
Improving bond of fiber-reinforced polymer bars
with concrete through incorporating nanomaterials 

Item Type Article

Authors Wang, X.; Ding, S.; Qiu, L.; Ashour, Ashraf A.; Wang, Y.; Han, B.;
Ou, J.

Citation Wang X, Ding S, Qiu L et al (2022) Improving bond of fiber-
reinforced polymer bars with concrete through incorporating
nanomaterials. Composites Part B: Engineering. 239: 109960.

Publisher Elsevier

Rights © 2022 Elsevier. Reproduced in accordance with the publisher's
self-archiving policy. This manuscript version is made available
under the CC-BY-NC-ND 4.0 license.

Download date 19/05/2023 19:12:14

Link to Item http://hdl.handle.net/10454/18963

http://hdl.handle.net/10454/18963


 

1 

 

Improving bond of fiber-reinforced polymer bars with concrete through 

incorporating nanomaterials 

Xinyue Wang1, Siqi Ding 2, *, Liangsheng Qiu1, Ashraf Ashour3, Yanlei Wang1, Baoguo Han1, *, Jinping Ou1 

1School of Civil Engineering, Dalian University of Technology, Dalian, 116024 China 

2 School of Civil and Environmental Engineering, Harbin Institute of Technology, Shenzhen, Shenzhen, 518055, China 

3 Faculty of Engineering & Informatics, University of Bradford, Bradford, BD7 1DP, UK  

* Corresponding author: hithanbaoguo@163.com, dingsiqi@hit.edu.cn 

Abstract: The bond between FRP bars and concrete, the foremost performance for 

implementation of such reinforcements to corrosion-free concrete structures, is still unsatisfied 

due to the weak nature of duplex film in the interface. The existing approaches show low 

efficiency in improving the microstructures and bond between FRP bars and concrete. To 

address these issues, this paper provided a new approach for improving the bond between FRP 

bars and concrete by incorporating nanomaterials, as well as explored the modifying 

mechanisms and established the bond-slip models. For these purposes, the pull-out test, 

scanning electron microscope observation, as well as energy dispersive spectrometry analysis 

were performed. The experimental results demonstrated that the presence of nanomaterials 

increased the ultimate bond strengths between glass/carbon FRP bars and concrete by up to 

16.2% and 37.8%, while the corresponding slips decreased by 28.7% and 35.4%, respectively. 

Such modification effects can be attributed to the optimized intrinsic composition and the 

reduced pore content of hydration products in the interface, especially in the duplex film, 

through the nanomaterial enrichment and nano-core effects. The bond-slip relationship 

between FRP bars and concrete with nanomaterials can be accurately predicted by the mBPE 

model.  
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1 Introduction 

Construction sector accounts for approximately 30% of all carbon emissions and consumes 

up to 50% of the world’s resources, urging more sustainable development by vitally reducing 

its environmental footprint [1, 2]. As the manufacturing processes of construction materials 

(mostly cement and steel) still require huge amounts of resources and energy, a lower 

environmental footprint of structures would be achieved by prolonging their service life [3, 4]. 

Among critical issues affecting the service life of reinforced concrete structures, corrosion of 

steel reinforcement is considered as the leading factor causing structural deterioration, 

especially those in marine or near harsh environments [5–7]. To address this issue, fiber-

reinforced polymer (FRP) bars are introduced as a promising alternative to steel reinforcement 

due to their superb mechanical properties and excellent durability in aggressive environments 

[8–11]. Despite these evident advantages, several shortcomings have to be overcome before 

FRP bars are widely applied in the construction industry.  

Bond between FRP bars and concrete is undeniably crucial for the implementation of such 

bars in concrete structures [12–17]. However, bond strength of deformed FRP bars and 

concrete is only 40%–100% of that of deformed steel bars and concrete [18, 19]. The inferior 

bond between FRP bars and concrete is generally attributed to the low elastic characteristic of 

FRP bars. The stress gradient along the interface between FRP bars and concrete leads to local 

cracks in concrete along the interface, which further propagate, resulting in poor bond between 

FRP bars and surrounding concrete. However, enhancing the elastic characteristic of FRP bars 

is fundamentally challenging [20]. On the other hand, a so-called “duplex film” forms in the 

interface due to the wall effect, controlling the bond between FRP bars and concrete [21, 22]. 

In fresh concrete, the binder grains with smaller particle sizes transfer toward FPR bar surface 

while those with larger particle sizes move away from FRP surface through the wall effect, 



 

3 

 

resulting in scale separation near the FRP surface [23, 24]. Such scale separation leads to large 

spaces among binder particles for calcium hydroxide (CH) growth in the interface, providing 

prerequisites for the formation of duplex film. The duplex film, comprising CH crystals 

preferentially oriented with c-axis normal to the FRP surface and a C-S-H gel layer wrapped 

on the CH crystal surface, usually acts as the weakest zone in the interface [21, 22]. Since the 

interfacial failure very often occurs and develops in the duplex film, a key direction for 

enhancing the bond between FRP bars and concrete is to improve the interfacial 

microstructures, especially the microstructures of duplex film. 

Many approaches have been proposed for enhancing the bond between FRP bars and 

concrete [25–28]. One fundamental approach to improve the bond between FRP bars and 

concrete would be to increase the strength of concrete, thus, improving the holistic 

performances of FRP reinforced concrete structures [29, 30]. However, former studies [31, 32] 

confirmed that improving concrete strength by optimizing the water to binder ratio would not 

simultaneously enhance the bond between FRP bars and concrete, especially when concrete 

strength exceeds 30 MPa. Therefore, more effective approaches need to be explored for 

improving the strength of concrete and its bond with FRP bars. 

Recently, thanks to the maturity of nanoscience, nanotechnology provides effective 

approaches for improving the microstructure of concrete at the nanoscale, which is conducive 

to fundamentally improving the performance of concrete [33–35]. Additionally, former studies 

have proved that nanomaterials can modify the microstructure of steel bar-concrete interface, 

thereby improving the bond of the interface [36–38]. It is, therefore, unsurprisingly conceived 

to use nanomaterials to improve the bond between FRP bar and concrete. On the one hand, 

owing to the nano-core effect, the incorporation of nanomaterials can refine hydration products 

and eliminate defects in concrete, thus improving the mechanical and durable performance of 
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concrete [39–42]. On the other hand, the nanomaterials, owing to their tiny size, can fill the 

spaces among the binder grains, increasing the compactness of the interface. Additionally, the 

nanomaterials can also inhibit the formation of CH crystals through the nano-core effect [43]. 

