes, by coat-
ing the surface with 5 mm coarse aggregates using epoxy grout as
the adhesive, eliminated the presence of gaps in the GFRP tube-
infill interface and enhanced the stress transfer between the infill
and the GFRP tube, which consequently improved the load capac-
ity, ductility, and energy absorption of the filled GFRP tubes. The
good adhesion between the infill and the GFRP tube caused the
early activation of the GFRP tubes and hence, the improvement
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Table 4
Values of constants a, b, c, d, and n.

Specimen a b* c* d* n*

G-C# 2.5 �0.3 14.6 0.5 0.1
G-CG 2.5 �0.3 k 14.6 0.5 k 0.1
G-EG 2.5 �0.3 k 14.6/k 0.5 k 0.1 k2

* Note: k = 3.
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of the overall performance. This observation corroborates Deb and
Bhattacharyya [14] findings for FRP bonding effects.

5. Theoretical modelling

This section details the development of theoretical models that
can predict the ultimate strength, ultimate strain and stress-strain
curve of the tested grout-filled GFRP tubes. The developed equa-
tions will assist in evaluating on how the important characteristics
of the infill materials would affect the overall behaviour of the
composite repair system. This will be useful in selecting the most
suitable infill that will meet the requirement of different FRP repair
system’s application, and to effectively utilise the inherent proper-
ties of composite materials.

5.1. Development of prediction equations for the FRP system

Different stress-strain (rc � ec) models were adopted in this
study to develop prediction equations for the tested grout-filled
GFRP tubes as they reasonably described the behaviour of the
tested specimens. For concrete-filled GFRP tubes, with an increas-
ing type of stress-strain curve, the expression proposed by Lam and
Teng [30] for FRP-confined concrete (Eq. (2)) was used. The sym-
bols Ec, f 0cc , and ecu were replaced with MOEi, rgu, and egu,
respectively.

rc ¼ MOEiec � ðMOEi�E2Þ2
4f o

e2c for 0 6 ec 6 et
f o þ E2ec for et 6 ec 6 egu

(
ð2Þ

et ¼ 2f o
MOEi � E2

ðaÞ

E2 ¼ rgu � f o
egu

ðbÞ

where fo = stress-axis intercept of the second linear segment, et =
strain at which the parabolic segment meets the second linear seg-
ment, and E2 = slope of the second linear segment. The relation
between riu and fo of concrete infills is shown in Fig. 13. Based on
the regression analysis, fo can be predicted using the equation below:

f o ¼ 10:4r0:4
iu ð3Þ

The peak stress (rgu) and strain at peak (egu) were estimated
using Eqs. (4) and (5), respectively, wherein the characters rl,a

(Eq. (6)), tg, dgi, eiu, and ehu were used in place of fl,a (maximum con-
fining pressure), t, d, eco, and eh,rup respectively:

rgu

riu
¼ a
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riu
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Fig. 13. Relationship between riu and f o.
egu
eiu

¼ c
rl;a

riu

� �
ehu
eiu

� �n

þ d ð5Þ
rl;a ¼ 2Ef tgehu
dgi

ð6Þ

The constants a, b, c, d and n were determined from the regres-
sion analysis (Figs. 14 and 15) of the experimental results and are
summarised in Table 4.

The initial ascending linear and nonlinear stress-strain seg-
ments of cementitious- and epoxy-filled GFRP tubes (0 6 ec 6 egu)
were modelled using Popovics’ [35] equation while the post-peak
descending segment (egu < ec 6 eg;rup) was linearly modelled using
Wei and Wu’s equations [36]. Eqs. (4)–(6) were also used to esti-
mate rgu and egu; however, a modification factor k, equivalent to
3, was included to constants b, c, d, and n as shown in Table 4.

Fig. 16 presents the comparison between the theoretical and
experimental stress-strain curves of the tested filled GFRP tubes.
It can be seen from the figure that there is a good agreement
between the two curves. Further experimental works, however,
are recommended to enhance the accuracy the proposed models
in predicting the behaviour of GFRP tubes filled with infills of dif-
ferent physical and mechanical properties.
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Fig. 16. Experimental and theoretical axial stress-axial strain curves of the grout-filled GFRP tubes.
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6. Conclusions

The effects of filling the GFRP tubes with concrete, cementitious
and epoxy grouts on the behaviour of a simulated prefabricated
composite repair system was investigated in this study. Based on
the experimental results, the following conclusions were derived:

� The behaviour of the infill materials was largely dependent on
the modulus of elasticity and the compressive strength of the
grout infill. High compressive strength and high modulus
cementitous and epoxy grouts failed in a more brittle manner
than the concrete infill. After the peak load, the concrete-,
cementitious-, and epoxy-filled GFRP tubes yielded increasing,
decreasing, and plateauing stress-strain curves.

� The type of the grout infill determined the overall behaviour of
the composite repair system. The brittle failure behaviour of the
cementitous and epoxy grouts lead to localised failure in the
FRP repair system while the progressive cracking and crushing
of the concrete infill resulted in effective utilisation of the high
strength properties of the composite materials.

� The high compressive strength of the infill material limited its
capacity to transfer the stresses uniformly around the tubes
due to the increased brittleness. This resulted in the strength
and strain enhancement ratios of only 1.3 and 1.0, respectively
for the GFRP repair system filled with epoxy grouts but up to 6.2
and 38 times, respectively for the tubes filled with the lowest
strength and modulus concrete.

� The provision of epoxy and course aggregates inside the GFRP
tube surface enhanced the stress transfer between the tube
and infill. This consequently improved the load capacity, ductil-
ity and energy absorption by at least 10%. Furthermore, this pre-
vented the propagation of fibre rupture around the composite
repair system leading to a more ductile behaviour than the
one without roughened surface.

� The developed model accurately predicted the overall compres-
sive behaviour of GFRP tubes filled with grouts of different com-
pressive strength and Modulus of Elasticity. This model is very
useful in determining the appropriate elastic and strength prop-
erties of the grout infill for repairing existing structures with
prefabricated composite jackets.
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Chapter 4  

Behaviour of damaged concrete columns repaired with novel FRP 

jacket 

Chapter 3 provided a better understanding on the overall behaviour of GFRP tubes 

filled with different grout material and provided information on the most practical 

infill for the prefabricated FRP jacket. This chapter investigates the axial behaviour of 

large scale RC columns with simulated damage and repaired with the novel FRP 

jacket. Nine large scale circular columns (1000 mm in height and 250 mm in diameter) 

and one large scale square column (1000 mm in height and 220 mm x 220 mm in 

cross-section) were fabricated with 25% and 50% simulated steel corrosion and 50% 

and 100% concrete cover damage. The steel corrosion damage was achieved by cutting 

the longitudinal reinforcement in the test region and replacing them with non-

structural PVC pipe (16-mm diameter), while bubble wraps were wrapped around the 

steel reinforcement cages to simulate the concrete cover damage. The damaged 

specimens were then repaired with 450 mm diameter, 700 mm height and 3 mm thick 

novel FRP jacket, and tested under concentric axial load until failure. The study found 

out that the jacket is capable of restoring the axial strength by 99% and 95% for RC 

columns with 25% and 50% steel corrosion damage, respectively. While the repaired 

columns with 50% and 100% concrete cover damage restored their axial load capacity 

by 95% and 82%, respectively. Also, it showed the novel FRP repair system was more 

effective in repairing circular than square columns due to the stress concentration at 

the corners of the latter. The study concluded that the current system is sufficient for 

structural repair; however, further improvements are necessary to modify the joint to 

extend the jacket’s application as a strengthening system. In addition, the developed 

theoretical equation that accounts for the partial confinement effect (jacket 

height/column height) accurately calculated the ultimate axial strength of the damaged 

column repaired with the prefabricated FRP jacket. The effect of eccentricity induced 

from asymmetric simulated damage was neglected in the developed theoretical model 

as the provision of the FRP jacket stabilised the damaged section. As the bridge piles 

are subjected to both, axial and lateral loads, understanding the flexural behaviour of 

damaged RC members repaired with the FRP jacket was implemented in Chapter 5.
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Abstract: Jacketing using prefabricated fiber reinforced polymer (FRP) composite shells is an attractive repair system for deteriorating
structures exposed to the marine environment. However, most available techniques lack an effective joining system capable of providing
structural continuity along the hoop direction. This paper addresses the evaluation of the efficiency of a FRP jacket with an innovative joining
system and the behavior of damaged concrete columns repaired with jackets considering several parameters, that is, level of steel corrosion,
level of concrete cover damage, and the shape effect. The results showed that the jacket restored the load-carrying capacity by 99% and
95% for columns with 25% and 50% corrosion damage, respectively. Moreover, the jacket effectively restored the axial load capacity of
columns with 50% and 100% concrete cover damage by 95% and 82%, respectively. The proposed system was more effective in circular
columns because the axial load capacity of the repaired columns was 43% higher than the square columns. A theoretical analysis of the axial
load capacity of the repaired columns indicated an excellent agreement with the experimental results. DOI: 10.1061/(ASCE)CC.1943-
5614.0000942. © 2019 American Society of Civil Engineers.
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Introduction

Reinforced concrete (RC) structures subjected to harsh environ-
ments such as marine or mine-water discharge exposure will
undergo severe weathering attacks, resulting in corrosion of the
steel reinforcement (Shi et al. 2012). Moreover, marine structures
built of RC and timber members usually corrode and/or deteriorate
in the splash zone due to the wet–dry cycles, chlorine ingress, and
the secondary attacks of marine borers (Baileys 1995; Bazinet
et al. 1999; Chellis 1961). Such damaged infrastructure needs
repair, replacement, or retrofit to remain in service. More than
an estimated $15 billion annually is spent to maintain the RC
bridges in countries such as the United States, Canada, and Europe
(Azam et al. 2016). In Australia, corrosion-induced damages cost
the economy more than $13 billion per year from production-
and shutdown-related losses during repairs (Cassidy et al. 2015).

In most cases, repairing rather than replacing the existing damaged
structures is more economical. Hence, adopting effective rehabili-
tation and strengthening techniques can be economically beneficial
by minimizing the off-service time of the structure, eventually sav-
ing a significant amount of resources. The RC jacket (Vandoros and
Dritsos 2008) and the steel jacket (Belal et al. 2015) are very popular
as repairing/strengthening techniques for concrete structures. How-
ever, the use of versatile fiber-reinforced polymer (FRP) composites
has been highly beneficial in addressing some of the limitations
of the traditional materials and rehabilitation techniques, such as
limited access, sensitive marine environments, weight and complex-
ity of steel anchorage, and others (Delatte 2009; Manalo et al. 2012).
The superior characteristics of FRP, such as high strength, corrosion
resistance, lightweight, high fatigue resistance, high impact resis-
tance, and durability (Maranan et al. 2016; Muttashar et al. 2017;
Sakr et al. 2005), have enabled end users to successfully implement
them to rehabilitate damaged and/or deteriorated civil infrastructure
(Manalo et al. 2016; Ozbakkaloglu et al. 2013; Pessiki et al. 2001;
Teng et al. 2003).

Significant work has been done regarding the utilization of FRP
composite materials in the construction industry. For example, FRP
composites have been investigated for use as structural elements in
construction, such as concrete-filled FRP tubes (CFFT) (Abdallah
et al. 2018; Mohamed et al. 2010; Mohamed and Masmoudi 2010).
In contrast, as an external confining/repair material, FRP compo-
sites can be applied as either a wet lay-up or prefabricated systems
(ACI 2008; Manalo et al. 2014; Mohammed et al. 2017). In the wet
lay-up, FRP jackets are fabricated onsite by impregnating liquid
resins into fibers and then wrapping them around the existing struc-
ture. In contrast, the prefabricated systems are manufactured in a
factory and delivered to a site ready to be installed. Although many
studies have indicated that both systems are effective (Berthet
et al. 2005; Nanni and Norris 1995; Teng 2002), the prefabri-
cated composite jacket is favored over the wet lay-up method be-
cause the former is easier, quicker, safer to install, and can achieve
higher quality under well-controlled manufacturing conditions.
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Prefabricated FRP composite jackets are becoming increasingly
used to repair regular and underwater structural applications. Once
installed, the prefabricated FRP jacket acts as a protective shield
and induces lateral confining passive pressure, which eventually
strengthens the damaged structure.

Lopez-Anido et al. (2005) proposed a repair system with
SCRIMP FRP shells for the protection and structural restoration
of deteriorated wood piles [Fig. 1(a)]. This repair system consists
of two FRP composite shells that are held together with circumfer-
ential metal straps or temporary bands to achieve structural resto-
ration. However, the authors have pointed out that the metal straps
could severely deteriorate, which could lead to the opening of FRP
shells and the loss of repair system functionality. A prefabricated
pile jacket repair system is manufactured with molded fiberglass
construction products (MFG-CP) and utilized in the rehabilitation
of New York City waterfront structures (Williams 2009). This sys-
tem used mechanically fastened joint and steel bands to hold the
jacket and contain the grout infill. The joint and bands were made
of metallic materials that are prone to corrosion. Vijay et al. (2016)
combined the use of precured glass FRP (GFRP) shells and water-
curable GFRP prepreg fabrics for encasing, wrapping, and rehabili-
tating twenty water-submerged steel H-piles of a bridge in the
United States [Fig. 1(b)]. The annulus between the GFRP shells
and the steel piles was filled with self-consolidating concrete. How-
ever, the installation of this system requires a two-stage process
wherein the precured GFRP shells are installed first and then
wrapped with a wet fabric, which increases the installation time and
labor cost. A few days of cure time is required for the prepreg fab-
rics before grouting. However, the ability of commercially available
prefabricated composite repair systems to provide simplified struc-
tural continuity and effective confinement in the circumferential
direction is always a concern. Therefore, a need exists to develop
an innovative and effective joining system for a FRP repair system.

Recently, a new type of FRP composite jacket (Fig. 2) that can
be quickly and safely installed due to its easy-fit and self-locking
mechanical joining system has been developed (Joinlox 2014).
This innovative joining system is comprised of two interlocking
edges that can easily fit into each other, similar to the teeth of a
zipper. A FRP locking key is placed between the interlocking teeth,
which can be slid or levered only one pitch length, thus causing
wedging of the joint edges together with a uniform force distribu-
tion along the entire length of the joint. Manalo et al. (2014) de-
termined the most suitable joint materials and assessed the capacity
and behavior of this system when subjected to internal pressure.

They concluded that this jacket, with its new innovative joining
system, can provide a case of structural continuity and confinement
to the repaired structure. However, the performance benefits of this
FRP jacket have yet to be fully explored, and its contribution to the
structural capacity of the repaired structure is not yet understood.
This study provides a better understanding of the actual perfor-
mance of RC structures repaired and partially confined with the
novel FRP jacket system. This information is critical for evaluating
the efficiency of this new repair system and its application to actual
rehabilitation projects.

Experimental Program

Materials

Novel GFRP Jacket
The GFRP jacket consists of the GFRP shell and the innovative
GFRP joining system (Fig. 2). The GFRP shell was fabricated
by the filament winding method, whereas the GFRP joint was made
through a pultrusion process. The joint was then attached to the
jacket using epoxy and FRP pins at the ends. A burnout test was
conducted in accordance with ISO 1172 (ISO 1996) to deter-
mine the materials’ fiber content ratio and fiber stacking sequence.
The test revealed that the GFRP shell had 67.6% fiber content by
weight and a stacking sequence of −45°=þ 45°= − 45°=þ 45°

Fig. 1. Existing prefabricated FRP repair system: (a) wood pile repair (reprinted from Lopez-Anido et al. 2005, © ASCE); and (b) waterfront
structure repair, New York (reprinted from Vijay et al. 2016, © ASCE).

Shell and joint

Locking key
Joint edges

Fig. 2. Novel GFRP jacket.
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with respect to the hoop direction. Such a configuration is effective
in managing multiaxial stresses and in achieving more ductile
behavior at failure (Hajsadeghi et al. 2011; Parvin and Jamwal
2006). The joint also had a fiber content ratio of 66.0% and con-
sisted of several longitudinal fiber, chopped strand, and woven mat
layers.

Experimental approaches in accordance with ISO 527-1 (ISO
1995) and ISO 14126 (ISO 1999) were followed to ascertain the
tensile and compressive properties of the GFRP shell and joint.
The test coupons were cut directly from one of the jackets along
the axial/longitudinal direction using the water jet cutting machine.
At least six replicates were tested for each specimen type. The re-
sults of the FRP material characterization are listed in Table 1.
Although three properties indicated a coefficient of variation higher
than 15%, these are acceptable because they represent the true
properties of the materials given that they were cut directly from
the actual jacket. This variation in the test results can be attributed
to the discontinuity of þ45° fibers in the tested coupons and some
defects during jacket fabrication, that is, nonuniform resin distribu-
tion, but are expected not to affect the overall behavior of the
columns.

Grout-Infill
A shrinkage-compensating-cementitious-grout infill, commercially
known as BluCem GP60, was used to fill the annulus between the
jacket and the RC columns. This grout was made up of cement
powder with a 0.3-mm maximum particle size. The shrinkage-
compensating feature allowed the grout to be volumetrically stable
during the initial curing stage and prevented cracking from plastic
shrinkage. Following the specified procedure in the technical data
sheet (Bluey 2017), a water-to-cement weight ratio of 0.175 was
adopted to obtain a flowable and fillable grout without void forma-
tion. This grout infill was selected because of its relatively high
stiffness, which made it effective in transferring loads and stresses
from the repaired structure to the FRP jacket (Shamsuddoha et al.
2013). The constituent behavior and the mechanical properties of
the cementitious-grout infill were reported by Mohammed et al.
(2018), and the compressive strength (f 0

cgi) and modulus of elas-
ticity (E 0

cg) of the cementitious-grout infill were 48.2 MPa and
34.3 GPa, respectively.

Reinforcing Steel
Deformed steel bars (Australian/New Zealand Standard 2001) with
a nominal diameter (Øs) of 16 mm and a yield strength (fy) of
500 MPa were used to reinforce the circular column specimens in
the longitudinal direction, whereas plain steel bars (Australian/New
Zealand Standard 2001) with a Øs of 10 mm and a fy of 250 MPa
were used as transverse reinforcement.

