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SIMULATION AND DESIGN OF NSM STRENGTHENED BEAMS USING 

MOMENT-ROTATION APPROACH 

ABSTRACT 

The near surface mounted (NSM) method is a technique for strengthening reinforced 

concrete (RC) beams which normally utilizes fibre reinforced polymer (FRP) bars or 

strips placed within grooves made on the soffit of the beams. One particular problem that 

has consistently been reported on the NSM method is the premature failure by concrete 

cover separation (CCS), which causes the beam to fail prior to the full potential of the 

strengthening reinforcement being utilized. Several methods have been proposed to 

determine the onset of CCS failure for NSM strengthened beams. The application of these 

methods however was found to be limited by the empirical formulations that were used, 

which severely affects their accuracy when applied to situations outside of the testing 

regime that formed the empirical formulations. In light of these problems, this research 

aims to present a method for the simulation and design of NSM strengthened beams that 

is less reliant on empirical formulations.  

To that end, the moment-rotation (M/θ) approach was extended to allow for the 

simulation of NSM strengthened beams. The M/θ approach applies the partial interaction 

theory which helps reduce the reliance on empirical formulations. The global energy 

balance approach (GEBA) was used in conjunction with the M/θ approach to simulate 

CCS failure. The M/θ approach was then applied to simulate and study the side-NSM 

(SNSM) method, which is an NSM-based strengthening method. The differences 

involved in simulating virgin and precracked SNSM strengthened beams was presented, 

where the former represents what is usually tested is laboratories and the latter is meant 

to simulate real world condition. The M/θ approach was also applied to simulate the 

beams strengthened with hybrid method, which is another NSM-based method; 

furthermore, it was shown how the M/θ approach can simulate intermediate crack (IC) 
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debonding through the use of single crack analysis. Lastly, a design procedure for the 

NSM method was proposed using closed form solutions derived from the M/θ approach. 

The result of the research is as follows. The M/θ approach for NSM strengthened 

beams was validated against published experimental results of RC beams strengthened 

with either of several types of NSM reinforcement, namely CFRP bars, CFRP strips, steel 

bars and GFRP bars. The validation process shows good correlation for the experimental 

and actual failure load. The M/θ approach was also validated against experimental results 

of SNSM strengthened beams and hybrid strengthened beams, where good accuracy was 

also found. The final part of this research, the design procedure, was validated against 

published experimental results and achieves good accuracy.  The results show that the 

M/θ approach for NSM strengthened beams is able to simulate not only normal NSM 

method, but also other NSM-based methods; this versatility is a direct result of the 

reduced reliance on empirical formulations. Furthermore, the proposed design procedure 

gives the benefits of the M/θ approach while also being simple enough for design 

engineers to use. 

Keywords: Near-surface mounted; numerical analysis; partial interaction; reinforced 

concrete; moment-rotation
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SIMULASI DAN REKA BENTUK RASUK YANG DIPERKUKUH DENGAN 

NSM MENGGUNAKAN PENDEKATAN MOMENT-ROTATION 

ABSTRAK 

Teknik pemasangan dekat (NSM) untuk menguatkan rasuk konkrit bertetulang (RC) 

biasanya menggunakan polimer bertetulang gentian (FRP) bentuk bar atau jalur yang 

diletakkan di dalam alur yang dibuat pada permukaan rasuk. Satu masalah tertentu yang 

telah dilaporkan secara konsisten bagi kaedah NSM adalah kegagalan awal melalui 

pemisahan penutup konkrit (CCS), yang menyebabkan rasuk gagal sebelum potensi 

penuh penguatan tetulang digunakan. Beberapa kaedah telah dicadangkan untuk 

menentukan permulaan kegagalan CCS untuk rasuk yang diperkukuhkan NSM. 

Penerapan kaedah-kaedah ini bagaimanapun didapati dihadkan oleh formulasi empirikal 

yang digunakan, yang sangat mempengaruhi ketepatan mereka ketika diterapkan pada 

situasi di luar rejim pengujian yang membentuk formulasi empirikal. Berdasarkan kepada 

masalah ini, penyelidikan ini bertujuan untuk membentangkan kaedah untuk simulasi dan 

reka bentuk rasuk NSM yang diperkuat yang kurang bergantung kepada rumusan 

empirikal. 

Untuk itu, pendekatan putaran momen (M/θ) telah diperluaskan untuk membolehkan 

simulasi NSM mengukuhkan rasuk. Pendekatan M/θ menggunakan teori interaksi separa 

yang membantu mengurangkan pergantungan pada formulasi empirikal. Pendekatan 

keseimbangan tenaga global (GEBA) digunakan dengan pendekatan M/θ untuk 

mensimulasikan kegagalan CCS. Pendekatan M/θ kemudiannya digunakan untuk 

mensimulasikan dan mengkaji kaedah sisi-NSM (SNSM), yang merupakan kaedah 

pengukuhan berasaskan NSM. Perbezaan yang terlibat dalam mensimulasikan rasuk 

diperkukuh SNSM yang dara dan yang diperbaiki telah dibentangkan, di mana yang 

sebelum mewakili apa yang biasanya diuji adalah makmal dan yang selepas adalah untuk 

mensimulasikan keadaan dunia sebenar. Pendekatan M/θ juga digunakan untuk 
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mensimulasikan rasuk yang diperkuat dengan kaedah hibrid, yang merupakan satu lagi 

kaedah berasaskan NSM; tambahan pula, ditunjukkan bagaimana pendekatan M/θ dapat 

mensimulasikan retakan perantaraan (IC) yang disingkirkan melalui penggunaan analisis 

retak tunggal. Akhir sekali, prosedur reka bentuk untuk kaedah NSM dicadangkan 

menggunakan penyelesaian bentuk tertutup yang diperoleh daripada pendekatan M/θ. 

Hasil penyelidikan adalah seperti berikut. Pendekatan M/θ untuk rasuk yang diperkuat 

NSM telah disahkan terhadap keputusan ujian eksperimen rasuk RC yang diperkuat 

dengan mana-mana beberapa jenis tetulang NSM, iaitu bar CFRP, jalur CFRP, bar keluli 

dan bar GFRP. Proses pengesahan menunjukkan korelasi yang baik untuk beban 

kegagalan eksperimen dan sebenar. Pendekatan M/θ juga disahkan terhadap keputusan 

eksperimen bagi rasuk SNSM yang diperkuatkan dan rasuk diperkuat hibrid, di mana 

ketepatan yang baik telah diperolehi. Bahagian akhir penyelidikan ini, prosedur reka 

bentuk, telah disahkan terhadap keputusan eksperimen yang diterbitkan dan mencapai 

ketepatan yang baik. Keputusan menunjukkan bahawa pendekatan M/θ untuk rasuk NSM 

yang diperkuatkan dapat mensimulasikan bukan sahaja kaedah NSM biasa, tetapi juga 

kaedah berasaskan NSM yang lain; kebolehan ini adalah hasil langsung dari 

pergantungan yang dikurangkan pada formulasi empirikal. Selain itu, prosedur reka 

bentuk yang dicadangkan menggunakan pendekatan M/θ memberikan manfaat sementara 

juga cukup mudah untuk digunakan oleh jurutera reka bentuk. 

Kata kunci: Teknik pemasangan dekat; analisis berangka; interaksi separa; konkrit 

bertetulang; putaran momen.
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CHAPTER 1 - INTRODUCTION 

 

1.1 Background 

The term structural strengthening refers to the application of a strengthening material 

onto an existing structural member in order to increase their load carrying capacities. 

Among the reasons that necessitates structural strengthening are mistakes done during 

construction, increases in load requirement due to an increase in population and loss of 

strength due to aging of structures. For strengthening RC beams in flexure, in general 

there are two types of strengthening that can be applied: 

1. The externally bonded (EB) method (Barros et al., 2017; Ceroni, Pecce, 

Matthys, & Taerwe, 2008; Chen, Zhang, Li, Li, & Zhou, 2016; Maalej, 2005; 

Pesic, 2005; Tam, Si, & Limam, 2016; Toutanji, Zhao, & Zhang, 2006) 

2. The near-surface mounted (NSM) method (Badawi & Soudki, 2009; 

Capozucca, Domizi, & Magagnini, 2016; Capozucca & Magagnini, 2016; 

Kreit, Al-Mahmoud, Castel, & François, 2011; Pachalla & Prakash, 2017; Seo, 

Sung, & Feo, 2016).  

The EB method was proposed much earlier than the NSM method and in the beginning 

was done using steel plates attached on the soffit of RC beams. Nowadays however the 

EB method uses either fibre reinforced polymer (FRP) plates or sheets due to its low 

weight and high strength. The NSM method is a relatively new method; this type of 

strengthening involves the making of grooves on the soffit of RC beams, where either 

FRP bars or strips will be placed into and the grooves are then filled with epoxy adhesive.  

The use of grooves allows a much higher bond between NSM reinforcements and the 

concrete surface of beams compared to the EB method. Despite this, premature failure of 
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NSM strengthened beams is still possible. Various experimental studies on the NSM 

method have reported NSM strengthened beams failing through the concrete cover 

separation (Hosen, Jumaat, Islam, et al., 2015; Reda, Sharaky, Ghanem, Seleem, & 

Sallam, 2016; Rezazadeh, Barros, & Ramezansefat, 2016; Zhang & Teng, 2014) which 

causes the NSM strengthened beam to fail well below the design strength. The concrete 

cover separation failure involves a crack forming near the location of curtailment for the 

NSM reinforcement, which then propagates horizontally towards higher moment region 

of the beam, causing the NSM reinforcement to separate from the beam along with the 

concrete cover. More recently, it was noted by Zhang, Yu, and Chen (2017) that NSM 

strengthened beams has also been reported to fail by intermediate crack (IC) debonding, 

albeit very rarely. The IC debonding starts from the maximum moment region of beams 

and propagates towards the beam ends. The lack of reported IC debonding of NSM 

strengthened beams was attributed by Zhang et al. (2017) as the result of high bond 

strength of NSM reinforcements. 

Several methods have been introduced to reduce the probability of concrete cover 

separation, one of them being the side-NSM strengthening method. Among the problem 

with applying the NSM method is that it requires the RC beam to be considerably wide; 

a closely spaced arrangement of NSM bars will cause an overlap of stresses, which causes 

the tensile stress at the concrete-epoxy interface to be magnified and cause concrete split 

failure (Hassan & Rizkalla, 2004). The ACI 440 guideline, based on the research work of 

(Hassan & Rizkalla, 2003) states that the minimum clear groove spacing for NSM bars 

should be greater than twice the depth of the groove to avoid the overlapping of stresses, 

while the edge distance should be four times the depth of the groove to minimize edge 

effects. To make the NSM method applicable to beams with small width, side-NSM 

method was proposed, where the location of the NSM reinforcement was changed from 

the soffit of the RC beam to the side of the beam at the same level as the tension 
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reinforcement. The side-NSM method also allows strengthening to be applied on beams 

with walls beneath them (Sharaky, Reda, Ghanem, Seleem, & Sallam, 2017). Another 

method proposed to reduce concrete cover separation is the hybrid strengthening method 

(Rahman, Jumaat, Rahman, & Qeshta, 2015). The main purpose of the hybrid method is 

to reduce the amount of strengthening reinforcement needed by EB and NSM method 

individually, thus reducing the thickness of the FRP sheet needed as well as reducing the 

number of NSM grooves needed. The theory is that the reduction of strengthening 

reinforcement reduces the interfacial stresses, thus reducing the possibility of debonding 

failures for both EB and NSM strengthening used in the hybrid method. 

While both side-NSM method and hybrid strengthening method are able to reduce 

concrete cover separation to a certain degree, it cannot be fully eliminated. This means 

concrete cover separation still needs to be taken into consideration, which brings another 

problem to fore: currently there is a lack of research done on predicting concrete cover 

separation in NSM strengthened beams. Several methods to predict or simulate CCS have 

been proposed using the finite element method (Al-Mahmoud, Castel, François, & 

Tourneur, 2010; Zhang & Teng, 2014) or using the concrete tooth model (De Lorenzis & 

Nanni, 2003). Recently, Teng, Zhang, and Chen (2016a) proposed a strength model for 

NSM CFRP strips derived using finite element study while an analytical design approach 

was proposed by Rezazadeh et al. (2016), which was derived using concrete fracture 

mechanic. Most of these methods can be highly empirical, such as in terms of predicting 

crack spacing. Empirical methods that are formulated around a specific shape or material 

type of NSM reinforcement are only accurate within the regime of testing used to 

formulate them, which can limit their usage.  

In recent years a global energy balance approach (GEBA) has been developed ( 

Achintha & Burgoyne, 2013, 2011; Achintha, 2009; Guan & Burgoyne, 2014) to predict 
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the concrete cover separation failure of RC beams strengthened with externally bonded 

FRP plates. The GEBA works by applying fracture mechanics of concrete; the energy 

available in a strengthened beam is determined from the moment-curvature (M/χ) 

relationship and compared to the energy required for the debonding crack to propagate. 

Currently the method for using the GEBA was derived for FRP plated RC beams, and 

there has not been any published research on using the GEBA with NSM strengthened 

beams. 

In light of this, it is proposed that the moment-rotation (M/θ) technique (Haskett, 

Oehlers, Visintin, & S, 2011; Oehlers, Visintin, Zhang, Chen, & Knight, 2012; Oehlers, 

Visintin, Haskett, & Sebastian, 2013; Visintin & Oehlers, 2016; Visintin, Oehlers, 

Muhamad, & Wu, 2013) be applied to derive the required M/χ relationships. The M/θ 

technique applies the partial interaction theory (Haskett, Oehlers, & Mohamed Ali, 2008; 

Muhamad, Mohamed Ali, Oehlers, & Griffith, 2012; Visintin et al., 2013) in order to 

simulate flexural cracking and tension stiffening by directly simulating the slip of 

reinforcements in the RC beam. This allows the slip of the NSM reinforcement to be 

directly simulated, which can help reduce the reliance on empirical formulations in 

simulating many of the mechanics of NSM strengthened RC beams as seen in practice. 

Minor changes to the GEBA would then be made to apply it on NSM strengthened beams, 

allowing the concrete cover separation failure mode to be simulated. Additionally, the 

debonding crack was allowed to propagate up to the point where the beam can no longer 

accept additional load nor maintain the current load; this is made so that a more accurate 

failure load can be obtained. 

Due to its reduced reliance on empirical formulations, the method proposed in this 

thesis should be readily applicable to any shape and material of NSM reinforcements, 

assuming that the material properties of the NSM reinforcements such as stress-strain 
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relationship and bond stress-slip relationship is known. Other methods on the other hand 

may require extensive structural testing to formulate empirical formulations to account 

for any changes to the shape and material of NSM reinforcements. As such the 

combination of M/θ technique and GEBA provides a more versatile method for 

simulating NSM strengthened RC beams; furthermore, it can help reduce the cost of 

developing new types of NSM shapes and materials as there would be no need for 

extensive structural testing purely to derive empirical formulations. 

1.2 Problem statement 

The NSM method is prone to failing prematurely, with the most common mode of 

failure being concrete cover separation. Currently there are few research that has been 

done on the premature debonding failure modes of NSM strengthened beams. 

Furthermore, the few methods that has been proposed for predicting concrete cover 

separation thus far are highly empirical, which limits their usage to specific NSM 

configurations from which they are derived. 

1.3 Objective 

The objectives of this research include: 

• To extend the moment-rotation (M/θ) approach for simulating the behaviour of 

NSM strengthened RC beams and the propagation of concrete cover separation. 

• To apply the extended M/θ approach in studying side-NSM strengthening method. 

• To apply the extended M/θ approach in studying hybrid strengthening method. 

• To propose a design procedure for NSM strengthened beam using closed form 

solutions derived using the extended M/θ approach. 
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1.4 Scope of study 

This research presents an extended M/θ approach for simulating NSM strengthened 

beams and the propagation of concrete cover separation that theoretically should be 

applicable to any type and shape of NSM reinforcement material, provided that the correct 

material models are used. The extended M/θ approach is validated against published 

experimental results of the following types of RC beams: 

• RC beams strengthened with NSM carbon FRP (CFRP) bars. 

• RC beams strengthened with NSM CFRP strips. 

• RC beams strengthened with NSM glass FRP (GFRP) bars. 

• RC beams strengthened with NSM steel bars. 

After the validation, examples on how the extended M/θ approach can be applied to 

perform further studies on new NSM-based methods are presented. To recap, the term 

NSM-based methods will be used in this thesis to collectively refer to strengthening 

methods where the strengthening reinforcements are placed in grooves that are made on 

the concrete cover of RC beams. Two NSM-based methods are studied in this thesis, 

which are the side-NSM (SNSM) method and the hybrid strengthening method (also 

called the combined externally bonded and NSM (CEBNSM) method). These two NSM-

based methods were developed in University of Malaya under the High Impact Research 

Grant, “Strengthening Structural Elements for Load and Fatigue”. Initially it was planned 

that further studies on these two methods would be performed, yet due to unexpected 

problems these plans were shelved. Hence, they represent the perfect usage scenario for 

the extended M/θ approach, which is intended to reduce the need for extensive structural 

testing in the research and development of NSM-based methods. 

While the extended M/θ approach is applicable to most NSM-based methods, the focus 

of this research is on the presence of strong bond between NSM reinforcements and 
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concrete. Hence, the extended M/θ approach is not applicable to strengthening methods 

where bond between the strengthening reinforcement and adjacent concrete is negligible 

or non-existent, such as the unbonded prestressed NSM method and mechanically 

fastened FRP. 

1.5 Thesis structure 

This thesis will be presented through a series of published research papers. The thesis 

structure is as follows: 

• Chapter 2 consists of the literature review of the topics on NSM method and the 

M/θ approach. 

• Chapter 3 is composed of one research paper, which presents the method to 

simulate the behaviour and concrete cover separation failure of NSM strengthened 

beams.  

• Chapter 4 is composed of two research papers. In this chapter, it will be shown 

how the simulation method presented in chapter 3 can be applied to reliably 

simulate the behaviour of RC beams strengthened with the SNSM method used to 

perform further studies on the SNSM method. 

• Chapter 5 is composed of two research papers. In this chapter, it will be shown 

how the simulation method in chapter 3 can be applied to CEBNSM strengthened 

RC beams. The method to simulate intermediate crack debonding, which is a type 

of debonding rarely found in NSM strengthened beams, was discussed and further 

studies were conducted by means of parametric study. 

• Chapter 6 presents a design procedure for NSM strengthened beams, which was 

made using closed form solutions derived using the M/θ approach. 

• Chapter 7 present the conclusions of this research and suggestions for future work. 
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1.6 Research significance 

This research extends the M/θ approach to allow for analysis and simulation of NSM 

strengthening methods. Unlike the moment-curvature approach, the M/θ approach does 

not use the linear strain profile, although it is still subject to the Euler-Bernoulli theorem 

of plane sections remaining plane. The M/θ approach applies the partial interaction theory 

to simulate the slip of reinforcements, which in turn allows the mechanics of tensile 

cracking, crack widening and tension stiffening to be simulated. Hence, the extended M/θ 

approach gives a simulation method for NSM strengthened beams that is less reliant on 

empiricisms, as it does not need empirical means to simulate the mechanics of RC beams.  

The extended M/θ approach is a valuable research tool as it allows fast and accurate 

simulation of NSM strengthened RC beams. Furthermore, the design procedure (which is 

based on the extended M/θ approach) proposed in this thesis can be used by design 

engineers to design NSM strengthened beams that is safe from concrete cover separation 

failures. 
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CHAPTER 2 - LITERATURE REVIEW 

 

2.1 Strengthening materials 

2.1.1 Steel 

Among the earliest form of structural strengthening was the use of steel plates attached 

at the soffit of RC beams with the purpose of improving the flexural capacity of those 

beams. The use of steel plates however has too many problems. The process of 

transporting and applying steel in strengthening of structures is made difficult by the high 

weight of steel. The low strength-weight ratio of steel also causes the overall load of the 

structure to increase significantly, especially when used to strengthen a long and wide 

structural member such as bridge girders. Furthermore, the steel plates are vulnerable to 

corrosion.  

These problems inevitably cause the use of steel plates in strengthening of structures 

to be in decline. However, there are still some research done on the use of steel in 

strengthening RC beams such as the one performed by Rahman et al. (2015) steel plates 

and steel bars are used due to the high ductility that steel possesses. Further details on this 

research will be discussed in later sections of this literature review. 

Steel possesses a bilinear tensile stress-strain relationship as shown in Figure 2.1, 

where fy, fh, Ey, Eh, εy and εu refers to the yield stress, ultimate stress, elastic modulus, 

strain hardening modulus, yield strain and ultimate strain respectively. The first linear 

curve is called the elastic region, where steel can return to its original form when released 

from tensile load. Beyond the elastic region is the second linear curve called the strain 

hardening region. The deformations experienced by steel in this region is plastic. The 

strain hardening modulus (Eh) is generally smaller than the elastic modulus (Ey) by several 

Univ
ers

ity
 of

 M
ala

ya



10 

magnitudes. Steel is an important construction material due to its high ducility; the 

ultimate strain (εu) for steel is generally in the region of 0.2 strain.  

 

Figure 2.1: Tensile stress-strain relationship of steel. 

 

2.1.2 Fibre reinforced polymers 

Due to the problems associated with using steel as a strengthening material, it was 

clear that another type of strengthening material was needed. The most popular alternative 

to steel is currently the fibre reinforced polymers (FRP), which are advanced composite 

polymers that possesses high strength-weight ratio and is non-corrosive. While FRP has 

been around since 1960s, they are not used in the construction industry until early 2000.  

Several advantages of using FRP as strengthening reinforcement are as follows 

(Zaman, Gutub, & Wafa, 2013): 

• FRP has significantly higher ultimate strength at lower density compared to steel. 

• FRP has low weight, which make the installation of FRP strengthening much 

easier compared to steel; they can be moved without the need for heavy lifting 
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equipment and once the FRP is applied, it can be left without any external support 

to keep it in place while the epoxy adhesive is drying.  

• FRP can be made with a very long length. FRP in sheet from can be manufactured 

in rolls of 100m length (in Malaysia) whereas steel plates tend to be only 6m long. 

• The cost in terms of energy required to produce FRP is a lot lower than steel, 

making it substantially more environmentally friendly. 

There are various types of FRP, with the most popular type for strengthening of RC 

structures being the carbon FRP (CFRP). CFRP possesses a very high tensile strength and 

an elastic modulus that is usually almost similar to steel; this makes it highly suitable for 

strengthening RC structures. Another type of FRP that is regularly used is the glass FRP 

(GFRP), which possesses a lower tensile strength and elastic modulus compared to CFRP 

but is significantly more ductile than CFRP. Other types of FRP, such as aramid FRP 

(AFRP) and basalt FRP (BFRP) have been studied in several researches but as far as the 

author knows they do not been practically applied for strengthening of RC structures. All 

types of FRP are brittle, with a linear tensile stress-strain relationship as shown in Figure 

2.2 where fu is the ultimate stress, εu is the ultimate strain and Ey is the elastic modulus. 

 

Figure 2.2: Tensile stress-strain relationship of FRP. 
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FRP is usually applied as strengthening material as a composite; epoxy resin is usually 

used to create a FRP composite due to its ability to bond well with FRP.  

2.2 Strengthening of RC beams 

The methods used for strengthening of RC beams in flexure can be divided into two 

general types: 

1. Externally bonded (EB) strengthening. 

2. Near-surface mounted (NSM) strengthening.  

The EB strengthening method was introduced earlier than the NSM method. As such 

the amount of research that has been conducted for the EB method is significantly higher 

compared to the NSM method. The EB method involves placing either FRP sheets or 

plates on the soffit of the beam using epoxy adhesive, as shown in Figure 2.3(b). This 

leads to a better understanding of the behaviour of EB strengthened RC beams, allowing 

guidelines to be made on the design of EB strengthening which leads to a higher amount 

of real world application. While the EB method is more popular, it is highly susceptible 

to premature failures. Further discussion on premature failures is available in section 2.3.3 

of this literature review. 
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Figure 2.3: Application of NSM and EB strengthening methods on RC beams. 

 

The NSM method on the other hand is a relatively new method for strengthening RC 

structures. The method involves preparation of grooves on the RC beam and placing the 

NSM reinforcement within these grooves, as shown in Figure 2.3. Due to the grooves, 

NSM strengthening is less susceptible to premature failures that is commonly seen in EB 

strengthened RC beams, although it should be noted that it cannot eliminate premature 

failures completely. 

2.2.1 NSM method 

FRP can be manufactured in many different forms. The most common forms used for 

NSM strengthening are bar and strip forms, as shown in Figure 2.4. NSM FRP bars are 

more readily available in the market and were noted to be more easily anchored for 

prestressing (De Lorenzis & Teng, 2007). NSM FRP strips on the other hand maximizes 

the surface to cross-sectional area, thus this reduces the potential of premature failure ( 

De Lorenzis & Teng, 2007). Several types of surface condition for NSM FRP bars exist, 

such as spirally wound with fibre tow and ribbed (De Lorenzis, Lundgren, & Rizzo, 

2004).  
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Figure 2.4: NSM FRP bar and strip. 

 

There are many ways to apply NSM strengthening on beams, although a general 

procedure for NSM strengthening is given below: 

1. Grooves of are made at the soffit of the RC beams using any suitable instrument, 

such as a diamond bladed concrete saw.  

2. Hammers and hand chisels can then used to remove the remaining concrete lugs 

and make the groove surface rougher for better bonding between epoxy and 

concrete.  

3. The grooves are cleaned with a special wire brush and a high-pressure air jet.  

4. The grooves are filled with epoxy up to half the groove height, and an FRP bar is 

placed in the groove.  

5. The FRP bar is then pressed lightly to ensure the epoxy was in full contact with 

the surface of the bar.  

6. More epoxy is applied to completely fill the groove and the surface of the epoxy 

is levelled.  
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7. A one-week period is usually required to allow the strength of the epoxy to fully 

develop. 

 

2.2.1.1 Bond behaviour of NSM reinforcement 

In flexural strengthening using FRP, the bond behaviour between the FRP and epoxy 

adhesive is important as the load applied on the FRP is transferred to the epoxy and 

surrounding concrete through bond stress. Hence many early research on NSM FRP were 

focused on studying the bond behaviour at the FRP-epoxy interface. De Lorenzis and 

Nanni (2002) conducted 22 pull-out tests on CFRP and GFRP bars encased in epoxy and 

concrete. The tested parameters are type of FRP material, bonded length, size of the 

groove, diameter of the rod and surface condition of the FRP bars. Three types of failure 

were experienced by the samples, which are cracking of concrete around the groove, 

splitting of the epoxy adhesive and lastly pull-out failure of the FRP reinforcement.  

An important conclusion from the tests is that the surface condition of the FRP bars 

greatly affects the bond strength. Deformed FRP bars tend to have a better bond 

performance while sandblasted FRP bars tend to have a very bad bond performance. The 

depth of the groove was found to affect the failure mode, as when the groove is shallow 

the failure tends to be due to splitting of epoxy adhesive whereas when the groove is deep 

enough the failure would occur on the concrete surrounding the groove instead, as shown 

in Figure 2.5. 
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Figure 2.5: Concrete splitting failure of NSM pull-out tests (De Lorenzis and 
Nanni, 2002). 

 

Hassan and Rizkalla (2004) conducted experimental and analytical work on the bond 

performance of NSM FRP bars although rather than using pull-out tests, the authors used 

eight T-beams strengthened with NSM FRP. The parameters tested are types of adhesive 

and embedment lengths. Using 2D finite element analysis, two equations for bond 

strength was proposed by the authors with the depth of the groove and the size of the 

reinforcement being the primary parameters and validated against the test results from the 

beams. These bond strengths correspond to cracking in either failure in the epoxy-

concrete or in the bar-epoxy interfaces. The bond strength equations are as follows: 
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𝜏𝑒−𝑐 =

𝑓𝑡𝜇

𝐺1
 

 

(2.2.1) 

 
 

𝜏𝑏−𝑒 =
𝑓𝑎𝜇

𝐺2
 

 

(2.2.2) 

 

Where τe-c is the bond strength for failure in the epoxy-concrete interfaces, τb-e is the 

bond strength for failure in the bar-concrete interfaces, ft is the concrete tensile strength, 

fa is the epoxy tensile strength, μ is the coefficient of stiffness, G1 and G2 are coefficients 

derived from finite element analysis which can be determined using the design chart as 

shown in Figure 2.6. The bond model is easy to use, although De Lorenzis and Teng 

(2007) has raised some questions regarding its accuracy and concluded that the predicted 

bond strength is much lower than the actual bond strength achieved in pull-out tests. 

 

Figure 2.6: Design chart for values of G1 and G2 (Hassan and Rizkalla, 2004). 
 

De Lorenzis (2004) introduced an analytical modelling of bond stress-slip models 

obtained from experimental pull-out test of FRP bars. The principle bond stress-slip 
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models are different depending on the type of surface condition of the FRP bars. The 

bond-slip models were found to be reasonably accurate. The details of the models are 

presented in Figure 2.7. 

(

a) 

 

 

(

b) 

 

 

(

c) 

 

Figure 2.7: Principle bond stress-slip models for NSM FRP bars (Lorenzis, 
2004). 
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Cruz and Barros (2004) on the other hand presented the modelling of bond for NSM 

FRP strips in finite element. The basic model used was similar to the model commonly 

used for interaction between steel bar and concrete surfaces.  

The most recent study on the bond of NSM FRP was done by Zhang et al. (2013) who 

presented a bond stress-slip model for NSM FRP strips which was derived based on finite 

element studies. The equations for the bond models are: 

 
𝜏 = 𝐴 (

2𝐵 − 𝑠

𝐵
)
2

sin (
𝜋

2
∙
2𝐵 − 𝑠

𝐵
) ,with s ≤ 2B 

(2.2.3) 

 
 𝐴 = 0.72𝛾0.138𝑓𝑐

0.613 (2.2.4) 
 
 𝐵 = 0.37𝛾0.284𝑓𝑐

0.006 (2.2.5) 
 
 𝜏𝑚𝑎𝑥 = 1.15𝛾

0.138𝑓𝑐
0.613 (2.2.6) 

 

Where τ is the bond stress, τmax is the maximum bond stress, s is the slip of the FRP 

strip, γ is the groove height/width ratio and fc is the concrete compressive strength. Figure 

2.8 shows the bond-slip curves of the proposed model for concrete strength of 30MPa, 

where h_g/w is the ratio of height/width of the NSM groove. 

 

Figure 2.8: Bond stress-slip curves for concrete strength of 30MPa (Zhang et 
al., 2013) 
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2.2.1.2 Behaviour of NSM strengthened RC beams 

Apart from bond behaviour, there has also been various studies on the performance of 

NSM strengthened RC beams when compared against other strengthening methods. Note 

that only the research on flexural strengthening of RC beams using NSM method is 

presented here, as shear strengthening using NSM method is not the focus of this thesis.   

Jung et al. (2005) conducted static loading tests on beam strengthened with EB FRP, 

NSM FRP bar and NSM FRP strips. The beam strengthened with NSM FRP bar was 

reported to have failed by debonding at the epoxy-concrete interface which occurred from 

the cut-off point of the FRP bar, as shown in Figure 2.9, whereas the NSM FRP strip 

strengthened beam failed by rupture of the FRP strip. Although the NSM FRP bar 

strengthened beam failed by debonding, the beam was noted to have performed better 

compared to the beam strengthened with EB FRP. It should also be noted that debonding 

at the epoxy-concrete interface is rare in more recent published papers. One possibility is 

that improvements in the epoxy adhesive used in NSM strengthening has mostly eliminate 

this type of failure, assuming that the NSM strengthening is designed and installed 

properly. 
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Figure 2.9: Debonding failure of NSM strengthened RC beam at the epoxy-
concrete interfaces (Jung et al., 2005) 

 

Barros and Fortes (2005) conducted monotonic loading tests on beams strengthened 

with NSM FRP strips with the main parameter tested being the amount of NSM FRP 

reinforcement used. Nearly all of the beams failed by concrete cover separation while 

only the beam with the least NSM FRP reinforcement failed by fracture of FRP strip. 

Quattlebaum et al. (2005) performed monotonic and fatigue loading tests on RC beams 

strengthened with either EB FRP, NSM FRP strips or what the authors called the power 

actuated, fastener applied (PAF) strengthening method. As the name implies, PAF 

strengthening involves short FRP laminates attached on the beam using fasteners. Under 

monotonic loading, the NSM FRP and PAF strengthened RC beams failed by concrete 

crushing while the EB FRP was reported to fail by midspan debonding. Under low stress 

fatigue loading, both the NSM FRP and EB FRP strengthened beams showed high 

increase in the amount of deflection at the early cycles and negligible increase in 

deflection in higher cycles. The PAF strengthened RC beam suffered premature failure 

attributed to improper installation during the low stress fatigue loading test. Under high 

stress cyclic loading test, the NSM strengthened RC beam failed at a much higher cycle 
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than the EB FRP strengthened beam, although it is outperformed by PAF strengthened 

beam which lasted the longest. 

Barros et al. (2007) conducted flexural and shear monotonic loading tests on beams 

strengthened with either NSM FRP strips or EB FRP strips or sheets. For the flexural 

tests, it was found that NSM strengthening provided the highest load carrying capacity 

and deformation capacity, with the average increase in load carrying capacity by NSM 

strengthened beams being about 29% higher than the EB strengthened beams. Nearly all 

strengthened beams failed prematurely, with the NSM strengthened beams failing by 

concrete cover separation while EB strengthened beams suffered either debonding at 

epoxy-concrete interface or concrete cover separation. 

Ceroni (2010) performed monotonic and cyclic tests on beams strengthened with either 

NSM FRP bars or EB FRP sheets. The result for monotonic loading shows that the NSM 

FRP strengthened beams performed better in terms of load carrying and deformation 

capacity compared to EB FRP strengthened beams for the equivalent amount of FRP 

reinforcement provided. Most of the beams failed prematurely by concrete cover 

separation. Under cyclic loading, EB strengthened beams show a reduction of 10% 

debonding load whereas NSM strengthened beams showed no reduction. 

Rasheed, Harrison, Peterman, & Alkhrdaji (2010) studied the use of transverse FRP 

U-Wraps to control the debonding failure modes of EB and NSM strengthened beams. 

The NSM strengthened beam show the highest ductility among the tested specimens, 

although this is due to the stainless-steel bar used as the NSM reinforcement. The NSM 

strengthened beam failed by concrete crushing, however it is not clear whether the 

debonding failures were prevented by the U-wraps as the author did not test an NSM 

strengthened beam without the U-wraps to serve as comparison. 
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2.2.1.3 Premature failure modes of NSM strengthened RC beams 

If the NSM strengthened beam does not fail prematurely, the beam would fail in either 

fracture of FRP reinforcement or concrete crushing after yield of steel reinforcement. 

Despite having a high tensile strength, FRP has a very low ductility and would fail earlier 

than steel reinforcement of the beam. However, it is more common for the beam to fail 

by concrete crushing, which usually occurs after the formation of concrete wedges. In 

design based on Eurocode 2, the maximum strain of normal strength concrete is usually 

taken as 0.0035. 

Apart from the failure modes described above, premature failures are also commonly 

observed in experimental tests on NSM strengthened RC beams. Premature failures, also 

called debonding failures, refer to failure states that occur before the full potential of the 

NSM strengthening is realized; ideally, a strengthened beam should fail due to fracture 

of the NSM reinforcement or concrete crushing after steel yielding.  

The NSM method generally suffer only from end debonding type of premature 

failures. An end debonding refers to debonding that starts from the curtailment location 

of NSM or EB reinforcements. The end debonding can occur due to three reasons: 

• Failure at NSM reinforcement-epoxy interface 

• Failure at epoxy-concrete interface. 

• Failure at concrete-concrete interface. 

The failure at epoxy-concrete interface, as illustrated in Figure 2.10, occurs due to the 

combination of tensile strength and bond strength of the epoxy being exceeded, causing 

the is rare in newer published research papers and this author believes that this type of 

failure can be completely eliminated by proper design and installation of NSM 
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reinforcements, similar to the case of EB strengthened beams (Narayanamurthy, Chen, 

Cairns, & Oehlers, 2012). 

 

Figure 2.10: Epoxy-concrete interface failure (De Lorenzis 2007). 
 

As for the failure at concrete-concrete interface, Zhang and Teng (2014) described 

there being two types of failure mode that can happen: the end interfacial debonding and 

the end cover separation. The failure modes are illustrated in Figure 2.11. The end 

interfacial debonding failure occurs when a small section of concrete adjacent the NSM 

reinforcement is separated from the rest of the beam.  

 

Figure 2.11: End interfacial debonding and end cover separation failure 
modes (Zhang and Teng, 2014) 
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The end cover separation, also called the concrete cover separation, occurs when shear 

cracks form at the cut-off section of the beam and propagates horizontally, causing the 

NSM reinforcement along with a substantial chunk of the concrete cover to be detached 

from the beam. The concrete cover separation is far more common than the interfacial 

debonding, as the radial stresses exerted on the adjacent concrete from the steel 

reinforcements is significantly high, causing the critical plane to be near the steel 

reinforcement rather than the NSM reinforcement (Zhang & Teng, 2014). 

Currently there is a lack of research done on predicting concrete cover separation in 

NSM FRP strengthened beam. Zhang and Teng (2014) used a 2D finite element analysis 

to simulate the concrete cover separation based on these considerations: 

• Simulate the tensile and shear behaviour of cracked concrete. 

• Simulate the bond stress-slip of steel reinforcement and concrete.  

• Simulate the critical debonding plane at the level of steel reinforcement. 

• Simulate the radial stresses by steel reinforcements. 

From the considerations above, it can be seen that most of the attention was given to 

the steel reinforcement and not the NSM reinforcement itself. De Lorenzis and Nanni 

(2003) used the concrete tooth model to predict concrete cover separation. Al-Mahmoud 

et al. (2010) also applied a method with a similar concept to the concrete tooth model in 

conjunction with finite element modelling.  

Recently, Teng et al. (2016) proposed a strength model for NSM carbon fibre–

reinforced polymer (CFRP) strips derived using finite element study while an analytical 

design approach was proposed by Rezazadeh et al. (2016), which was derived using 

concrete fracture mechanic.  
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2.2.2 EB method 

The EB method, as mentioned earlier, was introduced much earlier than the NSM 

method. The amount of research done for the EB method is more wide-ranging compared 

to the NSM method. Additionally, when the focus of the research community changed 

from steel plates to FRP plates, it was found that some of the research performed on EB 

steel plated RC beams are also relevant for EB FRP plates (Smith & Teng, 2002), which 

hastens the process of making the EB FRP ready for real world application. The EB FRP 

usually uses FRP plates or sheet as the strengthening reinforcement. It should be noted 

that since the EB method is not the focus of this research, the discussions on the EB 

method presented here will be kept brief. 

2.2.2.1 Bond behaviour of EB reinforcement 

The bond behaviour of EB reinforcement has been exhaustively studied, with more 

than 253 pull tests conducted in the literature by various researcher (Lu et al., 2005). 

Figure 2.12 shows a comparison of several bond stress-slip model curves (Lu et al., 2005; 

Monti et al., 2003; Nakaba et al., 2001; Neubauer & Rostasy, 1999; Savoia et al., 2003); 

it can be seen that the bond stress-slip models for EB reinforcement tend to be 

characterized by an ascending and descending curve branches, apart from the model by 

Neubauer & Rostasy (1999).  
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Figure 2.12: Bond stress-slip curves of several existing models 

 

There are in fact several more models not shown in Figure 2.12 and the numerous 

amount of model available shows the result of extensive research that has been done for 

the EB method. While not all the models will be presented in detail here, several of them 

will indeed be discussed. The first is the model of Nakaba et al. (2001), while also 

featuring an ascending and descending branch, is made of a single curve and the bond 

stress is determined from a single equation: 

 
𝜏 = 𝜏𝑚𝑎𝑥 (

𝑠

𝑠0
) [3/(2 + (

𝑠

𝑠0
))

3

] 

 
Where, 

(2.7) 

 
 𝜏𝑚𝑎𝑥 = 3.5𝑓𝑐

0.19 (2.8) 
 
 𝑠0 = 0.065 

 
(2.9) 

 

Due to its simplicity, the model by Nakaba et al. (2001) is among the most widely used 

model and is adequately accurate. Another newer model was presented by Lu et al. 

(2005). 

 
τ = τmax−s√(

δ

δo
) for δ ≤ δo 

(2.2.10) 

 
 

τ = τmax−s (
δf − δ

δf − δo
) for δo < δ ≪ δf 

(2.2.11) 

 
      
 τ = 0 for δ > δf  (2.2.12) 

        

Where, 
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𝐵w = √

2.25 − 𝑏f/𝑏c
1.25 + 𝑏f/𝑏c

 
(2.2.13) 

 
     
 τmax−s = 1.5𝐵w𝑓t (2.2.14) 

 
   
 δo = 0.0195𝐵w𝑓t (2.2.15) 

 
    
 δf = 2𝐺f/τmax (2.2.16) 

 
      
 𝐺t = 0.308𝐵w

2√𝑓t (2.2.17) 

The bond-stress-slip model, derived from a numerical study using finite element 

models is perhaps more accurate than the one by Nakaba et al., (2001). Note that this is 

the simplified version of the model proposed by Lu et al. (2005); the original model, 

which they presented in the same research paper, is more complicated. The simplified 

model is not only easier to use, but also allows easier quantification of debonding, as will 

be discussed in the next section.  

2.2.2.2 Premature failures of EB strengthened RC beams 

The EB method is more prone to premature failures compared to the NSM method. In 

general, there are three main categories of premature failure mode for EB strengthened 

RC beams: 

• End debonding. 

• Critical diagonal crack (CDC) debonding. 

• Intermediate crack (IC) debonding. 

The end debonding mechanism of the EB method occurs in the same manner as the 

NSM method and the discussion made on that method also applies here. The IC 

debonding starts at the tensile crack in high moment area, as shown in Figure 2.13(a) and 

Figure 2.13(b). The EB reinforcement slips as the tensile crack widens. Referring to the 
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simplified model by Lu et al. (2005), the bond between the FRP sheet and epoxy can in 

fact be reduced to zero. As such once the slip of EB reinforcement at the crack face 

reaches the maximum slip sf, the IC debonding will start to occur. The debonded area 

will grow larger as more load is applied on the beam, progressing towards the support. 

 

Figure 2.13: IC and CDC debonding failures 

The CDC debonding occurs when the strengthened beam forms a shear crack. As this 

crack widens, the EB reinforcement begins to slip; the CDC debonding then occurs in the 

same manner as IC debonding. Since the CDC debonding occurs mainly due to shear 

crack, it can be avoided as long as the shear capacity of the beam is high enough. 

2.2.3 NSM-based methods 

There exist several new strengthening methods that are based on the NSM method. 

