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Robustness is defined as the capacity of cement-based materials to 
retain fresh properties when subjected to either small variations 
in the constituent elements or small changes in the mixing proce-
dure. Compared to normal concrete, self-consolidating concrete 
(SCC) may show less tolerance to those changes. Most robustness 
studies focus on initial rheological properties or workability, but 
concentrate less on the evolution of these properties within the 
first hour(s). This paper presents the results of an investigation 
aimed at evaluating the change of yield stress and plastic viscosity 
with time of cement pastes with SCC consistency, which is mainly 
affected by variations in the water content and the adding time of 
the superplasticizer. A change in water content also influences the 
initial rheological properties, and these differences are amplified 
over time. The difference due to the different adding time of the 
superplasticizer is, however, reduced or even reversed over time.

Keywords: cement paste; constituent elements; mixing procedure; 
rheology; robustness; workability loss.

INTRODUCTION
Self-consolidating concrete (SCC) has less tolerance to 

small changes in the quantities and properties of constituent 
materials and mixing procedure compared to conventional 
vibrated concrete. Those slight changes induce small alter-
ations in the rheological properties of SCC,1,2 which can 
lead to segregation in case of a decrease in yield stress or 
plastic viscosity, or a loss of filling capacity in case of an 
increase in yield stress or plastic viscosity. Controlling the 
variations in the rheological properties is essential to ensure 
proper characteristics of SCC during mixing, transport, and 
placement.3-7 If the initial rheological properties and their 
change as a function of time are inadequate, mechanical 
properties and durability of the cast structure can be nega-
tively affected.8

Most robustness studies have focused on the influence of 
mixture design, constituent material properties, and mixing 
procedure on the rheological properties of concrete. The 
paste component of the concrete plays hereby a crucial 
role, as the rheological properties are strongly related to the 
water-cementitous materials ratio (w/cm), the presence of 
supplementary cementitious materials, chemical admixtures, 
temperature, and shear history.9-13 An incorrect assessment 
of the sand moisture content is considered to significantly 
influence the cement paste composition and properties 
(larger relative change in water content) in a more promi-
nent way than any change in rheological properties induced 
by the sand content.

On paste level, the initial rheological properties, mostly 
measured between 10 and 30 minutes after water addition, 

are significantly affected by w/cm, sometimes showing an 
exponential relationship with the change in water content.14-16 
Furthermore, in cement pastes (or concrete mixtures) 
with different w/cm, different parameters are dominant 
in controlling the robustness, resulting in some apparent 
disparity in research conclusions.3-6,17,18 Employing super-
plasticizers (SP, also known as high-range water-reducing 
admixtures) causes dispersion of flocculated cement grains 
and the release of entrapped water.19-22 Bonen and Shah23 
reported the effects of the SP content on the flow properties of 
concrete, revealing that the robustness of the flow is propor-
tional to the mass ratio of SP to binder. Mixture composition 
and mixing procedures can affect the efficiency of the SP in 
decreasing the water demand in cement paste24,25: increasing 
mixing intensity decreases both plastic viscosity and yield 
stress dramatically,15,26,27 unless the mixture is overmixed. 
SP adsorption on cement is also affected by the concentra-
tion of sulfate ions in the interstitial solution.28,29 In addition, 
the time of adding the SP can change the initial rheological 
properties of SCC dramatically.30-35 The effect of limestone 
filler on the initial rheological properties has been studied 
by Carlsward et al.,36 showing that limestone filler has small 
influence on the plastic viscosity and the yield stress. Bonen 
et al.2 reported that incorporation of high-specific-gravity 
fine materials such as limestone, slag, and dolomite increases 
the SCC robustness.

