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Abstract: The objective of this research was to optimise the fresh mix properties, 11 

rheological parameters, heat of hydration and development of the compressive strength of 12 

cement mortars containing nano-clay (nCL) and fly ash (FA).  All mixtures were made with 13 

water-to-binder ratio (W/B) of 0.40.  The replacement of cement by FA was varied from 5% 14 

to 20% (by mass of cement), and dosages of superplasticiser (SP) and nCL were varied from 15 

0.6% to 3% (by mass of binder), and 0.5% and 2.5% (by mass of cement), respectively.  The 16 

fresh mix properties were evaluated by using mini-slump flow, Marsh cone flow time and 17 

Lombardi plate cohesion meter, and induced bleeding.  Yield stress and viscosity were 18 

determined to analyse the effects on rheology.  Variations in hydration kinetics were 19 

examined through calorimetry tests.  Compressive strength was measured and evaluated at 20 

different ages up to 28 days.  Dosages of nano-clay, fly ash and superplasticiser were the 21 

investigated key parameters.  Statistical models and isoresponse curves were used to identify 22 

significant trends.  Prediction models were developed for mini-slump, Marsh cone, 23 

Lombardi plate cohesion meter, heat of hydration, induced bleeding, static and dynamic 24 

yield stress, plastic viscosity, and compressive strengths at 1d, 3d, 7d, and 28 d as function 25 

of nCL, FA, and SP. Optimization of mortar proportioning to fulfil required performance 26 

levels in fresh and hardened states was possible by using the predicted models presented in 27 

this paper.  28 

 29 

Keywords: Compressive strength; fly ash; heat of hydration, induced bleeding, nano-30 
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 33 

1. Introduction 34 

Manipulation of structures at nanoscale (<100 nm) is called nano-modification.  It 35 

can be used to enhance cement composition.  Nanoparticles can accelerate the rate of 36 

hydration and improve early-age strength of cement-based materials with supplementary 37 

cementitious materials like fly ash [1-3].  Most known nanoparticles are titanium dioxide 38 

(TiO2), zinc dioxide (ZnO2), calcium carbonate (CaCO3), nano-silica (nS) and nano-clay 39 

(nCL) [4-26]. 40 

The effect of nanoparticles on fresh and hardened properties is caused by several 41 

simultaneous mechanisms [27].  Firstly, the filler effect, as their small size enables improve 42 

microstructure and increase packing density [28].  Secondly, due to nucleation effect they 43 

can accelerate cement hydration [29].  The particles act as a highly efficient nucleation sites 44 

for silica units that are released from cement particles and for the first Calcium Silicate 45 

Hydrate (C-S-H) seeds.  Around the additional nucleation site dispersed in the pore solution, 46 

the hydration products can also accumulate.  When the nanoparticles are well dispersed in 47 

the mixture, the C-S-H production can take place in the voids between the grains, with a 48 

more compact matrix consequently.  Thirdly, there is a chemical or pozzolanic effect with 49 

formation of additional C-S-H.  Nanoparticles can react with calcium hydroxide, which is 50 

formed as a by-product from cement hydration, to construct extra C-S-H.  There is a synergy 51 

between the acceleration of cement hydration and the pozzolanic effect.  The hydration of 52 

tricalcium Silicate (C3S) and dicalcium Silicate (C2S) forms calcium hydroxide.  The 53 

hydration rate of C3S is accelerated because the cement hydration is accelerated by the 54 

nucleation effect [30, 31].  Therefore, calcium hydroxide release rate is increased, sooner 55 

available and favours the pozzolanic effect of nanoparticles.  Induction period of cement 56 

hydration is shortened and the release of calcium ions quicker with fast consumption due to 57 

pozzolanic action [8].  Finally, there could also be a dilution effect in case the cement-58 

replacing powder particles are inert [29]. 59 

Small additions of nano-clay (smaller than 1% by mass of binder) have proven to 60 

increase the green strength of self-consolidating concrete directly after casting without 61 

significant changes in flowability [21, 22].  On the one hand, the addition of any 62 

nanoparticles at constant water content will cause an increase in stiffness because the water 63 

demand is raised.  It can be a dominant factor, as nano-clay can have a water adsorption of 64 



3 
 

200% by mass [23].  On the other hand, nano-clay enhances the thixotropic behaviour of 65 

cementitious materials [32], which can be noticeable in the development of green strength 66 

when the material is at rest [21].  67 

Neaman and Singer [24] showed that an increase in the length to width ratio of non-68 

purified palygorskite nano-clay particles will increase rheological parameters like viscosity 69 

and yield value. This makes the purification process critical to ensure uniform size and 70 

shape particles so that variability of the rheology is controlled.  Research with kaolinite clay 71 

and belite clay showed that in combination with Portland cement, these nano-sized layer 72 

silicates do not show pozzolanic reactions.  An improvement in strength, durability and 73 

acceleration of cement hydration was however noticed, probably linked to nucleation effect 74 

and filler effect.  75 

Nano-clay categorized as highly purified magnesium aluminium silicate, Acti-gel, is 76 

known to improve the performance of concrete [30, 31].  Most aluminium silicates used 77 

commercially, are created by the dry method.  However, Acti-gel is created by the wet 78 

process, which mechanically removes impurities and grit.  Acti-gel is negatively charged 79 

along its axis and positively on the ends, which stimulates gel formation to connect the 80 

microstructure of cement-based materials.  Addition of Acti-gel in cement-based materials is 81 

thixotropic with an increasing value at higher dosages of Acti-gel [32, 33].  A card-house 82 

network microstructure is formed when no shear is applied to the cement paste.  In this 83 

resting period, the positive charged ends attach themselves on a negative charged axis, 84 

shaping the card-house network [34].  The particle direction will change when shear is 85 

applied and compensate the structural connection between particles, improving the structural 86 

connection of cement paste and increasing the energy needed for break down.  Increases of 87 

yield stress and viscosity follow due to this effect [25]. 88 

 89 

2. Scope of research 90 

The objective of this research is to evaluate the effects of different dosages of nano-91 

clay, fly ash and superplasticiser on the fresh and rheological properties and hardening 92 

behaviour of cement mortars. Several cement mortars were produced and tested using a 93 

statistical modelling approach.  The results of the experimental work were analysed and the 94 

established models identify and quantify the parameters and two-way interactions that have 95 
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a severe effect on the fresh and hardening properties of cement mortars.  The equations 96 

obtained can be used to assess the potential influence of adjusting the dosage contents.  97 

