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a b s t r a c t

There are different methods in literature to evaluate the robustness of highly fluid cementitious mixtures.
However, no one of them gained widely acceptance due to the relative advantages and disadvantages
involved in each of them. Therefore, there is still need for further research on this topic. This study pro-
poses a new and relatively easy method for quantifying the robustness of self-consolidating grouts by cal-
culating so-called robustness indices. Due to the more difficulty to produce robust mixtures for highly
fluid mixtures obtained by very powerful chemicals, the method is based on the variations in the super-
plasticizer (SP) type and amount. Mineral admixture (fly ash or limestone powder) usage and water-to-
binder ratio (w/b) were other parameters investigated in this study. It was found that SP type was the
most important factor affecting the robustness. The effect of w/b was less when compared to SP type.
The mixtures containing naphthalene-based SP were more robust than those containing
polycarboxylate-based SP. Mineral admixture type and amount had the least effect on robustness.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Self-compacting grouts are widely used in ground improve-
ment, concrete repair works, reducing rock and soil permeability,
rock anchorage, and post-tensioning applications [1,2]. In such
cases, the grout is required to enter the cracks or pores easily. High
fluidity is achieved by the use of a superplasticizer (SP) however
the paste has to remain its homogeneity or stability during all
stages of the application. Although it is easy to increase the fluidity
by use of a SP, its excessive usage can disturb the homogeneity by
the separation of water and the solid particles in the mixture. The
non-homogeneous mixtures can decrease the performance (such
as strength and volume stability) of the hardened material. Since
highly flowable mixtures are more susceptible to the changes in
material properties than mixtures with lower consistency [3], a
greater attention is required to make such mixtures less sensitive
(or more robust) to the variations in the ingredients.

There are different definitions of robustness in the literature.
Robustness can be defined as the capacity of a cement-based mix-
ture to retain its fresh properties when small variations in the
quantities of the constituent materials occur [4]. However, the
variations in the mixing parameters (such as mixing time, mixing
speed and the addition time of superplasticizer) and temperature
should also be considered for more robust mixtures [5]. Nunes
et al. [6] states that in studying the robustness, one has to take into
account the specific characteristics of the production center like
the existing level of quality control, equipment performance, skills
and knowledge of the personnel involved. In a study of Amini et al.
[7], the term ‘‘robustness” is referred to resistance to time-
dependent variation in fluidity and stability of mixtures subjected
to prolonged agitation, which was employed to simulate transport
to casting location at job site. Robustness was also considered as
stability by Bonen et al. [8]. Billberg and Khayat [9] defined the
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robustness as reducing the sensibility of the concrete to daily
changes in key material characteristics and production parameters.

Increasing the robustness of self-consolidating mixtures has
been a concern of many researchers. In general, it was stated that
robustness can be increased by increasing the viscosity, reducing
SP content, using viscosity modifying admixtures (VMA), increas-
ing the matrix density, decreasing the size of coarse aggregate,
paying a greater attention to moisture variations in successive
batches, careful metering of chemical admixtures and water, and
adhering to the mixing protocol [8]. Despite many recommenda-
tions made by the researchers to qualitatively increase the robust-
ness of self-consolidating mixtures, there is no one single and a
widely accepted method to quantify the robustness. Several
researchers proposed different methods to evaluate the robustness
as discussed below and summarized in Table 1.

Billberg and Khayat [9] prepared concrete-equivalent mortars
(CEM) simulating self-consolidating concretes (SCC) having differ-
ent VMA types. After plotting the plastic viscosity vs. yield stress of
the mixtures in a figure, two methods were proposed for robust-
ness evaluation. First method calculates the so-called rheology
area which is equal to total spread in yield stress times the total
spread in plastic viscosity. In the second method, coefficient of
variation (COV), which is defined as standard deviation divided
by mean value, of rheological parameters (plastic viscosity and
yield stress) was calculated. The mixtures with smaller rheology
area and lower COV were found as more robust.

