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Abstract 

The attainment of both high strength and high toughness is an essential requirement for most 9 

structural materials. However, these properties are generally mutually exclusive. To address 10 

the conflict between strength and toughness in polyvinyl alcohol (PVA) fibre reinforced 11 

cement composites (FRCCs), in this study, we introduced relatively weak interfaces in FRCCs 12 

while enhancing the cement matrix in vicinity of the fibre by coating oxidised graphene 13 

nanosheets (OGNs) on PVA fibre surfaces. Weak interfaces were introduced due to the sliding 14 

between OGNs, while cement matrix in the vicinity of fibre was densified by the strong 15 

interaction of OGNs with cement. As a result, this OGNs coating simultaneously improved 16 

tensile strength and toughness by 32.0% and 10.0% in the PVA FRCCs. Further investigation 17 

also indicated that the oxidation level of the coated OGNs had a significant influence on their 18 

interaction with cement. Reduction of OGNs, using L-ascorbic acid for 1 min and 60 min, 19 

resulted in 18.6% and 21.7% decrease in interfacial shear strength between fibre and cement, 20 

respectively. These reductions also correspondingly caused 114.9% and 117.3% increase in 21 

porosity and 36.5% and 35.0% decrease in the stiffness of the cement matrix in the vicinity of 22 

fibre. 23 

 24 

KEYWORDS: strength, toughness, graphene-based nanosheets, interfacial modification, fibre 25 

reinforced composites 26 

 27 

1 Introduction 

Cementitious material, one of the most widely used construction materials, has been used in 28 

much infrastructure. However, the brittle nature of cement has resulted in many infrastructure 29 

failures and deterioration problems. To overcome these drawbacks caused by brittleness, fibres 30 

have been incorporated into the cementitious matrix as reinforcement, creating fibre reinforced 31 

cementitious composites (FRCCs). Intensive research has proved that interfacial properties 32 

between fibre and cement, such as tensile strength and toughness, dominate the mechanical 33 

performance of FRCCs. [1, 2]. Strong interface ensures the efficiency of load transfer between 34 

fibre and cement, which would improve the tensile strength of FRCCs [3, 4]. On the other hand, 35 

a strong interface also increases the likelihood of fibre rupture, causing a reduction in FRRC 36 

toughness [5]. Therefore, for those fibres which have strong interactions with cement, such as 37 

PVA and cellulose, strength and toughness in FRCCs are usually mutually exclusive when the 38 

interface between fibre and cement is modified. For example, with a silane-enhanced interface 39 

between cellulose pulp fibre and cement [4, 6, 7], the tensile strength of FRCCs was improved 40 



from 9.9 to 12.1 MPa [8] while the toughness was reduced from 0.86 to 0.82 kJ/m2. In a 1 

different approach, an oil coating was applied to modify the interface between the PVA fibre 2 

and cement matrix [5]. This weakened the interfacial properties at the fibre/cement interface, 3 

reducing the likelihood of fibre rupture in FRCCs. The result was that this oil modification 4 

increased the toughness more than 3 times but also caused a reduction in tensile strength from 5 

5.0 to 4.0 MPa. 6 

Inspired by the structure of the biological materials [9-11], the combination of weak interfaces 7 

with strong matrix is regarded as one of the most useful approaches to integrate strength and 8 

toughness. Guided by this principle, much research has been undertaken and several damage-9 

tolerant polymers or metals have been developed [12-14]. For instance, a robust ternary 10 

artificial nacre was constructed based on reduced graphene oxide (rGO)/ molybdenum disulfide 11 

(MoS2)/ thermoplastic polyurethane (TPU), simultaneously improving strength and toughness 12 

to 1.7 and 3.8 times greater respectively than that of natural nacre [15]. The strong rGO matrix 13 

ensured the strength of the artificial nacre, while the fracture of hydrogen bonds at the rGO and 14 

polymer interface, when subjected to stress, allowed sliding of the rGO sheets over each other, 15 

thereby enabling high toughness. In another study, a damage-tolerant monolithic metallic glass 16 

alloy was developed by incorporating relatively weak interfaces within the alloy matrix. Crack 17 

propagation in that alloy was minimised by shear sliding in the vicinity of defects under local 18 

stress, mimicking large scale plasticity which generates proliferation of shear bands [16]. The 19 

fracture toughness and tensile strength of this alloy were reported to be as high as 200 MPa 20 

m1/2 and 1.5 GPa, respectively, to the extent that the alloy was regarded as one of the most 21 

damage-tolerant artificial materials [16].  22 

In this study, inspired by the structure of artificial damage-tolerant materials in previous 23 

research, we introduced relatively weak interfaces into FRCCs while densifying the cement 24 

matrix, thereby simultaneously increasing the strength and toughness of FRCCs. High strength 25 

was attributed to the strong matrix and high toughness could be achieved by the incorporation 26 

of relatively weak interfaces which facilitated crack propagation and stress redistribution. To 27 

achieve this, PVA fibres were coated with oxidized graphene nanosheets (OGNs) that acted as 28 

an intermediate phase between the fibre and the cement matrix. The interaction of this 29 

intermediate phase and cement matrix was tailored by changing the oxidation level of the 30 

coated OGNs. It was anticipated that the coated OGNs provided relatively weak interfaces 31 

between fibre and cement, because of the interlayer nanoscale sliding phenomena that could 32 

occur between the OGNs. Meanwhile, this coating could densify the cement matrix in the 33 

vicinity of the fibre due to the strong interaction between the cement and OGNs" [17, 18]. The 34 

interfacial properties between fibre and cement were characterised by two parameters, 35 

chemical bond energy (Gd) and friction (τ0), and the influence of the coated OGNs on the 36 

cement matrix in the vicinity of the fibre (also known as the interfacial transition zone (ITZ) 37 

was investigated by studying the microstructure and nanomechanical properties of the cement 38 

matrix in the vicinity of the fibre (within 50 µm). Both experiments and analytical modelling 39 

showed that the incorporation of the OGN intermediate phase between fibre and cement 40 

simultaneously improved the strength and toughness of the PVA FRCCs.  41 

In our previous study [19], we successfully developed a three-step coating method to modify 42 

