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Abstract 

This paper reports the effect of mix composition of grout on the fluidity, 

rheological behaviour and hydro-mechanical behaviour (permeability and 

compressibility). Factorial design was used in this investigation to assess the 

combined effects of the four mix composition parameters on fluidity, rheological 

properties, permeability and compressibility: water/binder ratio (W/B), percentage of 

limestone filler as replacement of cement (LF), dosage of viscosity modifying 

admixture (VMA), and dosage of superplasticiser (SP). To evaluate both the rheology 

of the cement grout and its hydro-mechanical behaviour, mini-slump test, Lombardi 

plate test, and forced bleeding test, coaxial rotating cylinder viscometer were used.  A 

two-level fractional factorial model was used to model the effect of key variables on 

the fluidity, the cohesion, permeability and compressibility.  The predicted models are 

valid for mixtures made with W/B ranged from 0.35 to 0.42, LF from 12% to 45% as 

replacement of cement, VMA (percentage of binder) from 0.02 to 0.7%, and SP from 

0.3 to 1.2%.  The effects of W/B, LF, VMA and SP were analysed using polynomial 

regression which can identify the primary factors and their interactions on the 

measured properties.  Prediction models were developed for mini-slump, plate 

cohesion meter, permeability and compressibility as function of W/B, LF, VMA, and 

SP.  The factorial statistical approach used highlighted the effect of W/B, the dosages 

of SP and VMA on the various rheological properties, permeability and 

compressibility. 
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1. Introduction 

Cement grouting injections are involved in many operations in the field of civil 

engineering and construction: soil consolidation, coating of prestressed cables, 

maintenance and repair of masonry and concrete structures, and widely used in 

injection grouting of cracks in massive structures [1–6]. Cementitious grouts are being 

used for several existing structures, and are able to withstand gravity effects thanks to 

developments which have been made possible through the use of cement cementitious 

materials and chemical admixtures [7-14]. Viscosity modifying admixtures (VMAs) 

are used to enhance the cohesion, viscosity and stability of cement-based materials. 

They are generally water-soluble polysaccharides, synthetic or semi-synthetics that 

enhance the water retention capacity of paste.  VMAs have proved to be very effective 

in stabilizing rheological properties and fluidity of cement grout, self-compacting 

concrete, and underwater concrete [7, 9, 10-14].   

Recently, cement grouts have also been used for 3D printing operations by 

selective paste intrusion [15, 16].  During the injections, the cement grout must be 

fluid enough to fill a cavity or to penetrate into a porous network.  Moreover, the 

material has to remain homogeneous during the grouting especially for high pressure 

injection. 

In order to mix-design fluid and stable grouts, Rosquoet at al. [5] have studied 

the properties of grouts at fresh state: their sedimentation behaviour and their 

rheological behaviour. The authors have used both coaxial cylinder rheological 

measurements and 1.5 m meter high sedimentation column under self-weight in order 

to estimate the ability of the grouts to remain homogeneous. The authors have shown 

that for high W/C ratio (higher than 0.5), the grouts become heterogeneous while for 

low W/C ratio (lower than 0.5), the lack of fluidity may hinder injection operations.  

Therefore, it seems that the mix-design of cement grouts needs a compromise between 

fluidity and homogeneity.  

Bleeding and force bleeding tests can be used to estimate the ability of the 

grouts to remain homogeneous [17, 18]. In this case, the ability of cementitious 

material to remain homogeneous can be studied using classical consolidation theory 

used in soil mechanics. Recent studies have demonstrated that it is possible to use 
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force bleeding in order to measure the permeability of cement-based materials and 

also its compressibility (the amount of bleed water under an applied pressure) [19-22]. 

These parameters can be very useful in order to predict the amount of bleed water and 

the kinetics of this filtration.  In this study, such approach will be used in order to 

study the ability of the grout to remain homogeneous. 

The aim of this paper is to investigate the effect of water-to-binder ratio, the 

percentage of limestone filler (LF) replacement of cement, and the dosages of VMA 

and SP on the rheological properties and the permeability and compressibility of 

grouts using a factorial design approach [23-25]. The mini-slump test, Lombardi 

plate, and forced bleeding test were used to test the behaviour of fresh cement grouts. 

The established models can identify parameters and the two-way interactions that 

have significant effect on the rheological properties and hydro-mechanical behaviour 

of grouts. The models can be used to evaluate the potential influence of adjusting mix 

variables on grout properties required to ensure successful development of grout. 

Such simulation can facilitate the test protocol needed to optimize grout with a given 

set of performance criteria that can be tried in the laboratory. 

 

2. Statistical design approach 

The technique of analysis used in this study was 2
4-1

 fractional statistical 

experimental design (2
k-1

 = 8) to evaluate the influence of two different levels for each 

independent variable (maximum and minimum) on the relevant grout properties. Four 

key parameters (k = 4) that can have significant influence on mix characteristics of 

cement grout were selected to derive mathematical models for evaluating relevant 

properties.  The four key variables were (W/B, % of LF, dosages of VMA and SP) 

that should have significant influence on mix characteristics of cement grouts were 

selected to formulate the mathematical models for evaluating relevant properties. The 

derived statistical models are valid for mixes made with ranges of W/B of 0.35 to 

0.42, % of LF from 12 to 45%, the dosages of VMA of 0.02 to 0.07%, by mass of 

binder (or 0.057% to 0.166% of water), and SP of 0.3 to 1.2%, by mass of binder 

(Table 1). 

