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1. INTRODUCTION

Ever since Einstein published his relative viscosity equation on dilute suspen-
sions in 1906 [1], there have been valuable proposals made by many researchers
regarding their respective studies concerning viscosity equations for dispersed
systems [2]- [7]. Cement paste is a type of highly-concentrated suspension, but
few investigations have been made with respect to its viscosity equation, and
only the works of Kakuta and Akashi [8] and Vom Berg [9] were to be found in the
past so that many points remain unknown even now.

One of the most important things needed to be done in aiming for rationalization
of concrete construction is gaining a grasp of the physical properties to be
used in analyzing fluidity of concrete. The method presently used is that of
making measurements by viscometer, but testing procedures are generally compli-
cated and require skill, and it is not a simple matter to carry out tests in the
field. It is said that yield value among physical values of a Bingham body can
be estimated based on slump [10], but a convenient method of measuring viscosity
is yet to be found, and it is thought a promising means would be to rely on a
viscosity equation as is done with dispersed systems in general. That is, it
will be possible to estimate the viscosity of concrete from the material charac-
teristics and mix proportioning conditions with the viscosity equation as a
medium.

Concrete is a type of highly concentrated suspension with coarse aggregate said
to be the solute and mortar the solvent. It is also deemed to be suitable to
consider fine aggregate as the solute of mortar and cement paste as the solvent
[11]. Therefore, the viscosity of the solvent in mortar can be estimated from
the viscosity equation of cement paste, the viscosity of the solvent in concrete
can be estimated from the viscosity equation of mortar, and in the end, the
viscosity of concrete can be estimated from the viscosity equation of concrete.

In this sense, the viscosity equation of cement paste has an extremely important
significance for the purpose of rationalization of concrete construction, while

it is thought that even the viscosity equation of cement paste by itself can be

used effectively for prediction of pumping and filling of grout for prestressed

concrete (cement paste).

This paper is a summarization of studies begun in 1977 on the viscosity equation
of portland cement paste extending Roscoe's viscosity equation concerning high-
concentration suspensions [5] to suit cement paste, further making corrections
for temperature conditions and time elapsed after mixing, and discussing the
influences of various chemical admixtures.

2. MATERTALS USED

The cements used in experiments were three brands of ordinary portland cement
and one brand each of high-early-strength, ultra-~high-early-strength, and
moderate heat portland cements. The chemical compositions and physical test
results of these cements are given in Table 1.

Water from a well in the premises of the Faculty of Science and Engineering,
Meijo University, was used for mixing.

The chemical admixtures used were the 16 varieties listed in Table 2, consisting
of air-entraining agents, air-entraining water-reducing agents, water-reducing
agents, and as many others as possible to ascertain effects on the viscosity of
cement paste.
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Table 1 Test results of portland cements.

High- Ultra-high- | Moderate
Item Ordinary early- early-
A B (o} strength | strength heat
Ignition loss )| 0.7]| 0.7| 0.6 0.7 1.0 0.6
Insoluble residue (%) | 0.1| 0.1] 0.1 0.6 0.2 0.5
SiO. (%) 22,2 22.1]22.8 21.3 18.5 23.3
Chemical A1l,0,; (%) 5.2| 5.6| 5.3 4.7 5.2 4.2
analysis Fe.0, (%) 3.1 2.9 2.7 2.7 2.7 4.0
CaO (%) 65.0 | 64.2 | 63.8 65.9 65.6 63.2
MgO (%) 1.4 1.8} 1.8 1.2 1.1 1.5
S0, (%) 1.9] 2.0 2.1 2.3 3.6 1.8
Total 99.6 | 99.4 | 99.2 99.4 98.9 99,2
Specific gravity(3.16/3.1613.16 3.14 3.13 3.20
Fineness (d/g) » 3290 | 3150 | 3180 4390 5870 3240
Tenperature (°C) 20.0{ 20.3 | 20.0 20.3 20.6 20.0
Humidity (%) 85 86 | 92 94 96 g1
Tiwe of Water (%) 26.9| 27.8 | 28.0 29.8 33.0 27.4
setting Initial (h-min.) 2-23 | 2-34 | 2-32 2-10 2-07 3-30
Final (h-min.) 3-32 | 3-52 | 4-13 3-26 3-12 4-47
Soundness good | good | good good good good
Compressive Flow 252 264 265 245 224 252
strength 3d 145 143| 143 253 340 125
( ket /) 74d 238 | 239 222 360 403 170
284d 412 | 422 407 454 468 350
Curing temperature (°C) 20,0 | 20.0 | 20.0 20.1 20.0 20.2

1 kgf/al = 98 Pa

* Blaine specific surface

Furthermore, a cellulose-base water-retention agent (NL 1850 used 0.25 percent
by weight of cement) was added, except in the series testing the effects of
chemical admixtures, with the purpose of preventing segregation of samples while
measuring viscosities of cement pastes by rotation viscometer.

