CEMENT-SUPERPLASTICIZER
COMPATIBILITY AND FLOW
PROPERTIES OF BINDER PASTE AND
MORTAR USING MARSH CONE AND

FLOW TABLE METHOD

Abstract

Flow behavior of the binder paste renders a fair idea about

the properties of high-performance concrete, especially, in

the fresh state. Optimisation of the cement matrix phase or

the paste phase in terms of fluidity is an important step in the
development of high-performance concrete. It is, therefore,
imperative to have a simple, effective, and reliable methodology
to assess the flow behavior of the paste. Marsh cone test is
often employed for this purpose, and limited review of the prior
art indicates no standardization of the quantity of the paste
corresponding to which the flow time should be measured and
the saturation dosage of superplasticizer to be assessed. Rate
of flow through the cone orifice may not remain same, and
rather decreases with time. This paper investigates the flow
time for different quantities of the paste with an aim to assess
the optimum quantity to be used with Marsh cone test for the
determination of saturation dosage of superplasticizer. The
effect of mixing time upon the flow behavior of the paste is next
evaluated with the help of Marsh cone test. Further, the mix
design of high-performance concrete of compressive strength in
the order of 100 MPa often excludes the coarse aggregates, and
hence, resulting in a significant increase in the cost of concrete
production. This paper also investigates the flow behavior of
the mortar prepared with a low sand-to-cement ratio of 0.62,
which is typically the case with ~100 MPa concrete utilizing
coarse aggregates. Marsh cone test may not be feasible in such
a case on account of low water-cement ratio. Conventional
flow-table test is indigenously extended for this purpose to
make inference on the fluidity of paste and the saturation of
superplasticizer dosage. Finally, results of the paper, in principle,
enable assessment of the cement-superplasticizer compatibility.
Three different brands of cements are used throughout the test
program with a well-known brand of superplasticizer.

Keywords: Cement-superplasticizer compatibility; Flow
table; High performance concrete; Marsh cone; Mixing time;
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1. INTRODUCTION

Unlike conventional concrete, high-performance concrete
requires the use of admixtures like pozzolanic fillers, and
superplasticizers in addition to cement, water, and aggregates
as its ingredients. The incorporation of these admixtures
enhances the flow properties in the fresh state, and the
mechanical, and durability properties in the hardened state

of concrete. The flow behavior of binder paste gives a fair

idea about the properties of high-performance concrete
especially in the fresh state!". In general, the rheology of
concrete also depends upon the aggregate characteristics,

but it is the excess paste (the paste in excess of what fills the
voids in aggregates) that overcomes the intergranular friction
between the aggregates, and lubricates the concrete mix to
provide workability 3. More the surface area of aggregates,
more excess paste will be required to provide the lubrication B
Hence, optimisation of cement matrix phase or paste phase

in terms of fluidity is an important step in the development

of high-performance concrete . Since the cohesion and
flowability are provided by the paste phase, it will not be wrong
to assume that the workability, and other rheological properties
of concrete depend upon the characteristics of the binder
paste. It is therefore imperative to have a simple, effective,

and reliable methodology to assess the flow behavior of paste.
Furthermore, it is also necessary to use the optimum dosage

of admixture as low dosages may result in the loss of fluidity,
and high dosages, besides being uneconomical, may cause the
segregation, and set retardationl. Several methods are already
in use for assessing the flowability of cement paste and mortar,
for example, Marsh cone test, mini-slump test, and flow-table
test. Marsh cone test is a simple method, used globally by the
researchers to get an idea regarding the flow characteristics of
paste, and the optimum dosage of superplasticizer. The fluidity
of cement paste is represented in this method by time taken
for a certain quantity of paste to pass through the orifice of
cone. The optimum or saturation dosage of superplasticizer
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Table 1: practices adopted in the prior art

AUTHORS INITIAL VOLUME (ml) VOLUME OF FLOW CONSIDERED FOR
MEASURING THE FLOW TIME (ml)

Agullo et al.¥, Roncero et al.!"", Giaccio, and Zerbino B9

Jayasree and Gettul!l, Thankaswamy and Xavier %, Robert et al. Y,
John and Gettu®, Manomi et al. 33

Sonebi et al. B4

Benaicha et al. ¥, and Hallal et al.

Shrivastava and Kumar @

Kondraivendhan, and Bhattacharjee ¢, and Krishnamoorthy et al. ")

Tiwari et al. 38!

is defined as that dosage beyond which no significant decrease
in the flow time or increase in the fluidity takes place. Although
the test is widely used, there is no consensus regarding the
benchmark to be used for measuring the flow time. Flow time
variations with the amount of paste flowing out of the cone is
not linear throughout the test. This was identified by Roussel

et al. ¥ with a focus on measuring the fluidity in terms of plastic
viscosity, and plastic yield value rather than optimisation of flow
quantity for measuring the flow time. Different researchers used
different quantities of paste to characterize the flow time. Table
1 summarizes some of the practices adopted in the prior art.

