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Theoretical Analysis of Time-Dependence and Thixotropy
of Fluidity for High Fluidity Concrete

Zhuguo Li1; Taka-aki Ohkubo2; and Yasuo Tanigawa3

Abstract: This paper deals with the time dependence of fluidity and thixotropy of high fluidity concrete containing polycarb
based superplasticizer. Taking the effects of both hydration and physical flocculation of cement particles into consideration, th
in apparent viscosity and Bingham constants with the elapsed time of the stationary state, and the time dependence of th
viscosity in agitated state, are theoretically investigated. Moreover, the effects of the number, peak value, and durations
stepwise stresses, etc., on the shape and the area surrounded by the hysteresis loop of shear rate versus shear stress
quantitatively.

DOI: 10.1061/~ASCE!0899-1561~2004!16:3~247!

CE Database subject headings: Concrete; Time dependence; Material properties; Shear stress; Flocculation; Hydration.
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Introduction

High fluidity concrete can be cast without compaction. Howe
whether or not it has the required self-compaction character
when it is cast depends not only on its fluidity immediately a
mixing, but also on the maintenance of its fluidity until cast
Investigations on the rheological properties of high fluidity c
crete have previously concentrated on methods of test and e
ation of its consistency, and the factors influencing its con
tency, including mainly the properties of raw materials used
their mix proportions, etc.~e.g., JCI 1993; JCSE 1996!. A stan-
dard rheological test method has not yet been established for
concrete, and material characteristics may lack stability du
segregation during testing. These factors make it hard to pe
precise experimental investigations on the rheology of fresh
crete. As a result, some experiments have also been conduc
the time dependence of rheological behaviors~standstill time o
agitation time!, e.g., slump flow loss and thixotropy~Hu et al.
1996; Masuda et al. 1998; Billerg and Osterberg 2001; Tous
et al. 2001!, but an overall understanding and quantification
yet far from being achieved.

Since a lot of high fluidity concrete is produced usin
polycarboxylate-based superplasticizer, this study first aim
clarify the time dependence of fluidity and thixotropic charac
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istic of this type of high fluidity concrete. Using a theoret
approach and numerical analysis, investigations are made o
variations of the apparent viscosity or Bingham’s constants
standstill or agitation time, and the shape and area surround
the hysteresis loop of shear rate–stepwise shear stress relat
curve.

Shear Rate and Apparent Viscosity

According to the past study of one of the writers~Li 2001!, high
fluidity concrete can be considered as a kind of particle asse
composed of adhesive particles~cement grains! whose displace
ment is time dependent, and cohesionless particles~aggregate
grains! whose displacement is time independent. The angl
cluded between the contact plane of particle and the maxi
shear plane is referred to as particle contact angle. When the
particle contact angle of the particle assembly is approximat
zero, the flow curve of high fluidity concrete, as shown as in
1, the shear rate (ġ), and the apparent viscosity (ha), which is
the ratio of shear stress~t! to shear rate, are, respectively,
pressed as

ġ5C1 expS 2
E

kTD sinh@C2~t2ty!# (1)

ha5
t

C1
expS E

kTD 1

sinh@C2~t2ty!#
(2)

whereC152kT/hNcLcm; C25SdLcm/2kTNc ; E5mean poten
tial energy of one cement particle that creates a viscous resis
to cement particle movement;Nc5number of cement particl
per unit dimension;Lcm5mean distance of cement parti
movement when fresh concrete flows;k5Boltzmann’s constan
h5Planck’s constant;T5absolute temperature; andSd5stress
distribution coefficient that is equal to a ratio of the volume
cement particles to the total volume of all solid particles in
concrete~Li et al. 2002!.

Thety in Eq. ~1!, which is referred to as the true yield stres
fresh high-fluidity concrete, i.e., a shear stress supported by
frictional resistance in fresh concrete, is given by~Li et al. 2002!

t 5s tanf 1C (3)
y n m w
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wheresn5normal stress on the shear plane;fm5mean interfric
tional angle of the particle assembly; andCw5constant that i
referred to as an increase in the shear resistance of fresh co
caused by the surface tension of the mixing water.

When producing high fluidity concrete by mixi
polycarboxylate-based superplasticizer, the repulsive intera
between cement particles mainly results from steric hindranc
polymers absorbed onto the cement particle surfaces~Sakai and
Daimonn 1996!. This steric hindrance effect is composed of
elastic term and a mixing term, which depend on the thick
and the density, respectively, of the polymer adsorption layer
mixing term is due to a resistance occurring when the neighb
polymer layers invade each other, but the elastic term is a r
sive force from the polymer chains when neighboring cem
particles come close to each other. Because the thickness~d! of
the polymer adsorption layer depends on the structural cha
of the polymer ~Everett et al. 2000!, for a given variety o
polycarboxylate-based superplasticizer,d is a constant of tha
polymer. Due to the elastic term of the steric hindrance, two
ment particles that have absorbed the polymers can come cl
each other only at a certain position beyond the polymer ab
tion layers. The intercement potential energy curve is indicate
curve~i! or ~ii ! in Fig. 2. The stable stop position correspond
the inflection point~hereafter called the minimum point! on the
potential energy curve, which is in the range ofd–2d. Thus, the
potential energy of the cement particle that has absorbed the
mers and is in the stable flocculent state is equal to the pot
energy value of the minimum point on its potential energy cu
Because the degree of the neighboring polymer layer intru
depends on its densities, i.e., the amount of absorbed polyme
smaller its densities, the greater the intrusion, and so the sm
the minimum interval between two cement particle surface

