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The aim of the current study is to investigate the properties of graphene nanoplatelets-cementitious composites in a consistent sense. The influence of the addition of 2D graphene nanoplatelets (GNPs) on the workability, setting time, flowability, strengths and piezoresistive properties were studied. The dosage of the GNPs is 0 0.05, 0.1, 0.3, 0.5, 0.7, and 1.0 wt% of the binder material. PVP type surfactant was used to disperse GNPs. The experimental results showed that the addition of GNPs increases the water requirement for normal consistency and decreases the flowability. A small amount of GNPs (0.05 wt%) can facilitate the setting. When the dosage of GNPs is above 0.1 wt%, it leads to the delay of the setting time. In terms of the strengths, the addition of GNPs can considerably promote the flexural strength, while the compressive strength is slightly decreased until 28 days. A pre-treatment procedure consisting of drying specimens at 105°C for 1 day can be regarded as a proper way to enhance the piezoresistive properties of the GNPs-mortar. Piezoresistive properties under two different cyclical loading schemes were measured using the GNPs-mortar with 1 wt% GNPs. It has been shown that the average resistance change rate increases with the amplitude increasing and a reduction is observed for the sustained cyclical loading condition. In the end, the influence of the microcracks on the piezoresistive properties was investigated. This study will contribute to future developments of cementitious composites incorporating GNPs for a variety of applications.
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INTRODUCTION
Concrete structures face dynamic loading from different sources, such as high-speed wind and earthquakes. The dynamic loads may cause severe vibrations and large deflections, resulting in cracks in the concrete. The cracks not only threat the safety of the structures, but also bring discomfort to the residents. In order to reduce failure risk or maintenance costs, the real-time monitoring and evaluation of concrete structures have generated considerable research efforts. The conventional approaches include using strain gages, optical fibers, and piezoelectric sensors (Li et al., 2001; Zhang et al., 2002; Luo et al., 2013). However, it has been reported that these methods exhibit durability issues and require expensive external facilities (Chen and Chung, 1996). On the other hand, development of piezoresistive cement-based materials have shed much light on the transformation sensing technology applicable to concrete structures (Shi and Chung, 1999; Liu et al., 2018; Yoo et al., 2018).
The use of graphene nanoplatelets (GNPs) has been reported to increase the electrical conductivity of cementitious composites (Le et al., 2014). A comprehensive review of incorporating GNPs into cement paste has been conducted (Du et al., 2020; Lin and Du, 2020). GNPs are a type of two-dimensional material. They are made up of several layers of graphene sheets with a thickness in the range of 3–100 nm (Chu et al., 2013). To improve the dispersion efficiency, a wide range of dispersion methods have been employed, mostly using sonication (Qureshi and Panesar, 2019) [usually in combination with surface modification of the nanomaterial either chemically (Qureshi et al., 2019; Qureshi and Panesar, 2020) or physically, via the addition of a surfactant to the nanomaterial dispersion (Wei et al., 2011; Pu et al., 2012; Gholampour et al., 2017; Birenboim et al., 2019)]. Compared with single layer graphene, GNPs have the advantage of having great electrical conductivity (Xu and Zhang, 2017; Jaitanong et al., 2018; Dong et al., 2019), reinforcing their function due to their monolayer structure and low-cost (Sun et al., 2017). It has been reported that an addition of 0.05 wt% GNPs leads to an increase of both flexural and compressive strength by around 20 and 5% respectively (Wang et al., 2016). Similar results have been reported in other studies (Alkhateb et al., 2013; Liu et al., 2016). Toughness can also be improved by using modified GNPs (Wang and Pang, 2019). However, different results were obtained by Wang and Shuang (2018) due to the different dispersion and mixing procedures and mixing proportions. Micromechanical models have been developed by Li et al. (2020) to predict the relaxation moduli of the composites. Regarding the durability properties, it has been shown that the addition of 2.5 wt% GNPs of the binder leads to a considerable growth in the water and chloride penetration resistances (Du and Pang, 2015). Furthermore, the freeze/thaw resistance and corrosion resistance are improved as well by various dosages of GNPs (Tong et al., 2016; Chen et al., 2019).