These methods will be referred to as the NSM methods in this thesis, where the main 

similarity between these methods is that they involve the FRP reinforcements being 

places in grooves that are made on the surface of the RC beam. Among them are: 

• Prestressed NSM method. 

• Partially bonded NSM method. 

• side-NSM method. 
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• hybrid method. 

Details on these strengthening methods will be presented in the following sections. 

2.2.3.1 Prestressed NSM method 

The high strength of FRP makes it suitable for prestressing; when used as a 

strengthening reinforcement, prestressed NSM FRP is able to give higher serviceability 

and ultimate load compared to when using prestressed steel. Furthermore, bar or strip 

shaped FRP used in the NSM method is easier to prestress than FRP sheet or plate (De 

Lorenzis & Teng, 2007). 

Badawi and Soudki (2009) studied the flexural behaviour of prestressed NSM CFRP 

bars. Higher amount of pre-stressing was reported to increase the serviceability and 

ultimate load of beams but reduces the ductility. At 60% pre-stressing, the ductility was 

reduced by 63.9%. All prestressed specimens failed by rupture of FRP bar. An moment-

curvature based analytical model was proposed and was found to have good correlation 

with the experimental results. A finite element model was also proposed by Omran and 

El-Hacha (2012) for prestressed NSM strengthened RC beams and was found to have 

good accuracy.  

Oudah and El-Hacha (2012b) studied the effect of fatigue loading on prestressed NSM 

strengthened RC beams. Their study show that anchor slippage was more likely to occur 

at elevated levels of pre-stressing but does not have a major impact on the bond stress-

slip behaviour along the beam.  Importantly, it was reported that the prestressed NSM 

FRP reduces the maximum strain increase of the steel reinforcement while not affecting 

the strain range increase, hence increasing fatigue life of the beam. 

Peng, Zhang, Cai, and Liu (2014) conducted experimental study on RC beams 

strengthened with prestressed NSM CFRP strips. It was found that two of the specimens 
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failed by concrete cover separation and debonding at the epoxy-concrete interface. It was 

also reported that while the yield capacity for higher for specimen with prestressed NSM 

CFRP strip, the ultimate strain of the CFRP was not significantly raised.  

Lee, Jung and Chung (2017) performed experimental and numerical study for on RC 

beams strengthened with prestressed NSM CFRP bars. Anchorage was found to be highly 

important to limit the prestress losses of NSM CFRP bars. When anchorage was applied, 

it was found that no slip occurred for NSM CFRP bars. Epoxy adhesive was found to 

provide better results compared to mortar due to the higher bond strength. The prestressed 

NSM CFRP bars were also found to increase the cracking capacity of the beams.  

2.2.3.2 Partially bonded NSM method 

A partially bonded NSM method is nearly identical to the regular NSM method, apart 

from a section of the NSM reinforcement that is left unbonded, usually at high moment 

regions of the beam. The use of partially bonded NSM for strengthening of RC beams 

was first explored by Chahrour & Soudki (2005), who reported that the method when 

applied in conjunction with end anchorages were able to show better ultimate load and 

ductility. 

The method was explored again by Choi, West, & Soudki (2011). To create the 

unbonded section, the NSM bar section was placed within a thin plastic tube. The fully 

bonded beam failed due to rupture of FRP reinforcement whereas all the partially bonded 

beam failed by concrete crushing. It was reported that the stiffness and ultimate load of 

the beam reduces as the unbonded length is increased. On the other hand, the ductility of 

the beam is increased when the unbonded length is increased. An analytical model was 

proposed, which considers the slip and concrete crushing using empirical methods that is 

adjusted using results from their experimental work. The proposed model was validated 

against their own results and correlated well.  

Univ
ers

ity
 of

 M
ala

ya



32 

The latest research on this method at present was presented by Sharaky et al. (2015). 

The NSM reinforcements tested were CFRP bar, CFRP strips and GFRP bars. Some of 

the tested beams were also anchored using a steel tube. Nearly all the beams failed by 

concrete cover separation, apart from the beam strengthened with CFRP strip which failed 

through end debonding at the NSM reinforcement-epoxy interface and one of the GFRP 

strengthened beam which failed at the epoxy-concrete interface. Partially bonded beams 

were reported to have a better ductility but stiffness and ultimate load compared to fully 

bonded beams. The authors used an existing analytical model for NSM strengthened 

beam and reported that while there is some agreement between simulated and 

experimental result, improvements are needed to make the accuracy acceptable. 

2.2.3.3 Side-NSM method 

The side-NSM (side-NSM) method was proposed by Hosen et al. (2015) and is a minor 

modification of the NSM method where the grooves for the FRP reinforcement are made 

on the sides of the RC beams instead of at the soffit. An example of side-NSM 

strengthened beam detail in given in Figure 2.14. The purpose of the side-NSM method 

was to allow NSM strengthening on beams with width that is smaller than the minimum 

width prescribed by researchers such as described by De Lorenzis and Teng (2007) to 

avoid premature failure due to overlapping of stresses.  

 

Figure 2.14: Beams details for side-NSM strengthened RC beam (Hosen et al., 
2015) 

Univ
ers

ity
 of

 M
ala

ya



33 

 

The initial study by Hosen et al. (2015) showed that the side-NSM method provides a 

higher resistance against concrete cover separation failure, as it avoids the stress overlap 

between NSM reinforcements that contributes to the concrete cover separation failure. 

However, it does not eliminate it completely, as shown in from the experimental results 

where the beams strengthened using 12mm diameter bars as side-NSM reinforcements 

had failed by concrete cover separation failure, as shown in Figure 2.15.  

 

Figure 2.15: Concrete cover separation failure on side-NSM strengthened RC 
beams (Hosen et al. 2015). 

 

2.2.3.4 Hybrid method 

The EB-NSM hybrid, also called the combined externally bonded and near surface 

mounted (CEBNSM) method is a strengthening method that is a combination between 

EB method and NSM method as shown in Figure 2.16. Through combining the EB and 

NSM methods, it is possible to reduce the EB reinforcement thickness by transferring a 

part of the required total strengthening area of the EB method to NSM reinforcement. 

This in turn allows the number of NSM reinforcement size and number to be reduced, 
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thus providing sufficient beam width for edge clearance and groove clear spacing 

requirements of the NSM method.  

 

Figure 2.16: EB-NSM hybrid strengthening. 

Previous work on EB-NSM hybrid strengthening involved a hybrid between NSM 

steel bars and EB steel plates, as introduced by Rahman et al. (2015). The use of steel 

instead of FRP was proposed by Rahman et al. (2015) due to the higher ductility of steel; 

however, this increase in ductility was not very prominent, as all of the strengthened 

beams prematurely failed by concrete cover separation. 

2.3 Moment-rotation approach 

In the moment-rotation (M/θ) approach, two theories are applied to simulate the 

behaviour of RC beams: 

1. Partial interaction theory. 

2. Shear friction theory. 

Both theories and their application as a standalone theory and as a component of the 

M/θ approach will be discussed in the following sections. This will be followed by a 

summary of the work done on the M/θ approach thus far.  
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2.3.1 Partial interaction theory and applications 

In undisturbed sections of an RC beam, that is, areas of the beam where tensile crack 

has not formed, the tensile reinforcements and the adjacent concrete are extended as one, 

such that there is strain compatibility between the reinforcements and concrete. In 

disturbed regions, the partial interaction theory states that where a tensile crack intercepts 

a reinforcement in RC structural members, infinite strains are theoretically induced in the 

reinforcing bar that must be relieved by a slip between the steel reinforcement and the 

concrete. The slip of reinforcement is ultimately responsible for many mechanics of 

cracked RC beams, such as crack widening and tension stiffening.  

The list of research that apply the partial interaction theory will now be presented. 

Haskett, Oehlers, & Mohamed Ali (2008) applied the partial interaction theory to create 

a numerical model for the load-slip behaviour of steel reinforcement. This numerical 

method was used by Haskett, Oehlers, & Mohamed Ali (2008) to simulate load-slip of 

experimental results of pull-out tests and extract bond stress-slip relationship. The 

numerical procedure is as given below, along with a graphical representation in Figure 

2.17: 

1. A strain is fixed at the loaded end Position 0, ε(0), as shown. Hence the force P(0) 

from the material properties. 

2. Corresponding to this fixed strain ε(0) and corresponding load P(0) at Position 0, 

a slip at the loaded end Position 0 is assumed or guessed, i.e. s(0) = ∆(0) and the 

following iterative routine is used to find ∆(0) for P(0). 

3. As the segment lengths are made very small, the slip is assumed constant over the 

segment. Hence the bond stress τ (0) which can be derived from the local bond 

characteristics is also constant. 

4. The bond force acting over the first segment length is B(0) = τ(0) Lperdx. 
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5. Hence the load in the reinforcement (plate or reinforcing bar) at the end of the first 

segment is P(1) = P(0)− B(0). 

6. The corresponding strain in the reinforcement (plate or reinforcing bar) is ε(1) = 

P(1)/(AEp) where E/Ap is the axial rigidity of the reinforcement and the 

corresponding strain in the concrete at the end of the first segment is εc(1) = − 

P(1)/(AE)c 

7. Hence, the slip strain is ds(0)/dx = ε(0)−εc(0). 

8. By integration, the change in slip over the first segment is ∆s(0) = ∫(ds(0)/dx)dx. 

9. Therefore, the slip at the beginning of the second segment is s(1) = s(0)−∆s(0). 

10. The numerical procedure is repeated over the subsequent segments until the 

known boundary conditions are attained. There are two boundary conditions that 

can be used to solve the initial guess of ∆(0). For fully anchored reinforcing bars 

(or any type of axial reinforcement), the boundary condition is δ=ds/dx=0 and for 

short reinforcing bars, that is reinforcing bars with bond lengths less than Lcrit, the 

boundary condition is ε=0 at the free end. 

 

Figure 2.17 Graphical representation of the numerical analysis (Haskett et al., 

2008) 
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Haskett et al. (2008) also found that for corroded steel reinforcement, the values of 

δmax of the bond stress relationship (τ-δ) was found to decrease, which offsets the increase 

in bond strength at low levels of corrosion. This finding refutes the conclusion of several 

researchers who reported that low levels of corrosion is beneficial to the steel 

reinforcement due to the perceived increase in bond strength (Al-Sulaimani, Kaleemullah, 

& Basunbul, 1990; A. A. Almusallam, Al-Gahtani, & Aziz, 1996). The research by 

Haskett, Oehlers, & Mohamed Ali (2008) also concluded that the τ-δ model by CEB 

model code 90 (CEB-FIP, 1993)  is relatively accurate, as the magnitudes of τmax 

accurately predicts the experimental values. However, Haskett, Oehlers, & Mohamed Ali 

(2008) did not consider the frictional component of the bond since ignoring it allows 

mathematical solutions to be developed by other researchers who wish to use the 

numerical model presented in the paper. 

This numerical model was later applied by Muhamad, Mohamed Ali, Oehlers, & 

Hamid Sheikh (2011) in their research. Closed form solutions for the load-slip 

relationship of steel reinforcements were proposed, which are based on bond stress-slip 

models that are either uni-linear descending, bilinear or nonlinear. The closed form 

solution based on unilinear descending bond for before yield of steel reinforcement is: 

 
𝛿𝑟−𝑒𝑙 = 𝛿𝑚𝑎𝑥 (1 − √1 − (

𝜀𝑟−𝑒𝑙𝑓𝑟−𝑒𝑙𝐴𝑟

𝐿𝑝𝜏𝑚𝑎𝑥𝛿𝑚𝑎𝑥
))  

 

(2.18) 

Where δr-el is the slip of reinforcement before steel yield, εr-el is elastic steel strain, fr-el 

is the elastic steel stress, Ar is the area of steel reinforcement, Lp is the perimeter of the 

reinforcement, τmax is the maximum bond according to the τ-δ relationship while δmax is 

the slip corresponding to τmax. The closed form solution based on unilinear descending 

bond is the simplest but is inaccurate at serviceability. The other closed form solutions 

are more accurate, but the equations are very complicated and will not be presented here.  

Univ
ers

ity
 of

 M
ala

ya



38 

 

2.3.2 Shear friction theory and applications 

The term shear friction defines the frictional resistance of concrete-concrete interfaces 

against sliding. Initially the shear friction theory was used to determine the shear strength 

by investigating the relationship between the shear stress transference across a cracked 

concrete interface under various levels of sliding plane confinement (Mattock, 1974). 

Later, Walraven & Reinhardt (1981) applied the shear friction theory to propose the 

following relationship: 

 
𝜏𝑐𝑟 =

𝑓𝑐𝑜
30

+ (1.8ℎ𝑐𝑟
−0.8 + (0.234ℎ𝑐𝑟

−0.707 − 0.2)𝑓𝑐𝑜) ∙ ∆𝑤𝑑𝑔 
 

(2.2.19) 

Where τcr is the shear stress transferred across a concrete sliding plane, ∆wdg is the 

displacement across the sliding plane and hcr is the the crack widening across the sliding 

planes. In a more recent application of the shear friction theory, Haskett, Oehlers, 

Mohamed Ali, & Sharma (2011) used the shear capacities proposed by Mattock (1974) 

and incorporate it into the approach proposed by Walraven & Reinhardt (1981) to create 

a failure envelope for τcr–∆wdg relationship. Haskett, Oehlers, Mohamed Ali, & Sharma 

(2011) then used their research to show that the shear transfer capacity of initially 

uncracked planes was greater than that of initially cracked planes and that the crack 

separation at failure is greater in an initially uncracked plane; the increase in separation 

at failure was accommodated by the larger normal stress confining the sliding planes for 

a given displacement. 

Chen, Visintin, Oehlers, & Alengaram (2014) used the derived shear friction properties 

by Haskett, Oehlers, Mohamed Ali, & Sharma (2011) to quantify the shear sliding 

capacity and shear capacity of non-confined concrete without the need to size factor. This 

leads to a size-dependent stress-strain model for unconfined concrete: 
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𝜀𝑎𝑥𝑔𝑙 = ((𝜀𝑎𝑥)𝑝𝑜𝑝 − 𝜀𝑚𝑎𝑡)

100

(𝐿𝑑𝑒𝑓)𝑚𝑒𝑚

+ 𝜀𝑚𝑎𝑡 

 

(2.2.20) 

 
 𝜀𝑚𝑎𝑡 = 𝜎𝑐/𝐸𝑐 

 
(2.2.21) 

 

Where εaxgl is the concrete global axial strain, (εax)pop is the axial strain from concrete 

stress-strain relationship  by Popovics (1973) which was used as the reference stress-

strain model, εmat is the material strain of concrete, σc is the concrete stress, Ec is the 

concrete secant modulus  and (Ldef)mem is the length of deformation in analysis based on 

the M/θ approach. It is also shown how to derive a size-dependent stress-strain 

relationship from a stress-strain relationship obtained using a cylinder/prism compression 

test:  

 
𝜀𝑎𝑥𝑔𝑙 = ((𝜀𝑎𝑥)𝑝𝑜𝑝 − 𝜀𝑚𝑎𝑡)

200

𝐿𝑝𝑟
+ 𝜀𝑚𝑎𝑡 

 

(2.2.22) 

Where Lpr is the length of cylinder or prism tested.  

2.3.3 Current progress on the moment-rotation approach 

The M/θ approach in summary is a displacement-based analysis of RC hinges. Partial 

interaction theory and the shear friction theory are usually applied as components of the 

M/θ approach. It should be noted that most of the published research refer to the M/θ 

approach by a number of names. Examples include ‘unified approach’, ‘displacement-

based analysis’, ‘segmental approach’, ‘partial interaction moment-rotation approach’ 

and lastly ‘moment-rotation approach’.  While there may be some differences between 

them, for consistency and brevity, this research uses the term moment-rotation (M/θ) 

approach as an umbrella term for all these names. 
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One of the first work on the M/θ approach was presented by Oehlers et al. (2011). The 

paper presented a ‘unified method’ for simulating the behaviour of FRP plate/sheet 

strengthened RC beams. The unified method was theoretically generic, although in the 

paper focus was given on FRP plate/sheet strengthened RC beam and intermediate crack 

(IC) debonding. No validations were provided in the paper, which makes it difficult to 

determine the accuracy of what was proposed. It is likely that the accuracy would not be 

very good, as further research on IC debonding and the M/θ approach proves that there 

were many aspects that were not accounted for in the paper. The procedure for applying 

this unified method was also not clear. However, the paper is significant as it presents the 

fundamental principles on how the partial interaction theory can be used to determine the 

crack spacing, crack width, tension stiffening and beam deflections. The numerical 

method proposed by Haskett, Oehlers, & Mohamed Ali (2008), which was based on the 

partial interaction theory, was  used in the research. The shear friction theory was applied 

to account for the formation of concrete wedges as shown in Figure 2.18. 

 
Figure 2.18 Moment/discrete-rotation analysis (Oehlers et al., 2011) 

Visintin et al. (2012) further improved the M/θ approach by presenting a method for 

simulating the full behaviour of plain RC beams with multiple cracks. This is done firstly 
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by applying the shear friction theory for simulating the formation of concrete wedges and 

the resulting concrete softening; secondly, this paper also introduces the multiple crack 

analysis for the tension stiffening and M/θ simulation. A single crack analysis based on 

the partial interaction theory, where only one tensile crack is considered to have formed 

on the RC beam, was used to determine the primary crack spacing, Lcr. Once the primary 

crack spacing have formed, there will be a symmetry of forces within along the length of 

the primary cracks as shown in Figure 2.19. Due to the symmetry of forces, only half of 

Lcr needs to be considered; this length of half crack spacing was referred to as the length 

of deformation, Ldef as shown in Figure 2.19. While it was not discussed in the paper, it 

would later be recognized that the multiple crack analysis is better at simulating the 

effects of tension stiffening compared to the single crack analysis (Oehlers, Visintin, & 

Lucas, 2015). In cases where the concrete wedge crosses more than one crack, as shown 

in Figure 2.20, Visintin et al. (2012) stated that the total hinge rotation should be 

considered, that is, the rotation of the hinge should be the sum of all the rotation at 

individual tensile cracks that the concrete wedge encompasses. This condition is more 

likely to happen in deep beams. 

 
Figure 2.19: Mechanics based beam hinge model in constant moment region 

(Visintin et al., 2012). 
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Figure 2.20 Multiple cracks in the hinge region (Visintin et al., 2012) 

The multiple crack analysis proved to be an important development for the M/θ 

approach, as it was then used in several other publications on the simulation of RC beams 

with some types of EB strengthening. The method served as the basis for the work by 

Knight et al. (2014) on the simulation of RC beams strengthened with unbonded FRP and 

steel prestressing tendons. The effect of prestressing was included in the M/θ approach 

adding a concrete and reinforcement compression strain in the tensile region of the beam: 

 
𝜀𝑐 =

𝛿

𝐿𝑑𝑒𝑓
− 𝜀𝑠ℎ 

 

(2.23) 

 
 

𝜀𝑟 =
𝛿

𝐿𝑑𝑒𝑓
 

 

(2.24) 

Where εc is the concrete compression strain due to prestressing, εr is the reinforcement 

compression strain due to prestressing, δ is the deformation profile between A-A and B-

B as shown in Figure 2.21, Ldef is the length of deformation and εsh is the strain due to 
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concrete shrinkage. The M/θ procedure for the application of prestressing is given in 

flowchart form in Figure 2.22, while the full M/θ procedure is given in Figure 2.23. 

 

Figure 2.21 Moment analysis of a segment at prestress application (Knight et al., 

2014a). 

 

Figure 2.22 M/θ procedure at application of pre-stress (Knight et al., 2014a). Univ
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Figure 2.23 Moment-rotation procedure for segment (Knight et al., 2014a). 

Knight et al. (2014b) presented a M/θ approach to simulating the behaviour of RC 

beams strengthened with mechanically fastened RC strips. The mechanically fastened 

FRP is assumed to slip at the locations where the fasteners are placed. To analyse the 

force acting on the FRP, the beam shown in Figure 2.24 is given, which is symmetrically 

loaded and the slip at mid span is zero due to symmetry. A force PFRP-1 is applied over 

the fastening length L1. The magnitude of moment the Mapp which induced the applied 

for PFRP-1 is then assumed. The slip at the next fastener, s2=Lb-1-LFRP-1 as shown in 

Figure 2.24(c); the force acting on at the location of slip, PFRP-2=PFRP-1-PF-2. This is 

continued until the final fastener, where the boundary condition is PF(n+1)=PFRP-n. If the 

boundary condition is not satisfied, the magnitude of Mapp is changed. This is continued 

until a load-slip (PFRP-s) is obtained. The M/θ approach is applied as shown in Figure 

2.25, where the PFRP-s relationship is used to determine the force PFRP corresponding to 

the slip δFRP.  
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Figure 2.24 Member analysis (Knight et al., 2014b). 

 

Figure 2.25 Analysis of an MF-FRP RC segment (Knight et al., 2014b). 

Oehlers et al. (2015) presented another work on IC debonding. A discussion on single 

crack analysis and multiple crack analysis is presented. The multiple crack analysis as 

presented by Visintin et al. (2012) is shown to not limit the force in the FRP plate/sheet; 

as such the single crack analysis is more accurate in simulating the loss of FRP strength 

due to IC debonding. A comparison between the multiple crack and single crack analysis 

are given in Figure 2.26 and Figure 2.27 respectively.  

Univ
ers

ity
 of

 M
ala

ya



46 

 

Figure 2.26 Segmental multiple-crack debonding: (a) segment; (b) Section A-A; 

(c) slip; (d) shear stress; (e) bond force (Oehlers et al., 2015) 
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Figure 2.27 Segmental single-crack debonding: (a) segment; (b) slip; (c) shear 

stress; (d) bond force (Oehlers et al., 2015) 

Oehlers et al. (2015) also presented another way to perform partial interaction tension 

stiffening analysis on beams with multiple layers of reinforcements. Previously the area 

of adjacent concrete needs to be determined for the steel reinforcements, which can lead 

to various assumption on how large the area is.  As shown in Figure 2.28, Oehlers et al. 

(2015) presented that the reinforcements can be idealized as a single large reinforcement 

of area Art, which is the sum of the area of individual reinforcements. While Oehlers et 
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al. (2015) presents much theoretical work, their accuracy cannot be verified as no 

validations against experimental results were given.  

 

Figure 2.28 Tension-stiffening prism (Deric J. Oehlers et al., 2015). 

The  M/θ approach was used by Mo, Visintin, Alengaram, & Jumaat (2016) to predict 

the behaviour of oil palm shell lightweight RC beams.  Pull-out test was first applied to 

obtain the bond stress-slip relationship. The bond stress-slip model proposed by Haskett 

et al. (2008), which is a modification of the  model by CEB model code 90 (CEB-FIP, 

1993) was found to give a good representation of the experimental bond stress-slip curve.  

The  prediction of crack spacing using the closed form solution by Muhamad et al. (2012), 

which is based on the partial interaction theory, was found  to predict the experimental 

crack spacing with  deviation  between 1-15%.  Unfortunately, no comparison of crack 

spacing predicted using the single crack partial interaction analysis was given.  A 

comparison of experimental moment versus mid-span deflection  against simulated 

results using the multiple crack analysis  as proposed by Visintin et al. (2012) was 

provided. The simulated curve was found to follow the experimental curve reasonably 

well. A similar comparison using published experimental results of lightweight RC beams 

using aggregates of either polystyrene, expanded clay, expanded slate or natural 

aggregates was also provided; the simulated results were accurate at serviceability, but 

the accuracy is lower after steel yielding.  While this paper did not provide any new 
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knowledge for the M/θ approach, it provided various validations against experimental 

results, which is found to be lacking in many papers on the M/θ approach.  

The latest research on M/θ approach was presented by Aydin, Gravina, & Visintin 

(2018), where the M/θ approach was used to extract the bond stress-slip properties of FRP 

plates from EB FRP plate strengthened RC beams. A set of published experimental results 

of EB FRP plate strengthened RC beams was first presented in the paper. A bilinear initial 

bond stress-slip model was used, as shown in Figure 2.29, where the bond strength τmax 

and maximum slip δmax were varied until the simulated load versus mid span deflection 

curve of the strengthened beams matches the experimental load versus mid span 

deflection curve.  

 

Figure 2.29 Influence of bond characteristics on the load-deflection response 
(Aydin et al., 2018). 
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2.4 Global energy balance approach 

The global energy balance approach (GEBA) applies the assumption used in fracture 

mechanics models, which states that interface flaws are inevitable and what matters is 

whether the flaws can propagate (Hutchinson & Suo, 1991). The first published research 

paper on GEBA was presented by Achintha and Burgoyne (2008), in which the theory 

and assumptions for the GEBA were detailed. In the paper, the equation for energy release 

rate was given as: 

 
𝐺𝑅 =

∆𝐸𝑅𝑑
𝑏𝑝𝛿𝑥

 (2.25) 

Where ∆ERd is the energy available for debonding, bp is the width of the FRP plate 

and δx is the horizontal-linear crack extension. The GEBA was later validated against 

experimental results in Achintha and Burgoyne (2011), where it shows good accuracy for 

predicting all forms of FRP plate debonding. 

The GEBA itself is not complex, although the assumptions it used can be controversial 

as noted by Achintha and Burgoyne (2013), where these assumptions were discussed in 

detail. Firstly, it only considers Mode I fracture for the FRP debonding process. The 

reasoning was that the GEBA was only concerned with the start of the debonding process, 

such that the effects that come from Mode II such as aggregate interlock were not 

relevant. This is controversial due to the fact that the shear-lap experiments commonly 

used to determine the parameters of FRP debonding would result in an estimate of Mode 

II fracture energy rather than Mode I. Secondly, the fracture energy was regarded as 

independent of the length of the debonding crack because the strain conditions near the 

tip of the crack remain unchanged as the crack develops.  

The only complexity in using the GEBA lies in how to obtain the ∆ERd, which require 

the moment-curvature relationship of the RC beam to be determined. Achintha and 

Univ
ers

ity
 of

 M
ala

ya



51 

Burgoyne (2009) proposed a method based on moment-curvature approach to determine 

the ∆ERd which uses a modification of Branson’s equation (Branson, 1968) for effective 

second moment of area to indirectly account for tension stiffening effect of cracked RC 

beam. The modified equation assumes that fully cracked state for RC beam can be reached 

as it deals with beams that will need to be retrofitted with FRP, whereas the original 

Branson’s equation does not allow fully cracked state as it was intended represent section 

below the working load and well below the yield of steel reinforcement.  The modified 

equation is as follows: 

 
𝐾 = (

𝑀𝑐𝑟

𝑀𝑎𝑝𝑝
)

4

{1 − (
𝑀𝑎𝑝𝑝 −𝑀𝑐𝑟

𝑀𝑦 −𝑀𝑐𝑟
)

4

} 
(2.26) 

 

 
𝐸𝐼𝑒𝑞 =

𝑀𝑒𝑓𝑓

𝜅
 

(2.27) 

 

Where K is the extend-of-cracking, Mcr is the moment causing first cracking, Mapp is 

the externally applied moment, My is the moment causing yielding of steel reinforcement, 

EIeq is the equivalent stiffness for inelastic region, Meff is the effective moment on RC 

beams and κ is the curvature. 

The newest research on GEBA by Guan and Burgoyne (2014) proposed three new 

moment-curvature models. The first type moment-curvature model, M1 almost similar to 

the one proposed by Achintha and Burgoyne (2009). The second mode, M2, is also similar 

to what was proposed by Achintha and Burgoyne (2009) except it uses an effective 

moment of inertia instead of EIeq for partially cracked section interpolation as shown 

below: 

 𝐼𝑒𝑓𝑓 = 𝐾𝐼𝑢𝑛 + (1 − 𝐾)𝐼𝑓𝑐 (2.28) 
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Where Ieff is the effective second moment of area, Iun is the second moment of area for 

uncracking beam and Ifc is the second moment of area for fully cracked beam state. The 

third moment-curvature model, M3, uses interpolation between moment of inertia at the 

first crack (Icr) and the first yield (Iy) for partially cracked section as shown below: 

 𝐼𝑒𝑓𝑓 = 𝐾𝐼𝑐𝑟 + (1 − 𝐾)𝐼𝑦 (2.29) 
 

All three models were shown to give good accuracy, however the authors stated that 

considering how critical the moment-curvature relationship is to the FRP debonding 

prediction, the accuracy of the models are still open to some questions. 

2.5 Research gap 

Most of the research on the M/θ approach so far have focused strengthening techniques 

where the bond between strengthening reinforcement and the rest of the RC beam is either 

weak (i.e. externally bonded FRP sheet/plate) or non-existent (i.e. unbonded prestressed 

FRP or mechanically fastened FRP).  On the other hand, the simulation of strengthening 

methods with strong bond, such as the NSM method, has yet to be explored.   

The first research gap that will be focused on in this research is on extending the M/θ 

approach to simulate a strong bond strengthening such as NSM. The second research gap 

is to present a way to simulate concrete cover separation, which tend to be the primary 

mode of premature failure in NSM strengthened RC beams.  Univ
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CHAPTER 3 - MOMENT-ROTATION APPROACH FOR SIMULATING THE 

BEHAVIOUR OF NSM STRENGTHENED RC BEAMS 

 

This chapter presents the research paper “Simulating concrete cover separation in RC 

beams strengthened with near-surface mounted reinforcements”. In this paper the 

moment-rotation (M/θ) approach and the global energy balance approach (GEBA) were 

combined to allow the simulation of the behaviour and concrete cover separation failure 

of NSM strengthened beams. The proposed method is more versatile compared to existing 

methods as it requires significantly less empirical formulations when simulating NSM 

strengthened RC beams as the mechanics of the beam such as crack formation, crack 

widening and tension stiffening are simulated directly. The M/θ-GEBA method was 

validated against published experimental results. Comparison between simulated and 

experimental load-deflection curves shows that the method is able to give good accuracy. 

The author had written another paper (Shukri, Darain, & Jumaat, 2015) which is much 

related to the subject of this chapter, although it could not be compiled with this thesis. 

The paper, titled “The Tension-Stiffening Contribution of NSM CFRP to the Behavior of 

Strengthened RC Beams” presents an early idea for the use of M/θ approach for 

simulating NSM strengthened beams. The paper discusses how the strong bond of NSM 

strengthening reinforcement exerts an area of influence onto surrounding concrete, hence 

reducing the available concrete area around the steel reinforcement. This causes the 

tensile cracking strain to be reached earlier, hence causing the NSM strengthened beam 

to have a smaller crack spacing compared to non-strengthened beams. Concrete cover 

separation was not simulated in that paper as GEBA was not used. While that research 

paper will not be made available here, readers will still able to access the paper if they 

wish, as the paper was published in an open access journal.  
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The detail of the research paper contained in this chapter along with the statement of 

contribution of authors is as follows: 

1) Shukri, A. A., & Jumaat, M. Z. (2016). Simulating concrete cover separation in 

RC beams strengthened with near-surface mounted reinforcements. Construction 

and Building Materials, 122, 1–11.  

a. Statement of contribution: Ahmad Azim Shukri (author) gathered 

published experimental results, performed the simulations and wrote the 

paper, Mohd. Zamin Jumaat (co-author) supervised the research and 

checked the paper. 
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Simulating concrete cover separation in RC beams strengthened with
near-surface mounted reinforcements
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h i g h l i g h t s

� A method to simulate concrete cover separation for NSM method was presented.
� Combination of global energy balance and moment-rotation approach.
� The simulated results shows good correlation with published experimental results.
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a b s t r a c t

The near surface mounted (NSM) technique for strengthening reinforced concrete (RC) beams normally
utilizes fibre reinforced polymer (FRP) bars or strips placed within grooves made on the soffit of the
beams. For RC beams strengthened with NSM the failure mode would normally be the premature
debonding failure by separation of concrete cover. A few methods have been proposed to predict the fail-
ure loads. The application of these methods however were found to be limited by the empirical formu-
lations that were used, which severely affects their accuracy when applied to situations outside of the
testing regime that formed the empirical formulations. To address this issue, in this paper the
moment-rotation technique and the global energy balance technique were combined to predict the fail-
ure load. The proposed method is more versatile as it requires significantly less empirical formulations
when simulating NSM strengthened RC beams as the mechanics of the beam such as crack formation,
crack widening and tension stiffening are simulated directly. The proposed method was validated against
published experimental results. Comparison between simulated and experimental load-deflection curves
shows that the method is able to give good accuracy.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Strengthening of structures were normally carried out for vari-
ous reasons. These include insufficient structural strength of exist-
ing structures due to mistakes during construction and reduced
structural strength due to aging of structures. In most cases, the
material selected to strengthen these structures is usually fibre
reinforced polymer (FRP) due to its high strength-to-weight ratio
and ease of placement. FRP applied using external bonding with
epoxy adhesive [1–4] had been applied in many real-world
strengthening cases and were proven effective. Apart from exter-
nally bonded FRP, there is another type of FRP application called
the near surface mounted (NSM) method which is gaining atten-
tion of late.

The application of flexural strengthening using NSM method
involves the cutting of grooves in the concrete cover of RC beams
[5–9] and placing FRP reinforcement within the grooves, which is
then set in place by applying epoxy adhesives. Experimental test-
ing of NSM strengthened RC beams have shown that the NSM
method provides better resistance against certain types of debond-
ing failures, which is the main problem affecting externally bonded
FRP application. Debonding causes the strengthened RC structural
member to fail at a significantly lower load without reaching the
full potential of the FRP reinforcements. As the NSM method pro-
vides better bonding between the FRP reinforcement and concrete
substrate, it reduces the possibility of debonding through interme-
diate crack debonding and critical diagonal crack debonding.

While there have been much progress on advancing the NSM
method, there has been very little study made on predicting the
debonding failures ofNSMstrengthened beams.While intermediate
crack debonding and critical diagonal crack debonding is extremely

http://dx.doi.org/10.1016/j.conbuildmat.2016.06.048
0950-0618/� 2016 Elsevier Ltd. All rights reserved.
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rare for NSMstrengthened beams, a significant number of published
experimental results have reported NSM strengthened beams fail-
ing through the concrete cover separation, which is another type
of debonding failure mode. The concrete cover separation failure
involves a crack forming at the end point of the NSM reinforcement,
which tends to propagate horizontally after reaching the shear rein-
forcement. This causes the concrete cover along with the NSM rein-
forcement to separate from the beam, thus causing an early failure
for the beam.

Currently there is a lack of research done on predicting concrete
cover separation in NSM strengthened beam. Zhang and Teng [10]
used finite element analysis to simulate the concrete cover separa-
tion and introduced a modelling of the radial stresses exerted by
steel tension bars onto the surrounding concrete to improve accu-
racy. De Lorenzis and Nanni [11] used the concrete tooth model to
predict concrete cover separation. Al-Mahmoud et al. [12] also
applied a method with a similar concept to the concrete tooth
model in conjunction with finite element modelling. The most
recent method is the model by Teng et al. [13], which is a model
formulated from finite element analysis. All of the methods men-
tioned above can be used to predict concrete cover separation,
although the accuracy varies from one model to the other. Most

of the models are highly empirical in nature, especially in predict-
ing the crack spacing.

In recent years a global energy balance approach (GEBA) has
been developed [14–16] to predict the concrete cover separation
failure of RC beams strengthened with externally bonded FRP
plates. The GEBA works by applying fracture mechanics of con-
crete; the energy available in a strengthened beam is determined
from the moment-curvature (M/v) relationship and compared to
the energy required for the debonding crack to propagate. Cur-
rently the method for using the GEBA was derived for FRP plated
RC beams, and there has not been any published research on using
the GEBA with NSM strengthened beams.

1.1. Objective

In light of this, it is proposed that the moment-rotation (M/h)
technique [17–23] be applied to derive the required M/v relation-
ships. The M/h technique applies the partial interaction theory
[24–26] in order to simulate flexural cracking and tension stiffen-
ing by directly simulating the slip of reinforcements in the RC
beam. This allows the slip of the NSM reinforcement to be directly
simulated, which can help reduce the reliance on empirical formu-

Fig. 1. Tension stiffening simulation for steel reinforcement. (a) NSM strengthened RC beam; (b) Tension stiffening simulation prism; (c) Slip distribution; (d) Bond stress
distribution; (e) Steel strain distribution.
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lations in simulating many of the mechanics of NSM strengthened
RC beams as seen in practice. Minor changes to the GEBA would
then be made to apply it on NSM strengthened beams, allowing
the concrete cover separation failure mode to be simulated. Addi-
tionally, the debonding crack was allowed to propagate up to the
point where the beam can no longer accept additional load nor
maintain the current load; this is made so that a more accurate
failure load can be obtained.

Due to its reduced reliance on empirical formulations, the
method proposed in this paper should be readily applicable to
any shape and material of NSM reinforcements, assuming that
the material properties of the NSM reinforcements such as
stress-strain relationship and bond stress-slip relationship is
known. Other methods on the other hand may require extensive
structural testing to formulate empirical formulations to account
for any changes to the shape and material of NSM reinforcements.
As such the combination of M/h technique and GEBA provides a
more versatile method for simulating NSM strengthened RC
beams; furthermore it can help reduce the cost of developing
new types of NSM shapes and materials as there would be no

need for extensive structural testing purely to derive empirical
formulations.

2. Moment rotation simulation

2.1. Tension stiffening simulation for steel and NSM reinforcements

In an uncracked RC beam, the steel reinforcements and concrete
would extend uniformly when load is applied. When flexural
cracks have formed on the beam, imperfect bond between the steel
reinforcement and concrete would cause the steel to slip from the
concrete, such that the steel stress would no longer be uniform
along the beam. Similarly, any NSM reinforcement would also slip
from the adjacent concrete. The load-slip (P/d) relationship of the
reinforcements can be used to simulate the formation of new flex-
ural cracks as well as the tension stiffening [17,25].

The P/d of steel and NSM reinforcements can be quantified
through a numerical analysis performed on prisms made of a single
reinforcement with adjacent concrete as shown in Fig. 1. The

Fig. 2. Tension stiffening analysis procedure to determine the crack spacing and load-slip relationship for steel or NSM reinforcements.

A.A. Shukri, M.Z. Jumaat / Construction and Building Materials 122 (2016) 1–11 3

Univ
ers

ity
 of

 M
ala

ya



reinforcement is placed at the middle of the prism, such that when
load is applied no moment is induced. The numerical analysis is
performed by assuming a value of load for a certain value of slip.
The load applied to the steel reinforcement causes strain on the
steel reinforcement (er), as shown in Fig. 1(e). The strain is gradu-
ally reduced as the bond stress (s), as shown in Fig. 1(d) transfers
the load to the surrounding concrete. As the strain is steel is
reduced, it causes the slip to gradually reduce as well, as shown
in Fig. 1(c). The assumed load is then adjusted until the slip is
reduced to zero.

Additionally, the formation of primary cracks can be predicted
using the numerical analysis as new cracks can be assumed to form
when the load transferred to the concrete reaches the tensile
strength of the concrete, as shown in Fig. 1(a), where Scr is the
crack spacing. Due to the formation of the primary cracks, the area
of the prism required for the numerical analysis can now be
reduced to only Ldef as shown in Fig. 1(b), where Ldef = Scr/2. Due
to the symmetry of forces, the slip would tend to be zero between
the flexural cracks, as shown in Fig. 1(c). The numerical analysis for
Ldef can be applied to both steel and NSM reinforcements to obtain
a P/d relationship.

The spacing between cracks, Scr, can be assumed to be identical
along beams with a moment gradient [17] applied on it, which is
usually the case. As such the simulation of debonded sections
would also be done on beam section of length Ldef. However due
to the concrete cover separation, there is less concrete area sur-
rounding the steel reinforcement, as shown in Fig. 1(b). This results
in the P/d relationship of steel reinforcement in the debonded
beam section to be slightly stiffer compared to the beam sections
that are still strengthened by NSM reinforcements.

The tension stiffening analysis procedure is similar for steel
reinforcement, steel reinforcement in the debonded area and
NSM reinforcement where the tension stiffening prism is first dis-
cretised into small elements of length Ls and the stresses and

strains acting on each element is solved numerically. The differ-
ence between the three are in the material properties, size of adja-
cent concrete area and the bond stress-slip model that is to be
used. The numerical procedure for the tension stiffening analysis
is presented here, along with a flowchart in Fig. 2:

1. The required input data are inserted:
a. Area of steel/NSM reinforcement, Ar.
b. Area of adjacent concrete, Ac. It should be noted that steel

reinforcements in the debonded section would have a
smaller adjacent concrete area compared to steel rein-
forcements in non-debonded areas, as shown in Fig. 1(b).

Fig. 3. Moment-rotation analysis of beam section. (a) Beam section of length Ldef and deformation profile; (b) Strain profile; (c) Stress profile; (d) Forces acting on the beam
section.

Fig. 4. M/v of strengthened, unstrengthened and debonded RC beam sections.

Start

Determine Ga

Is Ga>Gmax?

Applied load, Fa

∆L=∆L + 1mm

∆L=1mm

Beam geometric properties 
and M/ relationships

Assume debonded length, Ld

Strengthened beam 
length, Ls

Unstrengthened 
beam length, Lu

Debonded beam 
length, Ld

(M/χ)d(M/χ)u (M/χ)s

Determine maximum beam deflection by 
double integration method

Ld=Ld+∆L

Is it possible to obtain 
deflection? No End

Yes

Yes

Increase Fa

No

Fig. 5. Flowchart for determining the load-deflection of NSM strengthened beams.
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c. Perimeter of steel/NSM reinforcement, Lper.
d. Concrete compressive strength, fc.
e. Concrete elastic modulus, Ec.
f. Concrete cracking strain, ecr = ft/Ec.
g. Yield strength of steel/NSM reinforcement (if applicable),

ry.
h. Ultimate strength of steel/NSM reinforcement, rf.
i. Ultimate load of steel/NSM reinforcement, Pr_max = Arrf

j. Elastic modulus of steel/NSM reinforcement, Ey.
k. Strain hardening modulus of steel/NSM reinforcement (if

applicable), Eh.
l. Length of deformation, Ldef = Scr/2.

2. The boundary conditions are used are:
a. The slip at the crack face, d(1)=0.001 mm.
b. Load applied on the adjacent concrete, Pc(1)=0 as the

concrete-concrete interfaces are not touching at the crack
face.

c. Load applied on steel reinforcement, Pr(1) is assumed to
be 1 N.

3. The variable i = 1 is used to determine the location of crack
face, and larger values of i is the distance from the crack face.
The length of one element, Ls = 0.1 mm.

4. Bond stress, T(i) is determined using the bond stress-slip rela-
tionship from CEB-FIP model code for steel reinforcements or
using any suitable bond stress-slip model by for NSM
reinforcements.

5. The bond force is determined as B(i) = T(i)Lper. Strain of steel/
NSM reinforcement is determined as er = Pr(i)Ar/Er. The
change in slip is then determined as Dd = (er � ec)Ls.