Hwang and Khayat [10] evaluated the robustness by an index of
minimum water content (MWC), which is determined from the
slope of the increase in flow diameter of a mini slump flow cone
vs. the increase in w/cm. Similar to the study of Billberg and Khayat
[9], CEM mixtures were used instead of SCC mixtures. A mixture
with a greater MWC, i.e. a more robust mixture, shows lower
degree of increase in flow after a given increase in water content.
The robustness of the CEM mixtures containing polycarboxylate-
based SP were less than that of the mixtures with naphthalene-
based SP.
Table 1
Different approaches to evaluate robustness.

Source Mixture
type

Approach to evaluate robustness

Billberg and Khayat [9] CEM - Calculation of rheology area (total spread
times the total spread in plastic viscosity)

- COV of plastic viscosity and yield stress
Hwang and Khayat [10] CEM Calculation of minimum water content (MWC) i

determined from the slope of the increase in flo
a mini slump flow cone vs. the increase in w/cm

European Guidelines
for SCC [4]

SCC Using ±5 and 10 L of the target water content a
the change in fresh state properties

Nunes et al [6,12] SCC Factorial design to determine the probability tha
properties fall inside the acceptance limits

Naji et al. [13] SCC For each of the several concrete properties, the
responses obtained for the three sand humidity
calculated and used to estimate the relative spr
response

Ghoddousi and Salehi
[11]

SCC SCC mixtures with slightly different water cont
±6%) were tested. The scattering of results is est
standard deviation of results. The robustness is
analysing the workability tests results through
multi attribute decision making methods (VIKO

Kwan and Ng [14,15] SCC Determining the width of the range of SP dosag
the performance requirements
European Guidelines for SCC [4] states that most of the con-
stituent variability that would threat robustness can be equated
to a change in water requirement since changes in moisture con-
tent of the materials or changes in grading/specific surface result
in a change in the water demand of the mix. Accordingly, a well-
designed and robust SCC is defined as the one that can typically
accept a 5–10 L/m3 change in water content while maintaining
its properties inside the specified limits. Therefore, it is proposed
to test at ±5 and 10 L of the target water content and measure
the change in fresh state properties. Nunes et al. [6], however, finds
this method too simplistic because it does not take into account
the specific characteristics of the production center like the exist-
ing level of quality control, equipment performance, skills and
knowledge of the personnel involved. Ghoddousi and Salehi [11]
states that the advantage of the EFNARC [4] method is its simplic-
ity in application. However, since a given SCC mix can only pass or
fail the test, the robustness of different concrete mixes cannot be
compared quantitatively using this assessment method [11].

Another method to assess the robustness was proposed by
Nunes et al. [6,12]. The method is based on factorial design
method. The influence of five mixture properties, which are water
to powder volume ratio (Vw/Vp), filler to cement weight ratio (wf/
wc), superplasticizer to powder weight ratio (SP/p), sand to mortar
volume (Vs/Vm) and solid volume (Vap), and their coupled effects
on slump flow, t50, V-funnel flow time, L-Box filling height and
28-day compressive strength were mathematically modeled. Sim-
ulations of mixture parameters were made by using the derived
models and a measure of robustness was computed that represents
the probability that SCC mixture properties fall inside the accep-
tance limits. Bootstrap technique was applied to the original data
sample to estimate the robustness value and its accuracy. The
study considered the real data of variations of material con-
stituents collected from a precast factory. It was found that Vw/
Vp exhibited the greatest effect on all five measured responses.
According to Ghoddousi and Salehi [11], the method given in
[6,12] has the disadvantage that the relationship between the
Comment

in yield stress Requires rheometer and knowledge of statistics

ndex, which is
w diameter of

Stability was not considered as a parameter

nd measuring - Not quantitative [11]
- Not possible to compare robustness of different mixtures

[11]
- Too simplistic because it does not take into account the

specific characteristics of the production center [6]
t SCC mixture - The relationship between the mix design parameters and

the concrete performance must be known in advance and
this requires a larger number of trial concrete mixes to be
produced [11]

- Heavy statistics for engineers
COV of the
values were
ead of each

- Comparison of changes of individual tests is not useful for
comparing the robustness because variations of several tests
on fresh SCC are not systematic (and similar) [11]

- Heavy statistics for engineers
ent (±3 and
imated by the
evaluated by
one of the
R method).

Heavy statistics for engineers

e satisfying all Concretes with different variations in performance within the
same SP range will have the same robustness
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mix design parameters and the concrete performance must be
known in advance and this requires a larger number of trial con-
crete mixes to be produced [11].