Dosages can be adjusted to ensure the stability of mortar proportions which include SP, nCL 98 

and FA.  These models can ease the protocol to optimize mortar with a given set of 99 

performance criteria required to ensure successful development of mortar.  The proposed 100 

models can simplify the test protocol required to optimize a given mix by reducing the 101 

number of trial batches needed to achieve optimum balance among various mix variables.  102 

This can prove useful even when a set of materials different than that employed for 103 

establishing the models is used. 104 

3. Experimental program 105 

3.1 Factor and levels considered 106 

The considered factors in this research consisted of: Nano-clay with dosages 107 

(expressed as mass percentage relative to the mass of cement) varied between 0.5 and 2.5%; 108 

superplasticiser dosages (expressed as mass percentage relative to binder, or 0.02% to 109 

0.08% by volume of binder) varied between 0.6 and 3% and fly ash (expressed as mass 110 

percentage relative to cement) varied between 5 and 20%.  Table 1 presents a summary of 111 

the different values used for each of the factors.  112 

3.2 Materials used 113 

The cement used was Portland cement type CEM I 52.5 N, conforming to BS EN 114 

197-1:2000 [35].  Fly ash (FA) in accordance with the BS EN 450-1:2005 is used as cement 115 

replacement [36].  Chemical properties of cement and fly ash can be found in Table 2.  116 

Purified palygorskite nano-clay (PPNC) is used as a mineral viscosity modifying admixture 117 

(VMA) to control stability and flow of the fresh state.  The Acti-Gel 208® used is a highly 118 

purified magnesium aluminium silicate that is self-dispersing.  Table 3 summarizes the 119 

physical properties of the cement, fly ash and nano-clay used.  A polycarboxylate-based 120 

superplasticiser is used to improve workability in fresh state.  Sand was used with a 121 

maximum particle size of 1.18 mm, absorption coefficient of 0.3% and specific gravity of 122 

2.6 mg/m3. 123 

3.2 Experimental program 124 

The experimental technique of analysis used in this study was a 2k factorial 125 

experimental design to evaluate the influence of two different levels (maximum and 126 
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minimum) for each variable on the relevant mortar properties.  Three key parameters that 127 

have significant influence on mix characteristics of mortar were selected to use to formulate 128 

the statistical models to evaluate relevant properties (k = 3, therefore the total mixtures for 129 

the factorial was 23= 8).  The experimental levels of the variables (maximum and minimum) 130 

dosages of nCL and SP and the percentage of FA are defined and given in Table 4. 131 

The statistical models are valid for mixtures made with ranges of nCL of 0.5% to 132 

2.5%, by mass of binder, 0.6% to 3.0% SP dosage, by mass of binder, and fly ash ranged 133 

from 5% to 20%, by mass of cement.  The responses modelled were mini-slump, Marsh 134 

cone, plate cohesion, heat of hydration, induced bleeding, static yield stress, dynamic yield 135 

stress and plastic viscosity, and compressive strengths at 1 d, 3 d, 7 d and 28 d. 136 

Eleven mortars were considered during the experiment. The mix proportions of all 137 

mortars are listed in Table 4 with percentage factors. The first eight mixtures consist of all 138 

possible combinations of the minimum and maximum values of the three factors considered.  139 

Mixtures from 9 to 11 are centre points with the same properties that are the average values 140 

of the three factors.  The percentage of sand was kept constant at 30% of the total volume 141 

for all mixtures. 142 

3.3 Testing procedure 143 

The water/binder ratio (W/B) was kept constant at 0.40 for every mortar.  Water 144 

temperature was kept at 16 ± 0.5 °C.  The mixtures were prepared during 7 minutes in a 145 

planar-action high-shear mixer with maximum capacity of 4.5 L.  Two batches of every 146 

mortar were prepared in the same manner, the first batch consisted of a volume of 1.6 L and 147 

the second of 1.1 L.  148 

Timing and sequence of all operations were the same for all mixtures.  First, water, 149 

nCL and SP were poured in the mixer for 1 min at low speed (140 rpm).  Cement, FA and 150 

sand were added in the mixer and mixed for 2 min at low speed.  After, the mixer was 151 

stopped to remove lumps and to blend any solids on the surface of the mixer.  This 152 

procedure takes under a minute.  The mortar is then mixed for 2 min on high speed (285 153 

rpm) and for 1 min at low speed (140 rpm).  154 

To perform all the tests in a reasonable time frame, it was decided to produce two 155 

batches of the same mixture.  On the first batch (1.6 L) following tests were carried out: the 156 

mini-slump, Marsh cone, Lombardi plate and mud balance.  Fluidity was tested with the 157 

mini-slump flow test (8 min after starting mixing).  The test was carried out with a truncated 158 
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cone on a PVC plate to measure the spread of mortar. The cone has a bottom diameter of 38 159 

mm, an upper diameter of 19 mm and height of 57 mm.  The spread of the mortar was 160 

measured in two perpendicular directions.  The value of the spread used further in the 161 

research is the average of the two perpendicular measurements.  The results of the mini-162 

slump test give an identification of the yield stress; the lower the average spread, the higher 163 

the yield stress is expected [37, 38]. The Marsh cone test was carried out after (9±1 min).  164 

The time was measured for the flow through the flow-cone at 500 ml, 700 ml and 1L.  165 

Lombardi plate cohesion meter was used to measure cohesion (11±1 min). The dry thin 166 

galvanized steel plate (100 x 100 x 1 mm) was dipped into the mortar and when dripping 167 

stopped, placed on a stand on a scale.  The weight of the mortar attached to the plate was 168 

measured.  The thickness of the mixture that adheres to the plate is a dimension for the 169 

adhesion, which can be calculated if the density of the mixture is known.  The mud balance 170 

