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Abstract: There is an increasing need to identify the effect of mix composition on the rheological properties of composite 

cement pastes using simple tests to determine the fluidity, the cohesion and other mechanical properties of grouting appli-

cations such as compressive strength. This paper reviews statistical models developed using a fractional factorial design 

which was carried out to model the influence of key parameters on properties affecting the performance of composite ce-

ment paste. Such responses of fluidity included mini-slump, flow time using Marsh cone and cohesion measured by 

Lombardi plate meter and unit weight, and compressive strength at 3 d, 7 d and 28 d. The models are valid for mixes with 

0.35 to 0.42 water-to-binder ratio (W/B), 10% to 40% of pulverised fuel ash (PFA) as replacement of cement by mass, 

0.02 to 0.06% of viscosity enhancer admixture (VEA), by mass of binder, and 0.3 to 1.2% of superplasticizer (SP), by 

mass of binder. The derived models that enable the identification of underlying primary factors and their interactions that 

influence the modelled responses of composite cement paste are presented. Such parameters can be useful to reduce the 

test protocol needed for proportioning of composite cement paste. This paper attempts also to demonstrate the usefulness 

of the models to better understand trade-offs between parameters and compare the responses obtained from the various 

test methods which are highlighted. The multi parametric optimization is used in order to establish isoresponses for a de-

sirability function of cement composite paste. Results indicate that the replacement of cement by PFA is compromising 

the early compressive strength and up 26%, the desirability function decreased. 

Keywords: Compressive strength; Mini-slump; Plate cohesion meter; Pulverised fuel ash; Superplasticizer; Viscosity enhancer admixture; 

Water/Binder. 

INTRODUCTION  

Recently, there has been a growing interest in the use of 
cement paste containing VEA admixture for repairs, injec-
tion, embedding of anchors and post-tensioning, rock and 
oil-well grouting. A cement-based paste should be stable 
enough to reduce sedimentation, bleeding, and water dilu-
tion. Cement-based pastes are widely used in injection grout-
ing of cracks in massive structures since their physical and 
mechanical properties can be easily controlled. This is as-
sured by judicious choice of the type and fineness of cement, 
water-to-binder ratio, chemical and mineral admixtures [1]. 
The incorporation of one or more types of supplementary 
cement replacement materials (CRMs) such as pulverised 
fuel ash having different morphology and grain-size distribu-
tion values can improve particle size distribution and pack-
ing of solid particles, hence enhancing fluidity, stability and 
permeability. Improvements in the quality and uniformity of 
CRMs and the attention given to admixture formulations 
have greatly assisted progress. 

Viscosity-enhancer admixtures (VEAs) are used to en-
hance the cohesion and stability of cement-based systems. 
Such VEAs are water-soluble polysaccharides that enhance 
the water retention capacity of paste [2, 3]. Diutan gum is 
high molecular weight, microbial polysaccharides produced 
by aerobic fermentation and is different to welan gum. It is 
anionic polymers and its performance is influenced by the  
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presence of superplasticizer (SP). Without the presence of 
SP, the biopolymer’s anionic nature will cause them to have 
a tendency to adsorb out of the mix water onto the surface of 
cement [4] and with the presence of SP, it prevents this phe-
nomena. Diutan gum had two-rhamnose side chain compare 
to welan gum which had only one rhamnose and one man-
nose. The molecular length of diutan gum is up to 3 times 
longer than welan gum, which the molecular weights of diu-
tan is about 2.88 to 5.18 million Daltons [5]. The use of 
VEA increases the yield value and plastic viscosity of the 
cement-based paste, thus necessitating an increase in wa-
ter/binder or SP dosage to insure a low yield value necessary 
for proper penetrability and spreading [6, 7]. The increase of 
W/B ratio results in decrease in mechanical properties, im-
permeability, and durability of pastes [6, 7]. 

The use of PFA in cementitious paste represents a rela-
tively mature technology, which has been utilised in a range 
of construction applications. Experience has shown that 
compared to neat Portland cement paste, PFA incorporation 
can effect improvements in rheology and provide the full 
range of engineering properties normally required [6, 8]. 
Applications such as soil, rock, and oil-well grouting all re-
quire enormous amounts of cement and are therefore good 
examples of areas where some part of cement could be par-
tially replaced by PFA to produce low cost, environmentally 
safe and durable pastes [8]. 