3. METHOD OF TESTING

3.1 Method of Mixing

The volume of one batch of cement paste was 102 and mixing was done using a
Hobart-type mortar mixer of capacity of 20 £. All the materials were introduced
simultaneously into the mixer and mixed for 1 min at 80 rpm after which the
mixer was stopped for 20 sec.During this intermission, material that had adhered
to the inner wall and mixing blades of the mixer was scraped off, and mixing was
again done for 2 min at 80 rpm.

Samples finished mixing were immediately subjected to fheological constant meas-
urements and flow tests.

3.2 Method of Rheological Constant Measurement

a) Viscometer

The viscometer used was an inner-cylinder-rotating type, double-cylinder
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Table 2 Varieties of admixtures used.

Dosage
Variety S ymbol Component ( vte% ) »
a Alkylaryl ether 0. 04
AEA b Abietic acid 0.03
AE vater c Calcium lignosulfonate 0. 25
reducer d Oxycarboxylic acid with alkyl radical 0.1
e Sodium oxycarboxylate 0. 2
Water reducer f Polyol complex 0. 25
g Naphthalene sulfonate formaldehyde 0. 6
high condensate
S uper— h Melapine resin 3.0
( high condensate triazine compound )
plasticizer i Naphthalene sulfonate - lignosulfonate 1.0
co - condensate
J Protein 1.0
k Epoxy resin 2.0
1 Calcium chloride 4.0
m Silicofluoride 0. 25
n Composite fluidifier 1.0
O ther ( grouting agent )
o Polyoxyethlene alkylphenol ether and | 0. 25
special organic high polymer compound
P Methacrylic ester - acrylamide 0. 01
copolymer

* Stagdard dosage by vweight of cement

rotation viscometer with radius of inner cylinder 7 em, length 12 cm, and radius
of outer cylinder 9 cm.

In the past, the viscometers used for measuring viscosity of cement paste had
inner cylinders with radii of about 20 mm, and spacings between inner and outer
cylinders of 1 to 5 mm. The reason a viscometer of a fairly large size was used
in the experiments reported here was that the breadth of flow of sample in the
container is proportional to the radius of the inner cylinder [12], and when
this study is to be extended to mortar and concrete, the inner cylinder can be
used without alteration under the consideration that questions will not arise
regarding the interrelations with test values obtained in these experiments.

The reason the outer cylinder radius was made 9 cm and the space between the
outer and inner cylinders 2 cm was that as a result of measuring the flow veloc-
ities at various parts of the sample by a multi-point method [13] using a vessel
of outer cylinder radius 11.5 cm, it was ascertained that a breadth of flow of

2 cm is obtained even in case of a cement paste of relatively stiff consistency.

b) Procedure of Measurement

Since it was determined that all of the sample in the vessel would flow, slip-
ping between the sample and the wall surfaces of the outer and inner cylinders
was taken into consideration, and the method of measuring flow velocities at
two points of the sample very close to the surfaces of the outer and inner
cylinders was adopted.

The procedure followed in making the measurements was as described below.
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i) Correctly set the outer and inner cylin-

§ _ ders at their proper locations. Pour sample
E: /' into the space between the two cylinders and
- ) finish the top surface of sample to be flush
D" with the top of the inner cylinder.
} =1
g% I— ii) Scatter foamed styrene powder near the
" wall surfaces of the outer and inner cylin-
> ders to serve as reference points for meas-
% uring flow velocity.
~
[e=)
= - iii) Increase the speed of the inner cylin-
: 19yénﬁﬂspa der in steps of 10 rpm between 10 and 30 rpm,
& / 5 rpm between 30 and 60 rpm, and 10 rpm be-
g % T tween 60 and 80 rpm, and film the movements
E ?ﬂ of the reference points at the respective
—_M 2 ds by 8-mm camera, while also readin
. p= (sf/ecm?®) SPee ¥y s g
SHEAR STRESS 2’ h /. 7 off torque.
Fig. 1—Consistency curve of iv) Project the images of the developed
cement paste, film on a screen by memo-motion apparatus

with the images magnified and motion slowed
down, and measure the flow velocity at a location 0.2 cm from the wall surfaces
of the outer and inner cylinders.

v) Use the flow velocities measured at 0.2 cm from the outer and inner cylin-~
der wall surfaces and plot the consistency curve with the ordinate and abscissa
as given by Eq. (1) (see Fig. 1),