Most of these studies solely focus on the robustness of 
the initial rheological properties. However, their change 
with time should also be considered, especially when 
focusing on ready mix applications, as transport times can 
be extensive. The change in rheological properties with 
time is generally induced by two factors: physical factors 
(such as flocculation, destruction, and restructuring of the 
microstructure) and chemical factors (including cement 
hydration and decrease in free water content).37 Typically, 
the physical factors (which are reversible) are considered 
as thixotropy, while the chemical factors are associated to 
the non-reversible workability loss, although recent work 
has shown that the distinction is not so straightforward.13,38 
Cement hydration, mixture composition, and the interaction 
between the binder particles and chemical admixtures are 
dominant factors which influence the workability loss over 
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time.39 In addition, differences in the quantity and compo-
sition of superplasticizer influence the cement hydration 
process and thus affect the workability loss in an additional 
manner.40-43 Correlations between mixture compositions, the 
initial rheological properties of the cementitious system, and 
the development of rheological properties over time have 
been investigated by several researchers.44-47 It is reported 
that the change of rheological properties as a function of 
time in cement-based materials is strongly influenced by 
superplasticizer type and dosage, w/cm, and cement type.46,48 
Gołaszewski and Szwabowski46 investigated the effect of 
polycarboxylate superplasticizer-cement ratio (Sp/C), w/cm, 
and time on the rheological behavior of fresh cement pastes. 
For Sp/C from 0 to 2.0% and w/cm of 0.25 to 0.50, it has 
been indicated that with an increase in SP dosage, the initial 
flowability, and flowability retention over time increase 
because of plasticizing and retardation induced by the super-
plasticizer. At low Sp/C, similar trends have been observed 
for yield stress and plastic viscosity, while in the case of 
high Sp/C, the yield stress and plastic viscosity deceased 
over the elapsed time.46 Gołaszewski and Szwabowski46 
also concluded that the type and dosage of superplasticizers 
affect the rheological behavior of cement mortars. Polycar-
boxylate ether (PCE) superplasticizer makes mortars with 
lower workability loss compared to naphtalene sulphonate 
acid (SNF) superplasticizers.

Petit et al.37,48,49 investigated the influence temperature 
on the evolution of rheological properties with time. When 
expressing the elapsed time as a function of the final setting 
time, nearly linear increases were found for the yield stress 
and plastic viscosity. However, especially for PCE-based SP, 
the evolution of the rheological properties with time could 
follow a more complex pattern when temperature was below 
a certain threshold, dependent on the mixture design.

RESEARCH SIGNIFICANCE
In this paper, the robustness of the “loss of workability” of 

flowable cement pastes is discussed. Similar to performing 
a robustness study on the initial rheological properties, the 
change in their time evolution is described. The influence 
of the change in water content, SP dosage, varying mixing 
time, mixing speed and different addition time of SP is 
demonstrated. The results are compared to the influence of 
these parameters on the initial rheological properties,50 and a 
more accurate vision on robustness of cement paste, and also 
concrete, can be developed by taking into account the time 
dependency of the rheological properties.

EXPERIMENTAL PROGRAM
Materials

Three different cement pastes with SCC consistency were 
prepared based on SCC mixtures commonly used in Europe 
and North America.50 Mixture Designs 1 and 3 are based on 
the powder-type approach. Mixture Design 1 was prepared 
with a water-powder ratio (w/p) of 0.275. The powder is 
composed of 50% Type I/II cement (according to ASTM 
C150) and 50% finely ground limestone (by mass). Mixture 
Design 3 is based on the same principle, but the powder 
consists of 57% cement and 43% limestone filler, while w/p 
= 0.31. Both mixture designs are produced with an efficient 
PCE-based superplasticizer. As will be discussed further, this 
SP, named SP 1, has a relatively short workability retention.

