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

) o ] ) approach and numerical analysis, investigations are made on the
High fluidity concrete can be cast without compaction. However, yariations of the apparent viscosity or Bingham'’s constants with
whether or not it has the required self-compaction characteristics gt3ndstill or agitation time, and the shape and area surrounded by

when it is cast depends not only on its fluidity immediately after the hysteresis loop of shear rate—stepwise shear stress relationship
mixing, but also on the maintenance of its fluidity until casting. cve.

Investigations on the rheological properties of high fluidity con-

crete have previously concentrated on methods of test and evalu- . .

ation of its consistency, and the factors influencing its consis- SN€ar Rate and Apparent Viscosity

tency, including mainly the properties of raw materials used and According to the past study of one of the writéks 2001), high

their mix proportions, etc(e.g., JCI 1993; JCSE 1986A stan-  fyidity concrete can be considered as a kind of particle assembly
dard rheological test method has not yet been established for fresh.omposed of adhesive particlésement grainswhose displace-
concrete, and material characteristics may lack stability due to ment js time dependent, and cohesionless partidegregates
segregation during testing. These factors make it hard to performgraing whose displacement is time independent. The angle in-
precise experimental investigations on the rheology of fresh con-¢jyded between the contact plane of particle and the maximum
crete. As a result, some experiments have also been conducted 08hear plane is referred to as particle contact angle. When the mean
the time dependence of rheological behavi@tndstill time or  particle contact angle of the particle assembly is approximated as

agitation timg, e.g., slump flow loss and thixotropdu etal. ~  zerg, the flow curve of high fluidity concrete, as shown as in Fig.
1996; Masuda et al. 1998, Billerg and Osterberg 2001; Toussainty the shear ratey(), and the apparent viscosity{), which is

et al. 200}, but an overall understanding and quantification are the ratio of shear stress) to shear rate, are, respectively, ex-

yet far from being achieved. pressed as
Since a lot of high fluidity concrete is produced using a E
polycarboxylate-based superplasticizer, this study first aims to y=C, exp( __) SinH Co(1—1)] 1)
clarify the time dependence of fluidity and thixotropic character- kT Y
S T 4 E ) 1 @
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Fig. 1. Apparent viscosity and Bingham constants of fresh concrete

Fig. 3. Dispersed cement particle and flocculent cement particle

whereco ,=normal stress on the shear plaig,;=mean interfric-
tional angle of the particle assembly; a@yj,=constant that is
referred to as an increase in the shear resistance of fresh concre

caused by the surface tension of the mixing water. —(b)] and, thus, the intercement potential energy curve and its

When  producing — high flui(_jit_y concrete _by _mixing_ minimum point accordingly shift toward the lower left-hand side
polycarboxylate-based superplasticizer, the repulsive mteractlon[(i)_)(ii)]_

between cement particles mainly results from steric hindrances of
polymers absorbed onto the cement particle surfaSekai and
Daimonn 1996 This steric hindrance effect is composed of an
elastic term and a mixing term, which depend on the thickness
and the density, respectively, of the polymer adsorption layer. The
mixing term is due to a resistance occurring when the neighboring
polymer layers invade each other, but the elastic term is a repul-
sive force from the polymer chains when neighboring cement
particles come close to each other. Because the thickdess

the polymer adsorption layer depends on the structural characte
of the polymer (Everett et al. 2000 for a given variety of
polycarboxylate-based superplasticizgrjs a constant of that
polymer. Due to the elastic term of the steric hindrance, two ce-
ment particles that have absorbed the polymers can come close tQy
each other only at a certain position beyond the polymer absorp-
tion layers. The intercement potential energy curve is indicated by
curve(i) or (ii) in Fig. 2. The stable stop position corresponds to
the inflection point(hereafter called the minimum pojnén the tively, the mean potential enerdy of all the cement particles is
potential energy curve, which is in the rangedsf25. Thus, the expréssed by

potential energy of the cement particle that has absorbed the poly-
mers and is in the stable flocculent state is equal to the potential _ NeEetNegdEg
energy value of the minimum point on its potential energy curve. E= N, N
Because the degree of the neighboring polymer layer intrusion B .
depends on its densities, i.e., the amount of absorbed polymer, théNherbe NCd’fNéf._ numtzjer of roccuIent. clement partu;lezland the
smaller its densities, the greater the intrusion, and so the smallef UMper ot disperse cement particles per unit dimension,
the minimum interval between two cement particle surfaces. In respectively.