Prior to GNPs’ application, a comprehensive study is required. However, little research reports the fresh properties, hardened strengths, and piezoresistive properties for a unique mixture. As the used GNPs type, dosage, binder material, as well as dispersion and mixing procedure all have significant influence on the performances of the GNPs’ cement composites, it is difficult to have a thorough understanding of such materials.
To this end, the effect of GNPs addition (i.e., 0, 0.05, 0.1, 0.3, 0.5, 0.7, and 1 wt% by the binder weight) on the fresh properties, hardened mechanical properties, and piezoresistive properties is studied in a consistent sense. The influence of the GNPs addition on the workability, setting time, and flowability were investigated first. Afterwards, the development of the flexural strength and compressive strength were studied. The piezoresistive properties of the GNPs-mortar were measured using a four-probe system under cyclic compressive loads. The average resistance change rate was used to represent the piezoresistive properties of specimens under different loading conditions. The underlined mechanisms for experimental observations were discussed. The findings of this study provide insights into properties of GNPs cement composites in a consistent way and reveal their practical implications.
MATERIALS AND METHODS
Materials
Ordinary Portland cement 42.5 and Class F fly ash were used as binder materials in the current study. Chemical composition of the used cement is shown in Supplementary Table S1. C-500 graphene nanoplatelets (GNPs) purchased from XG science were used. Supplementary Tables S2, S3 list its mechanical properties. A polyvinyl pyrrolidone (PVP) type dispersant supplied by Sinopharm Chemical Reagent Co., Ltd with a relatively stable dispersing performance in alkaline solution and salt solution was selected. It has a molecular formula of (C6H9NO)n. Its technical index is present in Supplementary Table S4. Quartz sand with a fineness range in between 124 and 178 μm was used. The workability was adjusted by the polycarboxylate superplasticizer. The hypromellose with a viscosity grade of 150 was used as thickener to modify the viscosity of fresh mortar mixture.
Mix Proportion Design and Sample Preparation
One control mix with no GNP and six batches of the GNP dosages (0.05, 0.1, 0.3, 0.5, 0.7, and 1.0 wt% of the binder material) were prepared as presented in Table 1 to study the influence of GNP dosage on the properties of cementitious composites. GNP was dispersed in water prior to mixing with binder materials. The PVP type dispersant was mixed with deionized water with a dosage of 10 mg/ml to improve the dispersion effectiveness. High speed shearing dispersion was conducted for 15 min. This was followed by another 15 min dispersion using probe ultrasonic with a speed of 4,000 r/min. After the dispersion, no visible solid residue was observed at the bottom.
TABLE 1 | Mix proportion of mortar fluidity test.
[image: Table 1]A JJ-5 mixer was then used for the mixing. The fly ash and cement paste were first mixed with a low speed for 2 min. Afterwards, the water and GNP solution was added followed by another 2 min mixing with a high speed. The mix was then used for the following test.
Testing Methods
Workability and Setting Time
Blended cement and fly ash paste (with the same mass ratio to Table 1) having various xGNP-C-500 dosages (0, 0.05, 0.1, 0.3, 0.5, 0.7 w%, and wt% of the binder materials) were prepared for the workability measurements. The water requirement for normal consistency approach was used. It was conducted following China National Standard GB/T 1346-2011 (test methods for water requirement of normal consistency, setting time, and soundness of the Portland cement) using Vicat apparatus. The Vicat proof bar has a mass of 300 ± 1 g and a diameter of 10 ± 0.05 mm. In the test, the normal consistency is defined as the status of the paste that the Vicat proof bar sinks into the paste with a distance to the bottom of 6 ± 1 mm. The w/b ratio which meets this criterion is determined as the water requirement of normal consistency.
