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Abstract—This study introduces a new ductile hybrid reinforcement bar (Glass-Steel wires) fiber reinforced polymers (HFRP), steel hybrid bar 

with a core of steel wires, three types of the hybrid cross section with three different steel ratios of 6.25%,12.5% and 22% are considered. As 

a result of tensile tests, the elastic modulus of FRP Hybrid Bars is improved as 3.66% - 24.4% in comparison with the normal GFRP Bars. The 

bars are locally manufactured by double parts die template using local resources raw materials. A total of five slabs, measuring 800 mm wide 

x 150 mm thickness x 2400 mm long, simply supported are tested in the laboratory under static four-line loading conditions to determine their 

flexural limit states, including the behavior prior to cracking, cracking, ultimate capacities and modes of failure. The main parameters are the 

reinforcement material type (GFRP, steel and HFRP bars). The ultimate load decreased by 9.6 % as the reinforcement type (HFRP-C -14 Wires) 

compared with GFRP bars and produce some amount of ductility provided by the hybridization performance. A non- linear finite element 

analysis is conducted for the experimental program using ANSYS. This study investigates the structural behaviour of one-way hybrid 

reinforced concrete slab, for different reinforcement hybrid bars types.  

Keywords: Hybrid FRP, locally produced, steel wires, Concrete Slabs, Flexural behaviour, Theoretical prediction, ANSYS. 

——————————      —————————— 

 INTRODUCTION 

he corrosion of the conventional reinforcement steel bar is 

the main reason for the decline of reinforced concrete 

structures [1–4]. Many researches have been conducted, 

and numerous procedural methods have been proposed to solve 

the steel bar corrosion problem [5–12]. The American Concrete 

Institute's document (ACI 222R-85) [12] recommended three 

protection methods: 1) adding steel corrosion inhibitors, 2) 

coating steel bars with epoxy, and 3) providing cathodic 

protection. Prior studies found that the first method integrating 

steel rust inhibitors is effective for long-term corrosion 

resistance [12]. Although this method shows effective benefits in 

terms of cost, but the construction is more convenient compared 

to the other two technologies, its fundamental shortcomings 

limit its application. The another epoxy-coating method calls for 

coating the bars with a thin coating of epoxy using a static 

powder spray. This method provides excellent grip strength 

between the steel and concrete while producing good alkali and 

surface of a steel bar is imperfect due to some failings, such as 

its inner quality or breakage during transportation, local 

corrosion development is frequently faster than with uncoated 

steel, resulting in more serious corrosion degradation [5]- [11]. 

In recent decades, engineers and researchers have considered 

the use of corrosion-resistant materials to integrate into concrete 

structures, such as fiber reinforced polymer (FRP) [13]- [18]. FRP 

materials have great properties, such as light weight, high 

strength, corrosion resistance, fatigue resistance, and low creep. 

FRP has also been used in the manufacturing of rebars, as an 

alternative to the conventional steel, However, although the FRP 

tapes have good applicability, shortcomings remain, which it 

retained by being the necessary support for large-scale concrete 

structures. These shortcomings include linear elasticity, low 

elastic modulus, and high cost [17,18]. To improve the 

performance of ductility and durability of concrete structures, 

researchers in recent years have proposed a new developed 

hybrid bar known as a hybrid FRP bars were presented to 

improve the elastic modulus and to improve the brittle failure, 

Nanni et al. (1994) [19], developed a hybrid rod consisting of 

FRP braided skin made up of aramid or vinylon fiber and a steel 

bar in core. It was found that the hybrid rod had a modulus of 

elasticity higher than that of the normal FRP bar and showed a 

bi-linear performance in ductile mode. A hybridization method 

was studied by Dong-Woo Seo et al. [21,22] and Minkwan Ju, et 

al (2017) [25], and noted that the hybridization of GFRP bar with 

a steel bar in core is developed to overcome the low elastic 

modulus of GFRP bar by hybridized process with steel.  It 

showed an improvement in the modulus of elasticity.  