(13±1 min) was used to determine the fresh density of each mortar mixture.  171 

The second batch (1.1 L) was used for the induced bleeding test and rheological 172 

measurements using a computer-controlled vane viscometer.  A computer-controlled vane 173 

viscometer (Haake VT550 viscometer) was utilized to test the rheology of the mortars.  A 174 

direct measurement of the yield stress is performed by stress growth (8-15 min).  The 175 

method consists of shearing the material at a low and constant rate.  The shear stress is 176 

quantified and plotted in function of the time.  The maximum in the shear stress-time graph 177 

determines the yield stress.  Around 750 ml or the mortar mixture was placed in a plastic 178 

cup in which the vane was inserted.  A constant shear rate (0.02 s-1) was applied for 180 s 179 

after a resting period of 60 s.  A pressure filter (9-40 min) was used to measure the 180 

resistance of the fresh mortar against induced bleeding.  Approximately 200 ml of fresh 181 

mortar was placed in the cell with filter paper and closed with the lid by a T-screw in the 182 

frame.  Under the outlet of the base cap, the graduated cylinder was placed to measure the 183 

water loss.  Compressed air up to 0.55 MPa was pressured in the cell.  The water in the 184 

graduated cylinder was measured at 15 s, 30 s, and every minute until 10 min and then every 185 

5 min to 30 min.  After the stress-growth method the test sample is remixed by hand and an 186 

indirect measurement is performed with the vane viscometer to obtain the flow curve, 187 

dynamic yield stress 𝜏0 and plastic viscosity 𝜇. The step by step method (16-25 min) is used 188 

by 10 different steps with constant shear rate.  The shear rate is increased and decreased 189 

from an initial value of 0.188 s-1 to 41.8 s-1.  190 
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Twelve cubes of 50-mm size of each mixture were cast and tested at 1, 3, 7 and 28 191 

days using a Denison Mayer servo-hydraulic 2000 kN compression machine that applied the 192 

load at constant rate of 55 kN/min.  The cubes were placed into a water basin at 20±1 °C till 193 

their testing age.  The average compressive strength of three cubes was used further in the 194 

research.  Heat of hydration was performed on paste samples of each mixture by isothermal 195 

calorimetry with an eight-channel heat conduction calorimeter at 22°C. 196 

4. Results and Discussion 197 

The results of the experimental work characterize the behaviour of the mortars with 198 

different dosages levels of nCL, FA and SP.  Table 5 and 6 summarise all results of the 199 

experimental work performed.  The results were used to construct the regression models.   200 

To test the significance of the regression models, analysis of variance (ANOVA) was 201 

used.  To determine non-significant (NS) variables and second order interactions and 202 

eliminate them, T-test was used.  Multilinear regression analysis based on a normal 203 

distribution assumption was used to identify the model coefficients.  The error was assumed 204 

to be random and normally distributed.  The significance of each variable for a given 205 

response is evaluated using t-test values based on Student’s distribution [39].  Probabilities 206 

of less than 0.10 are often considered as strong evidence that the parameter is not zero, i.e. 207 

that the proposed parameter has a significant influence on the measured response.  208 

Isoresponse curves for the regression models expressed by the equations were created by 209 

using response surface methodology (RSM). 210 

Table 7 shows the average measured responses of the three replicate mortars, the 211 

coefficients of variation (COV), as well as the estimated errors with a 90% confidence limit 212 

for each of the measured properties.  The estimated error levels for mini-slump, flow time, 213 

Marsh cone, plate cohesion meter, static yield stress, dynamic yield stress, plastic viscosity, 214 

induced bleeding at 10 min, peak of hydration qmax, time of qmax t(qmax) , heat of 215 

hydration at 1d and 3d, and compressive strengths at 1, 3, 7, 28 days were ± 5.5mm, ± 2.5s 216 

± 0.04mm, ± 6.0Pa, ± 3.8Pa, ± 0.32Pa.s, ± 2.7mL, ± 0.003W/kg , ± 0.006day, ± 0.002W/kg, 217 

± 0.003W/kg, ± 2.7MPa, ± 0.7MPa, ± 0.4MPa, ± 2.5MPa, respectively (Table 7). 218 

 219 
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4.1 Mini-slump 220 

The mini-slump is mainly influenced by the dosages of nCL, SP and FA and by 221 

some interaction effects between SP and FA.  Nano-clay and SP dosage are the parameters 222 

affecting the mini-slump the most, as shown in Eq. (1) (R2 = 0.99): 223 

 224 

Mini-slump [mm] = 114.4 - 44.0 nCL + 32.1 SP - 5.5 FA - 5.0 SP∙FA  (1) 225 

 226 

Fig. 1 shows the effect of nCL with respectively FA and SP fixed.  Both graphs 227 

illustrate a decrease in mini-slump with an increasing dosage of nCL between 0.5 and 2.5 %.  228 

The content of nCL is the most dominant factor for reducing the mini-slump because of its 229 

high-water adsorption and thixotropic behaviour Error! Reference source not found. followed 230 

by SP (-44 and 32.1 in Eq. 1).  Acti-gel is known for increasing the stiffness of fresh 231 

concrete [21].  The mixtures with the highest nCL content (2.5%) were clearly stiffer and 232 

even resulted in mixtures 2 and 6 being not flowable. 233 

4.2 Marsh cone flow time 234 

The regression model for the Marsh cone is influenced in order of significance by 235 

nCL, FA and SP as presented in Eq. (2) with R2 = 0.98.  The flow time for 700 ml of mortar 236 

flowing through the Marsh cone was investigated.  Flowability is significantly influenced by 237 

nCL dosage.  The higher the nCL dosage, the longer it takes for the mortar to flow through 238 

the funnel as the mix became to viscous to flow. 239 

1/Marsh cone [s-1] = 0.028 – 0.017 nCL + 0.008 SP – 0.004 FA – 0.003 SP FA  (2) 240 

Fig. 2 shows that variations in the nCL content become more important when the FA 241 

content is increased or the SP content is reduced.  Fixed SP at 1.8% and FA at 12.5%, 242 

increasing nCL content from 0.5% to 2.0% led to an increase of flow time from 22 s to 50 s.  243 

For example, when SP was fixed at 1.2% and FA at 12.5%, the increases of nCL content 244 

from 0.5% to 2.0% led to an increase of flow time from 25 s to 63 s.  The same trend on 245 

increase of flow time can be noticed for SP but in this case with reducing SP dosage. 246 

4.3 Plate cohesion 247 

Dosages of nCL, FA and their interaction were found significant in the analysis of 248 

the Lombardi plate test results as mentioned in Eq. (3) with R2 = 0.96.  The thickness of the 249 

layer on the plate is primarily affected by the main effects of nCL and FA. 250 
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Plate cohesion [mm] = 0.92 + 0.49 nCL - 0.18 SP + 0.15 FA - 0.12 nCL∙SP  251 