Concrete
A commercially produced ready-mix concrete with a proprietary
mixture consisting of fine and medium sands, 10-mm coarse aggre-
gates, water, and normal portland cement, were used to cast the
column specimens. The average slump of the fresh concrete,
following ASTM C143/C143M (ASTM 2005), was 135 mm.
Concrete cylinders were prepared and cured in accordance with
ASTM C31/C31M (ASTM 2012). The average 28-day compres-
sive strength (f 0

cc) and modulus of elasticity (Ec) of the concrete
equaled 30.5 MPa and 26 GPa, respectively, determined in accor-
dance with the ASTM C39/C39M (ASTM 2015).

Test Specimens

Fig. 3 summarizes the details and configurations of the columns
tested in this study. Nine large-scale circular concrete columns
(250-mm diameter by 1,000-mm height) and one large-scale square
concrete column (220 mm by 220 mm by 1,000 mm height) were
cast and tested up to failure. All of the columns were longitudinally
reinforced with eight 16-mm steel bars (equivalent to 3.28% of the
column’s gross cross-sectional area) and were transversely rein-
forced with steel ties spaced uniformly at 50 mm center-to-center
with a 30-mm concrete cover. The column size was designed based
on the maximum capacity of the test equipment. Because the ac-
celerated corrosion process takes significant time to simulate low
levels of corrosion damage and is suitable mostly for small-scale
specimens, that is, RC cylinders (da Fonseca et al. 2014; Maaddawy
2008), a new approach was adopted to simulate the steel corrosion
damage by cutting the longitudinal reinforcement in the test region
and replacing them with nonstructural PVC pipe (16-mm diameter)
to prevent the concrete from occupying the steel volume and to
maintain the alignment of the longitudinal reinforcement at both

Table 1. Properties of GFRP shell and joint

Test and standard Part

Dimensions (mm)

Property Value
Standard
deviation

Coefficient
of variationLength Width

Tensile (ISO 527-1:1995) GFRP jacket 250 25 Peak stress, MPa (ffg) 297 45 15.2
Modulus, GPa (Efg) 24 2 8.3
Peak strain, με (εfug) 11,268 483 4.3

Joint longitudinal 250 25 Peak stress, MPa (ffjl) 256 14 5.5
Modulus, GPa (Efjl) 25 1 4.0
Peak strain, με (εfuil) 10,000 312 3.1

Joint transverse 72 25 Peak stress, MPa (ffjt) 37 2 5.4
Modulus, GPa (Efjt) 11 2 18.2
Peak strain, με (εfuit) 3,500 129 3.7

Compression
(ISO 14126:1999)

Jacket 140 12.75 Peak stress, MPa (f 0
fg) 180 38 21.1

Modulus, GPa (E 0
fg) 30 2 6.7

Peak strain, με (ε 0
fug) 11,001 381 3.5

Joint longitudinal 140 12.75 Peak stress, MPa (f 0
fjl) 394 21 5.3

Modulus, GPa (E 0
fjl) 26 2 7.7

Peak strain, με (ε 0
fujl) 15,000 395 2.6

Burnout (ISO 1172:1996) Jacket 50 15 Fiber content 67.65% 0.31 0.5
Joint — — Fiber content 66.05% 0.26 0.4
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ends [Fig. 4(a)]. A similar approach was adopted by Manalo et al.
(2016), Liu et al. (2005), and Karagah et al. (2018) for which the
flanges of S steel sections were machined to represent the section
loss due to corrosion, and local buckling was observed within the
corroded region in the latter study. In actual situations with severe
corrosion, the lateral ties in a steel corroded column are not func-
tional and should not be considered in the design. Not using lateral
ties within specific locations of the columns ensures that the failure
will occur in those locations. This approach also makes the column
the weakest in this area, and the jacket is applied in this location for
strength restoration. Similarly, lateral ties were not provided in the
middle third height of the undamaged control column to ensure
that it will fail in this location and within the capacity of the test
machine. A similar approach was implemented by Abdel-Hay and
Fawzy (2015) to study the effect of the partial strengthening of
defected columns using steel jackets. This approach will also ensure
that the confinement effects measured from the experimental works
for repaired and damaged columns are provided solely by the jacket.
Finally, this approach enabled the development of an empirical
equation to calculate the confined compressive strength of the con-
crete columns repaired by the novel FRP jacket. However, bubble

wraps were wrapped around the steel reinforcement cages (prior to
concrete casting) to simulate the concrete cover damage [Fig. 4(b)].
The bubble wraps were removed after the hardening of the concrete.
GFRP jackets measuring 450 mm in diameter and 700 mm in length
were then placed around the damaged section to partially cover the
columns’ height [Fig. 5(a)] followed by filling the annulus with the
grout [Fig. 5(b)]. These steps simulate the repair of columns with
damage in the splash zone, which is necessary because the GFRP
jacket implemented in this study was designed as a repair system
and not for strengthening. This approach will result in the jacket
and the grout not being subjected to direct axial loads but to lateral
stresses generated from the expansion of the column in the radial
direction. The jacket diameter was based on the curvature of the
joint and serves as a formwork to contain the grout. The location
of the FRP joint was based on the current practice of the industry
collaborator as well as to address the concerns of the asset owners
that the joint may be the pathway for moisture to reach the damaged
locations of the existing structure.

The test specimens were labeled in the following manner: shape
of the column-percentage of the steel corrosion-percentage of con-
crete cover damage type of repair system. The first letters C and S

8N16mm 8N16mm 8N16mm

4N16mm 4N16mm

4N16mm 4N16mm

4N16mm

4N16mm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3. Test specimen details and configuration: (a) C-0-0; (b) C-0-0-S; (c) C-0-0-J; (d) C-50-100; (e) C-50-100-G; (f) C-50-50-J; (g) C-50-100-J;
(h) C-50-100-J*; and (i) S-50-50-J.
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stand for circular and square column, respectively, and the last let-
ters G, J, and S identify the columns repaired with grout only, GFRP
jacket, and GFRP sleeve (continuous GFRP shell), respectively.

The first circular column C-0-0 [Fig. 3(a)] served as the control
undamaged specimen. The second and third circular columns rep-
resented by C-0-0-S [Fig. 3(b)] and C-0-0-J [Fig. 3(c)], respec-
tively, were prepared without any damages and were wrapped
with GFRP sleeve and jacket, respectively, to evaluate the strength-
ening efficiency of the continuous GFRP shell and to determine
the effectiveness of the joint on the repair system, respectively.
The fourth column C-50-100 [Fig. 3(d)], with 50% steel corrosion
and 100% concrete cover damage, served as the damaged control
specimen. The fifth specimen C-50-100-G [Fig. 3(e)] is similar to
the previous one (C-50-100) but is repaired with grout only to de-
termine the grout contribution. To investigate the influence of steel
corrosion, the sixth and seventh columns designated by C-25-50-J

and C-50-50-J [Fig. 3(f)], respectively, were fabricated by remov-
ing 25% and 50% of the steel area in the test region, respectively.
Column C-25-50-J is not depicted in Fig. 3 to maintain the sym-
metrical shape of the figure and because it is similar to C-50-50-J
[Fig. 3(f)] with two additional longitudinal bars. In contrast, the
effect of concrete cover damage was studied by casting the eighth
column C-50-100-J [Fig. 4(g)] with 100% concrete cover re-
moved but with a similar level of steel corrosion (50%) as column
C-50-50-J. The ninth column C-50-100-J* [Fig. 3(h)] had the same
amount of steel corrosion and spalled concrete cover as column
C-50-100-J* but with a symmetrical steel reinforcement arrange-
ment. Hence, the symbol * at the end was used to distinguish it
from the previous column.

To investigate the shape effect, a square column with almost a
similar cross-sectional area as the circular columns was also cast
and tested. The square column (S-50-50-J) was prepared with
50% corrosion and 50% concrete cover loss [Fig. 3(i)], comparable
to that of C-50-50-J. All of the damaged columns were repaired
using the GFRP jacket, which is represented by the dashed circle
in Fig. 3, whereas the double line represents the joint location with
respect to the repaired column.

Test Program and Instrumentation

Fig. 6 shows the test setup and instrumentation employed in this
study. The columns were supported at both ends with two pairs of
10-mm thick steel collars/clamps, with an inner radius of 127 mm,
to prevent end crushing, thereby ensuring failure at the test region.
Neoprene rubber (3-mm thickness) also helped to fill the gaps be-
tween the clamps and specimens. The top and bottom ends, which
were smoothened and leveled evenly during the casting process,
were provided with 3-mm thick neoprene rubber during testing
to ensure uniform distribution of the applied load across the cross
section. Strain gauges were mounted onto critical portions of the
concrete, longitudinal reinforcement, and GFRP jacket generally
positioned at the midheight of the test region.

The columns were subjected to monotonically increasing
axial concentric loads and were tested to failure in displacement
control mode using a hydraulic jack, and both the pre and postpeak

Bubble wrap

PVC

(a) (b) (c)

Fig. 4. Fabrication of column specimens: (a) corrosion damage; (b) concrete cover damage; and (c) damaged column.

(a) (b)

Fig. 5. Installation of GFRP jacket and infill: (a) placing the jacket; and
(b) grout-filled annulus.
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behavior were observed. The magnitude of the applied load was
measured with a 2,500-kN capacity load cell, whereas the corre-
sponding deformations were measured with a string pot. The strain,
load, and deflection readings were recorded with the system 5,000
data logger, whereas the failure modes were manually observed and
recorded.

Results and Observations

This section details the results and observations of the specimens
that have been collected during the experimental stage. The results
of this stage are summarized in Table 2, which presents the maxi-
mum axial load capacity, stiffness, and failure mode of the tested
columns.

Failure Mode

Fig. 7 shows the post-failure overview of the tested columns, and
Fig. 8 depicts the specific failure pattern in different components of

the repair system. Column C-0-0 exhibited slight cracking and
spalling near the top and bottom ends prior to the peak load. How-
ever, right after reaching the peak load, column C-0-0 failed sud-
denly from the simultaneous crushing of the concrete and local
buckling of the steel bars [Fig. 7(a)]. The columns failed in a very
brittle manner accompanied by a loud explosive sound. A well-
formed cone on both ends characterized the post-failure configu-
ration of column (C-0-0). Severe crushing was also observed in
the core concrete at the test region of the column. A similar failure
mode was observed in column C-50-100 [Fig. 7(d)], but with global
buckling of steel reinforcement and much lower load magnitude
given the simulated damages. Several minor cracks were observed
on the grout surface of C-50-100-G. Because the grout is not di-
rectly subjected to axial load but to lateral/radial stress, the expan-
sion of the column in the radial direction resulted in rebar buckling
and tensile gracing of the grout and then splitting into large pieces
[Fig. 7(e)].

Different failure modes were observed in columns repaired with
FRP jackets. As shown in Fig. 7(c), the failure of column C-0-0-J
was initiated by the crushing of the concrete and buckling of the
longitudinal steel bars, which pushed the concrete and grout radi-
ally outwards and tensioned the jacket circumferentially. Although
buckling of PVC pipes was observed in specimens with simulated
steel corrosion, it did not contribute to the overall strength and did
not affect the overall failure behavior of the tested columns because
of the significantly lower modulus of polyvinyl chloride (only ap-
proximately 4 GPa) relative to steel bars. Thus, the observed buck-
ling of PVC pipe was only secondary to the crushing of the adjacent
concrete. Several hairline cracks were observed in the grout. With
an increase in the applied load, minor concrete cracking and crush-
ing were observed outside the jacketed section near the loading and
support points, whereas hairline cracks that developed in the grout
increased in number and width. Prior to the peak load, the crack
underneath the joint widened significantly, wherein sounds of resin
cracking and fiber rupturing were heard, followed by jacket failure
at the joint from rupturing of the teeth [Fig. 8(a)] and complete
opening of the jacket [Fig. 8(c)]. However, no damage was ob-
served in the GFRP shell. At failure, the cementitious grout infill

Fig. 6. Compression test set-up of columns: (a) actual test setup; and (b) schematic diagram (dimensions in millimeters).

Table 2. Maximum axial load capacity, stiffness, and failure mode of
tested columns

Specimen Pu (kN) k (kN=mm) Failure mode

C-0-0 2,319 279 Concrete crushing and steel buckling
C-50-100 1,028 170 Concrete crushing and steel buckling
C-50-100-G 1,218 281 Concrete crushing and steel buckling

followed by grout cracking and
broken into large pieces

C-0-0-Sa 2,467 285 Concrete cracking/crushing at top and
bottom ends

C-0-0-J 2,403 285 Concrete crushing and steel buckling
followed by grout stressed radially
and jacket tensioned circumferentially
followed by joint failure at the teeth

C-25-50-J 2,298 284
C-50-50-J 2,208 291
C-50-100-J 1,905 290
C-50-100-J* 1,902 288
S-50-50-J 1,271 291
aThis specimen did not fail at this load level.
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broke down into large pieces with signs of inadequate bonding to
the GFRP jackets and the repaired columns [Fig. 8(b)]. Finally,
crushing of the core concrete was observed.

As indicated in Figs. 7(f–h), columns C-25-50-J, C-50-50-J,
C-50-100-J, and C-50-100* exhibited similar a failure mode to
C-0-0-J, except that the grout started cracking at lower loads and
higher severity. Moreover, the cracking load of the grout decreases

with increasing damage given a reduction in the strength of the core
column. Interestingly, column C-0-0-S did not fail, and the sleeve
had no signs of damage along its height. The test was stopped after
reaching the maximum loading capacity of the test equipment. How-
ever, minor hairline cracks were observed in the grout, whereas wide
cracks and marginal concrete spalling were observed in concrete at
the top and bottom of the jacket, which created stress concentration.

Steel buckling

Cover spalling

Steel buckling

Steel buckling

Grout splitting
Steel buckling

Steel buckling

Steel buckling
Steel buckling

Concrete crushing Concrete crushing

Concrete crushing Concrete crushing

Concrete crushing Concrete crushing Concrete crushing 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 7. Failure modes of tested columns: (a) C-0-0; (b) C-0-0-S; (c) C-0-0-J; (d) C-50-100; (e) C-50-100-G; (f) C-50-50-J; (g) C-50-100-J;
(h) C-50-100-J*; and (i) S-50-50-J.
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The square column S-50-50-J exhibited compression failure
typified by concrete crushing and local buckling of the steel bars
in the test region [Fig. 7(i)]. Although the ultimate failure was
controlled by the jacket, its failure was similar to that of the cir-
cular columns. However, sounds of resin cracking and fiber ruptur-
ing were louder and lasted longer relative to that of the circular
specimens.

Load-Deformation Response

Fig. 9 presents the relationships between the axial load (P) and de-
formation of the tested columns. The load-deformation of column
C-0-0 consisted of a relatively linear ascending segment up to an
applied load of 2,260 kN, with a stiffness of 279 kN=mm (the slope
of the initial segment of the load-deformation curve, particularly
between 30% and 60% of the maximum load). Ultimately, the
column failed at 2,319 kN and could not sustain more load. Sim-
ilar behavior was observed in column C-50-100, which behaved
linearly until the failure load (1,027 kN) but with a stiffness of
170 kN=mm. Column C-50-100-G failed at a load almost similar
to that of the damaged column with no repair but with a stiffness
similar to that of the undamaged column. The jacketed specimen
with zero damage (C-0-0-J) indicated ascending linear behavior
with a stiffness of 285 kN=mm. When the load reached 2,000 kN,
a slight drop in the stiffness and nonlinear behavior were observed
until the final failure (2,403 kN), which is attributed to the cracking
of grout as indicated in Fig. 11(a). Similar behavior was observed
in other circular jacketed specimens. However, the degree of non-
linearity increases due to the widening of the radial cracking in
the grout. Nevertheless, columns C-25-50-J and C-50-50-J yielded
axial strength and stiffness of 2,298 kN and 284 kN=mm, and

2,208 kN and 291 kN=mm, respectively. Columns C-50-100-J and
C-50-100-J* exhibited axial strength and stiffness of 1,905 kN and
290 kN=mm, and 1,902 kN and 288 kN=mm, respectively. Finally,
although column C-0-0-S did not fail, the descending branch of the
load-deformation curve is the result of unloading of the specimen
when the load cell reached its capacity.

The load-deformation behavior of the square column (S-50-
50-J) was linear up to the first peak with a stiffness of 291 kN=mm,
whereas the post-peak behavior was characterized by a flat plateau
representing the progressive failure of the specimen until the joint
failure.

Load-Strain Behavior of the Repair System

Fig. 10(a) depicts the strain development in the components of the
repair system in column C-50-50-J. In the elastic region, the con-
crete and the steel behaved linearly with almost zero hoop strain
in the GFRP jacket and joint as the load was mainly carried by
the concrete core column until a strain level of 500 με. Once the
applied load in column C-50-50-J reached 1,100 kN—almost
equivalent to the failure load of the damaged-unrepaired specimen
(C-50-100)—the load was transferred mostly to the steel reinforc-
ing bar and the steel strain increased nonlinearly and rapidly,
whereas the concrete exhibited crushing and cracking that resulted
in damage of the strain gauges bonded to the concrete. At this stage,
the grout started to effectively carry and transfer the radial stresses,
which were being generated due to the lateral expansion of the core
column to the FRP repair system, and stressed it circumferentially.
The lateral expansion caused an increase in the strain readings of
the jacket and the joint, as indicated in Fig. 10(a), which explains
the linear behavior of the load-deformation curves at that load level
of the repaired specimens.