Rapid slump loss sometimes occurs in concrete despite using
the saturation dosage which indicates the incompatibility

of cement and superplasticizer. On contrary, if high fluidity

is maintained for longer period (60-90 minutes), the cement

and superplasticizer are said to be compatible for all practical
purposeslL It is therefore essential to study the fluidity behavior
of cement paste at different time intervals after mixing.
Shrivastava, and Kumar® reported the fluidity of cement paste
as the Marsh cone flow time at 5, 30, 60, 120, and 240 minutes.
Hallal et al.®, and Thankaswamy, and Xavier % reported the flow
time immediately after mixing and 60 minutes later. Roncero et
al.t" measured the flow time immediately and 90 minutes after
the mixing. It is also believed that the rheological properties of
concrete and cement paste depend upon the mixing regime,
duration, and shear rates 214, Altable and Casanova ! observed
that the sequence of mixing influences the flow properties

of cement-paste and reported a better flow by delaying the
addition of superplasticizers. Khalid et al. (4 also reported that
prolonged mixing time might have variable effects on the self-
compacting concrete systems depending upon the secondary
raw materials used in the mix. Agullo et al.™ also reported a
significant variation in the Marsh cone flow time by altering the
sequence of mixing various ingredients of paste. Sometimes, the
fluidity of concrete was also observed to increase after mixing
depending upon the nature of cement, the temperature and the
mixing duration . Regnaud et al.' noticed that such increase
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1000 700
1000 1000
Full capacity of Marsh cone 1000
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Entire volume considered

in fluidity after mixing reduces with an increase in mixing time.

Based on the limited review of the prior art presented above,
the quantity of paste for estimating the flow time and saturation
dosage of superplasticizer is not yet standardised. Rate of

flow through the cone orifice is expected to decrease with

time. Initially, the flow will be faster and, as the material flows
out and the weight of the paste inside the cone reduces, the
flow will slow down. It seems interesting to study the flow time
for different quantities of paste flowing out of the cone (after
initially filling it to its full capacity) so as to decide the optimum
quantity for estimating the flow time and saturation dosage.
Although the optimum quantity may vary for the pastes of
different fluidities, yet the minimum quantity that should be
allowed to flow before deciding the saturation point can be
conceptualized. The first goal of the present paper is to explore
this issue. The duration of mixing is also envisaged to influence
the flow behavior of concrete but has so far not been reported
with rationale. The effect of mixing time upon the flow behavior
of paste is next studied in this paper with the help of Marsh
cone test. This paper also investigates the flow behavior of
mortar prepared with a low sand-cement ratio (~0.62) which is
typically the case with high strength concrete (~100 MPa) but
using coarse aggregates. Marsh cone test may not be feasible in
such a case owing to the low w/b ratio. Flow table test is used in
that case but adopting the most suitable mixing time indicated
by Marsh cone test.

Before discussing the key contributions, a brief description of
the experimental setup including the material characterization

is presented. The saturation dosage of superplasticizer is next
discussed with an emphasis on the optimum quantity of pastes
to be used for characterising the flow time. The compatibility of
cement, and superplasticizer, effect of mixing time on the fluidity
and variability of fluidity with three commercially available
cement brands are then investigated. Finally, the flow behavior
of cement paste at low w/b ratio (<0.30) is presented using the
flow table test.
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2. EXPERIMENTAL PROGRAMME
2.1 Materials used

2.1.1 Cement

Three different brands of ordinary Portland cement (OPC)

of grade 53; Cement-A, Cement-U, and Cement-F, all
conforming to the IS: 269 (2015)1"¢ are used in this study. The
specific surface area of Cement-A, Cement-U, and Cement-P

as measured by Blaine fineness test are 322, 281, and 339 m?/
kg, respectively. The chemical composition of the cement is
determined by ‘Inductively Coupled Plasma — Optical Emission
Spectroscopy’ (ICP-OES). 50 mg of cement is weighed and
digested using hydrofluoric acid (HF), nitric acid (HNO;), and
hydrochloric acid (HCI) as reagents. Once the digestion is
complete, the samples are diluted with 2 % HNO; to make a
stock volume of 50 ml. Further, 0.15 ml is taken from the stock
volume and diluted to 15 ml (with 2 % HNO,) to obtain a 10 ppm
concentration solution. This 10 ppm solution is subjected to ICP-
OES analysis to get the elemental composition of cement. The
elemental composition is converted to oxide composition and

is given in Table 2. Phase composition of cement is calculated
using Bogue's equations and is given in Table 2. Cement-U

has the highest content of calcium aluminate present whereas
Cement-P has the lowest.

2.1.2 Silica fume

Silica fume (conforming to BS 132631"7) is directly purchased
from a local vendor with following manufacturer’s specifications:
i) Specific gravity and bulk density are 2.2 and 395 kg/m?,
respectively; ii) The average particle size is in the range of 1.5-2.5
micron; and iii) SiO, content is higher than 85 %.

The particle size distribution of the silica fume is determined by
laser diffraction particle size analyser and is given in Figure 1.
Do Dso, and Dg of the silica fume was found to be 1.09 micron,
10.57 micron and 27.05 micron, respectively. This larger

particle size indicated in the distribution curve is due to the
agglomeration of very fine particles, since as-produced silica
fume is very difficult to handle, it is supplied in the dry densified
form. An efficient superplasticizer is required to disperse, and
deflocculate the agglomerated silica fume particles during
mixing. Also, the abrasive action of aggregates during mixing
helps in the deflocculation of silica fume particles.

Table 2: Chemical composition of cement

2.1.3 Sand

Locally available sand conforming to the grading zone Il of IS:
383 (2016)1"8 is used in the preparation of mortar for the flow
table test. The particle size distribution curve of the sand is given
in Figure 1. The specific gravity, water absorption, and fineness
modulus of the sand are determined as 2.64, 0.9, and 2.74 %,
respectively, through laboratory testing as per the relevant IS
standards.