+ 0.13 SP∙FA        (3) 252 

Fig. 3 shows the contour plots for fixed SP and variable nCL versus FA.  It 253 

illustrates that at fixed SP at 1.8% and FA at 12.5%, the increases of nCL content from 1.0 254 

to 2.5% led to an increase of plate cohesion from 0.70 mm to 1.28 mm.  When SP was fixed 255 

at 2% and nCL at 2%, the increases in FA content from 5 to 20 % led to an increase of plate 256 

cohesion from 1.1 mm to 1.4 mm indicating that both FA and nCL and their interaction 257 

improve the cohesiveness of mortars.  Thus, increasing the ultrafine nCL particles content 258 

improved the cohesion of the mortar and reduced segregation tendencies. 259 

4.4 Rheological parameters 260 

The flow curve was fitted by using the Modified Bingham model.  Eqs. (4), (5) (6) 261 

show the static yield stress (R2 = 0.95), dynamic yields stress (R2 = 0.99) and plastic 262 

viscosity (R2 = 0.97), respectively.  Eq. (4) shows that the increase of nCL content led to an 263 

increase in static stress (Fig. 4), dynamic yield stress (Fig. 5) and plastic viscosity (Fig. 6).  264 

The trend for yield stress regarding nCL and SP is found to be consistent with the model for 265 

the mini-slump test.  Increasing nano-clay dosages has 3.4 times more effect on increasing 266 

the static yield stress than SP has on decreasing it.  However, the increase of SP led to a 267 

reduction of yield stress and a slight reduction of plastic viscosity (Figs. 5 and 6).  A thicker 268 

polymer layer is formed by increasing the SP dosage with a weaker attraction between 269 

particles consequently.  Therefore, a smaller force is needed to disperse the particles.  The 270 

increase in yield stress is due to the card-house like microstructure formed by the very small 271 

particles of nCL, that is more difficult to break down.  The replacement of cement by fly ash 272 

affects significantly the yield stress and plastic viscosity.  Increasing FA led to a reduction 273 

of yield stress and slight increase in plastic viscosity due to the balling effect of spherical 274 

particles of FA. 275 

1/Static yield value [Pa-1] = 0.044 – 0.034 nCL + 0.010 SP – 0.029 FA + 0.026 nCL∙FA  276 

                                     - 0.019 SP FA       (4) 277 

Yield value [Pa] = 19.1 + 16.7 nCL – 31.9 SP - 16.4 FA + 13.4 nCL FA   (5) 278 

1/Plastic viscosity [Pa∙s-1] = 0.39 - 0.15 nCL + 0.14 SP - 0.056 FA    (6) 279 



10 
 

In general conclusion on fresh and rheological properties, the results of effect nanoclay on 280 

these properties concord on what have been reported in the literature [23, 32]. 281 

4.5 Induced bleeding  282 

For induced bleeding, the following relationship was obtained at 10 min having the 283 

best R2 = 0.94 (Eq. 7).  The proportion of SP exhibits the most effect as a primary variable 284 

on the induced bleeding at 10 min when the most induced bleeding happened (Eq. (7) 285 

followed by nCL.  However, the addition of FA led to slight increase of induced bleeding 286 

and also the interaction between CL and SP had the most significant effect on induced 287 

bleeding (5.1 vs. -3.3, -1.3 and 0.75). 288 

 289 

Induced bleeding at 10 min [mL] = 10.9 – 1.3 nCL – 3.3 SP + 0.75 FA  290 

        + 5.1 nCL∙SP      (7) 291 

The isoresponse curve in Fig. 7 shows that a critical value is reached around 1.8% 292 

SP and 2% nCL and 12.5% of fly ash.  Increasing the dosage of nCL between 0.5 and 2.5% 293 

with SP content below 1.8% and fixed FA at 12.5%, caused a decrease in induced bleeding 294 

at 10 min between 20 and 10 mL.  When SP content is higher than 2% and FA fixed, the 295 

bleeding reduced with nCL content ranging from 0.5 to 2%.  The effect is due to better 296 

dispersion and packing of cement particles related to higher SP content which led to more 297 

sedimentation of cement particles at the bottom and blocking the filer and therefore less 298 

bleeding.  For any given nCL percentage and fixed SP content, the increase of FA led to an 299 

increase in the bleeding (Fig. 7). 300 

4.6 Heat of hydration 301 

Eq. (7) and (8) show the retarding and decreasing effect of increasing FA and SP 302 

content on the peak of hydration qmax and the time corresponding of t(qmax) with R2 of 0.99 303 

and 0.99, respectively.  The nCL content shows slight significant effect on peak of hydration 304 

and an interaction between nCL and SP (+0.001 and -0.34).  However, SP and FA had high 305 

significance on peak of hydration.  Eq. (9) and (10) show that increasing FA content 306 

decreased significantly the heat released at day 1 and 3 day (-0.23 and -0.017), while 307 

increasing SP content increased the heat release as it improves the reaction of cement 308 

particles (better dispersion).  The coefficient of determination of heat at 1 d and 3d were 309 



11 
 

0.99 and 0.98, respectively.  However, the increase in dosage of nCL reduced slightly the 310 

heat of hydration at 1 d and 3 d (-0.09 and -0.005).  Figs. 8 and 9 present the isoresponse of 311 

heat of hydration at 1 d and 3 days, respectively.  For fixed SP at 1.8% and any given nCL 312 

content, the increase of FA led to a reduction of heat of hydration at 1 d and 3 d (Figs. 8 and 313 

9).   Conversely, the increase of SP for a fixed FA at 12.5% and any give dosage of nCL 314 

induced a slight increase in heat of hydration at 1 d and 3 days. 315 

Peak of hydration qmax [W/kg] = 2.08 - 0.21 SP - 0.19 FA + 0.001 nCL 316 

      - 0.034 nCL∙SP      (7) 317 

Peak of hydration t(qmax ) [day] = 0.92 + 0.24 SP + 0.057 FA + 0.026 SP∙FA   (8) 318 

1-d heat [W⁄kg] = 1.46 - 0.23 FA + 0.19 SP - 0.090 nCL + 0.091 nCL∙SP - 0.25 SP∙FA (9) 319 

