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Abstract 1 

The Deep Embedment (DE) technique is a promising reinforced concrete (RC) shear 2 

strengthening scheme. When compared with the other retrofitting systems, the DE approach is 3 

impressive in many ways. Particularly, since the DE element is installed to the beam core, the 4 

truss mechanism is enhanced and that enables achieving high shear enhancements. Due to the 5 

internal application of the DE reinforcement, steel can also be utilized as the retrofitting 6 

material without reservations on corrosion. It is however identified that the tensile capacity of 7 

the DE bar is partially utilized. In this context, the potential of using prestress in the DE system 8 

as an improvement was explored through a non-linear numerical study and an experimental 9 

study. Two DE reinforcement types of normal steel and high-tensile steel were considered and 10 

the prestress level was set to 40%. Both approaches showed that the use of prestress in the DE 11 

system was capable of enhancing the beam shear capacity significantly, and the extra shear 12 

strength gain in one beam was almost 26%. The serviceability performance of the beams was 13 

also improved due to the prestress application. Meanwhile, the numerical predictions showed 14 

good correlations with the global and local behaviours of the experimental beams.   15 

 16 

 17 

 18 

 19 
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1. Introduction 1 

 2 

Shear strength deficiencies in reinforced concrete (RC) structures arise due to numerous reasons 3 

including increased loadings, changes in use, material deterioration, and poor detailing [1-3]. 4 

Since RC shear failure is inherently brittle and catastrophic, serious attention to shear-deficient 5 

RC structures is utterly important. From an engineering perspective, when compared with the 6 

general remedial actions of imposing load limits and demolishing-and-reconstruction, structural 7 

retrofitting is an appealing solution [3,4]. The major merits of retrofitting include less 8 

interruption to users, enhanced sustainability credentials, and better utilisation of resources. 9 

However, given that shear behaviour of concrete is not fully understood, design and 10 

implementation of shear retrofitting systems have to be carried out extremely carefully [5-7].  11 

 12 

Shear retrofitting of RC structures evolved from external application of reinforcement to the 13 

shear span of a structure. The use of fibre reinforced polymer (FRP) materials as retrofitting 14 

elements has been popular because of their non-corrosive nature which is ideal for external 15 

usage.  The externally bonded (EB) technique was the pioneering FRP shear retrofitting system. 16 

In this method, the retrofitting material is bonded along the shear span of a RC member. The 17 

effectiveness of the EB FRP shear strengthening technique is well documented [7-9], however, 18 

premature de-bonding of the unanchored retrofitting material is an inherent drawback [10-12]. 19 

As an improvement, the near-surface mounted (NSM) technique was developed where the 20 

retrofitting elements are installed in groves that are cut into the surface [13]. In contrast to the 21 

EB system, the NSM technique provided a higher strengthening efficiency [13,14], however, 22 

de-bonding remained an issue that prevented optimum use of the system. Meanwhile, Lees et 23 

al. [1] developed an unbonded, prestressed Carbon FRP (CFRP) strap shear retrofitting system 24 

which eliminates the de-bonding issue. The strap system achieved high levels of shear 25 

enhancement, mainly due to the effective use of the high strength in the CFRP straps via the 26 
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application of prestress [15,16]. However, the strap system is difficult to install and is 1 

susceptible to damage during service. 2 

 3 

The deep embedment (DE) technique (also called the embedded through-section (ETS) method) 4 

can be identified as a relatively novel shear strengthening method [17]. This approach was 5 

developed by Valerio and Ibell [5] and can be distinguished from the previously mentioned 6 

systems, because the retrofitting element is installed into the core of the RC member. Since the 7 

retrofitting element is internal and protected, steel can also be utilised in the system without 8 

concerns about corrosion, and it was proved that steel and FRP reinforcement provide 9 

comparable shear strength enhancement [5]. In the DE method, vertical or inclined holes are 10 

drilled into the concrete upwards from the soffit. High viscosity epoxy resin is injected and FRP 11 

or steel bars are subsequently embedded, see Fig. 1. The main advantage of the DE system is 12 

that the retrofitting bars tie the top chord to the bottom chord of the beam in such a way that the 13 

truss action within the beam is enhanced [18]. Moreover, the DE method relies on the concrete 14 

core to transfer stresses between the concrete and the FRP/steel; a better bond performance 15 

therefore ensues due to confinement [5,14]. Shear enhancement levels of almost up to 100% 16 

were achieved in the experiments conducted by Valerio et al. [6], thereby verifying the efficacy 17 

of the system. The DE method is ideal for structures where only the soffit of the structure is 18 

accessible. Protection against fire and vandalism, less epoxy consumption, and savings on time 19 

required for surface preparation of the beam are added merits [5,19]. 20 

 21 

Fig. 1. DE technique 22 
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 1 

The literature reveals that numerous experimental and numerical studies have been conducted 2 

on the DE system. The numerical study by Qapo et al. [20] demonstrated that more accurate 3 

results than analytical model (e.g., TR55 [21]) predictions can be obtained from non-linear 4 

numerical simulations where the average offset in the numerical prediction was below 8%. It 5 

was further identified that concrete strength, a/d ratio and beam depth were governing 6 

parameters for the DE system behaviour [17,20]. Also, the interaction between the internal and 7 

retrofitting shear reinforcement, hence the relative locations between the two reinforcement 8 

types, was identified to be a significant parameter [17,22-24]. Mofidi et al. [22], Breveglieri et 9 

al. [23], and Sogut et al. [24] showed that the DE contribution to the shear strength decreases 10 

with the increase of the existing shear reinforcement ratio. Meanwhile, Dirar and Theofanous 11 