However, several hairline cracks originating from the column,
propagating toward the jacket, and distributed along the circumfer-
ence were observed in the grout prior to the final failure, whereas
the width of the crack underneath the joint dramatically increased,
as depicted in Fig. 11(a). Interestingly, higher strain readings were
recorded in the joint rather than the jacket. This finding can be
attributed to the discontinuity of the joint and its low transverse
stiffness, which is less than that of the GFRP jacket, leading to pre-
mature failure of the joint without the GFRP jacket reaching its
failure stress. A similar failure mechanism was observed in the
square column [Fig. 10(b)] but with no minor crack development
along the circumference. The jacket failed immediately after reach-
ing the load level of 1,250 kN without fully deriving the benefits of
confinement effects due to the stress concentration at the corners

   
(a) (b) (c)

Fig. 8. Specific failures in components of repair system: (a) rupture of the GFRP jacket’s teeth; (b) large pieces of broken grout infill; and
(c) debonded GFRP jacket and grout infill.
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Fig. 9. Load-deformation curves.
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and the joint, as indicated in Fig. 11(b). The stress concentration is
due to the geometry of the square columns for which more effective
confinement occurs at the corners rather than the sides. This finding
can be explained by the fact that, in square columns, the confining
pressure near the corners is generated from tensioning of the FRP
jacket along the hoop direction, whereas it is more due to the flexu-
ral behavior of the FRP jacket on the sides (ACI 2008; Lam and
Teng 2003; Yan and Pantelides 2011; Yan et al. 2007). However
and as indicated by Yan and Pantelides (2011), although the utiliza-
tion of grout restores the membrane action and enhances the con-
finement, the stress concentration will not have been eliminated
near the corners. Finally, in column S-50-50-J, the joint failed at
a lower strain relative to its failure in column C-50-50-J. This result
can be attributed to the action of additional flexural forces on the
FRP jacket at the flat side of the square columns, resulting in the
development of bending moments at the joint.

Discussion

Effectiveness in Repairing RC Columns with Steel
Corrosion

The effectiveness of the FRP jacket in repairing concrete columns
with steel corrosion was evaluated by studying the behavior of col-
umns C-25-50-J and C-50-50-J and compared with the behavior
of control specimens. The results indicate that simulating 50%
corrosion and 100% concrete cover removal in column C-50-100
resulted in a 56% reduction in the axial load capacity in comparison

with column C-0-0. This experimental failure load is 10% lower
than the theoretical value (1,127 kN) due to the moment generated
from the applied load on the eccentric/undamaged steel bars. In
contrast, the use of the grout alone in C-50-100-G has no significant
structural contribution given its low tensile strength because the
grout is not directly subjected to axial load but to lateral/radial
stress.

Repair using the FRP jacket helped stabilize the damaged col-
umn by reducing the eccentricity effect of the corroded steel that
resulted in extending the linear behavior of the steel bars to an ap-
plied load of 1,200 kN, as indicated in Fig. 10(a). The subsequent
nonlinear behavior of the steel bars, however, was not obvious in
the load-deformation curve (Fig. 9) as the activation of the repair
system helped the columns sustain higher axial loads when main-
taining their original stiffness, further demonstrating the effective-
ness of FRP jackets. Moreover, the axial load capacity of columns
C-25-50-J and C-50-50-J was 99% and 95%, respectively, of the
strength of the undamaged column (C-0-0). These results show
that, at these damage levels, the GFRP jacket is effective in restor-
ing the damaged columns to their original strength. In addition, the
GFRP jacket restored 100% of the axial stiffness. In contrast, using
a simple and flexible GFRP jacket, Kaya et al. (2015) were only
able to restore 67% of the elastic axial stiffness of steel columns
with 60% simulated corrosion damage.

The effects of the location of the corroded steel bars on the re-
pair system effectiveness were investigated by studying the behav-
ior of columns C-50-100-J and C-50-100-J*. Column C-50-100-J*
yielded almost a similar strength as column C-50-100-J, suggesting
that the GFRP jacket is efficient irrespective of the location of

Fig. 11. Development of cracks in grout material and stress concentration in jacketed columns: (a) circular section; and (b) square section.
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Fig. 10. Strain development in repair system.
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the corroded steel bars in terms of strength restoration because the
jacket helps with better stress distribution and stabilization of col-
umns with steel corrosion. This phenomenon was likely also caused
by the small reinforcement ratio in the investigated columns. How-
ever, a different scenario of slender columns was reported by Tapan
and Aboutaha (2011), in which the authors stated that the corrosion
of steel bars on the compression side of the column section causes
more significant reduction than the tension side deterioration.

Fig. 12 indicates that with an increase in the steel corrosion
level, the strength restoration of the damaged specimens decreases
slightly. However, that decrease comes with a significant increase
in the contribution of the repair system, from 13% to 30% and from
30% to 36% for 0% to 25% and 25% to 50% steel corrosion, re-
spectively. This increase can be explained by the substantial loss in
the strength capacity of the damaged columns, resulting in more
loads being carried by the FRP jacket system through confinement
effects. This observation corroborates the findings of Karagah et al.
(2018) for GFRP and CFRP jackets for which the measured axial
strength capacity of the repaired pile decreases as the corrosion
level increases.

Effectiveness in Repairing Columns with Damaged
Concrete Cover

Comparative evaluations of the behavior of columns C-50-50-J and
C-50-100-J were done to investigate the effectiveness of the FRP
jacket in repairing columns with concrete cover damage. The col-
umn with a 50% spalled concrete cover (C-50-50-J) restored 95%
of the capacity relative to the undamaged specimen. The effective
restoration is attributed to the grout infill that replaced the volume
of the spalled concrete cover and with the help of the FRP jacket,
which provided confinement to the grout and the core column.
However, increasing the level of concrete cover damage from 50%
in C-50-50-J to 100% in C-50-100-J—equal to 42% of the overall
cross-sectional area—resulted in reducing the strength restoration
by 13%, as shown in Fig. 12. This reduction is attributed to the
lower friction, bonding, and interaction development between the
undamaged steel reinforcement and the cementitious grout. In other
words, column C-50-50-J had damaged concrete cover on only one
side, whereas the concrete cover damage was all over the cir-
cumference in column C-50-100-J, with full exposure of the steel
bars. According to Bae et al. (2005) and Lee et al. (2003), the steel
reinforcement bars exhibit better performances and higher axial
load capacities with the original concrete cover more than the

addition of replacement/repair material at a later stage for the con-
crete cover because the original material can provide better support,
interaction, and integration with the steel.

Effectiveness in Repairing Circular and Square
Columns

The effectiveness of the FRP jacket in repairing circular and square
columns with damage was evaluated by comparing the behavior of
columns C-50-50-J and S-50-50-J. These columns almost share the
same cross-sectional area (approximately 49,000 mm2) and level of
damage (50% steel corrosion and 50% concrete cover damage).
Interestingly, the axial load capacity of the damaged FRP jacketed
square column was 43% lower than that of the comparable circular
column. This difference can be attributed to the lower level of con-
finement provided by the GFRP jacket in the square column than
the circular column. Placing the joint in alignment with the corner
resulted in earlier/premature failure due to high stress concentra-
tion in this location relative to the flat sides of the square columns
(Pessiki et al. 2001; Pham et al. 2013; Yan and Pantelides 2011).
However, column S-50-50-J exhibited more ductile behavior than
column C-50-50-J before the final failure because the progression
of the fiber rupture at the jacket joint was slower given the low
failure load and the lower confinement effect of the GFRP in the
square section relative to the circular column.

Efficiency of Novel GFRP Joint

The efficiency of the novel joint of the jacket against a nonjointed
sleeve was evaluated by comparing the behavior of columns C-0-0-J
and C-0-0-S along with column C-0-0. The use of the GFRP jacket
enhanced the strength of the undamaged column (C-0-0-J) by just
4%, suggesting that this jacket as tested is suitable for restoring the
capacity of damaged columns but not for additional strengthening,
which requires the use of additional reinforcement during the repair.
The GFRP sleeve appears to be able to carry higher strains to failure
and provides better strength enhancement than the GFRP jacket
with a joint given the continuity of fibers in the sleeve. Nevertheless,
the average hoop/transverse strain reading at the joint was 598 με,
which is only 17% of the joint transverse strain capacity as men-
tioned in Table 1. This finding could be attributed to the multiaxial
stresses generated at the joint region due to the joint geometry.
Moreover, Teng and Lam (2004) indicated that the reduction in
the hoop strain capacity was attributed to the FRP curvature effects
and the cracked concrete/grout causing nonuniform deformation.
American Concrete Institute (ACI 2008) introduced a strain effi-
ciency factor that ranges from 0.57 to 0.61 for FRP confined con-
crete, although other researchers reported results outside this range
(Bisby and Take 2009; Chen et al. 2010; Smith et al. 2010). How-
ever, the decrease in the joint strain capacity resulted in limited uti-
lization of the FRP shell because the average hoop strain reading on
the jacket at failure is 1,200 με. However, this level of hoop confine-
ment is enough to restore the original capacity of a damaged con-
crete pile due to the relatively high thickness of the jacket (þ3 mm).

However, the design of the current system is sufficient to restore
the strength of damaged columns to their undamaged load capacity
levels, but modifications can be made to extend the application of
the system for additional strengthening purposes.

Theoretical Modeling

This section details the development of the theoretical model
that can predict the maximum axial load capacity of the jacketed
columns. The developed equations will assist structural engineers
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involved in rehabilitation projects when selecting the appropriate
repair method. Additionally, the equations will be useful in deter-
mining the extent of the damage for which the selected repair
method can restore the structural integrity of the damaged member.

Development of Prediction Equations

Table 3 summarizes the confined axial load capacity Pcc (C-0-0-J,
C-25-50-J, C-50-50-J, and C-50-100-J) and unconfined axial load
capacity Pco (C-0-0) of the columns. Pco and Pcc are the experi-
mental axial load capacities of the control and jacketed tested
columns, respectively. The confined and unconfined compressive
strength of the columns (σcc and σco, respectively) were determined
using Eqs. (1) and (2), respectively

σco ¼
Pco − fyAs−ef
Ac−ef − As−ef

ð1Þ

σcc ¼
Pcc − fyAs−ef
Ac−ef − As−ef

ð2Þ

where Ac−ef = undamaged effective concrete area; As−ef = undam-
aged effective steel area; and fy = yield strength of the longitudinal
steel reinforcement, which is 500 MPa. Note that the measured lon-
gitudinal strain in the steel bars in column C-0-0 at maximum load
is at 2,500 microstrains, indicating that the steel bars yielded even
without ties in the middle third of the column. This result can occur
because of the buckling load of the unsupported 300-mm long lon-
gitudinal steel bars is significantly higher than the load for it to
yield. However, the effect of the eccentricity induced from the par-
tial cover removal and partial rebar removal was not considered in
the theoretical model because the provision of the jacket and grout
was observed to stabilize the column and eliminate the eccentricity
effect. This phenomenon can also be due to the reduced contribu-
tion from the steel bars (reinforcement ratio reduced from 3.28%
to 1.00% or less of the column’s gross cross-sectional area) in the
repaired section due to the increased cross-sectional area of the
column provided by the grout and the jacket.

The prediction model for confined infills developed by
Mohammed et al. (2018) was used and modified to develop a model
that can predict the compressive strength of partially-confined
undamaged and damaged columns σcc (Fig. 13). From Mohammed
et al. (2018), the enhancement of the strength of concrete infills
(σgu − σiu) due to confinement can be written as

σgu − σiu ¼ 2.5σl;a − 1.3σiu ð3Þ
where σiu and σgu are the compressive strength of infills and filled
GFRP tubes, respectively, in (Mohammed et al. 2017); and σl;a =
lateral confinement pressure. From this equation, the enhancement
of the strength of partially confined columns (σcc − σco) can be
expressed as

σcc − σco ¼ ð2.5σl;a − 1.3σiuÞ × k ð4Þ

The confining pressure (σl;a) is calculated from Eq. (5) using the
experimental results of the current study as inputs, that is, tg ¼
3 mm; dgi ¼ 450 mm; Ef ¼ 24,150 MPa; and εhu ¼ 1,200 με

σl;a ¼
2tgEfεhu

dgi
×

hf
hlu

ð5Þ

The factor hf=hlu accounts for the influence of partial confine-
ment, where hf and hlu are the length of the FRP jacket (700 mm)
and the unsupported length of the column (1,000 mm), respectively.
The concept of the partial confinement influence factor of this re-
search is similar to the approach proposed by Mander et al. (1988)
and has been utilized in several subsequent studies (Pham et al.
2015, 2016; Saadatmanesh et al. 1994). However, because the par-
tial confinement here is provided by one large segment of the FRP
jacket and not with several small strips, as mentioned in the existing
literature, the confined length/height is considered instead of
the confined area in this study. In contrast, the variable k considers
the effect of the simulated damages. For each σcc − σco, the
corresponding value of k was determined. Then, the normalized
k (in terms of the undamaged area Aundamaged of C-0-0-J) was plot-
ted against the normalized area of column Aef (in terms of the area
of C-0-0-J), as indicated in Fig. 14. Aef is calculated using Eq. (6),
wherein the modular ratio n is determined from Eq. (7) (equivalent
to 7.53 when the steel elastic modulus Es ¼ 200,000 MPa and the
concrete elastic modulus Ec ¼ 4700

ffiffiffiffiffiffiffiffiffi
31.9

p ¼ 26546 MPa)

Aef ¼ Ac−ef þ nAs−ef ð6Þ

Table 3. Experimental and theoretical results

Column Ac−ef (mm2) As−ef (mm2) Aef
a (mm2)

Experimental Theoretical to
experimental

ratio
σco [MPa
(Pco, kN)]

σcc [MPa
(Pcc, kN)]

σcc − σco
(MPa) Ka

σcc [MPa
(Pcc, kN)]

C-0-0 47,479 1,608 59,598 31.9 (2,319) 0
C-0-0-J 47,479 1,608 59,598 [1.00] — 33.7 (2,403) 1.8 0.03 [1.00] 34.1 (2,422) 1.01
C-25-50-J 37,112 1,206 46,201 [0.78] — 45.7 (2,298) 13.8 0.19 [7.77] 45.4 (2,288) 0.99
C-50-50-J 37,112 804 43,171 [0.72] — 48.7 (2,208) 16.8 0.24 [9.45] 48.0 (2,181) 0.99
C-50-100-J 26,744 804 32,804 [0.55] — 56.2 (1,905) 24.3 0.34 [13.70] 56.7 (1,919) 1.01
aValues in brackets represent the normalized Aef and k.

Fig. 13. Configuration of partially confined compression member.

© ASCE 04019013-11 J. Compos. Constr.

 J. Compos. Constr., 2019, 23(3): 04019013 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
So

ut
he

rn
 Q

ue
en

sl
an

d 
on

 1
2/

01
/1

9.
 C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

48



n ¼ Es

Ec
ð7Þ

By regression analysis, an expression for k is determined as

k ¼ 0.043

�
29.674 − 28.45

�
Aef

Aundamaged

��
ð8Þ

Finally, by substituting Eqs. (8)–(4), σcc can be computed as

σcc¼ð2.5σl;a−1.3σcoÞ×−0.043
�
29.67−28.45

�
Aef

Aundamaged

��
þσco

σcc¼σcoþ
�
5tgEfεhu

dgi
×
hf
hlu

−1.3σco

�
×

�
1.22

�
Aef

Aundamaged

�
−1.28

�

ð9Þ

where the term 5tgEfεhu
dgi

represents the jacket properties. Using

Eq. (9), the jacket properties can be determined with respect to
the designated compressive strength.

Finally, given the failure of the joint at a hoop strain of only
1,200 με, this system was suggested for use only for repair and
strength restoration. The recommendation was made to improve
the joint to extend the system application to strengthening.

Comparison between Theoretical and Experimental
Results

The maximum axial load capacity of the columns obtained from
the theoretical models are compared with the experimental values
of the tested specimens, as indicated in Table 3. The comparison
indicates that an excellent agreement exists between the predicted
and experimental values of the columns. Therefore, the theoretical
model is validated by the test results and can be used for further
applications. However, to be noted is that the developed theoretical
equation may only apply to the repair system investigated in this
study and may need calibration for other types of prefabricated
composite repair systems.

Conclusions

The behavior of damaged RC columns repaired using a novel FRP
jacket system was investigated. Based on the experimental results,
the following conclusions were made:
• The behavior of the prefabricated FRP jacket with infill evalu-

ated in this study is governed by the capacity of the grout infill
followed by the failure of the teeth at the joint location.

• The GFRP jacket was effective in restoring the axial load capa-
city of the RC columns with 25% and 50% corrosion damage,
by 99% and 95%, respectively, as the repair system stabilized
and restored the strength of the damaged columns.

• The GFRP jacket restored the axial load capacity by 95% for
the specimen with a 50% spalled concrete cover. However, this
percentage decreased by 13% in the specimen with 100%
spalled concrete cover due to the change in the interaction/bond
between the undamaged steel bars and the grout infill.

• The GFRP jacket was more effective in repairing circular than
square columns as the damaged square column exhibited 43%
lower axial load capacity than that of the circular section due to
the stress concentration at the corners with the joint location.
This information is useful for designers and engineers to better
understand the capability and existing limitations of the inves-
tigated composite repair system.

• The current system is sufficient for structural repair; however,
further improvements are necessary to modify the joint to
extend the jacket’s application as a strengthening system.

