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Abstract 15 

In this study, the effects of graphene oxide (GO) agglomerates on the workability, hydration, 16 

microstructure, and compressive strength of cement paste were addressed. The workability of 17 

cement paste was reduced because of the presence of GO agglomerates, which entrap a large 18 

amount of water. The mini-slump diameter was reduced by 21% with the incorporation of 19 

0.03% by weight GO in cement paste. Hydration of the cement paste was accelerated due to 20 

nucleation sites provided by GO agglomerates serving as seeding material in the cement paste. 21 

The incorporation of GO refined the pore structure of the cement paste. The incorporation of 22 

GO was found to have much greater impact on macropores than on large and small 23 

mesopores. At 28 days, the incorporation of 0.04% by weight GO produced a 14% 24 

improvement in the compressive strength of cement paste. Below 0.03%, the incorporation of 25 

GO had no positive effects on compressive strength. 26 

Keywords: Graphene oxide, Cement paste, Agglomerates, Hydration, Microstructure, 27 

Mechanical properties 28 

 29 

1. Introduction 30 

Cement is the principal binder material in the production of concrete, which is the world’s 31 

most widely used construction material. However, the major limitation of concrete and 32 

cement-based materials is their quasi-brittle nature [1], which results in poor resistance to 33 
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crack formation and low tensile strength and strain capacities. Thus, the use of reinforcement 34 

materials has become increasingly important for improving the properties of concrete and 35 

cement-based materials. Recently, nanomaterials including 0D nanoparticles, 1D nanofibres 36 

and 2D nanosheets have received considerable attention and are in use as reinforcements to 37 

improve the properties of cement-based materials.  38 

Nano-SiO2 particles have been widely used to improve concrete workability and strength, 39 

to increase resistance to water penetration, and to help control the leaching of calcium, 40 

features that are closely associated to various concrete durability issues [2]. The 41 

enhancements can be attributed to chemical pozzolanic activity and nucleation effects as well 42 

as pore filling of the concrete. Obviously, there is no crack-bridging effect for 0D 43 

nanoparticles in cement matrix due to their spherical shape. Recently, it was shown that the 44 

incorporation of a very small amount of 1D carbon nanotubes (CNTs) substantially enhanced 45 

the mechanical properties of cement paste [3, 4] and cement mortars [5]. By incorporation of 46 

CNTs, mechanical and electrical properties of fly ash-based geopolymers were also greatly 47 

enhanced [6]. The main mechanisms involving CNTs in cement matrix are the filling of 48 

nano-sized gel pores, the nucleation effect, and bridging of micro-sized capillary pores [3]. 49 

However, CNTs tend to form CNT bundles [7, 8] since they have high aspect ratios and 50 

strong van der Waals attraction between nanotubes. It has also been reported that sliding of 51 

CNTs from the cementitious matrix in tension indicates weak bonding with the matrix [9]. 52 

Thus, the effects of CNTs on the properties of cementitious materials have been limited due 53 

to poor dispersion and weak bonding between CNTs and the cementitious matrix. 54 

Graphene oxide (GO) is a layered nanomaterial consisting of hydrophilic oxygenated 55 

graphene sheets bearing hydroxyl and epoxide functional groups on their basal planes, in 56 

incorporation to carbonyl and carboxyl groups located at the sheet edges [10]. As such, GO 57 

has attracted much attention in various applications [11-13]. Unlike CNTs, GO can readily 58 

yield stable dispersions in water consisting mostly of 1-nm-thick sheets [14], due to the 59 

presence of these oxygen-containing functional groups. In terms of mechanical properties, the 60 

elastic modulus and tensile strength of GO are around 32 GPa and 130 MPa [13, 15], 61 

respectively, levels which are superior to those of cementitious materials. Most importantly, 62 