Mixture Design 2 is based on a viscosity-modifying agent 
(VMA)-type mixture design using silica fume (SF) and 
Class C fly ash (FA) as a supplementary cementitious mate-
rial (SCM), with a more elevated w/p (= 0.38) compared to 
the other mixture designs. A different PCE (SP 2), from a 
different manufacturer, was used. This SP had relatively long 
workability retention. A VMA has been added to Mixture 
Design 2 to assure stability. The VMA is from the same 
manufacturer as SP 2 to prevent compatibility problems. The 
mixture proportions of the cement pastes are listed in Table 1. 
For all reference cement pastes, the amount of each SP was 
determined to reach a mini-slump flow value of 330 ± 10 
mm (11.8 ± 0.4 in.) at 7 minutes after mixing, ensuring SCC 
consistency. It should be noted that halfway the experiments 
on Mixture Design 2, a new delivery of cement causes some 
modifications in the SP demand, and in the rheological 
properties.

Mixing procedure
The preparation of the cement pastes occurred at the 

lowest speed available in a small kitchen-style mixer. The 
water addition time is taken as reference time (t0), while the 
reference mixing procedure is presented in Table 2. The total 
mixing duration is 6 minutes, after contact between cement 
and water. The repeatability of the mixture and the mixing 
procedure, the influence of water, and the influence of SP 
variations were investigated by employing the reference 
mixing procedure.

Variables
Four main variables were evaluated in this study for the 

mixture designs:
•	 Water content modifications inducing a change in w/p of 

approximately ±0.01 and ±0.02, which corresponds to 
±5 and ±10 L of water in 1 m3 (1.01 and 2.02 gal./yd3) 

Table 1—Reference Mixture Designs 1, 2, and 3, kg/m3 (lb/yd3)

Cement Limestone filler Fly ash Silica fume Water SP1 SP2 VMA w/p

Mixture 
Design 1 808 (1362) 808 (1362) — — 444 (748) 3.47 (5.85) — — 0.275

Mixture 
Design 2 1013 (1707) — 351 (592) 35 (59) 533 (898) — 6.80 (11.46) 0.88 (1.48) 0.38

Mixture 
Design 3 872 (1470) 654 (1102) — — 479 (807) 2.53 (4.26) — — 0.31
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of concrete, respectively. The corresponding concrete 
mixture designs can be found in Asghari et al.50

•	 The superplasticizer content was varied by ±5% and 
±10%, keeping every other parameter constant.

•	 The reference mixing procedure incorporated a delayed 
addition of the dispersing admixture by 2.5 minutes, 
based on the experience of the research team with the 
corresponding concretes. In the case of immediate SP 
addition, the SP was physically mixed with the water 
prior to addition to the cement. However, the VMA for 
Mixture Design 2 was added at the same delay time, 
regardless of the adding time of the SP.

•	 The modifications in mixing energy correspond to the 
mixing speed and the mixing time. It is expressed as the 
total estimated number of rotations of the paddle in the 
mixer. Table 2 shows the change in mixing energy by 
switching the setting on the mixer (setting 1: 2.27 rps 
or 2: 4.68 rps). The mixing speed was only increased 
in Steps 5 and 7 of the mixing procedure to ensure all 
materials remain in the mixing bowl. The mixing time 
variations are shown also shown in Table 2. The short 
mixing time is the shortest feasible to assure a homoge-
neous mixture. The longest mixing time is the longest 
feasible to evaluate the mini slump flow of the mixture 
and to start the rheological procedure at 15 minutes.

Rheometry
A standard rheometer, typically used in the polymer 

industry (Fig. 1), was employed to measure the rheological 
properties of the cement pastes. A coaxial cylinder geometry 
was selected for these tests. Both inner and outer cylinders 
were sandblasted to limit slippage. The inner cylinder radius 
(Ri) measures 13.33 mm (0.5248 in.), the outer cylinder 
radius (Ro) is 14.56 mm (0.5732 in.), and the height (h) is 
40.00 mm (1.575 in.). Prior to each measurement of the 
rheological properties, the sample was pre-sheared for 60 
seconds at a shear rate of 100 s–1 to ensure the same refer-

ence state of the sample for each measurement. Based on 
previous experiences by the research team, this time seemed 
the shortest time possible to reach equilibrium for the eval-
uated mixtures. The rheological properties were determined 
by measuring the torque response to a stepwise decreasing 
function of the shear rate: the shear rate was decreased in 
10 intervals, with a duration of 5 seconds each, from 100 to 
10 s–1. From the raw torque and rotational velocity data, the 
yield stress and plastic viscosity (Eq. (1)) were determined 
based on the Reiner-Riwlin principle51,52