[25] investigated the influence of the shear span-to-effective depth (a/d) ratio on the DE 12 

performance and showed that when a/d reduced from 3.0 to 1.9, the shear strength enhancement 13 

reduced drastically from 96% to 33%. The bar orientation was also found to be a significant 14 

parameter where DE  DE bars [19,23]. 15 

Raicic et al. [18] verified the applicability of the DE technique to continuous RC beams. Valerio 16 

et al. [6] explored the bond between steel/FRP and concrete using three popular epoxy types 17 

and showed that ample bond strength developed in the DE system [6].  Valerio et al. [6] and 18 

Chaallal et al. [10] reported that the bond in the DE system was far superior to that in the EB 19 

and NSM systems. Mofidi et al. [22] investigated the effect of surface coating on the FRP bars 20 

and showed that plain CFRP bars provided higher strength enhancement than sand-coated bars.  21 

 22 

Amid many advantages associated with the DE shear retrofitting system, one major drawback 23 

is the difficulty of fully utilising the strength of the retrofitting element, particularly for high 24 

strength materials [26,14]. Yapa et al. [26] showed that the retrofitted beams failed while 25 

considerable capacity remained in the DE element because of the need of fulfilling strain 26 

compatibly between concrete, internal steel and the DE elements. Accordingly, the retrofitting 27 
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efficiency could further reduce if the internal shear reinforcement is in low tensile capacity, 1 

e.g., mild steel [26]. The evidence from the behaviour of the CFRP strap system hints that the 2 

application of prestress to the DE element could be a potential solution to enhance its 3 

performance [2,15,16,27]. It is also possible to show theoretically (e.g., 4 

that introducing vertical compressive stress would enhance the shear strength of concrete 5 

elements. In this context, this research explores the efficacy of such use of prestress in the DE 6 

system through non-linear numerical simulations and an experimental investigation. The scope 7 

of the study was limited to the use of steel DE elements. 8 

 9 

2.  Research significance 10 

 11 

The DE technique for concrete shear strengthening has been demonstrated to be an 12 

improvement upon other concrete shear strengthening methods. Yet, to date, the vast majority 13 

of research studies have focused on the use of passive (i.e., un-prestressed) DE bars. Research 14 

on shear retrofitting of RC beams using prestressed DE bars is practically non-existent. This 15 

paper presents the first comprehensive numerical and experimental study on RC beams 16 

retrofitted in shear using prestressed DE steel bars. The combination of experiments and 17 

numerical techniques provided valuable insight into the strengthened behaviour. Besides, the 18 

paper identifies the effect of prestress level, DE bar size, and DE bar location on the load 19 

carrying capacity of the strengthened beams.    20 

 21 
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3.  Numerical simulation of prestressed DE behaviour 1 

 2 

With the primary objective of identifying the effectiveness of using prestress in the DE system, 3 

three-dimensional (3D) non-linear finite element simulations were carried out using Midas FEA 4 

software package [28]. Considering the fact that most existing RC structures are with mild steel 5 

shear reinforcement and, as previously discussed, that scenario represents the least efficient use 6 

of DE element strength, RC beams that carry mild steel shear links were considered. Two DE 7 

bar types were deployed and those were: (a) normal steel reinforcement bars (  500 MPa); 8 

and (b) high-tensile steel bars. Accordingly, the FE modelling included a control beam (notation 9 

B1-C), a beam with non-prestressed normal strength steel DE bars (notation B2-NS), a beam 10 

with normal steel DE bars with 40% prestress (notation B3-NS-P), a beam with non-prestressed 11 

high-tensile steel DE bars (notation B4-HS), a beam with high-tensile steel DE bars with 40% 12 

prestress (notation B5-HS-P). In order to highlight the merits of the using prestress, the DE 13 

configurations were selected so that to provide nominal strength augmentation. It is of note that 14 

the second label in the beam notation indicates whether the normal steel (NS) or high-tensile 15 

steel (HS) were used as DE elements and the third notation indicate if the DE bars were 16 

prestressed or not.     17 

 18 

3.1. Beam model detailing 19 

 20 

The geometry for the beam specimens were adopted from previous studies [15,26], where the 21 

dimensions were: 1750 mm length; 280 mm depth; and 105 mm width. The beams were 22 

subjected to three-point bending loading where the shear span was 690 mm and the pertaining 23 

shear span to effective depth ratio (a/d) was close to three. The beam was provided with high 24 

level of flexural reinforcement and low level of shear reinforcement to promote shear failure 25 

and to have a large gap between the shear and flexure capacities. The internal reinforcement 26 

detailing was: 4 H12 bars as compression reinforcements; 4 H16 bars as tensile reinforcements; 27 
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and 6 mm mild steel shear links at 200 mm spacing, see Fig. 2. For the retrofitting using normal 1 

strength steel, two H10 bars were used as vertical DE reinforcements in each shear span. Three 2 