this case, as can be seen from Fig. 2, the potential energy curve of
e mixing term falls toward the lower left-hand sid€a)

However, cement particles that do not absorb the polymer or
weakly absorb it will come close and stably flocculate at the
surface of the particles due to the depletion effect of free poly-
mers and van der Waals attraction. Thus, the intercement particle
potential energy curve is indicated by curii¢) in Fig. 2. In this
study, cement particles, that are more than two times the polymer
adsorption layer thickness from the others, are referred to as dis-
persed cement particles, while the rest are called flocculent ce-
ment particles, as shown in Fig. 3. Owing to polymer steric hin-
'drance, flocculent cement particles between 0 ahdr@m each
other are near each other but their surfaces actually are not in
contact.

According to the intercement particle potential energy curve

own in Fig. 2, the potential energy of the dispersed cement
particles, or the flocculent cement particles, is attractive energy.
Thus, if expressing the mean potential energy of cement particles
in a flocculent state and dispersed stateEasand E4, respec-

ch
Ei—(Es—Ea) (4)
C

Variation of Rheological Constants with Standing

Elastic term of Mixing term of Time
steric hindrance (i) (i) steric hindrance
i (Density of polymer
? /<\ layer: (2)> (b)) Standing-Time Dependence of Apparent Viscosity
5 When fresh concrete is kept at rest, its fluidity generally declines
g_.j Inter-particle with the elapsed time of the stationary state. It is reported that this
g A distance H fluidity decline is mainly due to cement hydration and collision
5|/ Van der Waals aftract flocculation of cement particles resulting from Brownian motion
E .69 and |r s @ °: g (Hattori 1980; Okada 1994
1), (n): potential energy curve of cement particle i i i i
surrounded by polymer laer (Density of polymer . When repulsion petween cement particles is causgd by steric
Tayer: (ij>(ii)}; (iii): potential energy curve of cement hindrance, the physical flocculation of the cement particles due to
particle having polymer layer. Brownian motion is not obstructed by a potential energy barrier as

in the case of static—electric repulsion that yields the primary

Fig. 2. Interpotential energy of cement particle maximum on the interparticle potential energy curve. The de-
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Fig. 4. Variation of hydration rate of £A ingredient with time flocculent cement particles with time

crease rate of dispersed cement particles due to the physical floc-

culation of a particle is given b{Everett et al. 2000 When the superplasticizer is overdosed by a kafne ratio of

the actual dosage to the saturated absorbing amotingre are
dNgg  8KT-NZ some of the polymers yet to be absorbed. When the hydrates form
dt 37 ®) outside of the initially absorbed polymers, the excess unabsorbed
. . . . _— polymers gradually absorb. Thus, the density of the polymer ab-
wheret=time since the reference point of the investigation on the sorption layer does not change with time. In this case, the mean

fluidity vanz_atlon; andnzwscqs_lty of mixing water. . energy barrier ;) of flocculent cement particle can be kept as its
A chemical cause of fluidity decline is cement hydration, .

R . nitial value (EY—b) in the saturated absorbing state until a cer-
which increases the surface energy of the cement particles an4

. . e ain time,t.. From the viewpoint of the change &, this flu-
IO\_Ners the dispersion effect of the superplasnmzer by partly cov- idity maintenance effect of the excess polymers is equivalent to a
e:m? Igg a\t/);?rbed p:)l)l/mek;(st\ltagatakl fer: ‘:ll' 3981' Sdug?mata h gradual reduction oE; while the hydrates increads; . If assum-
cetal. L 9 en crystal substances ot hydration products, suc .ing that the total reduction i&; is proportional to the amount of
as ettringite, are generated around the cement particles, the sollqexcess polymers and the value of fein the saturated absorb-
surface area increases, thus the density of the polymer absorptionn

layer decreases. This causes the interparticle potential energ)lf g state, the total reduction B is equal to ¢ —1)(E{—b), and
. ) . - can be obtained as shown in the notes of @y based on Eq.
curve to shift toward the lower left-hand side and the potential g N

o o ; i 8). However, when the time lapse is ovgr the excess polymers
energy at the minimum point increases accordin@gkai et al. ® b A poly

1996, That is th that obstructs the fl lent tare exhausted, and the density of the polymer layer decreases with
9. That s the energy that obstructs the flocculent cement 4,0 que to the increase in the hydrates. As a regyljecreases
particles from dispersing increases.