	 τ τ µ γ= +0 p  	 (1)

Equation (1) represents the Bingham model, which is 
used in the derivation of the Reiner-Riwlin equation (refer 
to Feys et al.52). τ represents the shear stress (Pa); τ0 is the 
yield stress (Pa); µp is the plastic viscosity (Pa s); and γ  is the 
shear rate (s–1). While the yield stress is defined as the stress 
needed to start the flow, the plastic viscosity is the resistance 
of the material to enhance in flow rate once the yield stress 
is exceeded.14

The time evolution of the rheological properties is taken 
as the (linear) slope of four consecutive measurements, 
performed at 15 (initial), 30, 45, and 60 minutes after initial 
contact between cement and water. The temperature in the 
rheometer is kept constant at 23°C (73.5°F) to eliminate the 
influence of temperature on the time evolution of the rheo-
logical properties.37,48

Table 2—Mixing procedures (reference, short, and 
long)

Step

Duration

ActionReference Short Long

1 30 s 30 s 30 s Dry 
materials

2 (= t0) 1 min 30 s 2 min Adding 
water

3 1 min 1 min 1 min Scraping

4 30 s 30 s 30 s Mixing

5 2 min 1 min 4 min Add SP/
VMA

6 30 s 30 s 30 s Scraping

7 1 min 1 min 1 min Mixing

Duration since t0 6 min 4.5 min 9 min —

Total rotations 613/1047 409 1022 —

Note: Values in italic indicate times when speed was increased to study influence of 
mixing speed.

Fig. 1—MCR rheometer, equipped with sandblasted coaxial 
cylinders.
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RESULTS AND DISCUSSION
Repeatability

A 90% confidence interval for all three mixtures is calcu-
lated for the increase in yield stress (in mPa/min) and plastic 
viscosity (in mPas/min) with time based on four repetitive 
productions of the cement pastes. Figure 2 shows the evolu-
tion of plastic viscosity and yield stress with time for all 
mixtures, and all results are summarized in Table 3. Table 3 
contains the average increase in plastic viscosity and yield 
stress for all reference mixtures, as well as the corresponding 
confidence intervals. In Table 3, two sets of results are shown 
for Mixture Design 2, as these correspond to the different 
cement deliveries. The influence of water and SP content is 
relative to the first reference for Mixture Design 2, while 
the adding time and mixing energy will be compared to the 
second reference.

Evaluating the numbers in Table 3, the difference between 
the two SP employed is clearly visible. Mixtures prepared 
with SP 1 (Mixture Designs 1 and 3) show a steady increase 
of yield stress and plastic viscosity with time. Mixture 
Design 2, in which SP 2 with long workability retention is 

incorporated, shows a nearly steady or slightly increasing 
plastic viscosity with time, and a significantly smaller 
increase in yield stress (for the second reference mixture) 

Fig. 2—Evolution of plastic viscosity and yield stress over time, repeated four times. (Note: 1 Pa = 0.145 psi.)

Table 3—Average values for plastic viscosity and 
yield stress and 90% confidence intervals, based 
on four measurements, for Mixtures 1, 2, and 3

Mixture 
Design 1

Mixture Design 2

Mixture 
Design 3

CEM 
delivery 1

CEM 
delivery 2

Average increase in 
plastic viscosity,  

MPas/min
10.3 –0.1 1.2 3.7

+90% confidence limit 12.2 0.5 1.4 4.3

–90% confidence limit 8.6 –0.7 1.0 3.1

Average increase in 
yield stress, MPa/min 91 –49 9 62

+90% confidence limit 112 –26 16 69

–90% confidence limit 70 –72 2 55

Note: 1 MPa = 145 psi.
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and even a decrease in yield stress with time (first reference 
mixture), rendering the cement paste more fluid over time.