Naji et al. [13] proposed a COV-based method in which eight
SCC mixtures were subjected to variations in three sand humidity
values. Twenty properties of SCC mixtures (nine workability char-
acteristics, seven rheological properties, and four mechanical prop-
erties) were determined for each concrete. For each property, the
COV of the responses obtained for the three sand humidity values
were calculated and used to estimate the relative spread of each
response. Based on the COV values, the SCC mixtures were ranked
in descending order. The lowest COV value indicated the highest
robustness. On the other hand, Ghoddousi and Salehi [11] stated
that variations of several tests on fresh SCC are not systematic
(and similar). Therefore, the comparison of changes of individual
tests is not useful for comparing the robustness of SCC. Accord-
ingly, multi attribute decision making methods that consider
changes in all tests together are necessary to compare the robust-
ness of SCC [11].

Kwan and Ng [14,15] proposed to evaluate the robustness of
SCC as the width of the range of SP dosage satisfying all the perfor-
mance requirements. They also suggested that the optimum SP
dosage for maximum robustness should be set as the middle value
of the acceptable range of SP dosage.

Although there are several methods to evaluate the robustness
proposed in the literature, no one of them gained a widely accep-
tance and was used by another researcher. Each of them has its
own advantages and disadvantages as stated above. Therefore,
there is a need for further research to quantify the robustness. This
study aims to propose a different method to quantify the robust-
ness of self-consolidating grouts. Variations in SP dosages were
taken as the basis for this study. The new generation SPs, which
are used in relatively very small quantities, are so powerful that
very small changes in their quantities can affect the workability
significantly. On the other hand, measuring the SP dosage require
accurate equipment at the plants which would result in a non-
robust product if it is not so. In addition to the variations in SP con-
tent, the mixtures in this study were designed to have different
water-to-binder ratios (w/b), SP types, limestone filler contents,
and fly ash contents to determine how and to what extent the vari-
ations in SP dosage affect the robustness of the mixtures with dif-
ferent design parameters.
Response Response 

Mix. A Mix. B 
2. Research significance

A workable cement-based mixture should be designed to toler-
ate variations in the mixture ingredients. Therefore, this require-
ment necessitates quantifying the robustness of the mixtures.
Although some attempts have been made by a number of research-
ers, there is no widely accepted method for this goal. Some of them
were found very simplistic while some others are not practical due
the necessity of high number of trials or relatively deep knowledge
of statistics which are not preferable for engineers. As a result, the
need for evaluating the robustness still exists. This study proposes
a new and relatively easy method to quantify robustness and make
a contribution to fill this gap in the literature. Moreover, with the
help of the investigated parameters, this study can help the engi-
neers design more robust mixtures.
Variable Variable 

Fig. 1. Mixtures with different robustness.
3. The method proposed to evaluate the robustness

The method proposed here, which is only mentioned in [16],
partly used in [12] and an extension of the method in [14,15], is
based on the measurement of the change in a response of a mix-
ture with the change in a variable that affects the related response.
Considering Fig. 1, when the change in the response is high with a
small change in the variable, the mixture is said to be less robust.
Accordingly, Mixture B is more robust than Mixture A.

In this study, workability (the ease of processing of a mixture
while keeping it stable) was taken as the response and the variable
was taken as SP content (Fig. 2). Upon an increase in the SP dosage
the consistency (and workability) increases continuously until
reaching the peak point in Fig. 2. After a certain dosage, the stabil-
ity problems become dominant and workability decreases due to
the more proneness of the mixture to segregation. In other words,
workability should be expressed by simultaneously considering
consistency (slump flow in this study) and stability (bleeding test
in this study) depending on the SP dosage. Further explanation of
Fig. 2, the experimental approach and the method proposed to
evaluate the robustness are explained below:

In the experimental part, firstly, a mixture is prepared with very
low SP dosage (point A) which gives a lower consistency than a
predefined minimum slump flow requirement (point B). Then, only
the SP dosage is increased slightly in a new mixture to obtain point
B. SP dosage is increased further in new mixtures until no signifi-
cant increase in slump flow is observed. This level corresponds to
point D beyond which stability starts to govern the workability.
Further increase in SP dosage results in points E, F and G. Beyond
point F, the mixture exceeds the allowable stability limit and
therefore it is no more workable. Once the points B, D and F are
obtained, the robustness index (R) of the mixture can be evaluated
from Eq. (1):