In this study, the GFRP hybrid bar HFRP with exceptional 

properties such as non-corrosiveness and high modulus of 

elasticity is produced [21]- [29]. The hybrid bars HFRP can 

provide structural efficiency to the reinforced concrete having 

low crack width and deflection as compared to normal GFRP 

bars and show better serviceability in flexure. The hybrid bars 

HFRP also contribute to the durability of concretes due to non-

corrosion of the GFRP surface. With concerning with the 
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structural design, numerous guidelines have been proposed for 

designing the reinforced concretes using GFRP bars (ACI 

440.1R-15 2015 [33]; CSA S806-12 2012 [36] and ECP 208-2005 

[38]). The material and mechanical characteristics of the GFRP 

hybrid bars can be studied and imitated in those structural 

designs.   

Based on the HFRP properties and the conclusions from 

previous research [21], [22], [25] and [26], a unique type of HFRP 

rebar is proposed and developed by the first author, along with 

others, to achieve the required enhance of modulus and 

ductility. One of the objectives of this study is to conduct 

experiments on a series of slabs specimens reinforced with the 

proposed hybrid FRP rebars in order to investigate their 

mechanical properties and flexural behavior under static 

loading.  

 

 EXPERIMENTAL PROGRAM 

  Manufacturing Process of HFRP Rebars   

Hybrid Innovative Semi-Ductile FRP Bars is manufactured at 

10th of Ramadan Industrial City, 50 km away from Cairo, Egypt.  

This article introduces (HFRP) and these bars are developed to 

overcome the low elastic modulus of GFRP bar by hybridizing 

with steel. As shown in fig.1 three types of HFRP and one GFRP 

and steel bar are taken into consideration in this study:  

(a) GFRP crust with four steel wires in the core of the cross 

section. 

(b) GFRP crust with eight steel wires in the core of cross 

section;  

(c) GFRP crust with fourteen steel wires in the core of cross 

section. 

The HFRP bars are manufactured by the authors using glass 

fiber roving and unsaturated polyester resin. Double sets of 

plastic molds are manufactured at specific workshop to 

manufacture 2400 mm long HFRP bars with 12 mm diameter. 

The HFRP ribbed bar of 12 mm diameter and double sets of 

plastic molds manufactured be wood and glass fiber are shown 

in Fig.2. 

 

 Tensile Tests of HFRP Rebars 

Tensile tests are accomplished in accordance with ASTM D3916 

[35]. The total length is 1000 mm and the gauge length was 400 

mm. Due to the brittle nature of the GFRP bars, they typically 

fail in the gripped areas in tension test leading to inexact results. 

Hence, the design and development of the test specimens 

should contain suitable gripping mechanism to assure that the 

failure takes place far from the gripped zones. In this study the 

special protections mentioned in ACI 440.3R-12 [32] are applied.   

 

 
 

 
The protections are to use steel tube end anchors on both ends 

of the tested bars to allow for uniform distribution of the load 

applied from the testing machine to the test specimen. The 

anchorage system, Fig. 4, composed of a steel tube of 30 mm and 

22 mm external and internal diameter, respectively The steel 

tube was filled with a high-performance resin (Sikadur-31) 

grout to assure good bond between the bar and the steel tube. 

Fig.4 shows a schematic diagram of the details of the used 

anchorage system. And also shows a schematic diagram and the 

dimensions of typical test specimen.  

The results of all bars from tension tests are presented below. 

These tests are conducted on the UH-1000 KN capacity universal 

machine as shown in Fig.5 

Fig. 1 Cross section types of Steel bar , GFRP bar and 

“FRP Hybrid Bars” [HFRP] 

Fig. 2  Manufactured GFRP bars: Double sets of deformed 

plastic molds. 

