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Abstract 

The interface properties between fiber and matrix predominantly influence the mechanical 10 

performance of fiber reinforced cementitious composites (FRCCs). In this study, the interface 11 

between polyvinyl alcohol (PVA) fibers and mortar was modified by coating graphene oxide (GO) 12 

on the fiber surface. Experimental results showed the GO@ PVA fibers improved the tensile strength 13 

of FRCCs by 35.6% compared to that of pristine PVA FRCCs. Theoretical analysis indicated this 14 

significant improvement was attributed to the enhancement of the chemical bond energy (𝐺𝑑) at 15 

fiber/matrix interface. With GO surface modification, the 𝐺𝑑  was increased more than 80 times, 16 

changing the failure mode at the interface from adhesive failure to cohesive failure. 17 

Keywords : PVA fibers, interface, cement, graphene oxide, surface modification. 18 
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1 Introduction 

Cementitious material, as one of the most widely used construction materials, has been 1 

applied in much infrastructure, including buildings, bridges, dams, tunnels, etc. However, the 2 

brittle nature and low tensile strength of cement have resulted in many infrastructure failures 3 

and deterioration problems.  4 

Many attempts to overcome these drawbacks have incorporated different fibers such as steel, 5 

carbon, and synthetic fibers into cementitious matrix as reinforcement. Such composites are 6 

known as fiber reinforced cementitious composites (FRCCs). The performance of FRCCs 7 

depends significantly on the interface between fibers and matrix. Strong interfacial property is 8 

essential to ensure the efficiency of load transfer between matrix and fiber, which can 9 

consequently improve the overall performance of FRCCs [1, 2]. 10 

Polyvinyl alcohol (PVA) fibers, due to their excellent alkali resistance, high strength (above 11 

1000 MPa), and large elastic modulus (about 30 GPa), have attracted much research attention 12 

in recent years and have been widely applied in the manufacture of FRCCs [1]. Researchers 13 

have found that incorporation of only 0.5% PVA fiber by volume can reduce the width of 14 

shrinkage cracks in concrete by 90% [3]. Furthermore, a moderate PVA fiber volume fraction 15 

of 2% led to 100 times improvement in the ultimate tensile strain of cement mortar [4]. 16 

However, limited improvements (only about 10%) in the tensile strength of  PVA reinforced 17 

FRCCs have been reported [5, 6]. Fibers, especially those with low aspect ratio (generally less 18 

than 300), are often pulled out at the fracture surface [7-9]. From previous experimental and 19 

theoretical analysis, it is expected that the low improvement in the tensile strength is mainly 20 

attributed to insufficient bonding strength at the interface between fiber and matrix [10-14]. 21 

Therefore, it is sought to develop a method to enhance the interface between fiber and matrix, 22 

in order to attain higher reinforcing efficiency and higher tensile strength of FRCCs. 23 
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Mechanical treatments, such as fiber fibrillation, twisting, or crimping, have traditionally been 1 

used to create the interlocking between fiber and cementitious matrix [2, 15, 16]. Such 2 

treatments have been reported to improve the interface bonding strength about 3 to 7 times [2]. 3 

However, fiber strength is usually affected adversely as a result of such treatments [10]. 4 

Besides, these mechanical treatments are technically difficult to apply to short microfibers with 5 

small diameters. Plasma treatment, another surface modification method, has also been applied 6 

on fiber surface to modify the interface in FRCCs, and 20.6% to 34.9% improvement in the 7 

bond strength at the interface has been reported [17]. However, the wettability of the plasma 8 

modified surface recovered rapidly within 24 hours [18], making long-term storage difficult. 9 

In other researches, chemical agents, such as acid, alkali [19], potassium permanganate and 10 

hydrogen peroxide [20], were also applied on synthetic fibers surface to improve their 11 

interfacial bonding with cement matrix.  12 

Due to its unique physical and chemical features, such as large surface area (around 736.6 13 

m2/g) [21], high strength (~ 25 GPa) [22, 23], and multiple oxygen-containing groups spread 14 

over its surface [24], GO has been widely reported as an ideal interface modification material 15 

[25-27]. For example, GO-coated glass fibers [28] and carbon fibers [25] showed more than 16 