3-d heat [W⁄kg] = 0.25 - 0.017 FA + 0.017 SP - 0.005 nCL + 0.005 SP∙FA  (10) 320 

4.7 Compressive strength 321 

Eqs. (12), (13), (14) and (15) present the relations between the compressive strength 322 

and nCL, SP and FA content at age 1, 3, 7 and 28 days with very good coefficients of 323 

determination R2 = 0.94, 0.97, 0.98, 0.95, respectively).  The 3 parameters nCL, SP and FA 324 

had a significant effect on the compressive strengths.  The increase of nCL content had a 325 

different effect on the compressive strength depending on the age.  A positive effect was 326 

noticed at day 1 but the effect turns negative from day 3 till 28 days, becoming more 327 

significant with age.  The compressive strength increased at 3, 7 and 28 days with increased 328 

dosages of SP, depending on the nCL dosage.  The same positive effect was noticed in the 329 

1day and 3-day heat equations (9) and (10).  However, as expected FA led to a reduction of 330 

compressive strength at all ages. 331 

fc1d'[MPa] = 16.8 + 1.8 nCL - 6.0 SP - 1.6 FA + 1.6 nCL∙SP    (12) 332 

fc3d'[MPa] = 44.3 - 3.4 nCL - 1.5 FA + 0.8 SP + 2.8 nCL∙SP - 0.9 nCL∙FA   (13) 333 

fc7d'[MPa] = 57.2 - 3.8 nCL + 5.0 SP - 2.4 FA + 2.5 nCL∙SP - 2.4 nCL∙FA   (14) 334 

fc28d'[MPa] = 72.4 - 5.1 nCL + 4.3 SP - 2.2 FA + 2.5 nCL∙SP - 1.3 nCL∙FA  (15) 335 

At one day, the increase of SP dosage showed a negative effect on the compressive 336 

strength.  The interaction between nCL and SP with positive effect on the compressive 337 
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strength was found to be significant at all ages, especially at the age of 3 days.  The 338 

isoresponse curve for the compressive strength at 3 days Fig. 10(b) illustrates that for a nCL 339 

dosage less than 1.2%, increasing SP dosage has a negative effect on the compressive 340 

strength, but for a higher nCL dosage (between 1.2 and 2.5%) had a positive effect.  The 341 

compressive strength results for fixed SP and FA show that mortars with higher nCL content 342 

developed a higher compressive strength at day 1 compared to the same mortar with low 343 

nCL content.  The compressive strength at 3, 7 and 28 days was higher for the mortars with 344 

low nCL content.  345 

As expected FA content affected the compressive strength at all ages in the same 346 

way; increased FA dosages reduced the compressive strength.  This effect coincides with the 347 

negative effect of FA dosage on the hydration peak, 1-day heat and 3-day heat. 348 

Fig. 10 shows the isoresponse curves for nCL versus SP for 1, 3, 7 and 28 days with 349 

FA fixed at 12.5%.  At 1d, an increase of 2 MPa is noticed for increasing nCL content with 350 

SP at 1.8% and FA at 12.5%.  The increase became smaller with lower SP and bigger with 351 

higher SP due to their interactions.  At 3 days, a reduction in compressive strength is noticed 352 

with increasing nCL content between 0.5 and 1.25% and increasing SP content between 0.6 353 

and 3%.  An increase is observed when nCL content is above 1.25% with increasing SP 354 

content.  At 7 days, nCL content decreased the compressive strength and SP increased it.  A 355 

larger reduction is noticed at fixed low SP content (- 10 MPa) with increasing nCL content 356 

(-3 MPa).  The same effect at 7 days is noticed at 28 days.  357 

Fig. 11 shows the isoresponse curves for nCL versus FA for 1, 3, 7 and 28 days with 358 

SP fixed at 1.8%.  Similar effects for nCL can be found previously, FA reduced the 359 

compressive strength.  Interactions between nCL and FA are seen to be similar to FA at 7 360 

days (-2.4).  nCL dosage led to a reduction of 20 MPa (66 to 56 MPa) when FA content is 361 

increased.  At 28 days, for fixed low dosages of nCL led a reduction of approximately 2 362 

MPa (80 to 78 MPa), but at fixed high dosage of nCL, the reduction was about 7MPa when 363 

FA content increased. 364 

4.8 XRD 365 

An XRD was performed on two pastes samples of mixture composition 1 (0.50% 366 

nCL, 0.60% SP, 5%FA) and 2 (2.50% nCL, 0.60% SP, 5% FA) at age 1 day and 7 days in 367 

order to attempt to explain the strength loss at later age of the mortars with higher nCL 368 
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content.  The W/C ratio of paste 1 was 0.42 and paste 2 was 0.43.  The pastes were hand 369 

mixed and contained no sand.  The paste cubes were formed and crushed at 1 day and 7 days 370 

before the XRD was performed.  Results of XRD are presented in Fig. 12. 371 

The compressive strength of the paste cubes did not show the same trend as the 372 

mortars (Table 7).  It can be seen that the compressive strengths for the pastes are very 373 

similar for the two different pastes at both ages, whilst the compressive strength for the 374 

mortar 2 is higher at 1 day and lower at 7 days in comparison with mortar 1. 375 

The percentage of the mineral components for the two pastes at 1 day and 7 days are 376 

listed in Table 8.  The percentages relate to what was noticed in the compressive strength.  377 

The XRD results for the same age are very similar and translated into similar compressive 378 

strength. Looking at day 1, Table 8 shows a slight reduction in C3S and a slight increase in 379 

CH and Amorphous (containing C-S-H) for paste 2.  This translates into the small increase 380 

in compressive strength for paste 2 at 1 day.  However, the difference in compressive 381 

strength for the mortars at 1 d is higher, so the differences in C3S, CH and Amorphous were 382 

expected higher.  The same goes for the pastes at 7 days, the percentages are very similar 383 

and result in a similar compressive strength.  The XRD demonstrates that there is no effect 384 

of nano-clay when paste is used.  The compressive strength for the mortars would indicate a 385 

significant decrease in C3S and increase in CH and Amorphous for mortar 1 in comparison 386 

with mortar 2 results in a higher compressive strength at 7 days.  387 

The results from the XRD coincide of what could be expected from the heat of 388 

hydration and results in a similar compressive strength for both mixtures, but did not 389 

indicate the varying compressive strength of the mortars.  The decreasing compressive 390 

strength of the mortars could possibly be caused by increased air entrained in the mortar 391 

with increasing nano-clay content.  This could be investigated by determining the 392 

percentage of air in the mortars and using scanning electron microscope (SEM) with digital 393 

image processing at different ages.  This explanation was also reported by Garg and Wang 394 