Fig. 3 Final product for development of GFRP ,HFRP Hybrid Bars 

and steel bar 12mm 

Fig. 4 Dimensions of typical test specimen 
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𝐄𝐡 =
(𝐏𝟏 − 𝐏𝟐)

(𝛆𝟏 − 𝛆𝟐)𝐀𝐡
 

 

 
 

 
 

It is observed that all test specimens failed in the middle third of 

the specimen’s length where the fibers broke and the damage 

spread throughout the specimen’s length, as shown in Fig.6.   

With reference to Fig.7 it is clear that the normal GFRP bars 

showed linear behavior until failure, the bars also showed a 

clear brittle failure. Fig.7, showed that the stress-strain behavior 

for bars which manufactured with hybrid glass / four steel wires 

(diameter 1.5 mm) with steel to glass fiber ratio 6.25 % (HFRP 

A), it showed linear behavior until a clear yielding occurred at 

load about 90 % the ultimate load. After yielding, the load-strain 

rate become clearly low and the load-strain curve deviated 

clearly towards the x-axis showing a clear semi-ductile behavior. 

Likewise, Fig.7 indicates that the bars manufactured with hybrid 

glass / eight steel wires (diameter 1.5 mm) with steel to glass 

fiber ratio 12.5 % (HFRP-B), showed a yielding zone at load 

about 84 % of the ultimate load, also the load strain rate turned 

to be clearly lower than after yielding. 

The same behavior was observed for bars manufactured with 

hybrid glass / fourteen steel wires (diameter 1.5 mm) with steel 

to glass fiber ratio 22 % (HFRP-C), but with higher 

yield/ultimate loads ratio, the stress-strain behavior was linear 

until a clear yielding occurred at load about 95 % the ultimate 

load. After yielding, the load-strain rate was clearly low and the 

load-strain curve deviated clearly towards the x-axis showing a 

clear semi-ductile behavior. 

 Tensile Behavior Characteristics. 

For the tensile test, the average of three specimens for every 

HFRP bar type, defined in Table 1, are tested. The tensile 

strength of the specimens can be calculated by dividing the  

 

 

 
 
measured maximum load over the cross-sectional area of FRP 

Hybrid Bar (𝐴hybrid). The elastic modulus of FRP Hybrid Bar 

(𝐸hybrid) can be given by the following expression as 

recommended in Canadian Standards association (CAN/CSA 

S806-12) [36], Test Method for Tensile Properties of FRP 

Reinforcement. 

 

                                                                                  (1)          

 

 

Where 𝑃1 and ε1 are the load and corresponding strain 

respectively, at approximately 50% of the ultimate tensile 

capacity, while 𝑃2 and ε2, are the load and corresponding strain 

respectively, at approximately 25% of the ultimate tensile 

capacity. 

 Table 1 summarizes the result of tensile tests for steel, GFRP and 

FRP Hybrid Bar (A, B and C) respectively. Most of the specimens 

failed in the area of the gauge length. Nine cases were tested 

associated with three different types and with various steel-to-

GFRP volume ratios. 

Also, table 1 summarizes the results of tensile tests for the hybrid 

bar specimens. The hybrid effect is stated in reference to the 

ultimate strain of the normal GFRP bar. Overall, the ultimate 

strains of the hybrid bars decreased by 30.8-57% compared to 

that of the normal GFRP bar for types which hybridization with 

steel bar (A, B and C). 

 Flexural behaviour of one-way slabs under static 

four- line loading 

Five slabs are tested at the reinforced concrete laboratory at the 

Housing and Building National Research Center (HBNRC) [31], 

Cairo, Egypt. Table 2 shows complete details of the specimen 

cross-sections, type and ratio of the reinforcement and the 

special concrete strength for the five specimens. Five simply 

supported concrete slabs reinforced were tested in flexure, three 

slabs are reinforced with HFRP and one reinforced with GFRP, 

in addition to a slab reinforced with conventional steel rebars is 

also tested as a reference slab with GFRP slab. 