R ¼ SP% at Point Fð Þ � ðSP% at Point BÞ
slump flow% at Point Dð Þ � ðslump flow% at Point BÞ ð1Þ

In Eq. (1), the slump flow values of the mixtures were expressed
as percentages of the predefined minimum slump flow require-
ment (point B), which was taken as 130 mm according to the rec-
ommendation made by Khayat et al. [1] for the same slump cone
used in the current study (See Section 4.3). Accordingly, the slump
flow percent at point B is taken as 100. The allowable limit for sta-
bility were determined based on the observations during the tests
as will be explained in Section 5.1.
4. Materials, mixtures and test procedures

4.1. Materials

CEM I-42.5R portland cement complying with EN 197 [17] was
used. Type F fly ash (according to ASTM C618) [18] and limestone
powder (LP) were used as mineral additives (MA). Chemical com-
position and physical properties of the portland cement, fly ash
(FA) and LP are presented in Table 2. The unburned coal in FA,
which affects the amount of superplasticizer adsorption available
for other binder materials, was determined as 2.87%. The SEM
images and particle size distributions of the cement, FA and LP
can be seen in Figs. 3 and 4, respectively. A polycarboxylic-ether
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Fig. 2. Change of workability with SP dosage.

Table 2
Properties of the portland cement and the mineral admixtures.

Portland Cement FA LP

SiO2 (%) 5.72 52.28 0.001
Al2O3 (%) 7.85 27.06 0.21
Fe2O3 (%) 2.18 8.62 0.01
CaO (%) 68.97 3.30 95.16
MgO (%) 3.46 3.73 0.96
SO3 (%) 1.92 0.26 0.001
K2O (%) 0.53 2.26 0.001
Na2O (%) 8.50 0.11 2.68
SiO2 + Al2O3 + Fe2O3 (%) – 87.96 –
Blaine fineness (cm2/g) 3670 3440 3945
Specific gravity 3.11 2.40 2.75
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type (PC) with a solid content of 37.3% and a naphthalene
formaldehyde sulfonic acid based (NS) superplasticizer with a solid
content of 46.8% were used in the mixtures.

4.2. Mixtures

The mixture types are shown in Table 3. Two different w/b
ratios, by weight, were selected as 0.40 and 0.50. Mixing water
was corrected by considering the water present in the SPs. For each
w/b, the mixtures contained FA or LP in varying amounts (0, 15 and
30% of the binder weight). As seen from Table 3, there are 2 (w/
b) � 5 (binder combinations) � 2 (SP types) = 20 types of mixtures.
The SP content in these mixture types varied from low values to
excessive amounts to determine the range of SP where the mixture
can be regarded as workable. At least 5 different SP contents were
used for each mixture type to find the points B, D and F in Fig. 2.
Therefore, more than 100 grout mixtures were prepared by varying
the SP amount.

4.3. Test procedures

The grouts were produced in a cylindrical container with 15 cm
diameter and 30 cm height. A high speed mixer was used for mix-
ing. The procedure of mixing was kept same for all mixtures to
eliminate the external effects on robustness as proposed by [5].
Following standard procedure was applied: the water and SP were
poured to the container and mixed for 15 s. Then, the cementitious
materials were gradually introduced in 1 min while the mixer was
running. After an additional mixing of 1 min, the grout was left to
rest for 30 s. During the rest time, the binder stuck on the inner
walls of the container was returned to the mixture. Finally, the
grout was mixed again for additional 2 min. Immediately after
the mixing operation, mini-slump flow test was performed to
determine the consistency of the fresh grout mixtures. Then, bleed-
ing test was made according to ASTM C940 [19].

In mini-slump flow test, the cone shown in Fig. 5 was filled with
the grout and lifted vertically upwards. When the flow stopped, the
diameter of the spread was measured at three different locations.
The average of the measurements was recorded as slump flow
diameter.