2.1.4 Water and superplasticizer

Potable tap water available in the laboratory is used for mixing.
Polycarboxylic-ether (PCE) based superplasticizer [conforming
to IS: 9103 (1999) ' manufactured by BASF with a solid content
of 30 % is used throughout the testing. The superplasticizer as
per the manufacturer has such a configuration which allows its
delayed adsorption on the cement particles 2021,

2.2 Testing procedure

The testing programme includes an investigation of the fluidity
of cement paste, and mortar prepared from the three different
brands of cement. The fluidity of cement pastes is studied using
the Marsh cone test, employing three different mixing times
whereas that of cement mortars are investigated with the help of
a flow table test (adopting the most suitable mixing time given
by the Marsh cone test).
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Figure 1: Particle size distribution for silica fume and sand

CEMENT PERCENT BY WEIGHT BOGUE'S COMPOSITION

CaO Fe, O, K,O MgO Na,O
U 61.76 4.04 0.61 5.30 1.52
A 64.1 3.47 0.52 3.46 0.80
P 62.25 4.66 0.75 4.61 1.11
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21.46
23.23
21.86

TiO, AlLO, C3A c2s c3s CAAF
0.38 43 455 20.98 53.66 12.3
0.45 35 34 24.34 55.93 10.56
0.35 413 3.06 22.72 52.87 14.18




2.2.1 Marsh cone test

Marsh cone with an opening nozzle of size 8 mm is used

for the test. The test is conducted at different dosages of
superplasticizer over a varying range of water-binder ratios. For
example, the superplasticizer dosage is varied from 0.4-1.6 %

by weight of cement (in equal increment of 0.3 %) whereas

the water-binder ratios from 0.28-0.34 (typically adopted for
high performance concrete) in equal increment of 0.2. The
superplasticizer dosage indicates here the liquid superplasticizer
by weight of cement, and the associated water content is taken
into account while making the paste. Silica fume is added as
cement replacement at the rate of 10 % by weight of cement in
every mix. Mixing is performed in a planetary mixer as given in
Table 3. Total mixing time of 5, 8, and 10 minutes is employed
after adding the water to cement. After mixing is complete, the
Marsh cone is filled up to its full capacity and paste is allowed to
flow out. Time, after every 100 g of paste (100, 200, 300 g etc.)
flows out of the cone is recorded. This is done twice for each
mix, once immediately after the mixing, and then 60 minutes
later, to investigate any change in the fluidity with time.

2.2.2 Flow table test

Flow table test is performed at the superplasticizer dosages
similar to that of Marsh cone test i.e., 0.4-1.6 % by weight of
cement. Cement mortars are prepared with the same brands of
cement as used in the Marsh cone test. Oven-dried sand is used
in all the mixes to eliminate any variation in moisture conditions
affecting the results and additional water to compensate for

the water absorption of sand particles is included. The sand-
binder ratio is fixed at 0.62, and cement is partially replaced by
silica fume at the rate of 10 % by weight in all the mortar mixes.
Water-binder ratios used are 0.26, 0.28, and 0.30. The most
suitable mixing time (that is the mixing duration for which the
fluidity is maximum and over-fluidification is also not observed
in Marsh cone test) is adopted and the mixing is performed

with planetary mixer in a similar way as described above. This
mixing time is adopted as naturally fluidity should go down

with time due to some of the water being used up in hydration
reaction, and evaporation. However, during Marsh cone test it is
found that at lesser mixing times some of the mixes show better
fluidity as the time passes which is unexpected and is referred

Table 3: Mixing arrangement

MIXING STAGE MIXING | TOTAL MIXING-TIME
TIME AFTER ADDING
(MINUTES) | WATER (MINUTES)
Dry mixing Low 1
Addition of 70 % water High 3
Addition of remaining  Medium 2 5
30 % water premixed
with superplasticiser > 8
7 10

to as over-fluidification . Hence, Marsh cone test is repeated
by increasing the mixing time to 8 minutes, and 10 minutes.

This step significantly improves the fluidity. In addition, over-
fluidification is not observed for a mixing time of 10 minutes.
This is considered as the most suitable mixing time for flow
table test carried out at lower water-binder ratios. Flow diameter
for each mortar mix is measured immediately, 30 minutes, and
60 minutes after the mixing.

3. RESULTS AND DISCUSSION
3.1 Marsh cone test

3.1.1 Saturation dosage

Saturation dosage is the dosage beyond which further addition
of superplasticizer does not enhance the fluidity appreciably 2.
This point is often determined subjectively from the shape of
the curve ™. The flow time curve consists of two lines which

have different directions or slopes and the saturation point

is taken as the intersection of these two lines??. Figure 2
presents the variation of flow time against the superplasticizer
dosage for the paste prepared with Cement-U at a water-
binder ratio of 0.34. These tests are performed immediately
after mixing for 5 minutes and flow time is measured for
different quantities of paste (ranging from 200 g up to 2000 g

in increments of 200 g). The curves are initially flat with no clear
distinction of the saturation point, for example, if the flow time
curve for 200 g~600 g is considered (when compared with

1600 g~2000 g). However, as the material flows out of the cone,
the curves become steeper, and the saturation point becomes
more evident. This is further clear in Figure 3, where for 200 g
curve, there is no change in flow time at all when superplasticizer
dosage is increased from 0.4 to 0.7 %, and further to 1, 1.3, and
1.6 %. Based on this, one can infer that saturation is already