Several researchers have related the improvement in 
properties of cement-based paste to the enhancement in per-
formance [1, 6-8]. For example, high-performance cement 
paste made with microfine cement with 0.6 W/B and 2% of 
SP was used successfully for crack injection grouting of 
submerged structures [1, 9]. 
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The main objective of this study is to evaluate the effect 
of the water-to-binder ratio, the PFA content, the dosages of 
SP and VEA on the rheological properties and compressive 
strength at 3 d, 7 d and 28 d of composite pastes using statis-
tical design approach and analysis of experiments [10, 11]. 
The models can be used to evaluate the potential influence of 
adjusting mix variables on paste properties required to en-
sure successful development of composite paste. Such simu-
lation can facilitate the test protocol needed to optimize 
composite paste with a given set of performance criteria that 
can be tried in the laboratory. Multiparametric optimization 
using the desirability function was used to establish response 
surfaces  

DEVELOPMENT OF FACTORIAL DESIGN AP-
PROACH  

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

 
fractional experimental design was used to evaluate the in-
fluence of two different levels for each variable on the rele-
vant paste properties [10]. Four key parameters that can have 
significant influence on mix characteristics of composite 
cement paste were selected to derive mathematical models 
for evaluating relevant properties (k= 4 in this study, thus the 
total of mixes for the fractional factorial was 2

4-1
 = 8). The 

four variables were W/B, PFA content, concentrations of SP 
and VEA. The modelled experimental region consisted of 
mixes ranging between coded variables of –1 to +1 (Table 
1). The derived statistical models are valid for mixes made 
with ranges of W/B of 0.35 to 0.42, 10% to 40% PFA, con-
centrations of VEA of 0.02 to 0.06%, by mass of binder, and 
SP of 0.3 to 1.2%, by mass of binder. The paste responses 
that were modelled were the mini-slump, the Marsh cone, 
the cohesion Lombardi meter, and the unit weight, and 3-d, 
7-d and 28-d compressive strengths. 

The eight mix combinations, expressed in coded values, 
considered in the experimental design composite pastes are 
listed in Table 2. Two-level factorial design does not allow 
an estimate of the experimental error unless some runs are 
repeated; thus four replicate central points were prepared to 
estimate the degree of experimental error for the modelled 
responses (Table 2). The central points consisted of mixes 
where variables were fixed in the middle level corresponding 
to: 25% PFA as replacement of cement, 0.8% SP (% mass of 
binder), 0.04% VEA by mass of binder, and 0.39 W/B. The 
18 mix combinations, expressed in coded and actual values, 
considered in the experimental design of pastes are listed in 
Table 2. The coded units of variables are calculated as fol-
lows. 

=

2

)(

valuesfactorialtheofRange

meansFactorvalueActual
FactorCoded  

Coded W/B = (absolute W/B – 0.385) / 0.035 
Coded PFA = (absolute PFA – 25) / 15 
Coded SP = (absolute SP – 0.75) / 0.45 
Coded VEA = (absolute VEA – 0.04) / 0.02 

MATERIALS AND MIX PROPORTIONS  

The paste mixes investigated in this study were prepared 
with Standard CEM I 42.5N Ordinary Portland cement 
(OPC) and PFA. OPC and PFA used conformed to BS 

EN197-1 and BS 3892, Part 1 and their chemical and physi-
cal properties are shown in Table 3. The specific density of 
PFA was 2.1. 

A superplasticizer produced on the basis of modified 
polycarboxylic ether Fluid Optima 100 from Chryso was 
used as aqueous solution with a solid content of 30% and 
specific gravity of 1.05. Diutan gum was supplied by Kelco-
crete which an anionic polysaccharide developed specifically 
for use with cementitious materials and is a natural high mo-
lecular weight gum produced by carefully controlled aerobic 
fermentation. 