GO can be synthesized in large quantities from inexpensive graphite powder. This makes GO 63 

potentially more favourable than 0D nanoparticles and 1D nanotubes for altering various 64 

matrix properties such as mechanical, rheological and permeability properties, whereby GO 65 

provides an extra dimension of interaction with cement and concrete matrix [16].  66 
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A few studies have experimentally investigated the incorporation of GO into cement-67 

based materials, including cement paste and cement mortar. A recent study [17] of the effect 68 

of GO on the workability (rheological behaviour) of cement paste found that the fluidity of 69 

cement paste was reduced with the incorporation of GO. This reduction was attributed to the 70 

formation of agglomerates and flocculation by electrostatic interactions between GO and 71 

cement particles. The agglomerates and flocculation were not stable since they could be 72 

broken by shear mixing. Investigation of the effect of GO on the mechanical properties of 73 

cement-based materials showed that the incorporation of GO increased compressive and 74 

flexural strength. The 28-day compressive strength and tensile strength were reported to be 75 

increased by over 40% with the incorporation of 0.03% by weight GO [18]. The introduction 76 

of as little as 0.05 wt.% of GO increased compressive strength by 15–33% and flexural 77 

strength by 41–58%, respectively [19]. In another study, Lv et al. [20] reported up to 37.5% 78 

increase for compressive strength at 28 days in cement paste containing 0.04% GO. The 79 

effect of GO on mechanical properties was hypothesized to correlate with the properties of 80 

GO nanosheets such as interlocking facilitated by the wrinkled morphology of GO 81 

nanosheets, interaction between cracks and GO nanosheets, and interfacial forces between 82 

functional groups and hydration products [19]. In an investigation of the effect of GO on 83 

cement microstructure, the incorporation of GO was found to produce a finer pore structure 84 

of cement paste [18, 19]. In addition, it was found GO nanosheets could regulate to form 85 

flower-like, polyhedral and lamellar hydration products which formed denser structures [20, 86 

21]. Effects of GO on properties and microstructure of magnesium potassium phosphate 87 

cement were also investigated [22]. Saafi et al. [23] reported that the reduced GO sheets 88 

significantly reduced the porosity, increased the electrical conductivity and gauge factors 89 

under tension and compression of the alkali activated cement matrix. To the best of the 90 

authors’ knowledge, no study has investigated the effects of the incorporation of GO on the 91 

hydration of cement paste.  92 

A recent study [24] involving some of the present authors revealed that GO 93 

agglomerates formed immediately when GO nanosheets came into contact with water and 94 

cement if no dispersion aid was applied. It is the behaviour of the GO agglomerates, not the 95 

GO nanosheets, that influences the properties of cement paste. Therefore, careful 96 

investigation is required to correlate the influences on the properties of cement paste with the 97 

presence of GO agglomerates, which have been found to have relatively large lateral size and 98 

capacity of water retention [24].  99 
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The main objectives of this study were to elucidate the mechanisms by which GO 100 

agglomerates affect the workability, hydration, microstructure, and compressive strength of 101 

cement paste. It should be noted that no superplasticizer or water reducing agent was used for 102 

improving the GO dispersion in the matrix. To accomplish the goals, a mini-slump test was 103 

carried out to assess workability as a function of GO content; isothermal calorimetry was 104 

conducted to study early-age hydration heat development of GO-incorporated cement paste 105 

within 72 hours; mercury intrusion porosimetry and scanning electron microscopy were 106 

carried out to study the pore structure of GO-incorporated cement paste cured for 28 days; the 107 

compressive strength of GO-incorporated cement paste was investigated by compression tests 108 

at 3, 7 and 28 days.  109 

2. Materials 110 

2.1 GO 111 

GO solution was purchased from Graphenea
®
. In the solution, GO nanosheets were dispersed 112 

in water at the concentration of 4mg/ml. A scanning electron microscopy (SEM) image of 113 

GO nanosheets is shown in Fig. 1. The mean size of the GO nanosheets was around 1 µm. 114 