These benefits may be helpful to modify the microstructures of the interface, especially the 

duplex film, thus improving the bond between FRP bars and concrete. Nonetheless, few 

studies have investigated the effect of nanomaterials on the bond between FRP bars and 

concrete. Moreover, the modifying mechanisms of nanomaterials on the microstructure of the 

interface, especially the duplex film, need to be understood. Furthermore, a bond-slip model 

accurately depicting the whole pull-out process of FRP bars from concrete with nanomaterials 

would be beneficial to aid the design of concrete modified with nanomaterials structures 

reinforced with FRP bars. 

This paper aims to improve the bond between FRP bars and concrete by incorporating 

nanomaterials, as well as to explore the modifying mechanisms and model the bond-slip 

relationship. For these purposes, the bond characteristics between FRP bars and nanomaterials 

modified concrete were firstly identified by a pull-out test, and then, the modification 

mechanisms of nanomaterials were investigated with the help of scanning electron microscope 

(SEM) observation and energy dispersive spectrometry (EDS) analysis. Additionally, several 

classic FRP bond-slip models were employed to describe the bond-slip relationship between 

FRP bars and concrete modified with nanomaterials. The effective model was determined and 

the parameters of the model were fitted based on the experimental results. 

2 Experimental Programme 

2.1 Materials and specimen preparation 

The raw materials used for the fabrication of concrete in this paper include P·O 42.5R 

cement, silica fume with a size range of 0.1–0.3 μm, grade II fly ash, quartz sand with a size 
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range of 0.12–0.83 mm, superplasticizer with a 30% water-reducing capacity. According to a 

previous study [44], large diameter of FRP bars may lead to splitting failure of concrete cubes. 

To promote pull-out mode of failure, two types of FRP bars, including ribbed glass fiber-

reinforced plastic (GFRP) and ribbed carbon fiber-reinforced plastic (CFRP) bars with a 

diameter of 6 mm were selected. The tensile strengths of GFRP and CFRP bars, as declared 

by the manufacturer, were 1000 MPa and 1800 MPa, respectively. The surface texture of FRP 

bars is illustrated in Figure 1. Additionally, 0-D (i.e., no dimensions of the material are larger 

than 100 nm), 1-D (i.e., one dimension of the material is outside the nanoscale), and 2-D (two 

dimensions of the material are outside the nanoscale) nanomaterials show different modifying 

effects on the performance of concrete. Among all nanomaterials, nano titania, hydroxyl-

functionalized carbon nanotubes, and multilayer graphene are exceptionally advantageous for 

modifying concrete characteristics, due to their unique physical, chemical, and mechanical 

properties and large surface area, coupled with dimensions that are comparable with those of 

hydration products in concrete such as calcium silicate hydrate and calcium hydroxide [38]. 

Hence, nano titania, hydroxyl-functionalized carbon nanotubes, and multilayer graphene were 

selected as representatives of 0-D, 1-D, and 2-D nanomaterials for improving FRP bar-

concrete interface, respectively. Moreover, nano silica, as a kind of nanomaterials with 

pozzolanic activity, was also employed in this study. All the selected nanomaterials have been 

proven to be effective to improve the mechanical performance of concrete [38]. The properties 

of selected nanomaterials are listed in Table 1. According to previous study, reactive powder 

concrete possesses better bond with FRP bars than ordinary concrete [45]. In this study, 

nanomaterials were added into reactive powder concrete to further improve the bond between 

FRP and concrete. Referring to the mix proportions of reactive powder concrete, the mix 

proportions of concrete with/without nanomaterials are listed in Table 2. The mix proportions 



 

6 

 

were determined according to a previous study [38] in order to achieve good workability and 

mechanical performance of concrete. The mechanical properties of concrete in this study are 

listed in Table 3. 

Table 1. Properties of nanomaterials 

Types 
Diameter 

(nm) 

Length  

(nm) 

Thickness 

(nm) 

Density  

(g/cm3) 

Specific 

surface area 

(m2/g) 

Nano silica 20 – – 2.2 ≥600 

Nano titania 20 – – 4.0 – 

Hydroxyl 

functionalized 

carbon nanotubes 

<8 
20000–

30000 
– 2.1 >380 

Multi-layer graphene <2000 – 1–5 2.25 500 

 

 
Figure 1. Surface texture of Carbon and glass FRP bars used in experiments 

 

Table 2. Details of materials used in pull-out test specimens 

Code 
Type of 

FRP bars 

Mix proportions (kg/m3) 

Nanomaterials 
Cement 

Fly 

ash 

Silica 

fume 

Quartz 

sand 
Water 

Water 

reducer  Type Content 

G-C GFRP  0 750 187.5 234.7 1031.2 281.2 11.3 

G-S-2 GFRP – 15.0 735.0 187.5 234.7 1031.2 281.2 18.8 

G-T-3 GFRP Nano silica 22.5 727.5 187.5 234.7 1031.2 281.2 11.3 

G-H-CNTs-0.5 GFRP Nano titania 3.8 746.2 187.5 234.7 1031.2 281.2 11.3 

G-MLGs-0.3 GFRP 
Hydroxyl functionalized 

carbon nanotubes 
2.3 747.7 187.5 234.7 1031.2 281.2 11.3 

C-C CFRP Multi-layer graphene 0 750 187.5 234.7 1031.2 281.2 11.3 

C-S-2 CFRP – 15.0 735.0 187.5 234.7 1031.2 281.2 18.8 

C-T-3 CFRP Nano silica 22.5 727.5 187.5 234.7 1031.2 281.2 11.3 

C-H-CNTs-0.5 CFRP Nano titania 3.8 746.2 187.5 234.7 1031.2 281.2 11.3 

C-MLGs-0.3 CFRP 
Hydroxyl functionalized 

carbon nanotubes 
2.3 747.7 187.5 234.7 1031.2 281.2 11.3 

 

The failure modes in pull-out test mainly include steel bar pull-out or concrete splitting, 

mainly controlled by concrete cover thickness, FRP bar surface and concrete properties. FRP 

bar rupture also occurs if the tensile stress on the FRP bar reaches its rupture stress prior to 

reaching one of the previous failure modes. When the concrete cover thickness exceeds a 
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certain value, the failure mode turns to the pull-out failure, that is, the FRP bars are pulled out 

of concrete cubes rather than concrete cube splitting or FRP bar fracture. As this paper aims 

to investigate the bond between FRP bars and concrete modified with nanomaterials, concrete 

cubes with a dimension of 70.7 mm × 70.7 mm × 70.7 mm, shown in Figure 2 (a), were 

designed to ensure all specimens show pull-out failure as evidenced from the literature [32]. 