PVA fibre surface with GO. Polydopamine, polyethylenimine and GO were dip-coated onto a 43 

PVA fibre surface, forming strong covalent bonds between GO and fibre. The GO modification 44 

significantly improved the tensile strength of the FRCCs compared to that of pristine FRCCs. 45 

In this study, we take further steps to improve the modification method and further investigate 46 

the fibre/cement interaction. First, we introduce a simplified 2-step dip-coating modification 47 

process, compared to the 3-step methodology in our previous study. Second, with better 48 

understanding of the interactions between OGNs and cement, we propose a new solution to 49 



overcome the strength–toughness trade-off in the FRCCs. To the best of our knowledge, this 1 

is the first time that a feasible solution to the trade-off between strength and toughness has been 2 

reported in FRCCs using graphene-based nanosheets. 3 

2 Experimental Sections 

2.1 Fabrication and characterisation of OGN coated fibres 

A multiple-step coating method was designed in this study. Commercial PVA fibres for 4 

concrete (Nycon-PVA RF4000, Puyang Yintai-PVA fibre) were first cleaned with Milli-q 5 

water in an ultrasonication bath for 10 min. After drying in air, the fibres were immersed into 6 

an aqueous solution of 10 mM Tris, 2 mM catechol, and 2 mM polyamine for 24 hours, 7 

followed by washing with water several times. In the next step, the obtained PVA fibres were 8 

soaked in GO aqueous suspension (0.8mg/ml) for 1 hour at room temperature. The GO-coated 9 

PVA fibres (GO@PVA) were then rinsed with water to remove excess material, following by 10 

vacuum drying. Lastly, the dried GO@PVA was immersed into 30 mg/ml L-ascorbic acid at 11 

90°C for GO reduction [21, 22]. The reduction times were controlled to be 1 minute and 1 hour 12 

for rGO1@PVA and rGO2@PVA respectively and were accompanied by a fibre colour change 13 

from yellowish to black. 14 

2.2 Specimen preparation: interface test 

Ordinary Portland cement (OPC) was mixed with water (water to cement ratio of 0.5) using a 15 

high shear mixer (Model 7000, Cement Test Equipment), following the procedures specified 16 

in ASTM Standard C1738 [23]. Fibres (Nycon-PVA RF4000) were taped onto a specific mould 17 

for alignment control, following the process described in the literature [5, 24]. Specimens were 18 

prepared by pouring the cement paste into the mould, followed by 30 s vibration to eliminate 19 

bubbles. The embedment length of all the fibres in the cement was fixed at 10 mm. Specimens 20 

were de-moulded after 24 hours and cured in 95% humidity to avoid drying before testing. A 21 

single fibre pull-out test was performed using Bose electroforce 3200 test instruments at the 22 

testing speed of 0.01 mm/s. The interfacial shear strength (IFSS) between the OGN coated fibre 23 

and cement was measured by applying the equation [25]: 24 

𝐼𝐹𝑆𝑆 =
𝑃𝑚𝑎𝑥

𝜋𝑑𝐿𝑒𝑚
 

Eq 1 

 25 

where 𝑃𝑚𝑎𝑥 is the maximum pull-out force of the fibre from the matrix, 𝑑 is the fibre diameter 26 

(0.66 mm), and 𝐿𝑒𝑚 is the embedment length (10 mm) of the fibre in cement matrix. Fracture 27 

surfaces of the pulled-out fibres were imaged using a FEI Nova NanoSEM 450 FEG scanning 28 

electron microscope (SEM). 29 

2.3 Specimen preparation: ITZ analysis 

A low-melting-point intrusion method [26, 27] was used to characterise the microstructure of 30 

the ITZ. The backscattered electrons (BSE) mode in SEM was applied to image the cross-31 

sections of the ITZ with ultra-high resolution. 32 

The mechanical properties in the interphase were further quantified using PeakForce 33 

Quantitative Nanomechanical Mapping (QNM). Specimens for the QNM test were prepared 34 

by impregnating hardened cement/fibre mixtures with epoxy, followed by polishing the surface 35 

of cement/fibre mixture cross-sections down to 0.1 µm grit with diamond paste. A mixture of 36 

ethanol and propylene glycol was used as lubricant during polishing. 37 



The QNM analysis was used to quantify the effects of OGNs on ITZ density by testing the 1 

elastic modulus (E). Based on the tested E and the estimated proportion of ITZ in cement matrix, 2 

the strength and toughness of the cement matrix improved by OGNs can then be calculated [28, 3 

29]. Detailed computations are shown in the Supplementary Information. 4 

2.4 Measurement of FRCCs mechanical properties  

In order to well disperse the fibres and optimize the mechanical peroperties of FRCCs, 5 

following the literature [5, 24], monofilament PVA fibre used to prepare FRCCs. Properties of 6 

these fibres are shown in Table 1. OPC powder and sand were dry mixed in a small mixer with 7 

a planetary rotating blade for 2 min at low speed. Meanwhile, superplasticizer (SP) was fully 8 

dissolved in water. The prepared SP solution was then added to the dry content and mixed for 9 

another 3 min. Finally, during mixing, modified fibres were added and dispersed in the 10 

cementitious mixture. The total mixing time was 10 min. After mixing was completed, the 11 

mortar was cast into 40×40×160 mm beam moulds and vibrated for about 30s to remove air 12 

bubbles. Specimens were de-moulded after the initial 24 h hardening and then cured in 13 

saturated lime solution at room temperature for another 28 days until testing. 14 