The major functional groups on surface of GO were found to be –OH and –COOH. Elemental 115 

analysis of the GO is given in Table 1. 116 

 117 

Figure 1 SEM image of GO 118 

Table 1 Elemental analysis of GO (mass percentage) 119 

Element Carbon Hydrogen Nitrogen Sulphur Oxygen 

% 49-56 0-1 0-1 0-2 41-50 

2.2 Cement powder 120 
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General-purpose ordinary Portland cement (OPC) conforming to the requirements of Type I – 121 

Normal Cement, as defined by ASTM C 150, was used throughout the study. The chemical 122 

composition of the cement powder as determined by X-ray fluorescence is shown in Table 2. 123 

Table 2 Chemical composition of cement powder 124 

 Al2O3 SiO2 CaO Fe2O3 K2O MgO Na2O SO3 LOI 

% 4.7 19.9 63.9 3.4 0.5 1.3 0.2 2.6 3.0 

 125 

2.3 Mixing of cement paste 126 

A high-speed shear mixer (CTE Model 7000) was employed to prepare cement paste 127 

incorporating GO. Mixing procedures similar to ASTM C1738-11a were adopted: 128 

- Conduct sonication on diluted GO solution using a horn sonicator (VCX 500W) for 5 129 

mins to ensure GO is well dispersed. To avoid raising the temperature, a water-ice 130 

bath was set up during the sonication. 131 

- Place the diluted GO solution in the bowl, then start the mixer and mix at slow speed 132 

(4000 rpm) for 30 s. Add the entire quantity of cement slowly into the solution over 133 

the 30 s period, while mixing at slow speed (4000 rpm). 134 

- Continue mixing for another 30 s at slow speed (4000 rpm). 135 

- Switch the mixing speed to high speed (12000 rpm) and mix for 30 s. 136 

- Stop the mixer and let the paste stand for 150 s. During this interval, quickly scrape 137 

down into the batch any material that has collected on the side of the bowl; then for 138 

the remainder of this interval, close the mixer enclosure or cover the bowl with the lid. 139 

- Finish by mixing for 30 s at high speed (12000 rpm). 140 

After the cement paste had been mixed, the fresh mixture was cast into moulds and vibrated 141 

on a vibration table to ensure good compaction. The moulds were then sealed with 142 

polyethylene sheets to prevent the escape of moisture. After 24 h, the samples were 143 

demoulded and cured in a saturated lime water bath at 20 °C until testing. 144 

3. Experiment 145 
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3.1 Mini-slump test 146 

Immediately after mixing, the fresh mixture was tested by mini-slump tests to determine the 147 

workability of the cement paste samples (C, CG2, CG3 and CG4). The mix proportions of 148 

four samples are detailed in Table 3. GO contents were 0%, 0.02%, 0.03% and 0.04%, by 149 

weight of cement, for C, CG2, CG3 and CG4, respectively. The testing procedure was the 150 

same as those adopted by Collins et al. [25]. A miniature slump cone was employed with top 151 

diameter 19 mm, bottom diameter 38 mm, height 57 mm. The purpose of conducting mini-152 

slump tests was to evaluate the influence of the incorporation of GO nanosheets on the 153 

workability of the cement paste.  154 

Table 3. Mix proportion of cement paste for compressive strength study 155 

Mix C CG2 CG3 CG4 

Water to cement ratio
 

0.4 0.4 0.4 0.4 

GO (%) 0 0.02 0.03 0.04 

3.2 Isothermal calorimetry 156 

Isothermal calorimetry using a TAM Air (TA Instruments) was performed to examine the 157 

hydration heat development of cement paste incorporating GO nanosheets. Around 5 g of 158 

cement paste was used for each measurement and the measurements began 3 minutes after 159 

mixing. The mixing was performed outside the calorimeter using a SpeedMixer (FlackTek 160 