Fig. 1. Apparent viscosity and Bingham constants of fresh con

Fig. 2. Interpotential energy of cement particle
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e
this case, as can be seen from Fig. 2, the potential energy cu
the mixing term falls toward the lower left-hand side@(a)
→(b)# and, thus, the intercement potential energy curve an
minimum point accordingly shift toward the lower left-hand s
@(i)→(ii) #.

However, cement particles that do not absorb the polym
weakly absorb it will come close and stably flocculate at
surface of the particles due to the depletion effect of free p
mers and van der Waals attraction. Thus, the intercement pa
potential energy curve is indicated by curve~iii ! in Fig. 2. In this
study, cement particles, that are more than two times the po
adsorption layer thickness from the others, are referred to a
persed cement particles, while the rest are called flocculen
ment particles, as shown in Fig. 3. Owing to polymer steric
drance, flocculent cement particles between 0 and 2d from each
other are near each other but their surfaces actually are n
contact.

According to the intercement particle potential energy c
shown in Fig. 2, the potential energy of the dispersed ce
particles, or the flocculent cement particles, is attractive en
Thus, if expressing the mean potential energy of cement par
in a flocculent state and dispersed state asEf and Ed , respec
tively, the mean potential energyE of all the cement particles
expressed by

E5
NcfEf1NcdEd

Nc
5Ef2~Ef2Ed!•

Ncd

Nc
(4)

whereNcd, Ncf5number of flocculent cement particles and
number of dispersed cement particles per unit dimen
respectively.

Variation of Rheological Constants with Standing
Time

Standing-Time Dependence of Apparent Viscosity

When fresh concrete is kept at rest, its fluidity generally dec
with the elapsed time of the stationary state. It is reported tha
fluidity decline is mainly due to cement hydration and collis
flocculation of cement particles resulting from Brownian mo
~Hattori 1980; Okada 1994!.

When repulsion between cement particles is caused by
hindrance, the physical flocculation of the cement particles d
Brownian motion is not obstructed by a potential energy barri
in the case of static–electric repulsion that yields the prim

Fig. 3. Dispersed cement particle and flocculent cement part
maximum on the interparticle potential energy curve. The de-

NE 2004

, 16(3): 247-256 



l floc-

the

ion,
s and
cov-
ta

such
solid

rption
nergy
ntial
.

ent

ucts
-

ure

us

cles,
ount

n the

e-
e
ater

t less

form
orbed
r ab-
mean

its
cer-

t to a
-
of
b-

.
rs
s with
s
he

e-

the
ent

tand-

cles,

the
n the
since
in an

, ac-
ith

of

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Y
A

M
A

G
U

C
H

I 
U

N
IV

E
R

SI
T

Y
 o

n 
04

/0
5/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.
crease rate of dispersed cement particles due to the physica
culation of a particle is given by~Everett et al. 2000!:

dNcd

dt
52

8kT•Ncd
2

3h
(5)

wheret5time since the reference point of the investigation on
fluidity variation; andh5viscosity of mixing water.

A chemical cause of fluidity decline is cement hydrat
which increases the surface energy of the cement particle
lowers the dispersion effect of the superplasticizer by partly
ering the absorbed polymers~Nagataki et al. 1981; Sugama
et al. 1999!. When crystal substances of hydration products,
as ettringite, are generated around the cement particles, the
surface area increases, thus the density of the polymer abso
layer decreases. This causes the interparticle potential e
curve to shift toward the lower left-hand side and the pote
energy at the minimum point increases accordingly~Sakai et al
1996!. That is the energy that obstructs the flocculent cem
particles from dispersing increases.

In the early stage of cement hydration, the hydration prod
are mainly ettringite formation from C3A. As a most general ex
pression, the variation with time of the C3A hydration rate~v!, as
shown in Fig. 4, is expressed by~JCI 1996!:

@12~12v!1/3#5s•t* (6)

wheres5coefficient describing the hydration rate of C3A; and
t* 5time since cement was mixed with water.

Thes in Eq. ~6! is determined from environmental temperat
~T! and the physical and chemical characteristics of C3A. If the
temperature dependence ofs is assumed to follow the Arrheni
law, the relation betweens andT is

s5s20• expFB•S 1

293
2

1

TD G (7)

wheres205constant describing the hydration rate of C3A at 20°C;
andB5ratio of activation energy of C3A to gas constant~8.314
J/mol k!.