Ordinate

g2 20056y

riyo
[1- (;3) ]
Abscissa

M1 M!
T onr2h T 2nr2h 1 + o
1 1

P

where, ri, ri: respective radii (cm) at locations 0.2 cm from inner and outer
cylinder wall surfaces (rj = 7.2 cm, ry = 8.8 cm), éi, éj: respective angular
velocities at ri and rs (rad/s), h: length of inner cylinder (cm), M: corrected
value of torque (gf-cm%, M': measured value of torque (gf-cm), o: correction
factor given in c).

vi) Determine plastic viscosity as inverse gradient of straight-line portion of
consistency curve and compute yield value by Eq. (2).
Ti
-1
Tf = B'T!f = B- J—i’—-{—-— . Ta R S A R AR AP AR IR ST T SPUR AT (2)
28n(==)
T3
where, Tf: yield value (gf/cm?®), T'p: apparent yield value (gf/em?®), T: longi-
tude of intersecting point of straight-line portion of consistency curve and
abscissa (gf/em?), B: correction factor given in c).



¢) Correction of Test Values

0.7
;\\ o The ratio of length to the radius
of the inner cylinder of the vis-
0.6\ ——%——o0 o cometer used is large and it is
}\\\:\\\\ necessary for test values to be
R — A corrected taking into considera-
5 0.5 | hd T tion the end effect of the inner
by I cylinder,
z 0 Torque at 60 rpm of inner cylinder
) ® Torque ac X0 rpm of inner cyrinder With total torgque acting on the
S 0.4 inner cylinder as M' (measured
] value), the torques acting on the
g | ket cme9.8N cm side and bottom surfaces of the
& 0.3 Bh e inner cylinder as M and Me, re-
) 0 1 2 3 spectively,

M' = M + Me caeeeess (3)

SPACE h'  BETWEEN VESSEL AND

INNER CYLINDER BOTTOM SURFACES (cm) Me is the torque due to sample at
the bottom surfaces of the inner
Fig. 2 -~ Relation of space h' between inner cylinder and the vessel, and if

cylinder and vessel bottom with torque the yield value of the sample is
(cement paste, W/C = 0.50). ignored,

Me _ 1 Ri Ri Rj _

Y—gh—,—}f{l—(ﬁi)}—a e rereaee e, veeevenes (W)[14]

where, h': space between bottom surfaces of inner cylinder and vessel {cm), Ri,
Ro: radii of inner and outer cylinders (cm).

From Egs. (3) and (L), M'/M =1+ o,

M!
. = Tvo e rrererete e e eaeaa P e eeeeaarenes ceveens (5)
Fig. 2 shows representative results of tests comparing values of M' when the
space between the bottom surfaces of the inner cylinder and the vessel was
varied between 0,2 and 3 cm, and when the space becomes 1 cm or more, differences
in the values of M' are not seen. Consequently, correction factor was deter-
mined by Eq. (4) with h' = 1.0 cm.

Next, the following corrections were made regarding yield value.

With the torques due to resistances corresponding to the yield values of the
sample acting on the side and bottom surfaces of the inner cylinder as Mf and
Mef, respectively,

Mf = 2mRite

- r B 20 .4 = 2 oR3
Mef-fo 2mreTe dr—3nRin

_ Mg _ _3h
e-Mf+Mef—3h+Ri Creeaen . P & )
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Table 3 Influence of vessel dimensions

on rheolog-

ical constants (ordinary portland cement paste,
W/c = 0.Lo).
Inner cylinder radius (r )| 2. 5em 3. Scn 5. Ocn 7. Ocom
Inner cylinder length (h)| 10 cm 10 cnm 12 cm 12 co
2r/h 0. 50 0.70 0. 83 1.17
el Before correction | 27.3 (1.09) | 26.3 (1.05) | 27.6 (1.10) | 30.2 (1.21)
( poise ) After correction | 25.0 (1.00) | 24.0 (0.96) | 24.5 (0.98) { 25.1 (1.00)
Tt Before correction | 0.36 (1.09) | 0.39 (1.18) | 0.41 (1.24) | 0.39 (1.18)
( gf/af ) After correction | 0.33 (1.00) | 0.34 (1.03) | 0.36 (1.09) { 0.33 (1.00)

1 poise = 0. 1 Pa's ,

1 gf/cf = 98 Pa

The values before and after correction of plastic viscosity and yield value in
case of using inner cylinders of various radii and lengths are given in Table 3.
This table shows no difference to exist between before and after correction for
both plastic viscosity and yield value in case of ratio of diameter to height
about 0.5, but as this ratio gradually becomes larger, the apparent rheological
constant becomes considerably large when correction is not done. However, it is
shown that if the abovementioned corrections are made, values similar to the case
of using a small inner cylinder are obtained for both plastic viscosity and yield
value even though an inner cylinder of radius about 7 cm and length smaller than
_ diameter is used.

d) Flow Test

The table top of the flow testing apparatus specified in JIS R 5201 was re-
placed by one of the same weight but of diameter 450 mm, and this was used for
measuring consistency of cement paste,

L. VISCOSITY EQUATION

To obtain basic data to provide a viscosity equation for cement paste, pastes

of water-cement ratios ranging between 0.L0 and 1.00 were mixed using the three
brands of ordinary cement and one brand each of high-early~strength, ultra-high-
early-strength, and moderate heat cements mentioned in 2., and the plastic vis-
cosities and yield values immediately after mixing were measured by double-
cylinder type rotation viscometer. The temperatures of samples were in the
range of 20x2°C,

The results of the tests are given in Table L.
are all averages of four to five tests.