Inc.) running at 3500 rpm for 45 seconds. Therefore, we did not employ in situ mixing in the 161 

isothermal calorimetry test. Disposable glass ampoules were used for sealing the paste 162 

samples.  163 

3.3 Microstructure characterization 164 

Cement paste samples were also prepared for microstructure characterization, namely 165 

mercury intrusion porosimetry (MIP) and SEM. A Poresizer 9320 porosimeter 166 

(Micromeritics) was employed for the MIP testing. After the 28-day compression tests, the 167 

samples were broken into 3-6 mm particles and then soaked in acetone to stop the hydration. 168 

Before MIP testing the samples were vacuum oven-dried at 105 °C for 3 hours [26] and kept 169 

in a vacuum chamber until testing. It should be noted that different protocols for preparing 170 

MIP specimens and conducting MIP tests could influence the results noticeably [27]. The 171 

microstructure of the samples was observed using a field emission SEM (Nova NanoSEM 172 
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450). SEM samples were collected from central parts of broken samples after compression 173 

tests. To make the samples conductive, a thin layer of gold-palladium was deposited onto the 174 

samples by a sputter deposition process. 175 

3.4 Compressive strength 176 

To examine the influence of GO incorporation on the mechanical properties of cement paste, 177 

compression tests were conducted using cylindrical specimens (23.5 × 47 mm). Due to 178 

limited GO availability, relatively small specimens were used in this study. For compression 179 

testing, specimens were tested at the ages of 3, 7 and 28 days, following ASTM C109. The 180 

loading rate was set to 0.2 mm/min, corresponding to approximately 0.3 MPa/s. The tests 181 

were performed using a Shimadzhu testing machine with a capacity of 300 kN. At least eight 182 

samples were repeated for each test. The mix proportions of cement paste for the compressive 183 

strength study are shown in Table 3. The water to cement ratio in all samples was kept at 0.4. 184 

GO contents were 0%, 0.02%, 0.03% and 0.04%, by weight of cement, for C, CG2, CG3 and 185 

CG4, respectively.  186 

4. Results and discussion 187 

4.1 Influence of GO incorporation on workability of cement paste 188 
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Figure 2 Mini-slump test results of C, CG2, CG3 and CG4 191 

Fig. 2 shows the mini-slump diameters of C, CG2, CG3 and CG4. The mini-slump diameter 192 

reduced with the increase of GO content. Compared to plain cement paste C, the 193 

incorporation of 0.02% by weight GO slightly reduced the mini-slump diameter. However, 194 

when 0.03% by weight GO was added, the mini-slump diameter showed a sudden decrease to 195 

a level that was about 21% lower than that of the plain cement paste C. The further increase 196 

of GO content to 0.04% did not reduce the slump diameter significantly. The mini-slump test 197 

results indicate that the incorporation of GO nanosheets reduced the workability of the 198 

cement paste. Moreover, it is evident that 0.03% was the threshold for workability of the GO-199 

incorporated cement paste. When the GO content was below the threshold, the influence of 200 

GO incorporation reduced the workability noticeably was not significant. When the GO 201 

content was above the threshold, the incorporation influence of GO incorporation reduced the 202 

workability noticeablywas not significant. 203 

Similar results were reported by Shang et al. [17] and Gong et al. [28]: the incorporation of 204 

GO into cement paste caused a noticeable reduction in fluidity and an increase in viscosity. 205 

Shang et al. concluded that agglomerates and flocculation formed when GO interacted with 206 
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cement particles by electrostatic interactions [17]. It is widely accepted that GO has a large 207 

surface area, allowing it absorb free water on its surface, leading to the decrease in fluidity 208 