Fig. 5 Specimen and Tensile test setup 

Fig. 6 HFRP with steel wires in core at failed in both 

glass and wires fiber 

Fig. 7 Comparison between GFRP and HFRP (A, B and C) 
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All tested slabs are 800 mm in width, 150 mm in depth and 2400 

mm length. The simply supported slabs had a span of 1800 mm 

as shown in Fig. 8. A concrete cover of 20 mm thickness was kept 

constant for all specimens. The slab notation is defined 

according to the type of reinforcement. The first letter in the 

notation indicates the type of specimen, “S” for slabs. The 

second letter corresponds to the type of reinforcement, (S, G and 

H) for the type of reinforcement (steel, Glass FRP and Hybrid 

FRP, respectively). The third letter reflects the Hybrid FRP 

reinforcement type (A, B and C) as shown in Fig.3 and table 2. 

For example, the slab notation SHA indicates a slab reinforced 

with HFRP its type is GFRP crust with a four steel wires in the 

core. 

All slabs are tested under four-line bending over a clear span of 

1800 mm and a shear span of 700 mm, as shown in Fig.8. A 

hydraulic jack is used to apply a concentrated load on a steel 

distribution I-beam to produce two-point loading condition. 

Three LVDTs are used for each specimen to monitor the vertical 

displacements; one LVDT is located at mid-span, the two LVDTs 

are located at quarter-span. For each specimen, three electrical 

strain gauges of 10 mm length and 120-ohm resistance are 

attached to GFRP, HFRP and steel reinforcement at mid-span 

and quarter-points to monitor the bar strain during loading. 

Also, one external strain gages are attached directly to the 

concrete upper surface at mid-span to measure the maximum 

compressive strains in concrete, see Fig. 9.  

 
 

 

 

 

 

  

 

 

 

 

 

 

 
 

  TEST RESULTS AND DISCUSSION 

 Crack propagation and failure modes for the 

specimens 

Cracks occur at the surface of the bottom of concrete slabs 

whenever the tensile stresses exceed the modulus of rupture of 

concrete Fig.10. The first crack appears at the middle of the slab 

and develops slowly across the width of the slab. Further 

development of cracks occurs, on increasing the application of 

load under static loading conditions. All the slabs experience 

flexural failure, the first visible cracking load of all slabs tested 

is presented in Table 3. 

 

 

Two different failure modes were observed in the experimental 

tests as shown in Fig.11 and Fig.12, and summarized in Table 3 

and explained below: 

 

 

 

Table 1 Characteristics Of Reinforcement Bars 

Fig. 8 Experimental details of HFRP slabs 

Fig. 9 Flexural test setup of concrete slabs 

Fig. 10 Crack propagation 
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Mode 1:  

Combined shear and flexure failure, this mode was experienced 

by slab SG and SHC, that was reinforced with an under-

reinforcement ratio of ribbed-surface GFRP and HFRP-C bars at 

the mid-span region as shown in Fig.11, respectively. It should 

be noted that all tested slabs were tested under increasing static 

load up to failure.  

It was observed that the first visible flexural cracks for slab SG 

and SHC appeared at loads of 27 kN and 28 KN, respectively. 

However, a diagonal shear crack suddenly appeared which 

located outside the constant moment zone between the load 

location and quarter point location that widened and 

propagated to the vicinity of the applied load location and the 

support causing concrete crushing at the top surface of slabs, as 

shown in Fig.12 for slabs SG and SHC, respectively, leading to 

slab collapse. Failure of slabs SG and SHC occurred at an 

ultimate load of 88.5 kN and 80 kN, respectively, due to 

combined shear and bending.  
 

 
 

 

 

Mode 2:  

Conventional ductile flexural failure–This mode occurred due to 

yielding of tensile steel and hybrid FRP reinforcement bar 

followed by concrete crushing at mid-span for all slabs except S-

G and SHC as shown in Fig. 11 and Fig.12. The steel reinforced 

concrete slab exhibited a basic first cracking load higher than 

slabs reinforced with HFRP owing to the higher axial stiffness of 

steel bars than that of HFRP bars. The ratio of hybridization of 

each type of HFRP reinforcement bar at different slab tested has 

also affected the first cracking load.  