The test values in this table

Viscosity equations for suspensions in general were investigated to seek out a
viscosity equation for cement paste, The principal ones are listed in Table 5.

Kakuta and Akashi proposed a viscosity equation based on the Mori-Ototake equa-
tion in Table 5, Vom Berg proposed one considering the volume concentration and
specific surface of cement, while the authors decided to adopt the following as
the basic equation in view of the fact that Roscoe's equation yields data with
trends similar to the test results shown in Table L.

1 .\-K
¢V

Nre = (1—
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Table 4 Plastic viscosity and yield yalue of cement paste.

High — ealy — Ultra — high — early — Moderate heat
Ordinary cement strength cement strength cesent cement
Voluze Plastic viscosity , 71 (poise) Volune g Voluse 23 Volune 7
W/ C | concentration | Yield value L Ti_ (gf/cd) | W/ C | concentration| Tt |W./C |concentration| Zr |W/C |concentration| Tt
A B (¢}
1.16 1.40 1.54 1.57 2.65 1.69
1.00 0.240 0.005 0.005 0.005 1.00 0.242 0.012 1.00 0.242 0.023 1.00 0.238 0.005
1.66 1.713 1.86 1.87 3.82 L7
0.85 0.271 0.008 0.007 0.006 0.85 0.2712 0.016 0.85 0.2713 0.057 0.75 0.294 0.015
1.85 L8 2,01 2,02 8.47 1.9
0.75 0.297 0.013 0.014 0.010 0.75 0.238 0.027 0.75 0.293 0.12 0.70 0.308 0.016
2.07 2.16 2.05 2.17 11.0 2.06
0.70 0,311 0.016 0.015 0.015 0.70 0.313 0.036 0.70 0.313 0.14 0.65 0.325 0,024
2.52 2.50 2.58 3.89 14.3 2.47
0.65 0.327 0.021 0.025 0.019 0.65 0.329 0.052 0.65 0.329 0.26 0.60 0.343 0.031
2.61 2.61 3.00 . 14.83 24.9 4.17
0.60 0.345 0.041 0.039 0.034 0.60 0.347 0.074 0.60 0.348 0.45 0.55 0.362 0.038
3.98 4.20 4.4 8.40 3.9 6.11
0.55 0.365 0.048 0.056 0.057 0.55 0.367 0.13 0.55 0.367 0.61 0.50 0.385 0.076
6.07 6.14 5.97 20.1 46.7 10.8
0.50 0.388 0.080 0.081 0.10 0.50 0.389 0.26 0.53 0.376 0.76 0.45 0.410 0.14
.75 8.71 10.6 38.2 68.4 19.9
0.45 0.413 0.17 0.17 0.16 0.45 0.415 0.48 0.50 0.390 0.87 0.42 0.427 0.24
5.4 2.2 4.7 78.4 107 3.8
0.40 0.442 0.38 0.37 0.37 0.40 0.443 0.98 0.48 0.400 111 0.40 0.433 0.32
Percentage of
solid volume 53.1 54.2 55.3 53.2 §1.0 53.8
(Note) 1. Test value averages of 4 to 5 test results.
2. 1 poise=0.1Pa-s , 1lgf/d=98 Pa
Table 5 Viscosity equation of suspension system.
Author Relative viscosity Remark
A, Einstein (1)|{ 7e = 1+2. 5V Dilute suspension of spheres, V3 volume conceatration
H, Brinksan (2} | 7re = (1-=V)~?** Broad particle-size distribution and high concentration
V ; volume concentration
V, Vand (3)] Mre= 1+2. 5V+7. 349V* Suspension of equal-diameter spheres, V ; volume concentration
M, Mooney (4)| %re = exp (2. 5V/ (1-KV)) K ; characteristic value of material, V ; volume concentration
R, Roscoe (5)| 7re = (1-=1. 35V)"** Equal-diameter spheres and high concentration,
V ; volume concentration
J, Robinson (6)| 7re=1+ (K (V/C) / (1=V/C) ) | K; experimental constant, C ; percentage of absolute
volume of solute, V ; volume concentration
Y ,Mori T,0totake (7)} 7re = 143/ (1/V—-1/C) C 3 limit high concentration, V ; voluse concentration

where, Npre: relative viscosity of cement paste (ratio between viscosity of sus-
pension and viscosity of solvent), c: absolute volume percentage of cement, V:
volume concentration of cement, K: shape factor of cement particle assemblage.