Additionally, a mix at the central point was replicated four times to estimate the 

experimental error and improve the reliability of the models. 
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The fresh cement grouts were tested with mini-slump test, Lombardi plate, and 

viscometer and forced bleeding test. In total, 12 selected mixes considered in the 

factorial design are listed in Table 2. 

The responses modelled were mini-slump, plate cohesion, yield stress, plastic 

viscosity, permeability and compressibility. The general model associated with the 

two-level factorial design incorporating three independent variables (W/B, LF, VMA, 

SP) is expressed by: 

 VMAW/BLFW/BSPW/BVMALFSPW/B 765432101 aaaaaaaaY

          (Eq. 1) 

Y1: Response (mini slump, plate cohesion, yield stress, plastic viscosity, permeability, 

compressibility) 

a0: Overall mean factor effect 

a1-a7: Regression coefficients representing model constants (contribution of 

independent variables and their interaction to each response) 

a1·W/B, a2·SP, a3·LF, a4·VMA: Linear effect of factors W/B, SP, LF and VMA 

a5·W/B·SP, a6·W/B·LF, a7·W/B·VMA: Interaction effects of factors W/B, SP, VMA 

and LF. 

ε: Random error term representing the effects of uncontrolled variables 

To study statistically the results, analysis of variance (ANOVA) was used to test 

the significance of regression models, and t-tests were performed to identify the non-

significant (NS) variables and second order interactions, which were subsequently 

eliminated from the derived models. The coefficients of the modes were determined 

using multi-linear regression analysis based on a normal distribution assumption. The 

error was assumed to be random and normally distributed, so the residual terms, 

which represent the difference between the actual and predicted values should exhibit 

similar properties [23]. The probability value (Prob.) obtained from ANOVA analysis 

determines the statistical significance of each factor and their interactions. For most of 

the parameters, the probability that the derived coefficients associated with the 

various variables which influence each response were limited to 10%.  This signifies 

that there is less than 10% chance or 90% confidence limit that the contribution of a 

given parameter to the tested response of the property of grout exceeds the value of 

the specified coefficient. A negative estimate indicates that an increase of the given 

parameter results in a reduction of the measured response.   
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3. Material proportions and testing procedures 

The grouts used in this study were made with ordinary Portland cement and 

limestone filler. The cement was Portland cement type CEM I 42.5N, as specified by 

the standard EN 197-1:2000 [26]. The chemical and physical properties of cement and 

limestone filler are presented in Table 3. The limestone filler was produced from 

carboniferous limestone of a very high purity and was finer than cement. The 

limestone filler had grading of 98% less than 45 μm and 25% less than 5 μm.  The 

particle size distributions of cement and limestone filler are given in Fig. 1. 

The superplasticiser used was a modified polycarboxylate with a solid content 

of 30% and specific gravity of 1.11. The viscosity modifying admixture was welan 

gum that is a high molecular weight, microbial polysaccharide. 

All grout mixes were prepared in a 5-litre planar-action mortar mixer.  The 

mixing tap water had a temperature of 16 ± 1ºC, which was measured before mixing 

started.  The VMA was mixed with cement. The SP was added to the water and mixed 

together. Mixing time was measured from when the limestone filler (the first solid 

component) was added into the mix of water and SP. Finally, the mix of cement and 

VMA was added and all components were mixed for seven minutes from the start of 

measuring time.  The grout temperature following the end of mixing was maintained 

at 20 ± 2ºC. 

At the end of mixing, the temperature and unit weight of the grout were 

measured.  The grout temperature at the end of mixing was for all mixes 14.0 ± 

0.2 ºC.  Mini-slump, plate cohesion, rheological parameters and induced bleeding 

were also measured at 1-2, 4-5, 6-8, and 9-10 minutes, respectively. All tests were 

carried out in the 5 to 15 minutes following the initial contact of binder with water 

and were performed in the same sequence. 

A mini-slump cone with an upper diameter of 19 mm, a lower diameter of 38.1 

mm, and height of 57.2 mm [27] was used. The test procedure measured the spread 

diameter of 38 ml of grout placed in the cone. The spread diameter of a given mix 

represents the mean of two perpendicular diameters recorded at the end of the flow. 

The cone was positioned at the centre of the horizontal base plate. After pouring the 

grout into the cone without overflow, the upper part of the cone was tamped lightly to 

bleed off any air pockets, and the entire cone was gently lifted. 
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The cohesiveness of the grout was measured with a Lombardi plate cohesion 

meter [28], an apparatus that consists of a thin steel plate (100 mm x 100 mm x 1 mm) 

and an electronic scale. The clean dry steel plate was weighed, submerged into the 

slurry, withdrawn from the paste, and weighed again after the grout had stopped 

dropping.  It was possible to calculate the thickness of the grout on each side of the 

Lombardi plate from the unit weight and the amount of grout sticking to the steel 

plate.  An increase in the plate cohesion corresponded to more cohesive grout. 