6. With the value of B(i) and Dd determined, the values of
boundary conditions for the next beam element can be
calculated:
a. d(i + 1) = d(i) + Dd
b. Pr(i + 1) = Pr(i) - B(i)

Table 1
Details of NSM strengthened RC beams.

Ref Beam designation b (mm) d (mm) L (mm) La (mm) MNSM NNSM FM

[22] A2 125 250 2000 50 CFRP bar 1 CCS
[28] CRD-NSM 200 300 3000 150 CFRP bar 1 ID
[29] A9 100 180 2000 0 CFRP bar 1 CCS
[30] F2C1 160 280 2400 200 CFRP bar 2 CCS
[31] B21 150 300 1800 50 CFRP bar 2 CC
[32] B11 150 300 1800 50 CFRP bar 1 CCS
[31] BS-NP-R 200 400 5000 310 CFRP strip 1 CCS
[33] NSM S2 120 170 900 50 CFRP strip 2 CCS
[34] NSM_c_2 1.4 10_1 120 160 2100 100 CFRP strip 2 CDCD
[34] NSM_c_3 1.4 10_1 120 160 2100 100 CFRP strip 3 CCS
[35] NSM2 125 250 2000 50 Steel bar 1 F
[35] NSM3 125 250 2000 50 Steel bar 1 F
[36] NS8 125 250 2000 50 Steel bar 2 CCS
[36] NS10 125 250 2000 50 Steel bar 2 CCS
[6] RW1S 150 200 2000 0 Steel bar 1 CC
[6] RW1Ø14S 150 200 2000 0 Steel bar 1 CC
[30] F2G1 160 280 2400 200 GFRP bar 1 CS
[30] F1G2 160 280 2400 200 GFRP bar 2 ID
[6] RW1F 150 200 2000 0 GFRP bar 1 F
[5] B1 150 200 1500 GFRP bar 2 CC

b = width of beam; d = depth of beam; L = length of beam; La = distance of NSM to the nearest support; MNSM = material for NSM reinforcement; NNSM = number of NSM
reinforcement bar/strip; FM = failure mode; CCS = concrete cover separation; ID = interfacial debonding; CC = concrete crushing; CDCD = critical diagonal crack debonding;
F = fracture of NSM reinforcement; CS = concrete splitting.

Table 2
Reinforcement details.

Ref Beam designation fc (N/mm2) Ey (N/mm2) ry (N/mm2) Ef (N/mm2) rf (N/mm2)

[22] A2 35.63 200,000 520 165,000 2400
[28] CRD-NSM 31.3 200,000 426 121,420 1878
[29] A9 33.6 (cube) 200,000 441 109,000 1020
[30] F2C1 30.5 200,000 540 170,000 2350
[31] B21 34.4 200,000 340 170,000 2629
[32] B11 34.4 200,000 340 170,000 2629
[31] BS-NP-R 41.5 200,000 438 124,000 2068
[33] NSM S2 52.2 200,000 788 158,800 2740
[34] NSM_c_2 1.4 10_1 21 (cube) 200,000 540 171,000 2052
[34] NSM_c_3 1.4 10_1 21 (cube) 200,000 540 171,000 2052
[35] 8 mm 40 (cube) 200,000 550 200,000 379
[35] 10 mm 41 (cube) 200,000 550 200,000 520
[36] 8 mm � 2 42 (cube) 200,000 550 200,000 379
[36] 10 mm � 2 43 (cube) 200,000 550 200,000 520
[6] RW1S 36.6 200,000 408 200,000 408
[6] RW1Ø14S 36.6 200,000 408 200,000 550
[30] F2G1 30.5 200,000 540 64,000 1350
[30] F1G2 30.5 200,000 540 64,000 1350
[6] RW1F 36.6 200,000 408 40,000 743
[5] B1 45 200,000 500 40,800 760

fc = concrete strength (cylinder); Ey = steel elastic modulus; ry = steel yield strength; Ef = FRP modulus; rf = FRP tensile strength.
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c. Pc(i + 1) = Pc(i) + B(i)
d. ec = Pc(i + 1)Ac/Ec

7. The condition for full-interaction used is the reduction of slip
such that d(i + 1)/d(1) < 0.01, which represents a 99% reduc-
tion from the original slip value at the crack face.

8. If condition in procedure 7 is met, the assumed value of
applied load Pr(1) is correct. Another condition is checked,
which is whether Scr, Ldef and imax has been determined.

9. If the condition in procedure 8 is met, then the condition
ec > ecr is checked.

10. If the condition in procedure 9 is met then a primary crack is
considered to have formed. The analysis is now limited to half
the length of deformation, Ldef, by limiting the number of ele-
ments in the analysis:
a. Scr = Lsi
b. Ldef = Scr/2

a. Maximum number of elements, imax = LdefLs.
11. If the condition in either procedure 8 or 9 are not met, the slip

d(1) and the corresponding Pr(1) is then recorded and a larger
value of d(1) is set. The analysis is then repeated starting from
procedure 2.

12. If the condition in procedure 7 is not met, the location of full-
interaction is still not met and another condition is checked,
which is Pr(i + 1) < 0.

13. If the condition in procedure 12 is also not met, the analysis
will be repeated for the next beam element and the dummy
variable i is increased by 1.

14. If the primary crack has formed, another condition is then
checked, which is i < imax since the formation of primary
cracks have limited the beam sections that are under partial
interaction to the length of deformation, Ldef. If the primary
crack has not formed, then this procedure can be ignored.

15. If the condition in either procedure 12 or 14 are met, the
assumed value of applied load Pr(1) is too low and a higher
value of Pr(1) is thus assumed.

16. The new Pr(1) is checked whether it reaches or exceeds the
ultimate load Pr_max. If the condition is not met, procedure
4–15 is repeated.

17. If the condition in procedure 16 is met, the steel/NSM rein-
forcement has fractured. The recorded values of d(1) and
Pr(1) are then plotted to obtain the load-slip relationship
and the analysis is ended.

Fig. 6. Comparison of simulated and experimental load-deflection curves for beams strengthened with NSM CFRP bars (a) Beam A2; (b) Beam CRD-NSM; (c) Beam A9; (d)
Beam F2C1; (e) Beam B21; (f) Beam B11.
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2.2. Moment-rotation of RC beam segment

The M/h analysis is done by applying a moment M on the beam
section of length Ldef, as shown in Fig. 3. The moment causes a
rotation to occur on the beam section, resulting in a deformation
profile as shown in Fig. 3(a), with a strain profile as shown in
Fig. 3(b). Prior to flexural cracking, the concrete and all reinforce-
ments are extended uniformly in the tensile region of the beam.
Hence the stresses of the beam, as shown in Fig. 3(c) can be deter-
mined directly from the materials’ stress-strain relationships. Once
the flexural cracking occur, imperfect bond between the reinforce-
ments and concrete causes the reinforcements to slip from the
concrete, such that the strains along the beam section is no longer
linear. In this case, the P/d relationship obtained from then tension
stiffening analysis is used to directly obtain the forces acting on
the reinforcements, as shown in Fig. 3(d) based on the slip values
dmax-steel and dmax-NSM obtained from the deformation profile in
Fig. 3(a).

The stress acting on the concrete is the compression zone can be
determined from any suitable concrete stress-strain relationship.
However, it has been shown that size of concrete can affect the
stress-strain relationship. To obtain an accurate value of stress,
the size-dependent stress-strain method as proposed by Chen
et al. [27] can be used to adjust the stress-strain relationship to suit
the size of the beam section, Ldef.

The depth of neutral axis is adjusted until the forces acting on
the beam are in equilibrium. With the forces in equilibrium, the
actual value of the moment M is then determined. The process is
then repeated for another value of rotation to obtain the M/h rela-
tionship. The rotation can then be simply be divided by Ldef to
obtain the curvature, v, hence giving the M/v relationship.

There are three types of M/v needed:

1. (M/v)s, which is the moment-curvature of the strengthened
section of the beam.

2. (M/v)u, which is the moment-curvature of the unstrengthened
section of the beam.

3. (M/v)d, which is the moment-curvature of the debonded sec-
tion of the beam. The P/d relationship of the steel reinforcement
uses the reduced concrete section area shown in Fig. 1(b) to
account for concrete cover separation.

2.3. Simulation of load-deflection and concrete cover separation

Based on the GEBA, it is assumed that there would always be a
crack forming at the end of the strengthening reinforcement [14–
16]. It was proposed by Achintha and Burgoyne [15] for the initial
length of this crack be assumed to be the same as the depth of the
concrete cover, c. The energy balance of the beam is then calcu-
lated to determine whether there is enough energy for this crack
to propagate and cause debonding failure. To determine the avail-
able energy, consider Fig. 4, which shows the general shape of M/v
curves obtained using the M/h analysis.

From Fig. 4, both (M/v)s and (M/v)u have a sharp change in
stiffness due to concrete cracking. On the other hand, the debonded
sections of the beam already have experienced flexural cracking
prior to the debonding. As such the concrete cracking is absent
from (M/v)d. Additionally, due to the tension stiffening analysis
of the steel reinforcement of the debonded section having a smaller
concrete area for the beam section length Ldef, the (M/v)d have a
slightly higher stiffness compared to (M/v)u.

When the debonding crack propagates, the process is assumed
to instantaneously, such that the applied moment, Ma, remains
the same as the beam changes from the strengthened condition
of (M/v)s to the debonded condition of (M/v)d. From the moment
Ma, the available energy for crack propagation is the shaded area
between (M/v)s and (M/v)d.

The energy release rate, Ga is determined as:

Ga ¼ Wa

b� DL

Fig. 7. Comparison of simulated and experimental load-deflection curves for beams strengthened with NSM CFRP strips (a) Beam BS-NP-R; (b) Beam NSM S2; (c) Beam
NSM_c_2 � 1.4 � 10_1; (d) Beam NSM_c_3 � 1.4 � 10_1.
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where b is the width of debonding crack and DL is the change in
debonding crack length. The value of b is taken as the total width
of the prism used in the tension stiffening simulation for NSM rein-
forcement. Further information regarding the size of prism for ten-
sion stiffening simulation can be found in [21] and [22].

The process to determine the load-deflection of the beam is pre-
sented as a flowchart in Fig. 5. A value of load FP is set and a
debonded length, Ld is assumed in the beginning. Achintha and
Burgoyne [15] assumed this length to be equal to the depth of
the concrete cover of the beam. The DL is taken as 1 mm. The
deflection determined from the (M/v)s, (M/v)d and (M/v)u using
the double integration method. The (M/v)s and (M/v)d is then used
to determine the Ga at the end of the debonded length and this
value is compared against the energy required to fracture a unit
area of concrete, Gmax. If Ga > Gmax, the DL is increased by 1 mm.
The value of Ga is then calculated again, and this procedure is
repeated until the value of DL is large enough such that Ga < Gmax.
The new debonded beam length Ld is then determined as Ld = Ld + -
DL. The whole process is then repeated for a higher applied load, Fa.
At some point it is no longer possible to determine the value of
deflection as the applied moment Ma is beyond the range of
moment in (M/v)d. The failure load has then been reached and
the beam has suffered debonding failure.

3. Validation of moment rotation simulation

3.1. Beam details

The proposed simulation of NSM strengthened beam was vali-
dated a database of 20 NSM strengthened RC beams [22,28–
36,6,5]. All the beams are rectangular NSM strengthened RC beams
designed to fail by flexure. The details of the beams are given in
Table 1. The beams were strengthened with either NSM carbon
FRP (CFRP) bars, NSM CFRP strips, NSM steel bars or NSM glass
FRP (GFRP) bars to check whether the proposed method is able
to correctly simulate the behaviour of beams strengthened with
various types of NSM reinforcements. Further details on the rein-
forcements used on the beams is provided in Table 2.

3.2. Material models

While the M/h technique is able to simulate the mechanics of RC
beams without empirical formulations, the material properties still
require empirical models to be simulated. Several material models
were used in this research.

The bond stress-slip model by CEB-FIP [37] was used for steel
reinforcements. For NSM CFRP bars, NSM GFRP bars and NSM steel

Fig. 8. Comparison of simulated and experimental load-deflection curves for beams strengthened with NSM steel bars (a) Beam NSM2; (b) Beam NSM3; (c) Beam NS8; (d)
Beam NS10; (e) Beam RW1S; (f) Beam RW1Ø14S.
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bars the bond stress-slip model by De Lorenzis [38] was used. For
the CFRP strips, the bond stress-slip model by Zhang et al. [39] was
used. The stress-strain model by Popovics [40] was used to create
the size-dependent stress-strain relationship for concrete. The
fracture energy model by CEB-FIP [37] was used to obtain Gmax.

3.3. Results and discussion

Comparisons of the simulated and experimental load-deflection
for beams strengthened with NSM CFRP bars, NSM CFRP strips,

NSM steel bars and NSM GFRP are shown in Figs. 6–9, respectively.
It can be seen that the experimental load-deflection curves and the
load-deflection curves simulated using the proposed method are in
good agreement with each other, which shows that the tension
stiffening of the beams were simulated correctly.

A summary of the simulated and experimental load-deflection
curves is given in Table 3. The proposed method was able to cor-
rectly simulate the failure mode for a large number beams. It
should be noted however that the method proposed in this paper
does not take into account failures by interfacial debonding and

Fig. 9. Comparison of simulated and experimental load-deflection curves for beams strengthened with NSM GFRP bars (a) Beam F2G1; (b) Beam F1G2; (c) Beam RW1F; (d)
Beam B1.

Table 3
Summary of simulated and experimental load-deflection curves.

Ref Beam designation Ps Pe Ps/Pe ds de ds /de FM SFM

[22] A2 133 133.232 1.00 21.42 19.274 1.11 CCS CCS
[28] CRD-NSM 107.8 92.87 1.16 67.59 47.67 1.42 ID CCS
[29] A9 50.4 45.7764 1.10 21.23 20.95 1.01 CCS CCS
[30] F2C1 109.6 116.796 0.88 14.46 20.68 0.70 CCS CCS
[31] B21 288 260.852 1.10 20.17 14.55 1.39 CC CCS
[32] B11 243.4 255.266 0.95 25.39 24.41 1.04 CCS F
[31] BS-NP-R 138.6 134.67 1.03 116.38 117.39 0.99 CCS CCS
[33] NSM S2 84 92.58 0.91 4.38 5.94 0.74 CCS CCS
[34] NSM_c_2 1.4 10_1 30.62 32.51 0.94 36.38 47.07 0.77 CDCD CCS
[34] NSM_c_3 1.4 10_1 35.6 33.7 1.06 33.2 28.04 1.18 CCS CCS
[35] 8 mm 92.4 101.05 0.91 23.52 20.27 1.16 F F
[35] 10 mm 102 114.29 0.89 20.88 23.14 0.90 F F
[36] 8mmx2 108.6 106.31 1.02 25.4 11.24 2.26 CCS CCS
[36] 10mmx2 122.6 116.83 1.05 18.18 9.47 1.92 CCS CCS
[6] RW1S 38.2 41.97 0.91 45.9 35.79 1.28 CC F
[6] RW1Ø14S 52 53.96 0.96 23.63 39.29 0.60 CC F
[30] F2G1 118.6 111.84 1.06 34.65 42.12 0.82 CS F
[30] F1G2 96 106.19 0.90 17.94 35.8 0.50 ID CCS
[6] RW1F 42.6 48.49 0.88 35.86 36.52 0.98 F F
[5] B1 102 102.13 1.00 23.86 20.93 1.14 CC F

Ps = simulated failure load; Pe = experimental failure load; ds = simulated failure deflection; de = experimental failure deflection; FM = failure mode; CCS = concrete cover
separation; ID = interfacial debonding; CC = concrete crushing; CDCD = critical diagonal crack debonding; F = fracture of NSM reinforcement; CS = concrete splitting;
SFM = simulated failure load.
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critical diagonal crack debonding and so could not predict these
failures, although the study by Oehlers et al. [21] on simulating
interfacial debonding and critical diagonal crack debonding for
FRP plated RC beams can perhaps be used as a reference for simu-
lating these debonding types on NSM strengthened RC beams.
Additionally, the failure mode obtained for several beams was frac-
ture of NSM reinforcement rather than concrete crushing as
reported. These beams were strengthened by either NSM steel bars
or NSM GFRP bars, which may reflect that the bond stress-slip
model chosen to simulate them was not accurate enough, causing
the simulated strain in the NSM steel bars and NSM GFRP bars to
be higher than it should be.

The simulated and actual failure loads are reasonably close for
most of the beams, as illustrated in Fig. 10. The mean of the ratio
between the simulated and experimental failure load is 0.9896,
with a standard deviation of 0.0862. The comparison of the simu-
lated and experimental failure deflection, as shown in Fig. 11, how-
ever, shows a lot of discrepancy. The ratio of the simulated and
experimental deflection at failure has a mean of 1.072 with a sig-
nificantly high standard deviation of 0.4374. The highest discrep-
ancy between simulated and experimental deflection at failure
can be observed in load-deflection curves of beams strengthened
with NSM steel bars. This problem is attributed to the bond

stress-slip model used, which was originally meant for NSM FRP
bars. While the bond stress-slip model is able to simulate the ten-
sion stiffening with good accuracy, the simulated strain of the NSM
steel may not be correct, causing the discrepancy between simu-
lated and experimental deflection at failure.

4. Conclusion

From this study, the following conclusions were made:

� The combination of M/h technique and the GEBA is able to sim-
ulate the load-deflection behaviour of NSM strengthened RC
beams and simulate the concrete cover separation mode with
considerable accuracy and with less reliance on empirical
formulations.
� By allowing the debonding crack to propagate up to the point
where the beam can no longer accept additional load nor main-
tain the current load, a more accurate failure load can be
obtained.
� As the method presented is less reliant on empirical formula-
tions, it should be possible to apply the same method to other
types of FRP materials not used in the validation in this paper;
however in cases where new types of FRP materials are used,
the bond stress-slip relationship for these material should be
studied first in order to ensure good accuracy when using the
M/h technique.
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CHAPTER 4 - APPLICATION I: SIDE-NSM METHOD 

 

This chapter presents two research papers. In this chapter, it will be shown how the 

simulation method presented in chapter 3 can be applied to reliably simulate the behaviour 

of RC beams strengthened with the SNSM method and used to perform further studies on 

the SNSM method. 

The first paper, “Behaviour of Precracked RC Beams Strengthened Using the Side-

NSM Technique” presents a study on SNSM strengthened RC beams, scpecifically the 

effect of precracking on SNSM strengthened beams’ behaviour. An experimental study 

involving seven beams was first conducted, followed by a simulation method based on 

the M/θ approach was then presented and was found to be reasonably accurate and able 

to simulate the change in stiffness caused by precracking. It should be noted that the credit 

for the experimental work goes to the second author, Akter Hosen, while this author’s 

contribution is mostly in the simulation work using M/θ approach. 

The second paper, “Parametric Study for Concrete Cover Separation Failure of 

Retrofitted SNSM Strengthened RC Beams” presents the method to simulate concrete 

cover separation failure of SNSM strengthened beams using the M/θ approach and 

GEBA, where the minor differences involved in the simulation process of normal NSM 

and SNSM strengthened beams were explained. The proposed method was validated and 

showed good accuracy results using published experimental results. A parametric study 

on the concrete cover separation failure of SNSM strengthened beams was then conducted 

using a simulation method based on the moment-rotation (M/) approach. Importantly, 

this parametric study also discusses the differences between virgin and retrofitted SNSM 

strengthened beams, the former which represents beams tested in labs and the latter 
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representing beams in real world situations. Among the conclusion of the parametric 

study are: 

• SNSM retrofitted strengthened beams was found to have approximately 3 – 4% 

lower failure load compared to virgin SNSM strengthened beams when concrete 

cover separation is a factor.  

• In cases where concrete cover separation failure did not occur or less 

pronounced, the failure load was found higher in SNSM retrofitted beams by up 

to 1% due to approximately 15 – 19% higher flexural stiffness of retrofitted 

beams than virgin beams due to longer crack spacing of the retrofitted beams.  

• There is only a slight difference in failure load of SNSM retrofitted beams 

compared to virgin SNSM strengthened beams, although the small difference is 

negligible. 

• There is a considerable difference in the flexural stiffness of virgin and 

retrofitted beams that should not be neglected.  

• It was found that retrofitted and virgin beam conditions do not affect the failure 

mode of the SNSM strengthened beams. 

 

The details of the research papers contained in this chapter along with the statement of 

contribution of authors is as follows: 

1) Shukri, A. A., Hosen, M. A., Muhamad, R., & Jumaat, M. Z. (2016). Behaviour 

of precracked RC beams strengthened using the side-NSM technique. 

Construction and Building Materials, 123, 617–626.  

a. Statement of contribution: Ahmad Azim Shukri (author) performed the 

simulations and wrote the paper, Akter Hosen (co-author) performed the 

experimental work and checked the paper, Muhamad Rahimah (co-author) 
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supervised the research and checked the paper, Mohd. Zamin Jumaat (co-

author) supervised the research and checked the paper. 

2) Shukri, A. A., Shamsudin, M. F., Ibrahim, Z., & Alengaram, U. J. (2018). 

Parametric study for concrete cover separation failure of retrofitted SNSM 

strengthened RC beams. Mechanics of Advanced Materials and Structures, 1-12. 

a. Statement of contribution: Ahmad Azim Shukri (author) performed the 

simulations and wrote the paper, Mohd Fazaulnizam Shamsudin (co-

author) wrote and checked the paper, Zainah Ibrahim (co-author) 

supervised the research and checked the paper, U. Johnson Alengaram (co-

author) supervised the research and checked the paper. 
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4.1 Research paper 2: Behaviour of precracked RC beams strengthened using 
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h i g h l i g h t s

� The effect of precracking on beams strengthened using SNSM method was studied.
� Precracked SNSM beams have higher stiffness compared to non-precracked SNSM beams.
� The failure modes of SNSM strengthened RC beams were not affected by precracking.
� A numerical analysis based on the moment-rotation approach was presented.
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a b s t r a c t

The side near-surface mounted (SNSM) method is an alternative method used for applying fibre rein-
forced polymer (FRP) flexural strengthening on reinforced concrete (RC) beams. The SNSMmethod places
the FRP grooves at the sides of the beam, rather than at the bottom in the normal near surface mounted
(NSM) method. This research focuses on studying the performance of precracked RC beams when
strengthened with the SNSM method. Six RC beams strengthened with the side-NSM (SNSM) method
were tested in flexure. Precracked SNSM strengthened beams have reduced ultimate load by up to
3.3% and higher stiffness by up to 28.4% compared to non-precracked SNSM strengthened beams. The
modes of failure for SNSM strengthened beams was identical for the precracked beams and the equiva-
lent non-precracked beams. A simulation method based on the moment-rotation approach was also pre-
sented and was found to be reasonably accurate and able to simulate the change in stiffness caused by
precracking.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Research work on the strengthening of reinforced concrete (RC)
structures has been given much attention in the past decades, as
the deterioration of older RC structures is becoming more preva-
lent. Many developing countries have begun applying structural
strengthening extensively, especially in Bangladesh following the
disaster of the collapse of a garment factory, which caused more
than a thousand deaths. Rapid repair work using structural
strengthening methods would help prevent the loss of life and help
reduce cost by allowing the buildings to remain in use.

For many years, the material of choice for structural strengthen-
ing has been fibre reinforced polymer (FRP), due to its high
strength, light weight and no risk of corrosion. The flexural

strengthening of RC beams with FRP is usually done in two ways;
either by externally bonding (EB) the FRP reinforcement onto the
beam using epoxy adhesive or by cutting a groove into the concrete
cover of the beam and placing the FRP reinforcement into the
groove, along with epoxy adhesive. The latter method is called
the near-surface mounted (NSM) method.

The NSMmethod possesses several advantages compared to the
EB method. The NSM FRP strengthened beams have been con-
firmed to possess better durability, fatigue resistance and also
stress sharing mechanism compared to the EB FRP strengthened
beams, as the FRP reinforcement in the NSM method is embedded
into the beam [1]. Various research has also been done to deter-
mine the effect of NSM FRP on beams [2–11]. In general, it has been
found that the NSM FRP technique increases the flexural strength
of beams and reduces premature failure by debonding due to bet-
ter anchoring of the FRP reinforcement. It should be noted however
that premature failure by concrete cover separation is still a prob-
lem for NSM strengthened beams.

http://dx.doi.org/10.1016/j.conbuildmat.2016.07.066
0950-0618/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: ahmadazimshukri@gmail.com (A.A. Shukri), enggakter@gmail.
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While in both theory and lab tests the NSM method performs
well, it does face some problems in its practical usage. The
strengthened beam with the NSM method must have a sufficient
width in order to provide a necessary edge clearance and clear
spacing between the NSM grooves, the lack of which would cause
a higher possibility of premature failure by debonding due to
overlapping stresses, localized cover separation and beam edge
cover separation [4].

In response to this, a simple solution was proposed by Hosen
et al. [12], where instead of placing the NSM reinforcements at the
soffit of the beam, they are placed at the beams’ sides. The authors
called this minor modification as the side-NSM (SNSM) method.
The method not only solves the problem of overlapping stresses,
also found to increase the resistance of the strengthened beam
against the concrete cover separation failure, which is the commonly
encountered premature failure mode for NSM strengthened beams.

Hosen et al. [12] focused on testing virgin RC beams strength-
ened with the SNSM method. This paper aims to further the study
by performing experimental work on precracked SNSM strength-
ened RC beams. Thus any changes to the load-deflection behaviour
and failure modes of precracked beams strengthened with SNSM
can be determined. A method for simulating the SNSM strength-
ened RC beams will also be presented in this paper.

2. Experimental programme

2.1. Test matrix and specimen configuration

A total of seven test RC beams were cast and tested, where
one of the beams served as a control beam and the rest were

strengthened with SNSM method. The reinforcement details are
given in Table 1. The designation CB is given to the control beam.
Non-precracked strengthened specimens were designated as SNC
while precracked specimens were designated as PSNC. The desig-
nation of 8, 10 and 12 refers to the diameter of the carbon FRP
(CFRP) used in strengthening the specimens (8, 10 and 12 mm).

The specimens dimension and reinforcement details of CB and
strengthened beam are shown in Fig. 1(a) and (b) respectively.
Also, the details of placing the SNSM bar at beam side is shown
in Fig. 1(c). The cross-sectional dimensions of the specimens were
125 mm � 250 mm with a clear cover of 27 mm, and the length of
the specimens was 2300 mm, with 2000 mm as the effective span
and a shear span of 650 mm. The beams were designed as under
reinforced beams to initiate failure in flexure in accordance with
the ACI code [13].

Table 1
Test matrix.

Beam
designation

Strengthening materials

Strengthening
material

Diameter
(mm)

Number Bonded
length (mm)

Pre-cracking
load (kN)

CB Unstrengthened –

SNC8 CFRP ribbed bar 8 2 1900 –
SNC10 10 –
SNC12 12 –
PSNC8 8 22.5
PSNC10 10 30
PSNC12 12 37.5

(b) Strengthened beam 

(c) Cross-section 

800 mm 800 mm 700 mm 

2000 mm 

φ6 mm @ 50 mm c/c 
2 - φ10 mm 

2 - φ12 mm 

2000 mm 

1900 mm 

A 

A 

B 

B 

(a) Control beam 

250 mm 

125 mm 

22
5 

m
m

 

1.5 db

Epoxy 
1.5 db

SNSM Bar 

Section A-A                       Section B-B

Fig. 1. Specimen design details.

618 A.A. Shukri et al. / Construction and Building Materials 123 (2016) 617–626

Univ
ers

ity
 of

 M
ala

ya



The internal tension reinforcement for all specimens is two
deformed steel bars, 12 mm in diameter, which were bent ninety
degrees at both ends to fulfil the anchorage criteria. The compres-
sion reinforcement was provided by two reinforcement bar with
10 mm diameter deformed bars up to the shear span zone. The
shear reinforcement is plain steel bars, 6 mm in diameter, dis-
tributed along the length of the specimens but in the unalloyed
bending zone; no shear reinforcement was provided to prevent it
from influencing crack propagation in the constant moment region.

The process of SNSM strengthening was as follows:

1. Grooves of size 1.5 db � 1.5 db (where db is the diameter of the
strengthening bar) were made at the sides of the RC beams
using a diamond bladed concrete saw, as shown in Fig. 1(c).

2. A hammer and hand chisel were then used to remove the
remaining concrete lugs and to make the groove surface
rougher.

3. The grooves were then cleaned with a special wire brush and a
high-pressure air jet.

4. The grooves were filled with epoxy up to half the groove height,
and a strengthening bar was placed inside each groove.

5. The strengthening bars were then cleaned with acetone to
remove any dirt that would interfere with the bonding with
the epoxy.

6. The bar was then pressed lightly to ensure the epoxy was in full
contact with the surface of the bar.

7. More epoxy was then applied to completely fill the groove and
the surface of the epoxy was levelled.

8. A one-week period was given for each specimen to allow the
strength of the epoxy to fully develop.

2.2. Material properties

Ordinary Portland Cement (OPC) was used to fabricate the
beam, cube and prism specimens. The mix design for the concrete
is presented in Table 2. Crushed granite was used as coarse aggre-
gate and the maximum size of the coarse aggregate was 20 mm.
Quarry sand was used as fine aggregate. Fresh tap water was used
to hydrate the concrete mix during the fabrication and curing of
the beam, cube and prism specimens. The 28-day compressive
strength, tensile strength and modulus of elasticity of the concrete
obtained were 40 MPa, 4.40 MPa and 29.7 GPa, respectively deter-
mined using the ASTM C39 [14] and BS EN 12390-22009 [15].

The yield and ultimate strength of all the steel bars were
520 MPa and 570 MPa respectively. The modulus of elasticity for
all steel bars was 200 GPa. An epoxy adhesive was used for the

embedment of the SNSM bars to the concrete substrate. The epoxy
adhesive has two parts, that is, part A and part B. Part A is white in
colour while part B is black. The two parts were mixed in a ratio of
3:1 until a uniform light grey colour was achieved. The density was
1.65 kg/l at 23 �C after mixing. The compressive, tensile and shear
strengths, and the modulus of elasticity of the adhesive, as
provided by the manufacturer, are as shown in Table 3. The tensile
strength and modulus of elasticity of the CFRP bars were 1850 MPa
and 124 GPa, respectively.

2.3. Test setup and instrumentation

The beam specimen instrumentation is presented in Fig. 2. Two
vertical linear variable differential transducers (LVDT) were used to
measure the deflection at mid-span. Several strain gauges were
attached to each beam to measure the strain readings. Two 5 mm
strain gauges were attached to the CFRP bars, another two 5 mm
strain gauges were attached to the steel reinforcement at the
mid-span section of the beam and one 30 mm strain gauge was
attached to the concrete at the top of the beam. All of the strain
gauges were placed in the mid-span section of the beam. Demec
gauges were also attached along the depth of the beam at
mid-span to measure the transverse strain.

An Instron Universal Testing Machine was used to apply the
load for all the specimens under four point bending. All the data
were recorded at 10-s intervals.

3. Results and discussion

3.1. Load-deflection behaviour

The load-deflection for all the tested beams are shown in Fig. 3.
The precracked and non-precracked beam specimens show a trilin-
ear load-deflection response: (1) the elastic stage, where flexural
cracking has not occurred, (2) flexural cracking to steel yielding
stage, and (3) steel yielding to failure stage. It was noted that the
elastic stage is present in both non-precracked and precracked
beams.

A summary of the load-deflection results is given in Table 4. All
strengthened beams, precracked and non-precracked, obtained
higher ultimate load compared to the control beam, CB. The
increase in ultimate is directly proportional to the amount of SNSM
reinforcement provided. Precracking seems to affect the yield load
(Py), with PSNC10 and PSNC12 achieving a higher Py compared to
SNC10 and SNC12. However PSNC8 shows a lower Py compared
to SNC8. Due to the contradicting results no conclusion can be
drawn on the effect of precracking on the Py of SNSM strengthened
RC beams. From Table 4, it can be seen that precracking negatively

Table 2
Concrete mix design.

Slump (mm) W/C ratio Quantity (kg/m3)

Cement Coarse
aggregate

Fine
aggregate

Water

45 0.50 420 892 888 224

Table 3
Properties of epoxy adhesive.

Properties Strength (MPa)

Bond strength 21
Compressive strength 95
Tensile strength 31
Shear strength 19
Modulus of Elasticity 12,800

Fig. 2. Instrumentation and loading setup.
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effects the ultimate load (Pu) of SNSM strengthened beams. The
highest loss in Pu is seen in PSNC10, which has a 3.3% lower
ultimate load compared to SNC10.

The recorded mid span deflection at failure (Dmax) for all beams
strengthened with SNSM method shows a significant decrease
compared to CB. The decrease in maximum mid span deflection
is directly proportional to the size of CFRP bar used. The beams
strengthened with 12 mm CFRP bars showed a most severe reduc-
tion in maximum mid span deflection, with SNC12 and PSNC12
experiencing 49.76% and 58.75% decrease respectively. Precracking
was found to cause the Dmax of PSNC10 and PSNC12 to be slightly
lower in comparison to SNC10 and SNC12. PSNC8 on the other
hand have a slightly higher Dmax compared to SNC8.

The pre-yield stiffness (Ke) of the beams, which were deter-
mined by calculating the slope of the load-deflection curve in the
elastic region, are also given in Table 4. All of the SNSM strength-
ened beams show increased Ke compared to the control beam,
due to the high stiffness of the CFRP bars compared to the stiffness
of steel reinforcements. The increase in Ke is directly proportional
to the diameter of CFRP bars used. SNC8, SNC10 and SNC12 show
Ke increase of 67.36%, 86% and 90.06% respectively. On the other
hand PSNC8, PSNC10 and PSNC12 show Ke increase of 69.17%,
77.59% and 144.15% respectively. The pre-cracked beams show
higher Ke compared to the equivalent non-precracked beams, with
the exception of PSNC10 which has a Ke value that is less than that
of SNC10. The largest gain in Ke caused by precracking is seen in
beam PSNC12, which has a 28.4% higher stiffness compared
SNC12. This shows that precracked SNSM strengthened beams
can have a significantly higher tension stiffening effect compared
to non-precracked SNSM strengthened beams.

3.2. Crack width

The load versus crack width results for all the beams are shown
in Fig. 4. All of the SNSM strengthened RC beams have significantly
smaller crack width compared to the control beam CB. The reduc-
tion of crack width is proportional to the size of CFRP bar used;
beam SNC12, for example, has a much smaller crack width than
SNC8 at the same load level. From Fig. 4, it can be seen that the
crack width of precracked SNSM strengthened beams is larger than
the equivalent non-precracked SNSM strengthened beams. How-
ever the difference in crack width caused by precracking is very
slight compared to the difference in crack width caused by the size
of CFRP bar used.

3.3. Failure modes

The failure modes of the RC beams are shown in Fig. 5. Beam CB
failed by concrete crushing, as shown in Fig. 5(a). The non-
precracked beam SNC8 and the precracked specimens PSNC8 failed
by rupture of the CFRP bars. Beams SNC10 and PSNC10 also failed
by rupture of CFRP ribbed bar. Beam SNC12 and PSNC12 on the
other hand experienced premature failure.

The SNSM strengthened beams shows good resistance against
the premature failure of concrete cover separation, as beams
SNC8, SNC10, PSNC8 and PSNC10 failed through flexure by means
of rupture of the CFRP ribbed bar. This resistance against prema-
ture failure however is greatly reduced when the size of CFRP bar
is increased to above 10 mm, as seen in beams SNC12 and PSNC12
which suffered premature failure. Precracking was found to have
no effect to the failure mode of SNSM strengthened beams, as

Fig. 4. Crack behaviour of specimens.

Table 4
Summary of load-deflection results.

Beam Py (kN) %Py Pu (kN) %Pu Dmax (mm) %Dmax Ke %Ke

CB 70 – 74.37 – 33.61 – 6.37 –
SNC8 120 71.43 142.03 90.98 22.27 �33.75 10.66 67.36
SNC10 130 85.71 176.78 137.7 24.03 �28.50 11.85 86
SNC12 140 100 173.02 132.65 16.89 �49.76 12.11 90.06
PSNC8 110.136 57.34 141.54 90.32 25.99 �22.67 10.78 69.17
PSNC10 140.127 100.18 171.13 130.11 20.95 �37.68 11.31 77.59
PSNC12 157.158 124.51 169.41 125.1 13.86 �58.75 15.55 144.15

Py = yield load; %Py = percent change in yield load over the control beam; Pu = ultimate load; %Pu = percent change in ultimate load over the control beam; Dmax = mid span
deflection at failure load; %Dmax = percent change in mid span deflection at failure load; Ke = effective pre-yield stiffness; %Ke = percent change in effective pre-yield stiffness.

Fig. 3. Experimental load-deflection results.
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the precracked beams and the equivalent non-precracked beams
experienced the same mode of failure.

The modes of failure in SNC12 and PSNC12 are identical; a crack
appears in the bottom soffit of the beam, slightly in front of the
ends of the CFRP ribbed bar. As more load was applied to the
beams, the crack propagate upwards until it reached the area
above the CFRP bars, as shown in Fig. 5(d) and (g). The crack then
propagates towards the centre of the beam, causing the whole area
of concrete below it to be separated from the beam. The mode of
premature failure experienced by SNC12 and PSNC12 is similar
to the concrete cover separation that commonly occurs on FRP
strengthened beams. However in the case of SNSM strengthening
the failure can perhaps be more destructive as while the crack con-
crete cover separation failure normally stops at the shear link, the
crack in the case of SNSM would propagate above the level of the
shear link. The amount of concrete cover separated in the case of
SNSM would thus be larger than normal NSM or EB strengthening.
It is thus recommended that the size of the SNSM reinforcement
provided be less than the size of the steel reinforcement bars of
the RC beam to prevent premature failure until a better under-
standing of the premature failure mode in SNSM strengthened
beams can be established.

4. Simulation of SNSM strengthened RC beams

4.1. Segmental moment-rotation (M/h) approach

From the experimental results, it can be seen that the tension
stiffening can be affected by precracking, as the precracked SNSM
strengthened RC beams were found to have a higher stiffness than
non-precracked SNSM strengthened RC beams. This can cause
problems in accurately predicting the behaviour of SNSM strength-
ened RC beams, which is required of the method is to be used in
real world application.

Most design codes uses the effective moment of inertia pro-
posed by Branson [16] to simulate the effect of tension stiffening.
Branson’s equation is empirical in nature, which means it can be
highly inaccurate when used outside of the testing regime that
formed it. This can be seen when Hosen et al. [12] applied the
Branson’s equation to predict the load-deflection of non-
precracked SNSM strengthened RC beams, where the resulting
load-deflection curve either underestimated the yield load or
overestimated the tension stiffening.

Hence to accurately simulate the tension stiffening behaviour
of SNSM strengthened RC beams, the moment-rotation (M/h)

(a) CB 

(b) SNC8 

(c) SNC10 

(d) SNC12 

(e) PSNC8 

(f) PSNC10 

(g) PSNC12 

Fig. 5. Failure modes of beam specimens.
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approach [17–25] will be extended to allow for SNSM strengthen-
ing method. The M/h approach uses the partial-interaction theory
[23–27] to directly incorporate bond-slip relationships, thus allow-
ing it to simulate the mechanics of RC beams such as concrete
cracking, crack widening and tension stiffening without empirical
formulations to indirectly simulate them. It should be noted that
while the approach allows the mechanics of the tension stiffening
to be simulated without empiricism, material properties such as
stress-strain and bond-slip relationships still require empirical
formulations.

4.1.1. Tension stiffening simulation
Prior to flexural cracking, the reinforcements and concrete have

perfect bond, such that the reinforcements and concrete deform in
unison. Once RC beams are cracked, an imperfect bond exists
between the reinforcements and the adjacent concrete, causing
the reinforcements to slip from the concrete. This slip is governed
by the bond-slip behaviour of the reinforcement, which acts to
transfer the load from the reinforcement to the surrounding
concrete, hence causing the tension stiffening to occur. From this
it can be seen that if the partial interaction behaviour can be
simulated, the tension stiffening can be directly accounted for at
all load levels until failure without the need for any empirical
based formulations.

Simulating the tension stiffening as individual reinforcing bars
of area Ar embedded in individual concrete prisms of area Ac as
shown in Fig. 6(a) is now a relatively common practice among
researchers [23–26]. The reinforcement is located in the middle
of the prism, such that when load is applied on the reinforcement,
no moment will be induced. Slip of reinforcement is maximum at
the location of flexural crack. Bond between the steel reinforcement

and concrete gradually transfers the stress from the steel reinforce-
ment to the adjacent concrete. As certain point away from the
crack face, the slip and strain of steel reinforcement would be
reduced to zero as shown in Fig. 6(b) and (c). On the other hand,
concrete strain would be maximum at that point as all the stress
has been transferred from the steel reinforcement to the concrete.
Assuming more load is applied to the beam, the flexural crack
would widen and the concrete cracking strain, ecrack would be
reached as illustrated in Fig. 6(d). This causes primary cracks, as
shown in Fig. 6(a), to appear. A numerical model based on the
process described here was made using Matlab, which allows the
hinge length (Lcr-n) of the control beam (CB) to be determined.
The hinge length of the precracked beams were also determined
in this manner, as the precracked beams were assumed to have
primary cracks already forming prior to being strengthened using
SNSM method.

For non-precracked specimens, the steel reinforcements have
to share the available concrete area with the SNSM bars, resulting
in a much reduced concrete area as shown in Fig. 7(a). Similar
to precracked specimens, the slip and steel strain of the
non-precracked beam is gradually reduced to zero the further it
gets from the crack face while concrete strain gradually increases
as shown in Fig. 7(b)–(d). However due to the reduced concrete
area, stress transferred from steel reinforcement to the concrete
results in a much higher strain. This causes the resulting
hinge length, Lcr-n as shown in Fig. 7(a) to be much shorter than
the Lcr-pr.

Once the hinge lengths has been determined, the formation of
primary cracks means that the numerical analysis can now be
reduced to half the length of crack due to the symmetry of forces
that occurs [20]. This allows the load-slip relationship of the
reinforcements in between primary cracks to be established, which

Fig. 6. Determining hinge length of control and precracked beams.
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will be used to determine the moment-rotation of the beam
segment.

4.1.2. Moment-rotation of beam segment
Once the tensile concrete is cracked, the steel and NSM

reinforcements will begin to slip at the same rate, which is referred
to as Dr in Fig. 8(b). The bond-slip relationship between the
reinforcement and the concrete causes the loads acting on the rein-
forcements to no longer be functions of the strain profile. In this
situation, the loads of the reinforcements will be determined from
the deformation profile by using the load-slip relationships
obtained from the tension stiffening analysis. The depth of neutral
axis is then adjusted until equilibrium of forces acting on the beam
(Fig. 8(e)) is obtained. Lastly, the moment M for the rotation h is
determined. Once the moment-rotation relationship is obtained,
the moment-curvature can be determined simply by dividing
the rotation, h by Ldef. Using the moment-curvature relationship,
the load-deflection of the beam was determined using the double
integration method.