Table 1. Coded and Absolute Values for the Investigated Pa-

rameters 

Parameter Range -1 
Central 

Point 
+1 

W/B 0.35 to 0.42 0.35 0.39 0.42 

PFA (%) 10 to 40% 10 25 40 

VEA (%) 0.02 to 0.06% 0.02 0.04 0.06 

SP (%) 0.3 to 1.2% 0.3 0.8 1.2 

 

Table 2. Mix Proportion for Pastes used in the Two-Level Frac-

tional Factorial Design 

 Coded values 

 Mix  W/B SP PFA VEA 

     (%) (%) (%) 

1 -1 -1 -1 -1 

2 1 -1 -1 1 

3 -1 1 -1 1 

4 1 1 -1 -1 

5 -1 -1 1 1 

6 1 -1 1 -1 

7 -1 1 1 -1 

Levels of factors 

 

8 1 1 1 1 

9 0 0 0 0 

10 0 0 0 0 

11 0 0 0 0 

Centre points 

 12 0 0 0 0 

13 0.50 1.05 0.50 -0.75 

14 0.75 0.75 0.75 -0.25 

15 0.50 0.50 0.50 -0.25 

16 0.75 0.75 0.75 -0.50 

17 -0.25 1.00 0.75 0.00 

Points of verifica-

tion 

 

18 -0.50 1.00 0.75 0.00 
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Table 3. Chemical and Physical Properties of PFA and Cement 

 OPC PFA Part 1 

SiO2 (%) 20.8 50 

AL2O3 (%) 5 30 

Fe2O3 (%) 3.2 7 

CaO (%) 63.7 2.3 

MgO (%) 2.6 1.2 

K2O (%) --- 1.1 

Na2O (%) --- 0.08 

TiO2 (%) --- 1.1 

SO3 (%) --- 0.4 

Chloride (%) --- < 0.03 

Free CaO (%) 1.6 --- 

LOI (%) 0.65 5.9 

Na2O eq. (%) 0.39 --- 

Moisture content --- Nil 

Water requirement (%) --- 94 

Strength factor --- 0.85 

Bulk Density --- 1.2 - 1.7 g/cm2 

Specific density 3.15 2.1 

Compressive strength - 

28 d (MPa) 

62 60.7 

Particle density (kg/m3) 3150 2029 

Specific Surface area 

(m2/kg) 

385 5.8* 

*: % retained on a 45 μm sieve; BS 3892 Part 1: 1997 

TESTING PROCEDURES  

All paste mixes were prepared in batches of 2 L that were 
mixed using a high-shear mixer having 4.5 L maximum ca-
pacity. The mixing water was 9.9 ± 0.2 ºC to compensate for 
the heat generated during the mixing action. The pastes tem-
perature following the end of initial mixing was at 14.2 ± 0.3 
ºC. The cement and PFA were mixed with VEA. The mixing 
sequence consisted of adding all of the water and SP to the 
mixer. The binder mixed with VEA were then introduced 
gradually after 1 minute. The paste was mixed for 1 minute, 
followed by 30 s of rest and another mixing period of 3 min-
utes. 

Following the end of mixing, the temperature and spe-
cific gravity of the paste were measured, and the mini-slump, 
Marsh cone, Lombardi Plate, and the unit weight were de-
termined. All tests were carried out between 5 and 15 min 
following the initial contact of binder with water and were 
done always in the same sequence. Three 50-mm cubes were 
cast in laboratory environment (T= 20±2ºC) to determine the 
compressive strength at 3, 7 and 28 d. 

The fluidity was evaluated using mini slump cone and 
Marsh cone having a 5-mm outlet diameter. The mini-slump 
cone has an upper diameter of 19 mm, a lower diameter of 
38.1 mm, and height of 57.2 mm [12]. 

The Marsh cone test measures the flow time of a given 
volume of a paste through a cone of a standard size. The 
funnel Marsh cone used in this study has a capacity of 1200 
ml and an internal orifice diameter of 5 mm. The time 
needed for a paste sample to flow through the cone is pro-
portional to the viscosity of the paste. The flow time in-
creases with the increase in viscosity, and thereby, it be-
comes an index of fluidity. The flow time measurement is 
performed by taking a representative sample of 1100 ml of 
paste, plugging the lower orifice of the cone, then pouring 
the sample through a fine sieve that can retain any clumps of 
cement particles. Once the paste is allowed to flow out of the 
funnel and into a graduated cylinder, the time of flow is re-
corded at 700 ml. 