Table 3. Mechanical properties of concrete 

Code 
Compressive strength Splitting tensile strength 

Average (MPa) St. Dev. (MPa) Average (MPa) St. Dev. (MPa) 

G-C/C-C 104.2 4.3 4.38 0.32 

G-S-2/C-S-2 111.0 4.7 4.57 0.51 

G-T-3/C-T-3 107.0 3.9 5.02 0.23 

G-H-CNTs-0.5/ 

C-H-CNTs-0.5 
127.6 2.2 5.40 0.30 

G-MLGs-0.3/ 

C-MLGs-0.3 
111.3 0.8 4.97 0.14 

 

To achieve uniform dispersion of nanomaterials in concrete, the specimens shown in Figure 

2 (a) were prepared by the fabrication process with reference to previous studies [38]. 

Specifically, the preparation process of specimens with nano silica/titania is as follows: 1) 

Water, water reducer, and nano silica/titania were mixed at low speed (the revolution/rotation 

speed of mixing blade was 62/140 ± 5 r/min, respectively) in a mixing pot for 20 s; 2) Silica 

fume was added and mixed at low speed for 60 s; 3) Cement and fly ash were added and mixed 

at low speed for 120 s and then stir at high speed (the revolution/rotation speed of mixing 

blade was 125/285 ± 10 r/min, respectively) for another 120 s; 4) Quartz sand was added and 

mixed at low speed for 60 s and then stir at high speed for 240 s; 5) The well-stirred fresh 

concrete was poured into the molds and vibrated for 60 s; 6) The specimens were cured in 

mold under standard condition for 24 h, and then, demolded and covered by a plastic film for 

28 d. Additionally, the preparation process of specimens with hydroxyl functionalized carbon 

nanotubes or multi-layer graphene is as follows: 1) Water, water reducer, and hydroxyl 

functionalized carbon nanotubes or multi-layer graphene were mixed together, and then, the 
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suspension was sonicated for 600 s. 2) The aqueous solution was poured into a mixing pot 

where silica fume was added, and the follow-up process was the same as that of the specimens 

with nano silica/titania.  

  

 
(a) (b) 

 
(c) 

Figure 2. Schematic diagrams of (a) Specifications of specimens; (b) The pull-out test set up; 

(c) Sample preparation for SEM and EDS characterization 

 

2.2 Test methods 

The bond characteristics between FRP bars and concrete were measured by a pull-out test 

as depicted in Figure 2 (b). To avoid the shear failure of clamping part of FRP bars, steel tubes 

with 18 mm external diameter, 2 mm thickness, and 120 mm length were applied to the loading 
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ends of FRP bars. The FRP bars and steel tubes were connected by epoxy resin structural 

adhesive. Besides, a ball joint was installed between the loading device and the top of reaction 

framework to ensure the structure was completely free from any additional bending moment, 

as depicted in Figure 2 (b). According to the ACI standard [46], a constant loading rate of 1.0 

mm/min was employed in the pull-out tests, in order to ensure that ample loading and slip data 

can be collected during the pull-out process of FRP bars. The average bond stress between 

FRP bars and concrete is given by [47]: 

 𝜏𝑏 =
𝑃

𝜋𝑑𝑙𝑏
 (1) 

where 𝑃, 𝑑, and 𝑙𝑏 represent the pull-out load, the diameter of FRP bars, and the bond length, 

respectively. Noteworthily, Equation (1) assumes the local bond stress is uniformly distributed 

along the bonded length. Previous studies have demonstrated that such assumption is 

acceptable when 𝑙𝑏 ≤ 5𝑑 is satisfied [48, 49]. Therefore, this study used average bond stress 

to evaluate the bond between FRP bars and concrete. 

Additionally, the slip at the loading and free ends of FRP bar may differ due to the low 

elastic modulus of FRP bars [50]. In this study, two linear variable differential transformers 

(as shown in Figure 2 (b)) were used for measuring the slip at the two ends. The average slip 

𝑠 of FRP bar was used as the slip of FRP bars to eliminate the errors caused by the low elastic 

modulus of FRP bars. The expression of 𝑠 is given as: 

 𝑠 = (𝑠𝑙 + 𝑠𝑓)/2 (2) 

where 𝑠𝑙 and 𝑠𝑓 represent the slips at the loading and free ends of FRP bars, respectively. 

Note that the bond strengths and the corresponding slips were determined by the average 

values of three specimens in each group. 

After the pull-out test, the modification mechanisms were investigated by scanning electron 

microscope (SEM) observation and energy dispersive spectrometry (EDS) analysis. Owing to 
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the internal water bleeding during casting [51], there may be significant differences in the 

microstructures of the concrete interface near the upsides and undersides of the horizontal 

placed FRP bars. Therefore, the SEM observation and EDS analysis were, respectively, carried 

out on the concrete failure surfaces near the upside and the underside (during casting) of FRP 

bars. For this purpose, the concrete cubes were split after the pull-out test, and then the samples 

with failure surface were taken from the concrete near the upside and underside of FRP bars, 

which are marked during casting of concrete cubes embedded with FRP bar, as shown in 

Figure 2 (c). Additionally, the distribution of nanomaterials in different specimens can be 

reflected by the brightness and points in the EDS mapping analysis, on the premise that the 

signal intensity and scanning time remain unchanged [52, 53]. However, this method can only 

identify the distributions of nanomaterials containing featured elements that differ from the 

components of concrete and the elements introduced from sample pre-treatment. As silicon 

and carbon are the main elements of concrete, the distribution of nano silica, hydroxyl 

functionalized carbon nanotubes, and multi-layer graphene cannot be characterized by EDS 

mapping analysis. Therefore, EDS mapping analysis was carried out for characterizing the 

distribution of element titanium to reflect the distributions of nano titania in the specimens. 