Fig.14 and Fig.15 shown the crack pattern at failure of the slab 

SH (A and B) with ribbed-surface HFRP- (A and B) bars. It 

should be noted that all slabs are tested under increasing static 

load up to failure. It was observed that the first visible flexural 

cracks for slab SS, SHA and SHB appeared at loads of 32.5 KN, 

28 KN and 31 KN, respectively. Failure of slabs SS, SHA and 

SHB occurred at an ultimate load of 122 KN,57 KN and 52 KN, 

respectively, due to flexure failure only. 

Table 3 shows the experimental and theoretical crack load 

capacities of the slabs at the first crack appearance. The 

theoretical predictions are made in accordance with existing 

design guidelines.  

 

 
 

Fig. 11 Flexure–shear failure at mid-span of slab SG 

Fig. 12 Flexure–shear failure at mid-span of slab  SHC 

Fig. 13 Ductile flexural failure mode  of hybrid slab SS 

Table 2  Test Matrix 
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where 𝑀𝑐𝑟  is the cracking moment, KN.m, 𝐹𝑐𝑡𝑟  the modulus of 

rupture of concrete, N/mm2, 𝐼 the moment of inertia of slab 

section, mm4, and 𝑦𝑡 is the distance from the centroid to extreme 

tension layer of the section, mm. 

The moment of inertia of the slab section is considered as the 

moment of inertia of gross concrete section about centroid axis, 

neglecting the moments of inertia of all reinforcements.  

Earlier research results have shown that the effect of FRP 

reinforcement ratio on the cracking moment is practically 

negligible due to the low modulus of elasticity of the FRP 

reinforcement [18]. The modulus of rupture of concrete is 

calculated using the well-known equation CODE NO. ECP 208-

2005 [38]. 

 
where 𝑓𝑐𝑢  is the compressive strength of concrete, N/mm2. 

 Crack width in concrete 

The crack width in a reinforced concrete slab is a significant 

limitation to measure the performance of structure. Fig. 17 

illustrate the main crack width at the mid-span for (SS, SG, and 

SH (A, B and C)) tested slabs, respectively. The control slab SG 

had considerably more crack width at mid-span among all slabs 

tested due to the smaller axial stiffness of GFRP reinforcement 

than that of steel and HFRP reinforcement. For the GFRP slabs, 

wider cracks at the mid-span region are observed. 

 

 

Fig. 14 Ductile flexural failure mode  of hybrid slab SHA 

Fig. 15 Ductile flexural failure mode  of hybrid slab  SHB 

Fig. 16 The effect of hybridization in overcome the sudden rupture 

for type (A,B and C) 

                     𝑀𝑐𝑟 = (
𝑓𝑐𝑡𝑟

𝑦𝑡

∗ 𝐼) ∗ 10−6                     (2) 

 

                   𝑓𝑐𝑡𝑟 = 0.6√𝑓𝑐𝑢                                      (3)       

Fig. 17 Total applied load versus crack width of (SG, SS, and SH(A, 

B and C)) tested slabs 

Table 3 TEST RESULTS AND FAILURE MODES 
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The hybrid slab SHC has lower crack width at mid-span among 

all hybrid tested slabs due to the increasing of axial stiffness that 

make it closer to SS specimen. 

 Load capacity  

Failure loads of the tested slabs are presented in Fig.18. The 

failure load of the control slab S-G, which reinforced with 

normal GFRP bar is increased by 55.26%,70.1% and 10.625% of 

the total failure load of slabs SH (A, B and C), respectively. On 

the other hand, the failure load of the control slab SG was 

decreased by 27.45% of the failure load of slab SS. In spite of the 

same reinforcement ratio for all slabs; this slab resisted a failure 

load similar to that of slab SHC, and exhibited a higher load 

capacity than that of the other hybrid slabs except the control 

slabs S-S and SG which tolerated more loads than other slabs. 