100 -
—&—200¢g
—8—400¢g
—h— 600 g
—¥—800¢g
—4—1000g
—4—12004g
—»—1400¢
—8—1600¢g
—#—1800g
—&—2000g

40

Marsh Cone Flow Time (sec)

T
0.4 0.6 08 10 1.2 14 16
Superplasticizer Dosage (%)

Figure 2: Variation of flow time with respect to superplasticizer dosage
immediately after mixing for 5 minutes (w/b = 0.34, cement-U)

THE INDIAN CONCRETE JOURNAL | SEPTEMBER 2022




&0

—=—200g
] —8—400g
—h— 600 g
50 < —¥—800g
——1000g o
p «+—1200g T
5 —p— 14009 \*‘\\t//(‘
840 ——1600g *—— Sk
® —%— 1800 g __““‘“*E—_.______fr,ff"
E 1 —&—2000g
g = T No flow G
5 = .
I=] 4 —
2 R
20 S —
i — e
E —
E e ——1—__,____'___.,__—7
— A i
10 -
1 " - = =
o T T T T T T T
0.4 08 08 10 12 14 18
Superplasticizer Dosage (%)

Figure 3: Variation of flow time with respect to superplasticizer dosage
immediately after mixing for 10 minutes (w/b = 0.34, cement-P)

reached at 0.4 % dosage. Up to 600 g, no change in fluidity

can be seen when superplasticizer dosage increases from 1 to
1.3 %, and further to 1.6 %. However, for 2000 g curve, flow time
continuously decreases up to the dosage of 1.3 %. A similar
trend of results is also observed for the other brands of cement
at different water-binder ratios using different mixing times. Flow
velocity is expected to reduce as the material flows out of the
cone and that in turn reduces the flow rate through the orifice.
The flow time for a fluid of viscosity ‘u’filled in the Marsh cone
(Figure 4) can be given by a flow time equation, Equation 1?31,

3htana ) H,+H
I+ ——|(t H,-H) — h
(+ r )(ana)(o )( 5 +j
8 H,+h

T:m —2tano¢(htan(ae)—r)(Hn—H)+(htan(z;z)—r)2 ln[h;Jrh)
_r (ln H,tan(a)+r _ln(HoJrh) )
htanafrk Htan(a)+r H+h

Where

V4
H= ! {[(Hotan(a)+r)3—3VtanaJ3—;’}
tan V2

Here, o’ is the density of paste, 7' is the radius of orifice, ‘g’

is the acceleration due to gravity, ‘a’is the angle between

the generatrix and vertical axis; 4’ is the height of the cylindrical
part of Marsh cone, ‘H,’" is the initial height of the filling in the
Marsh cone, ‘H' is the height of paste in the Marsh cone at time
‘T". 'V is the volume of the paste that has left the Marsh cone in
time 'T".

From Equation 1, ‘H' can be written in terms of volume fraction,
V=VV,,, where V' is the total initial volume in the cone as below;

tan o

T

H=—1 {((Hﬂtan(a)Jrr)}Wj%r}
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Figure 4: Marsh cone apparatus

Variation of flow time against the volume fraction of flow (y)
calculated from Equation 1, and 2 is shown in Figure 5. Also
included in the same figure is the variation of flow time from
Marsh cone test for w/b = 0.34 and superplasticizer dosage as

1 %. The volume fraction in the cone can be taken as equivalent
to ratio of weight of paste leaving the cone to the total initial
weight of the paste in the cone, assuming, the density does not
change over a short duration of test. Both the cases exhibit a
stiffening nature with increasing ', and the relative differences
may be attributed to the difference in the viscosity (and its

time dependency) of the paste as the actual viscosity of the
cement paste is not known. This difference and the overall
stiffening nature of the paste is expected to increase with the
reduction of w/b ratio. Therefore, one must be careful while

Experimental values for cement paste
= calculaied values as per Eq. |

Time (sec)

0.0 0z 0.4 0.6 0.8 1.0
Gamma (Vo)

Figure 5: Variation of flow time with ¥ (w/b = 0.34 and superplasticizer
dosage = 1%), p = 2086 kg/m3, u = 2 Pa-s, r = 0.004 m, H, = 0.245 m,
h=0.006 m, a = 14.2 degree




selecting the saturation dosage of superplasticizer, and should
allow the sufficient quantity of the paste to flow out of the
cone. Otherwise, the estimated saturation point is likely to be
misleading, and even in some cases, can be wrongly inferred as
non-existent.

3.1.1.1 Calibration of flow time equation with
experimental data

Flow time equation can be used to determine the viscosity 'u’
for a given mix and superplasticizer dosage, using the test data
for flow time 'T". With increase in the superplasticizer dosage,
the viscosity should decrease till the saturation point is reached.
The test data for flow time measured immediately after mixing
(cement-U, w/b = 0.34, mixing time 10 minutes) is fitted to

the flow time equation, and viscosity of the cement paste is
evaluated. The variation of viscosity with the superplasticizer
dosage is shown in Figure é. It is seen, as the superplasticizer
dosage increases, the viscosity goes down till the dosage of 1 %.
With further increase, the viscosity does not decrease. Flow time
variation with superplasticizer dosage also shows the same trend
(Figure 6). Flow time reduces till the dosage of 1 % is reached,
with no further reduction beyond this dosage, indicating
saturation point as 1 %.