The accelerating voltage of EDS mapping analysis was 20 kV, and the acquisition time of a 

map was 20 min. 

3 Results and Discussions 

3.1 Bond characteristics 

The failure mode observed in all tests was the pull-out failure, that is, FRP bars were pulled 

out of concrete cubes. The typical bond-slip relationship is illustrated in Figure 3. The bond 

stress initially increases with the slip until it reaches the ultimate bond strength 𝜏𝑏,𝑢  at a 

corresponding slip 𝑠𝑢 . Afterward, the bond stress decreases with the increase of slip and 
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finally oscillates up and down with the slip. In this study, the average value of the first trough 

and following peak after the ultimate bond stress is taken as the residual bond strength 𝜏𝑏,𝑟, 

and the corresponding slip of the first descending branch is regarded as the residual slip 𝑠𝑟. 

Based on the featured bond strengths and slips, the bond-slip curve of FRP bar is divided into 

ascending, descending, and residual branches. Apart from bond strengths and slip, the bond 

stiffness was also estimated from the bond-slip curve. As the bond-slip curve may exhibit 

initial error due to the initial contact state, this paper used the more accurate secant bond 

stiffness Es to reflect the bond stiffness between FRP bars and concrete [54]. As shown in 

Figure 3, the secant bond stiffness Es is calculated at 40% of ultimate bond stress as shown in 

Figure 3. The ultimate bond strength, residual bond strength, secant bond stiffness, ultimate 

slip, and residual slip of different groups are listed in Table 4. 

   
Figure 3. Typical bond-slip curve of FRP bar-concrete interface 

 

(1) Ascending branch 

FRP bars debond from concrete at a low stress level due to the poor chemical and physical 

bond between FRP bars and concrete [55]. After local debonding, the mechanical interlock 

between FRP bars and concrete gradually mobilized until the bond stress reaches the ultimate 

bond strength [56], point A in Fig. 2.  

The experimental results demonstrated the presence of nanomaterials can effectively 
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increase the ultimate bond strength. Compared with the specimen without nanomaterials, the 

ultimate strength between GFRP/CFRP bars and concrete absolutely (relatively) increase by 

3.07 MPa (16.2%)/12.37 MPa (37.8%), 2.32 MPa (12.2%)/4.58 MPa (14.0%), 1.90 MPa 

(10.0%)/6.78 MPa (20.7%), and 0.82 MPa (4.3%)/4.81 MPa (14.7%) when 2 wt.% nano silica, 

3 wt.% nano titania, 0.5 wt.% hydroxyl-functionalized carbon nanotubes, and 0.3 wt.% 

multilayer graphene are incorporated, respectively. Such improvements of the ultimate bond 

strength are conducive to improving the bond reliability between FRP bars and concrete.  

Additionally, the incorporation of nanomaterials generally decreases the ultimate slip. The 

ultimate slips of GFRP/CFRP bars absolutely (relatively) decrease by 0.365 mm 

(28.7%)/2.012 mm (35.4%), 0.197 mm (15.5%)/1.122 mm (19.7%), 0.162 mm (12.7%)/1.310 

mm (23.0%) when 2 wt.% nano silica, 3 wt.% nano titania, and 0.5 wt.% hydroxyl-

functionalized carbon nanotubes were added, respectively. The larger ultimate bond strengths 

and slips of CFRP than these of GFRP are mainly attributed to the difference of elastic 

modulus and surface textures of the two types. Higher elastic modulus of CFRP can reduce 

stress gradient along the interface between CFRP bars and concrete during the pull-out process, 

which is beneficial to increasing the bond strength. On the other hand, as shown in Figure 1, 

the ribs of CFRP are wider than that of GFRP, leading to a higher mechanical interlock 

between FRP bars and concrete. Therefore, the ultimate bond strengths and slips of CFRP are 

bigger than these of GFRP in this study. 

As for the secant bond stiffness, the addition of nanomaterials can slightly increase the bond 

stiffness between FRP bars and concrete. Compared with the specimen without nanomaterials, 

the secant bond stiffnesses between GFRP/CFRP bars and concrete absolutely (relatively) 

increase by 0.59 MPa/mm (6.7%)/0.27 MPa/mm (2.2%), 0.04 MPa/mm (0.4%)/1.59 MPa/mm 

(13.0%), 0.32 MPa/mm (3.7%)/0.55 MPa/mm (4.5%), and 0.58 MPa/mm (4.8%)/4.81 
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MPa/mm (14.7%) when 2 wt.% nano silica, 3 wt.% nano titania, 0.5 wt.% hydroxyl-

functionalized carbon nanotubes, and 0.3 wt.% multilayer graphene are added, respectively. 

The increase of ultimate strength and decrease of ultimate slip demonstrate that the addition 

of nanomaterials increases the stiffness between FRP bars and concrete, which may be 

conducive to increasing the stiffness of FRP reinforced concrete structures. 

(2) Descending branch 

When the bond stress exceeds the ultimate bond strength, debonding gradually develops 

along FRP bars from the loading end to the free end, leading to the increase of the mechanical 

interlocking and development of friction between FRP bars and concrete, reflected as the 

descending branch in bond-slip curve [56]. 

Compared with the specimens without nanomaterials, incorporating nanomaterials 

increases the residual bond strengths between FRP bars and concrete, and decreases the 

residual slips at the same time. The experimental results showed the addition of nanomaterials 

absolutely (relatively) increases the residual bond strength between GFRP/CFRP bars and 

concrete by 9.47 MPa (42.9%)/3.47 MPa (27.8%) maximally, and simultaneously, absolutely 

(relatively) decreases the residual slip of GFRP/CFRP by 0.758 mm (23.3%)/3.182 mm 

(32.9%) at most. The increase of residual bond strength and the decrease of residual slip leads 

to less deformation of FRP reinforced concrete structures, which is conducive to avoiding 

brittle fracture and provides time for structural monitoring and warning before the collapse of 

structures [57, 58]. 