The specific weight of the grout was measured by a mud balance. This mud 

balance consists of a constant-volume sample cup with lid connected to a balance 

arm. A reader is moved along the balance arm to indicate the scale reading. There is a 

knife edge attached to the arm near the balance cup and a bubble level built into this 

knife edge for levelling the arm. It was possible to calculate the thickness of grout on 

each side of the plate from the unit weight and the amount of grout sticking to the 

steel plate. 

The resistance of the fresh grout to induced bleeding was evaluated using a 

pressure filter. The equipment consists of a pressure vessel, filter paper, which is 

placed on a sieve, and a graduated cylinder. A 200 ml grout sample is placed in the 

pressure vessel. After closing the cell, the graduated cylinder is placed under the 

outlet of the cell. The cell is pressured by compressed air to 0.55 MPa. The volume of 

water going out through the outlet on the bottom of the cell is recorded at 15 and 30 s, 

then at every minute up to 10 min, and then at every 5 min up to 30 min [29].  The 

result of this test at 30 was used to calculate the permeability.  

From the results of the induced bleeding, it is easily to compute the masses and 

volumes of water and solid particles. For example, for cement/water mixes, assuming 

that the grout is fully saturated by using the following equations (1 to 4) [30]: 
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With Vwater,t=0s and mwater,t=0s are the initial water volume, mass cement and water are 

the densities of the cement and water respectively, Vcement and Vsample are the volumes 

of cement and of the tested samples and W/C is the water to cement mass ratio. 

The liquid flow rate Q can be calculated from the difference between two 

measurements of mass Vsample which can be attributed to water drainage Vwater in a 

given period of time t (Eq. 5) 

sample water
V V

Q
t t

 
 

 
   (5)     

The liquid drainage induces a reduction of the average water content mwater of the 

grout (Eq. 6): 

water water water waterm V Q t           (6) 

Therefore, the new value of W/C for the next measuring point can be calculated 

(Eq. 7) 

, 0( ) water t s water

cement

m mW
t

C m

  
         (7) 

With mcement, the cement mass inside the tested sample. Finally, the permeability 

coefficient k can be computed from two consecutive measuring points using the Darcy 

Law (Eq. 8): 

.

Q
k

S i
          (8) 

Where S is the section of the sample of diameter D and i is the hydraulic gradient 

which can be written as follow (Eq. 9): 

water sample

P
i

gH
       (9) 

Where P is the applied pressure, Hsample is the sample height and g is the gravity. It is 

important to note that the variation of the sample height can be easily taken into 

account as the volume variation of the sample during the test is known. 

 

It is important to note that when the value of Q (<0.1 ml/s) is too small, the 

permeability value can’t be computed (inaccurate computation). 

The compressibility index  of the Terzaghi consolidation theory can also be 

calculated from the data using Eq. 10: 
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With e, the variation of the sample void ratio. 

The viscosity of cement grout was determined using a coaxial viscometer Fann 

(smooth cylinders, no serration) that determined apparent viscosity at different shear 

rates [9, 13]. The test was contained in the annular space between an outer cylinder 

(rotor) with a radius of 18.42 mm and a bob with a radius of 17.25 mm and a height of 

3.80 cm.  The rotor and bob were plunged into a cup containing 350 ml of sample 

grout [9, 13]. Viscosity measurements were made when the outer cylinder, rotating at 

a known speed, caused a viscous drag to be exerted by the fluid. This drag created a 

torque on the bob, which was transmitted to a precision spring, where its deflection 

was measured and compared with test conditions and the instrument’s constants. 

The yield value measured using the co-axial cylinder was largely independent of 

rotational speed, and due to a water-rich slip layer, which forms during testing [9, 13], 

had a solids concentration lower than bulk materials.  In this study, the down-curve 

was chosen for final evaluation because it offered a better description of the 

rheological behaviour of the grouts, including a structural breakdown phenomenon of 

inner forces among particles [31].  The values of yield stress and plastic viscosity used 

the modified Bingham model [9] and are expressed in Eq. (11). 

2

0   cp         (Eq. 11) 

Where τ0 is yield stress (Pa), μp is plastic viscosity (Pa·s),   is shear rate (s
-1

), and c is 

a constant. 

 

4. Test results and discussion 

4.1 Derived statistical models 

The presentation in Table 4 enables the comparison of various parameters as 

well as the interactions of the modelled responses.  For the majority of parameters, the 

probabilities that the derived coefficients of the various parameters influence each 

response are limited to 10%.  This signifies that there is less than 10% chance or 90% 

confidence limit, that the contribution of a given parameter to the tested response 

exceeds the value of the specified coefficient.  A negative estimate signifies that an 

increase of the given parameter results in a reduction of the measured response. 
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For example, mini-slump, plate cohesion meter, yield value, plastic viscosity, 

permeability and compressibility are given in codes values in Eq. (12-17), 

respectively. 