In th v st ¢ t hvdration. the hvdrati duct with time. In this case, thd&—t relation is expressed by the
n the early stage of cement nydration, the hydration products g equation in Eq9) according to Eq(8)
are mainly ettringite formation from {£&\. As a most general ex-

pression, the variation with time of the;& hydration ratew), as E?s—b (O=tp+t=<ty)
h in Fig. 4, i d BYCl 1996: Ef=
shown in Fig. 4, is expressed ByC 6 f EQ—[1-S(to+1)]*— (k—1)(E%—b) (te<to+1)
[1-(1-0)P]=s-t* (6) 9)
where s= coefficient describing the hydration rate ofAG and Wheretcz1/s-[1—3\/l—(K—1)(E?S— b)/b].
* =time since cement was mixed with water. Integrating Eq.(5) over timet, the number of dispersed ce-

Thesin Eg. (6) is determined from environmental temperature ment particles at any time is obtained as
(T) and the physical and chemical characteristics A.Qf the
i 1 1 8kT
temperature dependence ©fs assumed to follow the Arrhenius - =t
law, the relation betweesandT is Neg Nego 3

(10)

1 1 where N qo=initial number of dispersed cement particles in the
S=Sy¢ exr{B-(@— f) @) beginning of the investigation. If the initial degree of cement
particle dispersion is noted hly,, N.go iS equal toN s .
wheres,,= constant describing the hydration rate gfACat 20°C; By substituting Eq(10) and Eq.(8) or (9) and into Eq(4), the
andB=ratio of activation energy of £\ to gas constan(8.314 mean potential energy barrier of all cement particles in the stand-
J/mol K. still state,E{t), is given as
Thus, the energy barrier of the flocculent cement particles, "
which obstructs them from dispersing, is affected by the amount E{t)=E;—(E;—Eq)- 70 (11)
of ettringite formation, and the variation of the mean vake 1+8KkTsoNct/3n
with time can be assumed to be, as shown in Fig. 5, based on thavhere E,=mean potential energy of dispersed cement particles,
variation of the GA hydration rate with timgsee Fig. 4 and is a constant for a certain specimen.
Ef:E?—b[l—s(tOth)]e’ ®) Eqg. (11 shows that the mean potential energy b_arrier of the
cement particles increases with a lapse of standstill time when the
where E?= constant;b=constant related to the amount o§AC polycarboxylate-based superplasticizer is added. Moreover, since

ingredient; €Y—1)=initial energy barrier of the flocculent ce- the hydrates and the decrease in free mixing water result in an
ment particle when there is no hydrate; ame-reference time increase in the interfrictional angle, the true yield stresg ©Of
point referred to the time since the cement was mixed with water high fluidity concrete increases with elapsed time. Therefore, ac-
to the start of the time-dependence investigation, and is not lesscording to Eq.(2), them, of high fluidity concrete increases with
than the concrete mixing time. the lapse of standstill time.
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It is hard to confirm and to quantify the variation of the inter- On the other hand, according to E§), the increasing rate of
frictional angle of fresh concrete with the amount of hydrate. If the flocculent cement particle due to Brownian motion, is given
the variation of true yield stress with standing time is ignored, the by
apparent viscosity{,)<{t) of the high fluidity concrete at any (

timet is expressed by Eq12) according to Eq(2): Tt —ﬁ'(Nc—ch)z (17)

chf) _8KT
7- exp Ec{t)/kT) as
(ma)sdt)= Cy SN Co(r—1y)] (12) Therefore, the number of flocculent cement particles versus

agitation time is expressed by

Variation of Bingham Constants with Standstill Time dNei _ _ Yo Nert %I’ -(Ng—Ngp)? (18)

= N
dt A
When the Bingham constants are measured with the two-point ) ) e )
workability method as shown in Fig. 1, they are expressed by ~ BY integrating Eq.(18) over time, the number of flocculent

Egs.(13) and (14) based on Eq(l): cement particles at any time is given by
TH— TL 1 (’TH_'TL)' eXF(E/kT) — o 2m4
Np= = Ner=m7 ms exp(—mg-t)+1 (19)