29% and 70% increase, respectively, in their interfacial shear strength in epoxy matrix when 17 

compared to their pristine counterparts. GO nanosheets have also been added into cementitious 18 

matrix as nano-reinforcement [29]. By altering the microstructure, incorporation of GO 19 

modified the transport characteristics of cement [30]. As a result, fraction of graphene oxide 20 

(0.01%) effectively hindered ingress of chloride ions, which improved the durability of cement. 21 

Duan et al. [31] also reported that with only 0.05% (by weight of cement) loading of GO 22 

nanosheets, significant improvements of 41–59% and 15–33% were achieved in the flexural 23 

and compressive strength of cement paste, respectively. More recently, few researches have 24 

shown the feasibility of GO enhancing the interface in FRCCs.[32, 33]. However, 25 
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quantification of the enhancement at the interface is still lacked, and an efficient fiber surface 1 

modification method needs to be developed.  2 

In the present study, different from traditional mechanical treatments such as fiber 3 

fibrillation, twisting, or crimping [2, 15, 16], chemical bonds at interface in FRCCs were 4 

modified by coating GO on fiber surface. GO coated PVA fibers were fabricated through a 5 

three-step dip-coating method. Polydopamine (PDA) was first coated onto PVA fibers via self-6 

polymerization and then grafted with polyethylenimine (PEI). The positively charged amine 7 

groups introduced by PEI could drive negatively charged GO nanosheets onto the surface of 8 

the fibers by electrostatic attraction and form amide bonds. The abundant oxygen functional 9 

groups in GO acted as anchoring sites for the formation of cement hydration products, 10 

enhancing the interface between the fiber and the cementitious matrix [31]. Consequently, the 11 

stronger interface led to improvement in the tensile strength of the GO modified PVA FRCCs. 12 

The enhancement at the interface was further investigated by a theoretical model for 13 

microsynthetic FRCCs [13, 34]. On the basis of this model, the chemical bond energy (𝐺𝑑) at 14 

the interface was quantified. 15 

2 EXPERIMENTAL 

2.1 Materials 

The PEI (average Mw ~25,000), Tris-HCl buffer and dopamine hydrochloride (DA) were 16 

purchased from Sigma Aldrich, Australia. The GO was obtained from Graphenea Inc., Spain, 17 

and was diluted to 0.8 mg/ml with Milli-q water. Type GP ordinary Portland cement 18 

conforming to the requirements of Australia Standard AS 3972 was used in this study. Premium 19 

graded sand was obtained from Sibelco Australia Limited and polycarboxylic-based 20 

superplasticizer (SP) purchased from Sika Australia Pty. Ltd. was used to modify the 21 

workability of the mortar. The geometry and mechanical properties of the PVA fibers are 22 

shown in Table 1. 23 
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Table 1 Geometry and mechanical properties of PVA fiber 1 

 Diameter 

(𝑑𝑓 µm) 

Length 

(𝐿𝑓 mm) 

Elastic modulus 

(𝐸𝑓 GPa) 

Tensile strength 

(𝜎𝑓𝑢 MPa) 

PVA RECs 100 100 13 30 1200 

 2 

2.2 PVA fiber surface modification 

As illustrated in Figure 1, a three-step coating method was developed in this study to modify 3 

the surface of PVA fibers with GO. Before any modification, PVA fibers were cleaned by 4 

Milli-q water three times in an ultrasonication bath. In the first step, solution 1 was prepared 5 

by adding 120 mg Tris-HCl buffer into 40 ml water and mixing for 5 minutes. Meanwhile, a 6 

well-mixed solution 2 was prepared by adding 160 mg DA to a 140 ml ethanol/water mixture 7 

(with the ethanol to water proportion of 0.75). After solution 1 was mixed with solution 2, PVA 8 

fibers were soaked into the mixed solution and oscillated at room temperature for 24 hours. 9 

Then the fibers were washed and cleaned thoroughly with water and vacuum dried at room 10 

temperature. The fibers obtained in this step were labeled PDA/PVA fibers.  11 

 12 

Figure 1 Schematic illustration of the fabrication process of GO@PVA fibers. 13 
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In the second step, the pre-treated PDA/PVA fibers were soaked in 4 mg/ml PEI solution at 1 