Error! Reference source not found. where a decrease in strength with increasing amounts of 395 

nCL was also noticed.  It was assigned to the high-water adsorption property of Acti-gel 396 

where higher air content was found with increasing Acti-Gel percentage. The sample cubes 397 

in that research showed large air pockets and had a honeycombed surface.  The increase on 398 

air content was explained since the lubricated water was absorbed by the fine particles of the 399 

nano-clay, which leaves the voids filled with air. An increased viscosity can be noticed with 400 
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increasing amount of nano-clay due to floc formation of nCL.  This increase in viscosity 401 

was also noticed in this study in Eq. (6).  Mortars with increasing Acti-gel percentage are 402 

found to be stiffer and less flowable, as shown by Eq. (2).  The voids system should show 403 

higher air content and reduced free water with higher nCL dosage. 404 

 405 

4.9 Desirability functions for optimisation 406 

The numerical optimization for the performance characteristics of mortar was carried 407 

out for two examples having different criteria.  Optimisation analysis has been performed 408 

for a combination of factor levels considered in this study that simultaneously satisfy the 409 

requirements of each response selected in the optimisation.  The simultaneous optimisation 410 

for each response has a low and high value assigned to each goal.  From the numerical 411 

optimisation, the goal for responses is one of five cases: none, maximum, minimum, target, 412 

or in a specified range.  Each goal is assigned a weight between one (least important) and 413 

five (most important).  Factors nCL, SP and FA are included in the optimisation, at their 414 

design range which is: as a maximum or minimum of a target goal.  The goals are then 415 

combined into an overall desirability function, which reflects the desirability ranges for each 416 

response selected in the numerical optimisation.  The values of desirability function are 417 

ranged from zero to one for any given response.  Goal desired begins at a random starting 418 

point and proceeds up the steepest slope to a maximum value.  In same case, there may be 419 

two or more maximum values because of the curvature of the response surfaces and their 420 

combination with the desirability function.  The value equals to one within the experimental 421 

domain represents the ideal case whereas zero may indicate that one or more responses fall 422 

outside the desirable limits.  To illustrate this concept, Table 9 summarises the goals and 423 

weights for the measured responses selected in this study (mini-slump, Marsh cone, 424 

cohesion plate, yield stress, plastic viscosity, induced bleeding heat of hydration, and 425 

compressive strength at 1 d, 3 d, 7 d and 28 d. 426 

Two examples are illustrated in this paper; the solutions of the desirability function are 427 

summarised in Table 9 and contours of these desirability functions are plotted in Figures 13 428 

and 14.  In Example 1, the mix parameters (nCL, SP, FA) were kept within the experimental 429 

ranges.  In Example 2, both nCL and SP were minimised and FA was kept within the range.  430 

At dosage of nCL of 1.36%, the response surface in Figure 13 indicated for example 1 that 431 

the desirability function increased with an increase in SP and a reduction of FA.  When FA 432 
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is fixed at 5% and SP at 3% were in the range to maximize the fluidity and strength while 433 

minimizing Marsh cone time, yield stress, plastic viscosity, and induced bleeding (Table 9), 434 

the desirability function was 0.649 (Figure 13).  The solution of the desirability function has 435 

been changed in case of example 2 when different goals or weights have been selected for 436 

the numerical optimisation by minimising nCL and SP and keeping the goals and weight for 437 

all criteria similar to those in Example 1.  In this case of example 2, the optimum solution 438 

for the desirability function became 0.633 and was achieved with 0.5% nCL and 1.8% SP 439 

with FA of 8.9% (Figure 14). 440 

5 Conclusions 441 

This paper investigated the effects of dosages of nano-clay (nCL), fly ash (FA) and 442 

superplasticiser (SP) on the fresh and rheological properties, induced bleeding at 10 min, 443 

heat of hydration at 1 and 3 days and compressive strength of cement-based mortars at 1 d, 3 444 

d, 7 d, and 28 d.  Based on the results from this investigation, the following conclusions can 445 

be made: 446 

 The increase of nano-clay content caused a reduction in mini-slump, induced 447 

bleeding, heat production at 1 and 3 days, and compressive strength at age 3, 7 and 448 

28 days.  An increase in the flow time, plate cohesion, static and dynamic yield 449 

stresses, plastic viscosity, peak of hydration and compressive strength at age 1 day 450 

were noticed with increasing nano-clay dosages.  The fresh properties were 451 

significantly influenced by the high-water adsorption of nano-clay.  The rheological 452 

parameters were influenced by the formed card-house like microstructure which 453 

increased the resistance against break down.  Nano-clay was found the most 454 

significant factor in reducing mini-slump and compressive strength at 3 d and 28 d, 455 

and increasing flow time, plate cohesion, static yield stress and plastic viscosity.  456 

 The increase of dosage of SP led to an increase in mini-slump, heat hydration at 1 d 457 

and 3 d and the compressive strength at age 3, 7 and 28 days.  A reduction in flow 458 

time, plate cohesion, static and dynamic yield values, plastic viscosity, induced 459 

bleeding and compressive strength at 1 day was noticed with increasing SP.  These 460 

effects came from the lubricating effect of SP caused by better repulsion between 461 

cement particles that react with superplasticiser on their surface.  SP was found the 462 

most significant factor in reducing the induced bleeding and compressive strength at 463 

1 d and increasing heat and compressive strength at 3d.  Additionally, the increase in 464 
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SP also had the most significant effect on reducing and decelerating the peak of 465 

hydration. 466 

 The addition of fly ash (FA) content for a fixed nCL and SP led to an increase in 467 

flow time, plate cohesion, static yield stress, plastic viscosity and induced bleeding 468 

and a reduction in mini-slump, dynamic yield value, heat of hydration and 469 

compressive strength at age 1, 3, 7 and 28 days.  Higher fly ash percentage caused 470 

the peak of hydration to prolong and reduce.  Increasing FA was found the most 471 

significant factor in reducing heat at 1 d and 3 d.  472 

 The effect of interaction between nCL and SP was found to be the most significant 473 

factor on the induced bleeding.  An optimum was found at 2% SP and 1.9% nCL.  474 

