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Abstract 

The structural performance of a newly developed lightweight and thermally efficient alternate of 

normal concrete (NC) i.e. infra-lightweight concrete (ILC) had been under question due to its low 

elastic modulus, surface roughness, and cracking. In the present study, the structural performance 

of ILC has been improved by using a layer of high strength concrete (HSC) on each side of the 

ILC. As the efficiency of the ILC-HSC composite structure depends on the bond between them, 

therefore, an extensive study has been performed to assess and improve the bond strength in two 

parts. In the first part, shear (push-out) and tensile (pull-off) bond strength tests have been 

conducted on ILC-HSC specimens which revealed that the interfacial bond strength is weaker than 

the weakest material i.e. ILC550. Hence, the bond strength has been improved by carbon and glass 

fiber-reinforced polymers (CFRPs and GFRPs) with two different grid dimensions i.e. 25 mm and 

38 mm in the second part. Test results indicated that both the CFRPs and GFRPs significantly 

improved the bond strengths and this improvement depends on the reinforcement ratios. Maximum 

bond strength has been achieved for GFRP-25 reinforced ILCs where shear and tensile bond 

reinforcement ratios of 0.492% and 0.445% increased the shear and tensile bond strengths by 

331% and 456% respectively as compared to un-strengthened specimens. In addition, the 

comparison of experimental shear bond strengths with five commonly used prediction models 

revealed the inaccuracy of all the presently available models. Moreover, there is no prediction 

model available for tensile bond strength prediction. Therefore, two new prediction models have 

been developed for shear and tensile bond strengths. The comparison of experimental results with 

developed models has revealed the accuracy and applicability of these models for both the un-

strengthened and FRP strengthened ILC-HSC composite structures. 
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1 Introduction 

The effectiveness of composite materials in terms of both the strength and durability depends on 

the bond between the materials as it is the weakest part [1–3]. Adequate bond performance is 

necessary to ensure satisfactory load transfer between different materials and resistance against 

delamination to improve serviceability [4]. Bond strength depends on friction/interlocking at the 

interface, adhesion between substrate and overlay, and reinforcement at the interface [5,6]. In the 

absence of reinforcement, adhesion between the substrate and the overlay is the most influencing 

factor which develops through penetration of cement of the overlay within the voids of the 

substrate (mechanical adhesion) and chemical bonding (specific adhesion) [7]. The reaction 

between the freshly prepared concrete of overlay and the un-hydrated cement particles of the 

substrate creates voids at the transition zone, making it the weakest part in the composite.  Different 

parameters that influence these factors and consequently the quality of bonds include mechanical 

properties of concretes [8,9], interfacial roughness [10], surface pre-treatment [11,12], and 

environmental conditions [13].  

To obtain superior bond performance, several studies have already been conducted on the 

application of novel materials as overlay i.e. geo-polymers [14], alkali-activated binders [15], and 

ultra-high performance concretes (UHPC) [16]. From amongst these materials, UHPC has proven 

to be a suitable option for overlay owing to its excellent properties including high strength, good 

durability, and lower long-term creep and shrinkage [17].  Enhanced bond strength due to the use 



of UHPC has been investigated and supported by several researchers including strength between 

normal and UHPC by Zhang et al. [16], factors influencing bond strength between normal concrete 

(NC) and UHPC [18], and evaluation of this bond strength at elevated temperatures [19]. In 

addition to the application of novel materials, assessment of accurate bond strength also depends 

on the test method selected because the failure modes, as well as bond strength values, change 

with different test methods [20]. Many test methods are available in different codes to assess the 

bond strength under a range of stresses including tensile, shear, and combined shear and 

compression. Recently, Zanotti and Randl [20] drew a comparison between different test methods 

and recommended pull-off tests for tensile bond tests owing to their wide and easy applicability 

and push-out tests for shear as they are more representative of frictionless shear behavior.  

The wide variety of material applications, the dependence of bond strength on mechanical 

properties of a range of materials and a huge scatter of test data necessitates the examination of 

bond strength for each variation of these parameters. Also, accurate evaluation of bond strength is 

necessary for the safer and durable design of composite structures and repair schemes. Although, 

several bond strength prediction models are available, however, they have been developed for 

specific material properties and combinations and there are limited studies that have developed 

bond strength prediction models for a range of materials [21]. In the present research program, 

shear and tensile bond tests have been conducted on specially manufactured infra-lightweight 

concrete (ILC) and high-strength concrete (HSC). To achieve efficient thermal performance and 

optimal strength to weight ratio of walls, ILC has been manufactured at Technische Universität 

Berlin (TU Berlin) [22]. ILC, manufactured using expanded clay lightweight aggregates (ECLAs) 

and lightweight sand, has extremely low density (≤ 800 kg/m3) and low thermal conductivity (≤ 

0.193 W/mK). As the density of manufactured concrete is lower than the density of lightweight 



concrete (>800 kg/m3) as per BS EN 206 [23], therefore, this low-density concrete has been named 

as infra-lightweight concrete (ILC). Due to the low dead weight and high thermal efficiency, ILC 

has proven to be an efficient alternative of normal concrete (NC) and masonry for the construction 

of walls. The efficiency and practicality of ILC have already been demonstrated through research 

studies on its superiority over NC [24], development of its design and construction specifications 

[25], and its utilization in single-story houses built in Germany [26]. However, investigations on 

manufactured ILCs revealed practical problems concerning its durability and performance. The 

use of relatively higher w/c ratios and air content in ILC as compared to NC results in its inadequate 

long-term performance in terms of rough surface, surface cracks, and shrinkage. Also, the use of 

ECLAs and lower cement content in ILCs reduces its elastic modulus by 10 times as compared to 

NC, resulting in a softer material with a porous surface. Due to this lower strength and elastic 

modulus, ILC is affected by even low-velocity impacts which can further deteriorate its surface 

and strength. Experimental studies on shrinkage of ILCs, control of this shrinkage through FRP 

reinforcements, and development of shrinkage models for normal and reinforced ILCs have 

already been done by authors [27]. To further improve the properties of ILCs, a sandwich wall has 

been made in this study where ILC core has been encased with the HSC on both sides. As the use 

of ILC is crucial to achieve thermally insulated lightweight construction material, therefore, HSC 

has been selected as only a thin layer of HSC is sufficient to improve the properties of ILC while 

maintaining the lightweight and thermal efficiency of the constructed wall. Even with a thin layer 

of HSC, its potential benefits including high compressive strength, strong deformation resistance, 

low porosity, dense surface, good compaction performance, im-permeability, and good frost 

resistance can be utilized in the sandwich ILC-HSC wall.  