The cohesiveness of the slurry was measured with a 
Lombardi plate cohesion meter [13]. The apparatus consists 
of a thin steel plate (100 mm x 100 mm x 1 mm), on which 
the paste can stick, and an electronic scale. The clean dry 
plate was weighed and then submerged once into the slurry. 
The plate was then withdrawn and weighed again after any 
dropping of slurry stopped. 

The unit weight of the paste was measured by a mud bal-
ance. This mud balance consists of a constant-volume sam-
ple 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 paste on 
each side of the Lombardi plate from the unit weight and the 
amount of paste sticking to the steel plate. 

The compressive strength was determined on 50-mm 
cubes. The specimens were demoulded one day after casting 
and were stored in water until testing at 3 d, 7 d, and 28 d.  

RESULTS AND DISCUSSION  

Derived Statistical Models 

These results were analysed and plotted using an appro-

priate statistical software package [14]. The derived statisti-

cal models are summarized in Table 4 with correlation coef-

ficients and probability (Prob.) > |t| values. The estimates for 

each parameter refer to the coefficients of the model found 

by a least square approach. The Prob. > |t| term is the prob-

ability of getting an even greater t statistic, in absolute value, 

that tests whether the true parameter is zero. Probabilities 

less than 0.05 are often considered as significant evidence 

that the parameter is not zero, i.e. that the contribution of the 

proposed parameter has a highly significant influence on the 
measured response. 

The presentation in Table 4 enables the comparison of 

various parameters. For the majority of the parameters, the 

probabilities that the derived coefficients of the various pa-

rameters influencing each response are limited to 5%. This 

signifies that there is less than 5% chance or 95% confidence 

limit, that the contribution of a given parameter to the tested 
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response exceeds the value of the specified coefficient. A 

negative estimate signifies that an increase of the given pa-

rameter results in a reduction of the measured response. For 

example, an increase in SP increases the mini-slump, i.e. 

increases the fluidity. The models in Table 4 give an indica-

tion of the relative significance of various parameters on 

each response. The majority of the models had high correla-

tion coefficients (R
2
) which most of them were up to 0.95. 

The most of flow times through the Marsh cone were over 

25 min and only mixes 4, 7 and 8 had flow time values of 6.7 

min, 23.6, and 18.1 min, respectively. Therefore, there was 

not enough data to run the analysis of the results of Marsh 

cone. It can be concluded that the Marsh cone with 5 mm 

orifice was not suitable to measure the flow time and may be 
bigger orifices (8 or 10 mm) can be used.  

The model (for Y – mini-slump, Lombardi plate cohesion 
meter, unit weight, 3-d, 7-d and 28-d f’c responses) associ-
ated with the two-level fractional factorial design in this case 
of four independent variables was as follows: 

+++++= VEAaSPaPFAaW/BaaY 43210  

where: a0 denotes the overall mean; coefficients an represent 
model constants (contribution of independent variables on 
the response), and  is the random error term representing the 
effects of uncontrolled variables. The values of coefficients 
an are shown in Table 4. 

The derived statistical models of slurry for mini-slump, 
cohesion meter, unit weight and compressive strength at 3 d, 
7 d, and 28 d are given in Eqs. (S1-S6). 

BWVEA-SP(mm) slump-Mini /1.64.76.111.110 ++=      (S1) 

BWVEA

SPmmcohesionPlate

/25.039.0

41.076.1)(/1 5.0

+

+=
        (S2) 

PFABWmkgUnitweight = 3.66/8.421844)/( 3  (S3) 

PFABWMPadf c = 3.5/7.68.23)(3'  (S4) 

BWPFAMPadf c /3.66.85.35)(7' =  (S5) 

BWPFAMPadf c /2.71.120.55)(28' =  (S6) 

The analysis of the variance for the derived models is 

given in Table 5. The Fisher distribution has also been used 

to evaluate the significance of the derived model. The F 

value has compared to F 1, k, n-k-1 from the Fisher table where 

1 is the degree of freedom, k is the number of unknown 

coefficients in the model and n is the number of experiments. 