4.2. Material models

Several material models were used in the tension stiffening
simulation and moment-rotation simulation. The bond-slip model
from the CEB-FIP [28] was used to obtain the tension stiffening
load-slip relationship of the steel reinforcements. For the SNSM
reinforcements, the bond-slip model proposed by Lorenzis [29]
was used:

s ¼ smax
d

dmax

� �a

for d 6 dmax ð1Þ

s ¼ smax
d

dmax

� �a 0
for d � dmax ð2Þ

where s is the bond stress, smax is the maximum bond stress, s is the
slip and sm is slip corresponding to smax. The full list of parameters
used for the bond-slip model for NSM FRP bars is provided in
Table 5, where the parameters are empirically derived by De
Lorenzis [29] for RC beams strengthened with NSM FRP ribbed bars,

Fig. 8. Segmental M/h analysis.

Fig. 7. Determining hinge length of non-precracked beams.
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with the exception of smax which 21 MPa based on the value of bond
strength given by the manufacturer of the epoxy adhesive.

The empirical stress-strain model by Popovics [30] was used to
create the size-dependent stress-strain relationship of concrete
[27]. A bilinear stress-strain model was adopted for the steel rein-
forcement, with a strain hardening modulus of 250 MPa.

4.3. Validation of segmental moment-rotation simulation

The segmental moment-rotation simulation was validated
against the experimental results. A comparison of the simulated
and experimental load-deflection curves is given in Fig. 9. The
simulated failure mode of SNC8, SNC10, PSNC8 and PSNC10 is
FRP rupture, which is similar to the experimental failure mode.
However the moment-rotation approach is currently unable to
simulate the concrete cover separation failure, which is the failure
mode of SNC12 and PSNC12. Apart from this problem, all the
simulated load-deflection curves follows the general shape of
the experimental load-deflection curves reasonably well.

A summary of the simulated and experimental load-deflection
comparison in given in Table 6. The largest deviation between

Fig. 9. Comparison of simulated and experimental load-deflection curves.

Table 5
Parameters for bond-slip of NSM FRP.

Parameter Value

dmax (mm) 0.162
smax (mm) 21
a 0.8
a0 �0.66
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the simulated and experimental yield load (Py) is seen in beam
SNC12, which has a deviation of 5%. For ultimate load, the largest
deviation is from beam SNC10 which has a deviation of 12%. The
reason for this deviation is that the simulated result experiences
FRP rupture earlier than the experimental result. The earlier FRP
rupture also causes the simulated maximum deflection of beam
SNC10 to be considerably high at 20%. However apart from beam
SNC10 no other simulated beam results show this amount of devi-
ation. Excluding beam SNC10, the largest deviation for ultimate
load is seen in beam PSNC10 at 7% while the largest deviation for
maximum deflection values is seen in beam PSNC8 which has a
8% deviation.

For effective stiffness at pre-yield, the largest deviation between
simulated and experimental result is from beam PSNC10 with 14%
deviation. The large deviation might be caused by the assumption
that concrete cracking is assumed to have occurred along the
whole length of beam PSNC10 due to the applied precracking. This
assumption is not wholly accurate as the applied precracking load
is fairly low and thus there should be some areas of the beam that
has not experienced concrete cracking. However, the difference in
stiffness becomes less apparent at higher applied load and thus the
moment-rotation approach used is capable to simulate the change
in stiffness due to precracking with acceptable accuracy.

5. Conclusion

An experimental programme was conducted to test the viability
of the SNSM method in strengthening precracked RC beams. A
mechanics-based moment-rotation approach for simulating the
SNSM strengthened beams was also proposed. From the study,
the following conclusions were made:

� The ultimate load of SNSM strengthened RC beams is reduced
by up to 3.3% due to precracking.
� The stiffness of precracked SNSM strengthened RC beams was
found to be higher than the stiffness of non-precracked SNSM
strengthened RC beams by up to 28.4%.
� The failure modes of the precracked beams are identical to its
equivalent non-precracked beams. It can thus be concluded that
the failure modes of SNSM strengthened RC beams are not
affected by precracking.

� Both the precracked and non-precracked RC beams strength-
ened by SNSM using 12 mm CFRP bars failed by concrete cover
separation. It is thus recommended that the size of the CFRP bar
used in SNSM strengthening method be less than the size of the
steel reinforcement bars used in the RC beam.
� The segmental M/h approach can be used to simulate the
behaviour of SNSM strengthened RC beams with acceptable
accuracy. Additionally, by changing the amount of concrete area
acting on the reinforcements, the M/h approach allows the
difference in stiffness between non-precracked and precracked
SNSM strengthened RC beams to be simulated without the need
for empirical means.
� Suggestions for future research on SNSM technique includes the
application of SNSM on RC beams with high strength concrete
as well as the effect of SNSM bond lengths.

Acknowledgement

Financial support from the University of Malaya, Grand
Challenge – SUS (Sustainability Science) Grant, project number
GC003A-15SUS is gratefully acknowledged.

References

[1] I.A. Sharaky, L. Torres, M. Baena, C. Miàs, An experimental study of different
factors affecting the bond of NSM FRP bars in concrete, Compos. Struct. 99
(2013) 350–365.

[2] K.M.U. Darain, S. Shamshirband, M.Z. Jumaat, M. Obaydullah, Adaptive neuro
fuzzy prediction of deflection and cracking behavior of NSM strengthened RC
beams, Constr. Build. Mater. 98 (2015) 276–285.

[3] J.A. Barros, A. Fortes, Flexural strengthening of concrete beams with CFRP
laminates bonded into slits, Cem. Concr. Compos. 27 (4) (2005) 471–480.

[4] L. De Lorenzis, J.G. Teng, Near-surface mounted FRP reinforcement: an
emerging technique for strengthening structures, Compos. Part B: Eng. 38 (2)
(2006) 119–143.

[5] J.R. Yost, S.P. Gross, D.W. Dinehart, J.J. Mildenberg, Flexural behavior of
concrete beams strengthened with near-surface-mounted CFRP strips, ACI
Struct. J. 104 (4) (2007).

[6] M. Badawi, K. Soudki, Flexural strengthening of RC beams with prestressed
NSM CFRP rods – Experimental and analytical investigation, Constr. Build.
Mater. 23 (2009) 3292–3300.

[7] W.C. Tang, R.V. Balendran, A. Nadeem, H.Y. Leung, Flexural strengthening of
reinforced lightweight polystyrene aggregate concrete beams with near-
surface mounted GFRP bars, Build. Environ. 41 (10) (2006) 1381–1393.

[8] F. Al-Mahmoud, A. Castel, R. François, C. Tourneur, Strengthening of RC
members with near-surface mounted CFRP rods, Compos. Struct. 91 (2) (2009)
138–147.

[9] S.M. Soliman, E. El-Salakawy, B. Benmokrane, Flexural behaviour of concrete
beams strengthened with near surface mounted fibre reinforced polymer bars,
Can. J. Civil Eng. 37 (10) (2010) 1371–1382.

[10] F. Al-Mahmoud, A. Castel, R. François, C. Tourneur, RC beams strengthened
with NSM CFRP rods and modeling of peeling-off failure, Compos. Struct. 92
(8) (2010) 1920–1930.

[11] R. Kotynia, Bond between FRP and concrete in reinforced concrete beams
strengthened with near surface mounted and externally bonded
reinforcement, Constr. Build. Mater. 32 (2012) 41–54.

[12] M.A. Hosen, M.Z. Jumaat, A.B.M.S. Islam, Side Near Surface Mounted (SNSM)
technique for flexural enhancement of RC beams, Mater. Des. 83 (2015) 587–
597.

[13] ACI 318-11, Building Code Requirements for Structural Concrete and
Commentary, ACI Committee 11 (2011) 503.

[14] ASTM C39/C39M-14a, Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens, ASTM Int’l, 2014.

[15] British Standards Institution, Testing Hardened Concrete – Part 5: Flexural
Strength of Test Specimens Testing Hardened Concrete, BS EN (2009) 1–14.
12390-22009.

[16] D.E. Branson, Deformation of concrete structures, McGraw, 1977.
[17] J.E. Daniell, D.J. Oehlers, M.C. Griffith, M.S. Mohamed Ali, T. Ozbakkaloglu, The

softening rotation of reinforced concrete members, Eng. Struct. 30 (2008)
3159–3166;
R. Muhamad, D. Oehlers, M.M. Ali, Discrete rotation deflection of RC beams at
serviceability, Proc. ICE Struct. Build. 164 (2011) 1–14.

[18] D.J. Oehlers, M. Haskett, M.S. Ali, W. Lucas, R. Muhamad, Our obsession with
curvature in rc beam modelling, Adv. Struct. Eng. 14 (2011) 391–404.

[19] D. Oehlers, P. Visintin, T. Zhang, Y. Chen, D. Knight, Flexural rigidity of
reinforced concrete members using a deformation based analysis, Concr. Aust.
(2012) 1–9.

Table 6
Summary of simulated and experimental results.

Beam Results Py (kN) Pu (kN) Dmax (mm) Ke

SNC8 Simulated 112.32 137.56 20.73 9.67
Experimental 120.00 142.03 22.27 10.66
Simulated/Experimental 0.94 0.97 0.93 0.91

SNC10 Simulated 128.40 155.56 19.29 11.34
Experimental 130.00 176.85 24.03 11.85
Simulated/Experimental 0.99 0.88 0.80 0.96

SNC12 Simulated 146.62 169.89 16.94 12.77
Experimental 140.00 173.02 16.89 12.11
Simulated/Experimental 1.05 0.98 1.00 1.05

PSNC8 Simulated 112.31 142.10 23.79 10.96
Experimental 110.14 141.54 25.99 10.78
Simulated/Experimental 1.02 1.00 0.92 1.02

PSNC10 Simulated 133.90 159.94 20.29 12.85
Experimental 140.13 171.13 20.95 11.31
Simulated/Experimental 0.96 0.93 0.97 1.14

PSNC12 Simulated 151.13 165.56 13.95 13.82
Experimental 157.16 169.41 13.86 15.55
Simulated/Experimental 0.96 0.98 1.01 0.89

Py = yield load; Pu = ultimate load; Dmax = mid span deflection at failure load;
Ke = effective pre-yield stiffness.

A.A. Shukri et al. / Construction and Building Materials 123 (2016) 617–626 625

Univ
ers

ity
 of

 M
ala

ya

http://refhub.elsevier.com/S0950-0618(16)31165-5/h0005
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0005
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0005
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0010
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0010
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0010
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0015
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0015
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0020
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0020
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0020
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0025
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0025
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0025
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0030
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0030
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0030
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0035
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0035
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0035
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0040
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0040
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0040
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0045
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0045
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0045
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0050
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0050
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0050
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0055
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0055
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0055
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0060
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0060
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0060
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0065
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0065
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0070
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0070
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0070
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0075
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0075
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0075
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0080
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0080
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0085
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0085
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0085
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0090
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0090
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0095
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0095
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0100
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0100
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0100


[20] P. Visintin, D.J. Oehlers, C. Wu, M. Haskett, A mechanics solution for hinges in
RC beams with multiple cracks, Eng. Struct. 36 (2012) 61–69.

[21] D. Knight, P. Visintin, D.J. Oehlers, M.S. Mohamed Ali, Simulating RC beams
with unbonded FRP and steel prestressing tendons, Compos. Part B: Eng. 60
(2014) 392–399.

[22] A.A. Shukri, K.M. Darain, M.Z. Jumaat, The tension-stiffening contribution of
NSM CFRP to the behavior of strengthened RC beams, Materials 8 (2015)
4131–4146.

[23] M. Haskett, D.J. Oehlers, M.S. Mohamed Ali, Local and global bond
characteristics of steel reinforcing bars, Eng. Struct. 30 (2008) 376–383.

[24] R. Muhamad, M.S. Mohamed Ali, D. Oehlers, A. Hamid Sheikh, Load-slip
relationship of tension reinforcement in reinforced concrete members, Eng.
Struct. 33 (2011) 1098–1106.

[25] R. Muhamad, M.S. Mohamed Ali, D.J. Oehlers, M. Griffith, The tension stiffening
mechanism in reinforced concrete prisms, Adv. Struct. Eng. 15 (2012) 2053–
2069.

[26] A.K. Gupta, S.R. Maestrini, Tension stiffness model for reinforced concrete bars,
J. Struct. Eng. 116 (1990) 769–790.

[27] Y. Chen, P. Visintin, D.J. Oehlers, U.J. Alengaram, Size dependent stress-strain
model for unconfined concrete, J. Struct. Eng. 140 (4) (2013) 04013088.

[28] Comite Euro-International du Beton (CEB-FIP). CEB-FIP model code 1990.
Bulletin D’Information No. 213/214 (Concrete Structures), Lausanne,
Switzerland; 1993.

[29] L. De Lorenzis, Anchorage length of near-surface mounted fiber-reinforced
polymer rods for concrete strengthening – analytical modeling, ACI Struct. J.
101 (2004) 375–386.

[30] S. Popovics, A numerical approach to the complete stress–strain curve of
concrete, Cem. Concr. Res. 3 (5) (1973) 583–599.

626 A.A. Shukri et al. / Construction and Building Materials 123 (2016) 617–626

Univ
ers

ity
 of

 M
ala

ya

http://refhub.elsevier.com/S0950-0618(16)31165-5/h0105
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0105
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0110
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0110
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0110
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0115
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0115
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0115
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0120
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0120
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0125
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0125
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0125
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0130
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0130
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0130
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0135
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0135
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0140
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0140
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0150
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0150
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0150
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0155
http://refhub.elsevier.com/S0950-0618(16)31165-5/h0155


83 

4.2 Research paper 3: Parametric study for concrete cover separation failure 

of retrofitted SNSM strengthened RC beams 

 

 

Published in Mechanics of Advanced Materials and Structures 

 

Article history: 

Received 2 November 2017 

Accepted 24 May 2018 

 

 

Univ
ers

ity
 of

 M
ala

ya



MECHANICS OF ADVANCED MATERIALS AND STRUCTURES
, VOL. , NO. , –
https://doi.org/./..

ORIGINAL ARTICLE

Parametric study for concrete cover separation failure of retrofitted SNSM
strengthened RC beams

Ahmad Azim Shukria, Mohd Fazaulnizam Shamsudinb, Zainah Ibrahima, and U. Johnson Alengarama

aFaculty of Engineering, University of Malaya, Kuala Lumpur, Malaysia; bDepartment of Civil Engineering, University of Nottingham,
Nottingham, UK

ARTICLE HISTORY
Received  November 
Accepted  May 

KEYWORDS
Near-surface mounted;
numerical analysis; partial
interaction; reinforced
concrete; side-NSM

ABSTRACT
The side near-surface mounted (SNSM) method is a new flexural strengtheningmethod for reinforced con-
crete (RC) beamswhichwas proposed to allownear-surfacemounted (NSM) strengthening to be applied on
beamswith small width. As a relatively new strengtheningmethod, further studies are needed to determine
the effects of strengthening parameters on the flexural performance of RC beams. In response to that, this
paper presents a parametric study on the concrete cover separation failure of SNSM strengthened beams
using a simulation method based on the moment-rotation (M/θ ) approach.

1. Introduction

Reinforced concrete (RC) structures tend to face some degree of
strength loss due to aging. To restore the lost strength, or even
increase the structural strength beyond the original strength,
structural strengthening [1]–[3] can be applied. Among the
newer strengthening method is near-surface mounted (NSM)
method [4]–[13]. The NSMmethod consists of NSM reinforce-
ments, which is usually some form of fiber reinforced polymers
(FRP) that is placed within a groove made at the soffit of RC
beams to strengthen it in flexure.

Among the problemswith applying theNSMmethod is that it
requires the RC beam to be considerably wide. A closely spaced
arrangement ofNSMbarswill cause an overlap of stresses, which
causes the tensile stress at the concrete-epoxy interface to be
magnified and cause concrete split failure [14]. The ACI 440
guideline, based on the researchwork of [15] states that themin-
imum clear groove spacing for NSM bars should be greater than
twice the depth of the groove to avoid the overlapping of stresses,
while the edge distance should be four times the depth of the
groove to minimize edge effects. To make the NSM method
applicable to beams with small width, a minor modification to
theNSMmethodwas introduced. Themodifiedmethod, named
side-NSM (SNSM) method changes the location of the NSM
reinforcement from the soffit of the RC beam to the side of the
beam at the same level as the tension reinforcement. Addition-
ally, the SNSM method allows strengthening to be applied on
beams with walls beneath them [16].

The SNSM method is a relatively new method; there are
very limited research that has been done on the SNSM method
thus far. Hosen et al. [17] used FRP and steel bars as SNSM
reinforcements; it was reported that the FRP bars gives a higher
ultimate load but lower ductility while the steel bars is the oppo-
site with lower ultimate load but higher ductility. The newest

CONTACT Zainah Ibrahim zainah@um.edu.my Department of Civil Engineering, Faculty of Engineering, University of Malaya, Kuala Lumpur , Malaysia.
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study on SNSM was done by Sharaky et al. [16] who performed
experimental study onGFRP SNSM strengthened beams, where
the GFRP bars have ends that are bent into different degrees of
inclinations. The bent end conditions for SNSM method was
found to be less beneficial compared to bottom NSM, which
have good confinement due to the bent ends being encased in
concrete.

Shukri et al. [18] studied the behavior of SNSM strengthened
RC beams that has been applied a precracking load. The pre-
cracking loads were used to induce flexural cracks on beams
prior to strengthening them with the SNSM method. The pur-
pose was to simulate the condition of actual beams which would
have flexural cracks due to service load prior to being retrofitted.
For the sake of brevity, beams that are applied precracking load
prior to being strengthened will be referred to as retrofitted
beams for the rest of this paper. Shukri et al. [18] reported that
SNSM retrofitted beams have a slight decrease in ultimate load
of up to 3.3% compared to virgin SNSM strengthened beams.
Importantly, it was found that the SNSMretrofitted beamshave a
higher flexural stiffness than SNSMstrengthened beamswithout
pre-existing flexural cracks. To study this occurrence, Shukri et
al. [18] performed an analysis using the moment rotation (M/θ)
approach; further detail on theM/θ will be given later. From the
analysis, it was found that the retrofitted beams have a longer
crack spacing compared to virgin strengthened beams due to
the larger concrete area adjacent to the steel reinforcement when
the flexural cracks formed. The longer crack spacing causes the
resulting curvature to be smaller compared to virgin strength-
ened beams at the same value of moment.

One important characteristic of the SNSM method that can
be determined from the experimental works that has been done
so far is that concrete cover separation is the sole mode of pre-
mature failure. Premature failures refer to failure modes for
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strengthened RC beams that occur prior to the rupture of the
strengthening reinforcements. The concrete cover separation
[19]–[21], also called end debonding or end cover separation,
is the failure mode commonly reported in experimental works
on NSM strengthened RC beams. The debonding crack forms
near the curtailment location of NSM reinforcement, which
then propagates upwards until it reaches the shear link of the
NSM strengthened beam. The crack then propagates horizon-
tally, causing theNSM reinforcement to be debonded alongwith
the concrete cover of the beam.

It is clear that there need to be a study done on the concrete
cover separation failure of SNSM strengthenedRCbeams. Addi-
tionally, the parametric study should involve SNSM retrofitted
RC beams so that the study is relatable to actual beams. To
this end, this paper aims to study the effect of several selected
parameters on the concrete cover separation failure of retrofitted
and virgin SNSM strengthened RC beams by using the M/θ
approach. The M/θ approach [18], [22]–[36] is a relatively new
simulation method. The main characteristic of this approach is
the application of the partial interaction theory [37]–[39], which
to summarize states that where a tensile crack intercepts a rein-
forcing bar, infinite strains are theoretically induced in the rein-
forcing bar that must be relieved by a slip between the steel rein-
forcement and the concrete. By applying a numerical solution
to simulate the slip of steel reinforcement, various mechanics
of RC beams, such as the formation of flexural cracks, widen-
ing of flexural cracks and tension stiffening can be accounted
for. The advantage that theM/θ approach has over conventional
moment-curvature (M/χ) approach is the fact that it can readily
simulate these mechanics without resorting to empirical formu-
lations, such as the use of Branson’s equation to simulate tension
stiffening. It should be noted that while the M/θ approach can
directly simulate mechanics of RC beams, empirical formula-
tions in terms ofmaterial models are still needed, such as stress–
strain models and bond stress-slip models.

Previously Shukri et al. [18] extended the M/θ approach to
simulate the behavior of SNSM strengthened RC beams. The
simulated load–deflection curve could follow the general shape
of the experimental load–deflection curve well. The proposed
method however was not suitable for parametric study as it
could not simulate concrete cover separation, which is a type of
debonding found to occur on SNSM strengthened beams tested.
This paper will further extend the existing M/θ approach to
allow it to simulate concrete cover separation of SNSM strength-
ened RC beams. In the initial sections of this paper, the funda-
mental mechanics of theM/θ approach will first be presented. A
numerical tension stiffening simulation will then be presented,
followed by the M/θ simulation. The method used to simulate
the effect of concrete cover separation on SNSM strengthened
RC beamswill then be shown, alongwith the difference involved
when applying the method on virgin and retrofitted beams. The
proposed method is then validated against published experi-
mental results. Parametric study would then be done on several
selected parameters.

2. Tension stiffening simulation

In undisturbed regions of an SNSM strengthened RC beam,
which remains without any flexural cracks, there exists perfect
bonding between the steel and SNSM reinforcements and the

concrete adjacent to them, where there is strain compatibility
between the reinforcements and the adjacent concrete and no
slip of reinforcement occurs. Once flexural cracks form, par-
tial interaction causes both the steel and SNSM reinforcement
begins to slip from the concrete. Consider the tension stiffening
prism in Figure 1(b), which ismade up of the steel reinforcement
and the adjacent concrete. The load applied on the beam causes
the pullout force Pr, which in turn causes the steel reinforcement
and SNSM reinforcement to slip by an amount δr; the steel rein-
forcement and SNSM reinforcement will have the same amount
of slip as both have the same height from beam soffit. Due to the
bond that exists between steel/SNSM reinforcement and con-
crete, the pullout force is gradually transferred from and onto
the adjacent concrete. As the pullout force is reduced, the slip
also gradually drops further away from the crack face as shown
in Figure 1(c).

As the load applied on the beam is increased, the amount
of load transferred to the concrete will also become higher;
this causes the steel reinforcement strain, εr to decrease while
the concrete strain, εc increases as shown in Figure 1(d) and
(e), respectively. Once the concrete strain reaches the concrete
cracking strain, εcr, a primary crack will form. The mechanism
described herewill continue until there are primary cracks along
the length of the beam with a crack spacing of Scr as shown
in Figure 1(a); the value of Scr here represents the minimum
crack spacing, although when moment gradient is present on
the beam, which tends to be the case, it is more likely and con-
servative to take the spacing as Scr [24]. With the formation of
primary cracks, the loading of each RC beam segment becomes
symmetric, as shown in Figure 1(f). As such only the half-length
of the RC section, Ldef, needs to be considered [24]. The distri-
bution of slip within beam section of length Scr is as shown in
Figure 1(g), while the strain of reinforcement and strain of con-
crete is shown in Figure 1(h) and (i), respectively; the symmetry
seen in these three figures reflect the symmetry of forces acting
on the beam section.

To consider the effects of concrete cover separation on SNSM
strengthened beams, consider the comparison of tension stiffen-
ing prism size in the strengthened section of the beam and the
debonded section of the beam is given in Figure 2(b) and (c)
respectively. When concrete cover separation occurs, as shown
in Figure 2(a), the SNSM reinforcement in the debonded sec-
tion no longer contributes to the beam and only the tensile steel
reinforcement needs to be considered. Since the SNSM is applied
on the side of the beam, the tension stiffening prism of the ten-
sile steel reinforcement is not affected, as shown in Figure 2(c).
This contrasts with NSM strengthened beams, where the steel
reinforcements will have a reduced tension stiffening prism size
when concrete cover separation occurs [32].

For analysis purpose, the tension stiffening prism’s depth can
be taken as 2c, where c is the distance from beam soffit to center
of the steel reinforcement [29], [40]. The width of the prism for
SNSM reinforcement is taken as the groovewidth, while for steel
reinforcement thewidth is the sumof the diameters of steel rein-
forcement and shear link and two times of any remaining width
of the concrete cover that is not part of the SNSM groove.

A numerical tension stiffening simulation based on the par-
tial interaction theory has been applied by many researchers
to simulate the slip of steel reinforcement [32], [35], [37]–
[39], which will serve as the basis for the numerical procedure
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MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 3

Figure . Formation of primary cracks: (a) SNSM strengthened RC beam; (b) tension stiffening prismwith variable length; (c) distribution of reinforcement slip; (d) distribu-
tionof reinforcement strain; (e) distributionof concrete strain; (f ) tension stiffeningprismof length Scr; (g) distributionof reinforcement slip; (h) distributionof reinforcement
strain; and (i) distribution of concrete strain.

presented here. The numerical analysis firstly determines the
length of primary crack spacing, Scr. The analysis is then reduced
to half the crack spacing, Ldef which ends with a load-slip rela-
tionship for the steel reinforcement and the SNSM reinforce-
ment each. It should be noted that the numerical procedure is
the same for either SNSM or steel reinforcement, but the crack
spacing Scr is controlled by the steel reinforcement; hence the
numerical tensions stiffening simulation should be performed
on the steel reinforcement first so that Scr and Ldef can be deter-
mined. The numerical procedure is similar to the one used by
Shukri and Jumaat [32]; the procedure is reproduced here for
readers’ easy reference and is explained below:

1. The tension stiffening prism is made up of concrete area
Ac and steel reinforcement area Ar. The prism is then
divided into elements of length Ls; in this paper the Ls
is taken to be 0.1 mm, which is small enough such that
the stresses and strains acting along each element can be
considered constant.

2. At the location of crack, an initial value of slip, δ(1) is
set. The load acting on the concrete, Pc(1) is zero as the
concrete-concrete interface is not touching. The load act-
ing on the steel reinforcement, Pr(1) is assumed.

3. The bond force acting on the steel reinforcement is B(1)
= τ (1)LperLs, where τ (1) is determined using any proper
bond stress-slip model while Lper is the circumferen-
tial perimeter of the reinforcement. The strain of steel
reinforcement is εr = Pr(1)Ar/Er where Er is the rein-
forcement’s elastic modulus. The change in slip from this
prism element to the next is �δ(1) = (εr(1) – εc(1))Ls.

4. The slip in the next prism element is δ(2) = δ(1)
– �δ(1). The forces acting on the reinforcement
and concrete are Pr(2) = Pr(1)–B(1) and Pc(2) =
Pc(1)+B(1), respectively. The concrete strain is εc =
Pc(i+1)Ac/Ec where Ec is the concrete modulus. This
procedure is repeated for the next prism element as
well.

5. Steps 2–4 are repeated with different values of assumed
Pr(1) until the initial slip δ(1) can be reduced to 1% of
its value by δ(n), where n refers to number of prism ele-
ments required

6. Steps 2–5 are continued until εc � εct, where εct is the
concrete cracking strain. The primary crack length Scr
can be determined from the total length of prism ele-
ments from δ(1) to δ(n).
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4 A. A. SHUKRI ET AL.

Figure . Concrete cover separation on SNSM strengthened RC beams: (a) side
view of debonded SNSM strengthened beam; (b) SNSM strengthened beam cross-
section prior to debonding; and (c) SNSM strengthened beam cross-section prior to
debonding.

7. With the formation of primary crack, steps 1–5 are then
repeated with total prism element length n limited to
Ldef = Scr/2. The steps are repeated and the values are
recorded until a load-slip (Pr/δ) relationship for the steel
reinforcement is obtained.

8. Step 7 is then repeated with the SNSM reinforcement to
obtain the (Pr/δ) relationship for the SNSM reinforce-
ment. Note that Scr is controlled by steel reinforcement
and not the SNSM reinforcement, so procedure 6 does
not need to be repeated with the SNSM reinforcement.

3. Moment-rotation simulation

With the load-slip relationship of the steel reinforcement and
SNSM reinforcement determined, the M/θ simulation can now
be performed.Consider Figure 3, where a beam section of length
Ldef is rotated by θ degree due tomomentM.While the RCbeam
is uncracked, the forces that causes deformation on the beam as
shown in Figure 3(a) is to be determined using the stress–strain
relationships of each material. The depth of neutral axis dna is
then adjusted until equilibrium of forces is achieved; the actual
value of momentMwhich causes rotation θ is then determined.
To take into account the formation of concrete wedges and the
resulting concrete softening, the stress–strain model for con-
crete presented by Popovics [41] was used. As the stress–strain
of concrete is size dependent, the concrete stress–strain is com-
monly adjusted for size [22, 33, 42–44] with the size-dependent
stress–strain method by Chen et al. [42].

When flexural cracking occurs, slip of reinforcements
occur such that the strains of both the SNSM reinforcements
and steel reinforcements are no longer constant along length
Ldef. The forces acting on the steel reinforcement and SNSM

reinforcements is thus determined using the load-slip relation-
ship obtained from the tension stiffening analysis, where the slip
δr is determined from the deformation profile in Figure 3(a).
Note that the value of slip δr applies to both SNSM reinforce-
ments and steel reinforcements, as both have the same value of
slip. The dna was again adjusted until equilibrium of forces was
obtained, after which the value ofMwas determined. The whole
process was repeated for different values of θ in order to obtain
aM/θ relationship. From there to obtain theM/χ relationship is
only a matter of dividing the θ with Ldef. Two types of M/χ are
needed to simulate the whole SNSM strengthened RC beam:

1. The moment-curvature of the strengthened section of
the beam, (M/χ)s

2. The moment-curvature of the debonded/unstrengt-
hened section of the beam, (M/χ)u

4. Determining load–deflection relationship and
simulating concrete cover separation

The procedure to determine the load–deflection of the SNSM
strengthened beam will be presented here. To take into account
the occurrence of concrete cover separation failure, the global
energy balance approach (GEBA) [45–48] will be used in con-
junction with the M/θ approach. The fundamental principle for
GEBA is that it assumes that debonding cracks will always occur
on strengthened RC beams; it is then only a matter of deter-
mining whether there is enough strain energy for this debond-
ing crack to propagate to cause failure for the SNSM strength-
ened RC beam. The bending strain energy can be obtained using
the M/χ of the strengthened and debonded state of beam at
the location of SNSM curtailment as shown in Figure 4. With
assumption that moment remains constant due to sudden pro-
cess in debonding propagation, the strain energy released during
debonding is thus the area Wa in Figure 4.

From the value of Wa, the energy release rate (Ga) is then
determined as:

Ga = Wa

b× �L
(1)

where b is the width of debonding crack, which is taken as two
times the width of the SNSM groove and �L is the change in
debonding crack length, which is taken as 1 mm for gradual
propagation of the debonding crack. The value of Ga is then
compared against the fracture strength of concrete, Gmax. When
Ga >Gmax, the debonding crack will progress toward the center
of the beam. The load at which this occurs will be referred to as
the debonding load, Pd in this manuscript. However this does
not mean that the beam has completely failed but rather that the
debonding crack has progressed by the length �L. Shukri and
Jumaat [32] proposed a procedure for gradual propagation of
the debonding crack, which will be used in this manuscript.

A value of load FP is set and a debonded length, Ld is assumed
to have already formed on at the location of curtailment. When
applying the GEBA on beams strengthened with FRP sheet [48]
or NSM [32] it is assumed that the shear crack that causes the
debonding propagates at an angle of 45° to the beam axis until it
reaches the shear link, which means the length of Ld is equal to
the concrete cover’s depth as shown in Figure 5(a) and Figure
5(b). This assumption does not apply to SNSM strengthened
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MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 5

Figure . Moment-rotation analysis: (a) beam segment and deformation profile; (b) strain profile; (c) stress profile; and (d) force profile.

Figure . Difference in M/χ at location of SNSM curtailment before and after prop-
agation of debonding crack.

beams since the shear link is not above the SNSM reinforcement,
but at its side. From the experimental studies on SNSM strength-
ened beams [16–18], it was noted that the shear crack starts to
propagate horizontally as it reaches the SNSM reinforcement,
such that Ld = 0 as shown in Figure 5(c).

Figure . Initial debonded length for different strengthening methods: (a) FRP
sheet or plate; (b) NSM reinforcement; and (c) SNSM reinforcement.

In this paper, the change in debonding crack length, �L is
taken as 1 mm in the beginning. An initial load, Fa is applied
on the simulated beam. The applied moment, Ma is then deter-
mined and the commonly used double integration method is
then used to determine the deflection by using (M/χ)s, and
(M/χ)u for the strengthened and nonstrengthened sections of
the beam respectively. The value of Ga at the end of the location
of SNSMcurtailment is then determined; if Ga >Gmax, the�L is
increased by 1mm. The value of Ga is then calculated again, and
this process is repeated until Ga < Gmax. The debonded length
Ld is then increased by �L and the applied load Fa is increased
and the whole procedure is repeated. At some value of Ma it will
no longer possible to determine the value of deflection as the
applied moment Ma is beyond the range of moment in (M/χ)u.
The failure load has then been reached and the beam has expe-
rienced debonding failure. Alternatively, if this does not occur
and the applied Ma exceeds the range of (M/χ)s instead, then
the beam does not fail by concrete cover separation. The proce-
dure to obtain the load–deflection relationship of SNSM beam
discussed here is also shown as a flowchart in Figure 6.

5. Simulating SNSM retrofitted RC beams

The differences involved when simulating SNSM retrofitted RC
beam will be presented here. To reiterate, retrofitted RC beams
refer to RC beams that have been in service prior to being
strengthened; a strengthened virgin beam on the other hand is
not.Whilemost lab work focuses on strengthened virgin beams,
their results may not be identical to real world results. When a
beam needs to be retrofitted or strengthened, there will already
be primary cracks already present on the beams. The primary
crack spacing of these beams, Scr-s, is likely to be smaller than
the primary crack spacing of strengthened virgin beams, Scr-v as
shown in Figure 7.

For SNSM strengthened beams, Shukri et al. [18] showed
that the difference in crack spacing is due to the change in
tension stiffening prism size. Prior to being retrofitted, the
tension stiffening prism is taken to be 2 c times the width of
the beam divided between the number of steel reinforcements.
The tension stiffening prism size is thus larger compared to the
size for strengthened RC beam, as shown in Figure 7(a). When
the beam is retrofitted, the beam will have the tension stiffening
prism size reduced, but the primary cracks will have occurred
and the crack spacing will be Scr-v. The combination of a smaller
tension stiffening prism and longer crack spacing causes the
curvature of a retrofitted beam to be smaller compared to the
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Start

Determine Ga

Is Ga>Gmax?

Apply load Fa and determine the resulting Ma

∆L=∆L + 1mm

∆L=1mm

Insert beam geometric
properties and (M/θ)s and 

(M/θ)u relationships

Determine maximum beam deflection by 
double integration method using (M/χ)s and 

(M/χ)u relationships

Ld=Ld+∆L

Is it possible to obtain 
deflection? No End

Yes

Yes

Record Fa
and the 

resulting 
deflection of 

beam. 

No

Divide θ by Ldef to obtain (M/χ)s and (M/χ)u relationships

Increase Fa

Figure . Flowchart for determining the load–deflection of NSM strengthened
beams.

curvature of a virgin beam for a similar value of moment. This
results in the flexural stiffness of retrofitted beams to be higher
than strengthened virgin beams.

While a retrofitted beam may have some existing primary
cracks, the low moment regions of the beam may still be undis-
turbed, as shown in Figure 7(c). If load is applied such that
primary cracks appear on these low moment regions after
being retrofitted, the crack spacing will be Scr-v corresponding
to the crack spacing for the smaller tension stiffening prism
for strengthened RC beam as shown in Figure 7(b). For sim-
plicity, the behavior of an SNSM retrofitted beam can sim-
ply be determined by using the crack spacing of Scr-s for the
entirety of the beam with good correlation between simulated
and experimental results [18]. When applying GEBA on SNSM
retrofitted beam, however, it is more conservative and accu-
rate to use Scr-v for the regions near the end of the SNSM
reinforcement.

To summarize, GEBA procedure for SNSM retrofitted beam
as discussed in the previous section is still applicable here, with
one change: when calculating the Ga, the rotation, θ for (M/θ)s
and (M/θ)u are divided by Ldef-v instead of Ldef-s to obtain
(M/χ)s and (M/χ)u, respectively. Ldef-v and Ldef-s are half of the
primary crack spacing Scr-v and Scr-s, respectively.

Table . Details of SNSM strengthened RC beams.

Beam designation dn (mm) Pcr (kN)

SNC  —
SNC  —
SNC  —
PSNC  .
PSNC  
PSNC  .

Note: Msnsm =material for SNSM reinforcement; dn = diameter of
SNSM reinforcement; Pcr = precracking load.

6. Validation using experimental results

The experimental results by Shukri et al. [18] will be used to val-
idate the proposed method. The load versus mid-span deflec-
tion results of six SNSM strengthened RC beams are available,
with three of the beams applied precracking loads (Pcr) of 22.5,
30, and 37.5 kN each. The purpose of these precracking loads
is only to induce flexural cracks in order to simulate the condi-
tion of retrofitted beams as seen in practice. The different values
of precracking loads correspond to the different flexural rigid-
ity of the beams due to the different sizes of steel reinforcement
used. After the precracking load was applied, the beams were
unloaded, strengthened using SNSM method and applied load
again up to failure. All the beams used carbon FRP (CFRP) bars
as SNSM reinforcement. The SNSM CFRP reinforcements had
a diameter of either 8, 10, or 12 mm. The further details on the
beams are available in Table 1. In Table 2, thematerial properties
of the concrete, steel reinforcement and FRP bars are given.

The beams have a dimension of 125 mm × 250 mm with a
clear cover of 27 mm; the length of the beams was 2300 with
2000 mm as the effective span and a shear span of 650 mm. The
SNSM reinforcements have a bonded length of 1900 mm. Two
steel reinforcements with 12 mm diameter were used as tensile
reinforcement. Two steel reinforcements with 10 mm diameter
deformed bars were used as compression reinforcement up to
the shear span zone. Shear reinforcement was provided through
6 mm diameter bars, distributed along the length of the speci-
mens except in the constant moment region to prevent it from
influencing crack propagation.

7. Material models

Several material models were used in this study. It should be
noted that the models used in the M/θ approach are intended
to act as input for the analysis, they may be refined or changed
in order to produce results that are more accurate [23]. Only a
general information about the material models are given here to
keep the paper short; more information about themodels can be
obtained using the reference given.

For the steel reinforcements a bilinear stress–strain model
with strain hardening was used, the CFRP bars used a linear

Table . Material properties.

fc (MPa) Ey (MPa) σ y (MPa) σ u (MPa) Ef (MPa) σ f (MPa)

 ,   , 

Note: fc = concrete strength (cylinder); Ey = steel elastic modulus; σ y = steel yield
strength;; σ u = steel ultimate strength; Ef = FRP modulus; σ f = FRP tensile
strength.
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MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 7

Figure . Comparison of primary crack spacing: (a) Virgin RC beam; (b) Virgin SNSM strengthened RC beam; and (c) SNSM retrofitted RC beam.

stress–strain model. The bond-slip model by CEB-FIP [49] for
the steel reinforcement was used in the tension stiffening simu-
lation. For the SNSM reinforcements, the bond-slip model by
De Lorenzis [50] which was derived for NSM reinforcements
is used. The maximum bond stress, τmax was obtained using
the bond strength model by Hassan and Rizkalla [14]. Popovics’
[41] concrete compressive stress–strain model was used. The
concrete stress–strain model was adjusted for size using the
size-dependent stress–strain method proposed by Chen et
al. [42].

8. Comparison against published experimental
results

The comparison of simulated and experimental load versus mid
deflection curves for beams SNC8, SNC10, PSNC8, andPSNC10
are given in Figure 8. All the beams were reported to have
failed by FRP rupture instead of concrete cover separation. Their
inclusion in this study is to determine whether the method pro-
posed in this paper can accurately simulate their behavior. The
simulated curve was able to follow the shape of the experimental
curve well. The simulated failure loads and deflections at failure
are also adequately accurate.

The comparison of load versus mid-span deflection for
beams SNC12 and PSNC12 is shown in Figure 9. The beams
were reported to have failed by concrete cover separation. From
Figure 9, it can be seen that the simulated curve was able to pre-
dict the failure load and failure deflection accurately. Figure 9
also includes the simulated curves without GEBA, which means
that these curves could not simulate concrete cover separation
failure. It can be seen that without the use of GEBA, the simu-
lated result overpredicts the failure load of the beams by a con-
siderable degree.

9. Parametric study

Using the proposedmethod, parametric studies were conducted
to determine the effects of several parameters on the overall
behavior of SNSM strengthened RC beams. The detail for the
parametric study is given in Table 3. The parameters tested
are concrete strength (fc), elastic modulus of SNSM reinforce-
ment (Er-snsm), bond strength of epoxy adhesive (τmax), and
location of SNSM curtailment which is given in term of the
distance of the SNSM reinforcement’s end to the beam’s sup-
port (La). This parametric study also includes comparison of
results between retrofitted and virgin SNSM strengthened RC
beams in order to study the difference in behavior between the
two beam conditions. The geometric and material properties
of beam SNC12 and PSNC12 are used as the reference for this
parametric study, where beam SNC12 represents virgin SNSM
strengthened beam and PSNC12 represents SNSM retrofitted
beams.

The result of the parametric study is given in Table 3. The
debond load, Pd is the load at which the energy release rate Ga
is found to be greater than Gmax, causing the debonding crack
to start propagating horizontally toward the center of the beam.
This does not mean the beam would immediately fail, as the
debonding crack’s propagation can be a gradual process. As can
be seen in Table 3, for most beams there are considerable differ-
ence in the values of Pd before the beams finally fail at the failure
load, Pf. Nearly all the beams failed due to concrete cover separa-
tion, although it was found that beams with low values of Er-snsm
and τmax-snsm failed due to concrete crushing instead. Also pre-
sented in Table 3 are the pre-yield stiffness, Ke of the beams,
which were determined by calculating the slope of the load–
deflection curve in the elastic region. The retrofitted beams con-
sistently have a higher Ke than the virgin beams, which agrees
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Figure . Load versus mid-span deflection curves (a) SNC; (b) SNC; (c) PSNC; and (d) PSNC.

Table . List of parameters tested and summary of simulated results.