 

SPW/B9.11                                   

LF8.126.17/4.213.312.113(mm) slump-Mini



 VMABWSP
     (12) 

LFBWLF

BWVMASPmmmetercohesionPlateLn





/27.032.0

/37.056.093.087.0)(
(13) 

 

1/ ( ) 0.18 0.087 0.063 0.018 /

0.10 / · 0.022 /

Yield value Pa SP VMA W B

W B LF W B VMA

      

    
      (14) 

1/ Plastic viscosity (Pa.s) 4 1.91 / 1.45 1.28 0.84

0.58 / ·

W B SP VMA LF

W B SP

        


(15) 

VMABWSPBW

VMABWSPsmtyPermeabili





/31.2/63.2

15.1/38.27.72.1310)/( 8

 (16) 

1/ 6.55 0.95 0.56 / 0.39 0.58 / ·Compressibility SP W B VMA W B LF           (17) 

 

The correlation coefficients of the proposed models for mini-slump test, plate 

cohesion, yield value, plastic viscosity, permeability and compressibility of grouts are 

0.85, 0.95, 0.85, 0.94, 0.98 and 0.93, respectively.  The high correlation coefficient of 

most responses demonstrates excellent correlation where it can be considered that at 

least 90% of the measured values can be accounted for with the proposed models.  

Table 5 indicates the average measured response of the four replicate grouts, 

coefficient of variation, estimated error with 90% confidence limit, as well as relative 

error for each of the measured properties.  The estimate error of cement grout for 

mini-slump, plate cohesion meter, yield value, plastic viscosity, permeability, and 

compressibility were ± 5.3 mm, ± 0.05 mm, ± 0.49 Pa, ± 0.02 Pa.s, ± 0.11 x 10
-7

 m/s, 

± 0.01, respectively. 

 

4.2 Isoresponses of the proposed models of the key variables 

The proposed statistical models can therefore be used to evaluate the effect of a 

group of variables on the properties affecting the quality of cement grout.  This 

permitted the calculation of the isoresponse curves from the parameters under study 

over the experimental domain and the optimisation of their effects. 
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4.2.1 Mini-slump 

As shown in Eq. 12, mini-slump was influenced, in order of magnitude, by SP, 

W/B, VMA dosage, and by the percentage of LF.  There was also effect of interaction 

of W/B and SP on fluidity. SP dosage had the greatest effect on mini-slump results 

due to steric repulsions among cement particles that react with SP, which led to a 

better deflocculation of the particles in the cement paste [10, 32, 33]. The mini-slump 

test was accompanied by very low shear and it is to characterise yield stress [34, 35], 

therefore higher mini-slump value indicated a lower yield stress values. The effect of 

VMA on the reduction of fluidity was slightly higher than increased LF (-17.6 vs. 

12.8).  The increase in SP affected mini-slump approximately 2.5 times more than the 

increase in LF content (31.3 vs. 12.8 in Eq. 12).  However, increased W/B resulted in 

a 1.2 times greater increase in mini-slump than reduced VMA (21.4 vs. -17.6 in Eq. 

12).  Fig. 2(a) shows the effect of increased SP on mini-slump vs. W/B (when VMA 

was kept constant at 0.05% and LF = 28.5%), and Fig. 2(b) shows SP vs. VMA (when 

W/B was fixed at 0.39 and LF = 28.5%).  Fig. 2(c) presents the variation of mini-

slump SP vs. LF (when W/B was fixed at 0.39 and VMA = 0.05%).   

Based on these figures, it is evident that mini-slump increased significantly 

when the dosage of SP. Similarly, mini-slump increased when W/B or LF increased.  

However, VMA increased led to a reduction of mini-slump.  For any a given VMA 

and SP dosage, the fluidity was found to increase when LF level increased.  This is 

likely due to both the inert particles of LF and a favourable modification of the 

particle packing due to a broader particles size distribution (PSD) [36].  It appears that 

PSD of binder can play a major role in changing the rheology of cement grouts. 

Hence, using broader PSD leads to an increase in the maximum dense packing 

fraction and therefore a decrease in yield stress [37]. Using ternary binder system with 

different PSD of each constituent can be very efficient to design dense (low 

permeability) and fluid (solid volume fraction far from the dense packing fraction) 

grout. Such studies will be carried out in further works. 

In Eq. 12, the dosage of SP and W/B caused an interaction effect (+11.9).  On 

the other hand, mini-slump decreased when the dosage of VMA increased from 

0.02% to 0.07% (Fig. 2(b)), while SP, LF and W/B were kept constant. 

 

4.2.2 Plate cohesion meter 



 11 

As shown in Eq. 13, the cohesion plate was influenced, in order of magnitude, 

by the dosages of SP, VMA, W/B and LF.  The increasing percentage of W/B had 

almost similar the influence on the reduction of the cohesion plate test results as LF 

(for W/B and VMA constant, -0.37 vs. -0.32).  By comparing the effects of SP and 

VMA on plate cohesion, the increased SP can be interpreted as having approximately 

a 1.7 times greater influence on the reduction of plate cohesion values than the 

increase in VMA (-0.93 vs. 0.56 in Eq. 13), given that LF and W/B are held constant.  