In the bleeding test, 1000-mL glass graduates were filled up to a
level of 800 ml. The presence of segregation was inspected at every
15 min until 2 h. Bleeding or separation of the ingredients stopped
at or before 2 h for all of the mixtures. Although there was no seg-
regation or bleeding in very stable mixtures, it was possible to
observe upto 4 segregation regions for some of the unstable mix-
tures (such as some mixtures containing excessive amounts of PC
type SP). For such mixtures, the segregation occurred –from top
to bottom- in the form of floating particles, bleed water, diluted
grout and bottom grout (Fig. 6). The volume of each region (if
any) was recorded with respect to time. The bleeding amount
was calculated as the volume of bleed water at the end of 2 h
divided by the total volume of the grout (800 ml) and multiplied
by 100 to express the data in percent.

5. Results and discussion

5.1. Effects of design parameters on workability and SP range

The effects of w/b ratio, SP and mineral admixture type and
amount on the slump flow and bleeding of the grouts were
reported elsewhere and the detailed discussion can be found in
[21]. Therefore, only a brief summary of these findings will be pre-
sented in this paper. Fig. 7, which shows the SP-slump flow relation
for the mixtures with 30% fly ash, was used to illustrate the follow-
ing discussions.

The slump flow of the mixtures increased with SP content
regardless of the binder type, w/b and SP type until a certain SP
content for a given mixture type (Fig. 7). Beyond the peak point,
the addition of further SP did not increase the slump flow because
the mixture was saturated to the SP molecules and the extra SP
molecules did not interact with the binder particles.

As seen in Fig. 7, when w/b was relatively high, SP requirement
for a given slump flow value was less because the water has
already an effect to separate the solid particles, helping the



Fig. 3. SEM images of the a) portland cement, b) fly ash and c) limestone powder.

Fig. 4. Particle size distributions of the portland cement, FA and LP.

Table 3
Mixture types.

w/b Portland cement, % FA, % LP, % SP type

0.4 100 0 0 PC
85 15 0 PC
70 30 0 PC
85 0 15 PC
70 0 30 PC
100 0 0 NS
85 15 0 NS
70 30 0 NS
85 0 15 NS
70 0 30 NS

0.5 100 0 0 PC
85 15 0 PC
70 30 0 PC
85 0 15 PC
70 0 30 PC
100 0 0 NS
85 15 0 NS
70 30 0 NS
85 0 15 NS
70 0 30 NS

Fig. 5. Mini-Slump Cone [20].
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mixture to spread easily. Moreover, for a given slump flow, PC is
used in much lower amounts when compared to NS. In other
words, for the same amount of SP, PC was able to provide much
higher slump slow values. This observation was same for all of
the mixture types studied in this research.

As known, mechanism of action of SPs can be discussed under
two headings: ‘‘Electrostatic repulsion” and ‘‘steric hindrance”. In
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Fig. 7. SP-slump flow relation for the mixtures with 30% fly ash.
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the former effect, molecules of the admixture neutralize the
cement particles and cause all surfaces to carry uniform charges
of same sign. The particles having the same charge repel each other
and become separated. In the latter effect, long polymer chains
adsorbed on the surface of the cement particles prevent them to
come closer to each other. PC type admixtures show both effects
(electrostatic repulsion and steric hindrance) and therefore have
a higher ability to reduce the water content when compared to
NS type where only electrostatic repulsion is present [21].

When SP type was PC, use of mineral admixtures (FA or LP)
resulted in similar slump flow values as the mixtures containing
only portland cement. However, in the case of NS, the mixtures
with MA generally had lower slump flow values when compared
to those without MA. Therefore, the ability of PC to separate the
MA particles was found to be better than that of NS.

An acceptable stability criterion was determined considering i)
the bleeding amount, ii) the visual inspection of the shape of the
spread just after the slump flow test, and iii) different phases
occurred during the bleeding test. It was observed that when
bleeding is equal to or less than 1%, most of the grouts did not
show any segregation and they were able spread with a circular
shape in the slump flow test. For higher bleeding values, most of
the mixtures showed a complete separation (all possible phases
in Fig. 6) during the bleeding test and the slump flow spread
occurred in irregular shapes. Therefore, 1% bleeding is a critical
value for specifying the stability limit. However, it is important
to note that 1% criteria, only, was not sufficient for stability crite-
rion. Although the bleeding was less than 1% in some of the mix-
tures containing MA, they showed different separation phases in
the test cylinder (Fig. 6). The separation of fly ash or LP particles
from the grout can be explained by the differences in their specific
gravities and by the possibly lightweight particles in the MA.
Therefore, it was concluded in this study that for acceptable stabil-
ity, the bleeding value has to be less than 1% and the grouts must
not show separation in the test cylinder.