Even though the innovative investigations of the reinforcement 

with the developed hybrid FRP bar achieve the target load 

capacity and achieve the ductility which is missing in the 

concrete member reinforced with FRP bar as general.  

 

 

 Load-Deflection Response 

Fig. 20 to Fig. 24 illustrates the relationship between the applied 

load versus the recorded mid-span deflections. As expected 

theoretically, at early stages of loading, all slabs shown linear 

load-deflection behaviour before cracking due to the linear 

elastic characteristics of concrete and the reinforced bars. After 

cracking, there is a clear reduction in the flexural stiffness; as the 

load increased, the stiffness of slabs is reduced due to the 

occurrence of more additional cracks. 

Also, as expected theoretically, the difference in mid-span 

deflections between the slabs can mainly be attributed to the 

differences in the flexural stiffness (𝐸𝑐𝐼𝑒, where 𝐸𝑐 is the 

modulus of elasticity of concrete, N/mm2, and 𝐼𝑒 is the effective 

moment of inertia of the slab section, mm4). For a cracked 

section, the flexural stiffness is proportional to  𝐸𝑟𝐴𝑟𝑑2  in 

accordance with Matthys S., et.al, where 𝐸𝑟  and 𝐴𝑟 modulus of 

elasticity and cross-sectional area of the reinforcement, 

respectively, and 𝑑 is the effective depth. An increase in the axial 

rigidity of the reinforcement may increases the value of  𝐸𝑟𝐴𝑟𝑑2 

and hence the flexural stiffness of the cracked section.  

Table 3 show the magnitude of 𝐸𝑟𝐴𝑟𝑑2 of the five slabs. It shows 

that slab SHC reinforced with HFRP-C has higher value in 

𝐸𝑟𝐴𝑟𝑑2 compared with the other slabs except S-S slab reinforced 

with steel which recording the highest value for 𝐸𝑟𝐴𝑟𝑑2 , this is 

due to the increase of modulus of elasticity of steel compared 

with the other used bars. At the deflection limit level 

(𝐿𝑐 250 ≈ 8 𝑚𝑚⁄ ), the applied load of slab SHC is around 80 KN, 

compared to 122 KN for conventional steel reinforced slab SS. 

The mid-span deflections of the slabs can be predicted in 

accordance with ECP 208-2005 [38] and ACI 440.1R-15 [33].  

Where  𝐿  is the support span of the slab, mm, and 𝑃 is the 

applied load, kN A modified expression for the effective 

moment of inertia is given by ACI 440.1R-15 [33] as follows, 

taking into account the effect of the modulus of elasticity of FRP 

tension reinforcement. 

Due to the higher ductility of steel bars, SS slab demonstrated 

the biggest deflection of all tested slabs before yielding of steel. 

Overall, the type of hybrid FRP reinforcement slabs had a 

significant effect on the flexural stiffness and, consequently, 

deflections of the tested slabs. It could be noticed that slab SHA 

demonstrated higher deflection than SS slab as the mid-span 

flexural stiffness of slabs SS is higher than that of SH (A, B and 

C). The all under reinforced simply supported slabs showed 

acceptable large deflection compared with its span (>L/250). Fig. 

25 present the deflection profile of tested slabs, deflection profile 

is measured along the length of tested slabs (at the center of 

slabs, 500 mm from the center along X-axis in both sides), the 

test results demonstrate the largest deflection of all tested slabs 

reinforced with hybrid bar (A, B and C) which hybridized by 

glass fiber and steel wires and they have a approached behavior 

to conventional reinforced slab with steel bar, that indicate the 

hybrid bars (A, B and C) have an approached performance of 

steel bar the ductility but there are significant shortage in the 

axial stiffness of the hybrid bars and (whereas the lowest 

deflection exhibited by the steel reinforced concrete slab).  