3.1.2 Cement and superplasticizer compatibility

Cement-A: Flow time curves for 2000 g paste of Cement-A
corresponding to different mixing times at water-binder ratios
0.34, and 0.32 are shown in Figure 7, and 8, respectively. At
w/b of 0.34, and mixing time of 5 minutes, [Figure 7(a)], it takes
more than 300 sec for 2000 g of paste to flow out of the cone
at a superplasticizer dosage of 0.4 % when tested immediately
after the mixing. The flow does not occur at all in this mix

at 60 minutes after the mixing. At higher dosages, the flow

T : T T T T T Y T T T : T
5.0 1
| ] —m— \iscosity - 120

—@— Marsh Cone Flow Time
4.5 -

4.0 | = 100
3.5 =

= &0
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~tiim I 60

e 19 Saturation point L
'___________--l
—T N - 40

L Ll T Ll Ll
0.4 06 0.8 1.0 1.2 14 16

Marsh Cone Flow Time (sec)

Superplasticizer Dosage (%)

Figure 6: Calibration of flow time equation with experimental data

occurs much quickly (within 100-120 sec) and good fluidity
retention is also observed at 60 minutes after the mixing. A
better fluidity as compared to that observed immediately

after the mixing is noticed at 60 minutes after the mixing. In
other words, the fluidity increases with time. This behavior

was also reported elsewhere 424 and often termed as over-
fluidification ['42%1. However, this over-fluidification is either
negligible or not exhibited when mixing time is increased to

8 minutes [Figure 7(b)] and 10 minutes [Figure 7(c)]. Further,

the flow time at both the testing periods (immediately, and

60 minutes after the mixing) is drastically reduced by increasing
the mixing time from 5 minutes to 8, and 10 minutes. However,
the flow does not occur for the mixing time of 8, and 10 minutes
at 0.4 % superplasticizer dosage which is not the case with

5 minutes mixing time. At w/b of 0.32 (Figure 8), no flow is
observed with 0.4 % superplasticizer dosage for both the testing
periods in any of the pastes irrespective of the mixing time.

350 3504 3504
300 —=— After mixing 300 | % After mixing 300, |~ After mixing
) \—0—60 minutes after mixing ) —e— 60 minutes after mixing ) —e— 60 minutes after mixing
)
B 250 4 No flow 2950 4 No flow 2950 4 Noflow
£ £ £
i= 200+ = 200+ = 200-
O 150 g 150 g 150
o A o A o A
IO I IO
= 50 = 50 -\.’\‘..’——4 = 50 %:r
0 T T 0 T T T T 0 T T T T T
04 06 08 10 12 14 16 04 06 08 10 12 14 16 04 06 08 10 12 14 16

Superplastcizer Dosage (%)

a) 5 min mixing

Superplastcizer Dosage (%)

b) 8 min mixing

Superplastcizer Dosage (%)

¢) 10 min mixing

Figure 7: Marsh cone flow time for 2000 g paste made with cement-A at different mixing times for w/b 0.34.
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Figure 8: Marsh cone flow time for 2000 g paste made with cement-A at different mixing times for w/b 0.32

For 5 minutes of mixing time, [Figure 8(a)], the pastes at other
dosages again show better fluidity at 60 minutes compared
with that immediately after the mixing except the one with

0.7 % superplasticizer dosage. A slight increase in flow time is
observed in that case after 60 minutes of mixing. However, this
increase in fluidity or over-fluidification is again not observed
with prolonged mixing time [Figure 8(b), and Figure 8(c)]
indicating a better mixing and adsorption of superplasticizer.
When w/b is reduced to 0.30, the flow does not occur for the
pastes with superplasticizer dosages below 1 % except the one
with 10 minute mixing time. In that case, the flow is observed at
superplasticizer dosage of 0.7 % when tested immediately after
mixing which however is not retained till 60 minutes. Similar
behavior in the fluidity (as reported with w/b of 0.34 and 0.32)

is observed in this case also immediately and 60 minutes after
the mixing. However, the increase in fluidity after 60 minutes of
mixing is noted as more predominant for 5 minutes of mixing
time. With further reduction of w/b ratio to 0.28, the paste is thick
enough at all dosages and flow does not occur at all through
the Marsh cone. Overall, fluidity is maintained reasonably

well even 60 minutes after mixing especially if mixing time of
8, and 10 minutes is adopted indicating a good compatibility of
cement and superplasticizer.

Cement-P: Flow does occur at all the superplasticizer

dosages with a w/b of 0.34 and a mixing time of 5 minutes.
However, significant improvement in fluidity is observed with
superplasticizer dosages exceeding 0.4 %. This is true for both
immediately and 60 minutes after the mixing. The flow is noted
to be faster with the increase of mixing time, for example,

8 and 10 minutes, although ceases at a superplasticizer dosage
of 0.4 % or lower. Fluidity is retained reasonably well in all the
cases with slightly better retention observed against increasing
mixing time. When w/b is reduced to 0.32 (Figure 9), the flow
neither occurs immediately nor 60 minutes after the mixing with
superplasticizer dosage of 0.4 %. A similar trend as that of 0.34
w/b is observed at all other dosages of superplasticizer. The
pastes with a w/b of 0.3 do not flow at superplasticizer dosages
below 1 % possibly owing to the increased demand. Further,
none of the mixes at this w/b ratio show a flow time less than
140 sec for 2000 g of paste. The minimum flow time of 147 sec is
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o] No flow 5”7 | —— 60 minutes after mixing 57| | —e— 60 minutes after mixing
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Figure 9: Marsh cone flow time for 2000 g paste made with cement-P at different mixing times for w/b 0.32
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observed for 1.3 % superplasticizer dosage with mixing time

of 10 minutes. Some of the mixes in this case also show better
fluidity at 60 minutes after the mixing provided the mixing time
is less than 10 minutes. However, this over-fluidification behavior
disappears if the mixing is continued up to 10 minutes.