Roscoe's equation is Brinkman's equation to which the concept of giant particles
(agglomerated condition of solute particles) has been introduced, while in Eg.
(8), an optional nature is further given to the shape factor of the particle
agglomeration,

It is said that cement particles in a cement suspension do not act individually
in flow but make up an agglomerated particle condition [13]. The X in Eq. (8)
is the shape factor of the particle agglomeration, and its substance is studied
below.

Fig. 3 shows the relation between volume concentration of cement and K, and Fig.
L4 that between Blaine specific surface of cement and K, It may be seen from
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Fig. 3 ~ Relation of shape factor Fig. 4 - Relation of shape factor of
of agglomerated particles in cement agglomerated particles in cement
paste and volume concentration of paste and specific surface of cement
cement (W/C = 0,40~ 1.00), (Ww/c = 0.40- 1.00).

Figs. 3 and 4 that K can be expressed by the exponential function of volume

concentration and specific surface of cement. Accordingly, the exponent term in
Eq. (8) is

K = a-vB.¢Y L crteasaniiasranasernens (9)

where, V: volume concentration of cement, ¢: Blaine specific surface of cement
(cmz/g), o, B, Y: experimental constants

Therefore, the viscosity equation considering specific surface of cement and
volume concentration of particle agglomeration will be as follows:

1 ..~0-VB.oY
nre=(1—gV) ¢ e et eaer et (10)

Computing X by Eq. (8) using the measured values given in Table 3 and applying
the method of least squares to obtain 0, B, and Y, the results obtained were O =
-1.0, B = ~1,03, and Y = 0.08, ’

The plastic viscosity of portland cement paste can be estimated by Eq. (10) with
the solvent viscosity (viscosity of water) as ng = 1,002 cP (20°C)., However,
calculations by Eq. (10) are complicated. In Eq. (10), B is close to 1 while Y
at 0.08 is small, and as shown in Fig, L4, there is hardly any influence of fine-
ness except in case of extreme fineness as with ultra-high-early-strength cement.
This is probably because the influence of fineness is already included in the
percentage of absolute volume. For practical purposes, therefore, the following
equation can be proposed ignoring the influence of fineness for the sake of
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Table 6 Unit weight of portland cement.

High- Ultra- Moderate
Variety Ordinary early high-early | heat
A B C strength | strength

Unit veight
( kg/m ) 1677117131746 |1672 1595 1720

3000
I o
A Measured value * /) /)
1 -k D 09 r / !
A‘?re:ﬁ"fv) ’ n=60 I
K&V r =098 L
B: 7/re'1 * --‘E-v 08 A/ /
2000 3 — 07 Sl
Cs H — 7 [
S I 7 _%_52 ] V / /’/f
@
19 . -dvig L A.,/ v
Eo ||t osf  ¥//
T . ~(k1v+ka) TR
E E Pre=(1-%V) 05 o/ &
s CiAbsolute volume percentage A‘r' '/
% @;Blaine specific < 04 ;/ ”
—~ 1000 % ; 3 .
> surface (avé/g) S Jgreo pow
§ w 03} 77/ | © High-early-strength cement
= v £,/ | a Wtra-highearly-strength cament
j § 02 L ’/ //, O Moderate heat cement
= = X
= 9 1gf s/cm2=980 dyn s/cm
2 01 1gf. s/cm?=980 poise
s lgf/cm2=98 Pa
1 0 o ! 1 ! ! 1
o] 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80 100
VOLUME CONCENTRATION, V PLASTIC VISCOSITY, fpl (g€+s/am®) x 16°
Fig. 5 - Relatiye viscosity of Fig, 6 -~ Relation of yield value and
cement paste (ordinary portland plastic viscosity of cement paste
cement B, W/C = 0.40- 1,00). (w/c = 0.40~ 1.00).

simplicity, and moreover, assuming K and volume concentration to haye approxi-
mately a linear relationship.

1 .\~(K1V + K
nre = (1 ‘ZV) (K, v 2) U O &

where, K; = -17.5 and Ko = 12,0,

The percentage of absolute volume of cement was obtained by the method described
below.