For a 95% confidence interval, F0.05, 3, 4 value is 6.59. The F 

values for mini-slump and the Lombardi plate cohesion (Ta-

ble 5) are greater than 6.59 (48.6 & 102.4). Thus, the effects 

of SP, VEA and W/B are considered highly significant on 

the derived model responses. For unit weight, f’c 3d, f’c 7d, and 

f’c 28d, the Fisher values are greater than 6.94 (vs. 160.6, 25.4, 

84.9 and 84). Therefore, the effects of W/B and PFA are 

considered highly significant on the derived model re-
sponses. 

Table 6 indicates the average measured responses of the 

four replicate pastes, coefficients of variation (COV), as well 

as the estimated errors with 95% confidence limit for each of 

the measured properties. The estimated errors for the mini-

slump, Lombardi cohesion meter, unit weight, 3-d f’c,7-d f’c 

Table 4. Parameter Estimates of the Six Derived Models 

 Mini-Slump 1/SQ(Lombardi plate value)* Unit weight 

 R2 = 0.95 R2 = 0.98 R2 = 0.98 

 Estimate Prob.>|t| Estimate Prob.>|t| Estimate Prob.>|t| 

Intercept 110  1.76  1844  

W/B 6.12 0.001 0.25 0.0002 -42.8 <0.0001 

PFA NS -- NS -- -66.3 <0.0001 

SP 11.6 <0.0001 0.41 < 0.0001 NS -- 

VEA -7.4 0.0006 -0.39 <0.0001 NS  

 3-day f’c 7-day f’c 28-day f’c 

 R2 = 0.86 R2 = 0.96 R2 = 0.95 

Intercept 23.8 -- 35.5 -- 55.0  

W/B -6.74 0.0005 -6.30 <0.0001 -7.24 0.0002 

PFA -5.3 0.0023 -8.58 <0.0001 -12.11 <0.0001 

SP NS -- NS -- NS -- 

VEA NS -- NS -- NS -- 

* : 1/square root (Lombardi plate) NS: None significant”. 
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,28-d f’c were ± 1.5 mm, ± 0.002 mm, ± 1.3 kg/m
3
,± 1.7 

MPa, ± 1.7 MPa, and ± 4.1 MPa, respectively. The relative 

experimental errors for mini-slump, and unit weight are 

shown to be limited to 1.3 to 1.5% and 0.8 mm for Lombardi 

cohesion meter. On the other hand, the relative error for the 
3-d f’c, 7-d f’c and 28-d f’c was limited to 7%. 

Table 5. Analysis of Variance of Mini-Slump, Lombardi Plate, 

unit weight, 3-d, 7-d and 28-d f’c 

 
Mini-Slump )(/1 ateLombardiPl  

 DF SS Fvalue DF SS Fvalue 

Model 3 1816.4 48.6 3 3.05 102.4 

Error 3 6.8  3 0.0001  

Total 11 2248.7  11 3.38  

 Unit weight f’c 3d 

Model 2 49733 160.6 2 586.8 25.42 

Error 3 0.0001  3 8.6  

Total 11 51788  11 679.5  

 f’c 7d f’c 28d 

Model 2 905.8 84.9 2 1592.8 84 

Error 3 8.5  3 48.7  

Total 11 980.2  11 1685.8  

DF: Degree of freedom, SS: Sum of Squares, F value: Fisher value 

 

Table 6. Repeatability of Test Results 

 Mini-Slump 
Lombardi 

Test 
Unit Weight 

Mean (N=4) 98.8 mm 0.233 mm 1862 

COV (%) 1.5 0.8 0.2 

Est. error* 1.53 mm 0.002 mm 2.5 

 3-d f’c 7-d f’c 28-d f’c 

Mean (N=4) 24.2 MPa 38.9 MPa 57.5 MPa 

COV (%) 7.0 4.3 7.0 

Est. error* 1.72 MPa 1.72 MPa 4.11 MPa 

COV : Coefficient of variation (%) 
*: Estimated error (95% confidence limit) 

ACCURACY OF THE PROPOSED MODELS 

The accuracy of each of the proposed models was deter-
mined by comparing predicted-to-measured values obtained 
with mixes prepared with six selected randomly mixes and to 
verify the ability of the proposed models to predict responses 
(Table 2). All tests were carried out with the same materials 
and under the same test procedures used for the previous 
mixes. The predicted-to-measured ratio for mini-slump, 
Lombardi plate cohesion meter, unit weight, and compres-
sive strength at 3, 7 and 28 d are summarized in Table 7. 