The effect of an increase in SP from 0.3% to 1.2% and W/B from 0.35 to 0.42 with a 

fixed VMA dosage of 0.05% and LF = 28.5% is presented in Fig. 3(a).  Increased SP 

led to a reduction cohesion plate value.  An increase in LF reduced the cohesion plate 

value and similarly an increased W/B caused also a decrease in cohesion plate (Fig. 

3(b)).  Fig. 3(c) presents the effect of SP vs. VMA on the variation of plate cohesion 

when LF is fixed at 28.5% and W/B at 0.39.  As expected, it can be noticed that the 

increase of VMA led to an increase of plate cohesion value. 

 

4.2.3 Yield stress 

As shown in Eq. 14, the predicted model is primarily affected by the dosages of 

SP, VMA and W/B. The interaction between W/B and LF and W/B and VMA also 

influenced the yield stress. The reduction in the dosages of SP or increase of VMA led 

to increasing the yield stress values (Fig. 4), corresponding to lower mini slump 

values.  The increase in the SP dosage has an approximately 1.4 times greater 

influence on reducing the yield stress than the decreasing in VMA (+0.087 vs. -

0.063).  Adding SP increases the surface coverage of cement and limestone particles 

by polymer causing steric hindrance and consequently weaker van der Waals 

attraction between the particles; therefore, smaller forces are needed to disperse the 

particles resulting in lower yield stress [38].  VMA increased the yield stress due to 

the entanglement and intertwining of VMA polymer chains and association of water 

between adjacent chains (Fig. 4 (c)) [9, 11, 13]. Moreover, VMA can promote 

bridging flocculation between cement and limestone particles leading to yield stress 

increase [39, 40, 41]. This mechanism is likely to occur because the SP dosage is 

below full coverage that leaves free surface to the VMA to adsorb. Furthermore, 

depletion flocculation mechanism could additionally contribute to the observed 

increase of yield stress and loose of fluidity of the grouts. 



 12 

Fig. 4 (a) shows the isoresponse curve of the yield value with a fixed proportion 

of LF at 28.5% and VMA at 0.05%. When SP dosage was 0.75% and W/B was 0.35, 

the isoresponse of the predicted yield value was 5 Pa.  If SP was increased to 1.2% 

while maintaining W/B at 0.35, the isoresponse of the yield value was approximately 

4.1 Pa.  Fig. 4 (b) presents the isoresponse of yield stress of W/B vs. LF when SP is 

fixed at 0.75% and VMA at 0.05%.  In this case, the yield stress seemed to reduce 

with increased W/B up 0.39, then tended to increase beyond this threshold value.  For 

fixed dosages of SP and VMA, the yield value decreased significantly up to about 

0.39 of W/B and higher percentage of LF (up to 29%).  At higher percentage of LF, 

however, an increase of yield value was observed with an increase in W/B from 0.39 

to 0.42 (Fig. 4 (b)). Such results is surprising and can be due to uncertainty when 

measuring low yield stress values. It is interesting to note that yield stress, slump flow 

and plate tests provide close response. This is expected as all three parameters can be 

considered to be closely linked [7, 8, 13, 14, 35, 37]. 

 

4.2.4 Plastic viscosity 

Plastic viscosity was influenced, in order of magnitude, by W/B ratio, the 

dosages of SP, VMA and LF and an interaction of W/B and SP.  W/B had 

approximately 1.3 times effect on plastic viscosity than SP (1.91 vs. 1.45 in Eq. 15).  

As shown in Eq. (15), increased of dosage of SP had a greatest effect on plastic 

viscosity compared to VMA (1.45 vs. 1.28).  The increased VMA had higher 

influence on reducing plastic viscosity than increased LF (-1.28 vs. 0.84). 

In the isoresponse curves of plastic viscosity shown in Fig. 5 (a), when VMA 

was fixed at 0.05%, LF set at 28.5%, and SP maintained at 0.75%, the predicted 

plastic viscosity value was 0.4 Pa.s when W/B fixed at 0.35.  On the other hand, if the 

dosage of SP was increased to 1.2% while maintaining a similar proportion of SP, the 

plastic viscosity was reduced to 0.3 Pa.s.  It appears that the lowest plastic viscosity 

was obtained with approximately 0.42 W/B and 1.2% SP. 

In Fig. 5 (b), SP was fixed at 0.75% and VMA at 0.05%. When LF was held at 

28.5% and W/B at 0.35, the predicted plastic viscosity was 0.4 Pa.s. However, when 

LF was increased to 45% and W/B was maintained at 0.35 the predicted plastic 

viscosity dropped to 0.3 Pa.s.  In Fig. 5 (c), the proportion of LF was fixed at 28.5%, 

if the dosage of VMA is held at 0.02% while the dosage of SP used at 0.75% and W/B 

at 0.35, the predicted plastic viscosity is 0.27 Pa.s.  In the case of VMA is increased to 
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0.07% and the W/B is maintained at 0.35, the predicted plastic viscosity increased to 

0.70 Pa.s. 

In this case, the effect of LF can be explained by increase in the dense packing 

volume fraction of the binder according to the Krieger Dougherty prediction 

modelling [42]. LF has slightly smaller particles that broaden the particles size 

distribution of the binder and then increase the dense packing volume fraction. It can 

be interesting that such results should also have been reported for yield stress 

whatever the W/B ratio.  