Thus, the energy barrier of the flocculent cement parti
which obstructs them from dispersing, is affected by the am
of ettringite formation, and the variation of the mean valueEf

with time can be assumed to be, as shown in Fig. 5, based o
variation of the C3A hydration rate with time~see Fig. 4!:

Ef5Ef
02b@12s~ t01t !#3 (8)

where Ef
05constant;b5constant related to the amount of C3A

ingredient; (Ef
021)5 initial energy barrier of the flocculent c

ment particle when there is no hydrate; andt05reference tim
point referred to the time since the cement was mixed with w
to the start of the time-dependence investigation, and is no

Fig. 4. Variation of hydration rate of C3A ingredient with time
than the concrete mixing time.
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When the superplasticizer is overdosed by a ratek ~the ratio of
the actual dosage to the saturated absorbing amount!, there are
some of the polymers yet to be absorbed. When the hydrates
outside of the initially absorbed polymers, the excess unabs
polymers gradually absorb. Thus, the density of the polyme
sorption layer does not change with time. In this case, the
energy barrier (Ef) of flocculent cement particle can be kept as
initial value (Ef

02b) in the saturated absorbing state until a
tain time, tc . From the viewpoint of the change ofEf , this flu-
idity maintenance effect of the excess polymers is equivalen
gradual reduction ofEf while the hydrates increaseEf . If assum
ing that the total reduction inEf is proportional to the amount
excess polymers and the value of theEf in the saturated absor
ing state, the total reduction inEf is equal to (k21)(Ef

02b), and
tc can be obtained as shown in the notes of Eq.~9! based on Eq
~8!. However, when the time lapse is overtc , the excess polyme
are exhausted, and the density of the polymer layer decrease
time due to the increase in the hydrates. As a result,Ef decrease
with time. In this case, theEf – t relation is expressed by t
second equation in Eq.~9! according to Eq.~8!

Ef5H Ef s
0 2b ~0<t01t<tc!

Ef s
0 2@12s~ t01t !#32~k21!~Ef s

0 2b! ~ tc,t01t !
(9)

wheretc51/s•@12A3 12(k21)(Ef s
0 2b)/b#.

Integrating Eq.~5! over time t, the number of dispersed c
ment particles at any time is obtained as

1

Ncd
2

1

Ncd0
5

8kT

3h
•t (10)

whereNcd05 initial number of dispersed cement particles in
beginning of the investigation. If the initial degree of cem
particle dispersion is noted byc0 , Ncd0 is equal toNcc0 .

By substituting Eq.~10! and Eq.~8! or ~9! and into Eq.~4!, the
mean potential energy barrier of all cement particles in the s
still state,Ess(t), is given as

Ess~ t !5Ef2~Ef2Ed!•
c0

118kTc0Nct/3h
(11)

whereEd5mean potential energy of dispersed cement parti
and is a constant for a certain specimen.

Eq. ~11! shows that the mean potential energy barrier of
cement particles increases with a lapse of standstill time whe
polycarboxylate-based superplasticizer is added. Moreover,
the hydrates and the decrease in free mixing water result
increase in the interfrictional angle, the true yield stress (ty) of
high fluidity concrete increases with elapsed time. Therefore
cording to Eq.~2!, theha of high fluidity concrete increases w

Fig. 5. Assumption on variation of mean potential energy
flocculent cement particles with time
the lapse of standstill time.
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It is hard to confirm and to quantify the variation of the in
frictional angle of fresh concrete with the amount of hydrate
the variation of true yield stress with standing time is ignored
apparent viscosity (ha)ss(t) of the high fluidity concrete at an
time t is expressed by Eq.~12! according to Eq.~2!:

~ha!ss~ t !5
t• exp~Ess~ t !/kT!

C1 sinh@C2~t2ty!#
(12)

Variation of Bingham Constants with Standstill Time

When the Bingham constants are measured with the two-
workability method as shown in Fig. 1, they are expresse
Eqs.~13! and ~14! based on Eq.~1!:

hb5
tH2tL

ġH2ġL
5

1

C1
•

~tH2tL!• exp~E/kT!

sinh@C2~tH2ty!#2sinh@C2~tL2ty!#
(13)

wherehb5plastic viscosity;tH andtL5shear stress of the hig
est point and the lowest point, respectively; andġH and ġL

5shear rate of the highest point and the lowest point, res
tively.

tyb5
tLġH2tHġL

ġH2ġL
>ty1

E

C2kT
1

ġH ln ġL2ġL ln ġH

C2~ ġH2ġL!
1 ln

2

C1
(14)

wheretyb5Bingham yield stress.
Eqs. ~13! and ~14! indicate that thehb or thetyb of the high

fluidity concrete increases with the increase in the mean pot
energy barrier~E! of the cement particles and, thus, increases
the lapse of standstill time.