• The developed model accurately predicted the ultimate axial
load capacity of the RC damaged columns repaired with the
FRP jacket. This model is very useful in determining the extent
of damage for which the FRP jacket is capable of restoring the
structural integrity of a damaged column member.
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Chapter 5  

Effectiveness of a novel composite jacket in repairing damaged 

reinforced concrete structures subject to flexural loads 

Chapter 4 presented a detailed understanding on the compressive behaviour of 

damaged RC piles repaired with the novel prefabricated jacket and presented a valid 

evaluation on the jacket effectiveness as a repair system. Since bridge piers, wharves 

and jetties, where the prefabricated FRP jackets are commonly used, are subjected to 

lateral loads from water, tides and waves which create flexural stresses in the member 

in addition to the axial service loads. Thus, investigating the flexural behaviour of the 

damaged members repaired with FRP jacket is very important and the focus of this 

chapter. Four-point bending test was conducted on eight large-scale square concrete 

beams (220 mm by 220 mm in cross-section and 3000 mm in length) with 37.5% 

simulated steel corrosion and repaired with the prefabricated FRP jacket. The damage 

location in the beam, joint location and internal surface coating of the FRP jacket were 

the main parameters investigated in this study. The study found out that the 

effectiveness of the novel repair system was highly influenced by the tensile strength 

of the grout infill and the joint capacity. Moreover, the results showed that the FRP 

jacket is more effective in repairing flexural members with the damage located at the 

top than at the bottom. Only 55% restoration of the original flexural strength of the 

beam was achieved when the damage was at the bottom whereas 114% strength 

restoration was achieved when the damage was at the top. Placing the joint away from 

the compression zone resulted in 53% higher flexural strength capacity compared to 

the case when the joint was at the compression zone. In addition, the provision of 

epoxy and coarse aggregate coating inside the GFRP jacket surface resulted in better 

stress distribution and cracks propagation in the grout than the one without coating 

which increased the flexural strength capacity by 12%. The simplified fibre model 

analysis accurately predicted the flexural strength of the repaired beams considering 

confined mechanical properties of the grout. Finally, for both axial and flexural 

investigation, a further investigation on the behaviour of internal parts of the retrofitted 

members that were covered by the jacket is necessary to identify the effect of critical 

design parameters. This was the key motivation to conduct finite element analysis as 

a final stage of this research.
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A B S T R A C T

This study evaluates the effectiveness of a novel composite repair system consisting of prefabricated fibre re-
inforced polymer (FRP) jacket with joint and grout infill for damaged concrete structures subject to flexural
loads. Full-scale beams were prepared and tested under four-point static loads to evaluate the effects of damage
location in the concrete member, joint location and internal surface coating of the jacket. The results showed
that the behaviour of the repaired system is governed by the tensile cracking of the grout and failing of teeth at
the joint. The FRP jacket is found to be more effective in repairing concrete members under flexural load when
the damage is located at the top than at the bottom of the member. This effectiveness can be further increased by
placing the joint of the composite jacket away from the compression zone. Moreover, the provision of epoxy and
coarse aggregates inside the jacket surface resulted in better stress distribution and cracks propagation in the
grout than the one without. Finally, a simplified fibre model analysis which considers the confined tensile and
compressive properties of the grout reliably predicted the flexural capacity of the damaged beams repaired with
the FRP jacket.

1. Introduction

The corrosion of steel reinforcement induced by the ingress of
chloride ions is the most common cause of the deterioration of re-
inforced concrete (RC) structures [1,2]. The steel corrosion is usually
accompanied with a reduction in the cross-sectional area of the cor-
roded bars, loss of bond between bars and concrete, volume expansion
and stresses in the adjacent concrete causing cracking and spalling of
the concrete cover [3–5]. In the past few decades, a large number of
research were conducted to evaluate the impact of steel corrosion on
the structural behaviour of RC structures [6–10]. Manalo et al. [11]
indicated that simulating a 50% corrosion in a circular RC columns of
1m height and 250mm diameter resulted in a 56% reduction in the
axial load capacity. Torres-Acosta et al. [12] experimentally showed
that the increase in the level of corrosion damage was the most

important factor reducing the flexural load capacity of corroded RC
beams. The damaged or deteriorated infrastructure needs repair, re-
placement or retrofit to remain in service. It is estimated that more than
$5 billion is spent annually in maintaining RC bridges in countries like
US, Canada and Europe [13]. In Australia, the corrosion-induced da-
mages cost the economy more than $13 billion per year due to pro-
duction and shutdown related losses during repairs as reported by the
Commonwealth Scientific and Industrial Research Organisation as per
Cassidy et al. [14]. Hence, adopting an effective rehabilitation and
retrofitting technique can be economically beneficial by minimizing the
off-service time in repairing aging and damaged structures.

RC jackets [15,16] and steel jackets [17,18] are traditionally used as
repair techniques for concrete structures. However, the use of versatile
fibre-reinforced polymer (FRP) composites has increased in the last two
decades as it addresses the limitations of the currently available
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rehabilitation techniques such as limited access, sensitive marine en-
vironments, heavy weight and complexity of steel anchorage and others
[19]. The superior characteristics of FRP such as high strength, corro-
sion resistance, lightweight, high fatigue resistance, high impact re-
sistance and durability [20–23] have made them the materials of choice
for rehabilitating damaged and deteriorated civil infrastructure
[24–30].

As a repair system, FRP composites can be applied either as wet lay-
up or pre-fabricated systems [31–33]. In the wet lay-up, FRP repair
systems are prepared and applied on site by impregnating liquid resins
into fibres and then wrapping them around the existing structure. The
pre-fabricated systems, on the other hand, are manufactured in a fac-
tory and delivered to a site in ready for installation condition. Although
many studies have shown that both systems are effective [34–38], the
pre-fabricated composite jacket is favoured over the wet lay-up method
because it is easier, quicker, safer to install and can achieve a higher
quality under well controlled manufacturing conditions. Vijay et al.
[39] combined the use of pre-cured glass FRP (GFRP) shells and water-
curable GFRP prepreg fabrics for encasing, wrapping and rehabilitating
20 water-submerged steel H-piles of a bridge in the USA. Their ex-
perimental results showed an increase of 38% in the axial compressive
strength of concrete cylinders repaired by this system. The installation
of this system, however, requires a two-stage process wherein the pre-
cured GFRP shells are installed first and then wrapped with a wet
fabric. Karagah et al. [40] conducted a full-scale experimental in-
vestigation to study the behaviour of I-shaped steel bridge piles with
corrosion damage repaired underwater using two different types of
grout-filled FRP jackets. The first one consisted of two plies of pre-
fabricated flexible CFRP wrapped around the piles and bonded using an
underwater curing adhesive. The second type consisted of a two-layered
FRP system wherein the first layer was fabricated using two plies of
GFRP installed around the pile using marine adhesive and screws, while
the second layer consisted of one CFRP layer installed over the GFRP
layer using a wet-layup technique. The results showed that both repair
systems were able to restore and enhance the axial capacity of the piles
with the second type providing 11% higher enhancement than the first
one. Beddiar et al. [41] used GFRP prefabricated jacket consisting of
three identical shells connected by stepped lap joints as a strengthening
and repair system. The gap between the shells and the column was
filled with shrinkage-compensating cement mortar. The experimental
results have demonstrated increases in the axial load capacity and
durability by 31% and 74%, respectively, when compared to the un-
jacketed concrete specimens. Lopez-Anido et al. [42] proposed a repair
system consisting of two FRP composite shells which are held together
with circumferential metal straps or temporary bands for the protection
and structural restoration of deteriorated wood piles. Many other stu-
dies have demonstrated the effectiveness of using FRP composite
jackets in restoring/upgrading the compressive strength of columns and
bridge piers [43–49]. Bridge piers however are also subjected to lateral
loads from water, tides and waves which create flexural stresses in the
member, but there is still very limited studies on the flexural behaviour
of those structural members when repaired with a composite jacket.

Recently, a new type of FRP composite jacket (Fig. 1), that can be
quickly and safely installed due to its easy-fit and self-locking me-
chanical joining system has been developed [50]. This innovative
joining system comprises of two interlocking edges that can easily fit
into each other like the teeth of a zipper. A FRP locking key is placed
between the interlocking teeth, which can be slid or levered only one
pitch length, thus causing wedging of the joint edges and resulting in a
uniform force distribution along the entire length of the joint. The
jacket can be applied over the entire length of the structure or just over
the damaged portion to restore the capacity of the corrosion-damaged
concrete member. Manalo et al. [32] determined the most suitable joint
materials and assessed the capacity and behaviour of this system when
subjected to an internal pressure. Mohammed et al. [51] investigated
the important characteristics of the grouting materials that will

effectively utilise the inherent properties of this composite repair
system. Furthermore, Mohammed et al. [52] evaluated the efficiency of
this novel repair system in restoring the axial strength of reinforced
concrete columns with different levels of simulated corrosion. However,
the performance benefits of this FRP jacket are not yet fully evaluated
and its contribution to the bending capacity of the repaired structure is
yet to be explored. This study provides a better understanding on the
structural performance of reinforced concrete structures repaired with
the novel FRP jacket system under flexural loads. This information is
critical for evaluating the efficiency of this new repair system and its
application to actual rehabilitation projects.

2. Experimental program

2.1. Materials

2.1.1. Reinforcing steel
Deformed steel bars [53] with a nominal diameter (Øs) of 16mm

and a manufacture specified yield strength (fy) of 500MPa were used to
reinforce the square beam specimens in the longitudinal direction,
while plain steel bars [53] with a Øs of 10mm and a fy of 250MPa were
used as transverse reinforcement.

2.1.2. Concrete
A commercially produced ready mix concrete with a proprietary

mixture consisting of fine and medium sand, 10mm coarse aggregates,
water and normal Portland cement, were used to cast the beam speci-
mens from one batch. The average slump of the fresh concrete, fol-
lowing the ASTM C143/C143M-15 [54], was 135mm. Eight concrete
cylinders were prepared, cured and tested in accordance with the ASTM
C31/C31M-12 and ASTM C39/C39M-15a [55,56]. The average 28-day
compressive strength (f’co) and modulus of elasticity (Ec) of the concrete
were determined to be 35MPa and 28 GPa, respectively.

2.1.3. GFRP jacket
The GFRP jacket evaluated in this study consists of two main in-

tegrated parts, GFRP shell and innovative GFRP joining system. Both
the GFRP jacket and the joint are made of E-glass fibres impregnated
with vinyl ester resin. The GFRP shell was fabricated by the filament
winding method, while the GFRP joint was made through the pultru-
sion process. Burnout tests were conducted in accordance with ISO
1172-96 [57], which revealed that the GFRP shell has a 67.6% fibre
content by weight and a stacking sequence of −45°/+45°/-45°/+45°
with respect to the hoop direction. This configuration is effective in
resisting multi-axial stresses and in providing a more ductile behaviour
at failure [58,59]. The joint had a fibre content ratio of 66.0% and
consisted of several layers of longitudinal fibres, chopped strand and
woven mat layers.

The tensile and compressive properties of the GFRP shell and joint
were determined by coupon testing in accordance with the ISO 527-

Fig. 1. Novel GFRP jacket with novel joining system.
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1:1995 [60] and ISO 14126:1999 [61], respectively. The test coupons
were cut directly from one of the jackets along the longitudinal direc-
tion using a water jet cutting machine. The test results revealed that the
jacket has ultimate strength and strain equal to 297MPa and 11,268 με,
respectively, in tension, and 180MPa and 11,001 με, respectively, in
compression. The result also showed that the joint has ultimate tensile
strength and peak strain equal to 256MPa and 10,000 με, respectively,
along the longitudinal direction, and 37MPa and 3500 με, respectively,
along the transverse direction. Lastly, the ultimate compressive strength
and peak strain of the joint were equal to 394MPa and 15,000 με, re-
spectively.

2.1.4. Grout-infill
A shrinkage-compensating-cementitious-grout infill, commercially

known as BluCem GP60, was used to fill the annulus between the jacket
and the RC beams. This grout was made up of cement powder with a
maximum particle size of 0.3mm. This grout infill was selected because
of its relative high stiffness, which made it effective in transferring
loads and stresses from the repaired structure to the FRP jacket [62].
Following the specified procedure in the technical data sheet [63], a
water-to-cement weight ratio of 0.175 was adopted to obtain a flowable
and fillable grout without void formation. The constituent behaviour
and the mechanical properties of the cementitious-grout infill were
reported byMohammed et al. [51], wherein the compressive strength
(f’cg) and modulus of elasticity (E’cg) of the cementitious-grout infill
were 48.2MPa and 34.3 GPa, respectively. In addition, the behaviour of
grout-filled GFRP tubes under split-tensile load was determined in ac-
cordance with the ASTM C496/C496M [64] (Fig. 2). Strain gauges were
mounted at the mid-length along the hoop direction of the tube. Fig. 3
shows that the stress increased linearly with the strain up to an applied
stress of 7MPa at a strain of 2700 με (Point A). Point A represents the
initiation of crushing of the cementitious grout at the top and bottom of
the cylinder near the loading points as shown in Fig. 4a. When the stress
reached a value of 8MPa at a strain of 5000 με (Point B), the grout
experienced severe and wide splitting tensile cracking (Fig. 4b). Since
the grout was confined by the GFRP tube, it was capable of carrying an
ultimate stress of 10MPa at a strain equal to 9000 με (Point C). Next,
the grout was crushed and displaced towards the ends and fell off as
depicted in Fig. 4c, which resulted in the decrease in load capacity as
noted at point D.

2.2. Test specimens

Fig. 5 summarises the details and configurations of the beams tested
in this study. Eight large-scale square concrete beams (220mm by
220mm in cross-section and 3000mm in length) were cast and tested to
failure. All of the beams were reinforced with eight 16mm longitudinal
steel bars, 3 bars at top layer, 2 bars at middle layer and 3 bars at

bottom layer, (equivalent to 3.23% of the beam’s gross cross-sectional
area) and plain steel stirrups spaced at 50mm centre-to-centre (to avoid
shear failure). The beams were provided with a clear concrete cover of
25mm. The area of the beam, concrete core and reinforcement ratio are
similar to those of 250mm diameter circular columns investigated
under compression by Mohammed et al. [52]. However, due to the
difficulty and practical consideration in manufacturing 3.0m long cir-
cular beams, beams with square section having a similar cross-sectional
area were manufactured. In field conditions with severe corrosion, the
stirrups in a steel corroded beam are not functional, and should not be
considered in the design. Thus, lateral ties were not provided within the
damage locations of the beams to ensure that the concrete confinement
(if any) in the repaired region is provided solely by the FRP jacket
system as was also implemented by Abdel-Hay and Fawzy [65].

Since the accelerated corrosion process takes significant amount of
time in simulating low levels of corrosion damage [66,67], the steel
corrosion damage was simulated by cutting and removing the bottom
most longitudinal reinforcement for a length of 300mm in the test re-
gion of the beam and replaced with a non-structural PVC pipe (1mm
thick and 16mm internal diameter). The PVC pipe also prevented the
concrete from occupying the steel location and volume, maintained the
alignment of longitudinal reinforcement (Fig. 6) and ensured that all
specimens had the same level of simulated corrosion damage. Similar
approach was adopted by Manalo et al. [68], Karagah et al. [40] and
Liu et al. [69] where the flanges of S steel sections were machined to
represent the section loss due to corrosion. In actual systems, the cor-
rosion damage would most probably occur in non-homogeneous
manner. However, simulating this corrosion in the laboratory is diffi-
cult. In the current study, the approach of discontinuing the steel bars
to simulate corrosion-damage is believed to cause more detrimental
effect on the flexural behaviour of the reinforced concrete members as
the tensile reinforcement cannot resist any force. GFRP jackets mea-
suring 450mm in diameter and 700mm in length were then placed
around the damaged section and the annulus between the beam and the
jacket was filled with the grout (Fig. 7). The diameter of the FRP jacket
was based on the curvature of the available joint.

The test specimens were labelled in the following manner: specimen
condition-type of repair system. The first letters U and D stand for
undamaged and damaged beam, respectively, while the last letters J
and S identify the beams repaired with GFRP jacket and GFRP sleeve
(continuous GFRP shell), respectively, while 0 means no repair was
used. The letters D and J are followed by a lower-case letter, t or b,
which stand for top and bottom, respectively, to signify the damage
location, or the joint location of the jacket, if used. Finally, letter E was
added at the end of a specimen’s label to refer to the epoxy coating
applied inside the jacket. The first specimen U-0 (Fig. 5a) served as an
undamaged control specimen. The second and third specimens re-
presented by U-Jt (Fig. 5b) and U-JtE (Fig. 5c), respectively, wereFig. 2. Splitting tensile test set-up.

Fig. 3. Behaviour of grout-filled FRP tubes.
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prepared without any damages and were wrapped with GFRP jacket
and GFRP jacket coated with epoxy, respectively, to evaluate the in-
fluence of the epoxy coating on the jacket effectiveness. Both of the
beams had the FRP joint location at the top of the specimens. The fourth
beam U-S (Fig. 5d) was also prepared with no damage but it was
wrapped with continuous GFRP shell (no joint) to determine the ef-
fectiveness of the joint in the repair system. The fifth beam Db-0
(Fig. 5e) served as the damaged control specimen as it was fabricated
with simulated damage and it was not repaired with the FRP jacket. The
sixth beam Db-Jt and seventh beam Db-Jb (Fig. 5f and 5 g, respectively)
were both prepared with simulated corrosion damage at the bottom and
repaired with the novel FRP jacket, but in the former specimen, the
joint was placed at the top while in the latter, the joint was located at
the bottom. The joint location was varied to determine the behaviour of
the joint in the compression and tension zones. The current industry

practice is to locate the joint away from the damage as asset owners are
concerned that the joint may provide a pathway for moisture to reach
the damaged locations in the existing structures. The final specimen Dt-
Jb (Fig. 5h) is similar to the Db-Jb, except the damage location being
placed at the top of the beam. The behaviour of the last three specimens
was evaluated to determine the effectiveness of the repair system as
well as the influence of joint and damage locations.

2.3. Test program and instrumentation

Fig. 8 shows the test setup and instrumentation employed in this
study to investigate the flexural behaviour of the reinforced concrete
beams repaired with the novel FRP jacket. The four-point static bending
test was employed for this purpose. The specimens were simply sup-
ported with a clear span and a shear span of 2700mm and 900mm,

Fig. 4. Schematic diagram of the failure mode of grout-filled FRP tubes.

Fig. 5. Details and configuration of test specimens.
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respectively. Bonded resistance strain gauges were mounted long-
itudinally onto the top concrete (CT), top (ST) and bottom (SB) re-
inforcement layer, longitudinally (JkC or JkT depending if the gauge is
in the compression or tension side) and radially (JkH) onto GFRP
jacket, and longitudinally (JnL) and radially onto the key (JnF) and
teeth (JnT) of the joint. All the strain gauges were attached at mid-span
of the test region.