“Yu—yL Ci sinHCy(ty—1,)]—siNfCx(t —7,)]

where m;=3amyo/16A KT V32K TAmN/3nayo+1; Mg

wherem, = plastic viscosity:r,; andt, =shear stress of the high-  =2m,/(m+ Nggo+ 3anye/16AKT)—1;  mg=16kTmy/3y;
est point and the lowest point, respectively; apd and vy, andm;=m,+ N¢+3amye/16A o (KT.
=shear rate of the highest point and the lowest point, respec- Furthermore, by substituting Eq®) and(19) into Eq.(4), the
tively. relation between the mean potential energy baiEg(t) of all
. . . . . . cement particles and time in an agitated state is obtained as
. b:TL'.YH_TH'YLET E 'YHIn'YII__'YITIn'YH_i_Ini L
R L L Eadt) =Eqt o {E9 Eq—b[1-5(to+ 1)]7}
Cc

wherer,,=Bingham yield stress. om
Egs.(13) and(14) indicate that then,, or the,,, of the high X | my— 4

fluidity concrete increases with the increase in the mean potential mMs exp(—mgt) +1

energy barrie(E) of the cement particles and, thus, increases with  Hence, the shear ratg(t) and the apparent viscosity

(20)

the lapse of standstill time. (ma)adt), at any agitation time for high fluidity concrete pro-
duced by mixing polycarboxylate-based superplasticizer, are cal-
Variation of Apparent Viscosity with Agitation culated by Eq(21) derived by substituting Eq20) into Eqgs.(1)
Duration and(2)
. Eas .

Apparent Viscosity in Agitated State ¥1=Cy exp{ - ﬁ) - sinf Ca(7—7y)]
When acted on by a shear force, e.g., agitation, some of the floc-

) - 7+ exp(Eg/kT)
culent cement particles move and become dispersed cement par- (Ma)ad )= _ (21)
ticles. Fresh concrete is caused to flow by the moving particles in Cysin{ Cy(t—1y)]
it. The flow rate of high fluidity concrete is dependent on the rate
of cement particle movement, and is equal to the product of the conditions where Apparent Viscosity Varies
number and the mean moving distande.) of moving cement with Load Duration
particles in unit time(Li 2001). Thus, the number of moving ) o ) ] ]
cement particles in unit time, i.e., the occurrence rale/dt) of Differentiating E.t) shown in Eq.(20) with respect ta yields:
moving cement particles, is the ratio of the shear rgfedf fresh dE,{t) 3bg1—s(ty+t)]? 2m,
concrete toA .,,, as shown in Eq(15) at N, | M7= Mg exp(— mgt) + 1

dx 1 dy 1

A Ay At Agy (15) EP—Eq—[1-b(to+1)]* 2m,mgmg exp(—mgt)

cm cm — .
N [ms exp(—mgt) + 1]2

It can be considered that the decreasing rate of flocculent ce-
ment particle in an agitated state is proportional to the number (22)
(N¢p) of remaining flocculent cement particles and the occurrence
rate d\/dt=v/A.,) of moving cement particles. However, to
enable integral operationy/A .y is replaced by the occurrence  jpioin o ranges of initial shear ratg,. When applying the

rate @ho/dt="yo/Acn) F’f moving cemen.t particles at the starF of shear stress that can create an initial shear rate falling into any
the shear force, and this decrease rate is expressed approximately.o of the two ranges, the apparent viscosity increases or de-

By taking the right-hand side of Ed22) to be positive or
negative, and carrying out numerical calculations, it is possible to

by creases with agitation time in the initial period of load, two ranges
d N Yo of constant shear stress can be further determined. The elapsed
( at | = Aey Nes (16) time (t,) until the apparent viscosity reaches equilibrium under a
as certain constant shear stress can be also obtained. If the right-
where a= proportional constant; an§l,=shear rate at the start hand side of Eq(22) is taken to be zero, an initial shear ratg
point of shear force. can be obtained to make the apparent viscosity constant with
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Fig. 6. Hysteresis loop and step-by-step load

agitation time. However, it is hard to express these ranges or
values ofy, andt, with equations because they are very compli-
cated.