The evaluation of the shear and tensile bond strengths of ILC-HSC specimens is highly required 

as the performance of newly manufactured ILC-HSC composite structures largely depends on the 

bond between them. In the first part of this research study, experiments have been conducted to 

evaluate the shear and tensile bond strengths of ILC-HSC specimens. These experimental studies 

have revealed that the interface between ILC and HSC is the weakest part as both the shear and 

tensile bond strengths are weaker than the weakest material in the composite specimens i.e. ILC. 

In the second part of this research study, the bond strength of the ILC-HSC composite structure 

has been improved. Since fiber-reinforced polymers (FRPs) are well known for shear [28] and 

tensile [29] strength enhancement of concrete structures, therefore, the ILC-HSC bond has been 

strengthened with carbon and glass fiber reinforcements using two different grid sizes i.e. 25 mm 

and 38 mm grids. Also, FRPs have been preferred over traditional steel reinforcements to maintain 

the light weight of the structure as well as its thermal properties as steel is heavier than FRPs, and 

the inclusion of steel creates a thermal bridge. Moreover, FRPs have high corrosion resistance 

[30], very high tensile strength [31], higher strength to weight ratio [32], and better flexibility [33], 

etc. The results of this study have shown that FRPs can significantly improve both the shear and 

tensile bond strengths and this improvement depends on the FRP reinforcement ratio at the ILC-

HSC interface. Also, comparisons of the experimental shear bond strength of both the un-

strengthened and strengthened ILC-HSC specimens with those obtained through five commonly 

used prediction models revealed that none of the models can predict the shear bond strength 

accurately. These five commonly used prediction models are Eurocode-2 (EN) model [34], ACI 

model [35], AASHTO model [36], Canadian Standards Association (CSA) model [37] and 

Australian Standards (AS) model [38]. For the tensile bond strength, there are no codified models. 

Therefore, in the third part of this research study, two new prediction models have been developed 



to evaluate the shear and tensile bond strengths of both the un-strengthened and FRP grid 

reinforced ILC-HSC structures. Comparisons of developed prediction models with experimental 

results have shown that the developed models can be adopted for accurate prediction of un-

strengthened and FRP grid reinforced ILC-HSC specimens. 

2 Experimental tests 

2.1 Materials 

Two types of concretes have been manufactured for this experimental program namely ILC and 

HSC. The dry densities of ILC and HSC are 550 and 2335 g/cm3 and compressive strengths are 

4.39 and 103.32 MPa respectively. Since the dry density of ILC is significant for its practical use, 

therefore, it has been named as ILC550 based on its dry density whereas HSC has been named as 

HSC C100 as per standard designation of compressive strength. Other mechanical (tensile 

strength, shear strength, and elastic modulus) and thermal (thermal conductivity coefficient) 

properties of both the ILC and HSC are given in Table 1. Dry densities of both the ILC and HSC 

specimens have been measured as per BS EN 12390-7 [39] in the temperature range of 105±5oC. 

For the compressive strength (fc), cylinder compressive strengths of 150×300 mm cylinders have 

been measured at the age of 28 days as per BS EN 206 [40]. For the tensile strength, initially 

flexural tensile tests (i.e. the three-point bending tests) were conducted on 40×40×160 mm prisms 

as per BS EN 12390-5 [41]. The flexural tensile strength is then converted to axial tensile strength 

according to the BS EN 1992-1-1: 2004 [34]. Shear strength has been measured according to the 

method adopted by Mörsch [42]. Elastic moduli of 150×300 mm cylinders have been measured as 

per BS EN 12390-13 [43] at the age of 28 days. The thermal conductivity coefficient has been 

measured as per BS EN 12667: 2001 [44]. 

 



Table 1. Mechanical and thermal properties of ILC550 and HSC C100 

 ILC 550 HSC C100 

Dry density [g/cm3] 550 2335 

Compressive strength [MPa] 4.39 103.32 

Tensile strength [MPa] 0.38 6.20 

Shear strength [MPa] 0.52 12.40 

Elastic modulus [MPa] 1900 42000 

Thermal conductivity coefficient [W/(mK)] 0.128 1.62 

ILC550 has been manufactured using expanded clay lightweight aggregates (ECLAs) and 

lightweight sand. Two types of ECLAs with varying particle sizes i.e. 1/4 (grain size between 1-4 

mm) and 2/6 (grain size between 2-6 mm) have been used. Similarly, lightweight sand of particle 

size between 0-1 mm has been used as fine aggregates. The physical and chemical properties of 

both the ECLAs and lightweight sand are the same as used by authors in their previous study [27]. 

Although lightweight concrete is manufactured using high air entrainment generally, however, use 

of ECLAs in ILC decreases the requirement for air-entrainment. Blast furnace slag cement of type 

CEM III/A and 32.5 N grade has been used [45]. CEM III is a mix of blast furnace slag and OPC 

and A refers to the type of cement (CEM III) with at least 40% slag and grade 32.5 N indicates the 

early age strength of 32.5 N. Plasticizer and Stabilizer have been used as admixtures to improve 

the workability and reduce the segregation, respectively. The mix design composition of ILC550 

is given in Table 2. 

HSC can be defined as concrete with extremely high 28-days compressive strength, improved 

modulus of elasticity, higher impact resistance, and lower shrinkage as compared to NC. This 



extremely high value of concrete strength can be achieved by altering the properties and mix 

proportions of the ingredients used in NC. The strength and size of aggregates, cement-aggregate 

bond, lower w/c ratio, and use of admixtures for strength enhancement are the main parameters 

that influence the strength of concrete. The mix design of HSC used is given in Table 2. For the 

HSC under-study, a very low w/c ratio of 22% has been used. A special type of cement known as 

flowstone cement made by a mixture of Portland cement and ultrafine binder has been used. This 

type of cement enhanced binding properties and plays a critical role in improving the strength of 

concrete. To maintain the workability of concrete for a given w/c ratio, plasticizer has been used 

and the amount of plasticizer used for HSC is significantly higher than the ILC as the w/c ratios 

are at two different extremes. To remove undesired air voids from concrete to achieve high 

strength, defoamer has also been added to concrete. American concrete institute (ACI 363R-10) 

[46] defines HSC as concrete with compressive strength of 55 MPa (8000 psi) or higher. Similarly, 

BS EN 1992-1-2 [47] classifies HSC into three classes starting from concrete strength 55 MPA 

(C55/67). Therefore, manufactured concrete with compressive strength of 103.32 MPa can be 

defined as HSC as per both the standards. 