Table 1 Geometry and mechanical properties of PVA fiber in FRCCs 15 

Diameter 

(𝑑𝑓 µm) 

Length 

(𝐿𝑓 mm) 

Elastic modulus 

(𝐸𝑓 GPa) 

Tensile strength 

(𝜎𝑓𝑢 MPa) 

15 6 35 1500 

 16 

Three-point bending tests were conducted using an Instron 4204 50 kN loading frame to test 17 

the flexural strength and toughness of the prepared FRCCs. At least five samples were tested 18 

for each batch, from which the averaged values were taken as the strength and toughness of the 19 

FRCCs. The flexural strength was calculated based on Eq 2: 20 

𝜎𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙 =
3𝐹𝑚𝑎𝑥𝑙

2𝑏ℎ2
 

Eq 2 

where 𝐹𝑚𝑎𝑥 is the maximum load applied on the beam in the three-point bending test, 𝑙 is the 21 

span length, 𝑏 and ℎ represent the width and height respectively of the specimen at the fracture 22 

surface. 23 

Flexural toughness (𝑇𝑏), on the other hand, was calculated based on standard ASTM C1609 24 

[30], as the area under the load-deflection curve of FRCCs in the three-point bending test up to 25 

a deflection of 1/150th of the span (𝑙). 26 

 27 

3 Results and Discussion 

3.1 Characterisation of OGNs coated fibres 

Figure 1 (a-d) shows schematic illustrations and the surface morphology of PVA fibres during 28 

the coating process. A relatively clean and smooth surface with a ripple-like texture was 29 

observed on pristine PVA fibre under SEM (a). After modification with catechol and 30 

polyamine, the fibre was etched with positively charged amine groups [31]. Polymer particles 31 



gathered on PVA fibre, creating a rough polymeric surface (b). Subsequently the modified 1 

PVA fibre was dip-coated with GO. Driven by electrical statistic attraction, GO nanosheets 2 

self-assembled and wrapped onto the surface of the PVA fibre surface conformally, leaving a 3 

clearly visible wrinkled texture (designated as GO@PVA (c)). Lastly, the GO@PVA was 4 

soaked in L-ascorbic acid to obtain rGO coated fibre (rGO@PVA) (d). The existence of amide 5 

bonds between GO and fibre [20] ensured the stability of these nanosheets on the fibre surface 6 

during OGNs reduction with L-ascorbic acid.  7 

 8 

Figure 1 Schematic of the fabrication process of GO and rGO coated PVA fibres: (a) pristine 9 

PVA fibre, (b) catechol and polyamine modified PVA fibre, (c) GO coated PVA fibre, and (d) 10 

rGO coated PVA fibre. 11 

Figure 2 (a-d) shows the surface chemical compositions of the pristine fibre and its coated 12 

counterparts analysed by XPS. The aliphatic carbon (C1s) peak level was taken at 284.8 eV as 13 

an internal reference. As evident in Figure 2 (a-d), the XPS spectra (in the C1s region) of the 14 

PVA surfaces show two strong peaks, at 284.8 eV and 286.3 eV, revealing the C originating 15 

from C-C and C-O respectively [32]. Similar spectral characteristics can be identified in the 16 

GO@PVA fibre surfaces. Nevertheless, the GO@PVA shows an intensified signal at 286.6 17 

eV, indicating increased hydroxyl (O-H) and epoxide groups (C-O), and a new signal at 287.2 18 

eV, corresponds to C=O double bond components of the ketone. These XPS results thus further 19 

confirm the success in depositing GO on the fibre surface [33]. However, the C-O and C=O 20 

contents decrease gradually from 51.3% and 6% in the GO@PVA to 43.2% and 3.4% in the 21 

rGO2@PVA, which is attributed to their interaction with L-ascorbic acid. Similar trends have 22 

been reported in previous studies of GO reduction [22, 34].  23 
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Figure 2 (a-d) The surface morphology of pristine PVA fibres, catechol and polyamine 2 

modified fibres, GO@PVA, rGO2@PVA respectively. XPS analysis of the carbon components 3 

of (e) PVA, (f) GO@PVA, (g) rGO1@PVA, and (h) rGO2@PVA. Chemical structure 4 

characterised by (i) Raman spectra and (j) source meter. Electrical conductivity of OGN 5 

modified PVA fibres (inset in j). 6 

Elemental percentage proportions of carbon, oxygen, and nitrogen were also obtained from the 7 

wide-scan XPS spectra of OGN coated PVA fibres and are shown in Table 2. The elemental 8 

composition of GO@PVA includes 69.5% of carbon and 28.1% of oxygen, a finding consistent 9 

with recent literature [35], suggesting the presence of rich oxygen-containing functional groups 10 

on the GO@PVA surface. After L-ascorbic acid treatment, however, the proportion of oxygen 11 

decreases to 24%, further confirming the effectiveness of the GO reduction.  12 

Table 2 XPS results for the atomic composition of OGN coated PVA fibres. 13 

Samples PVA GO@PVA rGO1@PVA rGO2@PVA 

Element 

Component 

(atom. %) 

C 78.9±0.4 69.5±0.3 71.3±2.5 73.6±0.5 

O 20.7±0.3 28.1±0.2 24.3±1.6 24.0±0.4 

N 0.3±0.1 2.4±0.1 4.40±0.9 2.5±0.1 

The formation of GO and rGO was also confirmed by Raman spectra. As indicated in Figure 2 14 

(e), the spectrum of GO@PVA displays the typical bands of GO, namely, a D band and a G 15 

band at 1351cm-1 and 1568 cm-1 respectively, further demonstrating the successful deposition 16 

of GO on the fibre surface. The Raman spectrum of the rGO2@PVA also displays both D and 17 