(3) Residual branch 

The interfacial microstructures reach a new stable state after debonding occurs in the 

residual branch. The bond stress derives from the mechanical interlock and friction between 

FRP bars and concrete. Because FRP bars used in this study are ribbed, the bond stress is not 
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stable with the increase of slip, but fluctuates up and down within a range. 

Table 4. Calculated parameters of bond-slip curves 

Code 

𝜏𝑏,𝑢 (MPa) 𝑠𝑢 (mm) Es (MPa/mm) 𝜏𝑏,𝑟 (MPa) 𝑠𝑟 (mm) 

Mean 
Stand. 

Dev. * 
Mean 

Stand. 

Dev.. 
Mean 

Stand. 

Dev. 
Mean 

Stand. 

Dev. 
Mean 

Stand. 

Dev. 

G-C 18.95 0.54 1.271 0.043 8.19 0.66 12.50 1.92 3.258 0.800 

G-S-2 22.06 2.17 0.906 0.162 8.78 0.45 15.97 2.33 2.615 0.205 

G-T-3 21.27 0.98 1.074 0.080 8.23 0.49 14.78 0.88 2.500 0.061 

G-H-CNTs-

0.5 
20.85 0.36 1.109 0.121 8.51 0.16 14.60 1.32 3.700 0.437 

G-MLGs-0.3 19.77 1.00 1.348 0.091 8.60 0.56 14.43 0.14 3.484 0.912 

C-C 32.75 3.72 5.686 0.218 12.21 1.39 22.08 3.28 9.672 0.694 

C-S-2 45.12 2.07 3.674 0.231 12.48 1.32 23.61 3.85 7.265 0.721 

C-T-3 37.33 4.01 4.564 0.437 13.80 2.86 17.29 5.17 8.467 0.143 

C-H-CNTs-

0.5 
39.53 5.09 4.376 0.694 12.76 0.08 23.74 6.54 6.490 0.938 

C-MLGs-0.3 37.56 4.67 3.412 0.703 12.79 1.08 31.55 2.71 8.409 0.580 

* Stand. Dev. represents standard deviation. 

 

3.2 Modification mechanisms 

As depicted in Figure 4, the distributions of nano titania were reflected by the distributions 

of titanium elements by using EDS mapping analysis. Based on quantitative analysis by image 

processing, the local contents of nano titania in the interface near the upside (underside) of the 

horizontally placed GFRP/CFRP bars (in the casting process) are 1.34 (1.28)/1.36 (1.23) 

higher than that in concrete, respectively. These findings indicate that nanomaterials enrich 

the FRP bar-concrete interface, meanwhile, the enrichment degree of nanomaterials in the 

interface near the upside of FRP bars is higher than that in the interface near the underside of 

FRP bars. 

The nanomaterial enrichment effect shown in Figure 5 may be derived from the wall effect 

[23] and the gravity effect [24]. The wall effect leads to the enrichment of smaller particles in 

the zone closest to FRP bars, while larger particles are enriched in the area further away from 

the surface of FRP bars, namely the scale separation phenomenon [23]. Owing to the wall 

effect, nanomaterials, possessing tiny size, preliminarily enrich in the interface between FRP 

bars and concrete. Additionally, nanomaterials are easy to sink in the fresh concrete under the 
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action of gravity due to their high density [24], leading to a higher local content of 

nanomaterials in the interface near the upside of FRP bars than that in the interface near the 

underside of FRP bars. 

   

(a) Distribution of titanium in 

concrete of G-T-3 

(b) Distribution of titanium in the 

interface near upside of GFRP bar 

of G-T-3 

(c) Distribution of titanium in the 

interface near underside of GFRP 

bar of G-T-3 

   

(d) Distribution of titanium in 

concrete of C-T-3 

(e) Distribution of titanium in the 

interface near upside of CFRP bar 

of C-T-3 

(f) Distribution of titanium in the 

interface near underside of CFRP 

bar of C-T-3 

Figure 4. Featured elements distribution of nanomaterials in FRP bar-concrete interface 

 

  
Figure 5. Nanomaterial enrichment effect in FRP bar-concrete interface 

 

Apart from nanomaterial distribution, the interfacial microstructures and chemical 

composition were also characterized by SEM observation and EDS analysis, respectively. The 

characterization results are illustrated in Figures 6 to 16 and Tables 5 and 6. Figures 6 to 11 

and Table 5 present the microstructures and chemical composition of GFRP bar-concrete 

interface. As demonstrated in Figure 6 and Table 5, the micromorphology of hydration 

products in GFRP bar-concrete interface is loose and porous when no nanomaterials are added. 
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The molar ratios of calcium oxide to silicon oxide (Ca/Si ratio) of the C-S-H gels in the upside 

and underside interfaces of GFRP bars are 1.14 and 0.50, respectively. Moreover, many 

fractured hydration products appear in the interface, and the content of fractured hydration 

products in the interface near the underside of GFRP bars is significantly higher than that near 

the upside of GFRP bars. Figure 11 shows the morphology and chemical compositions of the 

fractured hydration products in GFRP bar-concrete interface. As shown in Figure 11, Ca/Si 

ratios of fractured hydration products significantly differ from that of bulk hydration products 

in the interface. Such fractured hydration products include a calcium-rich phase and a silicon-

rich phase, which may derive from the duplex film near the surface of GFRP bars breaking 

into small particles during the pull-out process of GFRP bars. The massive formation of 

calcium-rich phase (mainly CH crystals) consumed a large number of Ca elements in the 

interface, leading to a low Ca/Si ratio of C-S-H gels in the interface near the underside of 

GFRP bars. 

As shown in Figures 7 to 11, the addition of nanomaterials modifies the hydration products 

in the interface zone, especially reducing the sizes and contents of fractured hydration products. 