[16, 17, 28]. Recent study by Li et al. [24] showed that aggregations of GO nanosheets 209 

formed due to chemical cross-linking [29] of divalent calcium cations which are abundant in 210 

pore solutions of cement paste. After shear mixing, the GO agglomerates became smaller but 211 

still entrapped large amounts of free water [24]. Therefore, the main mechanism whereby GO 212 

affects the workability of cement paste would be the formation of GO agglomerates by 213 

chemical cross-linking of calcium cations, a process which is stronger than the electrostatic 214 

interaction [17].  215 

4.2 Influence of GO on cement hydration 216 

Fig. 3 shows the hydration heat development of cement paste samples C, CG2 and CG4 217 

within 72 hours. As evident from Fig. 3, the curves for all cement pastes resembled that of 218 

typical Portland cement paste [30], which includes five stages: initial reaction, induction 219 

period, acceleration period, deceleration period and decline period. The incorporation of GO 220 

did not remove or add peaks, but only changed the intensity of the peaks. In CG2, the amount 221 

of GO used seemed too low to cause any important alteration of hydration heat development, 222 

as the two curves are nearly identical. However, in CG4, the cement hydration process was 223 

found to be accelerated with the incorporation of GO, as higher heat (increased peaks) was 224 

identified. In addition, the characteristic sulphate depletion peak [30] at about 12 h, which is 225 

associated with renewed formation of ettringite [30], became more pronounced than in 226 

sample C.  Four parameters, the age and normalized heat flow, at both the end of the 227 

induction period and the peak of the acceleration period, are presented in Table 4. It can be 228 

seen that the incorporation of GO did not prolong the induction period, but raised the heat 229 

flow (local minimum) at the end of the induction period by about 6.8%. Compared to sample 230 

C, CG4 reached the main hydration peak about 3.5% sooner and the peak was increased by 231 

about 3.8%, which suggests that the incorporation of GO accelerated both the induction and 232 

acceleration periods of cement hydration.  233 

As reported in a recent study, GO nanosheets were found to form agglomerates immediately 234 

upon contacting cement and pore solution [24]. As a result, it is the behaviour of the final GO 235 

agglomerates that exerts an influence on the hydration of cement paste. In other words, the 236 

effects of the incorporation of GO on the hydration heat development in cement paste depend 237 

upon the dispersion state of GO nanosheets. The lateral size of GO agglomerates in the wet 238 
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state has been found to range from a few micrometres to 100s of micrometres [24]. However, 239 

the thickness of the GO agglomerates was still found to be nanoscale [24]. Therefore, the 240 

aspect ratio of these GO agglomerates was at least 10,000. Typically, the tensile strength of 241 

GO agglomerates is around 100s MPa [29], which is lower than that of monolayer GO (24.7 242 

GPa [31]). Although in the current study the tensile strength was lower due to aggregation, 243 

the presence of GO agglomerates was still beneficial for reinforcing cement-based materials, 244 

which had much lower tensile strength. 245 

GO aggregation has been found to occur immediately after GO was introduced into cement 246 

paste suspension, due to the strong chemical cross-linking by calcium ions [29]. In other 247 

words, the incorporation of GO into fresh cement paste suspension immediately lowers the 248 

concentration of calcium cations in the pore solution. Usually, a decrease of Ca
2+

 249 

concentration would retard hydration [32]. In the current study, however, the effect of this 250 

process on very early hydration could not be measured since we did not employ in situ 251 

mixing for the hydration heat measurements.  252 

Apart from GO agglomerates forming in the aqueous phase, it is possible for GO nanosheets 253 

to be adsorbed onto the surface of cement particles as well as hydration products. When 254 

dispersed in water, cement particles become reactive particles which develop a heterogeneous 255 

surface structure formed by different hydrate phases. This results in a heterogeneous charge 256 

distribution on the surface of hydrating cement particles [33]. GO nanosheets can directly 257 

adsorb onto positively charged mineral surfaces such as C3A and Aft under electrostatic 258 

attractive forces. In the meantime, the abundant Ca
2+

 ions in the pore solution may neutralize 259 

negatively charged surfaces such as C3S and C-S-H, providing additional adsorption sites for 260 