The setting time test consists of initial setting and final setting time determination using Vicat apparatus. It was conducted following the Standard GB/T 1346. A Vicat needle with a diameter of 1.13 ± 0.05 mm was used for the measurements.
Flowability
Flowability of all the mixes was measured through mini slump tests as specified in the China National Standard GB/T 2419-2016 (test method for fluidity of cement mortar). The used cone mold has a bottom diameter of 60 mm, top diameter of 36 mm, and height of 60 mm.
Mechanical Properties
The flexural and compressive strengths were measured according to China National Standard GB/T 17,671-1999 “Testing method for strength of cement mortar”. For the test, prisms with a size of 40 mm × 40 mm × 160 mm were used. After casting, the specimens were cured for 24 h under sealed conditions with a temperature of 20 ± 1°C. Subsequently, the samples were demolded and cured in a standard curing room with a temperature of 20 ± 1°C and a relative humidity of 98 ± 2 until the test. The strengths were measured at 3, 7, and 28 days. Three specimens were tested for each condition. The prism was first used for flexural strength determination through a three-point bending test. This was followed by a uniaxial compression test performed on halves of the prisms for the compressive strength determination.
Piezoresistive Properties
The piezoresistive properties of the GNPs-mortar specimens were measured by the four-probe method, see Figure 1. This method is more stable compared with the two-probe method (Han and Ou, 2007), as it avoids the possible influence of the contact resistance between the probes and cement composites compared. During the measurement, 305CF DC power was used. Voltage and current were monitored by digital multimeter supplied by Keithley Instruments. For the test, 28 days’ cured cubic specimens with size lengths of 5 cm were used.
[image: Figure 1]FIGURE 1 | Schematic diagram of electrical resistance measurement by four-probe method.
Water within the capillary pores can significantly influence the piezoelectric properties (Tao et al., 2019). Therefore, drying is required prior to the piezoelectric measurements. To determine an optimized approach for drying, two pre-treatment (drying) conditions were conducted before the measurements. They are: 1) drying at 40°C for 14 days and 2) drying at 105°C for 1 day.
After drying, an initial resistance was measured. Note that specimens were painted for the insulation, see Figure 2A. The specimen was then loaded under uniaxial compression by a universal testing machine, see Figure 2B. A cyclical load, i.e., 10–40 kN (4–16 MPa), with cycles was used for the loading process. Data from the last five cycles were used to calculate the average resistance change rate for each condition.
[image: Figure 2]FIGURE 2 | (A) Cement-based composites with GNP specimen for electrical resistance test; (B) Electrical resistance test on site.
The optimized mix (GNPs-100) and drying approach (105°C for 1 day) was then used to measure the Piezoresistive properties under cyclical loading. The two following loading schemes were used. The first consists of a triangular wave having eight load amplitudes 10–80 kN (4–32 MPa) with a stepwise increase of 10 kN (4 MPa), see Figure 3A. The second loading protocol was shown in Figure3B. It consists of eight load levels with the same amplitude (4 MPa) with an increase of 10 kN (4 MPa). The first loading scheme reflects the piezoresistive properties of GNPs-mortar specimens without pre-loading while the second studies the influence of pre-load stress level on the piezoresistive properties.
[image: Figure 3]FIGURE 3 | Loading method: (A) free cycle and (B) load cycle.
To investigate the influence of microcracks on the piezoresistive properties, the GNPs-100 specimens (dried 105°C for 1 day) were loaded by a cyclic load with 10 loading cycles prior to the piezoresistive properties measurements. The minimal and maximum loads are 32 and 36 MPa, respectively. It is expected that this pre-loading procedure would generate microcracks inside the investigated materials (Zhang et al., 2020; Hou et al., 2021). The piezoresistive properties measurements were then carried out under the aforementioned two cyclical loading conditions.