G bands (at 1350 and 1590 cm−1, respectively), but the intensity ratio of the D band to the G 18 

band (ID/IG) increases from 0.94 in GO@PVA to 1.28 in rGO2@PVA. This indicates a 19 

reduction in average size of sp2 domains with edge defects [36]. This finding is consistent with 20 

the XPS results, showing the success of GO reduction.  21 

Both XPS and Raman spectrum can reveal the local chemical components in only a small area 22 

on the fibre surface. Therefore, the general reduction level of the coated OGNs was 23 



characterised by testing the electric conductivity of the fibres. With the removal of oxygen 1 

moieties from GO@PVA, the number of sp2-carbon clusters increased, inducing a significant 2 

increase in carrier mobility of the fibres and a change in their charge density [37]. As a result, 3 

shown in Figure 1(j), the electric conductivity was boosted more than four orders from 5.0×10-4 
9 S/m in GO@PVA  to 4.0×10-4 S/m in rGO2@PVA, indicating that the reduction of GO 5 

occurred over the entire fibre surface. 6 

3.2 OGNs effect on interface properties 

Due to their strong interfacial strength with cement, pristine PVA fibres tend to rupture at a 7 

fracture surface, potentially resulting in sudden failure of FRCCs. Thus, reduction of the IFSS 8 

of PVA fibre and cement is essential to improve FRCC toughness [5, 24]. Experimental results 9 

have shown that the interlayer shear strength of OGNs (the stress required to trigger sliding 10 

between neighbouring layers) is relatively weak, only about 5.3 ± 3.2 MPa in the case of GO 11 

[38] and 0.25–2.5 MPa for rGO. Therefore, due to the interlayer sliding potential of OGNs, the 12 

presence of multiple layers of OGN coating on the fibre surface was expected to reduce the 13 

IFSS between PVA fibre and cement. The existence of multiple layers of OGNs was confirmed 14 

by testing the thickness of coated GO on PVA fibre using atomic force microscopy (AFM). As 15 

shown in Figure 3 (a), before GO coating, a rough fibre surface is observed as a result of the 16 

adherence of polymer chains onto the fibre surface. In sharp contrast, a smooth wrinkled 17 

surface morphology is evident after GO dip coating (Figure 3 (b)). The thickness of the coated 18 

GO film was measured by comparing the height difference between the GO-coated region and 19 

the polymer-coated region on the fibre surface, as shown in Figure 3 (c), and was estimated to 20 

be around 0.3 ± 0.14 µm. Since the thickness of a single GO sheet was less than 10 nm, this 21 

result indicated that multiple GO nanosheets were assembled and stacked onto the fibre surface. 22 

 23 

Figure 3 AFM measured surface roughness of (a) catechol and polyamine modified PVA fibre, 24 

(b) GO@PVA, and (c) the boundary between GO-coated and noncoated areas.  25 

Our experimental results indeed showed that the IFSS between the fibres and the cement matrix 26 

relied on the oxidation level of the coated OGNs film. As shown in Figure 4 (a), in specimens 27 

cured for 7 days, GO coating reduces the IFSS between fibre and cement by 29.2%, from 1.04 28 

MPa in pristine PVA to 0.74 MPa in GO@PVA. Moreover, the reduction of the GO further 29 

reduces the IFSS to 0.51 MPa for rGO1@PVA and 0.43 MPa for rGO2@PVA. Similar IFSS 30 

trends are also noted in the specimens cured for 28 days, by which time 99% of the strength of 31 

the cement is developed. Compared with pristine PVA fibres, a 42.0% reduction in the IFSS is 32 

evident for GO@PVA, and this reduction gradually increases further with reduction of the 33 

oxidation level of the coated OGNs (52.8% for rGO1@PVA and 57.7% for rGO2@PVA).  34 
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Figure 4 (a) Interfacial shear strength of OGN coated PVA fibres/cement composites cured for 2 

7 and 28 days, respectively. (b) Typical displacement-force curves for the samples with 4 mm 3 

embedment after 28 days curing. The arrows in (b) indicate the maximum debonding force 4 

(𝑃𝑑). 5 

Due to the relatively weak interlayer shear strength of OGNs [38-40] and the strong chemical 6 

bonding [41] between OGNs and fibres, failure was believed to occur in the coated OGN film. 7 

It was noticed that the interlayer shear strength of the GO sheets (5.3 ± 3.2 MPa [38]) was 8 

greater than the IFSS of the GO@PVA in this study. This finding was attributed to two main 9 

reasons. First, the intercalation of released divalent ions into the GO sheets during the cement 10 

hydration process weakens the mechanical properties of the GO film [42]. Second, when 11 

multiple GO sheets are coated onto a larger area, more topological defects are generated, which 12 

can also significantly reduce the interlayer shear strength between GO nanosheets [38]. 13 

Figure 4 (b) shows the typical pull-out curves of OGN coated fibres. The arrows in Figure 4 14 

(b) indicate the maximum debonding force (𝑃𝑑), where the chemical bonds between fibre and 15 

cement break. The 𝑃𝑑 can be expressed as [3]: 16 

𝑃𝑑 = 𝜋𝑑𝜏0𝐿𝑒𝑚 + √𝜋2𝐺𝑑𝐸𝑓𝑑3/2 
Eq 3 

where 𝜏0  is the friction stress within the debonded zone, 𝐺𝑑  is the chemical bond energy 17 

between fibre and cement, 𝐸𝑓 is the elastic modulus of the PVA fibre (23 GPa), and 𝐿𝑒𝑚 is the 18 

embedment length of the fibre. 19 

On the basis of Eq 3, 𝜏0 and 𝐺𝑑 can be calculated to quantify the interfacial properties between 20 