From the confidence intervals in Table 3, it can also be 
seen that the repeatability of the measurements is good. The 
standard deviation of the slopes of yield stress and plastic 
viscosity with time (refer to Table 3) is similar for Mixture 
Designs 2 and 3, resulting in confidence intervals of similar 
size. Mixture Design 1 shows a larger confidence interval, 
but the absolute values of increase in yield stress and plastic 
viscosity are also substantially higher.

Variations in water content
The quantity of water is the most used parameter in robust-

ness studies, as most practical issues can be related to an 
incorrect or inadequate assessment of the moisture content 
of the fine aggregates. In this project, the amount of water 
varied in the mixture designs was ±21 mL (0.71 fl oz.) and 
±42 mL (1.42 fl oz.), corresponding to a ±5 and ±10 L differ-
ence for 1 m3 of the corresponding concrete mixtures (or 
±1.01 and ±2.02 gal. for 1 yd3 of corresponding concrete). 
Figures 3 and 4 show respectively the increase in yield 
stress and increase in plastic viscosity with elapsed time. 
The thick black and gray lines with markers represent the 
results of a water content variation. The corresponding thin 
black and gray lines represent the 90% confidence intervals 
established in Table 3, and are an indication on the signif-
icance of a change in water content. Focusing on Mixture 
Designs 1 and 3, both based on the powder-type principle, 
but with different ratios of w/p and cement-powder ratios, 
similar conclusions can be drawn. More water reduces the 
slope of yield stress and plastic viscosity with time, which 
is significant for both parameters for Mixture Design 3. For 
Mixture Design 1, the larger increase in yield stress with 
time is manifested at decreasing water contents, while the 
slower increase in plastic viscosity is visible at increasing 
water contents. Also, the differences are more substantial for 
Mixture Design 1 than for Mixture Design 3. The change 

of yield stress and plastic viscosity with time is typically 
attributed to slowly continuing hydration, creating calcium- 
silica-hydrate (C-S-H) bridges between cement particles, 
as well as non-chemical connections between cement parti-
cles.13,38 In mixtures with lower water contents, the inter-par-
ticle spacing is smaller, leading to a higher chance of C-S-H 
bridging and potentially a stronger connection between the 
particles. As a result, for the applied shear rate (approx-
imately 100 s–1) and with a decreasing water content, an 
increasing number of particles can no longer be separated, 
leading to an increase in yield stress and plastic viscosity.

For Mixture Design 2, however, no significant changes in 
the change of rheological properties with time are observed, 
as all points fall in between the 90% confidence limits. For 
the reference mixture, the plastic viscosity did barely vary 
with time, and changing the water content does not seem 
to affect this evolution. The yield stress decreases with 
time, which can be attributed to different polymers in SP 2, 
which become active at different times. This time release of 
dispersing molecules can inhibit or slow down the formation 
of C-S-H bridges, leading to the constant or decreasing rheo-
logical properties. Furthermore, the w/p in Mixture Design 2 
is higher compared to Mixture Designs 1 and 3, which could 
also reduce the influence of the water content.

Variations in SP dosage
The sensitivity of the time-evolution of the rheological 

properties to a change in SP content is measured by changing 
the SP content with ±5% and ±10%, relative to the refer-
ence value. From previous work,50 it was concluded that a 
change in SP content mainly affected the yield stress at 15 
minutes. Figure 5 shows that the yield stress increases faster 
with time with increasing SP content (not considering the 
–10% SP for Mixture Design 1). It can be argued herein that 
with increasing SP content, a larger portion of the cement 
surface is covered, which also means that more SP can be 
overgrown with hydration products over time, leading to a 

Fig. 3—Variation of increase of yield stress with time, as 
function of change in water content. (Note: 1 MPa = 145 psi; 
1 L/m3 = 0.202 gal./yd3.)