RESULTS AND DISCUSSION
Physical Properties
Workability and Setting Time
Figure 4 shows the influence of GNP-C-500 content on the water requirement for normal consistency. GNP-C-500 has a negative effect on the workability of the paste. With the dosage of GNP-C-500 increasing from 0 to 1 wt%, the w/c ratio required for the normal consistency rises up from 0.254 to 0.260. It should be noted that the w/b ratio increasing rate is reduced with the GNP-C-500 dosage increasing.
[image: Figure 4]FIGURE 4 | The effects of GNP-C-500 content on w/b ratio for normal consistency.
The initial setting time and final setting time of the mixes having a normal consistency are presented in Figure 5. In general, both the final setting time and initial setting time increases with the GNP-C-500 dosage. When 1 wt% GNP-C-500 was used, the initial setting time and final setting time were delayed by 34 and 45 min respectively. However, a small drop of setting time was observed when 0.05 wt% GNP-C-500 was used. GNPs may play a role in nucleation sites (Peyvandi et al., 2013). When the content is above 0.1 wt%, the GNP-C-500 slows the setting of the blended paste. This can be attributed to the agglomeration of GNPs, which reduces the hydration rate of cement paste (Baomin and Shuang, 2019).
[image: Figure 5]FIGURE 5 | The effects of GNP-C-500 content on setting time.
Flowability of Cement Mortar
Flowability measurement results are shown in Figure 6. It can be seen that the flowability is significantly influenced by the addition of GNP. In general, the addition of GNP leads to a reduction of the flowability. When a GNP dosage of 1 wt% is used, the spread diameter decreases to 140 mm, by 25% lower than the control mix. A similar trend has been reported in other studies (Du and Pang, 2018). A possible reason for the reduction in slump value can be associated with the flocculation phenomena caused by the high aspect ratio and strong van der Waals forces of GNPs. More specifically, GNPs are dispersed in the fresh mortar in the form of aggregate, which hinders the normal flow of the fresh mortar. This can be avoided by modifying the GNPs using silane coupling agent (Guo et al., 2020).
[image: Figure 6]FIGURE 6 | The effects of GNP-C-500 content on flowability.
Mechanical Properties of Cement Mortar
The measured flexural and compressive strengths are shown in Figure 7. At 3 days, the flexural strength has a significant increase when the addition of GNP-C-500 is no more than 0.1 wt%. Once the dosage exceeds this value, no significant changes in flexural strength is observed. On the other hand, the compressive remains almost unchanged. In terms of the specimens cured for 7 days, a contrary trend is observed for the flexural and compressive strengths. Specifically, the compressive strength decreases with the GNP-C-500 dosage and the reduction rate decreases gradually. While, with the GNP-C-500 dosage increasing, the flexural strength grows more significantly. However, it is worth noting that the GNPs-005 has a compressive strength higher than bulk paste while the tensile strength is lower. When it comes to 28 days, a significant increase of compressive strength is observed when 0.05 wt% GNP-C-500 was added. This is followed by a slight decline with GNP-C-500 increasing. The slight reduction can be caused by the poor dispersion when a high dosage of GNP is used. Furthermore, there is a growing trend in the flexural strength although fluctuation occurs at mixes GNPs-030 and GNPs-070. The GNP-100 has the highest tensile strength of 8.62 MPa, increasing by around 20% compared with the control mix. It tends to confirm that the addition of GNPs has a beneficial influence on the flexural strength development as it can effectively blunt (diversion) and bridge the cracks (Rehman et al., 2018; Baomin and Shuang, 2019). This has been confirmed by a micro-graphical study (Farooq et al., 2020).
[image: Figure 7]FIGURE 7 | The effects of curing age and the GNP-C-500 content on (A) flexural strength and (B) compress strength.