 

4.2.5 Permeability 

The influences of the dosages of SP, W/B and dosage of VMA are highly 

significant on the permeability according to the ANOVA (Eq. 16).  The dosage of SP 

is shown to exhibit the greatest effect as a primary variable on the permeability 

compared to W/B and dosage of and VMA (-7.7 vs. 2.38 or 1.15).  However, the 

statistical analysis shows that the two-factor interaction of W/B.SP is highly 

significant and has the greatest effect on permeability.  The interaction between W/B 

and VMA was significant and opposite effect to previous one (2.31 vs. -2.63).  The 

increase in SP dosage has a greater influence on reducing the permeability than the 

increase in VMA dosage (-7.7 vs. 1.15).  For example, the effect of increasing W/B 

ratio on permeability vs. the dosage of SP, when contents of VMA and LF were fixed 

at 0.05% and 28.5%, respectively, or vs. the percentage of VMA when SP is fixed at 

0.75% and the proportion of LF of 28.5%, respectively, is shown in Fig. 6.  For fixed 

dosage of VMA and the proportion of LF, the increase in SP led to an increase in 

permeability for lower W/B up to 0.38.  However, for higher W/B (between 0.38 and 

0.42), the increase of the dosage of SP resulted in a reduction in the permeability (Fig. 

6(c)). This is due to the improved dispersion and packing of cement grains associated 

with greater SP dosage [20, 43], the pores of the cement particles assembly are 

smaller for dispersed particles when SP is added.  This led to an increase in the 

fluidity (Fig. 2) and particle packing (versus flocculated cement grains that have a 

lower packing density) can substantially reduce the tendency of water to percolate 

among cement grains under a given head, which reflects the permeability of the fresh 

grout.  These results concur with the findings of other researchers [19, 20].  For lower 

W/B (lower than 0.38), the increase in VMA dosage exhibited a reduction in the 

permeability, however for higher W/B beyond 0.39, the permeability seemed to 
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increase as the dosage of VMA increased (Fig. 6(b)).  Additionally, it is interesting to 

note that the permeability increase with W/C as reported by Picandet et al. [19]. 

 

4.2.6 Compressibility 

Equation 17 shows the effect of the most significant parameters on 

compressibility.  Only the dosage of SP, W/B and percentage of VMA had a 

significant effect on the compressibility as shown in Figure 7.  The increase in SP or 

W/B led to an increase of compressibility, while the increase in VMA resulted in a 

decrease of compressibility. The SP dosage had the highest impact on the increase of 

compressibility followed by W/B, conversely, the VMA had the lowest effect in 

increasing the compressibility.  For example, the increase in SP dosage has an 

approximately 1.7 times greater influence on increasing the compressibility than the 

reduction in W/B (-0.95 vs. -0.56), and 2.4 times than increase in VMA (-0.95 vs. 

+0.39).  

Those results were expected as the increase of SP decrease the interaction forces 

between particles and then makes the grout more compressible [20, 22].  Also, an 

increase in W/C decreases the number of contacts within the network of cement 

particles increasing the compressibility of the material.  

While increasing the SP dosage contributed to reducing the compressibility, the 

results herein showed that VMA had an opposite effect.  Fig. 7 (a) and (b) shows the 

isoresponses of compressibility of W/B versus SP when the percentage of LF was 

28.5% and VMA dosage of 0.05%, and W/B versus VMA when SP is fixed at 0.75% 

and LF at 28.5%, respectively. 

 

4.3 Discussion of the effect of VMA, SP, LF and W/B 

The increase of dosage of VMA led to a reduction of mini-slump and an 

increase in plate cohesion, yield stress, plastic viscosity, permeability and 

compressibility.  This can be attributed to the intertwining and entanglement of VMA 

polymer chains and the association of water between adjacent chains [9, 10, 13].  At 

low shear, and especially at high concentrations, the intertwining of VMA chains can 

exhibit an increase in the apparent viscosity [9, 13].  The higher viscosity of VMA 

which had high molecular weight may also be attributed to higher water retention of 

polymers.  The factors that influence flow are described by Darcy’s Law where the 
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flow rate is inversely proportional to fluid viscosity.  Thus, VMA increased the 

viscosity of the cement grout and improved the water retention.  It was reported by 

Pourchez et al. [10] that the higher molecular weight of cellulose ethers, the higher 

water retention obtained of the mix. 

An increase in SP dosage resulted in a reduction of the plate cohesion, yield 

stress, plastic viscosity, permeability and compressibility while the mini-slump 

(fluidity) is improved.  This was due to higher surface coverage of binder particles by 

SP and consequently weaker van der Waals attraction between the particles.  

Therefore, lower forces are needed to disperse the particles and lower cohesivity [38].  

This can be attributed to greater steric repulsions among cement particles that react 

with SP, leading to a better deflocculation of the particles in the paste and thus 

reducing the plastic viscosity.  The effects of SP and VMA on cement grout 

correspond with the findings reported by other researchers [9, 10, 11, 13, 14]. 