5 mm high strength steel bars were used as vertical DE reinforcements in the other scenario. 3 

With the objective of maintaining similarity across the two reinforcement type usage, the 4 

number of 5 mm bars was increased to three to balance the force capacity of two H10 bars. The 5 

DE reinforcement locations were selected to be the middle region of the internal shear links to 6 

minimize interactions between the two types of bars. Accordingly, for B2-NS and B3-NS-P, 7 

the DE bar locations were 150 mm and 350 mm measured from the loading point. For B4-HS 8 

and B5-HS-P, the DE bar locations were 150 mm, 350 mm, and 550 mm from the loading point, 9 

see Fig. 2.  10 

 11 

Fig. 2: Beam details; a): elevations of B2-NS and B3-NS-P; b): elevations of B4-HS and B5-12 

HS-P; c): cross section  13 
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3.2. Meshing and boundary conditions 1 

 2 

Concrete was meshed using eight-node solid brick elements and the bearing plates were meshed 3 

with six-node solid wedge like elements. These solid elements consisted of three degrees of 4 

freedom per each node. The mesh size was selected to be 25 mm. That particular choice was 5 

made presuming the maximum aggregate size to be 12.5 mm and considering the 6 

recommendations in [20] that a mesh size of 2-3 times of the maximum aggregate size is 7 

appropriate for RC modelling. Meanwhile, the internal longitudinal reinforcements and shear 8 

links were meshed with embedded (fully-bonded) reinforcement elements. For modelling of 9 

DE steel reinforcements, two-node 3D truss elements supplemented with a bond model were 10 

used. To represent the interface between the concrete and the DE steel reinforcements, line 11 

embedded interface elements were created along the length of the DE reinforcement. These 12 

interface elements ensured the nodal connectivity between the surrounding concrete elements 13 

and the DE reinforcement elements, and they were also capable of adopting the bond-slip 14 

material model and of simulating the slip between the concrete and the DE reinforcement.  15 

 16 

Considering symmetry, half beam model was developed. To simulate the boundary conditions 17 

for 3-point bending, the vertical degree of freedom of the support bearing was restrained whilst 18 

the horizontal degree of freedom was restrained at the symmetric boundary. Fig. 3 depicts the 19 

processed meshes.  20 

 21 
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                             1 

(a)                                                                         (b) 2 

Fig 3: FE mesh; a) concrete and bearing plates; b) reinforcement  3 

 4 

3.3. Material modelling 5 

 6 

3.3.1. Concrete 7 

 8 

The non-linear cracked behaviour of concrete was simulated with the total strain crack model 9 

available in the software. It is a smeared crack-based model and treats the strain in the concrete 10 

as a combination of normal strain and crack strain [29]. Either rotating crack or fixed crack 11 

options can be assigned to the total strain crack model. The literature provides ample evidence 12 

that the shear capacity prediction accuracy achieved from the former is better particularly for 13 

RC structures those are with shear reinforcement whereas the latter usually provides over 14 

estimations [12,20,30]. Hence, the rotating crack model was opted for the current numerical 15 

analysis.  16 

 17 

Based on the recommendations found in the literature, the Thorenfeldt relationship for 18 

compression and a linear exponential softening curve for tension were identified as appropriate 19 

constitutive material models for concrete [4,20]. Accordingly, a target cubic strength of 60 MPa 20 

and a target concrete tensile strength of 3.5 MPa were deployed for these functions respectively. 21 
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No shear model was adopted. Because the principal stress direction coincides with the crack 1 

direction in the rotating crack model, and consequently, there is no shear along the crack. The 2 

lateral crack effect [31] and the confinement effect [32] were also incorporated into the 3 

simulations. Concrete fracture energy ( ) was calculated based on the findings of [20], so that: 4 

. Here concrete cube strength  is input in MPa and the resultant  is 5 

in N/m units. Furthermore, the crack band width ( ) was assigned to be the cube root of the 6 

mesh dimension [29,33]. 7 

and 0.2 respectively. 8 

 9 

3.3.2. Steel 10 

 11 

All the target reinforcement bar types were subjected to tensile testing and the stress/strain 12 

profiles were established; Table 1 summarises the results. Based on these findings, a strain 13 

hardening function was assigned in the numerical model to simulate the post-yield behaviour 14 

of steel and the von Mises criterion available in the software was assigned as the failure 15 