By using the above-mentioned criteria for stability, the stable
mixtures with slump flow values greater than 13 cm were identi-
fied as workable mixtures. Among these mixtures, those corre-
sponding to the points B, D and F according to Fig. 2 were used
to establish Table 4. Then, Fig. 8 was prepared to show the SP
boundary dosages for workability. The bars in Fig. 8 starts with
an SP dosage to have 13 cm slump flow (point B) and ends when
the SP dosage is at the stability limit (point F). As seen from the fig-
ure, the SP ranges for workable grouts are much wider for the mix-
tures with w/b = 0.4 when compared to higher w/b regardless of
the MA type and amount. When w/b is high, the mixture shows
bleeding problems more easily and the range becomes narrow.

Fig. 8 also shows that NS type of SP provides a wider SP range
for workability when compared to PC. As known, even low
amounts of PC can provide high fluidity due to its more improved
mechanism of action (both steric hindrance and electrostatic
repulsion) when compared to NS which has only electrostatic
repulsion effect. This stronger effect can lead that the stability of
the mixtures may be disturbed more easily and the range of SP
for workable mixtures becomes narrower.

The effect of MA type and amount on the SP range varied for dif-
ferent mixtures, and a unique behaviour could not be identified
from Fig. 8. Further discussion on the varying effects of MA type
and amount on the results will be made in Section 5.2.

5.2. Effects of design parameters on robustness

The mixtures in Table 4 were ranked according to their robust-
ness indices which were calculated according to Eq. (1) (the last
column of the table). It is very apparent from the Table that all of
the mixtures with NS occurred at the upper half of the table, mean-
ing that they have higher robustness indices than the mixtures
with PC. Therefore, it can be concluded that SP type has the highest
effect on the robustness. The higher robustness indices found for
NS mixtures are clear from the Fig. 9, as well. This finding suggests
that due to the less robustness of PC mixtures, it is necessary to
weigh PC type superplasticizer more precisely than NS type of SP
during the mixture preparation.

The importance of SP type on robustness was emphasized also
by [8,22,23]. In those studies, it is stated that polynaphthalene sul-
fonate and polyphosphonic based superplasticizers could result in
more robust SCC mixtures than PC based superplasticizers. Accord-
ingly, the findings of the proposed method (more robustness of NS
mixtures than PC mixtures) are supported by the literature.

The second point that Table 4 shows is that for a given SP type,
the mixtures with w/b = 0.4 are more robust than those with w/
b = 0.5 regardless of the MA type and amount. For example, among
the first 10 mixtures in Table 4, all of which contain NS, the first
five of them have a w/b ratio of 0.4. Therefore, the second param-



Table 4
Data for points B, D and F in Fig. 2, robustness indices and ranking of the mixture types.

Mixture Name SP Solids%
for point B

Slump flow at
point B, mm (%)

Slump flow at
point D, mm (%)