Variation of Apparent Viscosity with Agitation
Duration

Apparent Viscosity in Agitated State

When acted on by a shear force, e.g., agitation, some of the
culent cement particles move and become dispersed cemen
ticles. Fresh concrete is caused to flow by the moving particl
it. The flow rate of high fluidity concrete is dependent on the
of cement particle movement, and is equal to the product o
number and the mean moving distance (Lcm) of moving cemen
particles in unit time~Li 2001!. Thus, the number of movin
cement particles in unit time, i.e., the occurrence rate (dl/dt) of
moving cement particles, is the ratio of the shear rate (ġ) of fresh
concrete toLcm, as shown in Eq.~15!

dl

dt
5

1

Lcm
•

dg

dt
5

1

Lcm
•ġ (15)

It can be considered that the decreasing rate of flocculen
ment particle in an agitated state is proportional to the num
(Ncf) of remaining flocculent cement particles and the occurr
rate (dl/dt5ġ/Lcm) of moving cement particles. However,
enable integral operations,ġ/Lcm is replaced by the occurren
rate (dl0 /dt5ġ0 /Lcm) of moving cement particles at the start
the shear force, and this decrease rate is expressed approxi
by

S dNcf

dt D
as

>2
a•ġ0

Lcm
•Ncf (16)

where a5proportional constant; andġ05shear rate at the sta

point of shear force.
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On the other hand, according to Eq.~5!, the increasing rate
the flocculent cement particle due to Brownian motion, is g
by

S dNcf

dt D
as

5
8kT

3h
•~Nc2Ncf!

2 (17)

Therefore, the number of flocculent cement particles ve
agitation time is expressed by

dNcf

dt
52

aġ0

Lcm
•Ncf1

8kT

3h
•~Nc2Ncf!

2 (18)

By integrating Eq.~18! over time, the number of floccule
cement particles at any time is given by

Ncf5m72
2m4

m5 exp~2m6•t !11
(19)

where m453ahġ0/16LcmkT•A32kTLcmNc/3haġ011; m5

52m4 /(m41Ncd013ahġ0/16LcmkT)21; m6516kTm4/3h;
andm75m41Nc13ahġ0/16LcmkT.

Furthermore, by substituting Eqs.~8! and~19! into Eq.~4!, the
relation between the mean potential energy barrierEas(t) of all
cement particles and time in an agitated state is obtained a

Eas~ t !5Ed1
1

Nc
$Ef

02Ed2b@12s~ t01t !#3%

3Fm72
2m4

m5 exp~2m6t !11G (20)

Hence, the shear rateġ(t) and the apparent viscos
(ha)as(t), at any agitation time for high fluidity concrete p
duced by mixing polycarboxylate-based superplasticizer, are
culated by Eq.~21! derived by substituting Eq.~20! into Eqs.~1!
and ~2!

ġ t5C1 expS 2
Eas

kTD • sinh@C2~t2ty!#

~ha!as~ t !5
t• exp~Eas/kT!

C1 sinh@C2~t2ty!#
(21)

Conditions where Apparent Viscosity Varies
with Load Duration

DifferentiatingEas(t) shown in Eq.~20! with respect tot yields:

dEas~ t !

dt
5

3bs@12s~ t01t !#2

Nc
•S m72

2m4

m5 exp~2m6t !11D
2

Ef
02Ed2@12b~ t01t !#3

Nc
•

2m4m5m6 exp~2m6t !

@m5 exp~2m6t !11#2

(22)

By taking the right-hand side of Eq.~22! to be positive o
negative, and carrying out numerical calculations, it is possib
obtain two ranges of initial shear rateġ0 . When applying th
shear stress that can create an initial shear rate falling into
one of the two ranges, the apparent viscosity increases o
creases with agitation time in the initial period of load, two ran
of constant shear stress can be further determined. The e
time (te) until the apparent viscosity reaches equilibrium und
certain constant shear stress can be also obtained. If the
hand side of Eq.~22! is taken to be zero, an initial shear rateġ0
can be obtained to make the apparent viscosity constant with
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agitation time. However, it is hard to express these range
values ofġ0 andte with equations because they are very com
cated.

However, in the event of a superplasticizer overdose, or i
hydration dormant stage, since hydration is slow, the effect o
hydrates on the mean potential energy of the cement partic
small. If this effect is ignored, the differential Eq.~22! can be
simplified as

dEas~ t !

dt
>2

Ef
02Ed

Nc
•

2m4m5m6 exp~2m6t !

@m5 exp~2m6t !11#2 (23)

Taking the right-hand side of Eq.~23! to be positive, a cond
tion expressed by an upper limit of initial shear rate for increa
the apparent viscosity with agitation time is obtained as

ġ0,
8kTLcm

3ah
•

Ncd0
2

Nc2Ncd0
(24)

When the initial shear rate (ġ0) is less than the upper lim
shown on the right-hand side of Eq.~24!, since the flocculatio
rate of cement particles is greater than the dispersion rate, e
the shear stress is fixed, the shear rate decreases with shea
duration, and the apparent viscosity increases until equilibriu
reached.

However, taking the right-hand side of Eq.~23! to be negative
a value expressed by a lower limit of the initial shear rate
making theha decrease with agitation time can be obtained

ġ0.
8kTLcm

3ah
•

Ncd0
2

Nc2Ncd0
(25)

If the initial shear rate (ġ0) is more than the lower limit show
on the right-hand side of Eq.~25!, the flocculation rate of ceme
particles is smaller than the dispersion rate. Thus, the shea
increases with stress duration when the shear stress is fixe
the ha decreases until the equilibrium is reached.