The percentages of absolute volume of cement in Egs. (10) and (11) were measured



by the method below using the test method for pigments [16] as reference and
employing the cell and plunger of the Blaine air permeability apparatus speci-
fied in JIS R 5201. Filter paper was laid on the bottom surface of the cell,
cement was filled to the top, and the plunger was pushed in. The plunger was
pulled out, cement was filled to the top in the space left, the plunger was
pushed in, and the volume of the cement was determined by the depth of insertion
of the plunger, The weight of the cement was measured and absolute volume per-
centage c' calculated, The pressure when pushing in the plunger was made 15
kgf/cm®. This was because at higher than approximately 10 kgf/cm? differences
in unit weights were not recognizable,

The absolute volume percentage of cement in an agglomerated condition is ex-
pressed by ¢ = &c'. The value of £ is unknown, but since cement particles in an
agglomerated condition are thought to have point contact with each other, it
will be permissible to consider approximately that £ is 1,0.

The unit weights of the portland cements measured are given in Table 6.

Fig. 5 shows the relationships between volume concentrations and relative vis—
cosities of cement pastes using various viscosity equations. The curve D and

E given by Eqs. (10) and (11) show good conformities with experimental values.
The estimated errors when using Eq. (10) are in a range of approximately %7 per-
cent.

Next, the test results of Table 4 are used to graphically express the relation-
ships between plastic viscosity and yield value as shown in Fig. 6.

In Fig. 6, it is seen that in the case of a two-phase material such as cement
paste yield value indicates linear proportionality to plastic viscosity. This is
thought to be because in case of a highly concentrated suspension plastic vis-
éBsity”ﬁgi is increased more the higher the concentration of solute, while yield
value Tf also increases with increased proximity of solute particles.

The relation between plastic viscosity and yield value is given by the following
equation:

Ty =alpl +b B Ceeeeaes Ceeeeieiee e (12)

where, Tf: yield value (gf/cm?), Npl: plastic viscosity (gf-s/cm?®), a, b: ex-
perimental constants, a = 1.2 x 100 (s=1), b = 1.2 x 10-2 (gf/cm?).

In case of cement paste, yield value Tf cannot be estimated from values such as
of slump as in the cases of mortar and concrete, so that it is thought for prac-
tical purposes to be extremely effective to estimate yield value Tf from plastic
viscosity np1 of cement paste using Egq. (12).

5. INFLUENCES OF TEMPERATURE OF CEMENT PASTE, TIME ELAPSED AFTER MIXING, AND
ADMIXTURES

The viscosity equation given in 4. is applicable to cement paste of standard
temperature immediately after mixing, which does not contain an admixture.
Therefore, it is necessary to study a method of correcting the viscosity equa-
tion in case of variation in temperautre and elasped time.

5.1 Influence of Temperature of Cement Paste

The results of tests comparing plastic viscosities and yield values in case of
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varying temperatures as mixed to be approximately 10°C, 20°C, and 30°C are shown
in Fig. 7 for cement pastes of water-cement ratio 0.40 using the three brands of
ordinary cement, Since there were hardly any differences between the three
brands of cement, the points in Fig. T are indicated by averages of the three.

In Fig. T plasfic viscosity and yield value are greater the higher the sample
temperature indicating that in cement paste increase in viscosity due to solva-

tion is more dominant than reduction in solvent viscosity due to temperature
rise.

More or less linear relationships are recognized for sample temperature with
plastic viscosity and yield value in the range of sample temperautre approxi-
mately 10 to 30°C, and in the case of plastic viscosity the relationship is
expressed by the following equation:

nt = 0.79 T + 5.6 R AU e R, (13)

where, Nt =plastic viscosity of cement past at T°C, T : temperature of cement
past.

In case of making a correction with the value at 20°C as the reference,
Correction Amount
An =Mt = Nao = 0.T9 T + (N2o = 15.8)  tvvreniniernrrrananeness (14)
Similarly, in case of yield value, the correction amount will be

AT = 0,013 + (120 - 0.26) e etetee i (15)
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5.2 Influence of Time Elapsed After Mixing

Using one of the brands of ordinary cement (C in Table 1), plastic viscosities
and yield values were measured for cement pastes of water-cement ratio 0.40
varying time elapsed after mixing and temperature at five levels each between
30 and 180min.and approximately 10 and 30°C, respectively. The results of the
tests are shown in Fig, 8.

The following trend can be recognized from Fig. 8. There is a time zone in
which plastic viscosity increases more or less linearly with time from imme-
diately after mixing. This time zone varies according to temperature and is
120 min at 10°C, 90 min at 20°C, and 60 min at 30°C. Plastic viscosities in-
creased 1.4 poise/h, 1.5 poise/h, and 8.3 poise/h, respectively, during these
times.

Consequently, it is thought that plastic viscosities after given lengths of time
have elapsed can be determined for each temperature if these increase rates are
taken into account in the plastic viscosities immediately after mixing at the
respective temperatures corrected according to 5.1.