Piezoresistive Properties
Influence of Pre-drying Condition
Figure 8 shows the influence of the drying condition on the mean electrical resistance change rate. It can be seen that without drying treatment, the resistance change rate is around 0.06% for all the mixes, which can be hardly detected in practice. Although the change rate is increased to around 0.5% after drying at 40°C for 14 days, this value is too small for structural health monitoring application. When a drying temperature of 105°C was applied for 1 day, a significant change rate is observed. The change rate is above 2% for a dosage of 0.1, 0.3, and 1.0 wt%, indicating a potential to be used for structural health monitoring. Furthermore, it should be noted that a significant drop of resistance change rate is observed for a GNPs dosage of 0.5 and 0.7 wt%. A possible reason could be the following. When the content of GNPs is low, the nano-particles stay far away from each other. Therefore, limited conductive links are generated and the electrical resistance of specimens is low. If the content of GNPs increases, many nano-particles are located within a certain percolation threshold to form conductive links. The connection of these links turns the samples to act as semi-conducts. The connections of these links are sensitive to the deformation of the loaded specimens. Therefore, the resistance change rate becomes high. If the content of GNPs is high, the nano-particles may be totally connected with each other by contact (Liu et al., 2016). Therefore, the influence of deformation of the specimens becomes weak on the resistance. However, when the GNPs dosage reaches 1.0 wt%, the agglomeration of GNPs become severe. A large number of isolated agglomeration of GNPs enables the resistance to be sensitive to the specimen deformation again. The GNPs-100 specimen dried under 105°C for 1 day was used for the piezoresistive properties measurements under cyclical loading. Mix GNPs-100 was used for the following studies.
[image: Figure 8]FIGURE 8 | The effects of drying conditions and the GNP-C-500 content on resistance change rate.
Influence of Loading Scheme
The measurement of average resistance change rate of GNPs-100 specimen at each load level under two loading schemes are shown in Figure 9. From Figure 9A, it can be seen that the average resistance change rate grows with amplitude. At the low stress amplitude, the resistance change rate increases faster than the high stress level. For example, the resistance change rate increases by 2% from when the amplitude grows from 4 to 8 MPa, while an increment of 0.7% is observed when 32 MPa amplitude is used compared with 28 MPa amplitude.
[image: Figure 9]FIGURE 9 | The average resistance change rate: (A) under cyclic loading for different amplitudes; (B) under sustained cyclic loading.
Figure 9B shows the average resistance change rate of each load cycle under pre-loaded conditions. Clearly, with the same amplitude, the growth of pre-loaded level causes a reduction of resistance change rate. Specifically, the average resistance change rate decreases from 2.7 to 0.72 when the pre-loaded stress level grows from 0.4 to 28 MPa.
Influence of Microcracks
The average resistance change rate of the GNPs-100 specimens with microcracks are shown in Figure 10 for the two loading conditions. Overall, the trend of resistance change rate has a significant change after cracking. In Figure 10A, there is a small increase at the low amplitude (<16 MPa) as the microcracks are closed by the loading. This is followed by a decline which can be attributed to the stable crack development. For the sustained cyclical load condition, see Figure 10B. The average resistance change rate is similar to the free cyclic loading condition. However, there is a significant increase above 28 MPa.
[image: Figure 10]FIGURE 10 | Comparison of average resistance change rates: (A)under free cyclic loading at different stress levels before and after damage; (B)under load cyclic loading at different stress levels before and after damage.
Resistance Change Rate-Time Diagram of Cyclic Loading
Figure 11 shows the influence of the amplitude level on the resistance change rate-time diagram of GNPs-100. It can be seen that, with a small amplitude level, the diagram under each loading time follows a “V” shape, in which a sharp peak is observed when shifting from loading to unloading. With the amplitude growth, the strong linear relationship between resistance change rate and time gradually disappear. The “V” shape turns into a “U” shape diagram once the amplitude exceeds 20 MPa. From the application point of view, this feature has the potential to be used to distinguish the status of the specimens for the concrete structural health monitoring.