OGN coated fibre and cement after 28 days specimen curing, as indicated in Table 3. The 21 

significant reductions in 𝜏0 and 𝐺𝑑 further indicate that OGN coating could create a relatively 22 

weak interface between PVA fibre and cement. 23 

Table 3 Interfacial parameters between OGN coated fibre and cement. 24 

Samples PVA GO@PVA rGO1@PVA rGO2@PVA 

𝐺𝑑(N/m) 8.48 0.80 0.31 0.07 



𝜏0(MPa) 1.24 0.72 0.53 0.50 

The surface morphology of the fibres after the pull-out test was further studied with SEM. As 1 

can be seen in Figure 5 (a, e), the surface pristine PVA fibre is abraded, indicating that it 2 

ruptured when pulled out. This is due to the strong interaction between the fibre and the cement 3 

matrix, as evidenced by the presence of a large amount of hydration products on the fibre 4 

surface. However, as illustrated in Figure 5 (b-d), no evidence of rupture is observable in the 5 

OGN coated fibres. Figure 5 (f) shows the surface morphology of the middle part of a 6 

GO@PVA fibre that was pulled out. The wrinkled and rough film adheres to the fibre surface, 7 

showing the reaction product of cement and coated GO film. The presence of GO film on the 8 

pulled fibre surface further confirms that interfacial shear failure occurred within the coated 9 

GO film. Meanwhile, as shown in Figure 5 (h), in the rGO2@PVA fibres, the surface is 10 

relatively neat and smooth, an observation that is consistent with the previous findings that 11 

OGNs with fewer functional groups had weaker interaction with cement matrix. 12 

 13 

Figure 5 Surface morphology of the ends of pulled-out fibres of (a) PVA, (b) GO@PVA, (c) 14 

rGO1@PVA, and (d) rGO2@PVA. SEM images are taken from the middle of (e) PVA, (f) 15 

GO@PVA, (g) rGO1@PVA, and (h) rGO2@PVA after the pulled out. 16 

3.3 OGNs effect on ITZ 

Besides the interface, the effect of OGN coating on the cement matrix was also studied, by 17 

investigation of the microstructure and mechanical properties of the ITZ. The microstructure 18 

of the ITZ in the cement matrix was studied via BSE image analyses. Figure 6 (a, b) shows 19 

BSE images of the cross-section of the ITZ in the cement matrix after curing for 7 days and 28 20 

days. The equilibrium diameters (dp) of the pores are demonstrated in the colour bar. At the 21 

early hydration stage, in the 7-day cured samples, many large pores (with dp greater than 40 22 

µm) are observed in the ITZ near pristine PVA fibres. The porosity of the ITZ decreases as a 23 

function of the distance from the fibre surface, gradually reaching the level found in cement 24 

bulk [43, 44]. As the cement hydration continues, first small pores in the cement matrix are 25 

filled and large pores divide into small pores. Thus, as shown in Figure 6 (b), the percentage 26 

of large pores is greatly reduced due to the higher degree of cement hydration, leading to a 27 

denser ITZ.  28 
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Figure 6 BSE images of ITZ of PVA/cement cured for (a) 7 days and (b) after 28 days. The 2 

equivalent pore diameters (dp) are indicated with a colour map and the GO-modified interface 3 

creates a weak zone occupied by the intruding metal. Pore size distribution is shown for the 4 

samples cured for (c) 7 days and (d) 28 days. Insets in (c-d) show the overall porosity of 5 

corresponding ITZs. 6 

The effects of OGNs on the microstructure were further investigated by analysis of the pore 7 

size distribution (PSD) in the ITZ. The PSD analysis results were based on more than 10 BSE 8 

images taken randomly from the ITZ. As shown in Figure 6 (c), in the ITZ of the pristine PVA 9 

fibre at an early stage of hydration (samples cured for 7 days), the percentage of small pores 10 

(0.1 µm ≤ dp ≤ 1 µm) is around 25.1%. However, with GO coating, the percentage of small 11 

pores increases significantly to 35.1%, whereas the percentage of large pores (>1 µm) reduces. 12 

In contrast, the reduction of GO greatly reduces the percentage of small pores and increases 13 

that of large pores. The inset in Figure 6 (c) shows the overall porosity, which indicates that 14 

the ITZ around the fibre at the early stage of hydration is densified by GO coating, whereas the 15 

reduced forms of GO make the ITZ more porous. For the 28-day cured samples, the ITZ around 16 

the GO@PVA is much denser than that around the pristine PVA fibres, with a 35.6% reduction 17 

in overall porosity. The PSD analysis as shown in Figure 6 (d) further indicates that the GO 18 

coating reduces the amounts of both small and large pores in the ITZ, densifying the cement 19 

matrix in the vicinity of the fibre. This is attributed to the strong chemical interaction between 20 

GO and cement due to the existence of multiple oxygen-containing groups. It was found that 21 

GO interact with the cement matrix in multiple ways, such as coordination with calcium, 22 

hydroxyl deprotonation induced interaction and hydrogen bonds [4-7]. Nevertheless, the 23 

interaction of PVA with cement is mainly attributed to the hydrogen bonds between PVA and 24 

cement hydration products [1, 2]. This interpretation was further confirmed by the removal of 25 

oxygen-containing groups in rGO (rGO1 or rGO2), which increased the number of large pores 26 

and the porosity of the ITZ.  27 



PeakForce QNM was also applied to further quantify the nanomechanical properties of the ITZ. 1 

Surface topographies of square scanned regions of the ITZ were obtained from samples cured 2 

for 28 days. To satisfy the flatness requirement and minimise errors in the PeakForce QNM 3 

testing, defects and holes in the sample were filled with hardened epoxy of low elastic modulus. 4 

Figure 7 (a-d) shows contour maps of the elastic modulus (E) of the ITZ near PVA, GO@PVA, 5 

rGO1@PVA, and rGO2@PVA. The corresponding phase ranges are shown in the colour bar, 6 

including defects (D), low-density (LD), and high-density (HD) calcium-silicate-hydrate (C-7 