GO nanosheets [34].  261 

The induction period is considered to be one in which various ions slowly diffuse from the 262 

mineral phases of cement particles to the aqueous phase [35]. The duration and heat flow of 263 

the induction period depend on the diffusion rate of various ions from the mineral phases to 264 

the aqueous phase [32]. If GO nanosheets were adsorbed on the surface of cement particles 265 

they would undoubtedly hinder the diffusion rate, since the diffusion rate is governed by the 266 

contact surfaces between mineral phases and water. According to the hydration heat results in 267 

the current study, however, the incorporation of GO had an accelerating effect on the 268 

induction period. We can conclude, therefore, that little GO adsorbed onto the surfaces of 269 

cement particles or hydration products.  270 
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The acceleration period is the period when rapid nucleation and growth of hydrates occur. At 271 

any time in the acceleration period, the hydration rate is determined solely by the total 272 

number of hydrate nuclei at that moment [32]. It has been reported that the maximum 273 

hydration rate (peak heat flow) in the acceleration period was associated with the number of 274 

hydrate nuclei [36]. According to the hydration heat results in the current study, the 275 

incorporation of GO increased both the hydration rate and hydration peak in the acceleration 276 

period. It is evident, therefore, that the incorporation of GO provided more nucleation sites 277 

for the growth of hydration products.  278 

As stated above, GO agglomerates formed in the aqueous phase when GO nanosheets 279 

contacted cement and water, with few GO nanosheets adsorbing onto the surface of cement 280 

or hydration products. Although the lateral size of those GO agglomerates was up to 100s 281 

micrometres, their thickness was still at nanoscale [24]. It has been reported that hydration, 282 

including both the induction and acceleration periods, can be accelerated by adding smaller 283 

particles to the cement paste, due to the seeding effect [37]. It is reasonable to assume that the 284 

accelerating effect of incorporated GO on hydration is attributed to the seeding effect, since 285 

GO agglomerates provide more nucleation sites due to their large surface area and small 286 

particle size.  287 

Reported investigations of hydration products by XRD and FTIR analysis have shown that 288 

GO could remarkably accelerate the hydration rate of cement [38]. Hydration acceleration 289 

has also been reported in cement paste incorporating other nanomaterials, including 0D 290 

nanosilica  [39, 40] and 1D CNTs [41]. The effectiveness of these nanomaterials on cement 291 

paste hydration was reported to correlate with their particle size [39] and hydrophilicity [41]. 292 

In the current study, the incorporation of GO could accelerate the hydration of cement. 293 

Further study is needed of the efficiency of hydration acceleration by GO, varying its initial 294 

particle size and degree of oxidation, which would influence the aggregation process of GO 295 

in cement paste. 296 
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Figure 3 Normalized heat flow of C, CG2 and CG4 298 

Table 4 Age and normalized heat flow of samples C and CG4 299 

Sample 
Age of minimum  

in induction period (h) 

Minimum heat flow in 

induction period (mW/g) 

Peak heat 

flow age (h) 

Peak heat flow 

(mW/g) 

C
 

1.39093 0.622 7.98121 3.65 

CG4 1.40267 0.664 7.70507 3.79 

 300 

4.3 Influence of GO on pore structure of cement paste 301 

Fig. 4 compares the differential and cumulative pore volume intruded as a function of pore 302 

diameter for cement pastes C, CG2 and CG4 measured by MIP. The differential mercury 303 

intrusion curves for C, CG2 and CG4 all exhibited a single, sharply defined peak at a pore 304 

diameter from 0.04-0.05 µm. However, the peak shifted toward finer pores with the 305 

incorporation of GO nanosheets. According to Diamond [42], this peak corresponds to the 306 

critical pore size, which correlates strongly with the material permeability and ion diffusivity 307 

[43]. With the incorporation of GO nanosheets, the critical pore size was reduced marginally 308 

by 5% and 2% in CG2 and CG4, respectively. This was assumed to be the effect of the GO 309 
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nanosheets. Similar refinement of critical pore size has also been reported in GO-reinforced 310 

cement paste [28] and CNT-reinforced cement paste [44]. 311 
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Figure 4 Differential (a) and cumulative (b) pore size distributions of C, CG2 and CG4 314 
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In addition to the peak shift, the volume of large pores with diameter greater than 0.05 µm 315 

decreased noticeably after the incorporation of GO, as can be seen in both Fig. 4a and Fig. 4b. 316 