Fig. 4—Variation of increase of plastic viscosity with time, 
as function of change in water content. (Note: 1 MPa = 145 psi; 
1 L/m3 = 0.202 gal./yd3.)
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larger loss of efficiency for the yield stress. For the plastic 
viscosity change as a function of time (Fig. 6), however, the 
opposite trend is observed: increasing the SP content leads 
to a slower increase of plastic viscosity with time (again, 
not considering the –10% SP for Mixture Design 1). The 
observed effect on plastic viscosity could potentially be due 
to a decrease in water available to flow, as more and larger 
particle clusters will be present with lower SP contents, 
entrapping more water. Furthermore, the changes induced 
by the modification of the SP content appear smaller than 
those induced by the water amount.

Variation in adding time of SP
The adding time of the SP can have a significant influ-

ence on the rheological properties of the mixture. It has 
been shown that in most cases, the SP is more effective in 
reducing yield stress when it is added in a delayed fashion. It 

has been postulated that in case of immediate addition (with 
the mixing water), parts of the SP get intercalated between 
the initial hydration products formed. A small delay allows 
for hydration products to form prior to the SP attaching to a 
surface. In previous work by the authors,50 it has been shown 
that the plastic viscosity is largely affected by delaying the 
addition of the SP. Figures 7 and 8 compare the increase 
in yield stress and plastic viscosity with time respectively 
between a 2.5-minute delayed addition of the SP, and an 
equal amount of SP physically mixed in the mixing water 
prior to contact with the solid particles of the cement paste. 
A smaller increase in yield stress and in plastic viscosity 
with time for Mixture Designs 1 and 3 can be observed, in 
case of an immediate addition of the SP. It seems that when 
less of the SP is intercalated within the hydration products 
formed in the first 2.5 minutes, more of its efficiency is lost 
over a more extended time.

Fig. 5—Variation of increase of yield stress with time as 
function of change in SP content. (Note: 1 MPa = 145 psi.)

Fig. 6—Variation of increase of plastic viscosity with time, 
as function of change in SP content. (Note: 1 MPa = 145 psi.)

Fig. 7—Variation of yield stress with time, as function of 
addition time of superplasticizer (100% with water, or 
delayed by 2.5 minutes). (Note: 1 MPa = 145 psi.)

Fig. 8—Variation of plastic viscosity with time, as function 
of addition time of superplasticizer (100% with water, or 
delayed by 2.5 minutes). (Note: 1 MPa = 145 psi.)
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In addition to the already-mentioned results, Mixture 
Designs 1 and 2 were repeated, but the SP type was reversed. 
In other words, the influence of the adding time of the SP 
was also investigated on Mixture Design 1 with SP 2 and 
Mixture Design 2 with SP 1. No VMA was employed, and 
the SP dosages were adjusted to ensure a mini-slump flow 
of 330 mm (11.8 in.) for the delayed SP addition. Similar as 
in Fig. 7, Table 4 shows a slower increase in yield stress (or 
a decrease) when the SP is added with the water compared 
to the delayed addition, regardless of the SP type or mixture 
design. However, for the plastic viscosity, a slower increase 
in plastic viscosity with time is noted for Mixture Design 1 
in case of intermixing the SP with the water (Fig. 8), while 
for Mixture Design 2, a slightly larger increase in plastic 
viscosity is noted when adding the SP with all mixing water. 
Table 4 shows that the behavior of the plastic viscosity 
increase with time is more related to the mixture design, 
as regardless of which SP used, the qualitative behavior is 
similar for each mixture design.