SP solids %
at point F

Stability
criterion for
point F*

Robustness
index (R),
*10�3

Ranking
according to SP
range

Ranking
according to
R

w/b = 0.4 – No MA – NS 0.18 130 (100) 195 (150.0) 0.82 B + S 12.85 1 1
w/b = 0.4–30% LP – NS 0.36 130 (100) 205 (157.7) 0.94 B + S 9.94 2 2
w/b = 0.4–30%FA – NS 0.31 130 (100) 168 (129.2) 0.60 B 9.74 6 3
w/b = 0.4–15%LP – NS 0.28 130 (100) 200 (153.8) 0.73 B 8.26 3 4
w/b = 0.4–15%FA – NS 0.23 130 (100) 187 (143.8) 0.59 B 8.01 4 5
w/b = 0.5 – No MA – NS 0.04 130 (100) 180 (138.5) 0.28 B 6.36 7 6
w/b = 0.5–30%LP – NS 0.18 130 (100) 198 (152.5 0.49 B 6.03 5 7
w/b = 0.5–15%LP – NS 0.16 130 (100) 195 (150.0) 0.40 B 4.89 8 8
w/b = 0.5–30%FA – NS 0.06 130 (100) 175 (134.6) 0.22 B 4.62 13 9
w/b = 0.5–15%FA – NS 0.08 130 (100) 195 (150.0) 0.26 B 3.51 12 10
w/b = 0.4 – No MA – PC 0.05 130 (100) 210 (161.5) 0.22 B 2.79 10 11
w/b = 0.4–30%FA – PC 0.05 130 (100) 190 (146.2) 0.17 B + S 2.68 14 12
w/b = 0.4–30%LP – PC 0.05 130 (100) 223 (171.5) 0.24 B + S 2.54 9 13
w/b = 0.4–15%LP – PC 0.06 130 (100) 215 (165.4) 0.21 B 2.23 11 14
w/b = 0.4–15%FA – PC 0.06 130 (100) 210 (161.5) 0.17 S 1.82 15 15
w/b = 0.5 – No MA – PC 0.01 130 (100) 204 (156.9) 0.08 B 1.37 18 16
w/b = 0.5–30%FA – PC 0.02 130 (100) 207 (159.2) 0.10 B + S 1.32 17 17
w/b = 0.5–30%LP – PC 0.03 130 (100) 221 (170.0) 0.12 B 1.20 16 18
w/b = 0.5–15%LP – PC 0.02 130 (100) 215 (165.4) 0.09 B + S 1.14 19 19
w/b = 0.5–15%FA – PC 0.02 130 (100) 215 (165.4) 0.08 S 0.89 20 20

*B: Bleeding = 1%; B + S: Bleeding = 1% and Segregation with several regions; S: Segregation with several regions.

Fig. 8. SP ranges for workable mixtures.
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eter that affects the robustness at most is w/b. The higher robust-
ness of the mixtures with low w/b can also be seen in Fig. 9.

The lower robustness of the mixtures having higher w/b is pos-
sibly due to the more proneness of them to bleeding. It is clear
from Table 4 that the SP values for the allowable stability limit
(point F) are lower for the similar mixtures with higher w/b values.
Moreover, it can be recalled from Fig. 8 that the mixtures with high
w/b have narrower SP ranges.

The effects of w/b on robustness have been discussed by other
researchers, as well. It was stated in the literature [8] that higher
w/b can increase the susceptibility of the concretes to segregation
and decrease the stability and robustness. Kwan and Ng [14,15]
found that decreasing the water/cement ratio is an effective means
of improving the performance and robustness of SCC. Billberg [24]
was another researcher stating the more robustness of SCC with
lower water-to-cement ratio (w/c). These studies coincide with
the discussions made for the results of this study, indicating the
properness of the method proposed to calculate the robustness
index.

Fig. 10 compares the relative importance of SP type and w/b on
robustness for a given MA type. It is important to note that the NS
mixtures with w/b = 0.5 were more robust than the PC mixtures
with w/b = 0.4 despite the fact that high w/b decreases the robust-
ness. Therefore, it is clear that SP type has more effect on robust-
ness than w/b. Observing this finding on both FA and LP
mixtures (i.e. similarity of Fig. 10a and b) indicates that the
approach for evaluating the robustness indices is consistent.

In order to understand the effect of MA type on robustness,
Fig. 9b and c can be considered. These figures indicate that for a
given w/b, SP type and replacement amount, the robustness of
FA and LP mixtures were generally very close to each other. For
the mixtures with w/b = 0.5 and NS, the robustness indices of the
LP mixtures were slightly higher than FA mixtures.

The change of MA amount on robustness can be observed from
Fig. 10a and b. Again, these figures show that the behavior of FA
and LP mixtures were similar to each other. When the SP type
was PC, the amount of MA (FA or LP) did not affect the robustness
significantly (the values were slightly lower for 15% MA content).
For both Fig. 10a and b, when the SP type was NS, use of FA or
LP reduced the robustness. (However, it has to be kept in mind that
NS mixtures were always more robust than similar mixtures with
PC.) The adverse effect of MA usage on the robustness of NS mix-
tures can be related to the fact that for the same amount of SP,
the NS mixtures with MA generally had lower slump flow values
when compared to those without MA (See Section 5.1). In other
words, MA increased the NS demand for the desired workability.
Since higher values of SP/cement ratio can decrease robustness
[8], the robustness indices of the mixtures without MA was higher
than those with MA. Moreover, Bonen et al. [8] stated that robust-
ness can be increased by increasing the matrix density. This can
also explain the lower (for NS) or similar (for PC) robustness of
the MA mixtures with the mixtures without MA, recalling that
FA and LP have less specific gravity than portland cement (Table 2).