Table 2. Mix designs of ILC550 and HSC C100 

 ILC550  HSC C100 

 V (L) M (kg)  V (L) M (kg) 

Light sand 6.3 6.7 

Quartz sand 449 1165 

ECLA 1/4 144.7 123.0 

ECLA 2/6 389.4 210.3 
Flowstone 

grey cement 
300 1050 

CEM III-A 32.5N 50.6 154.3 

Water 204.0 204.0 Water 230 230 



Silica fume 32.0 75.2 

Plasticizer 17 17.5 

Plasticizer 2.5 2.7 

Stabilizer 0.21 0.19 

Defoamer 4 3.5 

Air 240 0 

Sum 1000 776 Sum 1000 2466 

 

To improve the bond between ILC and HSC, two types of fiber-reinforced polymers i.e. carbon 

and glass fiber reinforced polymers (CFRPs and GFRPs) have been used. Two different grid 

arrangements have been used for each type of FRP with varying arrangements of FRP bars. These 

two different grid arrangements are presented in Table 3. As the distance between all the 

longitudinal and transverse strands are 25 mm in arrangement 1 and 38 mm in arrangement 2 of 

each type of FRP, therefore, they have been named as FRP-25 (CFRP-25 and GFRP-25) and FRP-

38 (CFRP-38 and GFRP-38), respectively. Grid dimensions, cross-sectional areas of the strands, 

strand widths and thicknesses, strengths and elastic moduli of all the four FRP grids are presented 

in Table 4. From this table, it can be seen that although the cross-sectional areas of both the CFRPs 

and GFRPs for each type of grid arrangement are very close, the strength, as well as elastic 

modulus of CFRP, is twice than that of GFRP. 

Table 3. FRP grid arrangements 

Grid type CFRP-25 CFRP-38 GFRP-25 GFRP-38 

Plane grid 

    



Shear bond 

reinforcement 

    

Tensile bond 

reinforcement 

    

 

Table 4. Dimension and mechanical properties of FRP grids 

FRP grid 

type 

Width of 

one grid 

(mm) 

Cross-sectional 

area of strand 

(mm2) 

Strand 

width 

(mm) 

Strand 

thickness 

(mm) 

Strength 

(MPa) 

Elastic 

modulus 

(GPa) 

CFRP-25 25 3.62 6.03 0.6 2300 120 

CFRP-38 38 3.62 6.03 0.6 2300 120 

GFRP-25 25 3.69 6.15 0.6 1100 60 

GFRP-38 38 3.69 6.15 0.6 1100 60 

2.2 Sample preparation and testing procedures 

The bond strength between two materials can be determined under a range of stresses including 

shear, tensile, compressive, and combined compressive and shear stresses. Currently, shear and 

tensile bond strength tests are widely adopted to evaluate the bond strength between composite 

materials [2]. Therefore, shear and tensile bond tests have been conducted to test the bond between 

ILC and HSC under study.  For the shear bond strength test, a range of test methods is available 

including single shear, double shear, bond-slip, and core drilling tests. From amongst these tests, 

the double-shear (push-out) test method has been selected as its specimen is easy to cast with less 

interference [21], the test is easy to perform and is widely adopted to evaluate shear strength 

between composite materials [48]. For the tensile bond strength test, direct tensile strength has 



been measured using the pull-off test method from amongst a variety of tensile bond strength tests 

e.g. pure, direct, and indirect tensile strength tests, etc. 

To ensure the accuracy and reduce the discreteness amongst the test samples, single batches of 

ILC and HSC have been prepared for both the shear and tensile bond tests and the samples for the 

test have been taken from the respective batch. The ingredients of both the ILC and HSC have 

been mixed carefully according to the respective ratios, and each ingredient has been weighed 

using weigh balance.  Furthermore, if the mechanical properties and dry density of the batches 

varied by more than 5% from the standard properties of ILC and HSC, the batch was discarded. 

The workability of both the ILC and HSC was good, and they can be called as self-compacting 

concretes (SCCs). The added super-plasticizer has made both the concretes to flow easily in and 

around the formwork, eliminating the requirement of vibration or tamping after pouring. The 

slump flow test was conducted, and a slump values of 600-700 mm and 650-750 were obtained 

for ILC and HSC, respectively.  

2.2.1 Push-out shear bond tests 

The push-out shear tests have been conducted as per BS EN 12090 [49], along-with the 

determination of specimen sizes. The schematic plan and preparation of the test samples for push-

out tests are presented in Figure 1 and Figure 2 respectively. An HSC C100 block of 80 mm height 

has been made composite with two ILC550 blocks on each side making a bonding height of 60 

mm (Figure 1). The preparation of experimental specimens for push-out tests is presented in Figure 

2. Initially, two ILC blocks on each side of HSC were cast and cured for two days under 20oC 

temperature and 65% humidity. As the ILC blocks gained basic strength after two days, the HSC 

block was cast between them resulting in a natural bond without any adhesive. For bond strength 

behavior, the classification of concrete surfaces at the interface is critical to define surface 



roughness. BS EN 1991-1-1 [34] and fib model code 2010 [50] classifies concrete surfaces as very 

smooth, smooth, rough, and very rough. The specimen prepared for the shear bond test has been 

classified as smooth as no surface treatment has been done (Figure 2(a)). The untreated surfaces 

result in the economical production of the specimen and also provide uniformity among the tests 

as the surface of FRP strengthened specimens can hardly be treated. The untreated surfaces can be 

classified as smooth according to both BS EN 1991-1-1 [34] and fib model code 2010 [50]. The 

experimental specimen is presented in Figure 2(b) on which load was applied on the HSC top 

surface until failure (Figure 2c).  

 

Figure 1 Schematic plan of ILC-HSC push-out test specimen (unit: mm) 



 

Figure 2 Shear bond strength test (a) casting with a rough surface (b) specimen (c) testing 

2.2.2 Pull-off tensile bond tests 

Pull-off tensile strength tests have been conducted as per BS EN 1015-12 [51] as it gives the direct 

tensile strength of the material itself or the strength of the interface between materials. The sample 

sizes have also been selected according to BS EN 1015-12 [51] and the schematic plan of the pull-

off test and test sample preparation are presented in Figure 3 and Figure 4, respectively. For this 

pull-off test, HSC overlay with a thickness of 20 mm was cast over the ILC substrate of 40 mm 

height (Figure 3) making a rectangular block of dimensions 100 × 100 × 60 mm. Similar to push-

out tests, the surface of the specimens have been kept untreated and classified as smooth (Figure 

4a). After casting, a shallow core was drilled perpendicularly into through the full depth of HSC 

C100 and 2 mm into the ILC550 (Figure 3 & Figure 4b). After drilling the core, a metal disc of 

the same diameter as the drilled core (50 mm) was attached to the surface of HSC C100. Once the 

metal disc was bonded, the tensile load was applied to the disc at the rate of 0.02 MPa per second 

until failure (Figure 4c).  