Cement-U: The marsh cone results for cement-U at w/b ratio
0.34 is shown in Figure 10. A significant loss in the fluidity is
observed after 60 minutes [Figure 10(a)] for a paste with w/b
ratio of 0.34 and a mixing time of 5 minutes. However, this loss
in fluidity reduces with increasing mixing time, for example,

8, and 10 minutes [Figure 10(b), and (c)]. Further, the resulting
saturation dosages are different when tested immediately and
60 minutes after the mixing. This behavior; however, is not
observed with prolonged mixing time, for example, 8, and

10 minutes. Flow time, if mixed for 5 minutes is longer than
800 sec for 2000 g paste with w/b of 0.32 although the paste
does not flow at superplasticizer dosage of 0.4 % or lower. The
flow time drastically reduces to 218 sec for the same paste but
with mixing time increased to 10 minutes and however the flow
ceases for a mixing time of 8 minutes. Similarly, the flow time
reduces significantly with an increase in the mixing time for

all other dosages of superplasticizer. A similar trend of results
for flow time is also observed at w/b of 0.30. Moreover, the
increase in fluidity at 60 minutes after the mixing is again noticed
for 5 minute mixing time which however is not the case with
prolonged mixing time.

Therefore, the results indicate that the superplasticizer is
compatible with all the three cement brands as fluidity is
maintained reasonably well at even 60 minutes after mixing.
The degree of fluidity is different though. This is further
explained in section 3.1.4. The increase in fluidity with time or
the over-fluidification observed in some cases may be attributed
to acrylate based PCEs in which ester bonds at high pH of
cementitious system (12.5-13) are cleaved/hydrolysed with time.
Such PCEs show slow adsorption until the first few minutes of
coming into contact with cement as is also mentioned in the

data sheet provided by the manufacturer @21, Once the ester
bonds are hydrolysed, the PCEs that are still free in the solution
become more ionic and further adsorption takes place, which
leads to a better flow of paste. This contradicts with the loss of
fluidity with time and the PCEs with such polymers are good
slump keepers®. Further explanation over this is presented

in section 3.1.2.1. The significant loss of fluidity with time in
Cement-U is probably due to the higher content of C3A in this
cement compared to the other two as seen in Table 2. C3A
during hydration intercalates the PCE superplasticizer making
less amount of it available for adsorption and hence reduces its
effectiveness . This will also be discussed in more detail in the
subsequent sections.

3.1.2.1 Rationale of over-fluidification

PCE comb polymers consist of an anionic backbone bearing
carboxylic groups and side chains of polyethylene glycol (PEG)
attached covalently to the backbone . The anionic backbone
enables it to absorb onto the cement surface while PEG side
chains stretch into the solution?. Depending upon the number
of free carboxylic groups in the backbone, negative charge

is developed on the cement surface . Also, PEG chains

induce steric repulsive forces, if the surfaces come very close

to each other 1. The backbone may consist of acrylic acid,
methacrylic acid, and maleic acid as their anionic components
and polyethylene oxide, also known as polyethylene glycol
(PEG), are used as side chains in majority of the PCE polymers.
These side chains are attached to the backbone via ester, amide
or ether bonds. The backbone in acrylate based PCEs is formed
of acrylic acid (acrylic ester or acrylic amide). Ester bonds in
acrylic ester polymers in the alkaline pore solution of cement
paste (pH~12-13) cleave/hydrolyse with time while methacrylic
ester bonds are more stable in the cementitious system. Thus,
PCEs where PEG chains are connected to acrylic units by ester
bonds, due to ester bond cleavage, increase the number of
carboxylic groups. Hence, the ionic charge in the backbone
increases with time, which in turn, leads to further adsorption
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Figure 10: Marsh cone flow time for 2000 g paste made with cement-U at different mixing times for w/b 0.34
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Figure 11: Ester hydrolysis (adapted from Flatt, and Schober 12%)

with better flow of paste. This kind of ester hydrolysis is shown in
Figure 11. However, if the side chains are connected via amide
or ether bonds, these bonds are more stable in the alkaline
pore solution and hence, will not be cleaved with time. Different
strategies are adopted to incorporate such flexible ester groups
in the PCEs. For example, all side chains can be linked to the
backbone via acrylic ester bonds. It will lead to the formation

of polymers with no or reduced degree of grafting against the
release of PEG chains with time. Among other options include
the use of acrylic as well as methacrylic ester bonds. In this case,
methacrylic ester bond will either not hydrolyse in the pore
solution, or hydrolyse only to a small extent. This will result in the
formation of a more ionic PCE while also maintaining its comb
shape I,

3.1.3 Effect of mixing time on fluidity of pastes

In some mixes, especially where higher superplasticizer dosages
or lower water-binder ratios are used, the fluidity is better at