The beams were subjected to monotonically increasing loads
through a spreader I-beam using a 2000 kN electric hydraulic pump and
were tested to failure in displacement control while observing the pre-
and post-peak behaviour. The magnitude of the applied load was
measured with a 500 kN capacity load cell, whereas the corresponding
deformations were measured with a string potentiometer and laser
displacement sensor. The strain, load and deflection readings were re-
corded with the help of system 5000 data logger, while the failure
propagations were manually observed and video recorded during the
entire test.

3. Results and observations

This section presents the test results and observations from this
experimental work. Table 1 summarises the ultimate load (Pu), mid-
span deflection at ultimate load (Δu) and failure mode of each spe-
cimen.

3.1. Cracks propagation and failure mode

Fig. 9 shows the crack propagation on the tested beams. The num-
bers marked on the beam near the cracks represent the magnitude of
the applied load in kN. The experimental cracking moment of the
control specimen, U-0, was 8.1 kN.m. For U-0 (Fig. 9a), fine vertical
flexural cracks were first developed between the loading point at the
bottom of the beam at a load of 16 kN (7.2 kN.m). This is comparable to
the theoretical cracking moment of beam U-0 (6.8 kN.m). As the ap-
plied load increased, the cracks widened and propagated upward, while
new vertical cracks formed along the beam length up to approximately

half of the shear span. Then, the specimen failed due to yielding of the
bottom most steel followed by concrete crushing at the top mid-span as
shown in Fig. 10a. For beam Db-0, the cracks were initiated at 5 kN and
were concentrated near the damaged region as shown in Fig. 9b. While
the applied load increased, the crack at the edge of the damaged region
became significantly wide, which was followed by concrete crushing at
the top (Fig. 11b).

Placing the jacket around the damaged member resulted in shifting
of the cracks’ concentration to the concrete adjacent to both ends of the
jacket. As shown in Fig. 11c-11e, beams U-Jt, U-JtE, and U-S exhibited
flexural failure induced by tension steel yielding at mid-span, but the
cracks were observed at the bottom concrete at the ends of the jacketed
region at an applied load of 20 kN (Fig. 9c). Shear cracks were also
observed in the concrete between the jacket and supports for beams U-
Jt, U-JtE, and U-S. Interestingly, the post-failure examination of the
tested specimens showed that no cracks were generated at the bottom
concrete underneath the jacket (Fig. 12c) as the presence of the jacket
delayed the steel yielding and protected the concrete underneath from
cracking. Relatively wide cracks, however, were observed in the grout
underneath the joint, with additional wide cracks at the corners in
beams U-Jt and U-JtE (Fig. 10a and 10b), whereas beam U-S exhibited
well distributed cracks in the grout with slight concentration of cracks
at the corners (Fig. 10c). The failure of the damaged repaired specimens
(Db-Jt, Db-Jb and Dt-Jb) was mainly governed by the joint failure as the
teeth ripped off from the joint and resulted in opening the jacket
(Fig. 12a and 12b). However, the width of crack underneath the joint of
beams Db-Jt (Figs. 10d and 11f) and Db-Jb (Fig. 10e and 11 g), which
have simulated steel corrosion located in the tension area, was sub-
stantially large. However, the crack width underneath the joint of beam
Dt-Jb (Fig. 10f and 11 h) was slightly narrower than that of beams Db-Jt
and Db-Jb.

3.2. Load-deformation response

Fig. 13 depicts the relationship between the experimental bending
load and the mid-span deflection of the tested beams. For beam U-0, the
load-deflection curve started as a linear branch wherein the deflection
increased linearly with the applied load which represented the beam’s
uncracked condition up to an applied load of 16 kN and a deformation
of 7mm. Vertical cracks then appeared at the bottom concrete within
the pure moment zone (Fig. 9a), which resulted in a slight reduction in
the slope of the curve. This marked the beginning of the cracked con-
dition of the beam, and effective transfer of stresses to the tension steel.
Next, it was followed by an almost linear response up to an applied load
of 150 kN and a deflection of 33mm, where the steel started yielding,
and then by a nonlinear behaviour until the final failure occurred by
concrete crushing (Fig. 11a) in the compression zone at a load of
168 kN and a deflection of 48mm. For beam Db-0, the load-deforma-
tion curve started with short linear behaviour up to an applied load of
10 kN and a deformation of 7mm where the first concrete crack oc-
curred. Next, the load increased with a reduced stiffness up to 58 kN
load and 28mm deformation accompanied by several minor load-
drops, which can be attributed to the severe cracking in the damaged
concrete portion (Fig. 9b and 11b). Finally, the post-peak behaviour
started with a slight drop and long flat plateau until unloading of the
specimen.

Fig. 6. Fabrication of beams reinforcement cage with simulated damage.

Fig. 7. Installation of GFRP jackets over the beams.

A.A. Mohammed, et al. Composite Structures 233 (2020) 111634

5 57



For specimen U-Jt, the load increased linearly up to 150 kN with a
deformation of 28mm and the load-deformation curve provided no
indication regarding the initiation of stress-transfer between the con-
crete and bottom steel. After this point, there was a short transition
zone where the steel started yielding and initiated the next stage. This
stage is characterised by a slightly ascending segment with few drops

attributed to the widening of cracks at the bottom and concrete
crushing at the top on both sides of the jacket, which corresponds to the
ultimate failure of this beam (Fig. 11c). Beams Dt-Jb, U-S and U-JtE
exhibited similar behaviour to that of U-Jt, but the transition zone was
observed at applied loads of 157 kN, 159 kN and 167 kN, respectively,
at a deformation of around 27mm. Beam Db-Jb behaved linearly up to

Fig. 8. Four-point static bending test set-up.
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an applied load of 72 kN and a deformation of 18mm. Then, the load
increase became non-linear due to concrete and grout cracking
(Fig. 10c and 11g) up to the ultimate load of 92 kN at a deformation of
32mm. After that, the load-deformation curve descended until the
jacket opening which marked the ultimate failure of the beam as shown
in Fig. 11g. Finally, beam Db-Jt behaved linearly up to an applied load
of 51 kN and 13mm deformation. After that, the load dropped down to
43 kN and went up again to a peak value of 60 kN and a deformation of
19mm. Then the curve moved downwards until the final failure.

4. Discussion

4.1. Effectiveness of the FRP jacket in repairing RC beams with steel
corrosion

The effectiveness of the FRP jacket in repairing concrete beams with
steel corrosion was evaluated by studying the behaviour of specimen
Db-Jb and comparing it with the behaviour of control specimens (U-0
and Db-0). Simulating 37.5% steel corrosion damage in beam Db-0
resulted in the development of first crack at a lower load magnitude
(5 kN) compared to U-0 due to the reduced cross-sectional area. It also
reduced its flexural capacity by 64% in comparison with beam U-0. This

Table 1
Load, deformation and the failure mode of the tested beams.

Beam Pu, kN Δu, mm Failure Mode

U-0 160 48 Bottom steel layer yielding followed by top concrete crushing and steel buckling
U-Jt 169 48 Bottom steel layer yielding followed by large cracks on the bottom concrete near the jacket ends and no damage in the jacket. Shear concrete cracks and

localised grout cracks were observed
U-JtE 189 51 Bottom steel layer yielding followed by well distributed and relatively small cracks on the bottom concrete near the jacket ends and no damage was

observed in the jacket. Shear concrete cracks and localised grout cracks were observed
U-S 184 74 Bottom steel layer yielding and followed by flexural concrete cracks near the jacket ends and no damage in the jacket. Shear concrete cracks and well-

distributed grout cracks were observed
Db-0 58 37 Middle steel layer yielding followed by top concrete crushing and steel buckling
Db-Jt 60 19 Middle steel layer yielding followed by large cracks on the bottom concrete near the jacket ends. Large grout cracks and significantly wide grout crack

underneath the joint were observed, which was followed by rupture of the jacket teeth
Db-Jb 92 32 Middle steel layer yielding followed by large cracks on the bottom concrete near the jacket ends. Large and wide grout cracks were observed underneath

the joint, followed by rupture of the jacket teeth
Dt-Jb 183 89 Bottom steel layer yielding followed by large cracks on the bottom concrete near the jacket ends. Large grout cracks were followed by jacket teeth

rupture. Shear concrete cracks were observed between the jacket and supports

Fig. 9. Crack pattern of tested beams.
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reduction is reasonably comparable to that reported by Torres-Acosta
et al. [12] where an average of 60% reduction in the flexural load ca-
pacity was observed for RC beams with 30% loss of rebar diameter due
to simulated corrosion.

Use of FRP jacket in beam Db-Jb protected the concrete from
cracking and the top steel from buckling as the jacket resisted the
concrete expansion. This can be seen from Fig. 14 wherein the strain in
top steel was increasing at a faster rate in beam Db-0 compared to that
in beam Db-Jb, which means that, at the same load level, the top steel is
more stressed in beam Db-0 than that of Db-Jb. Moreover, beam Db-0
exhibited a sharp drop in the load-strain curve at 20 kN (Fig. 14a) due
to the widening of cracks before failing by buckling of the top steel at a
strain of 850 με and a load of 58 kN with concrete crushing. On the
other hand, the jacket was activated when cracks began to develop in
the grout at a load of 50 kN. As shown in Fig. 14b, the strain at JnL and
JnT increased rapidly, and the gauge at JkH was damaged and failed to
record the strains. This result suggested that the jacket acted as a tensile
reinforcement due to the discontinuity in the bottom steel. Due to the
relatively low tensile strength of the grout, a severe large crack was
developed beneath the joint as shown in Figs. 10e and 11 g. The pre-
sence of the jacket however confined the grout and resisted its crack
widening until the failure of the jacket. This explains the reason for
restoration of 55% original flexural capacity in beam Db-Jb after the
repair with FRP. However, it is believed that higher degree of restora-
tion could be achieved by using grouts with higher tensile strength as it
will minimise the severity of the localised cracks which opens up the
joint of the jacket. Shamsuddoha [70] suggested the use of high tensile
strength grouts to maximise the effectiveness of FRP composite repair
system for steel pipelines.

4.2. Joint location effect on the FRP jacket effectiveness

Comparative evaluation on the behaviour of beams Db-Jt and Db-Jb
was done to investigate the influence of the location of the joint on the
effectiveness of the FRP jacket in repairing beams with steel corrosion.
The results suggest that placing the joint of the jacket away from the
compression zone will result in more effective utilisation of the repair
system. As shown in Fig. 14d, JnT strain in beam Db-Jt increased lin-
early with the applied load at the early stages of loading until an ap-
plied load of 24 kN. After which, the strain started to increase rapidly
and nonlinearly due to concrete expansion and grout cracking beneath
the joint (Fig. 10d). As a result, the joint’s teeth were ripped off at a load
of 60 kN and a JnT strain of 480 με, which was followed by the buckling
of top steel at 150 με (Fig. 14d). On the other hand, the presence of the
continuous part of the jacket in the compression side of beam Db-Jb
confined the top concrete and resisted its expansion which delayed the
grout cracking and prevented the top steel buckling. However, once the
cracks developed and widened in the grout, especially underneath the
joint (Fig. 11d), the specimen failed at the joint by ripping off the teeth.
This comparison explains why beam Db-Jb, where the joint was located
at the bottom, experienced a 50% higher ultimate flexural strength
capacity than that of beam Db-Jt, where the joint was located at the top.
In addition, since the FRP joint was manufactured by pultrusion process
with relatively high thickness and mostly longitudinal fibres, the beam
Db-Jb performed better in tension as it carried direct tensile stresses as
shown in Fig. 14b where JnL strain was nearly 1000 με. Similar ob-
servation was reported by Mohamed and Masmoudi [71] as they found
that by increasing the thickness of FRP tube in concrete-filled FRP
tubes, the flexural strength increased by 20%.

Fig. 10. Propagation of cracks in the grout infill.
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4.3. Damage location effect on the FRP jacket effectiveness

The comparison of the behaviour of beams Db-Jb and Dt-Jb showed
that the damage location affects the effectiveness of the FRP jacket. The
results suggest that if the damage location is at the bottom, the repair
system will be activated earlier to manage the tensile stresses but lo-
cating the damage on top will delay the activation of repair system
because its contribution will be mainly on the compression side. This

explains why the FRP jacket has restored only 55% of the original
flexural strength for beam Db-Jb while 114% strength restoration was
achieved in beam Dt-Jb. Despite the difference in the flexural strength
capacity, the ultimate failure of beams Db-Jb and Dt-Jb was governed
by the joint failure as the teeth ripped off and opened the jacket. Prior
to final failure, the grout crack width underneath the joint, however,
was narrower in beam Dt-Jb compared to beam Db-Jb. This can be
explained by the fact that in beam Dt-Jb where the damage was on top,

Fig. 11. Failure mode of the tested specimens.

A.A. Mohammed, et al. Composite Structures 233 (2020) 111634

9 61



the bottom reinforcement carried most of the tensile stresses up to an
applied load of 170 kN as shown in Fig. 14c where SB exhibited strain
up to 1200 με, which was the highest amongst the components of Dt-Jb.
After that, the cracks’ width significantly increased due to the concrete
expansion which resulted in stressing and opening of the joint. The
jacket on the compression side, JkC, exhibited almost linearly in-
creasing load-strain curve as it resisted the grout expansion due to
cracks that were generated and spread from the top concrete that ex-
perienced crushing. However, since the jacket was opened from both
ends, the stresses at the middle were shifted to the adjacent parts of the
jacket which resulted in yielding of the bottom reinforcement that re-
sulted in large cracking near the bottom concrete as shown in Fig. 11h.
In beam Db-Jb, the discontinuity in the bottom reinforcements resulted
in higher tensile stresses being carried by the jacket and grout com-
pared to beam Dt-Jb as shown in Fig. 14b where JnT strain started to
increase rapidly at an applied load of 50 kN, while it was nearly zero up
to an applied load of 160 kN in beam Dt-Jb. As a result, a severe large
crack was developed in the grout at a lower load (50 kN) in beam Db-Jb
in comparison with beam Dt-Jb.

4.4. Effectiveness of the novel GFRP joint

The efficiency of the novel joint was evaluated by comparing the
flexural behaviour of beams U-Jt (jacket with joint) and U-S (sleeve
without joint). The behaviour of beam U-Jt indicates that there is a very
small gap between the joint edges, and the jacket is activated im-
mediately after the closure of the gap due to concrete/grout expansion.
This gap allowed the grout to develop its first crack underneath the

joint, and the crack continued to widen with increased loading which
resulted in further stressing of the joint which led to opening and failing
of the joint. Thus, the beam U-S showed slightly higher enhancement
(by 9%) in the flexural capacity than that of the beam U-Jt as the former
specimen carried higher strains due to the joint/gap absence and fibre
continuity. This observation is in agreement with that of Mohammed
et al. [52], where the same repair system was used for restoring the
axial integrity of RC columns.

The activation load of the bottom reinforcement of beam U-S was
four times higher than that of U-Jt, and it was the highest amongst all
other tested specimens as shown in Fig. 15a and 15b. Moreover, the
bottom steel, SB, of beam U-S did not reach strain yield limit as it was
below 2000 με, while in beam U-Jt, it was around 2250 με. The un-
derlying reason for this response is the effective stress distribution
around the sleeve due to the continuity of fibres, which resulted in more
even stress distribution and crack propagation in the grout of beam U-S
compared to beam U-Jt (Fig. 10). However, despite the difference in the
strength enhancement, the ultimate failures of U-Jt and U-S were
governed by the bottom steel yielding and concrete cracking outside the
jacket, and not within the repair system. Nevertheless, the hoop/
transverse joint, JnT, showed strain reading of 1080 με at failure, which
is only about 30% of the joint transverse strain capacity of 3500 με
discussed before. This could be attributed to the multiaxial stresses that
were generated at the joint region due to the gap underneath the joint
that resulted from the cracking of grout. This decrease resulted in uti-
lisation of the FRP shell capacity by around 10% only. However, the
design of the current system effectively restored and enhanced the
flexural strength of beams by 114% and 55% for beams with damage on
the top compression zone and the bottom tension zone, respectively.
Additional modifications can be done to increase the restoration per-
formance, and to extend the application of the system for additional
strengthening purposes.

4.5. Epoxy coating effect on the FRP jacket effectiveness

The modification of the internal surface of the FRP jacket in beam
U-JtE, by coating the surface with 5mm coarse aggregates using epoxy
grout as an adhesive resulted in enhanced stress transfer between the
grout and the jacket, and provided better stress distribution and crack
propagation in the grout of beam U-JtE (Fig. 16b) in comparison with
beam U-Jt (Fig. 16a). The enhanced composite action between the
jacket and grout enabled the repair system to carry additional load and
resulted in better confinement of the top concrete and top steel as
shown in Fig. 16b where JnL and JkC exhibited higher strains than ST.
While in beam U-Jt, the grout exhibited development of wide cracks
and activation of ST at a load of around 100 kN (Fig. 16a). As a result,

Fig. 12. Failure of the jacket.

Fig. 13. Load-deflection curves of the tested specimens.
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the flexural load capacity of the jacketed specimen (U-JtE) with internal
epoxy coating was higher by 12% when compared to beam U-Jt without
epoxy coating as presented in Table 1. This observation corroborates
the findings of Aydın and Sarıbıyık [72] where a 10% increase was
observed in the flexural strength when the interior surface of square
GFRP beam was sand blasted before filling it with concrete. However,
both specimens (beams U-Jt and U-JtE) failed outside the jacketed re-
gion by bottom steel yielding followed by concrete crushing at the top
next to the jacket as shown in Fig. 11c and 11d.

5. Fibre model analysis

Theoretical model based on the Fibre Model Analysis (FMA) was
implemented to evaluate the maximum flexural load capacity of da-
maged RC beams repaired with the novel FRP repair system. The de-
veloped model is useful to estimate the flexural capacity restoration of
the repaired RC beams.