 



 

Figure 3 Schematics of pull-off tension test  (unit: mm) 

 

 

Figure 4 Tensile bond strength test (a) casting with rough surface (b) specimen (c) testing 



2.2.3 Strengthening schemes 

Both the tensile and shear bond samples were then reinforced with CFRP and GFRP strands to 

improve bond strength. The strengthening scheme has been designed to maintain a balance 

between strength improvement of the sandwich wall and constructability. As the FRP 

reinforcement is the most influencing factor in improving the strength of the ILC-HSC wall, 

therefore, FRP reinforcement has been designed to shift the failure planes from the interface to 

either ILC or the HSC. For the shear bond strength, the failure mechanism can be shifted from the 

interface failure to either the cohesive failure of the ILC or the HSC. Since the compressive 

strength of ILC is considerably less than that of HSC (Table 1) and the FRPs cannot contribute to 

the compressive strength, therefore, the shear failure mechanism of the FRP reinforced ILC-HSC 

specimen can be based on the compressive strength of ILC. However, for the tensile strength, the 

tensile FRP reinforcement contributed to the tensile strength of ILC and has been designed so that 

the failure plane shifts to HSC.  

2.2.3.1 Experimental Strengthening scheme: 

Dimensions and mechanical properties of both these strands with two different grid arrangements 

are presented in Table 3 and Table 4. As the geometry of both the CFRP and GFRP reinforcements 

for each type of grid reinforcement is similar, therefore, similar strengthening schemes have been 

adopted and named FRP-25 and FRP-38. For all the FRP reinforced specimens, a hard FRP grid 

has been used. Initially, soft FRP grids were bent in the mold in the desired shapes where they 

were allowed to cure. This curing process of extremely thin FRP grids resulted in negligible stress 

concentrations at the FRP grid corners. Shear strengthening schemes with FRP-25 and FRP-38 

grid reinforcements are presented in Figure 5a and Figure 5b respectively. As there are two ILC550 

blocks around one HSC C100 block, two FRP grid reinforcements have been used. The center of 



two transverse strands in FRP-25 grids coincides with the center of the sample which results in a 

total of four transverse FRP-25 strands in each ILC550 block. For FRP-38 reinforcement, three 

transverse strands have been used in each ILC550 sample with the central strands coinciding with 

the center of the ILC550 block. The number of strands in each block affects the shear 

reinforcement area at the interface and consequently the shear bond strength. 

Tensile strengthening schemes using FRP-25 and FRP-38 grids are presented in Figure 6a and 

Figure 6b respectively. For both types of grid reinforcements, at least two longitudinal strands of 

FRPs pass through the central core. As the diameter of the core is a multiple of transverse spacing 

of the FRP-25 grid, special attention has been paid towards arrangements of FRP grids. FRP-25 

grids have been arranged so that the center of two transverse strands coincides with the center of 

the core (Figure 6a). For FRP-38, a single central transverse strand is exactly in the center of the 

ring (Figure 6b). This grid arrangement also affects the area of reinforcement within the tensile 

load area. 

 

(a) 



 

(b) 

Figure 5 Shear strengthening of ILC-HSC bond (a) FRP-25 (b) FRP-38 

 

 



(a)                                                                        (b)                        

Both the shear and tensile bond strength tests have been conducted on three samples each of un-

strengthened ILC-HSC specimens (2 tests × 3 samples each), CFRP reinforced ILC-HSC 

specimens with two different grid arrangements (2 tests × 3 samples each × 2 grid arrangements) 

and GFRP reinforced ILC-HSC specimens with two different grid arrangements (2 tests × 3 

samples each × 2 grid arrangements). This makes a total of 15 samples for the shear bond test and 

15 samples for the tensile bond test.  For test results, the average of each type of test specimen has 

been taken. 

2.2.3.2 Practical Strengthening scheme: 

The construction of the FRP reinforced ILC-HSC wall is similar to the construction of the 

sandwich wall of normal concrete. First of all, FRP grid reinforcement is arranged in two separate 

and similar casting molds of the HSC panels (Figure 7a) followed by the pouring and curing of the 

HSCs (Figure 7b). Secondly, the two HSC panels and are erected and FRP grid reinforcements are 

connected using ties with the spacing according to the thickness of the ILC (Figure 7c). Then, the 

mold for ILC is positioned and fixed followed by the curing of ILC (Figure 7d). Once the ILC is 

cured, the ILC-HSC sandwich wall with FRP grid reinforcements is obtained (Figure 7e).  

Furthermore, the good workability of both the ILC and HSC makes them self-compacting concrete 

(SCC). Therefore, both the concretes can flow easily in and around the formwork eliminating the 

need for vibration and tamping after the pouring.   

Figure 6 Tensile bond strengthening scheme (a) FRP-25 (b) FRP-38 



 

 

(a)            (b) 

           (c)       (d)     (e) 

Figure 7 Construction sequence of FRP reinforced ILC-HSC wall (a) Fixing FRP in HSC molds 

(b) pouring of HSC (c) erection of HSC walls (d) pouring of ILC (e) FRP reinforced ILC-HSC 

wall 

3 Experimental results and discussion 

Experimental tests have been conducted to assess bond strength between ILC having a dry density 

of 550 g/cm3 (ILC550) and HSC with compressive strength of 103.32 MPa (HSC C100). Bond 



strengths have been assessed under two types of stresses i.e. shear and tensile stresses. Shear bond 

strengths have been conducted using push-out tests recommended by BS EN 12090 [49] and 

tensile bond strengths have been assessed using pull-off tensile strength tests as per BS EN 1015-

12 [51]. 

3.1 ILC-HSC shear bond test results 

For shear bond failure, the specimen can fail in one of the two possible failure mechanisms i.e. 

adhesive failure at the interface or cohesive failure in one of the composite materials. The type of 

failure mechanism depends on bond strength as well as the strength of individual materials in the 

composite specimen. The shear strength of the ILC550 specimen is 0.52 MPa and that of the HSC 

C100 specimen is 12.40 MPa (Table 1). Experimental failure mechanism in push-out strength tests 

of un-strengthened specimens indicated that bond shear strength is weaker than the weakest 

material in the specimen i.e. ILC550 as the shear failure plane passed through the ILC-HSC 

interface (Figure 8a). On the other hand, the failure mechanism changed to cohesive failure when 

specimens were reinforced with FRPs. In each of the FRP reinforced samples, it was observed that 

failure of the specimen is through the compression failure of ILC550 material (Figure 8b-e), as the 

load applied at the top of HSC induces compressive stresses in ILC. This exhibits the effectiveness 

of FRPs in increasing the shear bond strength of ILC-HSC. The inclusion of FRPs converts the 

failure from interface shear failure to compressive failure of ILCs, which is significantly greater 

than the shear bond strength. Furthermore, the shear strength of un-strengthened and strengthened 

ILC-HSC specimens can be quantified easily by dividing the ultimate shear load obtained in the 

experiment by bonded shear area (Eq. 1). 