The ratio between predicted and various measured prop-
erties of paste ranges between 0.90 and 1.01 thus indicating 
good accuracy for the established models to predict the mini-
slump, Lombardi plate cohesion meter, unit weight and 
compressive strength at 3d, 7d and 28 d. In general, the pro-
posed models for mini-slump, unit weight and the compres-
sive strength appear to be satisfactory in predicting the fluid-
ity and the strength with low scattering between the meas-
ured and predicted values. On the other hand, the average 
value of predicted/measured ratio of plate cohesion meter 
was slightly lower (0.90). 

Table 7. Predicted-to-measured ratios of established models 

 
Mini-

Slump 

Lomb. 

Plate 

Unit 

Weight 
3-d f’c 7-d f’c 

28-d 

f’c 

Verifi-

cation 

points 

1.01 0.90 0.98 0.99 0.96 0.98 

ISORESPONSES OF THE PROPOSED MODELS OF 
THE KEY VARIABLES 

Mini-Slump 

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 paste. This permitted the cal-
culation of the isoresponse curves from the parameters under 
study over the experimental domain and the optimisation of 
their effects. As shown in Table 4, the mini-slump is influ-
enced, in order of significance, by the dosage of SP, the dos-
age of VEA, and W/B. The dosage of SP is shown to exhibit 
the greatest effect on the mini-slump due to better dispersion 
of cement particles in the system. The increase in SP has 
approximately 1.9 and 1.6 times greater influence on increas-
ing mini-slump than the increase in W/B, and the reduction 
in the dosage of VEA, respectively (11.6 vs. 6.1 and -7.4). 
For example, the effect of increasing W/B ratio on mini-
slump vs. the dosage of SP, when dosages of PFA were fixed 
at 40% and VEA fixed at 0.02%, 0.04% and 0.06%, respec-
tively, is shown in Fig. 1. For any given W/B ratio and dos-
ages of PFA and VEA fixed at 40% and 0.02%, respectively, 
the mini-slump increased significantly when the dosage of 
SP increased. Similarly, the mini-slump increased when W/B 
increased while the dosages of VEA and SP, and the propor-
tion of PFA were fixed. On the other hand, the mini-slump 
reduced when the dosage of VEA increased while the dosage 
of SP, and W/B were kept constant (Fig. 1). This is due to 
the water retention and the entanglement and intertwining of 
VMA polymer chains. The effects of W/B, SP and VEA on 
composite paste corresponded with the findings of other re-
searchers [6, 7, 16]. 

Lombardi Plate Cohesion Meter 

As shown in Table 4, Lombardi plate cohesion meter is 
influenced, in the order of significance, by the dosages of SP 
and VEA, and W/B. By comparing the effect of SP and VEA 
dosages on the plate cohesion meter, the increase of dosage 
of SP can then be interpreted to have approximately similar 
influence on the reduction of the Lombardi plate cohesion 
value than the increase in VEA (0.41 vs. -0.39), for given 
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that the W/B and the proportion of PFA are held constant. 
Fig. 2 shows an example of isopresponse curves of the 
Lombardi plate cohesion meter vs. W/B and SP and VEA 
dosages ranged from 0.02% to 0.06% and for fixed propor-
tion of PFA of 25%. It can be observed that for example for 
fixed VEA of 0.02%, the increase of W/B and SP led to a 
reduction of Lombardi plate cohesion (Fig. 2. (a)), and simi-
larly the same effect for dosage of VEA at 0.04% and 0.06% 
(Figs. 2 (b) & (c). This is due to the decrease of the cohe-
siveness of the grout having lower yield stress [7]. However, 
for any given W/B, and dosages of SP and PFA, the increase 

of the dosage of VEA exhibited an increase of Lombardi 
plate cohesion (Fig. 2) which is attributed to the entangle-
ment and intertwining of VMA polymer chains and associa-
tion of water between adjacent chains. The effects of W/B, 
SP and VEA confirm other findings on cement paste con-
taining limestone powder [7]. This simple test could be used 
to give a good indication about the yield stress of cement 
paste. 