5.3 Influence of Admixture

It has been known that a chemical admixture can have a great influence on the
viscosity of a cement paste [17]. In the study reported here, admixtures pro-
duced in Japan were used with the range of the varieties of admixtures expanded
to include air-entraining agents, air-entraining water-reducing agents, water-
reducing agents, high~range water-reducing agents, an accelerating agent, a
retarding agent, a foaming agent, a grouting agent, an adhesive, and a floccu-
lating agent as listed in Table 2, and the influences of these were examined.

Cement pastes of water-cement ratio 0.40 were made using one of the ordinary
portland cements, the various admixtures were added varying dosages at four or
five levels with standard dosages as median, and the plastic viscosities and
yield values were measured. The segregation inhibitor added in the other series
of tests was not used in these cases.

The results of the tests are given in Figs. 9(a) to 9(c). The dosages of admix-
tures are indicated in these figures by ratios of solids by weight of cement.

In Fig, 9(a), "a" is a case of using a nonionic surface active agent and no
influence of admixture dosage can be seen.

The case of "b" is for an ordinary air-entraining agent (anionic surface active
agent) with both plastic viscosity and yield value increased up to dosage of
0.012 percent of the weight of cement, but turned around to show declining trends
when this level was exceeded. The increase in viscosity is thought to have been
caused by increase in attraction between particles due to impartation of hydro-
phobicity, and the decrease in viscosity by predominance of the influence of
entrained air. That is, whereas air content was 7 percent in case of dosage of
admixture 0,012 percent by weight of cement, air contents were approximately 9
and 10 percent, respectively, when dosages were 0.018 and 0.030 percent.

The admixtures "e," "d," "e," and "f" were air-entraining water-reducing agents
and water-reducing agents with different main components. Although the effects
differed slightly depending on the main component, it is thought both plastic
viscosities and yield values were decreased chiefly due to the dispersion ef-
fects of the admixtures as dosages were increased.
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In Fig. 9(b), the curves "g,"
"h," and "i" are for cases of
using high-range water-reducing
agents (superplasticizers) with
different main components. In
all cases, plastic viscosities
and yield values were abruptly
lowered by strong dispersing
actions owing to large dosages
of the admixtures, and minimum
values were indicated at dosage
of admixture approximately 0.5
percent by weight of cement.
Particularly, yield values de-
clined to 1/30 to 1/90 (0.00L

to 0.012 gf/cm®) of the case of
no admixture to indicate that
cement paste approximates a
Newtonian body. This is the
prominent feature of a high-
range water-reducing agent, and
is the factor for superplastici-
zation of concrete. However,

at the same time, this also
hastens segregation of cement
paste from voids between aggre-
gate particles.

The admixtures "j" and "k" were
respectively a foaming agent and
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Fig. 9 - Influences of admixtures on rheological constants of cement paste

(ordinary portland cement C, W/C = 0.40).
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an adhesiye with the former a protein and the latter an epoxy resin admixture,
and the two showed similar trends. That is, plastic viscosity temporarily de-
clined with increase in admixture dosage and again showed a trend of increase.
On the other hand, dosage of admixture had practically no effect on yield value.

Fig. 9(c) shows the results of experiments with an accelerator (1), a retarder
(m), a grouting agent (n), an instant form release agent (o), and a flocculant
(p). The addition of an accelerator stimulated solvation, and both plastic vis-
cosity and yield value were increased, but when an inorganic retarder was used
hardly any effect on the viscosity of paste was seen.

In the case of the grouting agent both plastic viscosity and yield value de-
creased with increase in dosage. This was probably because a water-reducing
agent was contained in the grouting agent used in the experiments.

The instant form release admixture was a product made by combining a composite
fluidifying agent and a water-reducing agent. Trends were seen for plastic vis-
cosity to be lowered and yield value raised with increase in dosage of this ad-
mixture.

The use of the flocculant promoted flocculation, increased the apparent volume
concentration of the solute, and caused plastic viscosity to show a trend of
increase. Yield value, in contrast, showed a trend of decrease while behaving
in a complex manner,

As described in the foregoing, the influence of an admixture varies character-
istically depending on the type of the admixture. Accordingly, it is necessary
within limits of practicality for viscosity equations to be studied for the
principal admixtures. It is thought that in such cases also it will be advisa-
ble to provide measures to deal with the shape factor of Eg. (10) or (11) pre-
viously given.

6. CONCLUSIONS

The viscosity equation of cement paste was investigated as a basic study to
establish viscosity equations for mortar and concrete, and also to effectively
utilize it for predictions in pumping and filling grout for prestressed concrete.