Conditions of Constant Apparent Viscosity

The initial shear rate (ġ0) for maintaining the initial appare
viscosity, i.e., the shear rate necessary to make the appare
cosity not change with agitation time, can be derived as give
Eq. ~26! by taking the value of the right-hand side of Eq.~23! to
be zero

ġ05
8kTLcm

3ah
•

Ncd0
2

Nc2Ncd0
(26)

When the initial shear rate (ġ0) equals the value given by E

Fig. 6. Hysteresis loop and step-by-step load
~26!, the flocculation rate of cement particles is equal to the dis-
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persion rate, and both the shear rate and apparent viscos
maintained at their initial values.

If the hydrate effect is not taken into account, after a ce
agitation time, the flocculation of the cement particles resu
from Brownian motion reaches equilibrium with the dispers
caused by the agitation. Once this equilibrium state is reache
mean potential energy barrierEas(t) does not vary with agitatio
time. Based on Eq.~20!, the mean potential energy barrierEas2e

and the apparent viscosity (ha)as2e in the equilibrium state a
expressed by

Eas2e5Ed1~Ef
02Ed!•

m722m4

Nc

~ha!as2e5
t• exp~Eas2e /kT!

C1 sinh@C2~t2ty!#
(27)

The value of@(m722m4)/Nc# is less than 1, and decrea
with the increase in initial shear rate (ġ0). Thus, (ha)as2e de-
creases with increasingġ0 .

Fig. 7. Comparison of test results and calculation results for
curve of high fluidity concrete

Table 1. Mix Proportions and Consistency of High Fluidity Concr

Mixture No. N K B

Type of cement OPCa B-type slag cement Blite
Water–cement ratio~%! 25 23 25
Sand aggregate~%! 50 50 50
Superplasticizer (C3%) 5.33 4.00 2.82
Unit weight ~kg/m3!

Water 144 139 149
Cement 576 596 596
Sand 839 817 817
Gravel 839 817 817

Slump ~cm! 23.7 28.0 23.0
Slump flow ~cm! 51.5 69.5 59.5
aOPC: Ordinary Portland cement.
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For a measured apparent viscosity errore ~,1!, the measure
value of (ha)as2e is expressed as

@~ha!as2e#m5~16e!•~ha!as2e (28)

wheree equals a positive value when apparent viscosity decre
with agitation time, but is negative when apparent viscosity
creases.

By substituting the second equations in Eqs.~21! and ~27!,
respectively, into Eq.~28! and solving, the duration (te) of agita-
tion until the apparent viscosity reaches equilibrium is obtaine

te5
1

m6
lnH m5•F 2m4~Ef

02Ed!

NckT ln~16e!
21G J (29)

Thixotropic Characteristic

If measuring the relationship between shear stress~t! and resulte
shear rate (ġ) of a non-Newtonian liquid, the obtained downw
curve caused by stepwise decreasing stresses does not ge
retrace the upward curve caused by stepwise increasing str
the measuredġ –t relational curve is a hysteresis loop as sho
in Fig. 6 ~Nakagawa and Kobe 1965!. The hysteresis loop is
typical manifestation of the thixotropic characteristic of the
terial, thus the shape and area of the hysteresis loop are a
used to evaluate the thixotropic characteristic. Likewise, owin
the breakdown recovery of flocculent structures of cement
ticles, the shear flow behavior of high fluidity concrete is affe
by past stresses~stress history!, and a shear rate thixotropy ch
acteristic is shown. In the following, examining the shape and
area surrounded by the hysteresis loop, the thixotropic char
istic of high fluidity concrete is discussed.

According to Eqs.~19! and ~20!, the mean potential ener
barrier of cement particles at each point on the hysteresis
shown in Fig. 6 is given by

E15Ed1
Ncf1

Nc
•Er

E25Ed1
Ncf2

Nc
$Er2b@12s~ t01Dt1!#3%

] ] (30)

Ei5Ed1
Ncfi

Nc
$Er2@12b~ t01Dt11Dt21¯Dt i 21!#3%

] ]

whereEr5Ef
02Ed ; Ncfi5number of flocculent cement partic

in the beginning of thei time stress; andDt i5duration of thei

Table 2. Setup of Parameter Values in Eq.~1) for All High Fluidity C

Mixture No. ty ~Pa! Sd T ~K! Nc (1011) Lcm (

N 126 0.226 293 1.6775
K 43.1 0.238 293 1.8891
B 62.8 0.238 293 1.6839

Table 3. Values of Additional Parameters Used in Numerical An

Series Ef
0 ~kT! Ef s

0 ~kT! C0 s (1022)

K1 41 38 0.315 3.5

K2 41 — 0.358 2.5
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time stress Ncf25m72122m4 /(m521 exp(2m621•Dt1)11),
Ncfi 5 m72( i 21)22m42( i 21) /m52( i 21) exp(2m62(i21)•Dt(i21))11,
m42( i 21)53ahġ0(i 21)/16LcmkT•A32kTLcmNc/3ahġ0(i 21)11,
m52( i 21)52m42( i 21)/(m41Nc2Ncf( i21)13ahġ0(i21)/16LcmkT)
21, m62( i 21)516kTm42( i 21)/3h, and m72( i 21)5Nc