 =
2

u
b

P

bh
  (1) 



where b is the shear bond strength, Pu is the shear failure load, b is the width of the bonded surface 

i.e. 100 mm and h is the height of the bonded surface i.e. 60 mm. Shear bond strengths of un-

strengthened and strengthened ILC-HSC specimens are presented in Table 5, where P indicates 

the ultimate load in the push-out test and b is the shear strength calculated using Eq. 1.  

The test results include the strength of 3 specimens for each test type, average of the 3 samples, 

standard deviations (SDs), coefficients of variations (CVs), and improvement of ILC-HSC shear 

bond strength due to FRPs. The low values of CVs indicate that the errors among the experiments 

are significantly low. The reason for low errors is the measures that have been taken to ensure 

consistency among test samples.  From these calculated shear strengths (Table 5), it can be 

concluded that FRPs can significantly improve the shear bond strength of the ILC-HSC bond. The 

FRP reinforcement ratios (ratio of reinforcements crossing the interface) of 0.483%, 0.362%, 

0.492%, and 0.369% for CFRP-25, CFRP-38, GFRP-25 and GFRP-38 respectively have increased 

the shear bond strengths by 318%, 182%, 331% and 184% respectively. Although the strength of 

CFRPs is twice than that of GFRPs, results indicate that shear bond strength gain is similar for 

CFRP-25 and GFRP-25 as well as for CFRP-38 and GFRP-38. Thus, it can be concluded that an 

increase in shear bond strength between the composite specimens depends on the FRP shear 

reinforcement ratio irrespective of FRP type.  

This shear bond strength improvement is also considerably higher than the shear strength of 

ILC550 (c, ILC) (Figure 9). The shear bond strength of un-strengthened ILC-HSC specimen (b) is 

94% of the shear strength of ILC (c, ILC) and this bond strength has increased by 318%,182%, 

331%, 184% for CFRP-25, CFRP-38, GFRP-25, and GFRP-38 respectively. 

Since the push-out tests have been conducted and interpreted according to BS EN 12090 [49], 

therefore, the stress concentrations at the edges have been ignored. These stress concentrations at 



the edges are so low that their inclusion does not make any difference in the bond test results, and 

they have also been ignored by previous researchers [20,21]. 

.  

 

Figure 8 Specimen failure in Shear bond tests (a) ILC-HSC (b) ILC-HSC with CFRP-25 (c) ILC-

HSC with CFRP-38 (d) ILC-HSC with GFRP-25 (e) ILC-HSC with GFRP-38 

 

Table 5 Shear bond strengths of ILC-HSC specimens 

 ILC-HSC 

ILC-HSC 

with 

CFRP-25 

ILC-HSC 

with 

CFRP-38 

ILC-HSC 

with 

GFRP-25 

ILC-HSC 

with 

GFRP-38 

Pu (N) 

Specimen 1 6234 25206 17426 27070 15789 

Specimen 2 5641 23835 16438 24005 17672 



Specimen 3 5758 24769 15835 24891 16583 

Average 5878 24603 16566 25322 16681 

SD 256 572 656 1288 772 

b 

(MPa) 

Specimen 1 0.52 2.10 1.45 2.26 1.32 

Specimen 2 0.47 1.99 1.37 2.07 1.47 

Specimen 3 0.48 2.06 1.32 2.00 1.38 

Average 0.49 2.05 1.38 2.11 1.39 

SD 0.02 0.05 0.05 0.11 0.06 

CV 0.044 0.023 0.040 0.051 0.046 

Improvement - 318% 182% 331% 184% 

 

 

Figure 9 ILC-HSC shear bond strength comparison 



3.2 ILC-HSC tensile bond test results 

For tensile bond strength, failure can be either by adhesion failure between substrate and overlay, 

tensile splitting failure of either the substrate or the overlay, or the combination of these. In the un-

strengthened sample, the failure plane passes through the ILC-HSC interface in tensile loading 

(Figure 10a). Similar to shear bond strengthening, the shift of failure plane was observed where 

failure in all the strengthened specimens is a tensile failure in HSC C100 overlay (Figure 10b-e) 

just above the FRP reinforcement layer as the FRP reinforcement has been designed to shift the 

failure plane to HSC. Although the tensile strength of ILC550 (0.38 MPa) is lower than that of 

HSC C100 (6.20 MPa), the embedment of FRP reinforcement throughout the ILC550 depth has 

also increased its tensile strength. The tensile strength of all the specimens can be calculated by 

dividing the experimental ultimate tensile load by the core area (Eq. 2)  

 = u
bt

F
f

A
 (2) 

Where fbt is the bond tensile strength, Fu is the tensile failure load, A is the test area of cylindrical 

specimen i.e 1963.50 mm2. Average failure loads and tensile strengths of un-strengthened and 

strengthened specimens are given in Table 6. Similar to shear bond test results, low values of CVs 

for tensile bond test results indicate that the errors are minimal. The bond strength of the un-

strengthened specimen (fbt) is 0.16 MPa, which is around 42% of the tensile strength of ILC (fct,ILC) 

i.e. 0.38 MPa. This lower strength of the ILC-HSC tensile bond as compared to the tensile strength 

of the ILC is also evident in the failure mode of the un-strengthened specimen where the failure 

plane passes through the interface layer between ILC and HSC (Figure 10a).  

Pull-off tests on FRP strengthened ILC-HSC samples indicate that this bond strength can be 

significantly increased. Similar to shear bond strength, this increase in tensile bond strength also 



depends on the tensile bond reinforcement ratio of FRPs and does not vary considerably for FRP 

type. This tensile bond reinforcement ratio is the ratio of the plane area of reinforcement to the 

concrete in the tensile loading area, whereas the shear reinforcement ratio is the ratio of 

reinforcement crossing the interface to the shear loaded area.  The tensile bond reinforcement ratios 

of CFRP-25, CFRP-38, GFRP-25 and GFRP-38 grids are 0.436, 0.320, 0.445, and 0.326 

respectively and the corresponding tensile bond strengths are 0.86, 0.64, 0.89 and 0.67 MPa 

respectively. This indicates a strength increase of 438%, 300%, 456%, and 319% for CFRP-25, 

CFRP-38, GFRP-25, and GFRP-38 grids respectively with the maximum strength gain for GFRP-

25. In the failure modes of strengthened specimens, this increase in bond strength is evident as the 

failure plane shifted from the ILC-HSC interface to tensile failure in HSC C100 (Figure 10 b-e).  