Parameter tested Beam condition Pd (N/mm) Pf (N/mm) Ke FM

fc =  N/mm Virgin . . . CCS
fc =  N/mm Virgin . . . CCS
fc =  N/mm Virgin . . . CCS
fc =  N/mm Retrofitted . . . CCS
fc =  N/mm Retrofitted . . . CCS
fc =  N/mm Retrofitted . . . CCS
Er-snsm =  kN/mm Virgin — . . CC
Er-snsm =  kN/mm Virgin . . . CCS
Er-snsm =  kN/mm Virgin . . . CCS
Er-snsm =  kN/mm Retrofitted — . . CC
Er-snsm =  kN/mm Retrofitted . . . CCS
Er-snsm =  kN/mm Retrofitted . . . CCS
τmax = . N/mm Virgin — . . CC
τmax = . N/mm Virgin . . . CCS
τmax = . N/mm Virgin . . . CCS
τmax = . N/mm Retrofitted . . . CC
τmax = . N/mm Retrofitted . . . CCS
τmax = . N/mm Retrofitted . . . CCS
La =  mm Virgin . . . CCS
La =  mm Virgin . . . CCS
La =  mm Virgin . . . CCS
La =  mm Retrofitted . . . CCS
La =  mm Retrofitted . . . CCS
La =  mm Retrofitted . . . CCS

Note: La = location of SNSM curtailment; Pd = debond load; Ke = effective pre-yield stiffness; Pf-n = normalizing failure load; FM = failure mode; CCS = concrete cover
separation; CC= concrete crushing.
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Figure . Load versus mid-span deflection curves (a) SNC and (b) PSNC.

with that was reported by Shukri et al. [18] in their experimen-
tal study.

10. Discussion on the parametric study

The values of Pf given in Table 3 is shown in graph form in
Figure 10 to observe the trend of the values of Pf with respect
to the parameter tested. The simulated beams which failed by
concrete crushing are labelled with ‘cc’ in Figure 10, while unla-
beled ones are simulated to have failed by concrete cover sepa-
ration. The effect of fc on Pf is given in Figure 10(a). The values
of Pf were found to increase when fc is increased. The Pf for all
retrofitted beams were found to be lower compared to the virgin
beams by about 3–4%. At fc = 50 N/mm2 the effects of concrete
cover separation are less pronounced as the higher strength of
concrete increases the fracture strength, which in turn reduces
propagation of debonding crack. Where the debonding is less
pronounced, it can be seen that retrofitted beams have a higher
Pf than the virgin beam by about 1% due to the higher stiffness,
Ke of the retrofitted beam.

The effect of Er-snsm of SNSM reinforcement on Pf is given in
Figure 10(b). At Er-snsm of 62 kN/mm2, it was found that both
the virgin and retrofitted beams failed through concrete crush-
ing rather than concrete cover separation. The low Er-snsm causes

the value of Wa to be smaller, which reduces the energy release
rate Ga, hence reducing the probability of concrete cover sepa-
ration. Increasing the Er-snsm to 124 kN/mm2 caused the beams
to fail by concrete cover separation, due to the largerWa; despite
this premature failure, it was found that the higher Er-snsm caused
the Pf to bemuch higher than beamswith Er-snsm of 62 kN/mm2.
Increasing the Er-snsm to 186 kN/mm2 caused the Pf to drop, as
the larger Wa caused the concrete cover separation to occur at
a lower debonding load, Pd, than the beams with Er-snsm of 124
kN/mm2. A comparison of Pd is given in Table 3. From para-
metric study, it was found that the beams with Er-snsm of 124
kN/mm2 gave the highest Pf. It can also be observed fromFigure
10(b) that when the beams do not fail by concrete cover sep-
aration, the retrofitted beams will have a higher Pf compared
to virgin beams. This attribute to higher flexural stiffness of
the retrofitted beams. However, when concrete cover separation
occurs as in the casewhenEr-snsmwere 124 and 186 kN/mm2, the
retrofitted beams will have a lower Pf compared to virgin beams.
The Pf of retrofitted beams was found to be 4% lower than vir-
gin beams; it was also noted that when Er-snsm was 62 kN/mm2,
the Pf of the retrofitted beam was 2% higher than the virgin
beam.

Figure 10(c) shows the effect of τmax on the Pf of SNSM
strengthened beams, where it can be seen that Pf decreases when
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Figure . Simulated failure loads of beams in the parametric study (a) concrete strength; (b) elastic modulus of SNSM reinforcement; (c) bond strength of epoxy adhesive;
and (d) location of SNSM curtailment.

the τmax is increased. This is again related to the value of Wa
and Ga, which increases when higher values of τmax are used,
thus causing concrete cover separation to occur at a lower Pd
and reducing the Pf. It was found that when τmax was 5 N/mm2,
concrete cover separation did not occur and the Pf of virgin and
retrofitted beams were nearly identical. At higher τmax, where
concrete cover separation occurs, the Pf for retrofitted beams
are significantly lower than virgin beams. The difference in Pf
between retrofitted and virgin beams was found to be about
0–4%.

The relationship between La and Pf is shown in Figure 10(d).
Pf was found to decrease with increasing La. A larger La results
in a larger moment acting around the end of the SNSM rein-
forcement; this causes a larger Wa and Ga, which then results
in a lower Pd and Pf. From Figure 10(d), it can be seen that
the retrofitted beams always have a lower Pf compared to virgin
beams. However, the difference in Pf due to beam condition was
less pronounced when compared to the difference in Pf caused
by different values of La. The Pf for retrofitted beams were found
to be 4% less than virgin beams.

From the result of Ke in Table 3, the retrofitted beams were
found to have a higher Ke compared to virgin beams in all cases
by about 15–19%. This finding is consistent with what was pre-
viously reported in the experimental study performed by Shukri
et al. [18].

11. Conclusion

A method to simulate the behavior of SNSM strengthened RC
beams was presented; this method allows the simulation of con-
crete cover separation, which is the primary mode of premature
failure for SNSM strengthened beams. It is also shown how the
concrete cover separation failure of SNSM retrofitted RC beams
can be simulated. Several conclusions can be made from the
study:

� The proposed method was validated and showed good
accuracy results using published experimental results.

� SNSM retrofitted strengthened beams was found to have
approximately 3–4% lower failure load compared to virgin
SNSM strengthened beams when concrete cover separa-
tion is a factor.

� In cases where concrete cover separation failure did not
occur or less pronounced, the failure loadwas foundhigher
in SNSM retrofitted beams by up to 1% due to approx-
imately 15–19% higher flexural stiffness of retrofitted
beams than virgin beams due to longer crack spacing of
the retrofitted beams.

� There is only a slight difference in failure load of SNSM
retrofitted beams compared to virgin SNSM strengthened
beams, although the small difference is negligible.

� There is a considerable difference in the flexural stiffness of
virgin and retrofitted beams that should not be neglected.
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� It was found that retrofitted and virgin beam conditions
do not affect the failure mode of the SNSM strengthened
beams.

� While the current proposed method is complicated for
general design usage, it is recommended that this method
undergo further analysis using similar parametric studies
shown to produce simpler design procedures.
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CHAPTER 5 - APPLICATION II: HYBRID STRENGTHENING METHOD 

 

In this chapter two research papers are presented. In this chapter, it will be shown how 

the simulation method in chapter 3 can be applied to hybrid strengthened RC beams. The 

method to simulate intermediate crack debonding, which was found to affect hybrid 

strengthened beams due to the use of EB FRP sheets, was presented and further studies 

were conducted by means of parametric study. 

The first paper, “Strengthening of RC Beams Using Externally Bonded Reinforcement 

Combined with Near-Surface Mounted Technique” presents a study on hybrid 

strengthening method using NSM CFRP bars and CFRP sheets. An experimental study 

was first conducted, followed by a simulation method based on the M/θ approach which 

was found to be reasonably accurate, although in this paper the intermediate crack (IC) 

debonding was incorrectly simulated. It should be noted that the credit for the 

experimental work and the discussions on the experimental results goes entirely to the 

first author, Kh Mahfuz ud Darain and the other co-authors, while this author’s 

contribution is mostly in the simulation work using M/θ approach. 

The second paper, “Simulating IC Debonding on RC Beams Strengthened with Hybrid 

Methods” presents a better way to simulate IC debonding using the M/θ approach with 

the single crack analysis method. Comparison against the experimental and simulated 

results from the previous paper shows that the new simulation method, which was based 

on the single crack analysis method, was able to simulate IC debonding failure correctly 

and gives good correlation against experimental results. A parametric analysis was then 

conducted using the improved method, from which the following conclusions were made: 
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• Higher elastic modulus of NSM FRP bar increases the rigidity and maximum load 

of the hybrid strengthened beam while decreasing the length of IC debonding. 

• Higher elastic modulus of FRP sheet on the other hand increases the length of IC 

debonding; as such while the rigidity and maximum load of the hybrid 

strengthened beam still increase, the amount is less significant compared to 

increasing the elastic modulus of NSM FRP bar. 

• Higher bond strength of NSM FRP bar and FRP sheet slightly increases the 

rigidity and maximum load of hybrid strengthened beams.  

The details of the research papers contained in this chapter along with the statement of 

contribution of authors is as follows: 

1) Darain, K. M. ud, Jumaat, M., Shukri, A. A., Obaydullah, M., Huda, M., Hosen, 

M., & Hoque, N. (2016). Strengthening of RC Beams Using Externally Bonded 

Reinforcement Combined with Near-Surface Mounted Technique. Polymers, 

8(7), 261. 

a. Statement of contribution: Kh Mahfuz ud Darain (author) performed 

experimental work and wrote the paper, Mohd. Zamin Jumaat (co-author) 

supervised the research and checked the paper, Ahmad Azim Shukri (co-

author) performed the simulations and wrote the paper, M. Obaydulah (co-

author) performed the experimental work, Md. Nazmul Huda (co-author) 

performed the experimental work, Md. Akter Hosen (co-author) 

performed experimental work and wrote the paper, Nusrat Hoque (co-

author) provided suggestions on improving the paper. 

2) Shukri, A. A., Shamsudin, M.F., Ibrahim, I., Alengaram, U.J., Hashim, H. 

(2017). Simulating intermediate crack debonding on RC beams strengthened 

with hybrid methods, Latin American Journal of Solids and Structures. 
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a. Statement of contribution: Ahmad Azim Shukri (author) performed the 

simulations and wrote the paper, Mohd Fazaulnizam Shamsudin (co-

author) wrote and checked the paper, Zainah Ibrahim (co-author) 

supervised the research and checked the paper, U. Johnson Alengaram (co-

author) supervised the research and checked the paper, Huzaifa Hashim 

(co-author) checked the paper. 
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Abstract: This study investigates the flexural behaviour of reinforced concrete (RC) beams
strengthened through the combined externally bonded and near-surface mounted (CEBNSM)
technique. The externally bonded reinforcement (EBR) and near-surface mounted (NSM) techniques
are popular strengthening solutions, although these methods often demonstrate premature debonding
failure. The proposed CEBNSM technique increases the bond area of the concrete–carbon fibre
reinforced polymer (CFRP) interface, which can delay the debonding failure. This technique is
appropriate when any structure has a narrow cross-sectional width or is in need of additional flexural
capacity that an individual technique or material cannot attain. An experimental test matrix was
designed with one control and five strengthened RC beams to verify the performance of the proposed
technique. The strengthening materials were CFRP bar as NSM reinforcement combined with CFRP
fabric as EBR material. The test variables were the diameter of the NSM bars (8 and 10 mm), the
thickness of the CFRP fabrics (one and two layers) and the U-wrap anchorage. The strengthened
beams showed enhancement of ultimate load capacity, stiffness, cracking behaviour, and strain
compatibility. The ultimate capacity of the CEBNSM-strengthened beams increased from 71% to
105% compared to that of the control beam. A simulation method based on the moment-rotation
approach was also presented to predict the behaviour of CEBNSM-strengthened RC beams.

Keywords: CEBNSM; CFRP; externally bonded; near surface mounted; moment-rotation analysis

1. Introduction

Throughout the world, the growing interest in the sustainability of construction encourages the
engineering community to develop policies that discourage new construction rather than extend
the design life of existing structures [1]. Structural strengthening allows existing underperforming
structures to survive against additional service load requirement, design, or construction error
and structural deterioration due to age or the surrounding environment [2–4]. In the past decade,
fibre-reinforced polymer (FRP) has substituted conventional strengthening materials such as steel and
concrete because of its high strength-to-weight ratio, resistance to corrosion, and low density [5–10].
The externally bonded reinforcement (EBR) and near-surface mounted (NSM) strengthening techniques
are gaining popularity. The EBR technique consists of one or multiple FRP laminates that are bonded

Polymers 2016, 8, 261; doi:10.3390/polym8070261 www.mdpi.com/journal/polymers
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on the tension side of the strengthened member [11]. Meanwhile, the NSM technique involves
the insertion of FRP strips or rods into pre-cut grooves in concrete covers and then filling up with
epoxy adhesives [12]. The NSM technique is a contemporary technique that offers a high level of
strengthening efficacy, is less prone to premature debonding failure, and enhances protection against
fire, mechanical damage, the effects of aging, and acts of vandalism. The technique also demonstrates
better durability, stress-sharing mechanisms, and fatigue performance, given that the reinforcement is
located inside [13].

The problem faced with the EBR method is normally in the form of premature debonding due
to high interfacial shear stresses between the FRP and the concrete substrate at the sheet of FRP
curtailment location [14–16]. The thickness of FRP composite plays an important role regarding this
issue, where the reduction of plate thickness drives down the magnitude of stress concentration at
the plate ends [17]. For a fixed FRP ratio, the debonding potential has been reported to increase
significantly with increasing FRP thickness [18]. Oehlers [19] proposed a formula based on the
interaction between flexural and shear capacities of the beam where the de-bonding failure moment is
inversely proportional to FRP sheet thickness.

In the NSM method, often, the width of the beam may not be wide enough to provide necessary
edge clearance and clear spacing between two adjacent NSM grooves. The American Concrete
Institute (ACI) proposed a minimum edge clearance and clear spacing between two adjacent NSM
grooves supported by the research of De Lorenzis, Blaschko, and Parretti, and Nanni [20–22]. This
strengthening technique necessitates more concrete cover to allocate enough space for cutting grooves
without any possibility of damaging the steel. However, lots of existing structures have less concrete
cover due to faulty construction or for a number other reasons, posing a major challenge to this
technique [23]. Recently, for retrofitting of reinforced concrete (RC) members with deteriorated cover
concrete, the effectiveness of a new strengthening technique (Inhibiting-Repairing-Strengthening,
IRS) was experimentally evaluated [24–26]. It consists of the installation of an innovative composite
system—made of inorganic matrix and stainless steel strip/fabric—in the thickness of the cover
concrete during the repairing/restoring of the same.

With regard to these limitations, a hybrid strengthening method between the EB and NSM method
is proposed. The strengthening method—which will be called the combined externally bonded and
near-surface mounted (CEBNSM) technique—offers a prudent and optimum combination of NSM and
EBR techniques, which perform to complement each other and get rid of their limitations reciprocally.
Previous work on similar hybrid strengthening involved a hybrid between NSM steel bars and EB
steel plates, as introduced by Rahman, et al. [27]. The use of steel instead of FRP was proposed by
Rahman, et al. [27] due to the higher ductility of steel; however, this increase in ductility was not very
prominent, as all of the strengthened beams prematurely failed by concrete cover separation.

This study proposes the development of another type of CEBNSM strengthening technique
involving the use of EB FRP sheets with NSM FRP bars or NSM steel bars, with the aim of developing
a cost-effective strengthening solution which will delay or avoid the debonding failure seen in the
previous study. It is identified that the drop in Carbon Fiber Reinforced Polymer (CFRP) fabric thickness
diminishes the degree of stress concentration at the fabric edge [27,28]. Through combination, it is
possible to reduce the CFRP fabric thickness by transferring a part of the required total strengthening
area of CFRP fabric material from EBR to NSM technique. Consequently, the NSM bar or strip size can
also be reduced through sharing with EBR strengthening material, and thus provide sufficient space
for edge clearance and groove clear spacing [29,30], which can help reduce the possibility of concrete
cover separation failure. Moreover, the NSM groove itself creates more contact surface area between
the FRP composite and the concrete substrate at the cross-section. As stress is equal to the load divided
by the corresponding surface area, an increase in surface area will decrease interfacial stress, further
reducing the possibility of concrete cover separation. The addition of adhesive in the NSM grooves to
the CEBNSM system also improves bond performance between the strengthening CFRP fabric and the
concrete substrate.
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The experimental results for six beams are presented in this study, where five of the beams
are strengthened with CEBNSM technique. The experimental load, deflection, crack spacing, crack
width and strain values of the strengthened beams were analysed to evaluate the serviceability
behaviour, ductility, and flexural performance of the proposed CEBNSM technique. A simulation
method based on the moment-rotation approach was also presented to predict the behaviour of the
CEBNSM-strengthened reinforced concrete beam.

2. Materials and Methods

2.1. Test Matrix

The experimental program was designed with six RC beams. Of those beams, one was assigned
as the control specimen, and the remaining beams were strengthened with the CEBNSM strengthening
technique. The main testing variables were the diameter of the slotted reinforcement (8 and 10 mm),
the thickness of the external CFRP fabrics (one and two layers), and the anchorage at the curtailment
location. The length of the CFRP fabric was also varied. For the single-ply condition, a 2900 mm-long
CFRP fabric was bonded at the beam soffit. However, for the double-ply condition, the second
layer was 2600 mm to avoid end peeling failure due to the increased normal stress developed at
the curtailment end of the CFRP fabric [10,31]. The detailed test matrix is shown in Table 1. The
beam notation is explained as follows, using “CBC10P2A” as an example. Specifically, C denotes the
combination technique, BC denotes the bar as CFRP NSM reinforcement, 8 and 10 denotes the 8 or
10 mm diameter NSM bar, P1 and P2 denote the single-ply or double-ply of CFRP fabric through the
EBR technique, and A denotes the anchorage.

Table 1. Test matrix of the experimental program.

Serial. No. Notation Description Strengthening details

1 CB Control RC beam Without strengthening

2 CBC8P1 8 mm φ NSM CFRP bar and
1 ply of EBR CFRP fabric

CFRP bar: 1–8 mm φ (L = 2900 mm)
CFRP fabric: 2900 ˆ 125 ˆ 0.17 mm3

3 CBC8P2 8 mm φ NSM CFRP bar and
2 ply of EBR CFRP fabric

CFRP bar: 1–8 mm φ (L = 2900 mm)
CFRP 1st fabric: 2900 ˆ 125 ˆ 0.17 mm3

CFRP 2nd fabric: 2600 ˆ 125 ˆ 0.17 mm3

4 CBC10P1
10 mm φ NSM CFRP bar
and 1 ply of EBR CFRP

fabric

CFRP bar: 1–10 mm φ (L = 2900 mm)
CFRP fabric: 2900 ˆ 125 ˆ 0.17 mm3

5 CBC10P2
10 mm φ NSM CFRP bar
and 2 ply of EBR CFRP

fabric

CFRP bar: 1–10 mm φ (L = 2900 mm)
CFRP 1st fabric: 2900 ˆ 125 ˆ 0.17 mm3

CFRP 2nd fabric: 2600 ˆ 125 ˆ 0.17 mm3

6 CBC10P2A
NSM CFRP bar, EB 2 ply

CFRP fabric and 2 ply
U-wrap end anchorage

CFRP bar: 1–10 mm φ (2900 mm)
CFRP fabric: 2900 ˆ 125 ˆ 0.34 mm3

CFRP U-wrap anchorage: 2 ply
(625 ˆ 125 ˆ 0.34 mm3)

2.2. Specimens and Materials

In this experimental program, the dimension of the rectangular RC beams was 3300 mm ˆ

250 mm ˆ 125 mm with a clear span of 3.0 m (Figure 1). The steel ratio (ρ = As/bd) was 0.0085 to
constitute an under-reinforced RC beam. Two 12 and 10 mm diameter deformed bars were used as the
bottom and top reinforcements, respectively, having an 8 mm diameter stirrup with a 90 mm spacing.
The top reinforcement and the shear reinforcement were discontinued. They were avoided in the
maximum moment region to assure flexural failure.
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Figure 1. Beam details and test setup (all dimensions are in mm). CFRP: carbon fibre reinforced
polymer; LVDT: linear variable differential transducer.

Ready-mix concrete was used for concrete casting. During casting, the same concrete batch was
used for the six beams to maintain the same concrete properties. The coarse and fine aggregates were
from crushed stone and quarry sand, respectively. The mechanical properties of concrete—such as
compressive and flexural strengths—were evaluated 28 days after concrete casting, based on the cube
(100 mm ˆ 100 mm ˆ 100 mm) and prism (500 mm ˆ 100 mm ˆ 100 mm) specimens, according
to [32,33]. The mechanical properties of concrete are listed in Table 2.

The mechanical properties of the steel bar were checked in the laboratory following the [34]
guidelines to confirm the specifications given by the suppliers. Either 8 mm or 10 mm diameter
CFRP strengthening bar—which was spirally wound with a fibre tow—was placed at the groove,
which had a density of 1.65 g/mm2. A unidirectional, woven CFRP fabric (SikaWrap®-301C) with
a thickness of 0.17 mm was used as external strengthening material at the beam soffit. A two-part
epoxy (Sikadur® 30) was used as the adhesive filler to fix the CFRP bar inside the groove. The CFRP
fabric was also soaked with epoxy resin (Sikadur® 330) for proper bonding with the concrete substrate.
These resins are available with a two-part adhesive based on a combination of epoxy resins and filler.
Table 2 presents the properties of concrete, internal steel, strengthening steel, CFRP bar, CFRP fabric,
and epoxy.

Table 2. Material properties of strengthened specimens.

Material Mechanical property Result

Concrete
Compressive strength (MPa) 50.1

Flexure strength (MPa) 5.5
Elastic modulus (GPa) 33.26

Steel 12 mm φ

(Internal bottom
reinforcement)

Yield stress (MPa) 529
Ultimate strength (MPa) 587
Elastic modulus (GPa) 200

Elongation (%) 21

Steel 10 mm φ

(Internal top reinforcement)

Yield stress (MPa) 521
Ultimate strength (MPa) 578
Elastic modulus (GPa) 200

Elongation (%) 20

Steel 8 mm φ

(Internal shear reinforcement)

Yield stress (MPa) 380
Ultimate strength (MPa) 450
Elastic modulus (GPa) 200

Elongation (%) 29
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Table 2. Cont.

Material Mechanical property Result

CFRP bar-12 mm φ

Ultimate strength (MPa) 2,400
Elastic modulus (GPa) 165

Ultimate strain (%) 1.6

CFRP Fabric
(SikaWrap-301C) [35]

Ultimate strength (MPa) 4,900
Elastic modulus (GPa) 230

Ultimate strain (%) 2.1

Epoxy (Sikadur®) 30 [36]
Compressive strength 70–80 MPa (15 ˝C); 85–95 MPa (35 ˝C)

Tensile strength 14–17 MPa (15 ˝C); 16–19 MPa (35 ˝C)
Shear strength 24–27 MPa (15 ˝C); 26–31 MPa (35 ˝C)

Epoxy (Sikadur®) 330 [37]
Tensile strength (MPa) 30

Elastic modulus–Flexural (MPa) 3,800
Elastic modulus–Tensile (MPa) 4,500

2.3. Specimen Design and Preparation

The specimen preparation and strengthening processes are illustrated in Figure 2. A superior
quality diamond-bladed concrete saw was used to create 16 mm ˆ 16 mm and 24 mm ˆ 24 mm
grooves at the tension region of the RC beam to accommodate the 8 and 10 mm-diameter CFRP bars.
The groove dimension of the bar diameter was set as two times the diameter of the CFRP bar, as
suggested by [23] for the optimal groove size. After using the cutter, the concrete lugs were manually
taken out with a hand chisel and a hammer. The remaining rough concrete surface was cleaned using
a high-pressure air jet. Acetone was applied on the surface to remove any fine dust particle and any
oily substance present in the groove to make a good bonding surface for strengthening. Masking tape
was affixed along the ridge of the groove line to ensure the proper placement of epoxy inside the
groove and neat finishing of the epoxy surface. Then, approximately two-thirds of the groove was
filled with epoxy (Sikadur® 30), which was prepared according to the directions of the manufacturers.
The NSM CFRP bar was properly cleaned and gently pressed inside the groove until surrounded by
an equal amount of epoxy. Then, a spatula was used to level the surface and clean the area. The whole
preparation was left for standard curing time, as prescribed by the manufacturer.
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Figure 2. Sequence of specimen preparation and strengthening. Epoxy and CFRP fabric are colored
green and light blue respectively.

After the curing period, the remaining cement laitance and loose materials were removed from
the concrete surface with the help of an abrader to ensure superior bonding of the concrete–CFRP
assemblage. Then, the surface was cleaned with a brush and a high-pressure air jet. Finally, acetone
was used on the concrete surface before the wet layup process. Following the instructions of the
manufacturers, a layer of epoxy was spread on the surface and then the CFRP fabric was laid over
it. A recommended roller was pressed firmly on the fabric layer until the adhesive was squeezed out
through the tiny pores of the CFRP fibre. Before the test, the sample was left for standard curing time.
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Using suitable support conditions, the test was conducted using a 500 kN load-carrying capacity
Instron universal testing machine under a four-point bending load (Figure 1). Deflection was measured
using the linear variable differential transducer (LVDT), which was placed at the centre of the maximum
moment region. The 5 mm strain gauges were affixed at the centre of the internal steel bars. For
measurement of the strain value of the strengthened CFRP and steel bars, the 5 mm-long strain
gauges were planted at the central point, which were 500 and 1250 mm away from the centre of the
strengthening bar. In the case of the CFRP fabric, 30 mm-long special strain gauges were installed at
the central point, which was 250, 500, 1,250, and 1400 mm away from the centre point of the CFRP
fabric. The 30 mm-long strain gauges were positioned at the uppermost surface of the concrete beam to
measure concrete compressive strain. Transverse strains along the mid-span depth of the beams were
measured using Demec points. Micro-cracks along the side of the concrete surface were measured
using a DinoLite digital microscope.

3. Results and Discussion

The experimental results of the CEBNSM-strengthened RC beams are arranged in Table 3. These
beams were strengthened with the CFRP bar inside the NSM groove and the CFRP fabric bonded at
the beam soffit. The main test variables were the bar diameter (8 and 10 mm), the thickness of the
CFRP fabric layer (one and two layer), the anchorage (with and without) at the cut-off zone of the EBR
CFRP fabric layer (one and two layer), and the anchorage (with and without) at the cut-off point of
the EBR CFRP fabric. Results are expressed in terms of their first crack load-carrying capacity, yield
load-carrying capacity, and ultimate load-carrying capacity.

Table 3. Summary of the experimental test results.

Beam ID Pcr (kN) ∆cr (mm) Py (kN) ∆y (mm) Pu (kN) ∆u (mm) Failure modes

CB 5 0.5 36 15.0 39 34.3 FFC
CBC8P1 11 1.5 50 14.9 71 39.7 FFF
CBC8P2 13 1.9 55 15.2 77 31.3 FFF

CBC10P1 13 1.6 54 16.6 82 43.3 FFF
CBC10P2 15 2.3 69 23.7 87 42.7 CFD

CBC10P2A 16 2.8 80 24.7 105 47.9 FFC

Pcr = first crack load; Py = yield load; Pu = ultimate load; ∆cr = deflection at 1st crack; ∆y = deflection at yield of
steel; ∆u = mid-span deflection at failure load; FFC = flexural failure (concrete crushing after steel yielding);
FFF = flexure failure due to FRP rupture; CFD = CFRP fabric delamination.

3.1. Load-Carrying Capacity

Table 3 provides the results obtained from the experimental tests carried out on one control beam
and five CEBNSM-strengthened RC beams. The addition of the strengthening material to the RC
beams caused superior load-carrying capacity, reduced ultimate deflection, and reduced the possibility
of the debonding problem. The ultimate load-carrying capacity increased by 82%, 97%, 110%, 124%,
and 170% for the CBC8P1-, CBC8P2-, CBC10P1-, CBC10P2-, and CBC10P2A-strengthened beams,
respectively, compared with the control beam. The corresponding first crack load-carrying capacity
and yield load-carrying capacity of the beams significantly improved after strengthening. The yield
point was determined by the stiffness variation in the load–deflection curve, as well as the internal
steel yielding point from the corresponding load–steel strain diagram. The average increment of the
ultimate load-carrying capacity was 116.5%, compared to that of the control beam. This enhanced
ultimate load-carrying capacity shows the superior performance of the strengthened beams compared
with that of the control beam.

The percentile increment of the first crack load-carrying capacity, yield load-carrying capacity,
and ultimate load-carrying capacity are illustrated in Figure 3. The first crack load-carrying capacity,
yield load-carrying capacity, and ultimate load-carrying capacity were significantly improved by
the CEBNSM technique. Among these three load states, the first crack load-carrying capacity was
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significantly improved for all CEBNSM-strengthened beams. The range of the first crack load-carrying
capacity improvement was 118% to 230% compared with that of the control beam. This serviceability
improvement is one of the positive features of this technique, given that the early first crack load
welcomes various environmental agents, which would aggravate the cracking condition and eventually
be responsible for further deterioration. The range of the yield load-carrying capacity improvement is
lower than that of the first crack load and the ultimate load. This range was 38% to 120% compared
with that of the control beam. Figure 3 shows that the average yield load-carrying capacity of the
CEBNSM-strengthened beams was approximately 73% of their ultimate load-carrying capacity.
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Figure 3. Percentile increment of the first crack, yield, and ultimate load-carrying capacities of combined
externally bonded and near-surface mounted (CEBNSM)-strengthened beams compared with the
control beam.

The average increment of the yield load-carrying capacity is 70% compared with that of the control
beam, and its trend shows the lowest gain compared with the corresponding first crack load-carrying
capacity and ultimate load-carrying capacity of the strengthened beams. The percentage increment of
the ultimate load-carrying capacity was 82% to 170% compared with that of the control beam. Typically,
beams with a high area of strengthening material exhibit an enhanced ultimate load-carrying capacity.

3.2. Load–Deflection Diagram

The load–deflection relationship of the control and strengthened RC beams is depicted in Figure 4.
The unstrengthened RC beam showed the typical behaviour, with crack and yield point followed by
a nonlinear portion at the post-yield stage. All of the CEBNSM-strengthened RC beams exhibited a
trilinear response up to the ultimate load. The first fragment of the curve varied in a linear manner
with minor deflection until the first crack appeared. For all the strengthened beams, this technique
contributed to the increment of the first crack load.

The second segment was the post-crack to yield stage of the internal reinforcement of the beams.
Strengthened beams exhibited a considerable stiffness improvement in this stage compared with the
control beam. At this stage, the internal steel reinforcement and the strengthening materials exhibited
the tensile stresses of the beam. The average pre-yield stiffness increment of the strengthened beam
was 36% compared with the control beam. The CBC8P2-strengthened beam showed a maximum 50%
more pre-yield stiffness compared to the control beam. With the prevention of the further expansion
of flexural cracks, the CFRP bar contributed to the enhancement of the moment of inertia of the
cracked section.
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Figure 4. Load–deflection diagram of tested beams.

The third stage of the load–deflection graph continued from yielding up to failure. This segment
exhibited better improvement in terms of strength and stiffness. In this post-yield stage, most of
the tension stresses are resisted by the NSM reinforcement and the EBR CFRP fabric because of the
yielding of the tension steel. The strengthened beams exhibited 83% more average pre-ultimate
stiffness increment than that of the control beam. CBC8P2-strengthened beam showed a maximum
post-yield stiffness of approximately 116% more than that of the control beam. The anchored
CBC10P2A-strengthened beams exhibited 93% more stiffness increment than that of the control beam.
The post-peak response of the load–deflection curve of strengthened beams was characterized by a
sudden drop in load carrying capacity, regardless of the FRP fracture (flexural failure) or premature
(debonding) failure.

Figure 5 shows the deflection reduction of the CEBNSM-strengthened beams at 15, 36.29, and
38.95 kN load with respect to the control beam. The last two loads were the yield and ultimate loads
of the control beam. A15 kN load was added for better comparison, which was the first crack load
for most of the strengthened beams. The aforementioned figure clearly showed that the deflection
was reduced at these load levels. However, at 38.95 kN load, the difference was more pronounced
than that of the other load levels. At the ultimate load stage, the deflection reduction was 69%, 71%,
68%, 72,% and 73% for the CBC8P1-, CBC8P2-, CBC10P1-, CBC10P2-, and CBC10P2A-strengthened
beams, respectively.
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3.3. Failure Modes

Figure 6 illustrates the failure modes of the control beam (a) and the CEBNSM-strengthened
beams (b–f). Except for the CBC10P2-strengthened beam, all of the CEBNSM-strengthened beams
without anchorage showed EBR CFRP fabric fracture at the bottom tensile mid-span area, which
was a manifestation of flexural failure modes. The 8 and 10 mm-diameter CFRP bars inside the
NSM groove with a single layer of CFRP fabric showed a CFRP fracture at the middle, except for the
CBC10P2-strengthened beam, which demonstrated debonding failure.

Polymers 2016, 8, 261 9 of 23 

 

3.3. Failure Modes 

Figure 6 illustrates the failure modes of the control beam (a) and the CEBNSM-strengthened 
beams (b–f). Except for the CBC10P2-strengthened beam, all of the CEBNSM-strengthened beams 
without anchorage showed EBR CFRP fabric fracture at the bottom tensile mid-span area, which was 
a manifestation of flexural failure modes. The 8 and 10 mm-diameter CFRP bars inside the NSM 
groove with a single layer of CFRP fabric showed a CFRP fracture at the middle, except for the 
CBC10P2-strengthened beam, which demonstrated debonding failure. 

(a)

(b)

(c)

(d)

(e)

Figure 6. Cont. 

  
Figure 6. Cont.

Univ
ers

ity
 of

 M
ala

ya



Polymers 2016, 8, 261 10 of 23

Polymers 2016, 8, 261 10 of 23 

 

 
(f)

Figure 6. Failure modes of the control beam and the strengthened RC beams with close-up pictures 
at failure locations. (a) Control beam; (b) CBC8P1 beam; (c) CBC8P2 beam; (d) CBC10P1 beam; (e) 
CBC10P2 beam; (f) CBC10P2A beam. 

The CBC10P2-strengthened beam exhibited the premature debonding failure. After the yielding 
of the internal reinforcement, a cracking noise was detected like those detected from other CEBNSM-
strengthened beams. At this stage, the CFRP fabric was stretched under high tensile strain, which 
was the maximum at the mid-span. Numerous new micro-cracks developed at the interface of the 
fabric and concrete cover, which expanded. At the maximum moment zone, the primary flexural 
crack widened and, at some point, the CFRP fabric could not maintain its curvature with the beam. 
Afterwards, the fabric lost its compatibility with the concrete surface and, with a bursting sound, the 
debonding initiated. The failure process was quick, and no sign of NSM failure was observed. 
Afterwards, the load was resisted only by the NSM reinforcement, which maintained an almost 
invariable load increment with increasing deflection. A concrete crushing failure was marked at this 
stage, and the machine was stopped. 

Another beam was assessed with the same strengthening arrangement as the CBC10P2-
strengthened beam, with two layers of U-CFRP wrap at the CFRP fabric cut-off location. Afterwards, 
the beam was called CBC10P2A. The beam survived against the debonding failure and showed the 
concrete crushing failure after steel bar yielding. 

It can be seen that the CFRP fabric has a large influence on the failure mode experienced by 
CEBNSM-strengthened beams. The CFRP fabric was placed at the beam soffit; thus, it experienced 
the maximum tensile stress at the centre point of the mid-span. The NSM reinforcement was covered 
with concrete and was placed at least 8 mm away from the extreme bottom fibre. Consequently, the 
CFRP fabric played a dominant role in contributing to the ultimate flexural capacity as well as the 
failure modes. When maximum tensile strain in fabric reached closer to the rupture strain of the CFRP 
before attaining the maximum strain in concrete, the beam failed due to rupture of the CFRP fabric. 
Before that, the reinforcing steel in the tension area reached the plastic range. 

3.4. Cracking Behaviour 

During the test, cracking was clearly visualised into two different stages, which were the crack 
formation phase and the crack stabilisation phase. A digital crack microscope (DinoLite) was used to 
measure cracks at the steel bar level within the maximum moment region and was stored in a laptop. 
The cracks were documented after the appearance of the first crack and the subsequent crack 
formation at different load levels. Depending on the strengthening scheme and bond properties of 
concrete and internal steel, various crack spacing and widths were monitored for different beams. 
After the crack stabilisation period, new crack formations were stopped, whereas existing cracks were 
widened to maintain the same crack spacing. 

3.4.1. Crack Spacing 

Crack spacing is a major parameter associated with crack width and deflection. Crack spacing 
is influenced by the concrete cover, strengthening scheme, internal bar spacing, bond properties, and 
strain distribution of different internal structural components. 

Figure 6. Failure modes of the control beam and the strengthened RC beams with close-up pictures
at failure locations. (a) Control beam; (b) CBC8P1 beam; (c) CBC8P2 beam; (d) CBC10P1 beam;
(e) CBC10P2 beam; (f) CBC10P2A beam.

The CBC10P2-strengthened beam exhibited the premature debonding failure. After the
yielding of the internal reinforcement, a cracking noise was detected like those detected from other
CEBNSM-strengthened beams. At this stage, the CFRP fabric was stretched under high tensile strain,
which was the maximum at the mid-span. Numerous new micro-cracks developed at the interface of
the fabric and concrete cover, which expanded. At the maximum moment zone, the primary flexural
crack widened and, at some point, the CFRP fabric could not maintain its curvature with the beam.
Afterwards, the fabric lost its compatibility with the concrete surface and, with a bursting sound,
the debonding initiated. The failure process was quick, and no sign of NSM failure was observed.
Afterwards, the load was resisted only by the NSM reinforcement, which maintained an almost
invariable load increment with increasing deflection. A concrete crushing failure was marked at this
stage, and the machine was stopped.

Another beam was assessed with the same strengthening arrangement as the CBC10P2-strengthened
beam, with two layers of U-CFRP wrap at the CFRP fabric cut-off location. Afterwards, the beam
was called CBC10P2A. The beam survived against the debonding failure and showed the concrete
crushing failure after steel bar yielding.

It can be seen that the CFRP fabric has a large influence on the failure mode experienced by
CEBNSM-strengthened beams. The CFRP fabric was placed at the beam soffit; thus, it experienced the
maximum tensile stress at the centre point of the mid-span. The NSM reinforcement was covered with
concrete and was placed at least 8 mm away from the extreme bottom fibre. Consequently, the CFRP
fabric played a dominant role in contributing to the ultimate flexural capacity as well as the failure
modes. When maximum tensile strain in fabric reached closer to the rupture strain of the CFRP before
attaining the maximum strain in concrete, the beam failed due to rupture of the CFRP fabric. Before
that, the reinforcing steel in the tension area reached the plastic range.

3.4. Cracking Behaviour

During the test, cracking was clearly visualised into two different stages, which were the crack
formation phase and the crack stabilisation phase. A digital crack microscope (DinoLite) was used to
measure cracks at the steel bar level within the maximum moment region and was stored in a laptop.
The cracks were documented after the appearance of the first crack and the subsequent crack formation
at different load levels. Depending on the strengthening scheme and bond properties of concrete and
internal steel, various crack spacing and widths were monitored for different beams. After the crack
stabilisation period, new crack formations were stopped, whereas existing cracks were widened to
maintain the same crack spacing.
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3.4.1. Crack Spacing

Crack spacing is a major parameter associated with crack width and deflection. Crack spacing is
influenced by the concrete cover, strengthening scheme, internal bar spacing, bond properties, and
strain distribution of different internal structural components.

According to the strain compatibility, the minimum crack (sr0) spacing can be expressed as the
nearest point to a present crack at which a fresh crack can develop, where the concrete again reaches
the tensile strength (Equation (1)). It can be expressed as

sr0 “
fctm∅s

4τbmρef
“

ˆ

fctm Ac,eff

τbm
ř

u

˙

(1)

where fctm = mean tensile strength of concrete; ∅s = nominal diameter of reinforcement; τbm = average
bond stress along the disturbed zone; ρef = effective reinforcement ratio; Ac,eff = effective concrete area
in tension; and

ř

u = (sum of) perimeter(s) of reinforcing bar(s).
According to [38,39], crack spacings were supposed to fluctuate between sr.min = sr0 and

sr,max = 2sr0. Various researchers proposed different values of average (mean) crack spacing, which
varied from 1.33 to 1.54 times the minimum value (Equations (2) and (3)), whilst maximum crack
spacing can be expressed as sr,max = 2sr,min.

sr,min

sr,mean
“ 0.67 to 0.77 (2)

sr,max

sr,mean
“ 1.33 to 1.54 (3)

The minimum, mean, and maximum crack spacings were determined based on the recorded data
shown in Table 4. The maximum and mean crack spacings of CEBNSM-strengthened beams were
comparatively lower than that of the control beam, although the number of cracks was greater. This
information affirmed the better energy dissipation in the CEBNSM-strengthened beams.

Table 4. Experimental crack spacing and analysis.

Beam No. Sr.max (mm) Sr.min (mm) Sr.mean (mm) No. cracks

CB 140 75 109 21
CBC8P1 85 45 64 39
CBC8P2 110 50 77 31
CBC10P1 95 50 70 38
CBC10P2 90 48 65 34

CBC10P2A 110 60 70 33

Sr.max denotes the maximum crack spacing, Sr.min denotes the minimum crack spacing and Sr.mean denotes the
mean crack spacing.

Table 4 shows the maximum, minimum, and average crack spacings, along with the number of
cracks that appeared on the tested beams. The minimum, maximum, and mean crack spacings of the
strengthened beams were observed to be 45, 110, and 69 mm, respectively. The average crack spacing of
CEBNSM-strengthened beams maintained a range between 64 and 77 mm, whereas the average crack
spacing of the control beam was 109 mm. The number of cracks that appeared on the strengthened
beam was almost the same, and its average was approximately 35, compared with 21 cracks on the
control beam. The CBC8P1-strengthened beam exhibited the highest number of cracks (39 cracks),
whereas the CBC8P2-strengthened beam showed the minimum number of cracks (31 cracks). The
strengthened beams displayed many cracks with small width, whereas the unstrengthened beam had
fewer cracks with large width. Owing to beam deformation due to the applied loads, the strengthening
material in strengthened beams creates a tensile force that equalises the internal bending forces so that
less deformation occurs compared to the unstrengthened beam [40].
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Figure 7 shows the ratios of minimum-to-average and maximum-to-average crack spacings of
the CEBNSM-strengthened RC beams. The experimental result shown in Figure 7 reveals the average
maximum and minimum crack spacing ratio as 1.41 Sr.max and 0.73 Sr.min, which complies with the
limit suggested in Equations (2) and (3). Moreover, the ratio of the average Sr.max and Sr.min was 1.94,
which was close to the findings of Borosnyói [39].Polymers 2016, 8, 261 12 of 23 
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3.4.2. Crack Width

The flexural crack width of beams was measured across the main reinforcement position in the
maximum moment region at different load levels with the help of a crack-measuring microscope. For
all of the beams, the cracks were measured beyond their yield load-carrying limits, which were close
to their failure stage. The minimum-to-maximum range of the first crack improvement was 118% to
230% compared with the control beam. Figure 8 shows the trend of the crack width of strengthened
RC beams compared with the control beam. For all cases, the strengthened beams exhibited less crack
width and higher first crack load compared with the control beam. It is possible to characterize the
trend of crack width into three groups, where the control beam exhibited the widest crack width.
The CBC8P1-, CBC8P2-, and CBC10P1-strengthened beams showed moderate decrements in crack
width, whereas the CBC10P2- and CBC10P2A-strengthened beams demonstrated the stiffest response
in widening crack width compared with the control beam. Up to the yielding stage, the formation of
crack width was stiffer, which widened faster beyond the region as the stiffness of the beam decreased.