Variations in mixing energy: mixing time and 
mixing speed

Modifications in the mixing procedure were also investi-
gated by either changing the mixing time, or mixing speed 
(only for Mixtures 1 and 3). The mixing procedures are 
described in Table 2. For Mixture Designs 1 and 3, the modi-
fications in mixing energy appear not to have a major effect 
on the change in rheological properties with time (Fig. 9 
and 10). For Mixture Design 2, a slightly slower increase in 
yield stress and a slightly faster increase in plastic viscosity 
with time are observed for the shorter mixing time. For the 
longer mixing time, a reduction in the rate of change of the 
plastic viscosity is noticed. A potential hypothesis for this 
behavior is as follows: decreasing mixing time results in 
less dispersing of the particles and more water entrapped 
in the particle clusters. This may lead to a faster increase 
in plastic viscosity with time, and vice-versa for the longer 
mixing time. For the yield stress, however, more particles 
remain flocculated when the mixing time is shorter, poten-
tially reducing the amount of adsorbed SP, keeping more SP 

available in the suspension which can reduce the increase in 
yield stress with time (or lead to a decrease in yield stress 
with time as observed).

COMPARISON WITH CHANGES IN INITIAL 
RHEOLOGICAL PROPERTIES

As shown in the previous sections, the distinction between 
SP 1 and SP 2 is very clear, and some of the conclusions need 
to be drawn separately for each of the SP. In this section, the 
time-evolution results are compared to the sensitivity of the 
initial rheological properties to the studied parameters, as 
described in Asghari et al.50

Variations in water content
For Mixture Designs 1 and 3 (SP 1), the amount of water 

appears to have a significant influence on the evolution of 
yield stress and plastic viscosity with time. Increasing the 

Table 4—Effect of adding time on increase in yield 
stress and plastic viscosity with time, for both 
Mixture Designs 1 and 2, with both SP types

SP 1 SP 2

With water Delayed With water Delayed

Increase in yield stress 
Mixture Design 1, 

MPa/min
78 101 –33 144

Increase in yield stress 
Mixture Design 2, 

MPa/min
–18 196 –20 9

Increase in plastic 
viscosity Mixture 

Design 1, MPas/min
5.8 11.0 0.7 1.2

Increase in plastic 
viscosity Mixture 

Design 2, MPas/min
2.5 2.2 1.3 1.2

Note: 1 MPa = 145 psi.
Fig. 9—Variation of yield stress with time, as function of 
number of revolutions in Hobart mixer. (Note: 1 MPa = 
145 psi.)

Fig. 10—Variation of plastic viscosity with time, as function 
of number of revolutions in Hobart mixer. (Note: 1 MPa = 
145 psi.)
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water content results in a lower yield stress and plastic 
viscosity at 15 minutes, and slows down the increase of 
these rheological properties with time. As a result, the rheo-
logical properties at later age are even more influenced by 
a modification of the water content, as both the initial rheo-
logical properties and their time evolution are influenced in 
the same way. For Mixture Design 2 though, the change in 
water content only appears to affect the initial rheological 
properties, while the evolution with time remains unaffected.

Adding time of SP
For the initial rheological properties, especially for 

Mixture Designs 2 and 3, the adding time of the SP was at 
least as important, or even more important than the changes 
in water content.50 The time-evolution of the plastic viscosity 
compensates for the difference in initial plastic viscosity for 
the mixture designs with SP 1. As shown in Asghari et al.,50 
a substantially higher plastic viscosity is obtained when 
SP 1 is added with the mixing water, but from the results 
reported herein, the plastic viscosity increases at a slower 
rate with time. For Mixture Design 1, at 45 minutes, the 
plastic viscosity with the delayed addition is higher than for 
the mixture with initial addition. For Mixture Design 3, the 
plastic viscosity values at 60 minutes of age show a differ-
ence of 0.038 Pa s, compared to 0.072 Pa s at 15 minutes. 
The effects on the yield stress are of minor importance, with 
a slightly more important increase in yield stress with time 
when the addition is delayed. For Mixture Design 2 though, 
mainly the yield stress is affected by modifying the adding 
time of the SP, but the difference in yield stress increase with 
time is minor compared to the differences in initial rheolog-
ical properties.