Fig. 9. Robustness indices of the mixtures a) without MA, b) with 15% MA and c) with 30% MA.
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In this study, as stated in the above discussions, the effects of
MA type and amount on robustness are not as definite as the
effects of SP type and w/b. In some studies, the use of MA was
found to increase the robustness [8,14]. However, there are dis-
agreements in the literature on the effect of MA on fresh mixture
properties [8] due to several reasons: One reason can be the com-
plex binder system which involves the binder-SP interactions. For
example, cement composition (especially the C3A and sulfate con-
tent), the alkalinity, surface charge and fineness of the binder can
affect the ratio of the adsorbed amount of superplasticizers to
the surface area of the particles [25–32]. Another reason can be
the interparticle distance in different binder systems as stated by
[8]. The lower the interparticle distance, the higher the rate of
coagulation and the higher the robustness. In the same study [8],
the matrix density was also found to affect the robustness of the
mixtures containing MA. The characteristics of the MA are also
important for robustness. For example, fly ash has ball-bearing
effect and enhance flowability while it can also reduce the flowa-
bility due to an increase in the solid volume as a result of its lower
specific gravity [14]. Hence, fly ash has both positive and negative



Fig. 10. Effect of MA replacement % on robustness.
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effects [14] and the total effect can change depending the specific
properties of the fly ash used. Similarly, use of fine materials (such
as silica fume and limestone filler) can improve the packing density
of the granular skeleton [33] while they can also increase the total
surface area of the solid particles and reduce the thickness of the
water films coating the solid particles [14], the total effect being
dependent on the fine powder amount. Therefore, they can have
both beneficial and adverse effects on fresh concrete performance.

Table 4 gives the ranking of the mixtures according to the
robustness which was calculated considering the SP range as made
by Kwan and Ng [14], noting that the ranking based on Eq. (1) has
already been discussed above. The ranking according to Eq. (1) and
SP range are similar to each other indicating the properness of the
proposed method. There are some differences in the two rankings
but the method of Eq. (1) is more informative than the other
because it considers both the maximum slump flow of the mix-
tures and the acceptable SP range while the other method consid-
ers only the latter. In other words, Eq. (1) involves the points B, D
and F (in Fig. 2), while the other method involves only the points B
and F. Recalling Fig. 1, two mixture types can have same change in
the variable (such as SP ranges) but one of them can provide quite
different change in the response (such as slump flow), and there-
fore can have quite different robustness.

6. Conclusions

This study proposed a new method for quantifying the robust-
ness of self-consolidating grouts. The mixtures contained either
of 2 types of superplasticizers (NS or PC) and various amount MA
(FA or LP). The w/b was either 0.40 or 0.50. A so-called robustness
index was calculated for each mixture by determining the SP range
for workability and maximum slump flow values. Following con-
clusions can be drawn from the present study:

1. The mixtures were ranked according to their robustness indices.
The ranking conforms to the knowledge gathered from the liter-
ature, indicating the properness of the proposed method.

2. SP type was found as the most important factor affecting the
robustness. The effect of w/b on robustness was less when com-
pared to SP type. Mineral admixture type (fly ash and limestone
powder used in this study) and amount had the least effect on
robustness.

3. All of the mixtures containing naphthalene-based SP were more
robust than all of the mixtures with polycarboxylate-based SP.

4. For a given SP type, the mixtures with w/b = 0.4 were more
robust than those with w/b = 0.5 regardless of the MA type
and amount.

5. For a given w/b, SP type and MA replacement amount, the
robustness of FA and LP mixtures were generally very close to
each other.

6. When the SP type was PC, the amount of MA (FA or LP) did not
affect the robustness significantly. For NS mixtures, use of FA or
LP reduced the robustness.
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