Moreover, as demonstrated in Table 5, the presence of nanomaterials has no obvious effect on 

the Ca/Si ratio of C-S-H gels in the interface near the upside of GFRP bars, but significantly 

increases the Ca/Si ratio of C-S-H gels in the interface near the underside of GFRP bars. After 

adding 2 wt.% of nano silica, 3 wt.% of nano titania, 0.5 wt.% of hydroxyl-functionalized 

carbon nanotubes, and 0.3 wt.% of multilayer graphene, the Ca/Si ratio of C-S-H gels in the 

interface near the underside of GFRP bars increased to 0.92, 0.92, 1.24, and 0.92, respectively. 

According to the literatures [59–62], the Ca/Si ratio can be related to the degree of 

polymerization. The degree of polymerization of C-S-H gels increases with the increase of 

Ca/Si ratio when the Ca/Si ratio is less than 1.0, while the degree of polymerization decreases 
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with the increase of Ca/Si ratio when the Ca/Si ratio is greater than 1.0. With the presence of 

nanomaterials, the Ca/Si ratio of C-S-H gels in the interface near the underside of FRP bars 

increases from 0.5 to 0.92–1.24. This phenomenon indicates that the addition of nanomaterials 

can increase the degree of polymerization of C-S-H gels in the interface, thus improving the 

bond between FRP bars and concrete. 

Therefore, adding nanomaterials increases the interfacial compactness and optimizes the 

Ca/Si ratio of C-S-H gels, improving the microstructures of interface, especially the duplex 

film. Moreover, the interfacial microstructures may remain intact during the pull-out process 

of GFRP bars after incorporating nanomaterials, which is beneficial to increase the mechanical 

interlock and friction between GFRP bars and concrete, thereby improving the integrity of 

GFRP bar-concrete interface, and further increasing the ultimate bond strength 𝜏𝑏,𝑢  and 

residual bond strength 𝜏𝑏,𝑟 between GFRP bars and concrete.  

    
(a) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (20000×) 

Figure 6. Micromorphology of GFRP bar-concrete interface of the specimen without nanomaterials 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (20000×) 

Figure 7. Micromorphology of GFRP bar-concrete interface of the specimen with 2 wt.% of nano silica 
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(a) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (20000×) 

Figure 8. Micromorphology of GFRP bar-concrete interface of the specimen with 3 wt.% of nano titania 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (20000×) 

Figure 9. Micromorphology of GFRP bar-concrete interface of the specimen with 0.5 wt.% of  

hydroxyl functionalized carbon nanotubes 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

GFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of GFRP bar (20000×) 

Figure 10. Micromorphology of GFRP bar-concrete interface of the specimen with 0.3 wt.% of multilayer graphene 

 

 
(a) The calcium-rich phase 
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(b) The silicon-rich phase 

Figure 11. Micromorphology and chemical compositions of fractured hydration products in GFRP bar-

concrete interface 

 

Table 5. The Ca/Si ratio of C-S-H gels in GFRP bar-concrete interface 

Code 

Interface near the upside of GFRP bars Interface near the underside of GFRP bars 

EDS 

analysis 

point 

Ca 

(Atomic %) 

Si 

(Atomic %) 

Ca/Si 

ratio 

Average 

Ca/Si 

ratio 

EDS 

analysis 

point 

Ca 

(Atomic %) 

Si 

(Atomic %) 

Ca/Si 

ratio 

Average 

Ca/Si 

ratio 

G-C 

1 21.30 16.61 1.28 

1.14 

1 14.59 28.35 0.51 

0.50 2 23.55 20.38 1.16 2 12.73 27.19 0.47 

3 25.26 26.10 0.97 3 11.53 22.19 0.52 

G-S-2 

1 31.23 25.59 1.22 

1.17 

1 20.94 21.91 0.96 

0.92 2 24.95 22.07 1.13 2 16.23 17.58 0.92 

3 22.53 19.67 1.15 3 18.06 20.39 0.89 

G-T-3 

1 20.58 20.39 1.01 

1.01 

1 20.19 21.85 0.92 

0.92 2 21.73 21.07 1.03 2 19.49 21.43 0.91 

3 18.07 18.23 0.99 3 21.04 22.47 0.94 

G-H-

CNTs-

0.5 

1 22.92 19.85 1.15 

1.15 

1 24.53 19.22 1.28 

1.24 2 24.03 24.80 0.97 2 19.77 12.56 1.57 

3 26.67 19.95 1.34 3 20.56 23.62 0.87 

G-

MLGs-

0.3 

1 28.58 24.55 1.16 

1.16 

1 16.27 19.09 0.85 

0.92 2 23.76 25.28 0.94 2 19.76 21.54 0.92 

3 30.37 21.84 1.39 3 20.98 21.51 0.98 

 

Figures 12 to 16 show the morphology of hydration products in CFRP bar-concrete interface. 

According to Figure 12 and Table 6, the micromorphology of hydration products in CFRP bar-

concrete interface without nanomaterials is loose and porous. The Ca/Si ratio of C-S-H gels in 

the upside and underside interfaces of CFRP bars are 0.94 and 0.58, respectively. Moreover, 

plenty of fractured hydration products are observed in CFRP bar-concrete interface. 

Meanwhile, the content of fractured hydration products in the interface near the underside of 

CFRP bars is significantly higher than that near the upside of CFRP bars. 

Similar to GFRP bar-concrete interface, the presence of nanomaterials has little effect on 

the microstructures of the interface near the upside of CFRP bars, while it has a significant 

improvement effect on the interface near the underside of GFRP bars. After adding 2 wt.% of 
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nano silica, 3 wt.% of nano titania, 0.5 wt.% of hydroxyl functionalized carbon nanotubes, and 

0.3 wt.% of multilayer graphene, the Ca/Si ratios of C-S-H gels in the interface near the 

underside of CFRP bars increase to 0.87, 1.06, 0.97, and 1.15, respectively. Moreover, the 

sizes and contents of fractured hydration products are notably reduced in the interface after 

nanomaterials are added. Therefore, the modification effects of nanomaterials on GFRP bar-

concrete interface can be extended to that on CFRP bar-concrete, that is, the modifications of 

bond between CFRP bars and concrete may be attributed to the improvement of the duplex 

film. 