Comparison of un-strengthened and strengthened tensile bond strengths with the tensile strength 

of ILC (fct, ILC) is presented in Figure 11. From this comparison, it is evident that FRP strengthening 

has also significantly improved the bond strength as compared to the tensile strength of ILC (fct, 

ILC). This increase in strength is 126%, 68%, 134% and 76% for CFRP-25, CFRP-38, GFRP-25 

and GFRP-38 grids, respectively. 

 



 

Figure 10 Specimen failure in tensile bond tests (a) ILC-HSC (b) ILC-HSC with CFRP-25 (c) 

ILC-HSC with CFRP-38 (d) ILC-HSC with GFRP-25 (e) ILC-HSC with GFRP-38 

Table 6 Tensile bond strengths of ILC-HSC specimens 

 ILC-HSC 

ILC-HSC 

with 

CFRP-25 

ILC-HSC 

with 

CFRP-38 

ILC-HSC 

with 

GFRP-25 

ILC-HSC 

with 

GFRP-38 

Fu (N) 

Specimen 1 285 1689 1335 1826 1178 

Specimen 2 339 1767 1257 1767 1355 

Specimen 3 318 1610 1178 1649 1414 

Average 314 1689 1257 1748 1316 

SD 22 64 64 73 100 

Specimen 1 0.15 0.86 0.68 0.93 0.60 



fbt 

(MPa) 

Specimen 2 0.17 0.90 0.64 0.90 0.69 

Specimen 3 0.16 0.82 0.60 0.84 0.72 

Average 0.16 0.86 0.64 0.89 0.67 

SD 0.01 0.03 0.03 0.04 0.05 

CV 0.071 0.038 0.051 0.042 0.076 

Improvement - 438% 300% 456% 319% 

 

 

 

Figure 11 ILC-HSC tensile bond strength comparison 



4 Development of bond strength prediction models 

The strength and serviceability of structural components made with composite materials mainly 

depend on the bond between them as the bonding surface is usually the weaker portion of the 

composite specimen. Accurate prediction of the bond strength is vital to ensure the safer and 

durable performance of the structure. 

4.1 Shear bond strength prediction models 

There are several models to evaluate the shear bond strength of the interface between two materials 

and the most commonly used models are the Eurocode-2 (EN) model [34], ACI model [35], 

AASHTO LRFD model [36], Canadian standards association (CSA) model [37] and the Australian 

standard (AS) model [38]. Prediction of strength in all these models depends on several factors 

including mechanical properties of concrete and steel, concrete dimensions, reinforcement ratio, 

the angle between shear reinforcing bars and interface plane, and roughness of the interfaces. All 

of these parameters have been assessed in the experimental program to evaluate and compare shear 

bond strengths calculated using these five models with experimental results. 

4.1.1 Existing shear bond strength prediction models 

4.1.1.1 EN model 

Shear bond strength prediction between two concretes without normal force in BS EN 1992-1-1 

model [34] is based on the tensile strength of concrete and yield strength of shear reinforcement. 

However, the upper limit of this strength is specified based on the compressive strength of the 

concrete (fc). This shear bond strength (b) can be calculated by Eq. 3. 

 = ( sin cos ) 0.5b ct y ccf f vf    + +   (3) 



Where c and μ are factors which depend on the roughness of the interface between two concretes, 

fct is the smaller of tensile strengths of concretes, ρ is the shear reinforcement ratio at the interface, 

fy is the yield strength of shear reinforcement,   is the angle between shear reinforcing bars and 

interface plane, v is shear strength reduction factor based on compressive strength of concrete, and 

fc is the smaller of compressive strengths of concretes at the interface. 

4.1.1.2 ACI model 

As per the American concrete institute (ACI) model [35], the shear bond strength between two 

concretes depends on the compressive strength of concrete, yield strength of steel, and areas of 

shear reinforcement and concrete. The shear bond strength (b) can be computed using Eq. 4.  

 =0.17 ( sin cos )
vf

b c y

c

A
f f

A
    + +  (4) 

Where λ is a modification factor for lightweight concrete (1.0 for normal-weight concrete, 0.85 for 

sand-lightweight concrete, and 0.75 for all-lightweight concrete), fc is the compressive strength of 

concrete, Avf is the area of shear-friction reinforcement perpendicular to the shear plane, Ac is the 

area of concrete at shear transfer plane, fy is the yield strength of shear reinforcement and   is the 

angle between the shear reinforcing bars and the interface plane. 

4.1.1.3 AASHTO model 

In the Bridge design specifications of the American Association of State Highway Transportation 

Officials (AASHTO) [36], the shear bond strength between the concretes depends on the cohesion 

and friction of concrete materials, areas of shear reinforcement and concrete and tensile strength 

of steel.  The shear bond strength (b) is calculated using Eq. 5. 



 1 2= min( , )
vf

b y c

cv

A
c f K f K

A
 +   (5) 

Where c is a cohesion factor accounting for lightweight concrete, Avf is the area of shear 

reinforcement crossing shear plane, Acv is the area of concrete at the shear interface, µ is the friction 

factor, fy is the yield strength of shear reinforcement, K1 is a fraction of concrete strength available 

to resist interface shear, fc is the compressive strength of the concrete and K2 is a factor limiting 

interface shear resistance.  

4.1.1.4 CSA model 

According to the Canadian Standards Association (CSA) standard for the design of concrete 

structures [37], the shear bond strength (b) of the concrete interface plane shall be computed from 

using Eq. 6.  

 = ( sin ) cos 0.25b v y f v y f cc f f f     + +   (6) 

Where λ is a factor for light-weight concrete, c is a factor for cohesion, µ is the coefficient of 

friction, ρv is the ratio of shear reinforcement, fy is the yield strength of shear reinforcement, f is 

the angle between shear friction reinforcement and shear plane and fc is the compressive strength 

of the concrete. 

4.1.1.5 AS model 

In the Australian Standard for concrete structures [38] model, the shear bond strength (b) of the 

concrete interface plane can be calculated using Eq. 7. 

 =
sf sy

b co ct

f

A f
k f

sb
 +  (7) 



Where kco is the cohesion coefficient, fct is the tensile strength of concrete, µ is the coefficient of 

friction, Asf is the area of fully anchored shear reinforcement perpendicular to the interface, fsy is 

the yield strength of shear reinforcement not exceeding 500 MPa, s is the spacing of anchored 

shear reinforcement perpendicular to interface and bf is the width of the shear plane. 