5.1. Fibre model analysis

The behaviour of repaired RC beams in flexure was predicted using
a simple FMA. The FMA is a one dimensional, layer-by-layer approach

Fig. 14. Load-strain curves of the tested beams.

Fig. 15. Load-strain curves of the tested beams.
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to evaluate the sectional forces corresponding to a given strain dis-
tribution at a specific section [73–79]. An important advantage of the
FMA is that it can account for the different behaviour of constituent
materials of composites structures. This method is successfully used by
Manalo and Aravinthan [74] in analysing and evaluating the behaviour
of glued fibre composite sandwich beams in flexure. It also has been
used by other researchers to predict the behaviour of concrete struc-
tures reinforced with fibre composite materials. Duthinh and Starnes
[80] presented an iterative numerical approach to predict the ductile
behaviour and flexural strength enhancement of RC beams bonded with
FRP strips. El-Hacha et al. [81] analysed the flexural behaviour of
concrete beams strengthened with near-surface mounted FRP re-
inforcement using simple plane section analysis. This method is
adopted in this study to predict the ultimate load of damaged RC beams
repaired with the novel FRP jacket. The nominal flexural capacity of RC
beams was calculated from the constitutive material behaviours using
strain compatibility and internal force equilibrium principles. Since the
proposed system is for repair and restoration, only beams U-0, Db-0 and
Db-Jb were considered in the FMA. A perfect bonding is assumed be-
tween adjacent layers of the jacketed RC beams. It is also assumed that
the strains are directly proportional to the distance from neutral axis.
The stress at each layer is determined from the constitutive behaviour
of the materials. The internal force at each layer was calculated by
multiplying the stress with the area of correspondent layer and the
cross-sectional force equilibrium was applied. During summation of
forces, the net tensile force was equated to the net compressive force.
MS Excel spreadsheet program was used to analyse the flexural beha-
viour of the RC beams using the FMA.

The basic assumptions in FMA on the flexural behaviour of the RC
beams are illustrated in Fig. 17. When the concrete and grout are still
uncracked, all the layers or element i (with thickness ti) contribute to
the moment capacity of the section. When the concrete and grout crack,
their contribution in tension is neglected. The constitutive material
behaviour for the concrete, steel and confined grout is shown in Fig. 18.
For concrete, Popovics [82] model was adopted for the stress-strain
behaviour (Fig. 18a), the steel was simplified with a bilinear behaviour,
i.e. linear elastic before yielding and a constant stress after yield
(Fig. 18b). The contribution of the FRP jacket was incorporated in the
FMA by considering the confined properties of the grout inside the FRP
tube in tension (Fig. 3), and in compression (Fig. 18c) as reported by
Mohammed et al. [51].

FMA analysis starts by assuming a compressive strain value at the
topmost layer of the RC beam. For a given top strain, the bottom strain
is solved by an iterative procedure until the summation of forces is
equal to zero. The corresponding neutral axis depth, dn for these set of
top and bottom strains which satisfies the force equilibrium is calcu-
lated by using Eq. (1). Moreover, the strain εi at each layer i is related to
the topmost strain through linear strain across the section, which can be
determined by using Eq. (2). Then, the stress in the layer is determined
from the constitutive stress-strain curve of the materials in Fig. 18.
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where dn is the neutral axis depth, d3 is the distance from the topmost

Fig. 16. Load deflection curves of beams repaired with epoxy coated jacket.

Fig. 17. Basic assumptions in Fibre Model Analysis.
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surface to the bottom steel, εc con is the strain at the top concrete, εt s3 is
the strain at the bottom steel, εi is the strain at each element and di is
the distance from the top surface to the corresponding element. Finally,
the force equilibrium equation is given by Equation (3):
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where P is the summation of forces, fi con is the concrete strength at
layer i, Ai con is the concrete area at layer i, fi st is the steel strength at
layer i, Ai st is the steel area at layer i, fi infill is the grout-infill strength at
layer i and Ai infill is the grout-infill area at layer i.

5.2. Predicted results and comparison with the experiment

The ultimate load capacity and strain readings of the beams ob-
tained from the FMA are compared with the experimental values of the
tested specimens as shown in Table 2. The comparison shows that there
is an excellent agreement between the predicted and experimental va-
lues of the beams, where the predicted values are within 97% of the
experimental values. This means that the assumption made for the
current FMA is validated by the test results and can be used for further
applications. However, the strain value at the joint measured by FMA is
much higher than the experimental values for beam Db-Jb. This dif-
ference is attributed to the wide cracks observed in the grout (Figs. 10e
and 11g) where the strain is lost at the interface between the grout and
the joint as the crack width of the grout was significantly higher than
the joint hoop displacement. This point resembles point B in Fig. 3
where the grout experienced severe and wide cracking in the grout-
filled GFRP tubes under splitting tensile load (Fig. 4b). Interestingly, the
hoop strain recorded on the GFRP tube at point B was equal to 5000 με,
which is very close to the value calculated by FMA at bottom most

location of beam Db-Jb (4965 με). Finally, it is to be noted that the
assumptions made may be only applicable to the repair system in-
vestigated in this study and may need calibration for other types of
prefabricated composite repair systems.

6. Conclusions

The behaviour of reinforced concrete beams with simulated corro-
sion damage and repaired with a novel FRP jacket system was in-
vestigated under 4-point static bending tests. The effects of damage
location in the concrete member, joint location and internal surface
coating of the jacket were evaluated, and a simplified theoretical ana-
lysis was implemented to predict the capacity of the repaired beams.
Based on the results, the following conclusions were made:

• The effectiveness of the novel repair system was highly influenced
by the tensile strength of the grout infill and the joint capacity as the
failure of the jacket is initiated by the grout cracking beneath the
joint which resulted in opening and failing of the teeth at the joint.

• Placing the joint away from the compression zone resulted in a more
effective utilisation of the composite jacket as a repair system. The
crushing and volume expansion of top concrete and grout resulted in
opening of the joint and failure at the teeth. The provision of jacket
in the compression side however confined the top concrete and re-
sisted its expansion which delayed the buckling of top steel.

• The FRP jacket is more effective in repairing flexural members with
the damage located at the top than at the bottom. Only 55% re-
storation of the original flexural strength of the beam was achieved
when the damage was at the bottom whereas 114% strength re-
storation was achieved when the damage was at the top.

• The provision of epoxy and coarse aggregate coating inside the

Fig. 18. Constitutive models for basic materials of RC beam.

Table 2
Actual and predicted load (P, kN) and strain (με) values of RC beams.

Beam FMA Experiment Top strain, FMA/Experiment P, FMA/Experiment

Top steel strain Bottom, middle steel/joint strain P Top steel strain Bottom steel/joint strain P

U-0 1300 35401 158 1700 36301 160 0.76 0.99
Db-0 560 35202 56 760 –^ 58 0.74 0.97
Db-Jb 830 49653 91 118* 17213 92 –* 0.99

^ There were no bottom steel reinforcement nor joint/jacket to attach strain gauges on.
* The strain gauge stopped recording at an applied load of 50 kN, which is almost half of the failure load.
1 Strain at the mid-span of bottom steel reinforcement.
2 Strain at the mid-span of middle steel reinforcement.
3 Longitudinal strain at the joint of the jacket.
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GFRP jacket surface resulted in better stress distribution and cracks
propagation in the grout than the one without coating. The en-
hanced composite action of the repair system components due to
coating improved the flexural strength capacity by 12% when
compared with the jacketed specimen without coating.

• The simplified FMA can reliably predict the flexural capacity of the
damaged beams repaired with FRP jacket by considering confined
tensile and compressive properties of the grout. Comparison be-
tween the predicted and experimental results show the predictions
to be within 97% of the experimental values.
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Chapter 6  

Experimental and numerical evaluations on the behaviour of 

structures repaired using prefabricated FRP composites jacket 

The results of the experimental investigations in Chapters 4 and 5 showed that the 

novel prefabricated FRP jacket can restore the strength and stiffness of deteriorated 

concrete structures. A more in-depth investigations of the effect of critical design 

parameters were then implemented through FE analysis. The FE analysis of the 

damaged structures repaired with the FRP jacket was implemented using 

ABAQUS/Explicit considering the damaged plasticity model for concrete, bilinear 

model for steel and linear elastic behaviour of the FRP composites. A perfect bond 

between the repair system components was assumed where tie constraint was selected 

as an interaction criterion between the concrete-grout-jacket elements. This 

assumption is based on the observed behaviour in Chapter 3 wherein the lateral 

expansion of the grout   pushed the jacket outward resulting in full contact and 

tensioning the jacket circumferentially.  The developed FE model accurately simulated 

the behaviour and failure mechanism of the corroded RC columns repaired with the 

novel prefabricated FRP repair system. Moreover, the FE analysis provided a better 

understanding on the behaviour of the repaired system and showed internal stress 

concentration at the damaged region which suggests that the joint of the jacket should 

be placed away from the damaged area to effectively utilise the composite jacket. 

Furthermore, the developed FE model was used to investigate the effect of the hoop 

tensile strength of the joint on the effectiveness of the repair system and the behaviour 

of the repaired structures. The FE analyses results showed that a joint with tensile 

strength of at least 20% of the novel GFRP jacket’s hoop strength can significantly 

improve the axial strength capacity of the repaired column. Beyond this 20% level, 

the failure of the repaired system changes from failure of the GFRP jacket to the failure 

of the existing structures. From these results, it was concluded that the jacket can be 

effectively used to restore the strength capacity of damaged concrete members. 

Moreover, optimisation of the joint strength will lead to further exploitation of the 

novel jacket as a strengthening system. The next chapter highlights the significant 

outcomes of this study and recommend the future research directions where the 

unexplored benefits of the novel system can be revealed.
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A B S T R A C T

Fibre reinforced polymer (FRP) composite jackets have become a popular option for repairing deteriorated
structures due to the superior characteristics of composite materials in resisting corrosion and in providing a
high strength but lightweight repair system. Recently, a novel prefabricated FRP composite jacket with an easy-
fit and self-locking mechanical joining system was developed. This paper presents the experimental and nu-
merical studies on the effectiveness of the FRP jacket in repairing reinforced concrete (RC) columns with si-
mulated corrosion damage under uniaxial compressive loading. The experimental results showed that the jacket
successfully stabilised and restored the axial strength capacity of the damaged concrete columns. Moreover, the
results of the finite element (FE) analysis revealed that the joint of the jacket should be placed away from the
damaged zone to minimise stress concentration and to effectively utilise the jacket as a repair system. Finally, a
joint strength of at least 20% of the hoop tensile strength of the jacket is effective in repairing damaged
structures.

1. Introduction

Maintaining the existing structures in a good state of service is a
major challenge for many transport authorities around the world due to
the constant weathering and environmental distress [1–4]. The
weathering affects the load-carrying capacity and durability of re-
inforced concrete (RC) structures due to the corrosion of steel rebars as
chloride and moisture reach the surface of steel rebar through cracks
[5]. The cost of repair also causes a huge burden on nations’ economies.
The United States, Canada, Europe, and Australia spend a staggering
combined amount of $30 billion per year for the repair and main-
tenance of highway RC bridges affected by steel corrosion [6,7]. In
addition, there are many deficient steel infrastructures around the
world that require structural retrofit to alleviate the detrimental effects
of corrosion leading to restrictions on their intended usage and load
carrying capacities [8]. A common technique to retrofit steel structures
is welding or bolting of new steel reinforcement onto degraded

structures. In case of a highway or offshore structural system, the fa-
cility may have to be partially or fully shut down during welding repair
for safety reasons which substantially increases the total cost of the
repair [9]. Compounding this problem is the recurring issue of dur-
ability in the traditional repair techniques such as concrete and steel
jacketing [10–12] as they are made with the same materials used in
existing structures, which will be affected again by the same factors that
attacked the original structures [13,14]. In addition, concrete and steel
jackets are bulky and heavy, which add weight to the repaired struc-
tures and may attract more loads in seismic events due to the increased
stiffness of the repaired members [15,16]. Implementing these tradi-
tional repair systems in the repair of underwater structures is also dif-
ficult, labour-intensive and costly. Hence, there is a need for alternative
techniques to overcome the drawbacks of using traditional materials in
a repair system.
In the last two decades, fibre reinforced polymer (FRP) composites

have become popular due to their high strength, lightweight and ability
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to minimise the durability issues that accompany the use of traditional
materials [17–21]. As a repair system, FRP composites have been
widely used to rehabilitate damaged infrastructure, maintain their
serviceability and prolong their service life-span [22–27]. The pre-
fabricated FRP repair systems have been a preferred solution as they are
easy and quick to install, can be manufactured under controlled con-
ditions with high quality and can serve as permanent form work de-
pending upon application. Vijay et al. [28] utilised prefabricated glass
fibre reinforced polymer (GFRP) composite jackets to rehabilitate da-
maged H-shaped steel bridge columns in East Lynn Lake Bridge, West
Virginia, USA. This repair system was installed around the damaged
columns, then wrapped with prepreg FRP fabrics on the outer peri-
meter. Prefabricated FRP shells were also used to protect and restore
the structural strength of decayed wooden columns in Portland Harbor,
Maine, USA [29]. A similar repair technique was also used to restore the
waterfront structures in New York City [22]. However, the above
mentioned prefabricated jackets lack a simple and reliable joining
system that can provide structural continuity along the hoop direction.
Therefore, prefabricated FRP jackets with innovative and effective
joints should be explored further for developing more effective, simple,
and rapid repair system.
Recently a prefabricated GFRP jacket with an innovative joining

system has been developed for bridge column repair (Fig. 1). This repair
system is quick and easy to install due to its self-locking joining system
consisting of two interlocking edges that can easily fit into each other
like teeth of a zipper. Due to the innovative self-locking joining system,
the proposed system can be installed up to 10 times faster than the
other column repair methods [30], thus substantially reducing the in-
stallation time and labour/equipment cost. This simple and rapidly
installable system works by wrapping the FRP jacket around the da-
maged column in addition to serving as an environmental-shield and a
permanent formwork for the grout-infill that is used to fill the gap
between the core column and the outer FRP shell. An appropriate grout
is used to fill the gap between the damaged core and the composite
jacket. Manalo et al. [10] evaluated the effectiveness of this FRP jacket
numerically using Strand7 finite element program and experimentally
tested the jacket with the application of internal pressure. The results
showed that the FRP jacket can sustain an internal pressure of up to
2 MPa, which considerably exceeds the industry standard for internal
bursting pressure required of a concrete column repair system and a
permanent concrete formwork jacket. Mohammed et al. [31] evaluated
the most suitable grout-infills that would effectively transfer the loads
from the damaged structure to the repair system and utilise the inherent

strength and stiffness properties of the fibre composite materials. They
concluded that the behaviour of the composite FRP jacket was strongly
influenced by the grout’s compressive strength and the modulus of
elasticity. While the actual behaviour of this prefabricated FRP repair
system has been investigated in some detail as reported by Mohammed
et al. [11], its structural contribution to the damaged RC members is
still not fully understood.
This study experimentally and numerically investigates the beha-

viour of damaged RC columns repaired with the novel prefabricated
FRP composite jacket. The failure mechanism of the different compo-
nents of the repair system especially the existing damaged structure and
the grout which are covered and hidden by the jacket are studied in
detail. This study also provides a useful evaluation of the effectiveness
of the prefabricated FRP jacket in repairing damaged concrete struc-
tures and further optimisation of the joint strength. The results of this
study will provide a better understanding on the behaviour of damaged
concrete structures repaired with the prefabricated FRP jacket. It will
also help to expand the application of this novel repair system for the
maintenance and rehabilitation of other types of engineering structures
leading to more efficient and economical rehabilitation due to less in-
stallation time, lower labour and equipment costs, and minimized delay
in transport of goods and traffic.

2. Experimental work

This section presents the experimental work conducted to evaluate
the effectiveness of the prefabricated FRP jacket in repairing RC col-
umns with simulated steel corrosion damage. It also details the material
properties, the preparation of the large-scale specimens, the test setup
and instrumentation, and discusses the experimental results.

2.1. Materials and specimens

Table 1 details the experimental test specimens and depicts their
cross-sections at mid-height. All the columns are 1 m high, 250 mm in
diameter, have a 30 mm concrete cover and are reinforced by eight
longitudinal steel bars of 16 mm diameter. Steel ligatures were used as
transverse reinforcements with a spacing of 50 mm centre-to-centre.
The RC columns were fabricated with ordinary Portland cement con-
crete of 30.5 MPa compressive strength and 26 GPa modulus of elas-
ticity tested as per ASTM C39/C39M-15a [32]. In addition, reinforcing
steels of 500 MPa and 250 MPa yield strength were used for the main
bars and ligatures, respectively, based on the information provided by

Fig. 1. Novel GFRP Jacket.
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the manufacturer and determined according to Steel Reinforcing Ma-
terial AS/NZS4671-2001 [33]. Except for steel, rest of the materials
used in this study were tested and characterized and the detailed be-
haviour can be found in [11,31]. The first column (C-1) was fabricated
with no damage and served as a control specimen. As a second control
specimen with damage, column C-2 was made with 50% simulated steel
corrosion, and 100% concrete cover damage in the middle region
(Fig. 2). It should be noted that the actual by-products of steel corrosion
have a higher volume and exert outward pressure on the surrounding
concrete which causes cracking and spalling of the concrete cover and

leads to loss of structural integrity. The steel corrosion was simulated by
replacing the steel bars with non-structural PVC pipes for a length of
300 mm at mid-height of the column as shown in Fig. 2a. The PVC pipes
helped in maintaining the alignment of the damaged longitudinal steel
bars at both ends and prevented the concrete from occupying the re-
moved steel volume. This approach was used to simulate the actual
condition of reinforcement loss wherein the severity of corrosion my
not be constant throughout the surface, thus creating asymmetric be-
haviour under loading. Moreover, this approach of simulating the
corrosion damage was adopted by a few researchers [25,34] showing
good correlation with the actual behaviour of corrosion-damaged
structures. It was also found that the adopted approach has more det-
rimental effect on the compressive strength capacity of the reinforced
concrete columns [27]. The part damaged by corrosion was wrapped
with bubble wrap to eliminate the concrete cover as the corrosion is
accompanied with cover damage (Fig. 2b). Columns with other levels of
corrosion damage were also investigated and the findings are published
in [11].
The technique used in simulating the steel corrosion damage is si-

milar to that of Manalo et al. [25] and Karagah et al. [34] wherein they
machined the steel to reduce the cross-sectional area due to corrosion.
Ligatures were not provided in the middle region of column C2 where
the corrosion was simulated since the lateral reinforcement was not
functional and was ignored in the design of actual columns with severe
corrosion [11,35]. Finally, the third column (C-3) was cast in a similar
manner to that of column C-2 but wrapped with the novel prefabricated
FRP jacket made of E-glass fibres impregnated with vinyl ester resin,
and having the dimensions of 450 mm diameter and 3 mm thickness.
The GFRP shell was fabricated by the filament winding method, while
the GFRP joint was manufactures through the pultrusion process. The
mechanical properties of the FRP jacket are presented in Table 3 and
were used as inputs for the numerical model. The annulus between the
core and the outer FRP shell was filled with shrinkage-compensating
cementitious grout. The compressive strength and modulus of elasticity
of the cementitious grout were 48.2 MPa and 34.3 GPa, respectively,
based on the testing as per ASTM C39/C39M-15a [27].