60 °C for 4 hours, followed by washing several times and vacuum drying. The obtained fibers 2 

were labeled PEI/PDA/PVA fibers. Then, PEI grafted fibers were soaked into 0.8 mg/ml GO 3 

solution at room temperature for 1 hour in the third step. The resultant fibers were cleaned 4 

thoroughly and labeled GO@ PVA fibers. 5 

2.3 Preparation of specimen of cementitious composites 

Cement powder and sand were dry mixed in a small mixer with a planetary rotating blade 6 

for 2 min at low speed. Meanwhile, SP was fully dissolved in water. Then the prepared SP 7 

solution was added to the dry content and mixed for another 3 min. Finally, during mixing, 8 

fibers were added and dispersed in the cementitious mixture. The total mixing time was about 9 

10 min. 10 

After mixing was completed, mortar was cast into ∅ 23.5 × 47 mm cylinder molds and 11 

vibrated for about 30s to remove air bubbles. Specimens were demolded after 24h initial 12 

hardening and then cured in saturated lime solution at room temperature until testing. 13 

2.4 Characterization 

The surface morphology of the PVA fibers was elucidated by scanning electron microscopy 14 

(FEI Nova NanoSEM 450 FEG SEM) under an accelerating voltage of 5 kV used to avoid 15 

sample damage. Fourier transform infrared spectra (FTIR) of the fibers were recorded using an 16 

attenuated total reflectance (ATR) FTIR spectrophotometer, PerkinElmer Spectrum 100 (USA) 17 

in the range of 600 to 4000 cm-1 at an average of 20 scans with a resolution of 4 cm−1. A Raman 18 

microscope (WITec alpha 300R) with a 50× objective lens was also used to record the Raman 19 

spectra of the fibers. A wavelength laser of 633 nm was used to excite the samples that were 20 

placed in a loading frame, and the spectra were collected using a 600 line mm-1 grating.  21 

The amount of GO coating on the fiber surface was estimated by calculating the difference 22 

in light absorbance (ABS) of the GO solution before and after the coating process. 23 
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PEI/PDA/PVA fibers were immersed in GO solutions with concentrations of 0, 0.1, 0.3 0.5, 1 

0.8 mg/ml for 1 hour to coat GO sheets onto the fiber surface. Then the GO solutions before 2 

and after coating were extracted and diluted accordingly. The ABS of these diluted GO 3 

solutions was measured with a Shimadzu UV 4800 UV-Vis photo spectrometer and the Beer-4 

Lambert law [35] was applied to calculate the amount of GO sheets assembled on the fiber 5 

surfaces in different concentrations of GO solution. Furthermore, the boundary surface of the 6 

GO-coated area on the fiber surfaces was scanned by a Bruker Dimension iCon® atomic force 7 

microscope (AFM) to directly measure the thickness of the assembled GO layer on the fiber 8 

surface. 9 

The mechanical properties of the FRCCs, namely tensile strength and compressive strength, 10 

were tested using an Instron 4204 50 kN loading frame. At least three samples were tested for 11 

each batch, and the average values were taken as the strength of the cementitious composites. 12 

Scanning electron microscopy (FEI Nano SEM 450 FEG SEM) with an X-ray detector (Bruker 13 

Nano GmbH, Germany) was used for imaging pulled-out at fracture surfaces after mechanical 14 

testing, as an indication of interface properties. The images were recorded at an accelerating 15 

voltage of 5 kV with different magnifications. 16 

3 Results 

3.1  Characterization of fiber surface 

 Surface morphologies of modified fibers 17 
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 1 

Figure 2 SEM images of the surface morphology of (a) untreated PVA fibers, (b) PDA/PVA 2 

fibers, (c-d) PEI/PDA/PVA fibers, (e-f) GO@ PVA fibers. 3 

The surface morphologies of the fibers during the coating process were also investigated 4 

under SEM. Figure 2 (a-f) shows SEM images of PVA, PDA/PVA, PEI/PVA, and GO@ PVA 5 

fibers. As evident, the untreated PVA fiber has a relatively smooth, clean surface with some 6 

grooves in the axial direction. In contrast, as shown in Figure 2 (b-d), the PDA/PVA and 7 