criterion. 16 

 17 
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Table 1 1 

Tensile test results 2 

Reinforcement 
Bar 

type 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Tension H16 504 604 

Compression H12 484 565 

Shear R6 222 342 

DE/normal steel H10 507 597 

DE/high-tensile steel 5 mm *1630 1790 

*proof stress 3 

 4 

3.3.3. Concrete-DE reinforcement interface 5 

 6 

The BPE bond slip model proposed by Eligehausen et al. [34] for embedded steel bars was used 7 

to simulate the interfacial behaviour between the concrete and the DE reinforcements. This 8 

model comprised an exponential ascending branch followed by a plateau region and then by a 9 

linear descending branch as shown in Fig. 4 (for  = 60 MPa and for 10 mm bar). The 10 

particular bond model was reported to be successful in predicting the experimental behaviour 11 

for various bond conditions [34,35]. Meanwhile, Fig. 4 also compares the BPE model with the 12 

proposals of CEB-FIP Model code 2010 [36] and the comparison shows that the BPE model 13 

represents an average scenario for the strong and other bond conditions specified in CEB-FIP 14 

Model code 2010.   15 

 16 
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Fig. 4: BPE bond-slip function 3 

 4 

3.3.4. Bearing plates  5 

 6 

The bearings at the supports and the load point were modelled as perfectly elastic material. 7 

Those were assigned with a relatively lower stiffness (of 10 GPa) to facilitate flexibility at the 8 

concrete/bearing interface and that was useful to eliminate stress concentrations around the 9 

bearings.  10 

 11 

3.4 Prestressing of DE bars 12 

 13 

The prestress application was simulated using the prestress load option available in Midas FEA. 14 

The construction stage analysis option was utilised to separate the prestress loading application 15 

and the beam loading application. 16 

 17 
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The initial prestress level was adopted based on the strain capacity gap between the internal 1 

shear links and the normal steel DE bars. Theoretically the strain gap was 50%, and accordingly, 2 

together with some residual allowance, 40% prestress was deemed appropriate for the DE bars. 3 

A similar level of prestress was applied to the high-tensile DE bars as well. 4 

 5 

3.5. Numerical model predictions 6 

 7 

The non-linear numerical model predicted all the beams to fail in shear. Considerable shear 8 

enhancements were achieved in the retrofitted beams and the application of prestress to the DE 9 

bars was highlighted to be effective.   10 

 11 

3.5.1 Shear capacity 12 

 13 

Table 2 summarises the failure shear loads of the beams. It is observed that the retrofitting 14 

resulted in enhancing the shear capacity by 20.3% for B2-NS and by 20.0% for B4-HS 15 

specimen. Interestingly, the application of 40% prestress to the DE steel elements has been able 16 

to alter the shear enhancement by 10.7% and 6.3% for the normal steel scenario and high-tensile 17 

steel scenarios respectively. It will be shown later in the paper that the true effectiveness of the 18 

prestress usage towards failure load is even higher than this. It is meanwhile of note that, if 19 

perfect bond condition was assigned for the DE bars, the failure load predictions for beams B2-20 

B5 are 101.6 kN, 110.3 kN, 101.6 kN, and 106.3 kN respectively. These values are observed to 21 

be fairly equivalent to the pertaining failure loads in Table 2, and hence, as reported in the 22 

literature, the bond condition at the DE/concrete interface has been excellent.   23 
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 Table 2  1 

 Shear capacity predictions 2 

Specimen 
Failure  

mode 

Shear  

capacity  

(kN) 

Shear 

enhancement 

(%) 

B1-C Shear 83.6 - 

B2-NS Shear 100.6 20.3 

B3-NS-P Shear 109.5 31.0 

B4-HS Shear 100.3 20.0 

B5-HS-P Shear 105.6 26.3 

 3 

3.5.2 Load-deflection behaviour 4 

 5 

The load-deflection behaviour predicted by the FE models for the five beam specimens are 6 

illustrated in Fig. 5. As should be expected, it shows that all five beams behave similarly at low 7 

load levels irrespective of retrofitting differences. Subsequent to the onset of shear cracking, 8 

the behaviours become non-linear and the stiffness deteriorates. However, it is interesting to 9 

note that the beams with the prestressed DE elements exhibit a stiffer non-linear behaviour in 10 

contrast to the other three beams. It is therefore deemed that, in addition to the load capacity 11 

increase, the utilisation of prestress in the DE system is also responsible for enhancing the 12 

serviceability performance of the beams.  13 
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Fig 5. Load - deflection behaviour  2 

 3 

3.5.3 Reinforcement strain analysis 4 

 5 

To explore the DE bar contribution towards the shear capacity, the strains were analysed.  6 

Fig. 6(a) compares DE bar strain at its mid-height for non-prestressed and prestressed 7 

scenarios of the normal steel usage whilst Fig. 6(b) does the same comparison for the high-8 

tensile steel scenario. Note that the locations are illustrated within the plots. As expected, 9 

it is highlighted that the application of prestress has been able to utilise more strength from 10 

the DE elements. It is observed that the average strain level of the DE element improves 11 

due to the application of prestress from 29% to 74% at the normal steel usage and from 12 