According to Mindess et al. [45], capillary pore sizes can be divided into three categories, 317 

large capillaries or macropores (50-10,000 nm), medium capillaries or large mesopores (10-318 

50 nm) and small isolated capillaries or small mesopores (2.5-10 nm). The transport 319 

properties of cementitious materials are affected more by macropores [45]. In the current 320 

study, the volume fractions of macropores in C, CG2 and CG4 were calculated based on the 321 

cumulative intrusion results. With the incorporation of 0.02% by weight GO, the fraction of 322 

macropores decreased significantly by 40% in sample CG2. In sample CG4, the macropore 323 

fraction was reduced by around 10%. A similar result has been reported in cement mortar 324 

incorporating graphene nanoplatelets [46]. The incorporation of graphene nanoplatelets was 325 

found to have much greater impact on macropores than on large and small mesopores. It 326 

should be noted that, compared to C and CG2, CG4 had a slightly greater volume of large 327 

pores with diameter from 0.15-1 µm, which corresponded to macropores. This was probably 328 

the result of introducing larger pores due to the poor workability of CG4. 329 

Table 5 shows the MIP testing results for C, CG2 and CG4. As can be seen, the incorporation 330 

of GO appeared to have no significant effect on the total porosity. The porosity of both CG2 331 

and CG4 was similar to that of the plain sample C. However, the specific surface area of the 332 

pores in CG2 and CG4 showed noticeable increases (18% and 16% respectively) compared to 333 

C. This was consistent with both the differential and cumulative intrusion curves (Fig. 7 and 334 

8), which showed that CG2 and CG4 had finer pore structure. 335 

Table 5 Porosity and specific surface area of C, CG2 and CG4 336 

 C CG2 CG4 

Porosity (%) 20.48 20.31 20.27 

Specific surface area (m
2
/g) 13.06 15.51 15.15 

The porosity and pore structure of cement paste are of the greatest importance for the 337 

performance of hydrated cement-based composites. According to the MIP results, adding a 338 

small amount of GO nanosheets in cement paste can refine the pore structure of cement paste 339 

by decreasing both the critical pore size and the volume of macropores. This refinement of 340 

pore structure is assumed to be the result of filling larger pores by adding GO nanosheets, 341 

which form GO agglomerates and provide nucleation sites for cement hydration products due 342 

to the nansoscale thickness of the GO agglomerates. As a result, the incorporation of GO in 343 
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cement-based composites can be used to improve both mechanical and transport properties of 344 

the composites due to their finer pore structure. 345 

4.4 Microstructure of cement paste incorporating GO 346 

 347 

 348 

 349 

Fig. 5 SEM images of samples C (a, b), CG2 (c, d), and CG4 (e, f) 350 
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Fig. 5 shows SEM images of cement paste samples C (Fig. 5a and 5b), CG2 (Fig. 5c and 5d) 351 

and CG4 (Fig. 5e and 5f) at 28 days. As can be seen, the microstructure of the cement paste 352 

sample was densified by the incorporation of GO nanosheets. Large pores with diameter up 353 

to about 5 µm are observed in the plain cement paste sample C. However, the microstructures 354 

of samples CG2 and CG4 seem to be denser than that of the plain sample C. This is 355 

consistent with the MIP results which showed that the incorporation of GO refined the pore 356 

structure of cement paste. It should be noted that GO agglomerates were not identified in 357 

samples CG2 and CG4 in the matrix since GO was difficult to detect [24] when only a small 358 

amount was used in the current study. 359 

4.5 Compressive strength of cement paste incorporating GO 360 

Fig. 6 shows the compressive strength of cement paste samples C, CG2, CG3 and CG4 at 3, 7 361 

and 28 days. The compressive strength of each of C, CG2, CG3 and CG4 increased with 362 

curing age. As can be seen, at 3, 7 and 28 days, the compressive strength of CG2 was slightly 363 

lower than that of C. In that case, GO appeared to have no effect on compressive strength. 364 