Amount of SP
The amount of SP has a large influence on the yield stress. 

Overshooting the SP content leads to a lower initial yield 
stress, but time appears to compensate for this by a slightly 
larger increase of yield stress with time. However, the 
difference in slope of yield stress with time is insufficient 
to overcome the large differences in initial yield stress. For 
the plastic viscosity, the induced changes are rather minor 
compared to the influence of water and SP adding time.

Mixing time
The mixing time has no significant influence on the change 

in yield stress and plastic viscosity with time for mixtures 
with SP 1, maintaining the difference in initial rheological 
properties over time. For Mixture Design 2, the differences 
are deemed significant, but the difference in the time evolu-
tion of the rheological properties is not substantial compared 
to the difference in the initial rheological properties. As a 
result, any difference in initial rheological properties induced 
by the mixing time appears to be maintained over time.

CONCLUSIONS
By means of three mixture designs based on the powder-

type and VMA-type approaches, the sensitivity of the 
change of yield stress and plastic viscosity with time of 

cement pastes with SCC consistency was investigated. From 
this research, the following conclusions can be drawn:
•	 A significant difference has been noted for the two 

different superplasticizers employed. Not only is the 
time-dependent behavior different, the response of 
the mixtures made with the different SP to changes in 
other parameters is also different. As example, for the 
VMA-type mixtures made with the long workability- 
retention SP, the change in yield stress and plastic 
viscosity with time appears not significantly affected by 
either a change in water or SP content.

•	 For the mixtures with the short workability retention 
SP, a change in water content significantly affects the 
increase of both yield stress and plastic viscosity with 
time: a reduction in water content results in a faster 
increase in rheology, while an increase in water results 
in a slower increase in rheology. As a result, any influ-
ence of water on the initial rheological properties either 
remains constant (SP 2), or gets amplified (SP 1). This 
can be attributed to the increased inter-particle spacing 
when more water is added, resulting in less connections 
growing between cement particles.

•	 The adding time of the SP is the second most important 
factor influencing the change of yield stress and plastic 
viscosity with time: in case of a delayed addition, these 
properties increase faster with time. As a result, the 
beneficial effect of delaying the SP addition on the initial 
rheological properties is reduced or even removed over 
time. Immediate addition of SP results in more interca-
lation of the SP in between hydration products immedi-
ately after mixing. This renders a delayed addition more 
efficient. However, with time, more hydration products 
are formed and as more of the SP is “active” in case of 
a delayed addition, it is speculated that more SP gets 
overgrown with time.

•	 For Mixture Designs 1 and 3 (SP 1), increasing the 
amount of SP results in a faster increase in yield stress 
with time; however, the change of yield stress increase 
with time is too small to compensate for the significant 
change in initial yield stress due to an increase in SP 
addition. The hypothesis for this behavior is similar to 
the differences between immediate and delayed addi-
tion: if more SP is added, more SP can be overgrown, 
resulting in a faster decline in efficiency. The changes in 
the increase of plastic viscosity with time are of minor 
importance.

•	 Changing the mixing energy appeared to have a minor, 
less significant importance on the change in rheological 
properties with time. A reduction in mixing energy could 
lead to more entrapped water as fewer flocs of cement 
particles are broken, and a faster increase in plastic 
viscosity with time was noted for Mixture Design 2 (the 
changes for Mixture Designs 1 and 3 were insignificant). 
However, fewer deflocculated particles results in less 
exposed surface, and thus a reduction in the adsorbed 
SP in the system. Although it was not explicitly noticed 
for SP 2, a reduction in (total) SP 1 content leads to a 
slower increase in yield stress with time. Applying this 
principle on the influence of a shorter mixing duration 
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can explain why the yield stress increases slower with 
time. However, the changes induced in the time evolu-
tion in rheological properties are insufficient to either 
reduce or amplify the difference in initial rheological 
properties.
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