10% to 45% at the high-tensile steel usage. Meanwhile, both plots indicate that the critical 13 

DE element is always the bar close to the load point whilst the DE3 element (in B4 and 14 

B5) that was close the support is almost inactive. That gives an information about the beam 15 

area that has to be focused for strengthening, and interestingly, the observation agrees with 16 

the moment-shear interactions appreciated in the MCFT theory [37].    17 
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    (a)                                                                     (b) 2 

Fig. 6. DE bar strain; (a) B2-NS vs B3-NS-P; (b) B4-HS vs B5-HS-P  3 

 4 

Fig. 7 compares the strain behaviour of internal shear links for the retrofitted beams. When 5 

the non-prestressed and prestressed contexts are compared for the beams with normal steel 6 

and high-tensile DE steel, the plots clearly indicate that the prestressing has been 7 

responsible for reducing straining of the internal shear links. Since, internal links are the 8 

critical elements for failure of the beams, such strain control (in the prestressed beams) 9 

should have helped the beams to achieve the extra shear enhancements. Interestingly, all 10 

the comparisons in Fig. 7 show that the second shear link from the load point (SL2) is the 11 

critical element whereas Fig. 6 indicated the first DE element from the load point as the 12 

critical DE element. It is of note that the first shear link in these beams is almost underneath 13 

the load point and hence is subjected to high level of lateral pressure confinement. 14 

Consequently, the first link could hardly strain even under high loads. Besides, another 15 

important observation is that, upon the onset of cracking, the rate of strain of the DE 16 

element is notably lower than that of the shear link, particularly in the critical elements of 17 

DE1 and SL2. It is therefore understood the significance of using prestress in the DE 18 

element in order to achieve high level of shear enhancements.   19 

 20 
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       Fig. 7: Shear link strains: (a) B2-NS (b) B3-NS-P (c) B4-HS (d) B5-HS-P  6 
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4. Experimental study 1 

An experimental study was executed in order to verify the potential of using prestress in DE 2 

shear retrofitting and to validate the numerical simulation findings. Five experimental beams 3 

those had similar properties to the beams in the numerical study were considered. Hence, the 4 

series included one control beam, two beams retrofitted in DE with normal steel reinforcement 5 

bars, and two beams retrofitted in DE with high-tensile steel reinforcement bars. The beam 6 

geometry and internal/DE reinforcement detailing is shown in Fig. 2. All the beams were 7 

subjected to 3-point bending and steel plates were used as bearings. Of note is that the same 8 

notation that was used for the beams in the numerical study is going be used for the experimental 9 

beams henceforth. 10 

 11 

4.1. Material properties 12 

 13 

Tensile tests were conducted for all the steel types and Table 1 summarises the results. The 14 

concrete was designed for a target cube strength of 60 MPa and the mix proportions were: 15 

cement  461 kg/m3, water  173 kg/m3, fine aggregate  750 kg/m3, coarse aggregate (12.5 16 

mm)  1024 kg/m3 and polycarboxylate superplasticizer  3.2 l/m3. Standard size cubes and 17 

cylinders were cast as control specimens. The cube testing revealed the compressive strengths 18 

of beams B1-C, B2-NS, B3-NS-P, B4-HS, B5-HS-P at the time testing were 66.1 MPa, 59.2 19 

MPa, 59.2 MPa, 59.8 MPa and 59.8 MPa respectively. The static modulus, P20 

the splitting tensile strength of the concrete of all the beams were 39.2 GPa, 0.19 and 3.6 MPa 21 

respectively.       22 

 23 
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4.2. DE retrofitting process   1 

 2 

Holes of 15 mm and 10 mm diameter were drilled in order to install the H10 normal steel and 3 

5 mm high-tensile steel DE reinforcements respectively. The hole surfaces were roughened by 4 

scraping the surface. Based on the recommendations of [6], a commercially available Hilti 500 5 

epoxy was used as the bonding agent. According to the product specification, the characteristics 6 

of the epoxy were: 40 MPa tensile strength; 30-minute initial setting; and 5.5-hour hardening. 7 

The hole was first filled with epoxy resin and the DE bar was then inserted so that the epoxy 8 

resin fills up the holes thoroughly. For beams B3 and B5, the DE bars were prefabricated with 9 

threads at its ends and, upon the DE bars were embedded in the epoxy medium, the bottom of 10 

the bar was fixed to the beam using a nut. Subsequently, the top end of the DE bar was 11 

prestressed by tightening the screw against a steel stool that was placed on the beam surface, 12 

see Fig. 8. The prestress level was monitored through the strain gauge reading, and once the 13 

desired prestress level (40%) was achieved, the DE hole was topped up with epoxy through the 14 

stool. Before testing, the nut/stool arrangements were removed and the remaining bar sections 15 

were cut so that there was a flat beam surface.  16 

 17 

 18 

Fig. 8: Prestressing arrangement 19 

 20 
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4.3. Instrumentation 1 

 2 

The beams were instrumented as shown in Fig. 9(a). Here, the total load was read through a 3 