PEI/PDA/PVA fibers have uneven, rough surfaces, demonstrating the formation of polymeric 8 

particles on the fiber surface. In Figure 2 (e), however, with the GO, a wrinkled but relatively 9 

smooth film of GO is formed on the fiber surface. In the magnified picture (Figure 2 (f)), the 10 
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polymer particles are still visible beneath the GO nanosheets, indicating that the GO film on 1 

the fiber surface is ultrathin.  2 

 Quantification of GO assembly on fiber surface 3 

By measuring the height difference between the GO-coated and uncoated areas using AFM, 4 

the thickness of coated GO was determined. As indicated in Figure 3 (a-b), GO sheets were 5 

warped and raised up at the edge of the coating film. This phenomenon is said to be attributed 6 

to two factors: the wrinkled structure being caused by internal stress within the GO layer during 7 

the coating process and the warped edge being caused by external disturbance. Therefore, to 8 

measure the thickness of the GO film accurately, the height difference between the uncoated 9 

fiber area and the flattened GO coated area was compared. Shown in Figure 3 (c-d), the 10 

thickness of the GO layer on the fiber surface was measured to be in the range of 50 to 500 nm, 11 

which is consistent with the observation in SEM. 12 

  13 

Figure 3 (a-b) SEM image of the boundary surface of the coated GO layer on fibre surface, (c) 14 

tapping mode AFM image of the boundary surface of a coated GO layer, (d) height profile of 15 

the AFM image from the uncoated area to the GO-uncoated area to the GO-coated area and (e) 16 
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magnified image of the height profile; and thickness of the coated GO was calculated by 1 

comparing the height difference between the “wrinkled GO” area and the “uncoated fibre” area. 2 

Due to size limitations, the AFM could only measure the GO thickness in a small area of the 3 

fiber surface. To gain a more comprehensive understanding of this coating method, the amount 4 

of GO coating on a bunch of fibers was quantified. As demonstrated in Figure 4 (a), the Beer-5 

Lambert curve of the prepared GO solution was measured by UV-Vis photo spectrometer. 6 

Then, by comparing the difference in concentration of the GO solution before and after coating, 7 

the amount of GO assembly could be calculated. As shown in Figure 4 (b), the mass of the 8 

assembled GO on the fiber surface increased from 0 µg/mm2 to above 0.045 µg/mm2 when the 9 

GO concentration increased from 0 to 0.8 mg/ml, respectively. The maximum assembled GO 10 

mass was found at around 0.8 mg/ml GO concentration, after which higher concentrations 11 

showed no obvious increase in the mass of assembled GO. A similar trend had been observed 12 

previously in the degree of stacking of GO sheets on the surface of flat polymeric sheets [36].  13 

 14 

 15 

Figure 4 (a) light absorbance at 660 nm as a function of the concentration of GO solution (b) 16 

GO to fiber mass ratio and average coating mass of GO as a function of GO concentration 17 

during coating process. 18 
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 Identification of functional groups in modified fibers 1 

To investigate the chemical structure of the surface modified fibers, FTIR and Raman spectra 2 

techniques were applied. Figure 5 (a) shows the FTIR spectra of the fibers. Major characteristic 3 

peaks of untreated PVA fibers are observable at 1087 cm-1 (stretching of C-C and bending of 4 

OH), 1320 cm-1 (δ(O-H) with CH wagging), 1417 cm-1 (C-H bending), 2906 cm-1 (asymmetric 5 

stretching of CH2), and 3266 cm-1 (stretching of OH from hydrogen bond) [37, 38]. After the 6 

GO coating with GO has been applied, however, a new band appears at 1635 cm-1, caused by 7 

the stretching C=O of the primary amide. This finding was consistent with the literature and 8 

confirmed the formation of amide bonds between GO and PEI [39-41], suggesting stable 9 

deposition of GO on the fiber. 10 

 11 

Figure 5 Chemical structure characterizaion for PVA, PDA/PVA, PEI/PDA/PVA, GO@ 12 

PVA fibers by applying (a) FTIR spectra, indicating the formation of new peak band of 13 

primary amide at 1635 cm-1 and (b) Raman spectra. The inset in (b) is the peak fitting for 14 

GO-coating PVA fibers. 15 

 16 

C=O stretch 
in amide 

 



12 

 