13ahġ0(i 21)/16LcmkT.
Therefore, based on Eqs.~1! and ~30!, the shear rate of ea

point on the hysteresis loop is derived as

ġ15C1 exp~2E1 /kT!sinh@C2~t12ty!#

ġ25C1 exp~2E2 /kT!sinh@C2~t22ty!#

] ] (31)

ġ i5C1 exp~2Ei /kT!sinh@C2~t i2ty!#

] ]

wheret i andġ i5shear stress and instant shear rate when strt i

is applied, respectively, to any point on the hysteresis loop.
The factors influencing the shape and surrounding area o

hysteresis loop cannot be intuitively seen from Eq.~31! but, as
discussed in the next section, they can be clarified by num
calculations based on Eq.~31!.

Numerical Calculation Example and Discussion

It is necessary to perform experimental investigations to v
the theoretical results discussed above. However, owing t
segregation of the specimen during testing and the lack o
appropriate test apparatus, it is presently impossible to obta
curate measurements of the rheological behaviors and their
tions with time for fresh concrete. Hence, numerical calcula
are carried out here to determine the time dependence and
otropy of the fluidity of high fluidity concrete, based on the t
oretical results just presented.

Flow Curve

Yamamoto et al.~1999! measured a flow curve of high fluid
concrete with a J-shaped tube test apparatus in the low she
range and with a coaxial-cylinder viscometer in the high s
rate range. The mix proportions of the specimens used and th
results are shown in Table 1 and Fig. 7, respectively.

After the parameter values in the flow curve of Eq.~1! were
calculated or assumed on the basis of the mix proportions o
specimens and the references~e.g., Sakai et al. 1996; Li 2001!, as
shown in Table 2, the shear rates resulting from different s
stresses are calculated using Eq.~1!. The calculated results a

te Specimens

m) Ef ~kT! Ed ~kT! C0 C1 (1013) C2 (1023)

41 5 0.300 1.6 1.90
41 5 0.315 1.7 1.62
41 5 0.305 2.1 2.4

s on Time-Dependence and Thixotropy of the Fluidity for Mixtu

a (10216) h ~Pa s! t0 ~min! Dt ~min! b

5.0 1.031023 5 — 1.0

5.0 1.031023 18 2.5 1.0
oncre

10212

8.0
7.5

10.0
alyse

B

2,000

—
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shown in Fig. 7 together with the test results. As can seen
Fig. 7, the results are consistent, thus confirming the approp
ness of Eq.~1!.

Since the mixture K was used as an object for the nume
analyses on the time dependence and thixotropy characteris
fluidity, some of the parameters used in these calculations a
same as those used for the flow curve calculation of the mi
K, as shown in Table 2. The values of other necessary param
are set as shown in Table 3, in which series K1 is for the numeri
cal analyses of the time dependence of fluidity, and series2 is
for the thixotropic characteristics. The parameter values in T
3 are examples set on the basis of the references~Mizukuchi
1984; Yoshino 1996! and trial calculations. The factors influen
ing time dependence and thixotropy of fluidity are discussed
by changing the settings of parameter values.

Variations of Apparent Viscosity and Bingham
Constants with Standstill Time

Fig. 8 shows numerical results of the variation of apparent
cosity (ha) of the mixture K, whose mixing time was 5 min, w
elapsed standstill time~t! under different environmental tempe
tures and various raw materials or mix proportions. Series K1 is a
normal series, the parameter values used in the calculation
ha– t relation curve, are listed in Table 2~series K! and in Table
3 ~series K1) as stated above. As shown in Fig. 8, theha of
mixture K increases with the standstill timet, but the increasin
rate is not a constant, and theha– t relation curve can be divide
into three sections: Initial rapid period, slow period, and s
increase period. It is considered that the dependence of th
creasing rate ofha on standstill timet results from the variatio
of the hydration rate of cement with time, the three section
the ha– t relation curve, respectively correspond to the in
stage, the dormant stage, and the acceleration stage of c
hydration, as shown in Fig. 4.

The differences between the normal series K1 and the other si
series in the parameter values used for the calculation of theha– t
relation curve are shown in the legend of Fig. 8. The diffe
settings in the values of the parametersEf

0 , c0 , T, s, t0 , andk,
respectively, mean the change in the superplasticizer dosag
initial degree of cement particle dispersion, temperature, h
tion rate, reference point time, and the overdose rate of supe
ticizer. As can be seen from Fig. 8, the reference point timt0

strongly affects theha– t relation, and the variation ofha with
standing time is remarkable whent0 is 15 min, because the c
ment hydration enters the acceleration stage. Also, the great
initial dispersion of cement particlesc0 , the less the increase

Fig. 8. Effect of standing time after mixing on apparent viscosity
Specimen K
ha with standing time. These results theoretically confirm the
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observation that the concrete mixing time and the stress h
affect the fluidity versus standing time of high fluidity concre

Moreover, the increasing rate ofha with standing time de
creases as the superplasticizer dosage is raised. In case o
dosing, the fluidity of the specimen is maintained for a ce
period, and the increase inha with standing time increases w
temperature~T! or the hydration rate~s!.