50-ton capacity load cell and three linear resistance displacement transducers (LRDTs) were 4 

used (two at the supports and one at the mid-span) to estimate the mid-span deflection of the 5 

beam. Strain gauges were used to measure the strains in the DE bars and the shear links. All 6 

these instruments were connected to an automated data recording system. A 100-ton universal 7 

testing machine was used as the testing rig, see Fig. 9(b).  8 

                 Fig.9: (a) Instrumentation; (b) Loading frame 9 

 10 
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4.4. Experimental results  1 

 2 

All five beams failed in shear. Table 4 summarises the failure loads and the pertaining shear 3 

enhancements. Fig. 10 illustrates the load-displacement behaviours. The results highlight that 4 

the use of prestress in the DE system was able to achieve promising shear enhancements in 5 

contrast to the non-prestressed DE application. The level of extra shear enhancement achieved 6 

via the use of prestress was 25.8% and 18.7% at the normal steel and high-tensile steel scenarios 7 

respectively. It is of note that the compressive strength of the control specimen (B1-C) was 8 

higher than the retrofitted beams by about 7 MPa. If this particular discrepancy was taken into 9 

account across the failure load comparisons, the shear enhancement provided by the retrofitting 10 

system (and also by the prestressing) could have been even more highlighted.  11 

 12 

Table 4  13 

Experimental shear capacities  14 

Specimen 
Failure 

mode 

Shear 

capacity 

(kN) 

Shear 

enhancement 

(%) 

B1-C Shear 87.8 - 

B2-NS Shear 95.8 9.1 

B3-NS-P Shear 118.4 34.9 

B4-HS Shear 98.0 11.6 

B5-HS-P Shear 114.4 30.3 

 15 
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 2 

Fig.10: Experimental load-deflection behaviour  3 

 4 

Overall, the experimental investigation highlighted that the use of prestress either in normal 5 

steel DE elements or in high-tensile steel DE elements was fairly useful to achieve extra shear 6 

enhancements where the former was observed to be slightly more promising. However, if the 7 

internal shear reinforcement was not of mild steel type, no such considerable shear gain could 8 

have been obtained with prestressing of normal steel DE bars. 9 

 10 

5.  Comparison of numerical predictions and experimental results 11 

 12 

Both numerical and experimental studies highlighted the effectiveness of using prestress in the 13 

DE shear retrofitting system. Impressive improvements in terms of shear capacity and 14 

serviceability performance were observed with the use of prestress. In this light, further insights 15 

in the retrofitted behaviours are discussed in this section through comparisons of the two types 16 

of results. Of note is that the numerical models were updated so that to include the experimental 17 

concrete properties.    18 

 19 
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5.1 Shear capacity and load-displacement response 1 

 2 

Table 5 compares the experimental shear capacities with the FE predictions. It highlights a 3 

good correlation between the two types of results where the mean and the standard deviation of 4 

the prediction accuracy are 98% and 5% respectively. The failure load of both non-prestressed 5 

DE strengthened beams were slightly over-predicted whereas that of the prestressed DE beams 6 

were under-predicted by about 8%.  It is meanwhile of note that the shear enhancements 7 

(experimental) by the DE elements are 8.0 kN, 30.6 kN, 10.2 kN, and 26.6 kN respectively. If 8 

this supplement was predicted via TR55 [21] (which is the commonly used as an analytical tool 9 

for shear retrofitting) the predictions would be 19.3 kN, 22.2 kN, 5.8 kN, and 11.5 kN 10 

respectively. Hence, similarly to the conclusions in the literature, the inconsistency in the 11 

analytical predictions for the DE system was reiterated. Herein, the initial prestress was added 12 

to the strain recommended in TR55 for the retrofitting element to deal with the prestressed DE 13 

scenarios.  14 

    15 

Table 5 16 

 Shear capacity comparisons 17 

Specimen 
Failure           

mode 

FE shear 

capacity   

(kN) 

Exp. 

shear 

capacity 

(kN) 

FE/ 

Exp. 

ratio 

B1-C Shear 85.9 87.8 0.98 

B2-NS Shear 100.6 95.8 1.05 

B3-NS-P Shear 109.5 118.4 0.92 

B4-HS Shear 100.3 98.0 1.02 

B5-HS-P Shear 105.6 114.4 0.92 

 18 
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The load deflection responses of the beams are compared with the FE predictions in Fig. 11. It 1 

shows that the FE model precisely predicted the initial linear behaviour of the beams and 2 

reasonable correlations are observed over the non-linear behaviour as well. The non-linear 3 

stiffness of the retrofitted beams was slightly over-predicted, particularly for the non-4 

prestressed DE scenarios.   5 
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Fig 11: Experimental and numerical load-deflection comparisons; (a) B1-C; (b) B2-NS; (c) 1 

B3-NS-P; (d) B4-HS; (e) B5-HS-P 2 

 3 

 4 

Based on the fact that the failure load of the beams with prestressed DE elements (in B3 and 5 