60 minutes after the mixing as compared to that observed
immediately after the mixing. This behavior is explained above
and can be seen in Figure 7(a), 7(b), 8(a), and 9(b). Therefore, if
mixing is continued for a longer duration, one may anticipate

a better degree of fluidity, especially, immediately after the
mixing. In other words, expectation is loss of fluidity over
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time with prolonged mixing time. Hence, the test is repeated
adopting the mixing time of 8, and 10 minutes. The variation

of flow time with superplasticizer dosage corresponding to
different mixing time for Cement-A is shown in Figure 12. Other
cements also follow the similar trend. A very significant reduction
in flow time is observed in the pastes made of Cement-A, and -U
for prolonged mixing time of 8, and 10 minutes when compared
with the previous case of 5 minutes at all w/b and both the
testing periods. Although the least flow time is shown by the
pastes mixed for 10 minutes, the reduction when compared

to the pastes mixed for 8 minutes is relatively insignificant. No
significant improvement in the fluidity is observed in the case

of Cement-P when the mixing time is increased to 8 minutes.
However, with a further increase in the mixing time until

10 minutes, flow time is reduced significantly in all the pastes at
both the testing times. Further, as already explained in section
2.2, the over-fluidification is also not observed for a mixing time
of 10 minutes indicating the incomplete mixing and/or poor
adsorption in the former cases. Regnaud et al.!'" also observed
the reduction in the over-fluidification when mixing time was
increased. A better fluidity due to increased mixing time may be
attributed to better dispersion of cement particles. The shear
forces generated during mixing may also remove the early
hydration products from the surface, creating a larger surface
area for adsorption of superplasticizer ?. Prolonged mixing time
also allows more ester bonds to hydrolyse by offering more time
(as ester bonds hydrolyse with time) and adsorbing more on the
surface of cement particles as explained in section 3.1.2.1. This
may also be considered as a contributing factor.

3.1.4 Variability of fluidity with cement brand

The variation of fluidity with the superplasticizer dosage

for Cement-A, Cement-U and Cement-P immediately and

60 minutes after the mixing is shown in Figure 13 and Figure 14
for w/b ratio of 0.34 and 0.32, respectively. All three brands of
cement at both w/b ratios, show by-and-large the same degree
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Figure 12: Variation of flow time with dosage for cement-A (w/b = 0.32) at different mixing times (a) after mixing, (b) 60 minutes after mixing

THE INDIAN CONCRETE JOURNAL | SEPTEMBER 2022




—‘—Cement A

S 120+ —o— Cement U
L —d— Cement P
GE_) 100 No flow
|_

3

r 8071

° Y

5

O 604

ey

4

©

S 40

S

04 06 08 10 12 14 16
Superplasticizer Dosage (%)
(@)

— :f:CementA

3 120+ Cement U
L =—d— Cement P

g # Noflow

i 100

2

K®) 'y

T

o 801

[

8

@ 60 :& /T7
c S

= \_f\*

04 06 08 10 12 14 16
Superplasticizer Dosage (%)
(b)

Figure 13: Flow time for cement-A, -U and -P (a) after mixing (b) 60 minutes after mixing for w/b 0.34

of fluidity as well as the same superplasticizer demand when
tested immediately after the mixing. However, a significant
difference in fluidity is observed at 60 minutes after the mixing.
Saturation dosages for all three cements are noted as about

1 percent for w/b 0.34 (Figure 13b). Cement-P shows the least
flow time which is followed by Cement-A with Cement-U as
the maximum. This trend is in the order of their C3A content
(Table 2). Further, the superplasticizer demand at w/b ratio

of 0.32 (Figure 14) is the least for Cement-P with a saturation
dosage of 1 percent; whereas, that associated with Cement-A
and -U is about 1.3 percent. Similar results were reported by
Nkinamubanzi and Aitcin " based on the testing of 10 cements
in order of their C3A contents with an influence of increasing
superplasticizer demand (as the C3A content increases). C3A
during hydration initially forms calcium aluminium layered
double hydroxides (Ca-Al-LDHs) which are metastable
compounds with hydroxide as an interlayer anion 8. Number of
anions in between the cationic layers of these LDH compounds
can be intercalated by replacing the hydroxide ions. Linear
polyelectrolytes such as polyacrylate, polystyrene sulfonate,
and others can also intercalate between these cationic layers ?%.
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Superplasticizers also belong to the category of polyelectrolyte
admixture and hence can intercalate into the hydrating C3A
resulting in the formation of organo-mineral compound 52827,
This sequestrated material may become unavailable for
adsorption and reduce the effectiveness of superplasticizer in
increasing the fluidity. Although, the hydration of C4AF may
also lead to the formation of LDHs, it seems intercalation of
superplasticizer is more governed by the presence of C3A. Thus,
interaction with the superplasticizer is expected to increase with
C3A content of cement. Finally, OPC with low C3A content is
preferred for use in high-performance concrete 7.

3.2 Flow table test

Cement-A: The flow table results for Cement-A at w/b 0.28 are
shown in Figure 15. The results are similar at other w/b ratios
as well. However, the mortar is stiff at w/b ratio of 0.26, and
does not show any significant spread in the diameter until 1 %
dosage of superplasticizer. Significant improvement in the flow
is also noted beyond this dosage. At the dosage of 1.3 %, the
flow diameter is measured as 141 mm, which further increases
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Figure 14: Flow time for cement-A, -U and -P (a) after mixing, (b) 60 minutes after mixing for w/b 0.32
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Figure 15: Variation of flow diameter with (a) superplasticizer dosage, (b) time for cement-A at w/c 0.28

to 166 mm at the dosage of 1.6 % when tested immediately
after the mixing. No significant reduction in the flow diameter

is observed at 30 minutes, and 60 minutes after mixing
indicating good compatibility of cement and superplasticizer.
Significant improvement in the flow is observed at w/b ratio