In case of an increase LF proportion, while VMA, SP and W/B were kept 

constant, it led to an increased mini-slump, while the plate cohesion, yield stress, and 

plastic viscosity were reduced.  This was due to none reaction of LF particles as 

resulting in an increase of water needed for lubrification of grout.  These results 

concord with other findings [44]. 

SP dosage has a significant effect on the permeability and compressibility due to 

the flocculation state of cement particles: When SP is added, the cement particles are 

more dispersed reducing the pore diameter and therefore the permeability.  Similar 

findings have been reported in the literature [19, 20]. 

 

 

4.4 Desirability functions for optimisation 

The numerical optimization for the performance characteristics of mortar was 

carried out for two examples having different criteria.  Optimisation analysis have 

been performed for a combination of factor levels considered in this study that 

simultaneously satisfy the requirements of each response selected in the optimisation.  

The simultaneous optimisation for each response has a low and high value assigned to 

each goal.  From the numerical optimisation, the goal for responses is one of five 

cases: none, maximum, minimum, target, or in a specified range.  Each goal is 

assigned a weight between one (least important) and five (most important).  Factors 
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W/B, LF, SP and VMA are included in the optimisation, at their design range which 

is: as a maximum or minimum of a target goal.  The goals are then combined into an 

overall desirability function, which reflects the desirability ranges for each response 

selected in the numerical optimisation [45].  The values of desirability function are 

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

starting point and proceeds up the steepest slope to a maximum value.  In same case, 

there may be two or more maximum values because of the curvature of the response 

surfaces and their combination with the desirability function.  The value equals to one 

within the experimental domain represents the ideal case whereas zero may indicate 

that one or more responses fall outside the desirable limits.  To illustrate this concept, 

Table 6 summarises the goals and weights for the measured responses selected in this 

study (mini-slump, cohesion plate, yield stress, plastic viscosity, permeability and 

compressibility. 

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

function are summarised in Table 6 and contours of these desirability functions are 

plotted in Figures 8 and 9.  In Example 1, the mix parameters (W/B, LF, SP, VMA) 

were kept within the experimental ranges.  In Example 2, both SP and VMA were 

minimised and W/B and LF were kept within the range.  At dosage of VMA of 0.02% 

and LF of 45%, the response surface in Figure 8 indicated for example 1 that the 

desirability function increased with an increase in SP and a reduction of W/B ratio.  

When four parameters were in the range to maximize the fluidity, plastic viscosity and 

compressibility while minimising cohesion, yield stress, and permeability (Table 6), 

the desirability function was 0.695 (Figure 8).  The solution of the desirability 

function has been changed in case of example 2 when different goals or weights have 

been selected for the numerical optimisation by minimising SP and VMA dosages and 

keeping the goals and weight for all criteria similar to those in Example 1.  In this 

case of example 2, the optimum solution for the desirability function became lower at 

0.611 and was achieved with 0.82% SP and 0.02% VMA with LF of 12% and W/B of 

0.42 (Figure 9). 

 

5. Conclusions 

 

The influence of different variables water/binder ratio, dosages of 

superplasticiser and viscosity modifying admixture, and the percentage of limestone 
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filler on rheology properties and hydro-mechanical behaviour (permeability and 

compressibility) of cement grout were investigated.  Based on the results presented in 

this paper, the following conclusions can be drawn: 

1) W/B exhibited a significant effect on mini-slump, permeability and 

compressibility.  The increase in W/B ratio led to an increase in mini-slump and 

permeability, compressibility and reduced the plate cohesion. 

2) The mini-slump, plate cohesion meter, and yield value of grouts are dominated 

primarily by the dosage of SP.  The increase in the SP dosage led to an increase in 

mini-slump and a reduction in plate cohesion meter, yield value, and plastic 

viscosity.  However, the permeability seemed to reduce when the SP dosage 

increased and increased when W/B increased.  Permeability also reduced when 

VMA increased for low W/B, and increased with higher W/B and SP. 

3) The viscosity modifying agent significantly affected the measured properties of 

this study.  The increase in VMA dosage is shown to exhibit a reduction in mini-

slump and an increase in plate cohesion meter, yield stress and plastic viscosity.  

For low W/B, the increase in VMA dosage reduced the permeability and 

compressibility, and increased it when W/B is higher. 

4) For a given W/B, and dosages of SP and VMA, the mini-slump increased when 

the proportion of LF increased, while the plate cohesion meter, yield value, and 

plastic viscosity reduced.  The LF replacement of cement had any effect on 

permeability and compressibility. 