If a single load is considered, then comparing the crack width of different beams would be easier.
As a 35 kN load was close to the yield load of the control beam, comparing the crack width with this
value would be easier. At a 35 kN load, a 0.56 mm crack width was developed in the control beam.
The corresponding crack widths formed at this load were 0.17, 0.25, 0.19, 0.11, and 0.10 mm for the
CBC8P1-, CBC8P2-, CBC10P1-, CBC10P2-, and CBC10P2A-strengthened beams, respectively.

The ACI-318 code included provisions for cracking control based on crack width limits of 0.4 and
0.33 mm for interior and exterior applications, respectively. A permissible crack width of between
0.4 and 0.53 mm was selected by Frosch [41]. A service load steel stress of 0.6 Fy was assumed, and
simplified design curves were generated based on this assumption. Barris [38] selected and analysed
the experimental FRP RC beams with a crack width of between 0.5 and 0.7 mm. Among the several
code requirements, 0.33 mm [42] was the most conservative value. For comparison purposes, the load
corresponding to this crack width (listed in Table 5) will be determined. The service load (60% of
the ultimate load) and its corresponding crack width are presented in Table 5. Although the service
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load of strengthened beams was higher, their corresponding service crack width was less than that
of the control beam. The average load of the strengthened beams at the 0.33 mm crack width was
63.6 kN. This mean value represented a load corresponding to an average of 75% of their corresponding
ultimate load-carrying capacity.
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Table 5. Equivalent experimental load at w = 0.33 mm.

Beam ID Pcr (kN) Pserv (kN) wserv (mm) Load (kN) at w = 0.33 mm % of Pu

Control 5.0 23.4 0.34 22 56
CBC8P1 10.9 42.5 0.18 56 79
CBC8P2 13.0 46.1 0.31 54 70

CBC10P1 12.6 49.0 0.28 58 71
CBC10P2 15.0 52.4 0.19 74 85
CBC10P2A 16.5 63.1 0.21 76 72

Pcr = 1st crack load, Pserv = Service load (60% of the ultimate load), wserv = crack width at service load.

3.5. Stiffness Assessment

Stiffness is one of the dominant characteristics of RC structures, given that the change of its value
with the applied load influences the deflection and curvature of any structure. Stiffness depends
significantly on the cracking, the load level, and the thickness of bonded material and adhesive.
Stiffness can be characterised as the product of the modulus of elasticity and moment of inertia
of a certain section. Bending stiffness is easily defined for a true homogenous material, such as
steel. However, for RC, estimating bending stiffness is difficult, as it is controlled by cracking, creep,
shrinkage, and load history. In the RC section, the moment of inertia is continuously changing, which
is termed as the effective moment of inertia (Ieff) after exceeding the cracking moment (Mcr) instead of
using the gross moment of inertia (Ig). For the full crack formation of the beam, Ieff should be referred
to as the cracked moment of inertia (Icr) of the cracked transformed section. With the formation of
flexural cracks, the neutral axis also keeps changing its position, which is also a significant challenge
for the appropriate estimation of bending stiffness.
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The RC beam section significantly varies with the un-cracked and cracked stages because of the
applied load. Bending stiffness can be estimated from the displacement data coming from the LVDTs
placed along the beam length (Figure 1). By using elastic bending theory in the displacement-based
equation, calculating the experimental bending stiffness using Equation (4) is possible [43].

pEIqexp “
Pa

`

3l2 ´ 4a2˘

48δexp
(4)

Here, P, l, a, and δexp represent the applied service load, clear span of the RC beam, shear span of
the beam, and the maximum mid-span experimental deflection at service load, respectively.

Another approach for the determination of bending stiffness is to evaluate the curvature of the
beam at bending due to the applied experimental load. For that purpose, the moment–curvature
relationship of the RC beam should be developed. Three approaches are employed to establish this
relationship, as follows: (a) analyse the strain of the top compression fibre and bottom steel; (b) analyse
the strain of the bottom and top steel; and (c) analyse the strain of the top fibre and CFRP bar.

pEIqexp “
M
ϕ

(5)

ϕ “
εc ` εs

d
(6)

For the analysis, curvature and neutral axis location was determined by using the tensile and
compression strain values of steel and concrete from their respective strain gauges [44]. From Figure 9
and Equations (5) and (6), the bending stiffness of the beams can be calculated. A moment–curvature
relationship was developed using the extreme tension–strain values from the strain gauge of the
internal steel bar and the extreme compression strain gauge values from the top of the mid-span.
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Figure 9. Cross-sectional view of the strengthened beamshowing neutral axis (NS) location and
curvature. b is the width of the beam, d is the effective depth of the beam, df is the effective depth of the
NSM reinforcement, As is the area of the main reinforcement, Af is the area of the NSM reinforcement,
Af.eb is the area of the externally bonded reinforcement, N.A is the neutral axis of the section, c is the
depth of the neutral axis, εc is the compressive strain of the concrete, εs.y is the tensile strain of the
main reinforcement and ϕy is the curvature of the section.

Figure 10 depicts the moment versus bending stiffness diagram, where the first crack and the yield
of the beams were marked in the diagram. The strain gauge of CBC10P2A-strengthened beams yielded
erroneous data, which were excluded from the analysis. The overall shape of the moment versus
bending stiffness curve was formed like an “L”. The stiffness was initially high and then constantly
decreased until the appearance of the first crack in the beam. Afterwards, the moment increased with
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almost an invariable amount of stiffness until the yielding of the beam. The stiffness again decreased
with a minute change of moment increment. Then, the moment increased again with an insignificant
change in stiffness.Polymers 2016, 8, 261 15 of 23 
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Figure 10. Bending stiffness of the strengthened beams.

For all cases, as expected, the CEBNSM-strengthened beams exhibited a superior
moment–stiffness relationship compared with the control beam. The bending stiffness was initially
high, as expected, because of the un-cracked stage of the beam section. The initial stiffness of the
control beam was 5512 N¨mm2. The initial stiffness values of the strengthened beams were 5203,
8042, 9653, and 15,453 N mm2 for the CBC8P1-, CBC8P2-, CBC10P1-, and CBC10P2-strengthened
beams, respectively.

With the increase in load application, the stiffness decreased and formed the knee of the “L”,
where the first crack appeared. This first crack stiffness of the control beam was 1,105 N¨mm2. The
intermediate stiffness at the first crack of the CEBNSM-strengthened beams was 2008, 3142, 2553, and
8637 N¨mm2 for the CBC8P1-, CBC8P2-, CBC10P1-, and CBC10P2-strengthened beams, respectively.
No noticeable difference in stiffness was observed after the first crack, and a radical realignment was
visualised for this curve. An almost straight vertical line was formed where the moment increased
with a steady rate. The CBC10P2-strengthened beam showed a gradually-decreasing stiffness with the
increase in the moment capacity from the crack moment to the yield moment.

At the yield moment, the stiffness of the control beam was 1032 N¨mm2. The stiffness at the yield
moment of the CBC series beams was 983, 1292, 2002, and 5656 N¨mm2 for the CBC8P1-, CBC8P2-,
CBC10P1-, and CBC10P2-strengthened beams. After crossing the yield moment point, the beams
showed an almost constant decrease in stiffness with a negligible moment increment. Then, the
moment capacity increased again without any appreciable change in stiffness up to failure.

4. Simulation Method and Verification

4.1. Moment-Rotation Approach

The behaviour of RC beams is commonly simulated using the moment-curvature approach.
The moment-curvature approach is usually capable of simulating strengthened RC beams with
reasonable accuracy and with less computation needed compared to finite element modelling.
However, the moment-curvature models are generally analytical models that rely heavily on empirical
formulations derived specifically for the type of strengthening used on the RC beam. In order to use
the moment-curvature approach for new strengthening methods such as the hybrid strengthening
proposed in this paper, some recalibrations or modifications of these empirical formulations would
be necessary. Yet, due to the small number of samples tested in this paper, the resulting empirical

Univ
ers

ity
 of

 M
ala

ya



Polymers 2016, 8, 261 16 of 23

formulations may not be as accurate as needed. As such, an alternative method was used—the
moment-rotation approach [45–47]. The moment-rotation approach requires no calibrations, as it is able
to directly simulate the mechanisms of the RC beam—such as tension stiffening, crack formation, and
crack widening—without the need for empirical formulations that are normally needed to indirectly
simulate these mechanisms.

4.1.1. Tension Stiffening Analysis

The moment-rotation approach uses the partial interaction theory to simulate the slip of
reinforcements in RC beams, thus allowing the tension stiffening to be directly simulated. In this
paper, the segmental method as presented by Visintin, et al. [47] will be used. Consider Figure 11a,
which shows a beam segment of length 2Ldef located between two flexural cracks. The slip of
reinforcements would be at maximum at the location of the flexural cracks. As the bond stress
acting on the reinforcements reacts against the slip of the reinforcements, the slip of the reinforcements
would be gradually reduced, as the force acting on the reinforcements would be transferred to the
adjacent concrete. Due to symmetry of forces, the slip of reinforcements would tend to zero at the
middle of the beam segment, as shown in Figure 11b. As such, the analysis area can be reduced to
length Ldef.
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A numerical method similar to what was used by a previous researcher [48] was used to simulate
the slip of steel and NSM reinforcements. The beam segment is discretized into small elements of size
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with length of each element (Ls) taken as 0.1 mm, where the stress and strain acting in each element
is assumed to be constant due to its small size. The maximum element for the analysis, imax = LsLdef.
The steel reinforcement is assumed to slip by a certain amount, and the load needed to cause this slip
is assumed. The load and slip values for each element are then solved numerically and the load is
adjusted until the slip is reduced to zero at the middle of the beam segment. The process is repeated
until a load–slip relationship is obtained. The bond–slip model by CEB-FIP [49] was used to determine
the bond force acting on the steel reinforcement.

The method used to simulate the slip of NSM reinforcement is similar to the method used by
Shukri, et al. [46]. The numerical procedure of the NSM reinforcement is nearly the identical to the
steel reinforcement, except the bond–slip model by De Lorenzis, et al. [50] was used to determine the
bond force of the NSM reinforcement:

τ “ τmax´n

ˆ

δ

δmax´n

˙α

f or δ ď δmax´n (7)

τ “ τmax´n

ˆ

δ

δmax´n

˙α1

f or δ ą δmax´n (8)

where τ is the bond stress, τmax´n is the maximum bond stress, δ is the slip, and δmax´n is slip
corresponding to τmax´n. The full list of parameters used for the bond–slip model for NSM FRP bars
is provided in Table 6, where the parameters are empirically derived by De Lorenzis [50] for RC beams
strengthened with NSM FRP ribbed bars, with the exception of τmax´n, which was 21 MPa based on
the value of bond strength given by the manufacturer of the Sikadur® 30 epoxy adhesive.

Table 6. Parameters for bond-slip of NSM FRP.

Parameter Value

δmax (mm) 0.319
τmax´n (mm) 21

α 0.65
α’ ´0.88

A numerical tension stiffening analysis was also applied to the FRP sheet. The bilinear bond-slip
model by Lu, et al. [51] was used:

τ “ τmax´s

d

ˆ

δ

δo

˙

for δ ď δo (9)

τ “ τmax´s

ˆ

δf ´ δ

δf ´ δo

˙

for δo ă δ ! δf (10)

τ “ 0 for δ ą δf (11)

where,

Bw “

d

2.25´ bf{bc

1.25` bf{bc
(12)

τmax´s “ 1.5Bw ft (13)

δo “ 0.0195Bw ft (14)

δf “ 2Gf{τmax (15)

Gt “ 0.308B2
w
a

ft (16)
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Unlike the steel and NSM reinforcement, the bond between the FRP sheet and the concrete can
be reduced to zero if the slip is larger than the maximum slip as determined using the bond–slip
model. As more slip occurs, nearly all the bond along the beam segment will be reduced to zero. This
causes the bond force for the FRP sheet to vary significantly from the bond force for steel and NSM
reinforcements, as shown in Figure 11c,d. Importantly, the small amount of bond for the FRP sheet
in this state causes the tension stiffening contribution of the FRP sheet to the RC beam to be very
insignificant compared to the tension stiffening contribution of steel and NSM reinforcement.

A bilinear stress–strain relationship for steel reinforcement was used. For the FRP bar and sheet,
a linear stress–strain relationship was used.

4.1.2. Moment-Rotation Analysis

The procedure for the moment-rotation approach prior to the occurrence of flexural cracking is
similar to the moment-curvature approach. As moment M is applied, it causes a rotation θ to occur
on the beam segment. A deformation profile (as shown in Figure 12a) is thus formed due to this
rotation. To account for the formation of concrete wedges and the occurrence of concrete crushing, the
size-dependent stress–strain relationship proposed by Chen, et al. [52] was used, which allows the
concrete stress–strain relationship to be adjusted to length Ldef. The concrete stress–strain model by
Popovics [53] was used as the base model that was adjusted for concrete size:

σc “ fc

¨

˚

˝

´

εc
εa

¯

r

r´ 1`
´

εc
εa

¯r

˛

‹

‚

(17)

where σc is the concrete stress, f c is the concrete strength, εc is the concrete strain. The parameters r
and peak strain, εa are determined as:

r “
Ec

Ec ´ fc{εa
(18)

εa “ 4.76ˆ 10´6 p fcq ` 2.13 (19)

where Ec is the elastic modulus of concrete. It should be noted that Equation (19) was proposed
by Chen, et al. [52], based on their research. To obtain the adjusted stress–strain relationship of
concrete, σc/εc-sd—where εc-sd is the size adjusted strain—the size dependent strain for concrete is
then determined as:

εc´sd “ pεc ´ σc{Ecq

ˆ

100
Ldef

˙

` εc (20)
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While the beam is in a state with no flexural crack, the forces acting on the reinforcements can be
determined using the strain and stress profile in Figure 12b,c. The depth of neutral axis, dNA is then
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adjusted until an equilibrium of forces is achieved and the value of moment M is then determined
from forces in Figure 12d.

Further rotation will cause a larger deformation, and once the strain in the tensile region reaches
the concrete cracking strain, a flexural crack is assumed to have appeared on the beam segment. The
force acting on the steel reinforcement, NSM reinforcement, and FRP sheet is determined using the
deformation profile in Figure 12a, and the load–slip relationships determined using the tension
stiffening analysis. The neutral axis is then adjusted to achieve equilibrium of forces, and the
moment M is determined. The process is repeated to obtain a moment-rotation relationship. To
obtain a moment-curvature relationship, then, is just a matter of dividing the rotation by Ldef. The
load–deflection of the beam can then be determined from the moment-curvature relationship using
the double integration method.

The comparison between simulated and experimental load–deflection curves are as shown in
Figures 13–16. It can be seen that the simulated curve follows the general shape of the experimental
curves reasonably well; the tension stiffening analysis was able to simulate the beam behaviour
with considerable accuracy. However, the method is currently unable to simulate the concrete cover
separation failure of CEBNSM-strengthened beams with good accuracy. Further work is needed into
this area.
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5. Conclusions 

This study introduces the CEBNSM method for strengthening RC beams, which involves 
strengthening beams using NSM CFRP round bar in combination with EBR CFRP fabric at the beam 
soffit. The effect of the variable NSM bar diameter, the thickness of the EBR CFRP fabric, and the 
anchorage performance was evaluated based on a four-point bending experimental test. A simulation 
method based on the moment-rotation approach was used to predict the deflection of the CEBNSM-
strengthened RC beams. The following summary can be drawn from the experimental and analytical 
outcomes. 

i. The first crack, yield, and ultimate load of the CEBNSM-strengthened beams significantly 
increased compared with the control beam. The increment of the first crack load was the highest 
(230%) among the three load levels, which is particularly important for serviceability 
performance. The maximum ultimate load-carrying capacity increased to 170% over that of the 
control beam. 

ii. A trilinear load–deflection response was detected, whereas a considerable reduction of the 
deflection for all of the strengthened beams was witnessed at the ultimate stage. The stiffness of 
the strengthened beam significantly increased at all levels of load compared with that of the 
control beam. 

iii. All of the strengthened beams exhibited flexural failure, except for the CBC10P2-strengthened 
beam, which was strengthened using a double-ply CFRP fabric with a 10 mm-diameter NSM 
CFRP bar. However, this debonding failure was successfully eliminated by using CFRP U-Wrap 
anchorage at the fabric curtailment location. 

iv. The average crack spacing of the strengthened beams was 64 to 77 mm, which was smaller than 
that of the control beam (109 mm). The number of cracks was also more significant (average of 
35 cracks) than that of the control beam (21 cracks), which affirmed the enhanced energy 
dissipation of the strengthened beams. Furthermore, the crack width of the strengthened beams 
was significantly reduced. 

v. The strain value of steel and concrete for the strengthened beams was less than that of the control 
beam. The strain values of the NSM bar and the EBR fabric showed the perfect distribution of 
the strain by strengthening reinforcement after the yielding of the internal steel bar. 

vi. The moment-rotation approach was applied to simulate the behaviour of CEBNSM-
strengthened RC beams and was able to give good accuracy. 
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5. Conclusions

This study introduces the CEBNSM method for strengthening RC beams, which involves
strengthening beams using NSM CFRP round bar in combination with EBR CFRP fabric at the
beam soffit. The effect of the variable NSM bar diameter, the thickness of the EBR CFRP fabric,
and the anchorage performance was evaluated based on a four-point bending experimental test. A
simulation method based on the moment-rotation approach was used to predict the deflection of the
CEBNSM-strengthened RC beams. The following summary can be drawn from the experimental and
analytical outcomes.

i The first crack, yield, and ultimate load of the CEBNSM-strengthened beams significantly
increased compared with the control beam. The increment of the first crack load was the
highest (230%) among the three load levels, which is particularly important for serviceability
performance. The maximum ultimate load-carrying capacity increased to 170% over that of the
control beam.
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ii A trilinear load–deflection response was detected, whereas a considerable reduction of the
deflection for all of the strengthened beams was witnessed at the ultimate stage. The stiffness of
the strengthened beam significantly increased at all levels of load compared with that of the
control beam.

iii All of the strengthened beams exhibited flexural failure, except for the CBC10P2-strengthened
beam, which was strengthened using a double-ply CFRP fabric with a 10 mm-diameter NSM
CFRP bar. However, this debonding failure was successfully eliminated by using CFRP U-Wrap
anchorage at the fabric curtailment location.

iv The average crack spacing of the strengthened beams was 64 to 77 mm, which was smaller than
that of the control beam (109 mm). The number of cracks was also more significant (average
of 35 cracks) than that of the control beam (21 cracks), which affirmed the enhanced energy
dissipation of the strengthened beams. Furthermore, the crack width of the strengthened beams
was significantly reduced.

v The strain value of steel and concrete for the strengthened beams was less than that of the control
beam. The strain values of the NSM bar and the EBR fabric showed the perfect distribution of
the strain by strengthening reinforcement after the yielding of the internal steel bar.

vi The moment-rotation approach was applied to simulate the behaviour of CEBNSM-strengthened
RC beams and was able to give good accuracy.
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Simulating Intermediate Crack Debonding on RC Beams Strengthened 
with Hybrid Methods 

Abstract 
The externally bonded (EB) and the near-surface mounted (NSM) are two 
well-known methods for strengthening reinforced concrete (RC) beams. 
Both methods are unfortunately prone to fail prematurely through debond-
ing when the amount of strengthening reinforcement provided is high. In 
response to this, a hybrid method that combines the EB and NSM method 
was introduced. The method allows the amount of reinforcement needed for 
EB and NSM methods to be reduced; this, in theory, should lower the inter-
facial stresses, thus reducing the possibility of debonding failures. While 
debonding failure can be prevented, certain amounts of debonding would 
still occur through the interfacial crack (IC) debonding mechanism which 
can affect the strength and stiffness of hybrid strengthened beams even if it 
does not directly cause failure. This paper presents a method to simulate IC 
debonding of hybrid strengthened beams using the moment-rotation ap-
proach. The proposed method allows a better prediction of maximum load 
and stiffness of the beams. The method is also less dependent on empirical 
formulations compared to the commonly used moment-curvature ap-
proach; this allows the method to be applicable to all material and shape of 
hybrid strengthening reinforcement, assuming correct material models are 
used. The proposed method was then used to perform parametric studies; 
among the important findings is the length of IC debonding tend to increase 
when FRP sheet with higher elastic modulus is used, thus negating most of 
the benefit from the higher modulus. 

Keywords 
Externally bonded; fibre reinforced polymers; near-surface mounted; nume-
rical analysis; partial-interaction; reinforced concrete. 

1 INTRODUCTION 

There are generally two types of strengthening methods available for reinforced concrete (RC) structural 
members in flexure: the externally bonded (EB) method (Barros et al., 2017; Ceroni et al., 2008; Chen et al., 2016; 
Fabrics et al., 2003; Maalej, 2005; Pesic, 2005; Tam et al., 2016; Toutanji et al., 2006) and the near-surface mounted 
(NSM) method (Badawi and Soudki, 2009; Capozucca et al., 2016; Capozucca and Magagnini, 2016; Kreit et al., 
2011; Pachalla and Prakash, 2017; Seo et al., 2016). The EB method uses either fibre reinforced polymer (FRP) 
plates or sheets that are attached on the soffit of RC beams using epoxy adhesive. The NSM method involves making 
a groove on the soffit of RC beams and inserting either FRP bars or strips into the grooves and filling them with 
epoxy adhesive. 

Both of these methods are prone to one or more types of debonding failures. An EB strengthened RC beam can 
fail prematurely due to either critical diagonal crack (CDC) debonding, interfacial crack (IC) debonding or end 
debonding (Narayanamurthy et al., 2012). On the other hand, NSM strengthened RC beams tend to fail prematurely 
only from end debonding through concrete cover separation (Zhang and Teng, 2014). While the NSM method is 
less prone to IC and CDC debonding failures, the probability of concrete cover separation failure is significantly high 
and the failure occurs in nearly all experimental tests in the literature (Zhang and Teng, 2014). To reduce the pos-
sibility of concrete cover separation, several rules were introduced with regard to the use of NSM method. One of 
them is the requirement of sufficient clear spacing and edge clearance for the NSM reinforcements. This causes 
difficulty to apply the NSM method on beams with small widths. 
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In response to this, a new method was proposed. The method is a hybrid between the EB method and the NSM 
method. The main purpose of the hybrid method is to reduce the amount of strengthening reinforcement needed 
by EB and NSM method individually, thus reducing the thickness of the FRP sheet needed as well as reducing the 
number of NSM grooves needed. The theory is that the reduction of strengthening reinforcement reduces the inter-
facial stresses, thus reducing the possibility of concrete cover separation debonding failures for both EB and NSM 
strengthening used in the hybrid method. 

There are at least two earlier research on the hybrid method. The first research by Rahman et al. (2015) intro-
duced a hybrid strengthening method using EB steel plates and NSM steel bars. The use of steel instead of FRP was 
intended to increase the ductility of the strengthened beam, as steel is much more ductile than FRP. However, the 
increase in ductility was barely noticeable from the experimental results due to the concrete cover separation fail-
ure that occurred on all the tested strengthened beams. Furthermore, the concrete cover separation debonding 
failure that occurred shows that the proposed method was unable to give the supposed higher resistance against 
debonding failures. Due to the poor performance of steel bars and plates, Darain et al. (2016) used carbon FRP 
(CFRP) bars and sheets to apply hybrid strengthening on RC beams. The results show that the use of CFRP gives 
much better result compared to steel bars and plates as none of the beams tested failed due to concrete cover sep-
aration. Most of the beams failed due to fracture of FRP sheet, though one of the beams experienced end debonding 
at the epoxy-FRP interface; this type of failure is rare and can be prevented by proper application of epoxy adhesive 
(Narayanamurthy et al., 2012). As the hybrid method is very new, various aspects of it remain unknown, among 
them the effect of IC debonding. It is well known that IC debonding is particularly prevalent on EB strengthened 
beams and can result in loss of an EB strengthened beam’s strength even if it does not directly cause the beam’s 
failure. 

Conducting further experimental works, while necessary, is costly and time consuming. As an alternative 
method of study, this paper intends to apply the moment-rotation (M/θ) approach to simulate and study the effect 
of IC debonding on hybrid strengthened RC beams. The M/θ approach (Darain et al., 2016; Knight et al., 2014b; 
Oehlers et al., 2012, 2013, 2015; Shukri et al., 2015, 2016; Shukri and Jumaat, 2016; Visintin et al., 2012a, 2012b; 
Visintin et al., 2013a, 2013b) is a relatively new simulation method, which applies the partial interaction theory 
(Gupta and Maestrini, 1990; Haskett et al., 2008; Muhamad et al., 2011)  to simulate various mechanics of RC beams, 
such as the formation of flexural cracks, widening of flexural cracks, tension stiffening and concrete wedge for-
mation. The advantage that the M/θ approach has over conventional moment-curvature approach is the fact that it 
can readily simulate these mechanics without resorting to empirical formulations, such as the use of Branson’s 
equation in the moment-curvature approach to simulate tension stiffening, although it should be noted that empir-
ical formulations are still required in terms of material models, such as stress-strain relationships and bond stress-
slip relationships. Apart from this, however, the M/θ approach presented in this paper should be applicable to any 
material type and shape of hybrid strengthening used as long as the correct material models are used.  

In this paper, a new method for tension stiffening simulation for hybrid strengthened RC beams will be pre-
sented. The proposed method presents an improvement to the method used by Darain et al. (2016) as it allows for 
a better simulation of IC debonding, specifically the loss of strength that is caused by IC debonding of FRP sheets 
used in the hybrid strengthening method. The proposed method was validated against published experimental re-
sults. This is followed by a parametric study performed using the proposed method. 

2 TENSION STIFFENING SIMULATION 

For RC beams without any flexural cracks, there exists perfect bonding between the steel reinforcements and 
the concrete adjacent to them. Once flexural cracks occur, this perfect bonding no longer applies; causing the steel 
reinforcements to slip from the concrete. The partial interaction theory has been applied by many researchers as 
the basis to form a numerical simulation of the slip of steel reinforcement mentioned above (Gupta and Maestrini, 
1990; Haskett et al., 2008; Muhamad et al., 2011; Shukri et al., 2015; Shukri and Jumaat, 2016; Visintin et al., 2012a, 
2012b). It has also been shown that this tension stiffening simulation is also applicable to FRP reinforcements, such 
as NSM FRP bars (Darain et al., 2016; Shukri et al., 2015, 2016; Shukri and Jumaat, 2016) and FRP sheets (Darain 
et al., 2016; Oehlers et al., 2013, 2015). 

The tension stiffening simulation has also been successfully applied on hybrid strengthened beams (Darain et 
al., 2016), where a tension stiffening simulation based on the multiple crack segmental analysis (Shukri et al., 2015; 
Visintin et al., 2012a) was applied on the steel bars, CFRP bars, and CFRP sheets respectively. 

In the multiple crack segmental analysis, the length of primary crack is first determined, allowing the area of 
analysis to be reduced to half of the primary crack length, Ldef as shown in Figure 1(a) due to the symmetry of forces 
where Scr is the primary crack length. From Figure 1(a), the load applied to the beam segmental causes a rotation 
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θ. The reinforcements slip by δr, δb and δs for the steel bar, FRP bar, and FRP sheet respectively. The slips are grad-
ually reduced the further away from the crack face due to the transfer of load from the steel and FRP reinforcements 
to the adjacent concrete through bond stress. A numerical analysis is then performed to determine the value of 
loads Pr, Pb, and Ps that causes these slips by applying the boundary condition of slip being reduced to zero at the 
centre of the beam section, as shown in Figure 1(b). With regard to the FRP sheet, a bilinear bond stress-slip such 
as the one proposed by Lu et al. (2005) is usually applied. In the bilinear model, as shown in Figure 2, the bond 
stress is reduced to zero at δf. This loss of bond allows the multiple crack segmental analysis to simulate IC debond-
ing (Darain et al., 2016). As shown in Figure 1(b) and Figure 1(c), when the slip for FRP sheet is increased higher 
than δf, the bond stress is reduced to zero and the area is considered to have debonded. 

 
Figure 1. Multiple crack segmental analysis (a) RC beam segment; (b) Slip distribution for FRP sheet; (c) Bond stress 

distribution for FRP sheet. 

 

 
Figure 2. Bond stress-slip model for FRP sheet. 
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The multiple crack segmental analysis allows for an accurate simulation of tension stiffening in hybrid 
strengthened RC beams. However, the resulting equilibrium of forces in the multiple crack segmental analysis does 
not limit the force in the FRP strengthening reinforcements (Oehlers et al., 2015). This greatly affects the accuracy 
of the simulation as the loss of strength due to IC debonding is not taken into account; this was reflected in the 
simulated results of Darain et al. (2016), where multiple crack analysis was applied and the simulated results over-
predict most of the ultimate load. In response to this, in this paper, a single crack segmental analysis will be used to 
form a tension stiffening simulation for the FRP sheets and bars. 

The single crack segmental analysis is focused on the flexural crack forming in the maximum moment region, 
as shown in Figure 3(a). The load applied to the beam causes a rotation θ which in turn causes slips δr, δb and δs for 
the steel bar, FRP bar, and FRP sheet respectively. Numerical analysis is then applied to determine the values of 
loads Pr, Pb, and Ps that causes these slips. The single crack segmental analysis does not limit the tension stiffening 
analysis to half-crack length Ldef; the numerical analysis is continued until the slip is reduced to zero at Lend, which 
can be any distance from the crack face. When a slip of FRP sheet is higher than δf, the bond stress is reduced to 
zero, as shown in Figure 3(b) and Figure 3(c). Unlike in the multiple crack analysis, the equilibrium of forces in the 
single crack analysis causes the debonded section to occur while the applied load on the FRP sheet remains constant 
at PIC, which is the load at which IC debonding starts occurring. 

 
Figure 3. Single crack segmental analysis (a) RC beam segment; (b) Slip distribution for FRP sheet; (c) Bond stress dis-

tribution for FRP sheet. 

 

The numerical procedure required for the single crack analysis is as shown below, along with a flowchart in 
Figure 4: 
1. The beam geometry and material properties are determined: 

a. Area of EB/NSM/steel reinforcement, Ar. 
b. Area of concrete adjacent to the EB/NSM/steel reinforcement, Ac. More information on determining the Ac is available elsewhere 

(Darain et al., 2016; Shukri et al., 2015; Shukri and Jumaat, 2016). 
c. Perimeter of EB/NSM/steel reinforcement, Lper. 
d. Compressive strength of concrete, fc. 
e. Elastic modulus of concrete, Ec. 
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f. Yield strength of steel reinforcement, σy. 
g. Ultimate strength of EB/NSM/steel reinforcement, σf. 
h. Ultimate load of EB/NSM/steel reinforcement, Pr_max=Arσf 
i. Elastic modulus of EB/NSM/steel reinforcement, Ey. 
j. Strain hardening modulus of steel reinforcement, Eh. 

2. The beam is divided into small segments where the length, Ls=0.1mm. The analysis will start at the crack face, with the following 
boundary conditions: 

a. Slip of reinforcement, Δr = δ(1) = 0.01 mm. 
b. Pc(1) = 0 
c. The value of Pr(1) is assumed. 

3. The rest of the procedure will determine the forces and strains acting on each beam segment; a dummy variable ‘i’ is introduced to identify 
the beam segment being solved. 

4. The bond stress, τ(i) acting on the EB/NSM/steel reinforcement is determined. 
5. The bond force is determined as B(i) = τ(i)LsLper. The strain of the EB/NSM/steel reinforcement is determined as εr = Pr(i)Ar/Er. The 

change in slip for the reinforcement from this beam segment to the next segment is determined as ∆δ = (εr − εc)Ls. It should be 
noted that for the EB reinforcements, it is assumed that the area of concrete is thin enough to be negligible; the change in slip is 
thus ∆δ = εrLs. 

6. The values of boundary conditions for the next beam segment are determined. Note that the values of Pc(i + 1) and εc are only calculated 
for NSM/steel reinforcements: 

a. δ(i + 1) = δ(i) + ∆δ 
b. Pr(i + 1) = Pr(i) − B(i) 
c. Pc(i + 1) = Pc(i) + B(i) 
d. εc = Pc(i + 1)Ac/Ec 

7. The condition δ(i + 1)/δ(1) < 0.01, which represents a 99% reduction from δ(1) is checked. 
8. If the condition in procedure 7 is not met, another condition is checked, which is Pr(i + 1) < 0. 
9. If the condition in procedure 8 is also not met, the analysis will move on to the next beam segment. The dummy variable i is updated by 1 

and procedure 3–8 is repeated. 
10. If the condition in procedure 8 is met, the assumed value of applied load Pr(1) is too low and the procedure 2–7 will be repeated with a 

higher value of assumed Pr(1). 
11. If Pr(1)>Pr_max, the EB/NSM/steel reinforcement has fractured and failed. 
12. If condition 11 is not met, the slip δ(1) and the corresponding Pr(1) is then recorded and a larger value of δ(1) is set. The analysis is then 

repeated starting from procedure 3. 
13. If condition 11 is met, the analysis can be stopped and the load-slip (Pr(1)/δ(1)) relationship is recorded. 

 
Figure 4. Single crack tension stiffening analysis procedure. 
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The numerical procedure for multiple crack analysis is not presented here, however the full procedure can be 
found in Shukri and Jumaat (2016). 

3 MOMENT-ROTATION SIMULATION 

The M/θ simulation is performed within the range of length Ldef, which is determined using the tension stiff-
ening simulation (Shukri and Jumaat, 2016). Consider Figure 4, where a beam section of length Ldef is rotated by θ 
degree due to moment M. Prior to flexural cracking, the forces that cause deformation on the beam as shown in 
Figure 5(a) can be determined from the stress-strain relationships of each material. The depth of neutral axis dna is 
then adjusted until equilibrium of forces is achieved; the actual value of moment M which causes rotation θ is then 
determined. 

 
Figure 5. Moment-rotation analysis (a) Beam segment and deformation profile; (b) Strain profile; (c) Stress profile; (d) 

Force profile. 

 

When flexural cracking occurs, a slip of reinforcements occurs such that the strains of reinforcement are no 
longer constant along length Ldef. The forces acting on the steel and FRP reinforcements must then be determined 
using the load-slip (Pr/δr) relationship obtained from the tension stiffening simulation, where the slip is determined 
from the deformation profile in Figure 5(a). It should be noted that where more than one FRP sheet is used, the slip 
and the resulting load for each slip must be determined separately as shown in Figure 5(a) and Figure 5(d). The 
neutral axis dna is then adjusted to obtain the equilibrium of forces and the actual value of is determined. The pro-
cess is repeated for different values of θ in order to obtain an M/θ relationship. The moment-curvature can be 
obtained by dividing the values of θ with Ldef. The load-deflection relationship of hybrid strengthened RC beams 
can then be determined using the commonly used double integration method. 

4 VALIDATION OF PROPOSED METHOD 

The proposed method was validated against the published experimental results of Darain et al. (2016). The 
experimental results are from four RC beams strengthened with the hybrid method made up of carbon FRP (CFRP) 
bars and CFRP sheets. A single CFRP bar was used for each beam, with a diameter of either 8mm or 10mm; the size 
of the NSM groove on the beam is twice the diameter of the bar used. The beams used either a single or two plies of 
CFRP sheets used had 0.17mm thickness. Further details on the beams and the materials used are given in Table 1 
and Table 2. 

 

Table 1: Beam details. 

Beam Designation EB reinforcement NSM reinforcement  
CBC8P1 One ply of CFRP sheet One 8 mm CFRP bar  
CBC8P2 Two ply of CFRP sheet One 8 mm CFRP bar  

CBC10P1 One ply of CFRP sheet One 10 mm CFRP bar  
CBC10P2 Two ply of CFRP sheet One 10 mm CFRP bar  
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Table 2: Material properties. 

Material Property Value (MPa) 

Concrete 

Compressive strength 50.1 

Tensile strength 5.5 

Elastic modulus 33260 

Steel bar 

Yield stress 529 

Ultimate strength 587 

Elastic modulus 200000 

CFRP bar 
Ultimate strength 2400 

Elastic modulus 165 

CFRP sheet 
Ultimate strength 4900 

Elastic modulus 230000 

5 MATERIAL MODELS 

Several material models were used in this paper, which will be mentioned only in brief to keep the paper short. 
Further details on the material models can be found in the reference given. The material models are only used as 
input for the tension stiffening and moment-rotation simulations; they can be replaced with other models if deemed 
appropriate (Knight et al., 2014a). 

A bilinear stress-strain relationship with strain hardening was used for the steel reinforcements, while a linear 
stress-strain relationship was used for the CFRP bars. For the tension stiffening simulation, the bond-slip model by 
CEB-FIP (1993) was used for the steel reinforcement while the bond-slip model by De Lorenzis (2004) was used 
to determine the bond force of the NSM reinforcement. The maximum bond stress, τmax was obtained using the 
bond strength model by Hassan and Rizkalla (2004). For the tension stiffening analysis of FRP sheet, the bilinear 
bond-slip model by Lu et al. (2005) was used. For concrete in compression, the stress-strain model by Popovics 
(1973) was used in conjunction with the size-dependent stress-strain method by Chen et al. (2014). 

6 COMPARISONS OF SIMULATED AND EXPERIMENTAL RESULTS 

A summary of the simulated results is given in Table 3. The proposed method was able to predict the maximum 
loads very well, where the deviation is found to be within 4% of the experimental value. The accuracy of the simu-
lated deflection at maximum load is also good, apart from the simulated value for beam CBC8P2 which was found 
to be 20% higher than the experimental value. The simulated yield loads overpredict the experimental values, with 
a deviation between 12-16%. The use of the single crack analysis as the basis of the tension stiffening simulation 
may be the cause of this, as the single crack analysis is known to be less accurate at predicting tension stiffening 
effect compared to the multiple crack analysis. The simulated length of IC debonding is also given in Table 3, alt-
hough its accuracy cannot be verified in this case. The length of IC debonding is affected by the amount of strength-
ening reinforcement provided. The use of two FRP sheets can be seen to give a shorter length of IC debonding 
compared to when only one FRP sheet is used. A similar effect can be seen when a larger size of NSM FRP bar is 
used, although the change to the length of IC debonding is negligible when compared to FRP sheets. 
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Table 3: Summary of simulated and experimental results 

Beam Results Py (kN) Pmax (kN) ∆max (mm) LIC (mm) 

CBC8P1 

Simulated 59.40 69.80 41.75 483.60 

Experimental 52.51 70.66 39.50 - 

Simulated/Experimental 1.13 0.99 1.06 - 

CBC8P2 

Simulated 67.40 76.40 37.40 428.80 

Experimental 59.11 76.71 31.18 - 

Simulated/Experimental 1.14 1.00 1.20 - 

CBC10P1 

Simulated 64.40 78.00 46.34 469.00 

Experimental 57.64 81.66 42.96 - 

Simulated/Experimental 1.12 0.96 1.08 - 

CBC10P2 

Simulated 72.80 84.20 42.06 421.40 

Experimental 62.59 86.98 42.64 - 

Simulated/Experimental 1.16 0.97 0.99 - 

Note: Py=yield load; Pmax=maximum load; ∆max=deflection at maximum load; LIC=length of IC debonding. 

 
A comparison between simulated and experimental load-deflection results are also given in Figure 6. The sim-

ulated load-deflection using the method proposed Darain et al. (2016) is also included in Figure 6; their simulated 
results were obtained using the multiple crack analysis and hence is incapable of simulating IC debonding. Its in-
clusion in Figure 6 is meant to show the benefit of simulating IC debonding as opposed to ignoring it. It can be seen 
that the method proposed in this paper is able to follow the general shape of the experimental load-deflection curve 
relatively well compared to the simulation using the method by Darain et al. (2016) which tends to overpredict the 
load-deflection capacity of hybrid strengthened RC beams, especially after steel yielding. However, the previous 
simulation method by Darain et al. (2016) was found to be better at predicting the pre-yield stiffness of the beams, 
which as mentioned before can be attributed to the multiple crack analysis being better at simulating tension stiff-
ening (Oehlers et al., 2015). However, the new method proposed in this paper is better at predicting the failure load 
of the hybrid strengthened beams. 

 
Figure 6. Comparison of load-deflection results (a) Beam CBC8P1; (b) Beam CBC8P2; (c) Beam CBC10P1; (d) Beam 

CBC10P2. 
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7 PARAMETRIC STUDY 

The proposed simulation method was used to perform several parametric studies. The details of the simulated 
beams used for the parametric study is similar to beam CBC10P1, apart from the list of properties listed in Table 4. 
Four test groups were used for the parametric studies. Test groups n-e and s-e were used to study the effect of the 
elastic modulus of NSM FRP bars (Er-nsm) and FRP sheets (Er-sheet) respectively; test groups n-t and s-t, on the other 
hand, were used to determine the effect of the bond strength of NSM FRP bars (τmax-nsm) and FRP sheets (τmax-sheet) 
respectively. 

 

Table 4: Properties of simulated hybrid strengthened RC beams. 

Test Group Beam Er-nsm (GPa) Er-sheet (GPa) τmax-nsm (GPa) τmax-sheet (GPa) 

n-e 

n-e-50 50 230 9.31 6.78 
n-e-100 100 230 9.31 6.78 
n-e-150 150 230 9.31 6.78 
n-e-200 200 230 9.31 6.78 

s-e 

s-e-50 165 50 9.31 6.78 
s-e-100 165 100 9.31 6.78 
s-e-150 165 150 9.31 6.78 
s-e-200 165 200 9.31 6.78 

n-t 

n-t-5 165 230 5 6.78 
n-t-10 165 230 10 6.78 
n-t-15 165 230 15 6.78 
n-t-20 165 230 20 6.78 

s-t 

s-t-5 165 230 9.31 5 
s-t-10 165 230 9.31 10 
s-t-15 165 230 9.31 15 
s-t-20 165 230 9.31 20 

Note: Er-nsm=elastic modulus of NSM FRP bar; Er-sheet=elastic modulus of FRP sheet; τmax-nsm=bond strength of NSM FRP bar; τmax-sheet=bond strength of 
FRP sheet. 