B5) were slightly under-predicted (by about 8%), apparently, the benefit of the prestress 6 
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application was somewhat hindered in the FE model. Despite the DE bar in reality was a solid 1 

element, it was simulated as a truss element that went through nodes in the FE model. 2 

Consequently, it was deemed that the prestress might have not been appropriately distributed 3 

into the beam cross section in the simulations. Hence, as a potential modification, the DE 4 

element was simulated as a unit of four distinct truss elements those were through the corners 5 

of the (25 mm) concrete solid elements, see Fig. 12. As shown in Fig. 13, this particular 6 

modification was capable of increasing the prediction accuracy for the failure load of those two 7 

beams considerably, the pertaining prediction accuracy was then over 98%. Also, the predicted 8 

load-displacement response showed many similarities to that of the beams with non-prestressed 9 

DE elements. It was therefore deemed that more accurate FE predictions for the prestressed DE 10 

behaviour can be obtained by finer tuning of the FE mesh. Further explorations into it is 11 

identified as a matter for future work.  12 

 13 

  14 

 15 

 16 

 17 

 18 

 19 

Fig 12: DE element simulation; (a) as a single truss element; (b) as four-unit truss elements 20 

 21 
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Fig.13: Load-displacement comparison at modified DE element simulation: (a) B3-NS-P; (b) 3 

B5-HS-P 4 

 5 

5.2. Crack patterns 6 

A comparison of FEM predicted crack patterns with the experimental results was made as 7 

shown in Fig. 14.  It is observed that the predictions on crack locations, extent, orientations 8 

show appreciable correlations with the experimental results. As should be theoretically 9 

expected, the crack angle steepened with the use of prestress in the DE elements, and that 10 

behaviour was also well captured by the FE modelling.  11 
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Fig 14: Crack pattern comparisons; (a) B1-C; (b) B2-NS;  27 

(c) B3-NS-P; (d) B4-HS; (e) B5-HS-P 28 
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It is meanwhile of note that, even though the FE simulations predict the cracking to be 1 

symmetric over the both shear spans, practically one shear span is subjected to dominant 2 

cracking in contrast to the other. This is mainly because of the heterogeneity of concrete and of 3 

the non-ideal experimental conditions. In fact all the comparisons in Fig.14 were limited to the 4 

cracking in the critical shear span. The literature shows examples of modifying the FE mesh in 5 

order to obtain unsymmetrical cracking from FE simulations. Blomfors et al. [38] studied FE 6 

simulation of pre-cracked RC beams and showed that good correlation in cracking and in load 7 

prediction could be obtained via weakening of the concrete elements (in the FE mesh)  along 8 

the pre-crack locations. Accordingly, a preliminary attempt was made in this study to weaken 9 

the FE mesh deliberately along the major crack path (observed experimentally) in the critical 10 

shear span with the intention of obtaining asymmetric cracking. Fig. 15 shows this application 11 

into the full FE model of B5-HS-P (this beam was selected for this discussion because it had a 12 

dominant shear crack). Based on the information in [38], herein the weakened concrete 13 

 14 

 15 

Fig. 15: Introduction of weak concrete elements to Fe model of  B5-HS-P 16 

 17 

Fig. 16 compares the experimental crack pattern with that in the modified FE model output for 18 

B5-HS-P. As expected, the correlation between the full beam experimental cracking and the FE 19 

simulation was improved. However, the failure load prediction was reduced by about 5% (it 20 

was originally an under-prediction) . Similar trend was observed also for the other beams, the 21 

reduction in prediction was sometimes as high as 11%. Hence, even though the crack 22 

comparison was improved through this particular FE modification, the load capacity prediction 23 
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was compromised. It was therefore deemed that the considered modification, which was proven 1 

to be effective for pre-cracked structures, needs further exploration before its utilisation on 2 

simulating asymmetric behaviour of RC beams during 3-point bending. This is identified as an 3 

essential matter for future work.       4 

 5 

 6 

Fig. 16: Crack pattern comparison with full model for B5-HS-P 7 

   8 

5.3. DE reinforcement strains 9 

In order to see the prediction accuracy for the local beam behaviour further, the strain in the DE 10 

bar of the retrofitted experimental beams was compared with the FE model predictions, see 11 

Fig. 17. The DE element that was next to the load point (DE1) was selected for this comparison 12 

as it was identified to be critical previously. Since a strain gauge reading reflects an average 13 

strain level for a short length (i.e., not of a spot measurement), the average strain of three 14 

elements of the DE mesh (i.e., of 75 mm length) at the middle of the bar was selected for the 15 

comparison.    16 
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    (c)                                                                     (d) 4 

Fig 17: DE bar strain relations for specimens; (a) B2-NS; (b) B3-NS-P; (c) B4-HS;  5 