[image: Figure 11]FIGURE 11 | Resistance change rate-time diagram of free cyclic loading. (A) Cyclic stess: 0.4–4 MPa; (B) Cyclic stess: 0.4–8 MPa; (C) Cyclic stess: 0.4–12 MPa; (D) Cyclic stess: 0.4–16 MPa; (E) Cyclic stess: 0.4–20 MPa; (F) Cyclic stess: 0.4–24 MPa; (G) Cyclic stess: 0.4–28 MPa; (H) Cyclic stess: 0.4–32 MPa.
Figure 12 shows the resistance change rate-time diagram of cracked GNPs-100 specimens under different sustained levels. It is clear that under sustained loading, the evolution of resistance change rate keeps the sharp peak, like “V”, for all the loading levels. The resistance change rate and applied stress maintains a linear relationship. It means that even under a high stress sustained loading condition, the resistance change rate can be easily distinguished for the practical applications. This loading condition is more relevant to the status of structures in service.
[image: Figure 12]FIGURE 12 | Resistance change rate-time diagram of sustained cyclic loading condition: (A) Cyclic stess: 0.4–4 MPa; (B) Cyclic stess: 4–8 MPa; (C) Cyclic stess: 8–12 MPa; (D) Cyclic stess: 12–16 MPa; (E) Cyclic stess: 16–20 MPa; (F) Cyclic stess: 20–24 MPa; (G) Cyclic stess: 24–28 MPa; (H) Cyclic stess: 28–32 MPa.
CONCLUSION
This work investigated the fresh properties, strength properties, and piezoresistive properties of the prepared GNPs-cement composites. Based on the results and analysis, the following conclusions were drawn:
The addition of GNPs has a negative effect on the workability and delays the setting time of the GNPs-cement composites. However, this does not hold for the dosage of 0.05 wt% in which the hydration seems to be facilitated by the GNPs.
The flowability of the fresh GNPs-mortar decreases with the GNPs increasing. When a GNP dosage of 1 wt% is used, the spread diameter decreases to 140 mm, 25% lower than the control mix.
The addition of GNPs shows different influence on the flexural and compressive loading resistance of the GNPs-mortar. In general, the flexural strength increases with the GNPs dosage for all the tests ages. The trend is more complex in terms of the compressive strength. At 3 and 7 days, the compressive strength of the GNPs-mortar specimens is lower than the control mix. However, this is not true for a small addition of GNPs (0.05 wt% of binder), which seems to promote the development of the compressive strength. After 7 days, there is a remarkable increment in compressive strength of the GNPs-mortar. At 28 days, the compressive of the GNPs-mortars becomes higher than the reference mortar specimen.
The pre-drying condition has a significant influence on the piezoresistive properties of the GNPs-mortar. It is shown that drying specimens under 105°C for 1 day can be regarded as a proper pre-treatment approach for improving the piezoresistive properties of GNPs-mortar. After the proper drying treatment, the average resistance change rate can be above 2% for GNPs-010, GNPs-030, and GNPs-100 mixes.
The piezoresistive properties were conducted on the GNPs-100 mix under two different cyclical loading schemes. It has been shown that the average resistance change rate increases with the amplitude increasing and a reduction is observed for the sustained cyclical loading condition in terms of a pre-cracked specimens.
For the pre-cracked specimens (with microcracks), the evolution of the average resistance change has a remarkable change due to the crack propagation.
The resistance change rate-time diagram turns from a “V” to a “U”-like shape with the amplitude increase. This feature can be further used to distinguish the status of the specimen. On the other hand, in terms of the cracked specimens under sustained cyclical loading, the strong linear relationship remains for all the load levels.
Considering the flowability and mechanical and piezoresistive properties, GNPs-100 mix has the potential to be used for concrete structural health monitoring. Nevertheless, prior to its application, studies on performance under complex load conditions and properties related with durability are required.
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