S-H), as well as unhydrated grains (U) [49, 50]. It is evident that, with GO surface coating, the 8 

percentage of defects (E<12GPa) is reduced sharply from 16.4% to 5.3%, whereas the 9 

percentage of holes increases in the ITZ around rGO1@PVA and rGO2@PVA to 30.7% and 10 

31.0%, respectively. On the other hand, the percentage of C-S-H in the ITZ (12 < E < 35 GPa, 11 

including both LD and HD) increases from 70.22% to 73.8% by GO coating. A recent study 12 

also indicates that the strong interaction between GO and cement can help to generate C-S-H 13 

hydrates during cement hydration process [18], filling the pores and voids in cement matrix, 14 

which is consistent with QNM results obtained. However, after GO reduction, percentage of 15 

C-S-H in ITZ reduces to 62.5% and 61.34% around rGO1@PVA and rGO2@PVA, 16 

respectively. These results suggest that the oxygen level of OGNs can promote the formation 17 

of C-S-H during cement hydration. This phenomenon can be attributed to the attraction of 18 

calcium hydroxide to the oxygen-containing groups on OGNs and their deposition on the fibre 19 

surface [51], an explanation that is consistent with the evolution mechanisms of the ITZ [52, 20 

53]. As a result, the concentration of calcium hydroxide around the unhydrated cement grains 21 

reduces, which promotes the hydration process, creating more C-S-H in the ITZ. Figure 7 (e-22 

h) shows the probability distribution of the E of various phases based on the contour maps 23 

scanned with QNM. The abscissas of each fitted peak present the average E of each phase. 24 



 1 

Figure 7 PeakForce QNM contour maps of the elastic modulus E of the ITZ between cement 2 

and (a) PVA, (b) GO@PVA, (c) rGO1@PVA, and (d) rGO2@PVA respectively. The X-axis 3 

in (a) shows the scanning direction; the fibre/cement interface is located at X=0. (e-h) 4 

Probability distribution of different phases in QNM contour maps, including holes and defects 5 

(D), low-density hydration product (LD), high-density product (HD) and unhydrated grains 6 

(U). (i-l) The scatter of the FE<12 (fraction of E<12GPa) and the distance from the corresponding 7 

fibre/cement contacting interface. 8 

The relationship between the fraction of the weakness (where E<12 GPa (FE<12)) and the 9 

distance from the fibre/cement interface (dfc) was also studied. The obtained contour maps in 10 

Figure 7 (a-d) are divided into 12 strips along the X-axis, and the FE<12 is calculated for each 11 

strip. As shown in Figure 7 (i-l), in pristine PVA fibres, FE<12 reduces with the distance from 12 

the fibre/cement interface and reaches a plateau at about 15 µm. In the GO@PVA, although 13 

the trend of FE<12 with dfc is similar to that of the PVA (reducing rapidly and reaching a plateau 14 

after 15 µm), the overall value of FE<12 in the ITZ around the GO@PVA is more than 50% 15 

lower than that in the ITZ around pristine PVA fibres. However, in rGO1@PVA and 16 

rGO2@PVA, FE<12 reduces continually with dfc until 30 µm. This result suggests that the 17 

reduction of GO not only increases the fraction of weakness but also widens the defect areas 18 

in the ITZ.  19 

Table 4 shows the average of the E of various phases in the ITZ. The Es of unhydrated grain 20 

in the four samples are similar. However, the Es of LD and HD in the ITZ around GO@PVA 21 

are about 25.8% and 11.6%, respectively, higher than those in the ITZ around pristine PVA 22 

fibres. Therefore, it can be concluded that the GO coating increases the C-S-H content of the 23 

ITZ but can also strengthen the C-S-H in the cement matrix. Meanwhile, the reduction in 24 

oxygen-containing groups decreases the E of LD and HD in the ITZ around rGO2@PVA from 25 

20.0 GPa to 12.3 GPa and from 27.8 GPa to 19.6 Gpa respectively. 26 



Table 4 Ranges of E of the primary phases in the ITZ between OGN coated fibre and cement. 1 

Samples PVA GO@PVA rGO1@PVA rGO2@PVA 

LD 15.9 ± 0.1 20 ± 0.2 12.6 ± 0.1 12.3 ± 0.1 

HD 24.9 ± 0.6 27.8 ± 1.3 19.9 ± 1.0 19.6 ± 0.6 

U 50.0 ± 1.9 55.0 ± 6.1 50.0 ± 5.1 50.0 ± 3.0 

It is worth noting that for rGO1@PVA and rGO2@PVA, the ITZ analysis results from BSE 2 

images and QNM mapping are quite similar, indicating that once GO is reduced to a certain 3 

level, the interaction of OGNs with the cement become less sensitive to the oxidization level.  4 

 5 

3.4 Mechanical properties of modified FRCCs 

From the discussion in Sections 3.2 and 3.3, it is evident that GO coating induced relatively 6 

weak interfaces in FRCCs while densifying the cement matrix in the fibre vicinity. To further 7 

quantify the influence of this combination of weak interface and strong matrix on the 8 

mechanical performance of FRCCs, an analytical model [3] was applied to study the tensile 9 

properties of the modified FRCCs. Based on this model, the stress 𝜎𝑐 carried across a crack in 10 

FRCCs can be described as a function of the crack width ( 𝛿 ). 𝜎𝑐(𝛿)  is attributed to 3 11 

components: stress carried by the cement matrix ( 𝜎𝑎), bridging stress contributed by the fibre 12 

reinforcement (𝜎𝑏) and fibre prestress (𝜎𝑝𝑠) caused by the Cook-Gordon effect [3], as indicated 13 

in Eq 4: 14 

𝜎𝑐(𝛿) = 𝜎𝑎(𝛿) + 𝜎𝑏(𝛿) + 𝜎𝑝𝑠(𝛿) Eq 4 

where 𝜎𝑎 can be empirically expressed as a function of two parameters (𝑝 and 𝑤0), as shown 15 

in Eq 5: 16 

𝜎𝑎 =
𝜎𝑚

𝑢

1 + (
𝛿

𝑤0
)𝑝

 
Eq 5 

where 𝜎𝑚
𝑢  is the stress of the cement matrix at the first crack (tensile strength).  17 