Table 6. The Ca/Si ratio of C-S-H gels in CFRP bar-concrete interface 

Code 

Interface near the upside of CFRP bars Interface near the underside of CFRP bars 

EDS 

analysis 

point* 

Ca 

(Atomic %) 

Si 

(Atomic %) 

Ca/Si 

ratio 

Average 

Ca/Si 

ratio 

EDS 

analysis 

point 

Ca 

(Atomic %) 

Si 

(Atomic %) 

Ca/Si 

ratio 

Average 

Ca/Si 

ratio 

C-C 

1 19.43 19.15 1.01 

0.94 

1 10.49 19.62 0.53 

0.58 2 13.51 18.34 0.74 2 11.20 17.82 0.63 

3 18.12 17.01 1.07 3 10.02 17.27 0.58 

C-S-2 

1 22.38 21.27 1.05 

1.05 

1 9.90 13.09 0.76 

0.87 2 24.95 20.98 1.19 2 15.14 16.22 0.93 

3 20.68 22.75 0.91 3 17.08 18.81 0.91 

C-T-3 

1 15.96 15.86 1.01 

1.07 

1 19.01 20.14 0.95 

1.06 2 15.96 14.29 1.12 2 16.57 19.17 0.87 

3 20.62 19.36 1.07 3 23.50 17.33 1.36 

C-H-

CNTs-

0.5 

1 13.47 14.87 0.91 

0.94 

1 15.89 21.7 0.73 

0.97 2 25.82 30.65 0.84 2 23.83 21.02 1.13 

3 25.39 23.96 1.06 3 17.48 16.48 1.06 

C-

MLGs-

0.3 

1 16.38 15.10 1.08 

1.00 

1 25.38 22.36 1.14 

1.15 2 16.60 16.24 1.02 2 21.00 19.83 1.06 

3 12.59 14.14 0.89 3 24.17 19.33 1.25 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (20000×) 

Figure 12. Micromorphology of CFRP bar-concrete interface of the specimen without nanomaterials 
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(a) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (20000×) 

Figure 13. Micromorphology of CFRP bar-concrete interface of the specimen with 2 wt.% of nano silica 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (20000×) 

Figure 14. Micromorphology of CFRP bar-concrete interface of the specimen with 3 wt.% of nano titania 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (20000×) 

Figure 15. Micromorphology of CFRP bar-concrete interface of the specimen with  

0.5 wt.% of hydroxyl functionalized carbon nanotubes 

 

    
(a) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (1000×) 

(b) Interfacial microstructures 

of concrete near the upside of 

CFRP bar (20000×) 

(c) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (1000×) 

(d) Interfacial microstructures 

of concrete near the underside 

of CFRP bar (20000×) 

Figure 16. Micromorphology of CFRP bar-concrete interface of the specimen with  

0.3 wt.% of multilayer graphene 

 

Based on the experimental results, the modification mechanisms of nanomaterials can be 

summarized as the nanomaterial enrichment effect and nano-core effect [63], as shown in 
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Figure 17. During casting, the joint action of wall effect and gravity effect leads to a 

nanomaterial enrichment layer at the FRP bar-concrete interface, as explained in Figure 5. 

Previous studies pointed out that there is a duplex film acting as the weakest zone in the FRP 

bar-concrete interface [22]. The duplex film is fractured into small particles under interfacial 

stress due to its high contents of CH crystals and porous microstructures. The enriched 

nanomaterials act as nucleation sites due to their superior specific surface area and form 

numerous nano-core-shell elements during the hydration process. The formation of nano-core-

shell elements densifies the C-S-H gels and limits the growth of CH crystals, thus densifying 

the interfacial microstructures [64–67]. The densified microstructures are conducive to 

enhancing the physical bond between FRP bars and concrete, and consequently, improving the 

bond at the macroscale. Moreover, the low contents of CH crystals in the interface lead to 

reducing the alkalinity near FRP bars, so as to protect alkali intolerant FRP bars alkaline attack. 

  
Figure 17. Nanomaterials modifying mechanisms on FRP bar-concrete interface 
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3.3 Bond-slip model 

Several models have been proposed to describe the bond-slip relationship between FRP bars 

and concrete [68–71]. Among these models, the modified Bertero-Popov-Eligehausen (mBPE) 

model [69], Malvar’s model [70], and Cosenza-Manfredi-Realfonzo (CMR) model [71] are 

the most commonly used for describing the bond-slip relationship between FRP bars and 

concrete. 

The mBPE model [69] piece-wisely simulates the bond-slip relationship by three branches 

as given in Equation (3). 

 

𝜏𝑏

=

{
 
 

 
 𝜏𝑏,𝑢 ∙ (

𝑠

𝑠𝑢
)
𝛼

                                      𝑠 ≤ 𝑠𝑢

𝜏𝑏,𝑢 − 𝑝 ∙
𝜏𝑏,𝑢
𝑠𝑢

∙ (𝑠 − 𝑠𝑢)      𝑠𝑢 < 𝑠 ≤ 𝑠𝑟

𝜏𝑏,𝑟                                                     𝑠 > 𝑠𝑟

 
(3) 

where 𝜏𝑏 and 𝑠 represent the bond stress and slip, respectively; 𝛼 and 𝑝 are parameters 

determined from curve fitting with the experimental results; For the other variables in Equation 

3, refer to section 3.1. Although the fitting accuracy of Equation (3) with the experimental 

results from this investigation is good (See Figs. 18 and 19), it is difficult to ensure the 

continuous derivability of the piecewise function. To overcome this disadvantage, Malvar’s 

model [70] uses a polynomial function to describe the bond-slip relationship between FRP 

bars and concrete, as given in Equation (4). 

 𝜏𝑏 = 𝜏𝑏,𝑢

𝐹 (
𝑠
𝑠𝑢
) + (𝐺 − 1) (

𝑠
𝑠𝑢
)
2

1 + (𝐹 − 2) (
𝑠
𝑠𝑢
) + 𝐺 (

𝑠
𝑠𝑢
)
2 (4) 

where 𝐹  and 𝐺  are the fitting parameters, and their recommended values are given in 

reference [71]. However, comparisons between prediction from Equation (4) with the 

recommended values of the parameters showed poor agreement with the experimental results 
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of the current investigation and, therefore, the parameters 𝐹 and 𝐺 are adjusted based on the 

curve fitting of Equation (4) and the experimental results of this study.  