Unit Weight 

The two variables, W/B and the proportion of PFA (%), 
were the only variables shown in the statistical models (Ta-
ble 4) to have a significant effect on unit weight. As ex-
pected, the increase of W/B and the proportion of PFA led to 
a reduction of unit weight which can be related to the in-
crease of the porosity by increasing W/B and the lower spe-
cific density of PFA compare to cement (2.1 vs. 3.15). 

Compressive Strengths 

The ANOVAs given in Table 4 show that the effect of 
W/B is highly significant on compressive strength at 3, 7 d 
and 28 d and has the was just slightly more significant than 
the proportion of PFA on compressive strength at 3d (-6.7 
vs. -5.3). The compressive strengths decreased, as W/B in-
creased. The proportion of PFA was also highly significant 
on compressive strength showed a greater influence at 7 and 
28 d (8.6 and 12.1 vs. 5.3 for 3 d). The increase of the pro-
portion of PFA led to a reduction in compressive strength at 
3, 7 and 28 d. This is due to the pozzolanic reaction of PFA 
which occurs relatively slowly at normal temperature relative 
to Portland cement. The effect of the proportion of PFA on 
compressive strength at 28 d was more than 2 times compar-
ing to compressive strength at 3 d (-12.1 vs. -5.3). It was 
reported that both of these variables reduced the compressive 
by other research [7, 14]. Figure 3 shows the isoresponse of 
the compressive strength at 7 and 28 d vs. W/B and the pro-
portions of PFA. For example, for paste made with W/B of 
0.39 and 25% PFA and given dosages of SP and VEA, the 
predicted compressive strengths at 7 d, and 28 d were 36 
MPa, and 55 MPa, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). Response surface of compressive strength at 3d, 7 d and 
28 d. 

Trade-off between SP and VEA 

Contour responses showing the influence of SP and VEA 
dosages on mini-slump and Lombardi plate cohesion meter 
for pastes made with fixed W/B of 0.38 and 25% of PFA are 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Response surfaces of mini-slump test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. (2). Response surfaces of Lombardi plate cohesion meter. 
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presented in Fig. 4. As expected, for a given SP dosage, the 
contour diagrams of Fig. 4 indicate that the increase in VEA 
dosage reduces the mini-slump while the plate cohesion me-
ter increases. For example, for mini-slump of 110 mm, a mix 
paste with 0.62% of SP and 0.028% of VEA can ensure the 
fluidity of 110 mm. The increase in VEA dosage to 0.041% 
resulted in a reduction of mini-slump to 105 mm. However, 
by increasing the SP from 0.62% to 1.06%, the mini-slump 
can be re-established to 110 mm. For the same mix, with 
0.62% of SP and 0.028% of VEA, the increase in VEA dos-
age to 0.041% increased the Lombardi plate cohesion from 
0.3 mm to 0.4 mm. The Lombardi plate cohesion meter can 
be re-established to 0.3 mm by increasing SP dosage to 
0.87%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Contour surfaces of mini-slump and Lombardi plate cohe-

sion meter (W/B = 0.38, PFA = 25%). 

Correlation Between Mini-Slump and Plate Cohesion 

The flow of paste is very sensitive to its shear history. 
The above tests were carried out with extreme care in order 
to keep the shear history, the experimental procedures and 
their timing as constant as possible. Hence, it is interesting to 
assess the various possible correlation for example mini-
slump and Lombardi plate cohesion. 

Figure 5 shows the relationship between the mini-slump 
and Lombardi plate cohesion meter. The coefficient of corre-
lation R

2
 was 0.65 and the relationship seemed to follow 

polynomial second-order model and shows that when the 
mini-slump increases the plate cohesion meter decrease. The 
relationship between mini-slump and the Lombardi plate 
cohesion meter was similar to some findings of other re-
searchers testing cement paste incorporating limestone pow-
der which they obtained better coefficient of correlation [7]. 