On the other hand, 𝜎𝑏(𝛿) in Eq 4 is dominated by the interfacial properties between fibre and 18 

cement. A weak interface tends to decrease the maximum value of 𝜎𝑏 at the initial stage of 19 

crack propagation, but to increase the toughness attributed to 𝜎𝑏 (complementary area under 20 

𝜎𝑏-𝛿 curve) [3, 54, 55]. As for fibre prestress (𝜎𝑝𝑠), however, in this study, the value of 𝜎𝑝𝑠(𝛿) 21 

was calculated to be less than 0.02 MPa, which could be therefore neglected. The detailed 22 

calculations of 𝜎𝑏(𝛿)  and 𝜎𝑝𝑠(𝛿) are shown in the Supporting Information. The results given 23 

by this analytical model show that the combination of weak interfaces and strong matrix 24 

induced by GO modification improved strength and toughness simultaneously in FRCCs. 25 

Tensile strength (maximum 𝜎𝑐) of PVA FRCCs improved from 6.18 to 7.83Mpa after GO 26 

modification, while the post-crack tensile toughness (complementary area under the 𝜎𝑏 -𝛿 27 

curve) improved from 2.94 to 33.16 kJ/m. 28 



Besides this analytical model, three-point bending tests were also conducted to investigate 1 

experimentally the effect of the GO modification on the mechanical performance of FRCCs. 2 

Three batches of FRCCs were prepared with the mix designs shown in Table 5. To modify the 3 

workability and remove trapped air bubbles formed during the specimen preparation process, 4 

0.2 wt% SP (based on the weight of cement powder) was added. 5 

Table 5 Mix design for FRCCs mechanical testing. 6 

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

Control 0.45 1.0 0.2 - - 

PVA FRCCs 0.45 1.0 0.2 2 - 

GO@PVA FRCCs 0.45 1.0 0.2 - 2 

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

As shown in Figure 8 (c), the addition of pristine PVA fibres increased the flexural strength of 7 

the cement mortar slightly, by about 5%, a finding that is consistent with our previous study 8 

[19]. After GO coating, however, the flexural strength increased significantly from 3.62 MPa 9 

in pristine PVA FRCCs to 4.49MPa in GO@PVA FRCCs. Compared with the calculated 10 

strength from the analytical model (6.18 MPa for PVA FRCCs and 7.83MPa for GO@PVA 11 

FRCCs), the flexural strengths obtained from the 3-point bending test were slightly lower. This 12 

was attributed to the fact that vibration and consolidation were more difficult with the 13 

incorporation of PVA fibres, resulting in more porous structures and weakening the mechanical 14 

properties [56, 57]. Figure 8 (d) shows the results of flexural toughness evaluation of FRCCs 15 

in three-point bending tests. By virtue of their reinforcing effect, pristine PVA fibres increase 16 

the toughness from less than 0.1 to 0.64 J, showing much higher ductility than the plain cement 17 

mortar. In GO@PVA FRCCs, a further 10% increase to 0.704 J in toughness was found 18 

compared to that in pristine PVA FRCCs. The toughness of cement matrix improved by GO is 19 

limited due to the small size of GO nanosheets [58], this toughness enhancement of GO@PVA 20 

FRCCs is mainly attributed to the relatively weak interfaces between fibre and cement 21 



 1 

Figure 8 (a) Schematics of the loading condition of FRCCs. (b) Reinforcing effects of PVA 2 

fibre (fibre rupture) and GO@PVA fibre (fibre pull-out) at crack tip. (c) Flexural strength and 3 

(d) toughness of FRCCs. (e) the load-displacement curve of FRCCs in a three-point bending 4 

test. 5 

4 Conclusion 

To simultaneously improve the toughness and strength of PVA FRCCs, we proposed a new 6 

method by coating OGNs nanosheets onto the PVA fibre surface, acting as an intermediate 7 

phase to tailor the interaction between the fibre and the cement matrix. The designed 8 

GO@PVA FRCCs effectively showed integrated strength and toughness, enhancing strength 9 

and toughness by about 32.0% and 10.0%, respectively, compared to the pristine PVA FRCCs.  10 

The influences of the oxidation level of the OGN intermediate phase on its interaction with the 11 

cement matrix and on cement microstructure were also investigated. The single fibre pull-out 12 

test showed that the IFSS between fibre and cement decreased from 3.56 Mpa in pristine PVA 13 

to 2.06 MPa in GO@PVA, and this was further decreased to 1.51 MPa with reduction of the 14 

oxidation level of OGNs (rGO2@PVA). BSE image-based microstructure analysis indicated 15 

that the porosity of the cement matrix in the GO@PVA vicinity was reduced by 35.6% 16 

compared with the pristine PVA, but was increased by 37.01% in the rGO2@PVA vicinity. 17 

QNM measurements showed an increase in the stiffness of C-S-H (25.8% and 11.7% for LD 18 

and HD respectively) in the vicinity of GO@PVA compared with the pristine PVA. 19 

Meanwhile, the reduction of GO reduced the C-S-H stiffness in the vicinity of fibre by 38.5 % 20 

and 29.5% for LD and HD respectively. This result was attributed to the fact that reducing the 21 

oxidation level of OGNs nanosheets weakened their interaction with the cement matrix due to 22 

the removal of functional groups. Our results demonstrate a novel approach to the combination 23 

of strength and toughness in FRCCs, which can help guide the development of damage-tolerant 24 

cementitious composites. 25 

  26 

5 Acknowledgments 



The authors are grateful for the financial support of the Australian Research Council in 1 

conducting this study. The authors acknowledge the use of facilities within the Monash Centre 2 

for Electron Microscopy. This work was also undertaken in part at the Melbourne Centre for 3 