(d) B5-HS-P 6 

Fig. 17 shows that the passive nature of the DE element (over the un-cracked behaviour) and 7 

the subsequent straining behaviour of the DE element in all the beams were predicted 8 

reasonably accurately by the FE model. Of note is that the strain gauge in B4-HS failed with 9 

the onset of staining. This comparison particularly highlights the potential of the non-linear 10 

modelling to deal with prestressed DE elements.  11 

 12 

6. Parametric analysis 13 

In the light of non-linear simulation potential of the prestressed DE system behaviour is thus 14 

proved in this study, parametric numerical studies can be used to identify optimum retrofitting 15 

configurations for the prestressed system. Accordingly, a brief parametric investigation was 16 
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carried out to assess the sensitivity of parameters of: prestress level; DE bar size; and DE bar 1 

location (relative to the internal shear reinforcement, on the shear response of prestressed DE 2 

retrofitted system. Specimen B3-NS-P is chosen for this purpose of study since it represented 3 

the most effective system. Fig.18 summarizes the results.  4 

 5 

Prestress Bar size DE location
90

95

100

105

110

115

120

 6 

Fig.18: Parametric analysis results 7 

 8 

As illustrated in Fig.18, increment of prestress from 20% to 60% shows increase of the 9 

retrofitted shear capacity where the improvement at the first increment (20% to 40%) is 10 

significant than that in the second increment. The internal shear link governed the failure of all 11 

three cases. Similarly, the shear capacity increases with the increasing bar diameter increases.  12 

where again the internal shear link capacity dictated the beam strength. It is thus highlighted 13 

that the shear gain cannot only be improved via stronger retrofitting system. Meanwhile, the 14 

parametric analysis shows that the optimum DE location could be different from the middle 15 

point between the internal shear links. Here, when the DE bar was shifted 50 mm towards the 16 

loading point, the effectiveness of the system is increased. In fact, when the moment-shear 17 

interaction in the beam region is considered [37], condensation of shear reinforcement towards 18 

the loading point of a 4-point bending scenario can be expectable. The parametric study thus 19 
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highlights numerous parametric sensitivities that could exist in the prestressed DE shear 1 

strengthening systems. A comprehensive study into is identified as a matter for future work.    2 

 3 

7. Conclusions 4 

This study explored the effectiveness of using prestress in the deep embedded (DE) 5 

system for shear retrofitting of RC beams via non-linear numerical simulations and an 6 

experimental study. Two scenarios of using normal steel and high-tensile steel DE bars 7 

were considered. The following conclusions can be drawn based on the findings. 8 

 9 

a) The non-linear numerical simulations showed that the use of prestress in the DE 10 

shear retrofitting system was impressive. The application of 40% prestress to the 11 

normal and high-tensile reinforcement bars resulted in 31% and 26.3% shear 12 

enhancements respectively where that was about 20% when those bars were not 13 

prestressed. The numerical results also showed that the critical area of the beam 14 

to be retrofitted was the vicinity of the load point. 15 

 16 

b) The experimental study confirmed the main finding of the numerical study that 17 

the prestressing of DE bars was capable of providing extra shear strength to the 18 

RC beams. Here, the use of 40% prestress resulted in 34.9% and 30.3% shear 19 

enhancements for the beams with normal and high-tensile reinforcement DE bars 20 

respectively. In contrast, the shear enhancements were 9.1% and 11.6% 21 

respectively when the bars were not prestressed.  22 

 23 

c) The use of prestress in normal steel DE elements was observed to be slightly more 24 

effective than using prestress in the high-tensile DE elements. However, if the internal 25 

shear reinforcement was not of mild steel type, no such favourability could have been 26 

obtained with prestressing of normal steel DE bars. 27 
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 1 

d) The experimental results verified the numerical predictions for the global and 2 

local behaviours of the beams. Good correlations between the two types of results 3 

in terms of load-displacement behaviour, DE reinforcement strains and crack 4 

patterns were observed. The shear strength gain owing to the use of prestress was 5 

slightly under-predicted by the non-linear numerical model and it was also identified 6 

that the numerical model can further be tuned up. 7 

 8 

e) The ultimate strain levels of the DE elements were considerably higher in the prestressed 9 

beams than the other beams. Hence, the strength in the DE elements were utilised 10 

efficiently with the application of prestress. Meanwhile, the beams with prestressed DE 11 

elements exhibited steeper crack angles in contrast to the other beams, and hence, the 12 

concrete contribution was noted to be improved owing to the prestress. Also, the 13 

undesirable straining of the internal shear reinforcement was hindered as a consequence 14 

of the prestress usage.     15 

 16 

f) Both numerical and experimental findings highlighted that the use of prestress in the 17 

DE system improved the post-cracking stiffness of the beam and controlled crack 18 

propagation in the shear span. Hence, the prestress application enhanced the 19 

serviceability performance of the beams as well.  20 

 21 

g) The parametric analysis highlighted the sensitivity of the major parameters towards the 22 

performance of the prestressed DE system. Conduction of comprehensive such analysis 23 

is important to identify optimum retrofitting configurations for the prestressed DE shear 24 

retrofitting system and it is identified as a matter for future work. In addition, 25 

experimental investigation of the potential of using prestress in FRP DE systems is also 26 

recommended.   27 
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