4.1.2 Results of existing shear bond strength prediction models 

Shear bond strength in both the un-strengthened and fiber-reinforced ILC550 and HSC C100 

specimens have been calculated using five commonly used prediction models. Results of these 

prediction models and their comparison with experimental results along with their mean absolute 

deviations (MAD) are presented in Table 7 and Figure 12. From this comparison, it is evident that 

not only existing prediction models fail to accurately predict ILC-HSC shear bond strength, but 

the calculated values differ considerably from the actual bond strength as indicated by MAD. This 

mean absolute deviation is highest for the AASHTO model [36] i.e. 0.688 and lowest for the EN 

model [34] i.e. 0.418.  

This difference in predicted and calculated values is due to the use of different concrete strengths 

and fiber reinforcements. Although the calculation of shear bond strength using various prediction 

models depends on several factors including mechanical properties of concrete and steel, concrete 

dimensions, reinforcement ratio, the angle between the shear reinforcing bars and interface plane, 

and roughness of the interfaces. However, the mechanical properties of both the concrete and 

reinforcement as well as the bond interface have a vital role in each of the strength prediction 

models. These existing prediction models have been developed based on a wide range of 

experimental data with varying properties of concrete and reinforcements. In the composite 

specimens of ILC550 and HSC C100, properties of both the concrete as well as the use of fiber 

reinforcements for improving bond strengths are different from the widely used composite 



specimens. The density and compressive strength of ILC (550 g/cm3) are significantly lower than 

the widely used lightweight concretes. In addition, the difference in predicted and experimental 

values of the FRP reinforced sample is much higher than the differences of the un-strengthened 

sample because the strength of FRPs is also higher than normal steel reinforcement. The tensile 

strength of FRPs was not exhausted in any of the shear bond strength tests, rather the shear bond 

failure of all the reinforced specimens occurred due to the crushing of ILC. Therefore, failure of 

reinforced specimens occurred at much higher values than those predicted by prediction models 

and this failure depends on the compressive strength of ILC. 

Table 7 Experimental and predicted bond shear strength comparison 

b (MPa) ILC-HSC 

ILC-HSC 

with 

CFRP-25 

ILC-HSC 

with 

CFRP-38 

ILC-HSC 

with 

GFRP-25 

ILC-HSC 

with 

GFRP-38 

MAD 

Experimental 0.49 2.05 1.38 2.11 1.39 - 

EN 0.13 1.30 1.30 1.30 1.30 0.418 

ACI 0.27 1.18 0.95 1.20 0.96 0.572 

AASHTO 0.52 0.88 0.88 0.88 0.88 0.688 

CSA 0.19 1.10 1.00 1.10 1.02 0.602 

AS 0.04 1.49 1.16 1.51 1.15 0.422 



 

 

Figure 12 Comparison of experimental and predicted shear bond strengths 

 

4.1.3 Developed shear bond strength prediction model 

Comparison of experimental shear bond strength with five commonly used shear strength 

prediction models (Table 7) has revealed that all of the prediction models under-estimate this shear 

bond strength except for the AASHTO prediction model for the un-strengthened model. Since all 

the existing prediction models are based on the properties of NC and yielding of steel 

reinforcement, therefore, they cannot yield accurate results for normal and FRP reinforced ILC-

HSC specimens. The strength of ILC is considerably lower than that of NC and FRP 

reinforcements do not yield as compared to steel reinforcement, therefore, the existing prediction 

models are not suitable for FRP reinforced ILC-HSC walls.  



This strength prediction is crucial for strength and durability assessment of structures. Therefore, 

a new prediction model has been developed for ILC-HSC shear bond strength calculation. Since 

the predictions of the EN model were closest to experimental results with a mean absolute 

deviation (MAD) of 0.418, therefore, this model has been modified for the ILC-HSC specimen. 

Shear bond strength (b) calculation formula of Eurocode-2 (Eq. 3.) has been modified according 

to the failure mechanism encountered in the shear bond strength tests (Figure 8). As yielding of 

the FRP reinforcement was not encountered in the experimental program, and all the reinforced 

specimens failed by crushing of the ILC, therefore, the prediction models have been based on the 

compressive strength of ILC instead of the yield strength of reinforcement. The shear bond strength 

prediction model has been developed through the simple linear regression analysis which is a linear 

approach to model the relationship between a dependent variable and one independent variable. 

For the shear bond strength, the dependent variable is the shear bond strength (b), whereas the 

independent variable is the shear reinforcement ratio (ρ). The linear regression model has been 

fitted using the least-squares approach. The shear bond strength (b) of un-strengthened and FRP 

reinforced ILC-HSC specimen can be calculated using Eq. 8.  

 , ,= ( sin cos )b ct ILC c ILCcf f     + +  (8) 

Where β and φ are newly introduced parameters based on regression analysis to account for ILC, 

fct,ILC and fc,ILC are the tensile and compressive strengths of ILC respectively and all the other 

parameters are the same as in Section 4.1.1. Taking ρ as the independent variable and b as a 

dependent variable in the regression analysis (Figure 13), optimal values for β and φ are 3.023 and 

120.431, respectively. These values of β and φ are based on a total of 5 values, obtained as an 



average of 3 tests on 5 types of samples. The correlation coefficient R of 0.97 indicates the highest 

level of accuracy of regression analysis.  

 

Figure 13 Linear regression of ρ and b 

To verify the accuracy of the developed shear bond strength prediction model, experimental results 

have been compared with those calculated using Eq. 8 with fct of 0.38 MPa, fc of 4.39 MPa,  of 

90o, and shear reinforcement ratio ρ of 0%, 0.483%, 0.362%, 0.492%, and 0.369% for un-

strengthened ILC-HSC, ILC-HSC reinforced with CFRP-25, CFRP-38, GFRP-25 and GFRP-38 

respectively. Calculated results and their comparison with experimental values are presented in 

Table 8. This comparison shows that the developed prediction model can accurately calculate the 

shear bond strength of both the un-strengthened and FRP reinforced ILC-HSC specimens with a 

mean absolute deviation of just 0.142. A comparison of the developed prediction model with five 

commonly used models (Figure 14) also shows its accuracy for ILC-HSC specimens. 