of 0.28 (Figure 15) but beyond the superplasticizer dosage of
0.7 %. Maximum benefit in the flow is observed at the dosage in
the range of 1 to 1.3 %. A slight reduction in the flow diameter
beyond this range indicates 1.3 % as the saturation dosage.
Overall, no significant reduction is observed in the flow of the
mortar with time once again indicating a good compatibility.
However, some initial reduction in the diameter is observed
from 0 to 30 minutes after mixing which is later stabilised with no
further reduction between 30 to 60 minutes. This may probably
be attributed to the initial absorption of water by dry sand
particles. Superplasticizer demand, as expected, further reduces
when the w/b ratio increases to 0.30. Flow table test seems

not possible beyond the superplasticizer dosage of 1 % as the
diameter of spread exceeds that of flow table. In this case also,
some initial reduction in the flow diameter is observed from 0 to
30 minutes after the mixing which later stabilises with no such

reduction in spread beyond 30 minutes.

Cement-U: Slightly better fluidity as compared to Cement-A is
evident. No significant spread in the diameter is observed at

a w/b ratio of 0.26 till the superplasticizer dosage increases to

0.7 %. A continuous increase in the flow diameter is observed
beyond this dosage. Significant increment in the spread of the
mortar immediately after mixing is noticed when superplasticizer
dosage changes to 1.6 % from 1.3 %. However, it fails to retain
its fluidity with no considerable difference in spread diameter

at 30 and 60 minutes after mixing. No significant loss in fluidity

is observed at all other dosages. A similar trend of results with
improved fluidity is observed at w/b ratio of 0.28 with a saturation
point around 1.3 %. The test was possible until the dosage of
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0.7 % at w/b ratio of 0.30. Beyond this dosage, spread diameter
exceeded the diameter of the table.

Cement-P: No significant improvement in the fluidity is observed
at w/b ratio of 0.26 till the superplasticizer dosage of 1.3 %.

Only a marginal increase in mortar flow is observed beyond

this dosage. The flow diameter increases continuously at w/b
ratio of 0.28 until the superplasticizer dosage of 1.3 %. There is
no considerable improvement in the flow beyond this dosage,
indicating 1.3 % as a saturation dosage. Reduction in the fluidity
of mortar is also not noticed with time. The mortar shows better
fluidity with reduced superplasticizer demand at w/b ratio of
0.30. The flow table test is also possible at 0.30 w/c at higher
superplasticizer dosages in this cement. This cement shows
lesser fluidity when compared with other two, consistent with the
Marsh cone test results at this w/b performed earlier.

It is observed that at lower w/b (< 0.30), Cement-P, despite
having the least C3A content, does neither show the least

flow time nor the largest flow diameter, which, however, is the
case when w/b ratio is higher (> 0.30). The fineness or specific
surface area of Cement-P is the largest (339 m?/kg), followed
by Cement-A (322 m?/kg), and Cement-U (281 m#¥kg). Larger
surface area means more water is required to cover the surface.
Also, the superplasticizer required to adsorb on the surface

of the cement particles will be more. Thus, fineness of the
cement increases the water and superplasticizer demand. In
other words, less fluidity will be achieved at a given w/b ratio
and a superplasticizer dosage. It seems that the fineness of
Cement plays a more dominating part at lower w/b ratio than
C3A content to influence the fluidity and superplasticizer
demand. The early hydration might not be so fast due to lesser
water availability. Hence, the fineness of the cement, increasing
the surface area of hydration may come into the picture and
show a dominating influence on the fluidity of the paste. This
might cause Cement-U with least fineness to flow better than
Cement-A, and Cement-P when w/b ratio is lower than 0.30.




4. CONCLUSIONS

1.

Flow time curves are by-and-large flat at the initial stage
and become steeper as the material flows out of the
cone due to a drop in the flow velocity. Consequently,
the saturation point of the superplasticizer becomes
more evident on the flow time curve. Hence, one should
decide the saturation dosage of the superplasticizer only
after allowing a sufficient quantity of the paste to flow out
of the cone. In the absence of a well-defined optimum,

it is recommended to consider the time to empty the
apparatus. Arbitrary selection of the reference quantity
of flow is likely to infer either the non-existence of a well-
defined saturation point or the existence of an incorrect
saturation point.

Increasing the mixing time results in a significant
improvement in the fluidity and its retention. Further, the
over-fluidification behavior due to slow initial adsorption of
superplasticizer does not occur with the prolonged mixing
time. Hence, while deciding the compatibility of cement,
and superplasticizer, one must ensure that the mixing is
complete. It is recommended to adopt a mixing time of

10 minutes based on the limited experiments carried out
in this paper.

Superplasticizer demand of the cement paste is influenced
by C3A content and the fineness of cement. At higher w/b
ratio (> 0.30), the cement with the least C3A content shows
better fluidity and the least superplasticizer demand.
However, the fineness of cement has a more dominating
influence on the superplasticizer demand or the fluidity at
lower w/b ratio (< 0.30) and the cement with least fineness
shows the highest degree of fluidity.

Marsh cone test is not suitable for determining the flow
behavior of the paste at w/b ratio below 0.3 due to an
increase in its viscosity. However, for low sand to cement
ratio (~0.62), as is generally the case for ~100 MPa
concrete with coarse aggregates, the flow behavior can be
effectively studied with the help of a flow table when w/b
ratio is lower than 0.30. Inferences based on the results of
flow table test are consistent with that from marsh cone
test at the w/b of 0.3.
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