 
The summary of the simulated results for test groups n-e and s-e is given in Table 5, while Figure 7 and Figure 

8 shows the load-deflection results for test group n-e and s-e respectively. All the beams failed through concrete 
crushing, which in this paper is taken as the concrete strain of 0.003. The yield load (Py) and maximum load (Pmax) 
of the hybrid strengthened beams were found to increase as the values of Er-nsm and Er-sheet are increased. 

 

Table 5: Summary of simulated results for test group n-e and s-e 

Test group Beam Er (N/mm2) Py (kN) Pmax (kN) ∆max (mm) LIC (mm) 

n-e 

n-e-50 Er-nsm=50 54.8 64.2 43.9 494.4 

n-e-100 100 59.8 70 42.6 439.8 

n-e-150 150 63.8 74.4 41.3 403 

n-e-200 200 66.8 77.8 40.5 377 

s-e 

s-e-50 Er-sheet=50 59.8 71.8 43.3 184.4 

s-e-100 100 62.2 73 42.4 262.8 

s-e-150 150 63.2 74 42.0 322.4 

s-e-200 200 63.8 74.6 41.1 368 

Note: Er=Elastic modulus; Er-nsm=elastic modulus of NSM FRP bar; Er-sheet=elastic modulus of FRP sheet; Py=yield load; Pmax=maximum load; 
∆max=deflection at maximum load; LIC=length of IC debonding. 
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Figure 7. Load-deflection results of test group n-e. 

 
Figure 8. Load-deflection results of test group s-e. 

 

In Figure 9, a plot of Er against the length of IC debonding, LIC is presented. It should be noted that the value of 
Er for test group n-e and s-e refer to Er-nsm and Er-sheet respectively. The LIC was found to decrease when higher Er-

nsm was used. On the other hand, as the Er-sheet is increased, the LIC also increases. This contrasting IC debonding 
behaviour inevitably affects the load-deflection relationships of the beams as well. As shown in Figure 7, since the 
LIC decreases for higher Er-nsm, a significant increase in the stiffness and maximum load for beams in test group n-e 
can be seen. However, for beams in test group s-e, as shown in Figure 8, since LIC will also increase when higher Er-

sheet is used, the increase in stiffness and the maximum load becomes minimal. 
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Figure 9. Comparison of simulated IC debonding length for test group n-e and s-e. 

 

A summary of the results for test groups n-t and s-t is given in Table 6; the load-deflection results are shown 
in Figure 10 and Figure 11. Similar to before, all beams failed by concrete crushing. From Table 6, it can be seen 
that higher values of τmax-nsm and τmax-sheet causes the Py and Pmax to increase. However, the overall increase is much 
lower when compared to the increase seen in the parametric study of elastic modulus, which suggests that while 
τmax-nsm and τmax-sheet are important for tension stiffening, changes in their values does not impact the behaviour of 
hybrid strengthened beams to a significant degree. 

Table 6: Summary of simulated results for test group n-t and s-t 

Test group Beam τmax (N/mm2) Py (kN) Pmax (kN) ∆max (mm) LIC (mm) 

n-t 

n-t-5 τmax-nsm=5 62.2 74 41.9 395.6 

n-t-10 10 64.6 75.4 41.0 395.6 

n-t-15 15 66.8 76.4 39.6 384.4 

n-t-20 20 68.8 77.4 38.5 377 

s-t 

s-t-5 τmax-sheet=5 65.4 75.2 41.3 376.6 

s-t-10 10 65.6 75.2 41.1 412.8 

s-t-15 15 66.2 76.2 40.4 346.6 

s-t-20 20 67.2 77.2 39.5 298.6 

Note: τmax=bond strength; τmax-nsm=bond strength of NSM FRP bar; τmax-sheet=bond strength of FRP sheet; Py=yield load; Pmax=maximum load; 
∆max=deflection at maximum load; LIC=length of IC debonding. 

 
Figure 10. Load-deflection results of test group n-t. 
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Figure 11. Load-deflection results of test group s-t. 

A plot of LIC against τmax for test group n-t and s-t is given in Figure 12. The LIC was found to reduce for higher 
values of τmax-nsm. The result of LIC-τmax-sheet curve shows a similar trend, apart from a slight increase in LIC for beam 
s-t-10, which uses τmax-sheet = 10 N/mm2. This slight increase in LIC is related to the bond stress and slip of the FRP 
sheet. Consider Figure 13(b) and Figure 13(c), which shows the slip and bond stress distribution of the FRP sheet 
for beams s-t-5, s-t-10 and s-t-15. At the same amount of initial slip δ1, the beam with a higher τmax-sheet such as beam 
s-t-15 will have a shorter hinge span (Lend) due to a quicker transfer of force from the FRP sheet to the concrete. 
However, the transfer of force for beam s-t-10 is not high enough; this causes beam s-t-5 and s-t-10 to have an 
almost similar Lend. As the Lend is the same, the summation of bond stresses τsum for both beams should be similar. 
However, beam s-t-10 have a higher τmax-sheet than beam s-t-5. This results in beam s-t-10 having a longer LIC in 
order to have the same τsum as beam s-t-5. This situation does not occur in beam s-t-15, which have a high enough 
τmax-sheet to cause it to have a significantly shorter Lend compared to the other two beams. The LIC for beam s-t-15 is 
also the shortest of the three beams. The most significant effect of a longer LIC is the reduction of the strength and 
stiffness for beam s-t-10. This can be seen in Figure 11, where the load-deflection curve for s-t-5 and s-t-10 is almost 
identical despite beam s-t-10 having a higher τmax-sheet. 

 

 
Figure 12. Comparison of simulated IC debonding length for test group n-t and s-t. 
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Figure 13. Distribution of slip and bond stress of FRP sheet (a) Beam detail; (b) Bond stress distribution for FRP sheet; 

(c) Slip distribution for FRP sheet. 

 

8 CONCLUSIONS 

An improvement to the method presented by Darain et al. (2016) for simulating the behaviour of hybrid 
strengthened RC beams was proposed, which can correctly simulate the effect of IC debonding. Several conclusions 
were made based on the work done: 
• The proposed method was able to simulate the behaviour of hybrid strengthened beams with good accuracy. The single crack analysis was 

found to be important in simulating the loss of stiffness due to IC debonding in hybrid strengthened RC beams. 
• The simulated maximum load was found to be within 4% of the experimental value. 
• On the other hand, the simulated maximum deflection was found to be less accurate with deviation from the experimental value from 1% to 

20%. 
• The simulated yield load was found to deviate from experimental values from 12-16% due to the use of the single crack analysis as the 

basis of the tension stiffening simulation, as the single crack analysis is known to be less accurate at predicting tension stiffening 
effect compared to the multiple crack analysis. 

• Increasing the elastic modulus of NSM FRP bar increases the stiffness and maximum load of the hybrid strengthened beam while 
decreasing the length of IC debonding. 

• Increasing the elastic modulus of FRP sheet, on the other hand, increases the length of IC debonding; as such while the stiffness and 
maximum load of the hybrid strengthened beam still increase, the amount is less significant compared to increasing the elastic 
modulus of NSM FRP bar. 

• Increasing the bond strength of NSM FRP bar and FRP sheet slightly increases the stiffness and maximum load of hybrid strengthened 
beams. 

While the proposed method is perhaps too complicated to be used in general design, it is hoped that it can be 
used to perform further studies on the hybrid strengthening method similar to the parametric study presented in 
this paper. The proposed method should be applicable to hybrid strengthened beams using any type of material 
and shape of FRP reinforcement, assuming the correct material models (in particular the bond stress-slip model) 
are used. 
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CHAPTER 6 - DESIGN PROCEDURE FOR NSM AND SNSM 

STRENGTHENED RC BEAMS 

 

This chapter presents the research paper “Concrete cover separation of reinforced 

concrete beams strengthened with near-surface mounted method: Mechanics based 

design approach”. In this paper, the methodology and results from studies done in 

chapters 3, 4 and 5 will be used to obtain closed form solutions for crack spacing and 

load-slip relationships, which will be used to obtain a design procedure for NSM 

strengthened beams. The proposed design procedure is much simpler than the full 

simulation for general design purpose and as such is difficult to use. The proposed 

procedure allows the designed NSM strengthened beam to be safe from CCS debonding, 

which is the primary mode of failure for NSM strengthened beams. 

The details of the research papers contained in this chapter along with the statement of 

contribution of authors is as follows: 

1) Shukri, A. A., Ibrahim, Z., & Hashim, H. (2019). Concrete cover separation of 

reinforced concrete beams strengthened with near-surface mounted method: 

Mechanics based design approach. Advances in Structural Engineering, 22, 

1739–1754. 

a. Statement of contribution: Ahmad Azim Shukri (author) performed the 

simulations and wrote the paper, Zainah Ibrahim (co-author) supervised 

the research and checked the paper, Huzaifa Hashim (co-author) checked 

the paper. 
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Concrete cover separation of
reinforced concrete beams
strengthened with near-surface
mounted method: Mechanics based
design approach

Ahmad Azim Shukri , Zainah Ibrahim and Huzaifa Hashim

Abstract
The primary mode of premature failure for near-surface mounted strengthened beams is the concrete cover separation. Due to its
complexity, most of the prediction methods for concrete cover separation tend to be empirical based, which can limit their usage to
specific near-surface mounted strengthening configurations. In response to that, this article presents a mechanics-based design which
uses the moment-rotation approach and the global energy balance approach which is less reliant on empirical formulations, as the
mechanics of reinforced concrete beam such as tension stiffening and propagation of concrete cover separation debonding crack are
directly simulated rather than empirically derived. The proposed design procedure was validated against published experimental
results of reinforced concrete beams strengthened with near-surface mounted carbon fibre–reinforced polymer bars, near-surface
mounted carbon fibre–reinforced polymer strips or side-near-surface mounted carbon fibre–reinforced polymer bars and show good
accuracy. As it is less reliant on empirical formulations, the proposed design procedure should be applicable to various near-surface
mounted reinforcement configurations and materials.

Keywords
fibre-reinforced polymer, fracture mechanics, moment-rotation, near-surface mounted, partial interaction, reinforced concrete

Introduction

Structural reinforced concrete (RC) members can
require strengthening to compensate for deficiencies in
either flexural or shear strength. The reasons for struc-
tural strengthening are varied; most structures require
strengthening to compensate for strength loss due to
ageing, while some structures were damaged in some
ways that result in loss of strength. The focus of this
article is the near-surface mounted (NSM) method
(Badawi and Soudki, 2009; Bilotta et al., 2011;
Capozucca and Bossoletti, 2014; Galati and De
Lorenzis, 2009; Sharaky et al., 2017; Wu et al., 2014),
which is a type of flexural strengthening for RC beams
or slabs. The NSM method involves drilling grooves
within the concrete cover and placing an NSM reinfor-
cement within it, after which the groove is filled with
epoxy adhesive. Currently, there are also several new
derivative methods based on the NSM method, such
as the side-NSM (SNSM) method (Sharaky et al.,
2017; Shukri et al., 2016a) where the NSM reinforce-
ment is placed at the sides of the beam to allow NSM

strengthening to be applied on beams with small width
or with beam soffits which are inaccessible and the
partially bonded NSM (Choi et al., 2011; Seo et al.,
2016) where the high moment area of the NSM is left
unbonded to increase ductility.

The main problem of the NSM method is its vulner-
ability to concrete cover separation (CCS) failure. The
CCS involves a debonding crack which appears at the
location of NSM reinforcement curtailment, which
then propagates towards the higher moment area of
the beam. It is a type of premature mode of failure,
which means that NSM-strengthened beams that failed
by CCS will have failed well below the design strength.
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There has not been much research done on CCS failure
on NSM-strengthened beams, likely due to the pres-
ence of a large number of parameters involved. Several
methods to predict or simulate CCS have been pro-
posed using the finite element method (Al-Mahmoud
et al., 2010; Zhang and Teng, 2014) or using the con-
crete tooth model (De Lorenzis and Nanni, 2003).
Recently, Teng et al. (2016) proposed a strength model
for NSM carbon fibre–reinforced polymer (CFRP)
strips derived using finite element study while an analy-
tical design approach was proposed by Rezazadeh
et al. (2016), which was derived using concrete fracture
mechanic. Most of these methods can be highly empiri-
cal, such as in terms of predicting crack spacing.
Empirical methods that are formulated around a spe-
cific shape or material type of NSM reinforcement are
only accurate within the regime of testing used to for-
mulate them, which can limit their usage.

In response to all these problems, this article pro-
poses a mechanics-based approach to design, which can
prevent CCS failure while being less reliant on empirical
means. An example of this can be seen in the work of
Shukri and Jumaat (2016), where the moment-rotation
(M/u) approach (Knight et al., 2014; Mo et al., 2016;
Oehlers et al., 2012; Shukri et al., 2015, 2016b; Visintin
et al., 2013; Visintin and Oehlers, 2016, 2017) was used
in conjunction with the global energy balance approach
(GEBA) (Achintha and Burgoyne, 2013, 2011; Guan
and Burgoyne, 2014) to simulate CCS failure. The M/u
approach is a mechanics-based method that applies the
partial interaction theory (Gupta and Maestrini, 1990;
Haskett et al., 2008; Muhamad et al., 2012; Visintin
et al., 2013) to directly simulate concrete cracking,
crack widening, and tension stiffening of RC beams.
The GEBA, on the other hand, applies the fracture
mechanics of concrete to predict whether the CCS
debonding crack will propagate and cause failure. The
proposed method by Shukri and Jumaat (2016) shows
that the use of these two mechanics-based methods
allows the CCS failure of NSM-strengthened beams to
be predicted with good accuracy and applicable to vari-
ous types of NSM reinforcement material and shape
due to lower reliance on empirical means. However, it
was not made for general design purpose and as such is
difficult to use. Hence, in this article, closed-form solu-
tions for crack spacing and load–slip relationships will
be used to formulate a simpler design procedure based
on the M/u-GEBA method, which is then validated
against published experimental results.

Fundamental theories

In this section, the fundamental theories used in the
M/u approach and GEBA will be presented. The aim
of this article is to introduce a design procedure, hence

only a brief description of the M/u approach and
GEBA that is relevant to this article are given while
references to the original research are provided.

M/u approach

The M/u approach used is a segmental simulation
focused on the behaviour of cracked RC beam,
as shown in Figure 1(a), which feature an NSM-
strengthened RC beam section with cross-section as
shown in Figure 1(b). The spacing between these primary
cracks is designated Scr, and due to symmetry of forces
within the RC beam segment, it is possible to only con-
sider half the crack spacing, Ldef, for analysis purpose.

Slip occurs along Ldef between the steel and NSM
reinforcements and adjacent concrete, causing a cumu-
lative slip of dr and df at the crack face, respectively;
this occurrence can be idealized as prism with a reinfor-
cement and its adjacent concrete as shown in Figure 2,
where slip of steel reinforcement (dr) is shown as exam-
ple. The size of the prisms is as shown in Figure 1(b),
where cr refers to the distance from the centroid of the
steel reinforcement to beam soffit and cf refers to the
distance from the centroid of the NSM reinforcement
to the beam soffit.

The bond stress, t, gradually transfers load Pr onto
the adjacent concrete, causing both Pr and dr to reduce
the further it gets from the crack face. Using the bound-
ary condition of dr = 0 at length Ldef, the stresses and
strains within the prism can be solved to determine
the force Pr which causes the slip dr, which allows the
load–slip (P-d) relationship to be obtained as shown in
Figure 3. This procedure is called the partial interaction
tension stiffening analysis (Haskett et al., 2008;
Muhamad et al., 2011, 2012); the benefit of this analysis
is the resulting load–slip relationship has directly
accounted for the effects of tension stiffening through
the use of bond stress–slip relationship, such that other
empirical indirect methods, such as the commonly used
Branson’s equation (Branson, 1968), are not needed.

From Figure 3, it can be seen that there is an initial
linear portion OA with stiffness K (Zhang et al., 2017),
such that the Pr-dr and Pf-dr relationship can be writ-
ten as Pr = Krdr and Pf = Kfdf, respectively. This
assumption should be correct for steel reinforcements
prior to steel yielding and for NSM FRP reinforce-
ments, which do not yield. Closed-form solutions
based on this theory have been proposed (Visintin and
Oehlers, 2016; Zhang et al., 2017) and will be used
extensively in this article.

GEBA

The GEBA is a fracture mechanics-based method
where the primary assumption is that CCS debonding
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cracks will always appear on strengthened RC beams,
causing a debonded length Ld as shown in Figure 4. It
is then only a matter of determining whether there is
enough energy for the debonding crack to propagate
and cause failure. When the GEBA is applied on
beams strengthened with FRP sheet (Achintha and
Burgoyne, 2011) or NSM (Shukri et al., 2018; Shukri
and Jumaat, 2016), it is usually assumed that the
debonding crack starts to propagate at an angle of 45�
to the beam axis until it reaches the shear link; with
this assumption, Ld is considered equal to the concrete
cover’s depth as shown in Figure 4(a). It was stated by
Achintha and Burgoyne (2013) that the actual direc-
tion of the crack may be slightly varied from 45�, but it
should not have a significant effect on the results. On
the other hand, for SNSM-strengthened beams, the
experimental studies on SNSM-strengthened beams
(Hosen et al., 2015; Sharaky et al., 2017; Shukri et al.,
2016a) had shown that the shear crack starts to propa-
gate horizontally as it reaches the SNSM reinforce-
ment, such that Ld = 0 as shown in Figure 4(b).

As the GEBA is concerned with the start of the
fracture process, mode II effects of concrete fracture
such as aggregate interlock are not relevant; hence, the
focus of the GEBA is mainly on mode I (Achintha and
Burgoyne, 2008). For the fundamental procedure of

the GEBA, consider the NSM-strengthened beam sec-
tion as shown in Figure 4, with a CCS debonding
crack already present at location La where moment Ma

is acting. It is assumed that the debonding crack will
propagate instantaneously, such that Ma remains the
same as the change from strengthened to unstrength-
ened section due to CCS debonding occurs, as shown
in Figure 5. The strain energy available at La that can
cause the debonding crack to propagate, designated as
Wa, can be determined from the difference between the
moment–curvature (M/x) relationship of the NSM-
strengthened section (M/x)s and the unstrengthened
section (M/x)u. The method to determine fracture
energy available for debonding (Ga) is presented in sec-
tion ‘CCS prediction’.

Design procedure for CCS

The proposed mechanics-based design procedure will
be presented in this section, while a flowchart is given
in Figure 6 as an overview. A preliminary design for
the NSM strengthening is first made. Assuming the
maximum moment that the beam needs to withstand is
known, the maximum moment at La, Ma is known.
The rotation at the strengthened and unstrengthened
section due to moment Ma is then determined and the

Figure 1. RC beam: (a) NSM-strengthened beam segment and (b) cross-section of NSM-strengthened beam.
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GEBA is used to determine if the debonding crack will
propagate. If the beam is predicted to fail by CCS, the
design for the NSM strengthening is changed and the
procedure is repeated. Once a suitable design for NSM
strengthening is determined, the flexural strength of
the NSM-strengthened beam is then determined.

The proposed design procedure is applicable for
both virgin and cracked RC beams. It has been shown
that the crack spacing near the support of the beams is
usually similar regardless of whether the beam is virgin
or cracked prior to NSM strengthening (Shukri et al.,
2018), which allows the method for CCS prediction
presented in Figure 6 to be used as it is for both types
of beams. Furthermore, it was shown that the differ-
ence in ultimate load between virgin and cracked
NSM-strengthened RC beam to be negligible when the
failure is by flexure rather than CCS (Shukri et al.,
2016a, 2018).

Primary crack spacing and load–slip stiffness

The primary crack spacing, Scr, and the length of
deformation, Ldef, can be defined through the mechani-
cally derived equation by Sturm et al. (2018)

Scr =a
2a 1+að Þ

l2 1� að Þ1+a

 ! 1
1+a

fct

Ec

EcAc

ErAr

+ 1

� �� � 1�a
1+a

ð1Þ

where

l2 =
tmax

da
1

b ð2Þ

b= Lper

1

ErAr

+
1

EcAc

� �
ð3Þ

Ldef =
Scr

2
ð4Þ

where fct is the tensile strength of concrete, Lper is the
total perimeter of a single tensile steel reinforcement of
area Ar contained within the tension stiffening prism as
shown in Figure 2. Acr is the area of adjacent concrete
in the tension stiffening prism, which can be deter-
mined using Figure 1(b). The variables a, d1 and tmax

are the ascending branch of the non-linear bond stress–
slip relationship by CEB-FIP (1993) where a = 0.4,
d1 = 1 mm and tmax = 1.25Ofc.

Having determined the Scr, the load–slip stiffness
parameter for the steel reinforcement, Kr can be deter-
mined as

Kr =
2ErAr

Scrc2

ð5Þ

where Er is the elastic modulus of steel and c2

c2 = 1:08
Ar

Acr

� �0:105

ð6Þ

The coefficient c2 allows for the effect of bond and
was determined using semimechanical means by Zhang
et al. (2017) using a numerical tension stiffening

Figure 2. Partial interaction tension stiffening analysis of steel
reinforcement.

Figure 3. Load–slip relationship of steel or NSM
reinforcement.
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analysis shown in Figure 2 to perform parametric
study, from which c2 was extracted. Since it was
derived for steel reinforcement, it is unsuitable for
NSM reinforcements. Hence, a parametric study was
performed in this research to extract c2 for NSM
CFRP bar and NSM CFRP strip.

Parametric study for c2. The objective of this brief para-
metric study is to obtain the relationship between Af/
Acf and c2; Af is the area of NSM reinforcement and
Acf is the area of adjacent concrete for the tension stif-
fening prism containing the NSM reinforcement. Three

types of NSM reinforcement configuration will be
used:

� NSM CFRP bar with ratio of groove to bar dia-
meter of 2;

� NSM CFRP bar with ratio of groove to bar dia-
meter of 1.5;

� NSM CFRP strip with ratio of groove height to
width of 2.75.

The NSM reinforcement configurations above were
chosen as they are commonly used in the literature.
The bond stress–slip relationship by De Lorenzis
(2004) and Zhang et al. (2013) were used for NSM
CFRP bar and NSM CFRP strip, respectively. The
material properties used in the parametric study were
fixed and are shown in Table 1. The Scr of a NSM-
strengthened beam is assumed to be controlled by the
steel reinforcement and not the NSM reinforcement
(Shukri et al., 2015; Shukri and Jumaat, 2016); hence,
for this parametric study of NSM reinforcements, the
Scr is fixed to the value given in Table 1.

The full numerical procedure for the partial interac-
tion tension stiffening analysis, as illustrated in
Figure 2, has been shown in multiple published
research papers (Haskett et al., 2008; Muhamad et al.,
2011; Shukri et al., 2015, 2016b; Shukri and Jumaat,
2016) and so will not be repeated again here. The
results of the parametric study are shown in Figures 7

Figure 4. Initial debonded length of NSM- and SNSM-strengthened beams: (a) NSM strengthened beam; (b) SNSM strengthened beam.

Figure 5. Moment–curvature relationship of strengthened and
unstrengthened beam section.
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to 9, where c2b2 is the coefficient of bond for NSM
CFRP bar with ratio of groove to bar diameter of 2,
c2b1.5 is the coefficient of bond for NSM CFRP bar
with ratio of groove to bar diameter of 1.5 and c2s is
the coefficient for NSM CFRP strip. From the results,
it can be seen that the bond effect coefficient c2
decreases when Af/Acf increases.

Extracting the coefficients from the parametric
study results using a linear relationship yield

c2b2 =�0:529
Af

Acf

� �
+ 0:884 ð7Þ

Figure 6. Design procedure for NSM-strengthened beams.
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c2b1:5 =� 0:586
Af

Acf

� �
+ 0:862 ð8Þ

c2s =� 1:645
Af

Acf

� �
+ 1:367 ð9Þ

The stiffness parameter for NSM CFRP bar can
then be determined as

Kf =
2Ef Af

Scrc2b2

ð10Þ

where Ef, Af and Acf are the elastic modulus of the
NSM reinforcement, area of a single NSM reinforce-
ment and area of adjacent concrete area within the ten-
sion stiffening prism of the NSM reinforcement, which
can be determined using Figure 1(b). The coefficient
c2b2 in equation (10) can be changed to either c2b1.5 or
c2bs according to the NSM reinforcement configura-
tion used. If some other NSM material or NSM con-
figuration is used, to obtain the relevant coefficient c2
is only a matter of performing a numerical parametric
study similar to what is shown here.

Depth of neutral axis for unstrengthened RC beam
section

Having determined the Kr and Kf, the load acting on a
single steel and NSM reinforcement for a given slip can
be determined as

Pr =Krdr ð11Þ
Pf =Kf df ð12Þ

Let nr be the number of total steel reinforcement
used in the RC beam. From equation (11), the sum of
forces acting on all the steel reinforcements can be sim-
plified as

Prnr = dra1 ð13Þ
where

Table 1. Fixed properties for parametric study.

Properties Value

Concrete compressive strength, fc (N/mm2) 35
Concrete elastic modulus, Ec (N/mm2) 27,800
Concrete tensile strength, ft (N/mm2) 3.2
Epoxy adhesive tensile strength, fet (N/mm2) 27
Yield strength of steel reinforcement, sy (N/mm2) 500
Elastic modulus of steel reinforcement, Er (N/mm2) 200,000
Elastic modulus of NSM reinforcement, Ef (N/mm2) 165,000
Primary crack spacing, Scr (mm) 142.9

NSM: near-surface mounted.

Figure 7. Parametric study for NSM CFRP bars with ratio of
groove to bar diameter of 2.

Figure 8. Parametric study for NSM CFRP bars with ratio of
groove to bar diameter of 1.5.

Figure 9. Parametric study for NSM CFRP strips with ratio of
groove height to width of 2.75.
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a1 =Kf nr ð14Þ
Now consider the equation of equilibrium of the

unstrengthened section

Pc =Prnr ð15Þ
where Pc is the compressive force of concrete.
Assuming a triangular-shaped concrete stress and
inserting equation (13) into equation (15) leads to

Ec

dT

Ldef

� �
bdna�u

2

� �
= dra1 ð16Þ

where Ec is the elastic modulus of concrete, dT is the
deformation of the topmost section of the beam and
dna-u is the depth of neutral axis for the unstrengthened
section. From Figure 10(a), the relationship between
the rotation and the slips and deformations of a
strengthened beam is

tanu=
dr

h� dna � cr

=
df

h� dna � cf

=
dT

dna

ð17Þ

where h is the height of the beam and dna is the depth
of neutral axis. From equation (17), the relationship
between the slip of reinforcement and concrete defor-
mation at the topmost section of the beam for the
unstrengthened section can be written as

dr =
dT

dna�u

h� dna�u � crð Þ ð18Þ

Inserting equation (18) into equation (16) leads to

Ec

dT

Ldef

� �
bdna�u

2

� �
=

dT

dna�u

h� dna�u � crð Þa1nr ð19Þ

To simplify equation (19), let

a2 =
Ecb

2Ldef

ð20Þ

Replacing equation (20) into equation (19) yields

dT dna�ua2 =
dT

dna�u

h� dna�u � crð Þa1 ð21Þ

Solving equation (21) for dna-u gives

dna�u =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

1

4a2
2

� cra1 � ha1

a2

s
� a1

2a2

ð22Þ

Rotation of unstrengthened RC beam section

Since a triangular-shaped concrete stress was assumed,
the lever arm for the steel reinforcement in the
unstrengthened section, Zru, is

Zru = h� dna�u

3
� cr ð23Þ

The equation of moment for the unstrengthened
beam section is

Ma =PrnrZru ð24Þ
Inserting equation (13) into equation (24) and rear-

ranging leads to

dru =
Ma

a1Zru

ð25Þ

where dru is the slip of steel reinforcement for the
unstrengthened beam section. From equation (17), the
rotation of the unstrengthened section can be deter-
mined as

Figure 10. Moment-rotation of NSM-strengthened beam section: (a) beam section of length Ldef and deformation profile, (b) strain
profile, (c) stress profile and (d) forces acting on the beam section.
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uu =tan�1 dru

h� dna�u � cr

ð26Þ

Depth of neutral axis for strengthened beam section

From equation (17), the following relationships can be
obtained

drs =
dT

dna�s

h� dna�s � crð Þ ð27Þ

df =
dT

dna�s

h� dna�s � cf

� � ð28Þ

where dna-s is the depth of neutral axis for the strength-
ened section of the RC beam. The equilibrium equa-
tion for the strengthened beam section is

Pc =Prnr +Pf nf ð29Þ

where Pf is the force acting on the NSM reinforcement
and nf is the number of NSM reinforcement. Similar to
equation (13), total NSM FRP force Pfnf can be writ-
ten as

Pf nf = df a3 ð30Þ

where

a3 =Kf nf ð31Þ

Assuming a triangular shape for the concrete stress
and inserting equations (13), (27), (28) and (30) into
equation (29) gives

Ec

dT

Ldef

� �
bdna�s

2

� �

=
dT

dna�s

� �
h� dna�s � crð Þa1

+
dTs

dna�s

� �
h� dna�s � cf

� �
a3

ð32Þ

Replacing equation (20) in equation (32) and simpli-
fying it gives

a2d2
na�s = h� dna�s � crð Þa1 + h� dna�s � cf

� �
a3

ð33Þ

Solving equation (33) for dna-s gives

dna�s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1 +a3ð Þ2

4a2
2
� cra1 � ha1 + cf a3 � ha3

a2

s
� a1 +a3

2a2

ð34Þ

Rotation of strengthened beam section

Since a triangular-shaped concrete stress was assumed,
the lever arms for the steel and NSM reinforcements in
the strengthened section can be written as

Zrs = h� dna�s

3
� cr ð35Þ

Zfs = h� dna�f

3
� cf ð36Þ

where Zrs and Zfs are the lever arm for the steel and
NSM reinforcement in the strengthened beam section,
respectively. The equation for moment in the strength-
ened beam section is

Ma =PrnrZrs +Pf nf Zfs ð37Þ
From equation (17), the following relationship can be
obtained

df =
drs

h� dna � cr

h� dna � cf

� � ð38Þ

where df and drs are the slips of NSM and steel reinfor-
cement in the strengthened section, respectively.
Replacing equations (13), (30) and (38) into equation
(37) and solving for drs leads to

drs =
Ma

a1Zrs +
h�dna�cf

h�dna�cr

� �
a3Zfs

ð39Þ

From equation (17), the rotation of the strengthened
section can be determined as

us =tan�1 drs

h� dna � cr

ð40Þ

CCS prediction

The fracture strength of concrete can be determined
using any appropriate model. Here, the CEB-FIP
model (CEB-FIP, 1993) will be used

Gmax =Gfo

Sa

10

� �0:7

ð41Þ

where Sa is maximum aggregate size used in the con-
crete in millimetres and Gfo is the base value for con-
crete fracture strength and can be taken as 0.037 for
aggregate of size 20 mm. The fracture energy of the
NSM-strengthened beam due to moment Ma can be
determined as

Ga =
Wa

bf DL

ð42Þ
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where DL is the propagation of CCS debonding crack,
bf is the total width of the tension stiffening prism for
NSM reinforcements, which as shown in Figure 1(b)
can be taken as the width of the beam (b) if two or
more NSM reinforcement is used, or half the width of
beam if only one NSM reinforcement is used (Shukri
et al., 2015) and

Wa =
Ma

xs � xuð Þ ð43Þ

xs =
us

Ldef

ð44Þ

xu =
uu

Ldef

ð45Þ

If Ga . Gmax, the beam is predicted to fail by
CCS. Assuming this occurs, to redesign the NSM-
strengthened beam is only a matter of changing the
properties and configuration of the NSM strengthen-
ing, such as diameter of the NSM reinforcement
(which results in a smaller Af) and number of NSM
reinforcement (nf). The design procedure is then
repeated starting from section ‘Depth of neutral axis
for strengthened beam section’.

With regard to the value of DL, as the GEBA is con-
cerned with the start of the fracture process, the value
DL used is usually a very small value. Previous
researchers had used DL = 1 mm in their research
(Achintha and Burgoyne, 2008; Shukri et al., 2018;
Shukri and Jumaat, 2016). It was also noted that val-
ues of DL \1 mm can cause numerical convergence
problem (Achintha and Burgoyne, 2008). In this arti-
cle, DL = 1 mm will be used based on a sensitivity
analysis of DL that will be presented in section
‘Sensitivity analysis for DL’

Existing slip due to dead load

The dead load on RC beams prior to strengthening
can affect the serviceability condition of the beam.
Assuming that the moment due to existing permanent
action (dead load), Mp, can be determined by the
design engineer, equations derived for the unstrength-
ened beam section can be used to determine the slip of
steel reinforcement due to permanent action

dp =
Mp

a1Zru

ð46Þ

The lever arm should remain the same, as the equa-
tion used to obtain it and to obtain the depth of neu-
tral axis is independent of applied load. Note that the
equation above assumes a triangular shape for con-
crete stress. The existing crack width prior to strength-
ening would be equal to 2dp.

Design flexural strength of NSM-strengthened beam

The design flexural strength of NSM-strengthened
beam will be limited by the concrete crushing. For sim-
plicity, several assumptions are used:

1. A rectangular concrete stress block is assumed.
2. The concrete strain will be limited to 0.0035 to

adhere to Eurocode 2 requirement.
3. The strain hardening of the steel reinforcements

will be ignored.
4. Compression bars will be ignored.

The assumptions used are common in design prac-
tice. Since the concrete strain will be limited to 0.0035,
the following relationship is obtained

dT

Ldef

= 0:0035 ð47Þ

The equilibrium equation at ultimate limit state is

Pc =Pynr +Pf nf ð48Þ
where Py is the load at which the steel reinforcement
yields. From equation (17)

dfd =
dT

dna�d

h� dna�d � cf

� � ð49Þ

where dna-d is the depth of neutral axis for the design
strength of the NSM-strengthened beam and dfd is the
slip of the NSM reinforcement at ultimate limit state.
Inserting equation (47) into equation (49) yields

dfd =
0:0035Ldef

dna�d

h� dna�d � cf

� � ð50Þ

Replacing equations (30) and (50) into equation (48)
and expanding yields

acfcð Þ bcbdna�dð Þ=srErnr +
dT

dna�d

� �
h� dna�d � cf

� �
a3

ð51Þ
where concrete stress is assumed to be equal to fc at
concrete strain of 0.0035, while ac and bc are ratio of
equivalent concrete stress and equivalent concrete
stress block height, respectively. From Eurocode 2,
ac = 0.85 and bc = 0.8 for fc ł 50 MPa. Equation
(51) can be simplified into

a4d2
na�d =a5dna�d + h� dna�d � cf

� �
a6 ð52Þ

where

a4 = fcb ð53Þ
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a5 =srErnr ð54Þ
a6 = 0:0035Ldef a3 ð55Þ

Solving equation (52) for dna-d

dna�d =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a6 � a5ð Þ2

4a4
2
� cf a6 � ha6

a4

s
� a6 � a5

2a4

ð56Þ

With dna-d known, the slip of the NSM FRP bar, df,
can be determined using equation (49). The design flex-
ural moment of the NSM-strengthened beam can be
determined as

Md =srErnrZrd +Kf dfdZfd ð57Þ
where Zrd and Zfd are the lever arm for steel and NSM
reinforcements at ultimate limit state, respectively, and
are determined as

Zrd = h� bcdna�d

2
� cr ð58Þ

Zfd = h� bcdna�d

2
� cf ð59Þ

It is also possible to determine the crack width of
the beam at ultimate limit state. From equation (17)

drd =
dT

dna�d

h� dna�d � crð Þ ð60Þ

Inserting equation (47) into equation (60) yields

dfd =
0:0035Ldef

dna�d

h� dna�d � cf

� � ð61Þ

where drd is the slip of steel reinforcement due to
applied load. The crack width, Dr, of the beam is then
determined as twice the slip due to permanent action
and applied load

Dr = 2 dp + drd

� � ð62Þ

Validation

The proposed design procedure was validated using
published experimental results (Al-Mahmoud et al.,
2010; Barros et al., 2007; Ceroni, 2010; Sharaky et al.,
2015; Shukri et al., 2015, 2016a; Teng et al., 2006) that
failed by either CCS or flexure. In the validation pro-
cess, the experimental and predicted failure mode will
first be compared by determining the available fracture
energy (Ga) and the fracture strength (Gmax).
Comparisons between predicted and experimental
moment of resistance at failure will also be given for
beams that failed by flexure.

The geometric and material properties of the beam
that are necessary to apply the design procedure are
given in Tables 2 and 3. The beams were strengthened
using NSM CFRP bars (Al-Mahmoud et al., 2010;
Ceroni, 2010; Sharaky et al., 2015; Shukri et al., 2015),
NSM CFRP strips (Barros et al., 2007; Teng et al.,
2006) or with side-NSM CFRP bars (Shukri et al.,
2016a). As the use of SNSM method only changes the

Table 2. Geometric and loading properties of beams.

Reference Beam h (mm) b (mm) nr cr (mm) nf cf (mm) La (mm) Ma (kNm)

Shukri et al. (2015) A2 250 125 2 41 1 12 77 5.13
Shukri et al. (2015) A1 250 125 2 41 1 12 127 8.31
Ceroni (2010) A10 180 100 2 30 2 7.5 215 5.45
Sharaky et al. (2015) F2C1 280 160 2 44 2 8 230 13.48
Al-Mahmoud et al. (2010) S-C (FPT) (270) 280 150 2 42 2 6 80 5.34
Al-Mahmoud et al. (2010) S-C (FPT) (210) 280 150 2 42 2 6 380 20.82
Teng et al. (2006) B2900 300 150 2 44 1 11 80 3.99
Teng et al. (2006) B1800 300 150 2 44 1 11 622 28.52
Teng et al. (2006) B1200 300 150 2 44 1 11 922 29.09
Teng et al. (2006) B500 300 150 2 44 1 11 1272 30.40
Barros et al. (2007) NSM S1 170 120 2 38.5 1 7.5 80 3.16
Barros et al. (2007) NSM S2 170 120 2 39.5 2 7.5 80 3.71
Shukri et al. (2016a) SNC8 250 125 2 39 2 39 50 3.55
Shukri et al. (2016a) SNC10 250 125 2 39 2 39 50 4.42
Shukri et al. (2016a) SNC12 250 125 2 39 2 39 50 4.33
Shukri et al. (2016a) PSNC8 250 125 2 39 2 39 50 3.54
Shukri et al. (2016a) PSNC10 250 125 2 39 2 39 50 4.28
Shukri et al. (2016a) PSNC12 250 125 2 39 2 39 50 4.24

h: beam height; b: beam width; nr: number of tensile reinforcement bars; nf: number of FRP bars/strips; cr: distance from beam soffit to centre of

tensile reinforcement bars; cf: distance from beam soffit to centre of FRP bars/strips; La: distance from end of beam to the location of curtailment of

FRP bars/strips.
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lever arm of the NSM reinforcement, the proposed
design procedure can be used without any changes.
The maximum size of aggregates in concrete, Sa, was
assumed to be 20 mm if not specified in the original
research paper. Referring to Table 2, the moment Ma

is the moment at the length La corresponding to the
reported experimental failure load, Pmax, of each beam.

The result of the validation is given in Table 4,
where the calculated Gmax, Ga, failure mode,

experimental maximum moment (Me) and maximum
moment obtained using the design procedure (Md) are
presented. It should be noted that Md is only given
when it is predicted that the beam fails by flexure.
From Table 4, it can be seen that the proposed design
procedure was able to correctly predict the CCS failure
mode of the beams apart from beam A2, SNC10 and
PSNC10. In the case of beam A2, the predicted failure
mode is flexure, whereas the actual failure mode is

Table 3. Material properties.

Reference Beam fc (N/mm2) sy (N/mm2) Er (kN/mm2) Ef (kN/mm2)

Shukri et al. (2015) A2 35.63 520 200 165
Shukri et al. (2015) A1 35.63 520 200 165
Ceroni (2010) A10 26.88 441 200 109
Sharaky et al. (2015) F2C1 30.5 455 200 158
Al-Mahmoud et al. (2010) S-C (FPT) (270) 36.1 600 200 146
Al-Mahmoud et al. (2010) S-C (FPT) (210) 36.1 600 200 146
Teng et al. (2006) B2900 44 532 200 131
Teng et al. (2006) B1800 44 532 200 131
Teng et al. (2006) B1200 44 532 200 131
Teng et al. (2006) B500 44 532 200 131
Barros et al. (2007) NSM S1 44.2 788 200 159
Barros et al. (2007) NSM S2 44.2 788 200 159
Shukri et al. (2016a) SNC8 40 (cube) 520 200 124
Shukri et al. (2016a) SNC10 40 (cube) 520 200 124
Shukri et al. (2016a) SNC12 40 (cube) 520 200 124
Shukri et al. (2016a) PSNC8 40 (cube) 520 200 124
Shukri et al. (2016a) PSNC10 40 (cube) 520 200 124
Shukri et al. (2016a) PSNC12 40 (cube) 520 200 124

fc: concrete strength; sy: yield strength of steel; Er: elastic modulus of steel; Ef: elastic modulus of FRP bar/strip.

Table 4. Predicted and experimental result comparison.

Reference Beam Ga/Gmax FMe FMd Me (kNm) Md (kNM) Md/Me

Shukri et al. (2015) A2 0.82 CCS F 50.0 49.3 0.99
Shukri et al. (2015) A1 2.15 CCS CCS 49.1 – –
Ceroni (2010) A10 2.39 CCS CCS 22.3 – –
Sharaky et al. (2015) F2C1 1.70 CCS CCS 515.7 – –
Al-Mahmoud et al. (2010) S-C (FPT) (270) 0.17 F F 53.4 55.4 1.04
Al-Mahmoud et al. (2010) S-C (FPT) (210) 2.52 CCS CCS 32.9 – –
Teng et al. (2006) B2900 0.13 F F 59.9 57.3 0.96
Teng et al. (2006) B1800 6.61 CCS CCS 55.0 – n/a
Teng et al. (2006) B1200 6.88 CCS CCS 37.9 – n/a
Teng et al. (2006) B500 7.51 CCS CCS 28.7 – n/a
Barros et al. (2007) NSM S1 1.69 CCS CCS 11.8 – n/a
Barros et al. (2007) NSM S2 1.47 CCS CCS 13.9 – n/a
Shukri et al. (2016a) SNC8 0.60 F F 46.2 37.7 0.82
Shukri et al. (2016a) SNC10 1.08 F CCS 57.5 – n/a
Shukri et al. (2016a) SNC12 1.14 CCS CCS 56.2 – –
Shukri et al. (2016a) PSNC8 0.59 F F 46.0 37.7 0.82
Shukri et al. (2016a) PSNC10 1.01 F CCS 55.6 – n/a
Shukri et al. (2016a) PSNC12 1.09 CCS CCS 55.1 – n/a

Ga: predicted fracture energy; Gmax: fracture strength; FMe: experimental failure mode; FMd: predicted failure mode; Me: experimental maximum

moment at failure; Md: predicted maximum moment at failure; CCS: concrete cover separation failure mode; F: flexural failure mode a; n/a: not

applicable.
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CCS. The ratio of Md/Me, however, is very close, at
0.99, which shows that while the beam was reported to
fail by CCS, the loss of strength due to the premature
debonding is negligible. For the case of beams SNC10
and PSNC10, the predicted failure mode was CCS,
while the actual failure mode was flexure. The ratio of
Ga/Gmax for beam SNC10 shows that the fracture
strength was only very slightly exceeded, hence the
incorrect predicted failure mode can be due to differ-
ence in the calculated and actual fracture energy, Gmax,
which is not uncommon due to the variable nature of
concrete.