2.2. Test set-up

The fabricated specimens were tested under a concentric axial load,
following the test setup shown in Fig. 3. The load was applied using a
vertical hydraulic jack of 2500 kN capacity, where the centre of jacket

Table 1
Experimental test specimens.

Specimen Description Cross-section

Column C-1 Undamaged RC column

Column C-2 RC column with 50%
corrosion damage

Column C-3 RC column with 50%
corrosion damage repaired
with novel FRP jacket

Fig. 2. Fabrication of column specimens.
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coincided with the centre of the tested columns. In addition, the flexible
socket apparatus used in conjunction with the load cell during testing is
designed to ensure concentric loading throughout the entire stage of
loading. Two pairs of steel collars measuring 50 mm wide and 10 mm
thick were used to confine the columns at the top and bottom ends to
ensure the occurrence of failure within the test region. A neoprene
rubber pad with 3 mm thickness was provided at the top and bottom
surfaces of the column to provide a uniform load application over the
cross section. The strains at the critical regions of concrete, longitudinal
reinforcement, and GFRP jacket were measured using strain gauges
generally mounted at the mid-height of the columns as shown in
Fig. 3b. The columns were subjected to monotonically increasing axial
concentric loads until failure using 2500 kN hydraulic actuator,
whereas the corresponding deformations were measured with a string
pot. The pre- and post-peak behaviour including strain, load, and de-
flection, were recorded using the System 5000 data logger, whereas the
failure modes were manually observed and recorded.

2.3. Results and discussion

This section presents the experimental results and observations of
the tested columns. The results in terms of maximum axial load capa-
city, strain, and failure modes of the test specimens are summarised in
Table 2.

2.3.1. Failure behaviour
Fig. 4 depicts the failure mode of the tested columns. For column C-

1, minor concrete cracking and spalling were observed at both ends of
the concrete column prior to the peak load. Once the applied load
reached the peak value, column C-1 failed by simultaneous crushing of
concrete and buckling of the steel reinforcement at mid-height as

shown in Fig. 4a. Column C-2 failed by global outward buckling of steel
reinforcement first, which was followed by less severe concrete core
crushing (Fig. 4b), but with a relatively lower magnitude of load given
the simulated damages. In column C-3, the failure was initiated by
buckling of the longitudinal steel bars which radially pushed and
cracked the concrete and the grout towards the outer perimeter re-
sulting in circumferential tensioning of the jacket until the joint teeth
were ripped off (Fig. 4c). This resulted in opening and complete de-
tachment of the jacket from the repaired member.

2.3.2. Load-strain behaviour
Fig. 5 depicts the experimental load-strain behaviour of the different

material components of the tested columns. For column C-1, the steel
and concrete strain increased linearly with the applied load, then it
became nonlinear near the 1500 kN load due to cracking and spalling of
the concrete cover that led to concrete strain gauge damage. Up to this
stage, the strain gauges on two opposite sides of concrete column
showed comparable readings (around 700 με at 1300 kN) which in-
dicates that the loading is applied along the centre of the column. After
that, the steel strain kept increasing with the applied load, but at a
higher rate, until the steel finally buckled at a load of 2319 kN and a
strain of −2470 με. Column C-2 experienced linear elastic steel strain
behaviour until the concrete crushed and steel buckled at an applied
load of 1028 kN and a steel strain of −1050 με. Interestingly, it was
noted that the failure load of column C-2 is 20% lower than its theo-
retical capacity (1281 kN). This could be attributed to the eccentricity
effect that resulted from asymmetric geometry of the damaged steel
(Table 1). Finally, in column C-3, the steel strain increased linearly with
the load until 1325 kN followed by a significant drop in the load and a
fast increase in the steel strain indicating the buckling of steel and
crushing of concrete, wherein the joint exhibited negligible strain

Fig. 3. Test set-up of columns.

Table 2
Axial load capacity, stiffness and failure mode of the tested columns.

Specimen Load, kN Failure strain, με Location Failure Mode

C-1 2319 −2470 Steel Simultaneous steel buckling and concrete crushing
C-2 1028 −1050 Steel Steel buckling followed by concrete crushing
C-3 2208 226 Joint Steel buckling followed by radial stressing of concrete and grout along with circumferential tensioning of the jacket and

failure of the teeth at the joint
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values until it was at the verge of steel buckling. At the point of steel
buckling, the grout transferred the radial stresses that were being
generated by the column to the jacket as a result of the increased lateral
expansion of the core column. The joint strain then started to increase
until the teeth of the FRP jacket were ripped off (Fig. 4c) at a cir-
cumferential strain of 226 με at an applied load of 2208 kN (Fig. 5).
Interestingly, the eccentric behaviour of the steel bars with simulated
corrosion damage was not as obvious in column C-3 as compared to
column C-2 due to the presence of the novel FRP jacket which reduced
the eccentricity effect and stabilized the damaged column.

2.4. Summary of the experimental work

The novel FRP jacket is experimentally established as an effective
repair system for RC columns with corrosion damage. The results
showed that simulating 50% corrosion damage resulted in reducing the
axial strength capacity by 56% (2319 vs 1028 kN, Table 2) compared to
the column with no damage (column C1). Providing the FRP jacket to
repair the damaged column stabilized the damaged column by reducing
the eccentricity effect of the steel bars with simulated corrosion damage
and restored its axial strength capacity by 95% (2319 vs 2208 kN,
Table 2). However, the above experimental work involved only one
type of columns, i.e. RC columns. Also, the failure of the repair system
was governed by the teeth rupture of the FRP joint. Hence, developing
and using a numerical model to simulate the behaviour of the tested
columns will help to better understand the behaviour of each

component and the effect of increasing the joint strength on the overall
axial strength capacity of the repaired member.

3. FE simulation of columns repaired with GFRP jacket

Finite element analysis was conducted for a better understanding of
the behaviour of the repaired columns with the prefabricated FRP
jacket, particularly the behaviour inside the repaired part of the col-
umns which was not visible during loading due to the surrounding re-
pair system. Moreover, the FE analysis provides a better insight into the
sequence of failure of the internal parts. The finite element analysis was
implemented using Abaqus software analysis package [36].

3.1. Constitutive material behaviour

The constitutive models of the four main materials, i.e. concrete,
grout, steel and FRP of the repair system are summarised in Table 3. For
concrete and cementitious grout, Concrete Damaged Plasticity Model,
which is predefined in Abaqus software and commonly used for mod-
elling of RC structures [36–40], was used to model the nonlinear

Fig. 4. Failure mode of the tested columns.

Fig. 5. Experimental load-strain behaviour of the tested columns.

Table 3
Material properties of concrete, grout, steel and GFRP.

Material Property Value

Concrete Compressive strength, fcu (MPa) 30.5
Tensile strength, ft (MPa) 2.3
Modulus, Ec (GPa) 26
Poisson’s ratio 0.2

Grout Compressive strength, fcug (MPa) 48.2
Tensile strength, ftg (MPa) 2.52
Modulus, Ecg (GPa) 34
Poisson’s ratio 0.2

Steel Yield strength of main steel, fy (MPa) 500
Yield strength of secondary steel, fys (MPa) 250
Yield strain, y (με) 2500
Modulus, Es (GPa) 200
Poisson’s ratio 0.3

GFRP jacket Tensile strength, ffrp (MPa) 297
Modulus, Efrp (GPa) 24

GFRP joint Longitudinal tensile strength, ffrpl (MPa) 256
Modulus, Efrpl (GPa) 25
Hoop tensile strength, ffrph (MPa) 37
Modulus, Efrph (GPa) 11

A.A. Mohammed, et al. Engineering Structures 210 (2020) 110358

5 73



behaviour of concrete and grout in compression and tension (Fig. 6a
and b). The Damaged Plasticity Model presumes that the two main
failure criteria are compressive crushing and tensile cracking of the
concrete material. It requires three parameters in the form of a dilation
angle Ψ, shape factor for yield surface KC and a ratio of initial biaxial
compressive yield stress to initial uniaxial compressive yield stress. The
values corresponding to those three parameters are taken as equal to
31, 1.16 and 0.667, respectively, for both concrete and grout based on
the Abaqus recommendations for Concrete Damaged Plasticity Model
and previous research findings [33–35]. The compressive strength,
tensile strength, modulus of elasticity and Poisson’s ratio of concrete
and cementitious grout which were measured using cylinder tests are
reported in Table 3.
Since steel exhibits the same behaviour in tension and compression

despite the time and environmental conditions [41], an elastic and
perfectly plastic stress strain curve was assumed for the behaviour of
main and secondary reinforcement in tension and compression as
shown in Fig. 6c. The properties of the deformed steel bars as provided
by the manufacturer are listed in Table 3.
The behaviour of the FRP composite jacket and the joint is assumed

to be linearly elastic until failure as depicted in Fig. 6d. Since the FRP
shell is made of four layers of fibres with a stacking sequence of −45˚/
+45˚/−45˚/+45˚ with respect to the hoop direction, it was modelled
with a simplified geometry as an isotropic material, instead of four plies
of fibre impregnated with epoxy, using the properties that were ob-
tained from the material characterisation tests as listed in Table 3. The
joint was modelled as a lamina with different properties in the long-
itudinal and hoop direction as reported in Table 3.

3.2. Development of the FE model

Fig. 7 depicts the modelled RC columns and the novel prefabricated
FRP repair system. The concrete columns and steel reinforcement bars
were modelled as 3D deformable solid parts and meshed using 8-noded

hexahedral element with reduced integration (C3D8R) on the outer
parts and 6-noded wedge element (C3D6) for the core parts to generate
a uniform mesh and avoid the distortion and the hour-glassing problem
in numerical simulations [40]. The grout was also modelled using a 3D
deformable solid but fully meshed using 6-noded wedge element
(C3D6) to avoid the shear locking effect [36]. The jacket was modelled
as 3D deformable shell and meshed using quadrilateral element S4R.
Finally, since the joint geometry is not a main parameter in this analysis
and it is already fully investigated by Manalo et al. [10], it was mod-
elled as a shell element with different strength and modulus properties
in the longitudinal and hoop direction as listed in Table 3.
The steel cage was modelled as an embedded part within the con-

crete, and perfect bond was assumed using the tie constraint as an in-
teraction criterion between the concrete-grout-jacket elements. This
type of constraint allows the fusion of two different regions together
even when the meshes created on the surfaces of the regions are dis-
similar. Fixed supports were introduced as a boundary condition at the
bottom end of the column. Other constraints applied on the top and
bottom ends of the columns as shown in Fig. 7 were the steel collars
used in the experimental work. Next, the specimens were loaded by
concentric force at the centre point of the top end of the columns and
the coupling feature that Abaqus offers was used to distribute the load
uniformly onto the top surface of the columns.

3.3. FE results and validation with experimental work

This section discusses the numerical behaviour of columns C1 to C3
and compares them with the results obtained from the experimental
investigation. As shown in Fig. 8a, there is an excellent agreement be-
tween the experimental and numerical behaviour of the failing com-
ponents, i.e. steel for columns C-1 and C-2, and the joints for C-3.
However, a slight difference in the slope of the load-strain behaviour of
the longitudinal steel was observed between the experimental and the
FE results due to the presence of the steel clamps in the actual RC

Fig. 6. Constitutive models of components materials [42].
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columns which may have provided additional stiffness and restraint to
the steel bars, and confined the concrete at the top and bottom portion
of the column. A good correlation was also observed between the ex-
perimental and numerical load-strain behaviour of the longitudinal
steel in column C-2 and of the joint in column C-3.
With regards to the numerical behaviour of each specimen, the steel

and concrete of column C-1 behaved linearly, in nearly perfectly
matching curves, up to an applied load of 1700 kN (Fig. 8b). Subse-
quently, a slight decrease in the slope of the steel and concrete load-
strain curve was observed due to concrete cracking at the top end near
the loading point as shown in Fig. 9a. This behaviour was also observed
in the experimental results at a comparable applied load (1500 kN) as
presented earlier under the section of experimental work. However, the
strain kept increasing with the applied load until the final failure at mid
height where the concrete crushed, and the longitudinal steel buckled
at a strain of 2600 με as shown in Fig. 9b.
For column C-2, the strain in both concrete and steel on the opposite

sides of the damaged region increased linearly with the applied load

with matching slopes until the longitudinal steel buckled and the sur-
rounding concrete crushed at an applied load of around 1028 kN and
strain values of 1010 με and 1017 με for concrete and steel, respectively
(Fig. 8b and 9c). However, the load-strain curves of concrete and steel
bars near the damaged bars (referred to with a * in Fig. 8c) showed
slightly different behaviour compared to the bars at the undamaged
portion of the column. The concrete strain in the damaged region in-
creased at a much lower slope than that in the opposite undamaged
side. The strain on the damaged side was 2.9 times higher than the
undamaged side as shown in Fig. 8c. Also, the steel bars near the da-
maged region exhibited higher compressive strains than those located
on the opposite side of the damage by 278 με. The high level of strains
in the damaged region clearly indicate the eccentricity effect that was
observed in the experimental work. High strains are due to the asym-
metric geometry of the simulated corroded bars which caused high
bending stresses in the damaged region.
Finally, for column C-3, the axial strains of steel and concrete in-

creased rapidly in a linear manner with the load up to 1500 kN.

Fig. 7. Modelled columns and repair system.

Fig. 8. Validation and numerical load-strain behaviour of the tested columns.
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Subsequently, the axial strains kept increasing with a reduced slope
until an applied load of 1980 kN, whereas the specimen failed at the
joint at a strain of 220 με (Fig. 9e). This behaviour is comparable to the
experimental work where the reduction in the slope of the FE analysis
(Fig. 8d) represents the drop in the stiffness in the tested column
(Fig. 5) due to buckling of the longitudinal steel. The longitudinal steel
buckling pushed the grout radially outwards and resulted in higher
stresses being carried by the grout and eventually by the jacket/joint.
The increased stresses led to the development of cracks in the grout
(Fig. 9f) which resulted in minor strain dissipation within the grout.
Therefore, higher strain values were measured on the joint than the
grout when the applied load exceeded 1500 kN as shown in Fig. 8d.
This observation corroborates the findings of Sum and Leong [43]
where the authors indicated that the development of cracks in the grout
affects its efficiency in transferring the stresses within the components
of the FRP repair system. However, slightly higher strain values were
observed at the joint in the FE model than the experimental model at
the same load level, especially within the linear part of the curve. The

reason behind that could be the presence of gaps at the interface be-
tween the grout and the FRP shell/joint which resulted in strain dis-
sipation in that zone. This kind of gaps may also occur in actual ap-
plications which can be considered as a limitation of the grout material
used because gaps/voids at the surface of the grout might develop
during the curing process due to water vaporization.

3.4. Effect of joint strength on the behaviour of repaired columns

The experimental results and FE analyses revealed that the failure of
the repair system is governed by grout cracking and hoop tensile
strength capacity of the joint, which is only 12% of the ultimate hoop
strength of the jacket. The limited strength capacity of the current joint
design is due to the manufacturing limitations of the pultrusion process
where most of the fibres are oriented in the longitudinal direction. The
findings from both the experimental and FE simulation highlighted the
importance of investigating the effect of the joint strength in improving
the overall strength of the repaired system and the restoration capacity

Fig. 9. Failure mode of simulated columns.
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of the novel FRP repair system. This investigation is conducted using
the developed FE model by increasing the joint strength as a function of
the ultimate hoop tensile strength of the jacket from the current effi-
ciency of 12% to 100% at 10% intervals.
Fig. 10 shows the increase in the axial strength capacity of the re-

paired column (Pc/P) corresponding to the increase in the joint
strength/jacket strength (ffrph/ffrp) based on the results of the FE ana-
lysis. As shown in the figure, improving the joint strength from its
original capacity (12% of the jacket strength) to 20% of the jacket
strength resulted in substantial improvement where the axial strength
capacity of the repaired column increased by 1.5 times. However, im-
proving the joint strength from 20% up to 100% of the jacket strength
at 10% intervals resulted in a marginal strength gain compared to what
was achieved in the first increment from 12% to 20% as shown in
Fig. 10. This can be attributed to the failure mode of the system
changing from rupturing of the joint to compressive failure of the ex-
isting structure just outside of the repaired portion. This damage is
initiated by crushing of the concrete and buckling of the longitudinal
bars with some cracking in the grout inside the jacket.

3.5. Summary of the FE simulation

The developed FE model successfully simulated the behaviour of the
tested reinforced concrete columns with simulated corrosion damage.
The FE analysis results highlighted and confirmed the eccentric effect
that resulted from the asymmetric geometry of the corroded bars where
stress concentration was observed in concrete and steel locations at the

damaged portion. This observation suggests that it would be useful to
consider the placement of the joint away from the damage zone of the
column being repaired, whenever applicable, so that the high strength
properties of the fibre composite jacket can be effectively utilized.
Finally, the parametric investigation revealed that the FRP jacket will
be effective if the innovative joint strength can be increased to at least
20% of the hoop tensile strength of the novel GFRP jacket. These results
will help the engineers in effectively and safely design prefabricated
composite jackets in structures repair.