5) The numerical optimisation examples showed that the obtained response of the 

desirability function for testing the variables may change depending on the 

specified goals selected in the optimisation. 
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Table 1 

Factors and levels considered 

Factor Levels 

W/B 0.35, 0.39, 0.42 

LF (%) 12, 28.5, 45 

VMA dosage 0.02%, 0.045%, 0.07% 

SP dosage 0.3%, 0.75%, 1.2% 

 

Table 2 

Mix proportions of grouts 

 

 
  

Ref. W/B LF (%) VMA (%) SP (%)

1 0.42 12.0 0.07 0.3

2 0.35 12.0 0.02 0.3

3 0.42 12.0 0.02 1.2

4 0.35 12.0 0.07 1.2

5 0.42 45.0 0.02 0.3

6 0.35 45.0 0.07 0.3

7 0.42 45.0 0.07 1.2

8 0.35 45.0 0.02 1.2

9 0.39 28.5 0.045 0.75

10 0.39 28.5 0.045 0.75

11 0.39 28.5 0.045 0.75

12 0.39 28.5 0.045 0.75

Selected 

mixes

Centre points
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Table 3 

Chemical and physical properties of cement and limestone filler 

 
 

 

  

Cement Limestone Filler

Composition Percentage by mass, %

CaO 63.7  -- 

SiO2 20.8  -- 

Al2O3 5.0  -- 

Fe2O3 3.2  -- 

MgO 2.6 0.2

Na2O eq. 0.39  -- 

Free CaO 1.6  -- 

LOI 0.65  -- 

CaCO3  -- 99

Physical proerties

Specific gravity 3.14 2.65

Specific surface area, cm
2
/g 3850  -- 
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Table 4 

Results of rheology, permeability and compressibility 

 

 

 

Table 5 

Repeatability of test parameters at the central point 
 

Tests 
Mini-

slump 

Plate 

cohesion  

Yield 

stress 

Plastic 

viscosity 
Permeability 

Compressibility 

Mean (n=4) 116.8 mm 0.349 mm 10.02 Pa 0.31 Pa.s 1.37 m/s 0.164 

Coefficient of 

variation (%) 
4.8 15.6 5.2 8.3 8.2 4.8 

Estimate error 

(90% confidence 

limit) 

5.3  

mm 

0.05  

mm 

0.49 

Pa 

0.02  

Pa.s 

0.11  

m/s 
0.01 

 

  

Compressiblity

Yield 

stress

Plastic 

viscosity

(mm) (mm) (Pa) (Pa.s) (m/s)

1 62 1.41 8.4 0.40 3.02 10
-7

0.166

2 77 1.35 11.4 0.52 1.062 10
-7

0.137

3 180 0.08 1.8 0.11 2.60 10
-7

4 77 1.07 10.8 1.17 3.64 10
-7

0.151

5 118 0.57 11.3 0.17 2.1 10
-7

0.122

6 65 1.74 4.4 0.79 1.51 10
-7

0.111

7 173 0.16 5.5 0.13 7.29 10
-8

0.198

8 142 0.08 2.5 0.17 7.30 10
-8

0.165

9 112 0.27 9.1 0.29 1.41 10
-7

0.147

10 116 0.32 9.8 0.27 1.20 10
-7

0.162

11 126 0.36 10.2 0.33 1.51 10
-7

0.168

12 113 0.45 11.0 0.35 1.41 10
-7

0.161

Permeability kRef.
Mini-

slump

Cohesion 

meter
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Table 6 

Criteria, goals and goals’ importance used in desirability (numerical optimization) 
 

Criteria 

Example 1 Example 2 

Goal/ 

Importance 

Solution = 

0.695 

Goal/ 

Importance 
Solution =  

Factors     

W/B Within range 0.35 Within range 0.42 

LF [%] Within range 45 Within range 12 

SP [%] Within range 1.2 Minimise 1 0.82 

VMA [%] Within range 0.02 Minimise 1 0.02 

Responses     

Mini-slump flow [mm] Maximise 5 140 Maximise 5 142 

Plate cohesion [mm] Minimise 1 0.085 Minimise 1 0.180 

Yield stress [Pa] Minimise 1 2.6 Minimise 1 2.3 

Plastic viscosity [Pa.s] Minimise 1 0.18 Minimise 1 0.15 

Permeability [m/s] Minimise 1 6.62 10
-8

 Minimise 1 1.03 10
-7

 

Compressibility Maximise 5 0.165 Maximise 5 0.611 
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Fig 1. Particel size distribution of cement and limestone filler 
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(a) 

(b) 

(c) 

Fig 2. Isoresponses of mini-slump (a) SP vs. W/B, (b) SP vs. VMA, (c) SP vs. LF 
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(a) 

(b) 

(c) 

 

Fig. 3. Isoresponses of plate cohesion (a) SP vs. W/B, (b) VMA vs. W/B, (c) LF 

vs. W/B 
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(a) 

(b) 

(c) 

Fig. 4. Isoresponses of yield stress (a) W/B vs. SP, (b) W/B vs. LF, (c) W/B vs. 

VMA 
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(a) 

(b) 

(c) 

Fig. 5. Isoresponses of plastic viscosity (a) W/B vs. SP, (b) W/B vs. LF, (c) 

W/B vs. VMA 
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(a) 

 

 (b) 

 

Fig. 6. Isoresponses of permeability x 10
-7

 (a) W/B vs. SP, (b) W/B vs. VMA 
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(a) 

 

(b) 

 

Fig. 7. Isoresponses of compressibility (a) W/B vs. SP, (b) W/B vs. VMA 
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Fig. 8. Contour plots of the desirability function based on multi-parametric 

numerical optimization for grouts with all parameters in the range (Example 1) 

 

 

 
Fig. 9. Contour plots of the desirability function based on multi-parametric 

numerical optimization for grouts with minimise % of SP and VMA (Example 2) 
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