Increasing the dosage of nCL between 0.5 and 2.2% with SP content below 1.9% 475 

and fixed FA at 12.5%, led to a reduction in inducing bleeding.  When SP content is 476 

higher than 2% and FA fixed, the induced bleeding reduced with lower percentage of 477 

nCL.  The effect is due to better dispersion and packing of cement particles related to 478 

higher SP content. 479 

 The XRD results on two paste mixtures showed no effect of nano-clay addition.  The 480 

reduction of compressive strength of the mortars could possibly be caused by an 481 

increase in air entrained in the mortar with an increase in nCL content.  The increase 482 

on air content could be due to absorption of the lubricated water by the fine particles 483 

of the nano-clay which leaves the voids filled with air.  An increased viscosity can 484 

be noticed with increasing amount of nano-clay due to floc formation of nCL.  485 

Generally, the mortars with higher nCL percentage are found to be stiffer and less 486 

flowable. 487 

 The numerical optimisation of both examples showed that the response of the 488 

desirability function obtained with different variables based on the specified goals 489 

target can be changed as the best solution of the desirability function. 490 

 491 
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 616 

Table 1 617 

Factor levels of variables 618 

 Coding values 

Parameter  -1 Central point +1 

Nano-clay (nCL) 0.5% o/c 1.5% o/c 2.5% o/c 

Superplasticiser (SP) 0.6% o/b 1.8% o/b 3% o/b 

Fly ash (FA) 5% o/c 12.5% o/c 20% o/c 

 619 

Table 2 620 

Chemical compositions of cement and fly ash 621 

[%] Cement Fly ash 

SiO2 19.83 56 

Al2O3  4.8 23.3 

Fe2O3 3.02 4.8 

SO3 2.48 -- 

MgO  -- 1.9 

CaO 63.06 4.8 

Na2O  -- 0.9 

K2O  -- 1.8 

LOl 3 3.5 

SO3  2.48 0.7 

 622 

Table 3 623 

Physical properties of cement, fly ash and nano-clay 624 

 Cement Fly ash Nano-clay 

Loss on ignition [%] 1.26 -- -- 

Specific gravity 3.13 2.21 2.29 

% passing 45 µm sieve 82 85 -- 

Mean particle size [µm] 32 -- -- 

Average particle diameter [nm] -- -- 3.0 

Average particle length [𝜇m] -- -- 1.5-2.0 

 625 

  626 
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Table 4 627 

Test mortars proportions 628 

 
Ref. W/B 

Nano-clay 

[%] 

SP 

[%] 

FA 

[%] 

Selected 

mixtures 

1 0.40 0.50 0.60 5.0 

2 0.40 2.50 0.60 5.0 

 3 0.40 0.50 3.00 5.0 

 4 0.40 2.50 3.00 5.0 

 5 0.40 0.50 0.60 20.0 

 6 0.40 2.50 0.60 20.0 

 7 0.40 0.50 3.00 20.0 

 8 0.40 2.50 3.00 20.0 

Centre 

points 

9 0.40 1.50 1.80 12.5 

10 0.40 1.50 1.80 12.5 

 11 0.40 1.50 1.80 12.5 

 629 

Table 5 630 

Results of experimental work 631 

     Rheological parameters 

 Mini-slump 

Flow 

time 

Plate 

cohesion Density 

Static yield 

stress 

Dynamic 

yield stress  

Plastic 

viscosity  

Mix [mm] [s] [mm] [g/cm3] [Pa] [Pa] [Pa.s] 

1 125.5 24 0.458 2.13 11.7 64.2 2.22 

2 38 NP 0.001 1.97 1749.0 NP NP 

3 200.5 17 0.250 2.16 5.6 0.4 1.33 

4 113.5 36 0.693 2.18 39.7 6.9 2.39 

5 123.5 28 0.535 2.13 25.2 4.5 2.77 

6 40 NP NP 2.05 116.2 NP NP 

7 184 23 0.498 2.16 8.6 0.1 1.66 

8 88 77 1.536 2.11 171.4 0.9 3.13 

9 116.5 27 0.553 2.15 40.8 28.1 2.72 

10 106.5 27 0.592 2.12 51.5 30.0 2.30 

11 112 31 0.521 2.11 43.7 34.8 2.87 

 632 

  633 



23 
 

Table 6 634 

Results of experimental work 635 

 Heat of hydration  Compressive strength 

 

qmax t(qmax) 1-d  3-d 

Induced 

bleeding 

at 10 

min 

fc1d
,

d fc3d
,

d fc7d
,

d fc28d
,

d 

Mix [W/kg] [days] [W/kg] [W/kg] [mL] [MPa] [MPa] [MPa] [MPa] 

1 2.432 0.70 1.184 0.256 20 22.5 49.3 61.8 73.6 

2 2.534 0.61 0.859 0.250 5.5 26.4 40.2 46.9 66.7 

3 2.089 1.08 1.936 0.283 3.5 9.2 47.4 69.6 83.1 

4 2.030 1.08 1.876 0.272 11.5 15.6 46.3 60.0 75.0 

5 2.083 0.76 1.274 0.210 21 22.8 50.1 55.0 77.7 

6 2.120 0.67 0.875 0.206 10 19.8 34.2 45.0 54.5 

7 1.728 1.25 0.909 0.262 4 5.6 44.2 57.3 75.4 

8 1.654 1.23 0.973 0.245 11.5 12.9 42.7 61.7 73.1 

9 2.047 1.02 2.042 0.244 13.5 16.4 50.3 63.7 80.6 

10 2.044 1.01 2.040 0.240 18 20.6 49.3 64.2 80.5 

11 2.041 1.01 2.039 0.239 17.5 20.8 49.2 63.6 76.5 

 636 

Table 7. Repeatability of test parameters at the central point 637 

Tests 
Mini-

slump 

Marsh 

cone 

Plate 

cohesion 

Static 

yield 

Yield 

stress 

Plastic 

viscosity 

qmax Induced 

bleeding 

Mean (n=3) 
111.7 

mm 

28.3  

s 

0.56 

mm 

45.3 

Pa 

31 

Pa 

2.6 

Pa s 

2.044 

W/kg 

16 

mL 

Coefficient of 

variation (%) 
4.5 8.2 6.4 12.2 11.2 11.2 0.147 15 

Estimate error 

(90% 

confidence 

limit) 