Table 8 Comparison of experimental shear bond strength with the developed prediction model 



b (MPa) ILC-HSC 

ILC-HSC 

with 

CFRP-25 

ILC-HSC 

with 

CFRP-38 

ILC-HSC 

with 

GFRP-25 

ILC-HSC 

with 

GFRP-38 

MAD 

Experimental 0.49 2.05 1.38 2.11 1.39 - 

Present study-Eq. (8) 0.40 1.93 1.55 1.96 1.57 0.142 

 

Figure 14 Comparison of the developed shear strength prediction model with commonly used 

prediction models 

 

4.2 Developed prediction model for tensile bond strength 

There are no codified tensile bond strength prediction models and there are very few studies that 

discuss the tensile bond strength prediction. In this research program, tensile bond strength 

prediction models have also been developed for ILC-HSC specimens based on their failure modes. 



Unlike shear bond strength prediction, there is no existing formula for tensile strength on which 

the tensile shear bond strength equation could be based. The tensile bond strength prediction model 

has also been obtained using linear regression analysis in which the linear regression model is 

fitted using the least square approach. The tensile bond strength (fbt) between ILC and HSC 

materials can be calculated using newly developed Eq. 9. 

 , ,=bt ct ILC ct HSCf cf f +  (9) 

Where γ and η are the factors for ILC and HSC respectively obtained through regression analysis 

of test data, c is a cohesion factor to account for the roughness of the bonded interface as per BS 

EN 1992-1-1: 2004 [34], fct,ILC is the tensile strength of ILC, ҡ is the plane area ratio of FRP 

reinforcement to concrete and fct,HSC is the tensile strength of HSC. Optimal values of γ and η 

obtained through regression analysis are 1.128 and 0.167, respectively. Similar to shear bond 

strength prediction models, these values are based on 5 average values of 15 test samples. The 

correlation coefficient R for this analysis is 1.00, which shows the high accuracy of regression 

(Figure 15).  

 

Figure 15 Linear regression of  and fbt 



The accuracy of the developed tensile strength prediction model has also been assessed through 

comparison with experimental results. Values used for calculation of tensile bond strength using 

Eq. 9 are 1.128 for γ, 0.35 for c (smooth surface as per BS EN 1992-1-1: 2004 [34]), 0.38 MPa for 

fct,ILC, 0.167 for η and 9.67 MPa for fct,HSC. Plane area ratios (ҡ) are 0, 0.436, 0.320, 0.445, and 

0.326 for un-strengthened ILC-HSC, ILC-HSC reinforced with CFRP-25, CFRP-38, GFRP-25 

and GFRP-38 respectively. Calculation results and their comparison with experimental values are 

presented in Table 9 and Figure 16. Predicted values and MAD of 0.016 indicate that the developed 

equation for tensile bond strength (Eq. 9) is very accurate and can be utilized for un-strengthened 

and FRP reinforced ILC-HSC specimens.  

Table 9 Comparison of experimental shear bond strength with the developed prediction model 

fbt (MPa) ILC-HSC 

ILC-HSC 

with 

CFRP-25 

ILC-HSC 

with 

CFRP-38 

ILC-HSC 

with 

GFRP-25 

ILC-HSC 

with 

GFRP-38 

MAD 

Experimental 0.16 0.86 0.64 0.89 0.67 - 

Present study-Eq. (9) 0.15 0.85 0.67 0.87 0.68 0.016 



 

 

Figure 16 Comparison between experimental and prediction tensile bond strength (fbt) 

5 Conclusions 

The structural performance of infra-lightweight concrete having a dry density of 550 g/cm3 

(ILC550) has been improved by a 1 cm thick layer of high strength concrete with compressive 

strength of 103.32 MPa (HSC C100) on each side of ILC. As the performance of composite 

structures depends on the bond between them, therefore, an extensive study has been performed 

to assess the ILC-HSC bond strength under shear and tensile stresses. Also, bond strength has been 

improved using carbon and glass fiber reinforced polymers with two different grid arrangements 

i.e. 25 mm and 38 mm, and have been named FRP-25 and FRP-38 respectively. Moreover, the 

new prediction models have been developed to evaluate the shear and tensile bond strengths of 



both the un-strengthened and FRP grid reinforced ILC-HSC structures. The following conclusions 

have been drawn from experimental and theoretical studies: 

• The interface of the ILC-HSC composite specimen is the weakest part as both the shear 

and tensile bond strengths of ILC-HSC specimens are lower than the strength of ILC550, 

which is the weakest material in the specimen. Shear and tensile strengths of ILC550 are 

0.52 MPa and 0.38 MPa respectively, whereas shear and tensile bond strengths of ILC-

HSC composite specimen are 0.49 MPa and 0.16 MPa, respectively.  

• Both the shear and tensile bond strengths are significantly improved using FRPs grid 

reinforcement. For shear bond strength, CFRP-25, CFRP-38, GFRP-25, and GFRP-38 with 

shear reinforcement ratios of 0.483%, 0.362%, 0.492%, and 0.369% respectively increased 

the shear bond strengths by 318%, 182%, 331% and 184%. For tensile bond strength, the 

tensile bond reinforcement ratios of 0.436, 0.320, 0.445, and 0.326 of CFRP-25, CFRP-38, 

GFRP-25, and GFRP-38 grids increased the tensile bond strengths by 438%, 300%, 456% 

and 319%. 

• The increase in bond strength depends on the FRP reinforcement ratio i.e. reinforcement 

crossing the interface for shear bond strength and planar reinforcement in the loaded face 

for tensile bond strength, irrespective of the type of FRP. GFRP-25 with maximum 

reinforcement ratios of 0.492% and 0.445 in shear and tensile bonds increased the 

respective strengths by 331% and 456%.  

• Comparison of experimental shear bond strength results of both the un-strengthened and 

strengthened ILC-HSC specimens with five commonly used shear bond strength prediction 

models i.e. EN model, ACI mode, AASHTO model, CSA model, and AS model has 

revealed that none of these models can be used to accurately predict the shear bond strength 



of ILC-HSC specimens. Therefore, a new shear strength prediction model has been 

developed based on the EN model to account for the presence of ILC and FRP 

reinforcement. The developed shear strength prediction model is found to be accurate after 

comparing the predicted results with the experimental results and it can be utilized for both 

the un-strengthened and FRP reinforced ILC-HSC composite specimens.  

• A new tensile bond strength model has been developed as currently there is no such model 

available. Comparison of experimental results with the developed tensile bond strength 

prediction model results has shown that the developed tensile bond strength prediction 

model can be used for accurate tensile bond strength prediction of both the un-strengthened 

and FRP reinforced ILC-HSC composite specimens. 

As the bond strength prediction models are developed based on the properties and failure 

mechanisms of the overlay, substrate, and reinforcements, therefore, the developed prediction 

models are only applicable to the present study as it is the first study on FRP reinforced ILC-HSC 

walls. However, the accuracy of developed models will be verified by the authors in their future 

studies as well as researchers and designers of FRP reinforced HSC-ILC walls.  
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