 

Fig. 18 Experimental crack load and load capacities of tested slabs 

Fig. 19 Load-deflection at mid-span for SS slabs tested 
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 NON-LINEAR FINITE ELEMENTS ANALYSIS 

Three dimensional non-linear finite element analysis is 

conducted to simulate the flexural behavior of the experimental 

program of concrete slabs reinforced with new developed HFRP 

bars. The commercially available finite element analysis 

software package, ANSYS (ANSYS release 13.0), is used in this 

process. The load-deflection curve is considered the key aspect 

in studying the hybrid slabs behavior as it involves response 

parameters including slab ultimate loads, first cracking load, 

and maximum deflection. Therefore, correlating the load-

deflection relationships of the analytical results with that of the 

experimental ones is considered an effective mean to verify the 

non-linear model. 

The load and boundary conditions for conventional and hybrid 

slabs are same and it is shown in the Fig. 26.  

 Modeling of Concrete and Reinforcement  

A linear isotropic material model is used to represent the 

concrete. This material is known as quasi brittle material and has 

different behaviour in compression and tension. In this study, 

Solid 65 element is used to model the concrete. This element has 

eight nodes having three degrees of freedom at each node, i.e. 

translations in the nodal X, Y and Z directions respectively and 

the element is capable of cracking and crushing in three 

orthogonal directions.  

A multilinear isotropic material model is used to represent steel 

reinforcements and a multilinear orthotropic material model 

was used to represent hybrid reinforcements. A link 180 element 

is used to model the reinforcement. It is two node elements and 

each node has three degrees of freedom. Translations are in the 

nodal X, Y and Z directions. This element is also capable of 

undergoing plastic deformation. The stress strain curve for 

reinforcement is obtained from bars tested in tension. The 

properties of hybrid bars are obtained from the experimental 

results.  

 

Fig. 20 Load-deflection at mid-span for SG slab 

Fig. 21 Load-deflection at mid-span for SHA slab 

Fig. 22 Load-deflection at mid-span for SHC slab 

Fig. 23 Load-deflection at mid-span for SHB slab  

Fig. 24 Experimental deflection profile for all tested slabs 

Fig. 25 Typical idealization of test Slab. 
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Table 4 Material properties of the proposed model. 

(1) Concrete 

Concrete strength (fc) 
40,33,32,30 and 38 

MPa ,respectively. 

Young modulus of elasticity (Ec) 24149 to 26587 GPa 

Poison’s ratio (𝛾) 0.2 
  

(2) Steel 

Maximum tensile strength (ft) 600 MPa 

Young modulus of elasticity (Et) 2e5 

Poison’s ratio (𝛾) 0.3 
  

(3) GFRP  

Maximum tensile strength (ft) 575.22 

Young modulus of elasticity (Et) -- 

Poison’s ratio (𝛾) 0.2 
 

(4) HFRP-A 

Maximum tensile strength (ft) 300 MPa 

Young modulus of elasticity (Et) 42.5 GPa 

Poison’s ratio (𝛾) 0.25 
 

(5) HFRP-B 

Maximum tensile strength (ft) 331 MPa 

Young modulus of elasticity (Et) 46 GPa 

Poison’s ratio (𝛾) 0.25 
 

(6) HFRP-C 

Maximum tensile strength (ft) 575.22 MPa 

Young modulus of elasticity (Et) 54 GPa 

Poison’s ratio (𝛾) 0.25 

 Numerical model verification 

A comparison is held among the numerical and experimental 

ultimate loads of the test specimens and listed in Table 4. As 

shown, good agreement between the experimental results and 

the proposed model is achieved. The results of non-linear FE 

analysis are compared to the experimental results of the tested 

slabs. For all the slabs, flexural cracks appeared when the 

concrete’s tensile strength is exceeded and, consequently, the 

cracking moment is reached in the pure bending zone. Cracks 

are observed at the tension zone within and near the constant 

moment region. 