Fig. 9 shows five apparent viscosity versus standing
curves for the mixture K just after the specimen was prod
(t055 min) and agitated at different times (t05512 min, 5
114 min, and 5142 min). Here, the effect of the agitation
characterized by the increase in the degree of cement pa
dispersion (c0). Higher c0 means that a greater agitation w
applied. As shown in Fig. 9, the agitation extends the slow pe
section on theha– t relation curve, and postpones the onset o
sharp increase period. These effects also become rema
when increasing agitation intensity.

Fig. 10 shows the variations of plastic viscosity and Bing
yield stress of mixture K with elapsed standstill time after
specimen is produced and agitated at 42 min after mixing, re
tively. The Bingham constants increase with elapsed stan
time, but the increasing rates vary with the hydration stages
are the greatest in hydration acceleration stage. Furthermor
agitation can lower the Bingham constants, but does not ch
the tendencies of the Bingham constants versus standstill
curves following the agitations.

Variation of Apparent Viscosity with Agitation Time

Figs. 11 and 12 show the variation of apparent viscosity o
mixture K with agitation duration for a fixed agitation intens
The initial shear rates (ġ0) shown in the legends of Figs. 11 a
12 are instant shear rates resulting from each constant agita
the beginning of agitation, and are thus employed to charac
the intensity of each constant agitation. If considering the e

Fig. 9. Effects of agitation at different times on apparent visco
versus standing time relation curve

Fig. 10. Variations of Bingham constants with standing time
effects of agitation
ATERIALS IN CIVIL ENGINEERING © ASCE / MAY/JUNE 2004 / 253
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of hydration on fluidity versus agitation duration, as can be
from Fig. 11, the slow period of theha– t relation curve length
ens, and theha in this period decreases with agitation time. Ho
ever, theha still increases with agitation time in the initial rap
period or the sharp increase period, because the hydration
tive in these two periods. Once the initial shear rateġ0 is greate
than a certain limit, i.e., an intensive agitation is applied, theha

decreases with agitation time even in the initial rapid period
If the effect of the hydration on fluidity versus agitation du

tion is ignored, andġ0 is greater than a certain limit, theha

decreases with agitation time in the initial agitation period,
after a certain elapsed time of agitation (te) the ha obviously
approaches a constant, as shown in Figs. 11 and 12. Bo
decreasing rate ofha at the same time point and the timete

increase with increasingġ0 . However, if ġ0 is smaller than th
limit, the ha increases with the elapsed time of agitation in
initial period. In this case, both thete and the rising rate ofha

increase with decreasingġ0 . Moreover, when the applied agi
tion has a specified intensity, e.g.,ġ050.0045 in this calculation
the ha does not vary with agitation duration.

Furthermore, the effects of the superplasticizer dosage, i
degree of cement particle dispersion, temperature, hydration
reference point time, and superplasticizer overdose rate o
apparent viscosity versus agitation time relation are examine
spectively by changing the values of parametersEf

0 , c0 , T, s, t0 ,
and k, respectively. The numerical results whenġ0 is 7 s21 are
shown in Fig. 13. It shows that theha decreases with agitatio
time in the slow period on the apparent viscosity versus agit
time curve. The slow period lengthens with either increasing
perplasticizer dosage~i.e.,Ef

0 is reduced! or thec0 , or decreasin
temperatureT or the hydration rates. When the superplasticizer
overdosed, theha decreases with agitation time until a cert

Fig. 11. Variation of apparent viscosity with duration of str
applied ~s: The effect of hydrates is taken into account,1: The
effect of hydrates is ignored!

Fig. 12. Relationship between apparent viscosity and stress du
when the effect of hydrates is ignored
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time. Moreover, Fig. 13 shows that the apparent viscosity ve
agitation duration relation curve is affected by the reference
time t0 .

Effect of Stress History on Hysteresis Loop

Fig. 14 shows the calculation results of the hysteresis loo
different stress durations (Dt) when the number of stress ste
and the stress magnitude at every step are fixed. The refe
point time (t0) is set to be 18 min, when the cement hydra
entered the dormant stage according to a preliminary calcu
using Eq.~6!. As shown in Fig. 14, when the stress duration (Dt)
is less than a certain limit, the downward curve of theġ –t rela-
tion curve is above the upward curve. The surrounding are
creases with increasing theDt. However, when the stress durat
(Dt) is more than the limit, the latter part of the downcurv
plotted under the upcurve. If theDt is increased further, the who
downward curve drops below the upward curve, i.e., antith
ropy. This is because greatDt makes the durations of the lat
stepwise-decreasing stresses, even all of the descent stre
the hydration acceleration stage, so that the sharp increases
hydrate quantities cause a remarkable decrease in the she
The antithixotropy was already observed by Banfill in the exp
ments of cement paste~Richard et al. 1988!.