Nanofabrication in the Victorian Node of the Australian National Fabrication Facility. 4 

[1] A. Bentur, S. Mindess, Fibre reinforced cementitious composites, CRC Press2006. 5 

[2] V.C. Li, H. Stang, Interface property characterization and strengthening mechanisms in 6 

fiber reinforced cement based composites, Advanced cement based materials 6(1) (1997) 1-20. 7 

[3] Z. Lin, T. Kanda, V.C. Li, On interface property characterization and performance of fiber 8 

reinforced cementitious composites,  (1999). 9 

[4] H.-C. Wu, V.C. Li, Trade-off between strength and ductility of random discontinuous fiber 10 

reinforced cementitious composites, Cement and Concrete Composites 16(1) (1994) 23-29. 11 

[5] V.C. Li, C. Wu, S. Wang, A. Ogawa, T. Saito, Interface tailoring for strain-hardening 12 

polyvinyl alcohol-engineered cementitious composite (PVA-ECC), Materials Journal 99(5) 13 

(2002) 463-472. 14 

[6] J.L. Pehanich, P.R. Blankenhorn, M.R. Silsbee, Wood fiber surface treatment level effects 15 

on selected mechanical properties of wood fiber–cement composites, Cement and Concrete 16 

Research 34(1) (2004) 59-65. 17 

[7] P.R. Blankenhorn, B.D. Blankenhorn, M.R. Silsbee, M. DiCola, Effects of fiber surface 18 

treatments on mechanical properties of wood fiber–cement composites, Cement and Concrete 19 

Research 31(7) (2001) 1049-1055. 20 

[8] G. Tonoli, U. Rodrigues Filho, H. Savastano Jr, J. Bras, M. Belgacem, F.R. Lahr, Cellulose 21 

modified fibres in cement based composites, Composites Part A: Applied Science and 22 

Manufacturing 40(12) (2009) 2046-2053. 23 

[9] F. Barthelat, H. Tang, P. Zavattieri, C.-M. Li, H.D. Espinosa, On the mechanics of mother-24 

of-pearl: a key feature in the material hierarchical structure, Journal of the Mechanics and 25 

Physics of Solids 55(2) (2007) 306-337. 26 

[10] G.E. Fantner, T. Hassenkam, J.H. Kindt, J.C. Weaver, H. Birkedal, L. Pechenik, J.A. 27 

Cutroni, G.A. Cidade, G.D. Stucky, D.E. Morse, Sacrificial bonds and hidden length dissipate 28 

energy as mineralized fibrils separate during bone fracture, Nature materials 4(8) (2005) 612. 29 

[11] C. Altaner, M. Jarvis, Modelling polymer interactions of the ‘molecular Velcro’type in 30 

wood under mechanical stress, Journal of theoretical biology 253(3) (2008) 434-445. 31 

[12] M. Song, R. Zhou, J. Gu, Z. Wang, S. Ni, Y. Liu, Nitrogen induced heterogeneous 32 

structures overcome strength-ductility trade-off in an additively manufactured high-entropy 33 

alloy, Applied Materials Today  (2019) 100498. 34 

[13] J. Lin, S.H. Bang, M.H. Malakooti, H.A. Sodano, Isolation of aramid nanofibers for high 35 

strength and toughness polymer nanocomposites, ACS applied materials & interfaces 9(12) 36 

(2017) 11167-11175. 37 

[14] R.O. Ritchie, The conflicts between strength and toughness, Nature materials 10(11) 38 

(2011) 817. 39 

[15] S. Wan, Y. Li, J. Peng, H. Hu, Q. Cheng, L. Jiang, Synergistic toughening of graphene 40 

oxide–molybdenum disulfide–thermoplastic polyurethane ternary artificial nacre, ACS nano 41 

9(1) (2015) 708-714. 42 



[16] M.D. Demetriou, M.E. Launey, G. Garrett, J.P. Schramm, D.C. Hofmann, W.L. Johnson, 1 

R.O. Ritchie, A damage-tolerant glass, Nature materials 10(2) (2011) 123. 2 

[17] A. Gholampour, M. Valizadeh Kiamahalleh, D.N.H. Tran, T. Ozbakkaloglu, D. Losic, 3 

From Graphene Oxide to Reduced Graphene Oxide: Impact on the Physiochemical and 4 

Mechanical Properties of Graphene–Cement Composites, ACS Applied Materials & Interfaces 5 

9(49) (2017) 43275-43286. 6 

[18] G. Xu, S. Du, J. He, X. Shi, The role of admixed graphene oxide in a cement hydration 7 

system, Carbon 148 (2019) 141-150. 8 

[19] X. Yao, E. Shamsaei, S. Chen, Q.H. Zhang, F.B. de Souza, K. Sagoe-Crentsil, W. Duan, 9 

Graphene oxide-coated Poly(vinyl alcohol) fibers for enhanced fiber-reinforced cementitious 10 

composites, Composites Part B: Engineering 174 (2019) 107010. 11 

[20] X. Yao, E. Shamsaei, S. Chen, Q.H. Zhang, F.B. de Souza, K. Sagoe-Crentsil, W. Duan, 12 

Graphene oxide-coated Poly(vinyl alcohol) fibers for enhanced fiber-reinforced cementitious 13 

composites, Composites Part B: Engineering  (2019) 107010. 14 

[21] Y. Su, V. Kravets, S. Wong, J. Waters, A. Geim, R. Nair, Impermeable barrier films and 15 

protective coatings based on reduced graphene oxide, Nature communications 5 (2014) 4843. 16 

[22] M.J. Fernández-Merino, L. Guardia, J. Paredes, S. Villar-Rodil, P. Solís-Fernández, A. 17 
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