Figure 5 (b) shows the Raman spectra of untreated PVA fiber, PDA/PVA fiber, 1 

PEI/PDA/PVA fiber, and GO@ PVA fibers. For the untreated PVA fibers, a distinct peak 2 

appears at 2907 cm-1, representing the valence C-H vibrations [42]. However, this peak 3 

weakens dramatically after the PDA coating. For PDA/PVA fibers, typical peaks occur at 1388 4 

cm-1 and 1576 cm-1, an appearance similar to the characteristic peaks of PDA aggregates (1368 5 

and 1568 cm−1), respectively representing the stretching vibration and the deformation of 6 

catechol [43]. The peak of catechol is slightly weakened after the grafting with PEI, and the 7 

characteristic peak of the PVA fiber disappears. However, after the coating with GO, two 8 

obvious peaks appear at 1351 and 1595 cm-1, corresponding to the D band and G band 9 

respectively [44, 45], suggesting the presence of GO sheets on the fiber surface. Peak fitting 10 

was also done to further deconvolve the observed D and G band into D, G, and D** bands. The 11 

intensity ratio of the D and G bands (ID/IG=1.11) indicated defects on the GO caused by the 12 

oxidization. The D** band (1523 cm-1), on the other hand, was attributed to the wrinkled 13 

structure of the GO sheets [46], a conclusion consistent with the observation of the fiber surface 14 

morphology under SEM. 15 

3.2 Mechanical properties of fiber reinforced concrete 

To evaluate the reinforcing effect of GO@ PVA fibers, three batches of FRCCs were 16 

prepared; the mix design is shown in Table 2. 0.5 wt% SP (based on the weight of cement 17 

powder) was added to modify the workability and minimize the presence of the air bubbles in 18 

the specimens during vibration. In the literature, this product has been used in dosages of 0.25% 19 

to 1% [47, 48]. 20 

Table 2  Mix design for FRCCs mechanical test 21 

Mix w/c s/c SP, wt% PVA Fiber, vf% GO@ PVA Fiber, vf% 

Control 0.45 1.5 0.2 - - 

PVA FRCCs 0.45 1.5 0.2 0.5% - 
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GO@ PVA FRCCs 0.45 1.5 0.2 - 0.5% 

Note: w/c = water to cement weight ratio, s/c = sand to cement weight ratio. 1 

After the FRCCs had been cured for 7 and 35 days, their compressive and tensile strengths 2 

were measured by a split cylinder test and uniaxial compression test, respectively. As shown 3 

in Figure 6 (b), the addition of PVA fibers does not improve the compressive strength compared 4 

to the control samples. Instead, maximum reductions of about 7.5% and 5.8% in compressive 5 

strength are evident in the 7-day and 35-day PVA FRCCs, respectively. This reduction was 6 

attributed to the fact that vibration and consolidation were more difficult with the incorporation 7 

of PVA fibers, resulting in more porous structures and weakening the mechanical property [6, 8 

49]. However, as found in previous studies, the effect of this reduction caused by the 9 

incorporation of fibers was very modest and the consistency of the cement matrix was well 10 

retained [5, 50, 51]. 11 

 12 

Figure 6 (a) tensile strength of of FRCCs ,(b) compressive strength. 13 

In contrast to compressive strength, the splitting tensile strength of the GO@ PVA FRCCs 14 

increased dramatically. As shown in Figure 6 (a), in comparison to the plain cement, the 15 

introduction of 0.5% volume fraction of PVA fibers increases the tensile strength of the 7-day 16 
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and 35-day specimens by up to 16.8% and 4.1%, respectively. After the PVA fiber surface was 1 

modified with GO, however, the splitting tensile strength of the 7-day specimens, compared to 2 

the control samples and the untreated PVA fiber FRCCs, improves by about 32.2% and 13.2% 3 

respectively. This enhancement further increases to 41.2% and 35.6% respectively after 35 4 

days’ curing. Due to the strong interaction between the GO and the cementitious material [31, 5 

52, 53], this increase in the tensile strength of the GO@ PVA FRCCs was attributed to 6 

improvement in the interfacial bonding between fiber and cement matrix.  7 

3.3 Interface between fiber and cement matrix 

To further investigate the interaction between fibers and cement matrix, pulled-out fibers at 8 

the fracture surface of the FRCCs after tensile testing were observed under SEM. As shown in 9 

Figure 7 (a-b), cement hydration products aggregate in some areas on the untreated PVA fiber 10 

surface, forming micro-sized hydration products. However, the grooved structure of the PVA 11 

fiber in the axial direction is still clear and visible. In contrast, as shown in Figure 7 (e-f), the 12 

surface of the GO@ PVA fiber at the fracture surface displays many more hydration products 13 

with greater particle size, indicating a higher degree of hydration. These observations suggested 14 

that the GO greatly enhanced the interaction between the fiber and the cement matrix. Figure 15 