However, compressive strength in both CG3 and CG4 was enhanced compared to that in 365 

control sample C at all curing ages, 3, 7 and 28 days. At 28 days, the enhancement of 366 

compressive strength in CG3 and CG4 relative to that of C was 6% and 14%, respectively. As 367 

in the workability test results, there was a threshold for the compressive strength of cement 368 

paste incorporating GO , which was also 0.03% by weight of cement. When the GO content 369 

was below the threshold, the influence of GO incorporation was not significant. When the 370 

GO content exceeded the threshold, the incorporation of GO increased the compressive 371 

strength. 372 

The increase in compressive strength in a study by Gong et al. [28] was reported to be 46% at 373 

28d in cement paste containing 0.03% GO. At 28d, the compressive strength of plain cement 374 

paste (water to cement ratio 0.5) was increased from 43 to 63 MPa by adding 0.03% GO. The 375 

increase in compressive strength in another study by Pan et al. [19] was around 16% at 28d in 376 

cement paste containing 0.05% GO. At 28d, the compressive strength of plain cement paste 377 

(water to cement ratio 0.5) was increased from 43 to 51 MPa by adding 0.05% GO. In 378 

another study, Lv et al. [20] reported up to 37.5% increase at 28d in cement paste containing 379 

0.04% GO. At 28d, the compressive strength of plain cement paste (water to cement ratio 0.3) 380 

increased from 59.31 to 81.56 MPa with the incorporation of 0.04% GO. The 28d 381 

compressive strength enhancement, 6% and 14% in CG3 and CG4, respectively, in the 382 
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current study was lower, but the compressive strength of CG3 and CG4 reached around 83 383 

MPa and 90 MPa, which was much higher than the 63 MPa, 51 MPa and 81.56 MPa in 384 

studies cited above. 385 

According to our hydration heat and porosity measurement results, the compressive strength 386 

enhancement can be attributed to the promotion of hydration and the finer pore structure of 387 

cement paste incorporating GO. This is due to GO agglomerates filling the larger pores. 388 

These agglomerates also provide nucleation sites which accelerate hydration, in turn 389 

benefiting the refinement of pore structure. Crack-bridging provided by GO agglomerates is 390 

also a possible reason of reinforcement due to their wrinkled morphology, large aspect ratio 391 

and strong interactions between agglomerates and matrix. However, further study is needed 392 

to elucidate the possible reasons. 393 
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Figure 6 Compressive strength results of C, CG2, CG3 and CG4 395 

5. Conclusions 396 

A comprehensive study of a variety of properties of cement paste incorporating GO with the 397 

water to cement ratio of 0.4 was conducted. The properties examined were workability, 398 



18 

isothermal calorimetry, porosity, microstructure and compressive strength. The results 399 

indicate that: 400 

1) Incorporation of GO reduces the workability of cement paste, due to the formation of GO 401 

agglomerates by chemical cross-linking of GO nanosheets by calcium cations. Free water is 402 

reduced by these GO agglomerates which have high water entrapment capacity. 403 

2) The hydration of cement paste is accelerated due to the seeding effect of GO agglomerates 404 

which provide nucleation sites because of their small particle size and large surface area.  405 

3) The incorporation of GO refines the pore structure of cement paste due to the filling of 406 

large pores by GO agglomerates. 407 

4) The incorporation of GO increases the compressive strength of cement paste. A threshold 408 

for GO content was found to be around 0.03% by weight of cement. When the GO content is 409 

below the threshold, the influence of incorporated GO is not significant. When the GO 410 

content exceeds the threshold, the incorporation of GO increases the compressive strength. 411 
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