The ratio of the analytical to experimental ultimate strength for 

the slabs ranged between 0.94 and 1.2, with a mean value of 

1.088 and a C.O.V of 8.49%. Implicitly, the analysis reflected the 

significance of test parameters investigated on the load-carrying 

capacity. This variance is probably due in part to ignoring the 

effects of concrete toughening mechanisms and using assumed 

materials properties values instead of measured values. 

 

Also, the   average value of the ultimate deflection is found out 

as 0.878 mm for which the standard deviation is 0.167 mm and 

the coefficient of variation is 19.07 %. 

 

 

  

 

 

 

 

 

Fig. 26 Slab (SHB) stress profile of hybrid one way slabs 

reinforcement 

Fig. 27 Elastic stress profile of hybrid bar type-B 

Fig. 28 Cracks propagation for Specimen (SHB) 
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 CONCLUSIONS 

A semi-ductile hybrid HFRP composite rebars are developed as 

a unique product, which can be effectively used for 

infrastructure construction projects. The strength of the hybrid 

FRP rebar is lesser than that of conventional steel reinforcement 

but the semi-ductility is higher than any other types of FRP 

reinforcing products on the market. The hybrid FRP bars 

exhibited a bi-linear elastic behavior up to failure with a 

modulus of elasticity lesser than that of steel.  

 The tensile test exposed that the hybridization of the GFRP and 

steel wires in core presented a large modulus of elasticity and 

low ultimate strength as compared to the GFRP bar. The 

bilinear behavior of the HFRP (Glass-steel wires) bar is 

specified semi-ductility as compared to the brittle failure of the 

normal GFRP bar at the ultimate state without any sign of 

fracture. Hybrid bars (Type A, B and C) specimen showed 

decrease up to 47.8% ,42.46% and 23.07%, respectively, as 

compared to that of the tensile strength of normal GFRP. 

 The elastic modulus of the hybridized GFRP bar is increased 

by up to 24.4% with the material hybridization in comparison 

with the normal GFRP bar. 

 The hybrid developed system is beneficial in terms of 

improving the serviceability and ductility of the concrete 

structure member but there is significant shortage in the axial 

stiffness of the hybrid bars. The load capacity of the hybrid 

slabs (SHA, SHB and SHC) decreased by as much as 

35.6%,41.24% and 9.6%, respectively, as compared to the slab 

with normal GFRP bars. 

 The slabs reinforced with hybrid FRP especially SHC slab 

undergoes similar deflection compared to the conventional 

slab. The yielding of hybrid reinforcement results in larger 

deformation at lower load rates leading to semi-ductile mode 

of failure but in the case of GFRP slab (SG) there is no yielding 

of reinforcements and hence the concrete fails by crushing 

prior to the reinforcements. It has been observed that the 

Hybrid reinforcement in tension side of the concrete slabs 

behave similar to the conventional reinforcements tested 

under pure tension.  

 The hybrid slabs demonstrated an increase in curvature prior 

to collapse indicating the typical semi-ductile mode of failure 

where yielding of reinforcement followed by the crushing of 

concrete in compression. whilst in the case of GFRP slab (SG 

slab), there is no yielding of reinforcements.  

 The hybrid slabs behavior exhibited adequate warning 

previous to failure through large and deep cracks, 

accompanied by large deformations. Also, the Crack widths 

and deflections of this slabs are significantly larger than the 

conventional slab, this is due to the low elastic modulus of 

HFRP bars in comparison to conventional steel reinforcement. 

 The FE modeling approach based on material properties and 

failure modes obtained from experimental investigations 

could evaluate the bending performance of hybrid slabs. 

Results produced by the non-linear FE simulation and the 

theoretical value are nearly the same, and the non-linear FE 

result is slightly higher than the experimental value, which is 

caused by the deficiency of the specimens and other uncertain 

factors. A hybrid slab SHC is more appropriate form the 

different hybrid slabs types.  
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