Malvar’s model has been assessed as less accurate in predicting the ascending branch. 

Therefore, the CMR model [71] is proposed to overcome the shortcomings of Malvar’s model, 

expressed by the following equation: 

 𝜏𝑏 = 𝜏𝑏,𝑢 (1 − 𝑒𝑥𝑝 (−
𝑠

𝑠𝑟
))

𝛽

 (5) 

where 𝑠𝑟  and 𝛽  are parameters derived from curve fitting of experimental results. The 

fitting results of mBPE model, Malvar’s model, and CMR model are shown in Figure 18, 

Figure 19, and Table 7.  

Table 7. Parameters of bond-slip models of FRP bar-concrete interface 

Code 
mBPE model Malvar’s model CMR model 

α 𝑝 R2 𝐹 𝐺 R2 𝑠𝑟 𝛽 R2 

G-C 0.967 0.168 0.9866 0.0565 2.0956 0.9322 0.3154 2.2424 0.9434 

G-S-2 0.614 0.142 0.9704 0.8916 2.2587 0.9811 0.2668 1.4388 0.9706 

G-T-3 0.674 0.261 0.9825 0.9342 1.5862 0.984 0.2997 1.839 0.9867 

G-H-CNTs-0.5 0.653 0.163 0.9591 0.6922 1.9424 0.9851 0.2853 2.3534 0.9502 

G-MLGs-0.3 0.968 0.259 0.9848 0.1325 1.8104 0.9949 0.3054 5.9722 0.9799 

C-C 0.573 0.451 0.9258 1.9452 1.4575 0.7342 0.6688 6.9213 0.9858 

C-S-2 0.274 0.410 0.9623 2.9998 0.8647 0.5187 0.8495 0.6593 0.9936 

C-T-3 0.371 0.471 0.9421 1.8831 0.9788 0.4905 0.7277 1.6405 0.9976 

C-H-CNTs-0.5 0.305 0.373 0.9757 5.0275 1.1946 0.8228 0.8684 0.8042 0.9939 

C-MLGs-0.3 0.375 0.240 0.9173 2.1969 1.3359 0.5211 0.7057 0.872 0.9917 
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 (d) G-H-CNTs-0.5 (e) G-MLGs-0.3 

Figure 18. Comparison between experimental and analytical bond-slip curves of GFRP bar-concrete interface 
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Figure 19. Comparison between experimental and analytical bond-slip curves of CFRP bar-concrete interface 

 

The fitting results indicate that, owing to the characteristics of piecewise function, each 

segment in mBPE model can be adjusted respectively by optimizing parameters of different 

piecewise function, thus achieving a higher accuracy of mBPE in modelling the bond between 

FRP bars and concrete modified with nanomaterials. Moreover, Malvar’s model provides a 

continuous differentiable curve for predicting the bond between GFRP bars and concrete 

modified with nanomaterials, however, the model shows less agreement with the experimental 

results due to the fluctuation of the residual branch. As for describing the ascending branch, 

the CMR model shows the highest goodness of fit among these three models. It is to be noted 

the large difference of the calibration parameters for CFRP and GFRP bars as depicted in Table 

7. 

4 Conclusions 

This paper provides a promising approach for improving the bond between FRP bars and 

concrete, and simultaneously, modifying the performance of FRP reinforced concrete 
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structures. Moreover, the approach is conducive to protecting the alkali intolerant FRP bars 

from alkaline attack by reducing the alkalinity of the interface. These advantages contribute 

to improving the performance and durability of FRP reinforced concrete structures. The 

following conclusions can be drawn: 

1. The presence of nanomaterials can significantly improve the bond between FRP bars 

and concrete. The incorporation of nanomaterials absolutely (relatively) increases the ultimate 

bond strengths between GFRP/CFRP bars and concrete by 3.07 MPa (16.2%)/12.37 MPa 

(37.8%) maximally, and absolutely (relatively) decreases the corresponding ultimate slips by 

0.365 mm (28.7%)/2.012 mm (35.4%) at most. Meanwhile, the addition of nanomaterials 

absolutely (relatively) increases the residual bond strength between GFRP/CFRP bars and 

concrete by 9.47 MPa (42.9%)/3.47 MPa (27.8%) maximally, and simultaneously, absolutely 

(relatively) decreases the residual slip of GFRP/CFRP by 0.758 mm (23.3%)/3.182 mm 

(32.9%) at most.  

2. The local contents of nano titania in the interface near the upside (underside) of the 

horizontally placed GFRP/CFRP bars (in the casting process) are 1.34 (1.28)/1.36 (1.23) 

higher than that in the rest of concrete, respectively. These findings indicate that nanomaterials 

enrich in FRP bar-concrete interface, meanwhile, the enrichment degree of nanomaterials in 

the interface near the upside of FRP bars is higher than that in the interface near the underside 

of FRP bars. 

3. The presence of nanomaterials has no obvious effect on the Ca/Si ratio of the C-S-H 

gels in the upside of FRP bars, but increases that in the underside of FRP bars from 0.5 up to 

1.24. Meanwhile, the integrity of interfacial microstructures during the whole pull-out process 

of FRP bars from concrete, thus improving the bond between FRP bars and concrete. These 

findings indicate that the modification mechanisms of nanomaterials are attributed to the 
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improvements of the microstructure of the interface, especially the duplex film, based on the 

nanomaterial enrichment and nano-core effects. The explained mechanisms provide guidelines 

for design and optimization of the performance of FRP reinforced concrete structures modified 

with nanomaterials. 

4. The fitting results indicated that the bond-slip relationship between FRP bars and 

concrete modified with nanomaterials can be accurately described by the mBPE model. The 

bond-slip models provide constitutive relation for further simulation of FRP reinforced 

concrete structures with nanomaterials. 

Future work may focus on investigating the effect of other parameters, for example 

thickness of concrete cover, diameter and surface texture of FRP bars, FRP embedment length, 

as well as type and content of nanomaterials, on the bond between FRP bars and concrete. It 

can also explore the modifying mechanisms of other nanomaterials, as well as developing 

other bond-slip models for describing the bond-slip relationship between FRP bars and 

concrete modified with nanomaterials.  
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