Sensitivity analysis for DL

A sensitivity analysis was conducted using the proper-
ties of nearly all the beams in the used in the validation
process that failed by CCS with the result as shown in
Figure 11. As all the beams had experimentally failed
by CCS, the Ga/Gmax should be more than 1. Where
Ga/Gmax is less than 1, it shows that the value of DL

used failed to provide a correct prediction of CCS fail-
ure for the beam.

It can be seen from Figure 11 that DL = 1 mm was
able to give an accurate assessment of CCS failure for
all beams. Values of DL \1 mm were also able to cor-
rectly predict the CCS failure; however, it should be
noted that when DL \1 mm, the resulting Ga can be
considerably higher. This can cause a very conservative
design, as the design engineer may have to greatly
reduce the amount of NSM reinforcement provided in
order to ensure that Ga \ Gmax and prevent CCS fail-
ure. Hence, the value of DL = 1 mm is suggested as it
gives a reasonable balance between accuracy and
conservativeness.

Conclusion

In this research article, a mechanics-based design pro-
cedure was proposed. The proposed design procedure
uses the M/u approach and the GEBA to predict the
behaviour of NSM-strengthened RC beams and the
CCS failure mode. Several conclusions can be made
based on this study:

� Published experimental results of beams
strengthened with NSM CFRP bars, NSM
CFRP strips or SNSM CFRP bars were used to
validate the proposed design procedure and
good correlation was found between the experi-
mental and predicted results.

� The proposed design approach should be more
versatile compared to other existing design
approach as it is less reliant on empirical formu-
lations. Hence, it can easily be applicable to
most types of NSM reinforcement material and
configurations. The design approach can also
accommodate any new innovations in terms of
the NSM strengthening material or configura-
tions. The coefficient of bond c2 for those new
NSM material or configuration can be deter-
mined using a similar approach described in this
article.
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Appendix 1

Notation

Acf area of concrete in the tension stiffening
prism for NSM reinforcement

Acr area of concrete in the tension stiffening
prism for steel reinforcement

Ar area of a single steel reinforcement
b width of RC beam
c2 coefficient of bond for steel reinforcement
c2b1.5 coefficient of bond for NSM CFRP bar

with ratio of groove to bar diameter of 2
c2b2 coefficient of bond for NSM CFRP bar

with ratio of groove to bar diameter of 1.5
c2s coefficient of bond for NSM CFRP strip
cf distance from beam soffit to the centre of

NSM reinforcement
cr distance from beam soffit to the centre of

steel reinforcement
dna depth of neutral axis from top of RC

beam
dna-d depth of neutral axis from top of RC

beam for NSM strengthened beam at
ultimate limit state

dna-s depth of neutral axis from top of RC
beam for NSM strengthened beam section

dna-u depth of neutral axis from top of RC
beam for unstrengthened beam section

Ec modulus of elasticity for concrete
Ef modulus of elasticity for NSM

reinforcement
Er modulus of elasticity for steel

reinforcement
fc compressive strength of concrete
fct tensile strength of concrete
Ga available fracture energy for propagation

of concrete cover separation debonding
crack

Gfo fracture strength of concrete
Gmax fracture strength of concrete
h height of RC beam
K stiffness of load–slip relationship
Kf stiffness of load–slip relationship for

NSM reinforcement
Kr stiffness of load–slip relationship for steel

reinforcement
La distance from beam support to the end of

the initial bonded length
Lc distance from beam support to the start of

the initial bonded length
Ld initial debonded length
Ldef length of deformation
Lper perimeter of steel reinforcement
M moment applied on RC beam
Ma moment at La for unstrengthened beam

section
Md moment of NSM strengthened beam at

ultimate limit state
Mp moment due to permanent action
nf number of NSM reinforcement
nr number of steel reinforcement
P force acting on beam reinforcement
Pc force acting on concrete
Pf force acting on steel reinforcement
Pf force acting on NSM reinforcement
Pr force acting on steel reinforcement
Py force acting on steel reinforcement at steel

yield
Sa maximum size of aggregate used in

concrete
Scr primary crack spacing
Wa bending strain energy of beam at the

location of debonding crack
Zfd lever arm for the NSM reinforcement at

ultimate limit state
Zfs lever arm for the NSM reinforcement at

the strengthened section of the beam
Zrd lever arm for the steel reinforcement at

ultimate limit state
Zrs lever arm for the steel reinforcement at the

strengthened section of the beam
Zru lever arm for the steel reinforcement at the

unstrengthened section of the beam
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ac ratio of equivalent concrete stress
a parameter controlling shape of CEB-FIP

bond stress-slip model
bc ratio of equivalent concrete stress block

height
d slip of beam reinforcement
d1 slip corresponding to bond strength for

CEB-FIP bond stress–slip relationship
df slip of NSM reinforcement
dfd slip of NSM reinforcement at ultimate

limit state
dp slip of steel reinforcement due to

permanent action
dr slip of steel reinforcement
drd slip of steel reinforcement at ultimate limit

state
drs slip of reinforcement in the strengthened

section of the beam
dru slip of reinforcement in the

unstrengthened section of the beam

dT deformation of concrete at topmost
section of beam due to compression for
unstrengthened beam section

DL progression of concrete cover separation
debonding crack

Dr crack width due to permanent action and
applied load

ud rotation of NSM strengthened beam
section at ultimate limit state

us rotation of NSM strengthened beam
section

uu rotation of unstrengthened beam section
tmax bond strength of steel reinforcement
x curvature of RC beam
xs curvature for NSM strengthened beam

section
xu curvature for unstrengthened beam

section
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CHAPTER 7 - DISCUSSION 

 

The previous chapters had presented and validated the moment-rotation (M/θ) 

approach for simulating NSM strengthened RC beams. In this chapter, the research will 

be complemented by a study on the accuracy of the proposed M/θ approach compared 

other existing simulation methods by other researchers in section 7.1. The purpose of the 

comparison study is to determine the weaknesses in the proposed M/θ approach compared 

to other simulation methods.  

The identified weaknesses for the M/θ approach will be detailed in section 7.2 of this 

chapter. Furthermore, a list of errors in the research papers which were not detected prior 

to publication will be listed in section 7.2. Finally, section 7.3 will present a concluding 

remark which will summarize the cumulative effect of the research papers, the 

significance of the findings and the knowledge claim in the thesis. 

7.1 Comparison with other simulation methods 

A comparison of the performance of the moment-rotation (M/θ) approach simulation 

was done by comparing it against the simulations performed by other researchers. A total 

of two types of simulation methods will be used for the comparison study of NSM 

strengthened beam simulation, which are from the works of Almusallam, Elsanadedy, Al-

Salloum, & Alsayed (2013) and Sharaky et al. (2015), where the former used finite 

element method and the latter used analytical method. Additionally, the finite element 

method by Chen et al. (2010) will be used to perform a comparison study of EB 

strengthened beam in order to check the accuracy of the method to simulate IC debonding 

as presented in paper 5 of this thesis. A brief summary of the methods used by the 

researchers will first be given. This will be followed by a comparison of the load-
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deflection relationship from the M/θ approach, from the simulation method proposed by 

other researchers and from the experimental result. 

7.1.1 Comparison with FEM (Almusallam et al. (2013)) for NSM strengthened 

beams 

In this section, simulation performed using the M/θ approach as presented in paper 1 

of this thesis will be compared with the simulation by Almusallam et al. (2013), where 

finite element modelling (FEM) was used to simulate the behaviour of NSM strengthened 

beams. The 8-node reduced integration solid hexahedron elements were used to model 

both the concrete and the epoxy adhesive. The authors stated that the biggest advantage 

of using solid elements with one-point integration is its substantial savings in computing 

time, although its disadvantage is the need to control the zero energy modes known as 

hourglass modes. These modes have periods that are much shorter than the periods of the 

structural response, and they are often observed to be oscillatory. The authors stated that 

they used three-dimensional algorithms in the LS-DYNA software in order to control the 

hourglass modes. 

The longitudinal steel and GFRP bars and the transverse ties were modeled using 2-

node Hughes–Liu beam elements (Hughes & Liu, 1981) due to its compatibility with the 

solid elements, as the element is based on a degenerated solid element formulation. 

Perfect bond was assumed between the tensile steel reinforcements and the adjacent 

concrete, between the NSM reinforcements and the epoxy adhesive and between the 

epoxy adhesive and concrete. 

The material model type 159, MAT_CSCM_CONCRETE was employed to model the 

concrete volume. It is a smooth or continuous cap model available in LS-DYNA for solid 

elements, with a smooth intersection between the shear yield surface and the hardening 

cap. The material model type 24, MAT_PIECEWISE_ LINEAR_PLASTICITY was 

Univ
ers

ity
 of

 M
ala

ya



160 

utilized to model steel bars, GFRP bars and epoxy adhesive as it is suited to model elasto-

plastic materials with an arbitrary stress versus strain curve and an arbitrary strain rate 

dependency. The authors used the erosion option to include failure to the material models. 

It is not a material or physics-based property although it can imitate concrete spalling 

phenomena and produce graphical plots to represent the actual events. 

Three beams were used for the purpose of this comparison, where two of the beams 

were strengthened with NSM steel bars and the other beam was strengthened with NSM 

GFRP bar. The geometry and material properties of the beam are given in Table 7.1 and 

Table 7.2 respectively; these are also available in the research paper in Chapter 3, 

although it is repeated here for ease of reference. 
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Table 7.1 Beam geometric properties. 

Ref Beam designation b (mm) d (mm) L  (mm) La  (mm) MNSM NNSM FM 

Almusallam et al. (2013) RW1S 150 200 2000 0 Steel bar 1 CC 

Almusallam et al. (2013) RW1Ø14S 150 200 2000 0 Steel bar 1 CC 

Almusallam et al. (2013) RW1F 150 200 2000 0 GFRP bar 1 F 

Note: b=width of beam; d=depth of beam; L=length of beam; La=distance of NSM to the nearest support; MNSM=material for NSM reinforcement; NNSM=number of NSM reinforcement bar/strip; 
FM=failure mode; CC= concrete crushing; F=fracture of NSM reinforcement. 

Table 7.2 Beam material properties. 

Ref Beam designation fc (N/mm2) Ey (N/mm2) σy (N/mm2) Ef (N/mm2) σf (N/mm2) 

Almusallam et al. (2013) RW1S 36.6 200000 408 200000 408 

Almusallam et al. (2013) RW1Ø14S 36.6 200000 408 200000 550 

Almusallam et al. (2013) RW1F 36.6 200000 408 40000 743 

Note: fc=concrete compressive strength (cylinder); Ey=steel elastic modulus; σy=steel yield strength; Ef=FRP modulus; σf=FRP tensile strength. 
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The comparison of load-deflection relationships obtained from the M/θ simulation, 

Almusallam et al (2013) and experimental result are shown in Figure 7.1, while a 

summary of the results are given in Table 7.3. Both the M/θ approach and the FEM by 

Almusallam et al (2013) were able to give load-deflection curves that followed the general 

shape of the experimental load-deflection curve well. For beam RW1S, it was found that 

the M/θ approach underpredict the load response slightly, although the yield load was 

correctly predicted. The FEM simulation was found to predict the load response better, 

although it slightly overpredicts the yield load. Both methods were able to predict the 

failure load at high accuracy, with the deviation from the experimental value of 2.7% and 

2.1% for the M/θ approach and the FEM respectively. The FEM was able to predict the 

deflection at failure well with 3.5% deviation from experimental value, while the M/θ 

approach had a deviation of -22.3%. This was found to be due to the fact that the M/θ 

approach had predicted the beam would fail by NSM steel reinforcement fracture, 

whereas the experimental result show that the beam failed by concrete crushing; the FEM 

was able to correctly predict the concrete crushing failure. This error by the M/θ approach 

was attributed to the bond stress-slip model used, where since there is no study on the 

bond behaviour of NSM steel encased in epoxy, the bond stress-slip model for NSM 

CFRP bar had to be used.  
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Figure 7.1 Comparison of load-deflection relationship from M/θ simulation, 

simulation by Almusallam et al. (2013) and experimental result.
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Table 7.3 Summary of simulated and experimental load-deflection curves. 

Beam Pe P1 ∆P1 (%) P2 ∆P2 (%) De D1 ∆D1 (%) D2 ∆D2 (%) FM SFM1 SFM2 

RW1S 37.2 38.2 2.7 38.0 2.1 59.0 45.9 -22.3 61.1 3.5 CC F  

RW1Ø14S 54.0 52.0 -3.6 50.4 -6.6 39.3 23.6 -39.9 39.9 1.7 CC F  

RW1F 48.5 42.6 -12.1 47.4 -2.2 36.5 35.9 -1.8 35.9 -1.6 F F  

Note: Pe=experimental failure load; P1=simulated failure load using M/θ approach; ∆P1=percentage difference between simulated failure load using M/θ approach and the 

experimental failure load; P2=simulated failure load using FEM;  ∆P2=percentage difference between simulated failure load using FEM and the experimental failure load; De= 

experimental deflection at failure; D1= simulated deflection at failure using M/θ approach; ∆D1=percentage difference between simulated deflection at failure using M/θ approach and 

the experimental failure load; D2= simulated deflection at failure using FEM; ∆D2=percentage difference between simulated deflection at failure using FEM and the experimental 

failure load; FM=failure mode; CCS=concrete cover separation; ID=interfacial debonding; CC= concrete crushing; F=fracture of NSM reinforcement; CS=concrete splitting; 

SFM1=simulated failure load using M/θ approach; SFM2=simulated failure load using FEM.  
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The M/θ approach was found to underpredict the load response for beam RW14S as 

well, although the yield load was correctly simulated and the deviation of the simulated 

failure load from the experimental failure load was quite small at -3.6%. The deviation 

for deflection at failure however was much larger, at -39.9%. From Table 7.3, it can be 

seen that M/θ approach predicted the beam would fail by fracture of NSM steel 

reinforcement, whereas the concrete crushing failure was the actual failure mode. The 

incorrect simulation of the NSM steel reinforcement strain is again attributed to the use 

of the bond stress-slip model for NSM CFRP bar due to the lack of any study in the 

literature on the bond performance of NSM steel reinforcement encased in epoxy. The 

FEM was to slightly overpredict the load response of beam RW13S, although the 

deviation of failure load and deflection at failure are quite small at -6.6% and 1.7% 

respectively. However, once again the FEM overpredicts the yield load of the beam.  

The simulated results from the M/θ approach was found to underpredict the load 

response of beam RW1F, with the deviation between simulated and experimental failure 

load at -12.1%. However, the deflection at failure was correctly predicted, with deviation 

of only -1.8%. This is attributed to using the proper bond stress-slip model for the NSM 

GFRP bar in beam RW1F which was proposed by Laura De Lorenzis (2004), while the 

simulated results for the other two beams clearly shows the error that would result from 

an unsuitable bond stress-slip model. The FEM was found to slightly overpredict the load-

response again, although this time the simulated yield load was accurate.  The deviation 

for failure load and deflection at failure was -2.2% and -1.6% respectively.
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7.1.2 Comparison with analytical method (Sharaky et al. (2015)) for NSM 

strengthened beams 

In this section, the simulation using M/θ approach as presented in paper 1 of this thesis 

will be compared with the simulation by Sharaky et al. (2015), where an analytical model 

was used to simulate NSM strengthened beams. The assumptions used are: 

1. There is linear distribution of strain along the depth of the beam. 

2. Small deformations. 

3. Concrete does not carry tensile stresses after cracking. 

4. Shear deformations are not considered. 

5. There is perfect bond between the steel reinforcement and adjacent concrete, 

between NSM reinforcement and epoxy, and between epoxy and adjacent 

concrete. 

The incremental deformation method proposed by Ross, Jerome, Tedesco and Hughes 

(1999) was used to determine the sectional strains and stresses: 

 
𝐶𝑡 = {

0.5𝜀𝑐𝑓
(ℎ − 𝑐)2

𝑐
𝐸𝑐𝑠𝑐𝑏,  0 ≤ 𝑓𝑐𝑡 < 𝑓𝑟

0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
(7.1) 

 
 

𝐹𝑠 = {
𝜀𝑠𝐸𝑠𝐴𝑠, 0 ≤ 𝜀𝑠 < 𝜀𝑦
𝑓𝑦𝐴𝑠, 𝜀𝑦 ≤ 𝜀𝑠 < 𝜀𝑠𝑢

 
(7.2) 

 
 

𝐹𝑓 = {
𝜀𝑓𝐸𝑓𝐴𝑓 , 0 ≤ 𝜀𝑓 < 𝜀𝑓𝑢

0, 𝜀𝑓 > 𝜀𝑓𝑢
 

(7.3) 

 
 𝐹𝑠𝑐 = −𝜀𝑠𝑐𝐸𝑠𝐴𝑠𝑐 (7.4) 

 
 𝐶𝑐 = 𝛼𝑓𝑐𝑏𝑐 (7.5) 

 

Univ
ers

ity
 of

 M
ala

ya



167 

 

𝛼 =

{
 
 

 
 

𝜀𝑐𝑓

𝜀0
−
𝜀𝑐𝑓
2

3𝜀0
2 , 0 ≤ 𝜀𝑐𝑓 < 𝜀0

1 +
𝜀𝑐𝑓

𝜀0
(1 −

𝜀𝑐𝑓

3𝜀0
−

𝜀0
2

3𝜀𝑐𝑓
2 −

0.15

0.004 − 𝜀0
(
𝜀𝑐𝑓

2
− 𝜀0)) , 𝜀0 ≤ 𝜀𝑐𝑓 < 0.003

 

(7.6) 

 

 𝐸𝑐𝑠𝑐 = 𝐸𝑐 (1 −
𝜀𝑐𝑓

𝜀0
) (7.7) 

 

Where Ct is the tensile force in concrete, εcf is the concrete strain, Ecsc is the instant 

concrete modulus, fct is the concrete tensile stress, fr is the ultimate concrete tensile stress, 

Fs is the tensile force in steel reinforcement, εs is the steel strain, Es is the steel modulus 

of elasticity, εy is the steel yield strain, fy is the steel yield stress, As is the area of tensile 

steel, εsu is the ultimate steel strain, Ff is the tensile force in NSM FRP reinforcement, εf 

is the FRP strain, Ef is FRP modulus of elasticity, Af is the area of NSM FRP 

reinforcement, εfu is the ultimate FRP strain, Fsc is the compressive force in steel, εsc is 

steel compressive strain, Asc is the area of compression steel, Cc is the compressive force 

in concrete, b is the beam width, h is the beam depth, α is the mean stress factor used to 

convert the nonlinear stress-strain relationship of concrete into  an equivalent rectangular 

stress-strain curve, ε0 is concrete strain at its ultimate stress, fc is the stress in concrete 

corresponding to concrete strain εcf determined using the following equation: 

 

𝑓𝑐 =

{
 
 

 
 𝑓𝑐

"
(2
𝜀𝑐𝑓

𝜀0
−
𝜀𝑐𝑓
2

𝜀0
2 ) , 0 ≤ 𝜀𝑐𝑓 < 𝜀0

𝑓𝑐
"
(1 −

0.15

0.004 − 𝜀0
(𝜀𝑐𝑓 − 𝜀0)) , 𝜀0 ≤ 𝜀𝑐𝑓 < 0.003

 

(7.8) 

 

Where, 

 
𝜀0 = 2

𝑓𝑐
𝐸𝑐

 (7.9) 

 

 𝑓𝑐
" = 0.92𝑓

𝑐𝑢
 (7.10) 
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For the purpose of predicting the peeling loads of concrete cover separation, the 

method proposed by Oehlers and Moran (1990) and Deric John Oehlers (1992) was used: 

 
𝑀𝑑𝑏𝑓 =

𝐸𝑐𝐼𝑡𝑟𝑐𝑐𝑓𝑟

0.901𝐸𝑓𝑡𝑓
 

(7.11) 

 

Where Mbdf is the flexural debonding moment at the end of the plate, Itrcc is the cracked 

moment of inertia of the concrete section transformed to concrete. Another method was 

also used to predict NSM reinforcement concrete splitting and epoxy splitting failure 

using the equations presented by Hassan & Rizkalla (2004): 

 
𝑓𝐹𝑅𝑃1 =

4𝐿𝑏𝜇𝑓𝑟

𝐺1𝑑𝑏
 

(7.12) 

 

 
𝑓𝐹𝑅𝑃2 =

4𝐿𝑏𝜇𝑓𝑟

𝐺2𝑑𝑏
 

(7.13) 

 

Where fFRP1 is the tensile strength of NSM FRP reinforcement for concrete splitting 

failure, fFRP2 is the tensile strength of NSM FRP reinforcement for epoxy splitting failure, 

μ is the coefficient for friction and G1 and G2 are coefficient functions of the ratio between 

the adhesive cover to the NSM FRP bar diameter and the ratio of the groove width to the 

NSM FRP bar diameter. 

Three beams were used for the purpose of this comparison, where two of the beams 

were strengthened with NSM GFRP bars and the other beam was strengthened with NSM 

CFRP bar. The geometry and material properties of the beam are given in Table 7.4 and 

Table 7.5 respectively. 

Univ
ers

ity
 of

 M
ala

ya



169 

Table 7.4 Beam geometric properties. 

Ref Beam designation b (mm) d (mm) L  (mm) La  (mm) MNSM NNSM FM 

Sharaky et al. (2015) F2C1 160 280 2400 200 CFRP bar 2 CCS 

Sharaky et al. (2015) F1G2 160 280 2400 200 GFRP bar 1 CS 

Sharaky et al. (2015) F2G1 160 280 2400 200 GFRP bar 2 ID 

b=width of beam; d=depth of beam; L=length of beam; La=distance of NSM to the nearest support; MNSM=material for NSM reinforcement; NNSM=number of NSM 
reinforcement bar/strip; FM=failure mode; CCS=concrete cover separation; ID=interfacial debonding; CS=concrete splitting. 

Table 7.5 Beam material properties. 

Ref Beam designation fc (N/mm2) Ey (N/mm2) σy (N/mm2) Ef (N/mm2) σf (N/mm2) 

Sharaky et al. (2015) F2C1 30.5 200000 540 170000 2350 

Sharaky et al. (2015) F1G2 30.5 200000 540 64000 1350 

Sharaky et al. (2015) F2G1 30.5 200000 540 64000 1350 

Note: fc=concrete compressive strength (cylinder); Ey=steel elastic modulus; σy=steel yield strength; Ef=FRP modulus; σf=FRP tensile strength. Univ
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The comparison of load-deflection relationships obtained using the M/θ approach, 

using the analytical model and from experimental result is shown in Figure 7.2. A 

summary of the results is also given in Table 7.6 

 

Figure 7.2 Comparison of load-deflection relationship from M/θ simulation, 

simulation by Sharaky et al. (2015) and experimental result.Univ
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Table 7.6 Summary of simulated and experimental load-deflection curves. 

Beam Pe P1 
∆P1 

(%) 
P2 

∆P2 

(%) 
De D1 

∆D1 

(%) 
D2 

∆D2 

(%) 
FM SFM1 SFM2 

F2C1 116.8 109.6 -6.2 114.5 -1.9 20.7 14.5 -30.1 14.2 -31.3 CCS CCS  

F1G2 106.2 96.0 -9.6 140.5 32.3 35.8 17.9 -49.9 41.0 14.7 CS F  

F2G1 111.8 118.6 6.0 136.5 22.1 42.1 34.7 -17.7 42.3 0.4 ID CCS  

Note: Pe=experimental failure load; P1=simulated failure load using M/θ approach; ∆P1=percentage difference between simulated failure load using M/θ approach and the 

experimental failure load; P2=simulated failure load using analytical model;  ∆P2=percentage difference between simulated failure load using analytical model and the experimental 

failure load; De= experimental deflection at failure; D1= simulated deflection at failure using M/θ approach; ∆D1=percentage difference between simulated deflection at failure using 

M/θ approach and the experimental failure load; D2= simulated deflection at failure using analytical model; ∆D2=percentage difference between simulated deflection at failure using 

analytical model and the experimental failure load; FM=failure mode; CCS=concrete cover separation; ID=interfacial debonding; F=fracture of NSM reinforcement; CS=concrete 

splitting, SFM1=simulated failure load using M/θ approach; SFM2=simulated failure load using analytical model.Univ
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Beam F2C1 was reported to fail by concrete cover separation. Both the M/θ approach 

and the analytical model were able to simulate this failure correctly, with the deviation of 

simulated and experimental failure load at -6.2% and -1.9% for the M/θ approach and the 

analytical model respectively. However both methods show high deviation for the 

deflection at failure, with -30.1% and -31.3% for the M/θ approach and the analytical 

model respectively. From Figure 7.2(a), it can be seen that the flexural stiffness of both 

M/θ approach and analytical model are identical and higher than the flexural stiffness 

shown in the experimental result. Hence the error can be attributed to the possibility that 

the elastic modulus of the CFRP bar used in the experimental test was actually lower than 

what was reported by Sharaky et al. (2015). This error is common in experimental tests. 

For beam F1G2, the simulated load-deflection curve using the M/θ approach was 

found to be more accurate at simulating the tension stiffening effect, whereas the 

analytical model overpredicts the tension stiffening effect. However, the M/θ approach 

had a very high deviation for deflection at failure at -49.9%. The deviation for failure load 

on the other hand was only -9.6%. That, combined with the fact the prior to steel yielding 

the accuracy was very high, leads to the error being attributed to the wrong material 

property being used, where that the strain hardening modulus used in the simulation was 

higher than the actual strain hardening modulus of the steel reinforcement. This caused a 

higher load response for a given deflection for the load-deflection relationship past the 

steel yielding, leading to failure by fracture of GFRP bar to occurr at a lower deflection 

than it should. The M/θ approach also failed to simulate the concrete splitting failure, 

although this should be expected as it is not capable of simulating that failure type. The 

analytical model was able to predict the concrete splitting failure, but is highly inaccurate 

as the deviation between simulated and experimental failure load and deflection at failure 

was 32.3% and 14.7% respectively. 
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The M/θ approach was found to simulate the tension stiffening of beam F2G1 

accurately, whereas the analytical method overpredicts it slightly. However, both 

methods overpredicts the load response after steel reinforcement had yielded, which again 

is attributed to the strain hardening modulus used for the steel reinforcement as being 

higher than the actual value in the experimental test. The deviation of simulated and 

experimental failure load for the M/θ approach and analytical model to be 6% and 22.1% 

respectively. Despite the good accuracy of the M/θ approach, it should be noted that it 

cannot predict the interfacial debonding failure that occurred on the beam. The analytical 

model was able to simulate that failure mode, however as can be seen its accuracy is low. 

Despite that, the analytical model managed to get a good accuracy in terms of deflection 

at failure, with deviation between simulated and experimental value at 0.4%. On the other 

hand the M/θ approach had a deviation of -17.7% for the simulated and experimental 

deflection at failure, which can be attributed to the incorrect value of strain hardening 

modulus as mentioned previously, which causes a higher load response for a given 

deflection, hence causing failure to be simulated at a much lower deflection than it should. 

7.1.3 Comparison with FEM and IC debonding (Chen et al. (2011)) for EB 

strengthened beams 

In this section, the simulation using M/θ approach as presented in paper 5 of this thesis 

will be compared with the simulation by Chen et al. (2011), where finite element 

modelling (FEM) was used to simulate IC debonding of FRP plated RC beams. This 

comparison study will be done using experimental results of EB FRP strengthened beams 

as there are very few experimental results for hybrid strengthened beam available in the 

literature. 

The smeared crack approach was used by Chen et al. (2011) for the FEM, where 

cracked concrete is treated as a continuum and the deterioration of concrete is captured 
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using a constitutive relationship, hence smearing crack over the continuum. The plane 

stress element CPS4 in ABAQUS was used to model the concrete while the steel and FRP 

were modelled using truss elements. The bonds between steel-concrete and FRP-concrete 

interfaces were modelled using the interfacial element COH2D4 in ABAQUS. The bond 

stress-slip curve for the EB FRP was assumed to unload linearly through the origin to 

simulate the softening related to IC debonding. It was also assumed that FRP-concrete 

bond in normal and shear directions were insignificant, thus only bond parallel to the 

FRP-concrete interface was considered. 

The experimental results of EB FRP strengthened RC beams from Matthys (2000) and 

Brena, Bramblett, Wood, & Kreger (2003) will be used. Two of the beams were 

strengthened using FRP plates while another two uses FRP sheets. The geometry and 

material properties of the beam are given in Table 7.7 and Table 7.8 respectively. The 

comparison of load-deflection relationships obtained using the M/θ approach, using the 

FEM and from experimental result is shown in Figure 7.3. A summary of the results is 

also given in Table 7.9 
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Table 7.7 Beam geometric properties. 

Ref Beam designation b (mm) d (mm) L  (mm) La  (mm) MNSM NNSM FM 

Brena et al. (2003) D2 203 406 3000 128 FRP plate 1 IC 

Brena et al. (2003) C2 203 406 3000 128 FRP sheet 2 IC 

Matthys (2000) BF8 200 2400 3000 70 FRP plate 1 IC 

Matthys (2000) BF9 200 2400 3000 70 FRP sheet 2 IC 

Note: b=width of beam; d=depth of beam; L=length of beam; La=distance of NSM to the nearest support; MNSM=type of FRP material; 
NNSM=number of FRP sheet/plate; FM=failure mode; IC=intermediate crack debonding; CC= concrete crushing. 
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Table 7.8 Beam material properties. 

Ref Beam designation fc (N/mm2) Ey (N/mm2) σy (N/mm2) Ef (N/mm2) σf (N/mm2) 

Brena et al. (2003) D2 35.1 200000 440 155000 2400 

Brena et al. (2003) C2 35.1 200000 440 62000 760 

Matthys (2000) BF8 39.4 200000 590 159000 3200 

Matthys (2000) BF9 33.7 200000 590 233000 3500 

Note: fc=concrete compressive strength (cylinder); Ey=steel elastic modulus; σy=steel yield strength; Ef=FRP modulus; σf=FRP tensile strength. 
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Figure 7.3 Comparison of load-deflection relationship from M/θ simulation, 
simulation by Chen et al. (2011) and experimental result. 
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Table 7.9 Summary of simulated and experimental load-deflection curves. 

Beam Pe P1 
∆P1 

(%) 
P2 

∆P2 

(%) 
De D1 

∆D1 

(%) 
D2 

∆D2 

(%) 
FM SFM1 SFM2 

D2 67.1 63 -6.1 67.9 1.1 13.9 18.75146 34.6 13.8 -1.3 IC IC IC 

C2 63 65 3.2 66.2 5.2 16.9 19.32784 14.6 16.5 -2.3 IC IC IC 

BF8 110.3 94 -14.8 113.6 3.0 25.2 42.77392 69.6 26.3 4.3 IC IC IC 

BF9 94.4 89 -5.7 93.6 -0.9 41.2 40.60253 -1.3 40.3 -2.0 IC IC IC 

Note: Pe=experimental failure load; P1=simulated failure load using M/θ approach; ∆P1=percentage difference between simulated failure load using M/θ approach and the 

experimental failure load; P2=simulated failure load using finite element;  ∆P2=percentage difference between simulated failure load using analytical model and the experimental failure 

load; De= experimental deflection at failure; D1= simulated deflection at failure using M/θ approach; ∆D1=percentage difference between simulated deflection at failure using M/θ 

approach and the experimental failure load; D2= simulated deflection at failure using analytical model; ∆D2=percentage difference between simulated deflection at failure using 

analytical model and the experimental failure load; FM=failure mode; IC=intermediate crack debonding; CC= concrete crushing; SFM1=simulated failure load using M/θ approach; 

SFM2=simulated failure load using analytical model.Univ
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From Figure 7.3, the FEM simulation was much more accurate than the simulation 

with M/θ approach. The M/θ approach for EB strengthened beam used single crack 

analysis presented by Oehlers et al. (2015) in order to simulate IC debonding, which as 

shown in paper 5 is less accurate in simulating the tension stiffening of RC beams 

compared to the multiple crack analysis. It was found that the M/θ approach simulation 

for beams D2 and BF8, which were strengthened with EB FRP plates, were a lot worse 

in terms of tension stiffening accuracy than the simulation for beams C2 and BF9, which 

were strengthened with EB FRP sheets. However, all the simulated results using M/θ 

approach was able to predict the failure load relatively well, which shows that despite the 

inaccuracy in tension stiffening caused by the single crack analysis, it still manages to 

simulate the IC debonding failure correctly.  

The lowest accuracy for the M/θ approach in terms of failure load was observed for 

beam BF8 which was strengthened with EB FRP plate; the deviation between simulated 

and experimental failure load was -14.8%. It can be concluded that more research is 

needed in order to improve the accuracy of the IC debonding failure for EB strengthened 

beams. 

7.2 Limitations and errors 

This section will list the limitations of the current M/θ approach: 

1. The accuracy of the M/θ approach is dependent on the accuracy of the bond 

stress-slip model used. Assuming a beam uses a novel type of reinforcement, 

the bond properties of that reinforcement would need to be studied first before 

the M/θ approach can be used to simulate its behaviour. Incorrect bond stress-

slip properties can have an impact on the accuracy of the M/θ approach, as 

shown in the comparison study in section 7.1.1 where the lack of appropriate 

bond stress-slip model for NSM steel bars caused a drop in terms of accuracy. 
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2. Errors due to incorrect values of material property values can be magnified in 

the M/θ approach, as demonstrated in section 7.1.2 where an incorrect strain 

hardening modulus greatly reduces the accuracy of the simulated deflection at 

failure. 

3. In terms of accuracy, it was found that finite element modelling can currently 

simulate the load-deflection behaviour of NSM strengthened beams better than 

M/θ approach, although this thesis did not do a comprehensive comparison 

between the two. Furthermore, the finite element model used in the comparison 

study of this thesis did not include the simulation of concrete cover separation. 

On the other hand, the comparison between the M/θ approach and an analytical 

model show that the M/θ approach can give better accuracy. 

4. The comparison study using EB strengthened beams show that the accuracy of 

IC debonding simulation is low for beams strengthened with EB FRP sheets 

and extremely low for beams strengthened with FRP plates. This is due to the 

use of single crack analysis instead of multiple crack analysis, although the 

predicted failure loads were reasonably accurate due to the single crack 

analysis’ ability to capture IC debonding failure. 

5. The M/θ approach used in this thesis only considers the primary crack, while 

secondary and tertiary cracks are ignored for simplicity. 

6. The M/θ approach requires the bond stress-slip relationship for a reinforcement 

type to be studied first before it can be reliably used. 

7. Currently the M/θ approach presented in this thesis have only been validated 

against a small number of specimens.  

 

 

Univ
ers

ity
 of

 M
ala

ya



181 

There are also some errors in the research papers, which were not detected prior to 

publication. The errors are as shown below: 

1. In paper 1 page 5, the equation B(i) = T(i)Lper should have been B(i) = 

T(i)LperLs. 

2. In paper 2 page 620, the ke is the stiffness for the elasto-cracked state of the 

beam rather than the elastic state. 

3. In paper 2 page 623, the symbols s and sm should have been δ and δmax. 

4. In paper 2, Dinolite digital microscope was used to measure the crack width 

with accuracy up to 0.001mm. 

5. In paper 5, Table 5, the Pserv=service load (60% of the yield load). 

6. In paper 5, the results in Figure 10 contain errors possibly caused by incorrect 

strain gauge readings and should thus be disregarded.  

7. In paper 6, Barros et al. (2017) presented a strengthening technique that 

combines NSM and ETS methods with a new type of CFRP reinforcement 

rather than EB strengthening. 

7.3 Concluding remarks  

This section will attempt to summarize the cumulative effect of the research papers, 

the significance of the findings and the knowledge claim in the thesis.  

This research extends the M/θ approach to allow for analysis and simulation of NSM-

based strengthening methods. Unlike the moment-curvature approach, the M/θ approach 

does not use the linear strain profile, although it is still subject to the Euler-Bernoulli 

theorem of plane sections remaining plane. The M/θ approach applies the partial 

interaction theory to simulate the slip of reinforcements, which in turn allows the 

mechanics of tensile cracking, crack widening and tension stiffening to be simulated. 

Hence, the M/θ approach obviates the need for empiricisms in simulating the mechanics 
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of RC beams, making it generic and unbound by testing regimes of empirical derivations. 

The extension of M/θ approach presented in this thesis allows for a more direct simulation 

of NSM-based strengthened RC beams, which can promote further research and better 

design guidelines by removing the need for costly and time-consuming structural tests for 

both existing and novel NSM-based strengthening methods. 

With regard to the extension that this research brings to the existing knowledge on M/θ 

approach, the research shows how a strong bond strengthening method such as the NSM 

method can be simulated by considering the size of tension stiffening prisms.  This 

research also shows how the concrete cover separation can be simulated by incorporating 

the use of the global energy balance approach (GEBA), which again involves an 

understanding of how the debonding process changes the tension stiffening analysis.  

This research also show examples on how the extended M/θ approach can be applied 

as a research tool for NSM-based strengthening methods. Additionally, the studies on 

NSM-based methods serves as further validation on the accuracy and versatility of the 

extended M/θ approach, where derivatives of the NSM method can be simulated with 

minimal new considerations needed.  

The example applications of the M/θ approach on NSM-based methods themselves 

have significant research values. The example application on side-NSM (SNSM) method 

presents a study on parameters that affect concrete cover separation in SNSM 

strengthened beams. The study also presents the difference in behaviour in SNSM 

strengthened virgin beams and SNSM retrofitted beams, the latter which has tensile 

cracks already on the beam prior to being strengthened, thus being more representative 

of real world situation where RC beams are likely to have tensile cracks due to service 

load. These studies are novel and has never been done previously. The second example 

application presented in this thesis is the study on hybrid strengthened RC beams. The 
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research shows how the extended M/θ approach can also be used to simulate IC 

debonding if the situation requires it. The research presents a parametric study on IC 

debonding of hybrid strengthened beams. 

The design procedure (which is based on the extended M/θ approach) proposed in this 

thesis can be used by design engineers to design NSM strengthened beams that is safe 

from concrete cover separation failures. Despite all this however, the M/θ approach have 

some limitations which were determined from comparison studies performed against 

other simulation method. The limitations are as presented in section 7.2. 
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CHAPTER 8 - CONCLUSION 

 

Based on the study conducted in this thesis, the following conclusions can be made: 

• The moment-rotation (M/θ) approach and the global energy balance approach 

(GEBA) were combined to allow the simulation of the behaviour and concrete 

cover separation failure of NSM strengthened beams. The proposed method is 

more versatile compared to existing methods as it requires significantly less 

empirical formulations when simulating NSM strengthened RC beams as the 

mechanics of the beam such as crack formation, crack widening and tension 

stiffening are simulated directly. The proposed method was validated against 

published experimental results. Comparison between simulated and experimental 

load-deflection curves shows that the method is able to give good accuracy. 

• The M/θ-GEBA method was applied on SNSM strengthened beams, where it was 

shown that the method is also applicable to SNSM method with some minor 

changes. A parametric study was then conducted, where the differences between 

virgin and retrofitted SNSM strengthened beams were studied, the former which 

represents beams tested in labs and the latter representing beams in real world 

situations. Among the conclusion of the parametric study are: 

o SNSM retrofitted strengthened beams was found to have approximately 3 

– 4% lower failure load compared to virgin SNSM strengthened beams 

when concrete cover separation is a factor.  

o In cases where concrete cover separation failure did not occur or less 

pronounced, the failure load was found higher in SNSM retrofitted beams 

by up to 1% due to approximately 15 – 19% higher flexural stiffness of 
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retrofitted beams than virgin beams due to longer crack spacing of the 

retrofitted beams.  

o There is only a slight difference in failure load of SNSM retrofitted beams 

compared to virgin SNSM strengthened beams, although the small 

difference is negligible. 

o There is a considerable difference in the flexural stiffness of virgin and 

retrofitted beams that should not be neglected.  

o It was found that retrofitted and virgin beam conditions do not affect the 

failure mode of the SNSM strengthened beams. 

• The extended M/θ approach was applied in the simulation and parametric study 

of hybrid strengthened beams, where NSM strengthening are used in conjunction 

with EB strengthening. It was also shown how the IC debonding, which has been 

noted to occur on NSM strengthened beams albeit rarely, can be simulated using 

the single crack analysis method. A parametric study was then conducted on 

hybrid strengthening method with the following conclusions made: 

o Increasing the elastic modulus of NSM FRP bar increases the rigidity and 

maximum load of the hybrid strengthened beam while decreasing the 

length of IC debonding. 

o Increasing the elastic modulus of FRP sheet on the other hand increases 

the length of IC debonding; as such while the rigidity and maximum load 

of the hybrid strengthened beam still increase, the amount is less 

significant compared to increasing the elastic modulus of NSM FRP bar. 

o Increasing the bond strength of NSM FRP bar and FRP sheet slightly 

increases the rigidity and maximum load of hybrid strengthened beams.  

• A design procedure for NSM strengthened beams was also introduced, which was 

made using closed form solutions derived using the M/θ-GEBA method.  
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o The coefficient of bond, c2 for NSM CFRP strips and NSM CFRP bars 

with ratio of groove to bar diameter of 2 or 1.5 were determined by 

performing a parametric study using numerical partial interaction tension 

stiffening analysis. 

o Published experimental results of beams strengthened with either NSM 

CFRP bars, NSM CFRP strips or SNSM CFRP bars were used to validate 

the proposed design procedure and good correlation was found between 

the experimental and predicted results.  

o As the proposed design procedure is less reliant on empirical formulations, 

it should be applicable to other types of NSM reinforcement material and 

configuration as well, with the coefficient of bond c2 determined using a 

similar approach used in this paper. 

• For future research work, it is proposed that: 

o The M/θ approach should be used to perform simulation on NSM 

strengthened beams using novel strengthening materials such as basalt 

FRP. 

o The bond stress-slip of NSM steel should be studied and proper bond 

stress-slip models should be proposed for it. 

o Further research on SNSM strengthening method be done to determine its 

performance under fatigue and cyclic loading. 

o Methods to reduce IC debonding for the hybrid strengthening method 

should be explored. 

o A study should be done to improve the accuracy of EB strengthened beams 

using the M/θ approach. 
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