4. Conclusions

In this study, the behaviour and failure mechanism of the corroded
RC columns repaired using a novel prefabricated FRP repair system was
investigated experimentally and numerically. Based on the results of
the experimental and numerical analyses, the following conclusions are
made:

• The simulated steel corrosion (50%) and concrete cover damage
(100%) reduced the axial stiffness and capacity of the column by
40% and 55%, respectively due to compression buckling of the
longitudinal bars and concrete crushing at the damaged portion of
the column.
• The provision of the novel prefabricated FRP composite jacket sta-
bilised the damaged column by reducing the eccentricity effect of
the corroded steel and restored fully the axial stiffness and the
strength capacity by 95% compared to the undamaged column. The
repaired column failed by steel buckling and concrete crushing at
the damaged portion which pushed and cracked the grout radially
and ripped off the joint teeth.
• The behaviour of the damaged and repaired columns can be simu-
lated reliably by considering the damaged plasticity model for
concrete, bilinear model for steel and linear elastic behaviour of the
FRP composites. The FE analysis provided a better understanding on
the behaviour of the repaired system and showed internal stress
concentration at the damaged region which suggests that the joint of
the jacket should be placed away from the damaged area to effec-
tively utilise the composite jacket.
• A joint with tensile strength of at least 20% of the novel GFRP
jacket’s hoop strength can significantly improve the axial strength
capacity of the repaired column. Beyond this 20% level, the failure
of the repaired system changes from failure of the GFRP jacket to the
failure of the existing structures.

Fig. 9. (continued)

Fig. 10. Level of joint strength improvement (ffrph/ffrp) versus axial strength
enhancement of the repaired member (Pc/P).
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The experimental and numerical works in this study revealed the
high potential of the prefabricated FRP composite jacket to provide a
safe, quick to install and reliable repair system. However, new research
areas can be further explored to better understand the effect of critical
design parameter on the behaviour of deteriorated structures repaired
with prefabricated composite jackets including the types of grouts,
different sizes for the damaged columns and jacket. Moreover, a more
detailed cost/benefit analysis is recommended for future study to
highlight the cost effectiveness of the novel prefabricated FRP jacket in
comparison with other conventional repair systems.
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Chapter 7 

Conclusions 

Prefabricated FRP composite jackets have become very attractive repair technique for 

deteriorating structures, particularly those exposed to the marine environment. A novel 

FRP jacket with innovative joining system that can easily fit into each other and 

ensuring uniform stress distribution along the repair system was developed. The initial 

investigations showed that the novel FRP jacket has the potential to provide structural 

continuity along the hoop direction. However, the low cost-to-performance benefits of 

the repair system are not investigated yet and its structural contribution to the repaired 

structure is still unknown. This study focused on investigating the behaviour of 

damaged RC structures repaired with the prefabricated FRP jacket to evaluate the 

effectiveness of the repair system through experimental, theoretical and numerical 

studies. From this extensive and systematic studies, many new findings were gained 

and highlighted in the following sections: 

Review of the current repair practice 

The state-of-the-art research, development and practice in prefabricated FRP repair 

systems were critically reviewed to identify the challenges of these repair systems and 

identify new opportunities for their effective utilisation. 

Important factors affecting the design and behaviour of structures repaired with the 

prefabricated FRP system have been identified and analysed. From the critical review, 

the following conclusions were drawn: 

• Repairing the damaged structures using either concrete or steel jackets or timber 

splicing is impractical for infrastructure exposed to aggressive environments. 

These conventional materials will lead to never-ending repair cycles as they are 

subjected to the same environment which caused damage to the existing 

structure. 

• FRP composite jacketing systems offer superior properties in terms of corrosion 

resistance, lightweight and durability compared to conventional repair systems 

and are compatible with steel, concrete and timber structures. Prefabricated FRP 

composite repair systems are more preferable than the wet lay-up as the former 

systems are easier, quicker, safer to install, require lesser workers on site, lead 
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to minimal resource wastage and have higher quality as they are manufactured 

under well controlled conditions. 

• An effective joint is the key to provide structural continuity for prefabricated 

FRP jackets. The joining schemes should offer a composite repair system that is 

quick and safe to install, and can be easily implemented for prefabricated FRP 

repair systems. 

• The effectiveness of the prefabricated FRP composite jackets is governed by the 

thickness and orientation of the fibres within the jacket, the type and properties 

of infill grout, and the level of damage and shape of the existing structures. 

From the above findings, understanding the effects of these design parameters 

will lead to an optimal and safe design of prefabricated FRP jacket repair systems. 

Moreover, the contribution of prefabricated FRP jackets to the structural capacity of 

the repaired structure should be determined to effectively and safely design composite 

repair systems to extend the service life of structurally deficient structures. It was also 

identified that the type and properties of the grout infill plays a vital role in transferring 

the stresses between the damaged structure and the composite repair system. 

Effect of grout properties on the behaviour of prefabricated FRP jacket 

The effect of using concrete, cementitious and epoxy based grout infills on the 

behaviour of prefabricated composite repair system was investigated by filling GFRP 

tubes with grouts of compressive strength and modulus of elasticity ranging from 10 

MPa to 70 MPa and from 10 GPa to 35 GPa, respectively. All specimens were tested 

under concentric axial loading until failure. Based on the experimental results, the 

following conclusions were drawn: 

• The type of the grout infill has a major role in the overall behaviour of the 

composite repair system. The brittle failure behaviour of the cementitious and 

epoxy grouts led to localised failure in the FRP repair system while the 

progressive cracking and crushing of the concrete infill resulted in effective 

utilisation of the high strength properties of the composite materials.  

• High compressive strength infill material will limit the capacity to transfer the 

stresses uniformly around the GFRP tubes due to the increased brittleness. This 

resulted in the strength and strain enhancement ratios of only 1.3 and 1.0, 
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respectively for the GFRP repair system filled with epoxy grouts but up to 6.2 

and 38 times, respectively for the tubes filled with the lowest strength and 

modulus concrete. 

• The provision of epoxy and coarse aggregates inside the GFRP tube surface 

enhanced the stress transfer between the tube and infill. This consequently 

improved the load capacity, ductility and energy absorption by at least 10%. It 

also prevented the propagation of fibre rupture around the composite repair 

system leading to a more ductile behaviour than the one without roughened 

surface.  

• Theoretical model which considers the axial and hoop rupture strains of the fibre 

in the FRP tubes can accurately predict the overall compressive behaviour of 

GFRP repair system filled with grouts. This model is very useful in determining 

the appropriate elastic and strength properties of the grout infill for repairing 

existing structures with prefabricated composite jackets. 

The above study demonstrated that the different grout properties significantly 

affect the behaviour of the prefabricated FRP jacket. The cementitious grout was found 

effective as an infill between prefabricated FRP jacket and damaged RC structures due 

to its sufficiently high compressive strength and stiffness which enabled it to yield a 

strength and strain enhancement equivalent to 1.6 and 5.9, respectively. 

Axial behaviour of damaged RC columns repaired with the novel jacket 

The effectiveness of the novel FRP jacket was evaluated by investigating the axial 

behaviour of damaged RC columns repaired with the novel jacket. The effect of 

different parameters i.e. level of steel corrosion, level of concrete cover damage, and 

the shape effect on the efficiency of the novel FRP jacket were evaluated. The core 

columns were 1000 mm in height and 250 mm in diameter, all columns were tested 

until failure under concentric axial load. The main findings of this study are as below: 

• The behaviour of the prefabricated FRP repair system in repairing damaged RC 

columns is governed by the capacity of the grout infill followed by the failure of 

the teeth at the joint location. 
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• The GFRP jacket was effective in restoring the axial load capacity of the RC 

columns with 25% and 50% corrosion damage, by 99% and 95%, respectively, 

as the repair system stabilized and restored the strength of the damaged columns. 

• The GFRP jacket restored the axial load capacity by 95% for the specimen with 

a 50% spalled concrete cover. However, this percentage decreased by 13% in 

the specimen with 100% spalled concrete cover due to the change in the 

interaction/bond between the undamaged steel bars and the grout infill. 

• The GFRP jacket was more effective in repairing circular than square columns 

as the damaged square column exhibited 43% lower axial load capacity than that 

of the circular section due to the stress concentration at the corners with the joint 

location.  

• A theoretical model that considers the partial confinement effect of the FRP 

jacket accurately predicted the ultimate axial load capacity of the repaired RC 

columns. This model is very useful in determining the extent of damage for 

which the FRP jacket is capable of restoring the structural integrity of a damaged 

column member. 

From this study, it can be concluded that the novel FRP jacket can restore the 

axial strength and stiffness of damaged RC member. Since the submerged piles are 

subjected to lateral loads from water, tides and waves which create flexural stresses, 

the flexural behaviour of the damaged members repaired using the novel repair system 

was also investigated. 

Flexural behaviour of damaged RC members repaired with the novel jacket. 

The effectiveness of prefabricated FRP composite jacket as a repair system for 

damaged RC members subjected to flexural loads was investigated. The effect of 

damage location in the concrete member, joint location and internal surface coating of 

the jacket on the flexural behaviour of damaged RC members repaired with the FRP 

jacket were studied. Eight large scale specimens of 3000 mm length and 220 mm by 

220 mm cross-section were prepared and tested under four points bending test. Based 

on the results, the following conclusions were made: 
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• The behaviour of flexural members repaired with prefabricated jacket was 

highly influenced by the tensile strength of the grout infill and the joint capacity 

as the failure of the jacket is initiated by the grout cracking beneath the joint 

which resulted in opening and failing of the teeth at the joint. 

• Placing the joint away from the compression zone resulted in a more effective 

utilisation of the composite jacket as 53% higher flexural strength capacity was 

achieved compared to the case when the joint was at the compression zone.  

• The FRP jacket is more effective in repairing flexural members with the damage 

located at the top than at the bottom. Only 55% restoration of the original 

flexural strength of the beam was achieved when the damage was at the bottom 

whereas 114% strength restoration was achieved when the damage was at the 

top. 

• The provision of epoxy and coarse aggregate coating inside the GFRP jacket 

surface resulted in better stress distribution and cracks propagation in the grout 

than the one without coating. The enhanced composite action of the repair 

system components due to coating improved the flexural strength capacity by 

12% when compared with the jacketed specimen without coating. 

• The simplified FMA can reliably predict the flexural capacity of the damaged 

beams repaired with FRP jacket by considering confined tensile and 

compressive properties of the grout. Comparison between the predicted and 

experimental results show the predictions to be within 97% of the experimental 

values. 

The experimental studies clearly demonstrated the effectiveness of the 

prefabricated FRP composite jacket in repairing RC piles subjected to flexural loads. 

It also identified the effect of important parameters on the repair system efficiency, 

such as joint location, damage location and bonding effects. The effect of these 

important design parameters was investigated in detail using the FE analysis. 
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Numerical investigation on the behaviour of structures repaired with FRP jacket 

The behaviour of the corroded RC column repaired with prefabricated FRP jacket was 

investigated numerically using ABAQUS. The developed numerical model was then 

used to evaluate the effect of the joint hoop tensile strength on the effectiveness of the 

novel FRP jacket in repairing damaged structures. Based on the results of the 

numerical analyses, the following conclusions are made: 

• The behaviour of the damaged and repaired column can be simulated reliably by 

considering the damaged plasticity model for concrete, bilinear model for steel 

and linear elastic behaviour of the FRP composites.  

• The FE analysis provided a better understanding on the behaviour of the repaired 

system and revealed that the joint of the jacket should be placed away from the 

damaged area to minimise premature failure of the jacket and effectively utilise 

the composite FRP jacket.  

• Improving the joint by at least 20% of the prefabricated composite jacket tensile 

strength substantially enhanced the axial strength of the repaired members. 

Beyond this improvement level, the failure mode of the repaired member 

changed from the FRP joint to the existing structures where the concrete crushed 

outside the FRP jacket. 

Contribution of the study 

This study provided an in-depth understanding of the behaviour of damaged concrete 

structures repaired with a prefabricated FRP composite jacket with a novel joint.  This 

research also explored the low cost-to-performance benefits of the novel repair system 

and evaluated its effectiveness in repairing structures with defects. This output resulted 

in utilising the FRP jacket in many actual repair projects in Australia and overseas as 

shown in Figure 7.1. Moreover, the results obtained from this study provided a useful 

design tools for engineers to safely design a highly durable and reliable repair system 

that can fully restore the strength of the damaged structure. The main contribution of 

this study can be summarised as follow: 

• Understanding the behaviour and determining suitable grout system that can 

effectively transfer the stress between the repaired structure and prefabricated 

FRP jacket. 
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• Effectiveness of prefabricated FRP jacket in repairing damaged RC structures 

with different level of reinforcement corrosion and concrete cover damage 

subjected to concentric axial loads.  

• Understanding the effects of joint location and damage location on the 

behaviour of structures repaired with prefabricated FRP jacket subjected to 

flexural loads. 

• Simple theoretical tools to safely design and predict the overall behaviour of 

grout, damaged RC columns and RC beams repaired with prefabricated FRP 

jacket. 

•  Numerical model that can accurately describe the overall behaviour of the 

damaged RC structures repaired using the prefabricated composite jacket.  

 

Figure 7.1. Novel FRP jacket utilisation in actual repair project 

Directions of future research 

This study extensively investigated the effectiveness of the prefabricated FRP system 

and demonstrated the high potential of this repair system to restore the capacity of 

damaged structures. Based on the outcome of this study, several opportunities and new 

research areas can be further explored to better understand the effect of critical design 

parameters on the behaviour of the repaired structures, which are: 
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1. Three different types of grouts, i.e. concrete, cementitious and epoxy based 

grout, with compressive strength and modulus of elasticity ranging from 10 MPa 

to 70 MPa and from 10 GPa to 35 GPa, respectively, were investigated in this 

study as infills for the repair system. Further research considering other types of 

cost-effective grouts with different range of properties should be conducted to 

optimise the design and utilisation of the repair system.  

2. The maximum diameter of the tested RC columns was limited to 250 mm due 

to the capacity of the testing equipment, while the prefabricated FRP composite 

jacket could be produced with a minimum diameter of 450 mm due to the 

curvature of the joint. These two limitations resulted in a grout thickness of 100 

mm. Investigations on the behaviour of damaged RC structures repaired with 

the novel FRP repair system considering different size for the piles and jacket to 

yield different grout thickness should be explored as this might better simulate 

the behaviour of actual repaired structures. 

3. This study investigated the effectiveness of the novel composite FRP jacket in 

repairing damaged RC structures with normal concrete compressive strength (≃ 

30 MPa) due to the capacity of test equipment. There is an opportunity to 

conduct research on the effectiveness of the prefabricated FRP jacket in 

repairing RC structures with high and/or ultra-high compressive strength, which 

is typical for bridges.  

4. The design of the current repair system and the innovative joint is sufficient for 

structural repair/restoration. Further improvements and investigations are 

necessary to modify the joint and strengthen it, particularly in the transverse 

direction to extend the jacket’s application to strengthening applications. 

5. The developed FMA model accurately predicted the flexural behaviour of the 

successfully repaired specimen considering the confined tensile and mechanical 

properties of the grout-infill. However, this developed model is not applicable 

for repaired structures with premature failure of the joining system as the grout-

infill was not confined. Hence, further studies to develop prediction equation 

that can accurately describe the behaviour of these systems are recommended. 

6. Bridge piers used in marine structures have high probability to be hit by boats, 

thus, investigation on the behaviour of the repair system under impact loads is 

important for safer design consideration. 
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Appendix C: Full Experimental Results of Chapter 3  

C.1 Test results summary of grout infills and grout filled GFRP tubes 

Grout Infills Grout-filled GFRP Tubes 

Specimen 
Pc Pc-ave σc σc-ave sc 

Specimen 
Pc Pc-ave σc,  σc-ave,  sc,  

kN kN MPa MPa MPa kN  kN MPa MPa MPa 

C1-1 92 

99 

11.7 

12.6 1.4 

C-C1-1 656 

693 

74.3 

78.5 11.3 C1-2 94 12.0 C-C1-2 806 91.4 

C1-3 112 14.3 C-C1-3 616 69.8 

C2-1 113 137 14.4 

17.4 4.4 

C-C2-1 562 

600 

63.7 

67.9 5.0 C2-2 121  15.4 C-C2-2 649 73.5 

C2-3 176  22.4 C-C2-3 588 66.6 

- 

C-C2-1* 631 

639 

71.5 

72.4 2.5 C-C2-2* 664 75.3 

C-C2-3* 622 70.5 

C3-1 199 

216 

25.3 

27.5 3.1 

C-C3-1 518 

498 

58.8 

56.5 3.6 C3-2 244 31.1 C-C3-2 462 52.4 

C3-3 206 26.2 C-C3-3 514 58.3 

CG-1 374 

378 

47.6 

48.2 1.1 

C-CG-1 643 

645 

72.8 

73.1 0.3 CG-2 388 49.4 C-CG-2 648 73.4 

CG-3 373 47.5 C-CG-3 645 73.1 

EG-1 661 

620  

84.2 

78.9 4.6 

C-EG-1 737 

798 

83.6 

90.5 7.2 EG-2 604 76.9 C-EG-2 795 90.1 

EG-3 594 75.6 C-EG-3 863 97.9 
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Appendix D: Revised Published Figures 

D.1 Chapter 3, Figure 12 (Page 33) 

 

Chapter 3, Figure 12.  Relation between the normalised axial stress and the 

normalised axial strain of grout-filled GFRP tubes. 

 

D.2 Chapter 6, Figure 8a (Page 75) 

 

Chapter 6, Figure 8a. Validation and numerical load-strain behaviour of the tested 

columns. 
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