7 (c-d) and (g-f) show the EDX mapping of Si and Ca elements for the PVA and GO@ PVA 16 

fibers respectively. Si and Ca are two typical elements in cement hydration products and are 17 

good indicators of the presence and distribution of such products [54, 55]. Although there are 18 

separated hydration product clusters on the fiber surface of the PVA reinforced FRCC, 19 

continuous linked clusters of the hydration products are evident on the GO@ PVA fiber 20 

reinforced FRCCs. 21 
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 1 

Figure 7 SEM image of (a-b) untreated PVA, (e-f) GO/PEI/PDA/PVA fiber at the fracture 2 

surface, and EDX mapping of elements of Si (c, g) and Ca (d, h) in untreated PVA and in 3 

GO@ PVA fiber at the matrix fracture surface. 4 

4 Discussion 

4.1 Interface enhancement of PVA FRCCs 

As illustrated in  5 

Figure 8, with surface modification, a novel hierarchical layered structure was created 6 

between fibers and cementitious matrix. GO modification changed the failure mode from 7 

adhesive failure to cohesive failure in the FRCCs. The mechanism for such enhancement is 8 

mainly attributed to three factors: the strong covalent bond between GO and fiber, the strong 9 
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hydrogen bond networks in the GO nanosheets, and the intimate interaction between GO and 1 

cement matrix. 2 

 3 

Figure 8 Schematics of hierachical struture in GO@PVA FRCCs 4 

With robust bonds between GO and fiber surface (amide bond with high bond energy of 5 

422.2 kJ/mol [56]), sliding at the GO/fiber interface can be hindered. As shown in Figure 1, 6 

during the fabrication process, the substrate surfaces were initially modified by PDA and PEI 7 

through Michael addition/Schiff base reactions [57], by which positively charged amine groups 8 

were introduced onto the fiber surface. Due to electrostatic attraction force, negatively charged 9 

GO sheets were driven onto the fiber surface and formed amide bonds [39, 58, 59]. The 10 

presence of amide bonds was further identified by the appearance of a new band of primary 11 

amide (C=O) in the FTIR spectra.  12 

Furthermore, crosslinking within GO nanosheets also prevented failure within the ultrathin 13 

structure of GO on fiber surface. Due to the hydrogen bond networks among the GO nanosheets 14 

[60-62], the interlayer shear strength between the GO sheets was calculated to be as high as 88 15 

to 103 MPa [61]. Furthermore, the strong interaction between GO and cement matrix during 16 

the hydration process [31, 52] also contributed to the enhancement of the fiber/cement matrix 17 

interface. This strong interaction was conveyed by the presence of much more hydration 18 

product on the GO@ PVA fiber compared to the uncoated counterparts, which was confirmed 19 

by EDX mapping of Ca and Si elements on pull-out fibers.  20 

 21 
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Therefore, with the significantly enhanced interface, higher efficiency of load transfer from 1 

matrix to fiber could be ensured and fibers could better prevent crack propagation in the matrix. 2 

As a results, the GO modified PVA FRCCs showed greater tensile strength (35.6% higher) 3 

than the pristine counterparts.  4 

4.2 Quantification of chemical bond energy between fiber and matrix 

Based on the mechanical test results of FRCCs, the enhancement at the interface between 5 

fiber and cementitious matrix was further quantified using a model designed by Victor.Li and 6 

colleagues for FRCCs [13, 14, 34]. As shown in Equation 1, the bridging stress contributed by 7 

fibers (𝜎𝐵) could be regarded as the difference between the total stress of the FRCCs and the 8 

sum of the stress of the cement matrix (𝜎𝑎) and the fiber prestress (𝜎𝑝𝑠). In this study, because 9 

the split cylinder test was applied, the splitting tensile strength was measured at the first crack, 10 

which meant that the crack opening width (𝛿 ) in Equation 1 was assumed to be 0. This 11 

assumption was further confirmed by theoretical calculation, as shown in the Supporting 12 