Numerical Optimization for Desirability Function 

The numerical optimization can be made for a combina-
tion of factor levels that simultaneously satisfy the require-
ments placed on each of several responses. The simultaneous 
optimization each response have a low and high value as-

signed to each goal. The goal field for responses is one five 
choices: none, maximum, minimum, target, or in a specified 
range. Factors are included in optimization, at their design 
range by default, or as a maximum, minimum of target goal. 
The goals are then combined into overall desirability func-
tion, which reflects the desirability ranges for each response. 
The desirable ranges are from zero to one for any given re-
sponse which the numerical optimization using the software 
searches for the greatest overall desirability function. The 
value equal to one inside the experimental domain represents 
the ideal case and a zero indicates that one or more responses 
fall outside the desirable limits. Table 8 summarises the 
goals and weights for measured responses (mini-slump, 
Lombardi plate cohesion, compressive strength at 3 d, 7 d, 
and 28 d). To achieve these goals, Fig. 6 presents the re-
sponse surfaces of the desirability function. It can be men-
tioned that the desirability function will change if the differ-
ent goals have been selected. The response surface of Fig. 6 
indicated that the desirability function decreased with the 
increase in the proportion of PFA and tended to increase 
when PFA was lower than 26%. High W/B tended also to 
reduce the desirability function. The desirability function 
increased also when the W/B was limited to around 0.41 in 
order to maximize the compressive strength at 3 d, 7 d, 28 d 
and assuring in the same time high stability of paste as set 
the goals and weights (high fluidity and medium to high co-
hesion). It can be emphasis that the isoresponses of the de-
sirability function will be changed if different goals or 
weights have been selected for the numerical optimization 
(different to those selected in Table 8, for example targeting 
values for min-slump and compressive strength at 3 d, 7 d, 
and 28 d). 
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Fig. (5). Correlation between mini-slump and plate cohesion meter. 

CONCLUSIONS  

The effects of water/binder ratio, the proportion of PFA, 
and the concentrations of SP and VEA of composite pastes 
on the rheological properties and the compressive strength at 
3 d, 7 d and 28 d were investigated. The proposed statistical 
models can simplify the test protocol required to optimize a 
given mix composite paste by reducing the number of trial 
batches needed to achieve a balance among mix variables. 
This is due to the use of the models in conducting simula-
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tions of various variables to secure adequate fluidity, cohe-
sion and compressive strength. Based on the results of this 
paper, the conclusions can be drawn: 

• The W/B ratio is shown to exhibit a great effect on 
mini-slump, Lombardi plate cohesion, and compressive 
strength at 3 d, 7d and 28 d. The increase in W/B ratio let 
to an increase of fluidity, and a reduction in the Lombardi 
plate cohesion, unit weight and the compressive strength. 

• The mini-slump, the Lombardi plate cohesion are 
dominated primarily by the dosage of SP. The increase in 
the dosage of SP led also to an increase in mini-slump and a 
reduction in the Lombardi plate cohesion which is due to the 
dispersion properties of SP. However, the dosage of SP had 
no effect on unit weight and compressive strength. 

• The increase of dosage of VEA exhibited significant 
effect on both mini-slump and Lombardi plate cohesion. In 
fact, the increase in the dosage of VEA led to a reduction of 
mini-slump and an increase of the plate cohesion which is 
attributed to water retention and the entanglement and inter-
twining of VMA polymer chains. 

• For a given W/B, and dosage of SP and VEA, the 
increase of the proportion of PFA let to reduction of com-
pressive strength at 3 d, 7 d, and 28 d which is due to the 
slowest pozzolanic reaction of PFA compared to cement. 
The PFA replacement of cement had a greater effect on com-
pressive strength than the change of W/B ratio particularly at 
7 d and 28 d. 

• The desirability function decreased with the increase 
in the proportion of PFA and tended to increase when PFA 
was lower than 26%. It is also reduced when W/B increased. 

• The models established using a factorial design 
approach valid for pastes with 0.35 to 0.42 W/B, 10% to 
40% PFA, 0.02 to 0.06% VEA, and 0.3 to 1.2% SP. These 
models can also provide relationships between the forgoing 
results for mix optimization and quality control. The model-
ling and prediction of the response of others points in the 
experimental domain were therefore possible. Although the 
modelling are based on a given set materials, they can be 
easily used to generate other future results using other mate-
rials such as ground granulated blastfurnace slag, or silica 
fume, but the difference between the predicted and the meas-
ured values will than indicate the effect of the new materials 
on the accuracy of the proposed models. Additional research 
is needed to help the engineer to mix proportioning the ce-
ment composite paste using effectively and economically 
supplementary materials.  
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