Fig. 15 shows the effect of the reference point time (t0) on the
hysteresis loop. The area surrounded by the hysteresis loo
creases with increasingt0 up to a certain limit. If thet0 is beyond
this limit, the downward curve drops under the upward curve
to the hydration entering the acceleration stage.

Fig. 16 shows the effects of the number of stress steps an
stress magnitude of each step on the hysteresis loop whe
duration of each stress is fixed at 2.5 min. The area surround

Fig. 13. Effects of various factors on apparent viscosity versus s
duration relation curve when the effect of hydrates is taken
account

Fig. 14. Effects of stress duration on hysteresis loop of Specim
NE 2004
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a hysteresis loop increases by increasing the number of
steps when the maximum stress is fixed, or the magnitude of
stress as the number of stress steps is not changed.

Conclusions

In this study, a microscopic approach was first made to the e
of Brownian motion and external shear force on the dispe
degree of cement particles, and the dependence of the interc
particle potential energy on the hydrate generation and the d
sion degree of cement particles. Then, the relationships
quantified between the mean potential energy of the cemen
ticles and various influencing factors, including temperature
perplasticizer dosage, hydration rate of the cement, dispe
degree of cement particles in the starting point of investiga
and elapsed time of stationary state or agitated state. Bas
these results, we respectively modeled the apparent visc
Bingham constants/shear rate–shear stress–elapsed time re
ships that characterize the time dependence of fluidity, and
fied, in theory, the decline of fluidity with the elapsed time of
standstill state, and shear thinning and shear thickening beh
for high fluidity concrete.

Furthermore, a series of numerical analyses were carrie
based on the obtained models, the variations of apparent vis
or Bingham constants with elapsed time of stationary sta
agitated state were discussed under different conditions, su
temperature, hydration rate of the cement, superplasticizer
age, dispersion degree of cement particles, the dependence
fluidity on standstill time and stress duration, as well as the i
encing factors of the dependence, were quantitatively clar
Moreover, the hysteresis loops of shear rate–stepwise shear

Fig. 15. Variations of shape and surrounded area of hysteresis
with starting point time of hysteresis loop

Fig. 16. Effects of magnitude of stress and number of stress ste
hysteresis loop
JOURNAL OF M
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e

s

relation under different conditions were plotted based on num
cal results, then the effects of the elapsed time of cement h
tion before applying the first shear stress and the number,
value, and durations of applied stepwise stresses on the sha
area of resulting hysteresis loop were discussed in detail. No
the thixotropy of the fluidity of high fluidity concrete but also
antithixotropy were confirmed and clarified, in theory, which
nify that the fluidity of high fluidity concrete is stress hist
dependent.

The numerical models achieved by the microscopic appr
in this study can be used to quantitatively predict the fluidit
high fluidity concrete in any time and under any stress state
obtained numerical results will become a base for accur
evaluating the fluidity of high fluidity concrete, and understan
as well as comparing the differences in fluidity at different ti
after mixing or after undergoing different stress histories. Fu
research is needed to develop a test method to accurately m
the variation of the fluidity of the fresh concrete with the elap
time of standstill state or loading state for verifying the calc
tion results, and further improving this numerical model.

Notation

The following symbols are used in this paper:
B 5 ratio of activation energy of C3A ingredient to gas

constant;
dl/dt 5 rate of cement particle movement;

E 5 mean potential energy of cement particles;
Eas2e 5 mean potential energy of cement particles in

loading state when apparent viscosity becomes
a constant;

Ed 5 mean potential energy of cement particles in
dispersed state;

Ef 5 mean potential energy of cement particles in
flocculent state;

Ef
0 5 constant, (Ef

021) is mean potential energy of
cement particles with no hydrate;

Efs
0 5 constant, (Efs

0 21) is mean potential energy of
cement particles in saturated absorption state of
superplasticizer with no hydrate;

Nc 5 number of cement particles per unit dimension;
Ncd 5 number of dispersed cement particles per unit

dimension;
Ncf 5 number of flocculent cement particles per unit

dimension;
Sd 5 stress distribution coefficient;

s 5 hydration rate constant related to temperature and
activation energy of C3A ingredient;

T 5 absolute temperature;
t 5 elapsed time since the start of fluidity variation

examination;
te 5 duration since the beginning of stress until

apparent viscosity becomes a constant;
t0 5 reference point time referred to as the time interva

since mixing cement with water to the start of
fluidity variation examination with elapsed time;

t* 5 elapsed time since mixing cement with water;
a 5 proportional constant;
ġ 5 shear rate;

ġ0 5 instantaneous shear rate when shear stress is
applied;
Dt 5 stress duration;
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h 5 viscosity of mixing water;
ha 5 apparent viscosity;
hb 5 plastic viscosity;

Lcm 5 mean distance of cement particle movement in uni
time;

sn 5 normal stress on the shear plane;
t 5 shear stress;

ty 5 true yield stress;
tyb 5 Bingham yield stress;
fm 5 mean interfrictional angle;
C0 5 initial degree of cement particle dispersion; and

v 5 hydration rate of C3A ingredient.
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