Information. 13 

𝜎𝐵(𝛿) = 𝜎𝑐(𝛿) − 𝜎𝑎(𝛿) − 𝜎𝑝𝑠(𝛿) Equation 1 

In Equation 1, 𝜎𝑎 can be obtained by multiplying the tensile strength of the control specimen 14 

by a factor of (1 − 𝑉𝑓), representing the contribution of the mortar matrix in the total tensile 15 

strength of FRCCs. The value of 𝜎𝑝𝑠 was calculated to be less than 0.01 MPa, which could 16 

therefore be neglected. The detailed calculation process of 𝜎𝑝𝑠  is shown in the Supporting 17 

Information.  18 

On the other hand, by considering the reinforcing effect, when 𝛿 = 0, 𝜎𝐵 of PVA FRCCs 19 

could also be derived based on the fiber geometry and the interface between fiber and cement 20 

matrix, as shown in Equation 2[13]. 21 

𝜎𝐵 =
𝑒

𝜋𝑓
2 + 1

4 + 𝑓2 √
8𝐺𝑑𝐸𝑓(1 + 𝜂)

𝑑𝑓
 

Equation 2 
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where 𝐺𝑑  is the chemical bond energy between fiber and cement matrix, f is the snubbing 1 

coefficient [34, 63], ranging from 0.5 to 0.9 for the PVA fiber [13], 𝐸𝑓 and 𝑑𝑓 are the elastic 2 

modulus and diameter of the PVA fiber respectively, and 𝜂 =
𝑉𝑓𝐸𝑓

𝑉𝑚𝐸𝑚
, where 𝑉𝑚 and 𝐸𝑚 are the 3 

volume fraction and elastic modulus of the cementitious matrix respectively. In this study, 4 

based on the uniaxial compressive results, 𝐸𝑚 was measured to be 4.93 ± 0.02 GPa. 5 

By combining Equation 1 and Equation 2, the chemical bond energy between fiber and 6 

concrete could be calculated, as shown in Table 3. The calculated theoretical 𝐺𝑑  of the 7 

untreated PVA fiber was about 2.69 J/m2, a finding consistent with the experimental results for 8 

commercially used PVA fiber from the literature (2.1 to 6.0 J/m2) [4, 64, 65]. Once fibers had 9 

been coated with GO, the 𝐺𝑑 between GO@ PVA fiber and cement could increase up to 217.77 10 

J/m2, which was more than 80 times greater than that of untreated PVA fiber. However, more 11 

experimentation is required to further confirm the accuracy of 𝐺𝑑. 12 

Table 3 Chemical bond energy 𝐺𝑑 between fiber and cementitious matrix. 13 

Fiber Type 𝐺𝑑(J/m2) 

PVA 2.69±0.90 

GO@ PVA 217.77±72.60 

 14 

5 Conclusions 

In this study, we investigated a novel method to improve the interface between PVA fibers 15 

and cementitious matrix by modifying the fiber surface with GO nanosheets. Morphological 16 

investigation of the GO modified fibers under SEM demonstrated that the deposition of GO 17 

was quite uniform. FTIR and Raman spectroscopy were also applied to characterize the 18 

chemical structure of GO-modified fibers, indicating that strong covalent bonds connected the 19 

GO and the fiber surface. Compared to untreated PVA FRCCs, the tensile strength of the GO 20 
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modified PVA FRCCs increased about 35.6% for 35-day samples. SEM imagery and EDX 1 

mapping of the fibers at the fracture surface suggested that the stronger enhancement at the 2 

interface between fiber and cement was achieved by GO modification. This enhancement was 3 

described quantitatively by calculating the chemical bond energy (𝐺𝑑) between fiber and matrix 4 

based on the model presented by Victor Li.  It was found that GO modification could greatly 5 

increase the 𝐺𝑑
 from 3.58 J/m2 to 290.36 J/m2.  6 

The amount of coated GO was further investigated using a UV-Vis photo spectrometer and 7 

AFM in this study. It is worth noting that the amount of GO required to modify the fiber surface 8 

was much less when compared to other surface modifiers used in FRCCs, such as oil agent 9 

materials (with a maximum GO/fiber mass ratio of 0.15%, compared to 1% to 2% for other 10 

modifiers) [4, 64, 66]. This finding suggested that with little GO, the mechanical properties of 11 

FRCCs could be greatly improved, demonstrating the high modification efficiency of GO. In 12 

conclusion, the findings here highlight the concept of using GO to modify to interface of 13 

fiber/cement matrix. The enhancement of the interface was quantitatively studied, showing the 14 

advantages of applying GO for the next generation of FRCCs. 15 
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