The results obtained within the scope of these experiments may be summarized as
follows:

(1) Viscosities were measured by double-cylinder rotation viscometer on cement
pastes using three brands of ordinary portland cement, and one brand each of
high-early-strength, ultra-high-early-strength, and moderate heat portland
cements with water-cement ratios ranging from 0.40 to 1.00. According to the
results, and with Roscoe's viscosity equation for high-concentration suspensions
as the basis, the following was proposed as the viscosity equation for cement
paste taking into consideration fineness and particle shape of cement, and
volume concentration of cement:

nre = (1 - _\é_)—aVB,qﬂ

where, Nre: relative viscosity of cement paste, c¢: percentage of absolute volume
of cement, V: volume concentration of cement, ¢: Blaine specific surface of
cement (cm®/g), o, B, Y: experimental constants {a = -1.00, B = ~1.03, y = 0.08).
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The influence of the term for fineness was ignored since it is generally small,
and the following was obtained as a handy equation;

Nre = (1 ~ %0—(K1V * K2)

where, K; = =17.5 and Ko = 12.0

The two equations above are applicable to cases of 20°C and immediately after
mixing. Accordingly, when the conditions are different, the corrections indi-
cated in (2) and (3) are to be made.

(2) The plastic viscosity of cement paste using ordinary portland cement and
with water-cement ratio of 0.40 increased more or less linearly in a temperature
range of approximately 10 to 30°C.

Consequently, the corrected values in case of analogizing plastic viscosities at
other temperatures with 20°C as the basis are given by the following equation:

An = 0.79 T + (nzq ~ 15.8)

where, T: temperature of sample (°C), N2o: plastic viscosity of cement paste at
20°C (poise).

(3) Plastic viscosity increases linearly with elapse of time after mixing.

This trend of increase becomes abruptly stronger after a given length of time
has elapsed and is no longer in a straight line. The zones in which linear re-
lationships are valid are 120 min in case of 10°C, 90 min in case of 20°C, and
60 min in case of 30°C. Plastic viscosities increased 1.4 poise/h, 1.5 poise/h,
and 8.3 poise/h, respectively, within these time zones.

Consequently, if the rates of increase in plastic viscosities at the individual
temperatures are considered in the plastic viscosities immediately after mixing
where temperature corrections were made in these time zones, it is thought pos-
sible for plastic viscosity when the given time has elapsed to be determined for
each temperature level.

(4) The viscosity of cement paste differs greatly according to variety and
dosage of admixture. That is,

a) An anionic air-entraining agent showed a trend of increasing plastic vis-
cosity with increase in dosage, but when the dosage exceeded 0.012 percent by
weight of cement, the influence of entrained air became predominant and a trend
of decrease was indicated. In contrast, the influence of dosage was not recog-
nizable with a nonionic air-entraining agent.

b) Ordinary water-reducing agents of lignosulfonate type and oxycarboxylate
type caused rheological constants of cement pastes to be reduced with increased
dosages, When using high-range water-reducing agents the reductions in rheolog-
ical constants accompanying increased dosage were even more pronounced and rheo-
logical constants reached minimum values at ratios of solids by weight of cement
of approximately 0.5 percent regardless of admixture brand. In such cases,
yield values were 0.0k to 0.12 gf/cmz, indicating that cement paste can be made
to approximate a Bingham body through the use of a high-range water-reducing
agent,that is, a superplasticizer.

c) Plastic viscosities were reduced with increased dosages of foaming agent,
adhesive, grouting agent, and form release agent. However, these admixtures,



with the exception of the form release agent, shift to a trend of increase in
plastic viscosity when dosage is increased further. Regarding yield value, with
most of these admixtures there was completely no influence of dosage or there
was increase with increased dosage,

d) With an accelerator, both plastic v1sc031ty and yield value are increased
by addition., On the other hand, with an inorganic retarder, there is little
influence of inorganic retarding agent dosage, With a flocculatlng agent cement
particles are flocculated so that the apparent volume concentration is increased
and plastic viscosity is increased. However, yield value is conversely reduced.

As described in the foregoing the influence of an admixture differs individually
according to the type. Therefore, within practical limits, it is necessary for
studies to be made of the principal admixtures beforehand.

(5) 1In case of a highly concentrated suspension such as cement paste, which is
a two-phase material, the plastic viscosity Npl increases more the higher the
solute concentration, while yield value Tf also increases as solute particles
approach each other, The two have linear proportionality and correlate to each
other. It is possible to estimate yield value from plastic viscosity by the
following equation utilizing this relationship:

Tr = anpl + b

where, Tp: yield value (gf/cm?), Np1: plastic viscosity (gf- s/cm ), &, b: experi-
mental constants, a = 1.2 x 10 (s=1), b = 1.2 x 10-2 (gf-cm?).

This equation can be applied to cement paste immediately after mixing, at tem-
perature approximately 20°C, and when an admixture is not used.
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