5.5  

mm 

2.5  

s 

0.04 

mm 

6.0 

Pa 

3.8 

Pa 

0.3 

Pa s 
0.003 

2.7 mL 

Tests t(qmax) 1d-heat 3d-heat f’c 1d  f’c 3d  f’c 7d  
f’c 28d   

Mean (n=3) 
1.01 

d 

2.04 

(W/kg) 

0.241 

(W/kg) 

19.3 

(MPa) 

49.6 

(MPa) 

63.8 

(MPa) 

79.2 

(MPa) 

 

Coefficient of 

variation (%) 
0.6 6 1.10 13 1.2 0.5 3.0  

Estimate error 

(90% confidence 

limit) 

0.001 

 d 

0.002 

W/kg 

0.003 

W/kg 

2.7  

MPa 

0.7  

MPa 

0.4 

 MPa 

2.5 

MPa 
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 638 

Table 8 639 

Comparison of results on compressive of paste and mortar at 1 d and 7 d 640 

 Paste 1 

1 d 

Paste 2 

1 d 

Paste 1 

7 d 

Paste 2 

7 d 

f’c [MPa] 15.6 17.1 51.1 52.3 

 Mortar 1 

1 d 

Mortar 2 

1d 

Mortar 1 

7d 

Mortar 2 

7 d 

f’c [MPa] 22.5 26.4 61.8 46.9 

 641 

Table 9 642 

Mineral composition of pastes 643 

[%] 

Paste 1 

1 d 

Paste 2 

1 d 

Paste 1 

7 d 

Paste 2 

7 d 

C2S 6.3 7.1 5.6 5.1 

C3S 19.6 18.4 4.5 5.2 

C3A 2 1.3 0 0 

C4AF 4.1 4.2 1.5 1.6 

AFt 8.4 8.6 6.4 6.3 

CH 9.9 10.7 14.9 15.9 

Calcite 6.1 5.8 4.3 3.6 

Quartz 0.6 0.6 1.1 0.8 

Semicarbonate / 0.1 2.3 2.5 

Amorphous 42.9 43.2 59.3 59 

C2S: Dicalcium silicate, C3S: Tricalcium silicate, C3A: Tricalcium aluminate, C4AF: 644 
Tetracalcium ferroaluminate, AFt: most common AFt phase is ettringite, CH: Portlandite 645 
  646 
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 647 
Table 10 648 
Criteria, goals and goals’ importance used in desirability (numerical optimization) 649 
 650 

Criteria 

Example 1 Example 2 

Goal/ 

Importance 

Solution = 

0.649 

Goal/ 

Importance 

Solution = 

0.633 

Factors     

nCL [%] In range/NA 1.36 Minimise 1 0.5 

SP [%] In range/NA 3.0 Minimise 1 1.8 

FA [%] In range/NA 5.0 In range/NA 8.9 

Responses     

Mini-slump flow [mm] Maximise 5 164 Maximise 5 161 

Marsh cone [s] Minimise 1 21.7 Minimise 1 21.3 

Plate cohesion [mm] Minimise 1 0.42 Minimise 1 0.36 

Dynamic yield stress [Pa] Minimise 1 3.2 Minimise 1 16.3 

Plastic viscosity [Pa.s] Minimise 1 1.7 Minimise 1 1.8 

Induced bleeding 10 min [ml] Minimise 1 6.3 Minimise 1 11.7 

Heat of hydration at 1d In range 1.9 In range 1.44 

Heat of hydration at 3 d In range 0.28 In range 0.26 

f’c1d [MPa] Maximise 5 11.9 Maximise 5 15.7 

f’c3d [MPa] Maximise 5 46.9 Maximise 5 48.0 

f’c7d [MPa] Maximise 5 65.1 Maximise 5 63.3 

f’c28d [MPa] Maximise 5 79.6 Maximise 5 79.6 

NA: not applicable 651 
 652 

  653 
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 654 

   655 

Fig. 1. Isoresponse curves mini-slump (a) nCL versus SP, (b) nCL versus FA 656 

 657 

    658 
 659 

Fig. 2. Isoresponse curves of 1/Marsh cone flow time (a) nCL versus SP, (b) nCL versus FA 660 

 661 

   662 

Fig. 3. Isoresponse curve of plate cohesion (a) nCL versus SP, (b) nCL versus FA 663 
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   665 

Fig. 4. Isoresponse curve of 1/static yield stress (a) nCL versus SP, (b) nCL versus FA 666 

 667 

   668 

Fig. 5. Isoresponse curve of dynamic yield stress (a) nCL versus SP, (b) nCL versus FA 669 

 670 

 671 

Fig. 6. Isoresponse curve of plastic viscosity (a) nCL versus SP, (b) nCL versus FA 672 
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   673 

Fig. 7. Isoresponse curve of Induced bleeding at 10 min a) nCL versus SP, (b) nCL versus 674 

FA 675 

 676 

   677 

Fig. 8. Isoresponse curve of heat of hydration at 1 d (a) nCL versus SP, (b) nCL versus FA 678 

 679 

   680 

Fig. 9. Isoresponse curve of heat of hydration at 3 d (a) nCL versus SP, (b) nCL versus FA 681 
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 683 

  

(a) 1 day (b) 3 days 
 

 

 

(c) 7 days (d) 28 days 
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 685 

Fig. 10. Isoresponse curves for the compressive strengths at 1, 3, 7 and 28 days (nCL versus 686 

SP) 687 

 688 
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 689 
Fig. 11. Isoresponse curves for compressive strengths at 1d, 3d, 7d and 28 d (nCL versus 690 

FA) 691 
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 693 

  694 

(a) Mix 1(0.50% nCL, 0.60% SP, 5% FA) 1 d                  695 

 696 

 (b) Mix 2 (2.50% nCL, 0.60% SP, 5% FA) 1 d 697 

 698 

(c) (a) Mix 1(0.50% nCL, 0.60% SP, 5% FA 7 days 699 
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 700 

(d) Mix 2 (2.50% nCL, 0.60% SP, 5% FA) 7 days 701 

 702 
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Fig. 12. XRD results of paste 1 and 2 at age 1 and 7 days 703 

 704 

 705 
Fig. 13. Contour plots of the desirability function based on multi-parametric optimisation 706 

(Example 1). 707 

 708 

 709 
Fig. 14. Contour plots of the desirability function based on multi-parametric optimisation 710 

(Example 2). 711 
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