However, in the event of a superplasticizer overdose, or in the
hydration dormant stage, since hydration is slow, the effect of the

small. If this effect is ignored, the differential E¢R2) can be
simplified as
dE.{t)  E?—Eq
dt = N
Taking the right-hand side of E23) to be positive, a condi-
tion expressed by an upper limit of initial shear rate for increasing
the apparent viscosity with agitation time is obtained as
8kTA ¢
3anm

2mymsmg exp( — mgt)
" [ms exp(— mgt) + 172

(23)

N
Nc_ chO
When the initial shear rateyg) is less than the upper limit
shown on the right-hand side of E(R4), since the flocculation

Yo< (24)

Table 1. Mix Proportions and Consistency of High Fluidity Concrete

Mixture No. N K B
Type of cement OPEt  B-type slag cement Blite
Water—cement rati¢%o) 25 23 25
Sand aggregatéo) 50 50 50
Superplasticizer@ X %) 5.33 4.00 2.82
Unit weight (kg/m)
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

80PC: Ordinary Portland cement.

persion rate, and both the shear rate and apparent viscosity are
maintained at their initial values.

If the hydrate effect is not taken into account, after a certain
agitation time, the flocculation of the cement particles resulting

Sfrom Brownian motion reaches equilibrium with the dispersion

caused by the agitation. Once this equilibrium state is reached, the
mean potential energy barriér,{t) does not vary with agitation
time. Based on Eq.20), the mean potential energy barrigg, .

and the apparent viscosityh§).s_ in the equilibrium state are
expressed by

m7_2m4

N
7. eXP(Eas o/KT)

(Ma)as-e= Cysinf Cy(t—1y)]

The value off (m;—2m,)/N,] is less than 1, and decreases
with the increase in initial shear ratég/{). Thus, f.)a.s e de-

=Eq+(E{—Eq)-

EaS* e

@7)

rate of cement particles is greater than the dispersion rate, even i€reases with increasing, .
the shear stress is fixed, the shear rate decreases with shear stress

duration, and the apparent viscosity increases until equilibrium is
reached.

However, taking the right-hand side of Eg3) to be negative,
a value expressed by a lower limit of the initial shear rate for
making ther, decrease with agitation time can be obtained as

8kTAcm
3am

2
. chO
N¢—Nedo
If the initial shear rate,) is more than the lower limit shown
on the right-hand side of E@25), the flocculation rate of cement

Yo> (25)

particles is smaller than the dispersion rate. Thus, the shear rate
increases with stress duration when the shear stress is fixed, and

the n, decreases until the equilibrium is reached.

Conditions of Constant Apparent Viscosity

The initial shear rate+;) for maintaining the initial apparent

viscosity, i.e., the shear rate necessary to make the apparent vis-

cosity not change with agitation time, can be derived as given by
Eq. (26) by taking the value of the right-hand side of Eg3) to
be zero

8kTA ¢

3am

) chO
Nc_ chO

When the initial shear rateyg) equals the value given by Eq.
(26), the flocculation rate of cement particles is equal to the dis-

Yo= (26)

3.0
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Fig. 7. Comparison of test results and calculation results for flow
curve of high fluidity concrete
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Table 2. Setup of Parameter Values in Ed) for All High Fluidity Concrete Specimens

Mixture No. 7, (P3 Sy T (K) N, (109 Aem (1072 m) E (KT) Eq (KT) v, C; (105 C, (1073)

N 126 0.226 293 1.6775 8.0 41 5 0.300 1.6 1.90
K 43.1 0.238 293 1.8891 7.5 41 5 0.315 1.7 1.62
B 62.8 0.238 293 1.6839 10.0 41 5 0.305 2.1 2.42

For a measured apparent viscosity eedr1), the measured  time  stress Ng,=m;_;—2m,/(Ms_, exp(—mg_;-At;)+1),

value of (na)as-e is expressed as Nefi = M7 -1y~ 2Ma— -1y /M5 - 1) EXP(= Mg 1) At 1)) +1,
[(Ma)as-elm=(1=€) (Ma)as-e (28) m47(i71):SOLT]'YO(i*l)/lGAcka. \/32(TAcmN?/3OL”q'yo(i,1)+l,

h | i lue wh tviscosity d Ms_-1)= 2My— (i - 1)/ (Mg +Ne=Negi— 1)+ 3amyo( - 1)/16A oK T)
wheree equals a positive value when apparent viscosity decreases_1,~ “mg_,_, =16kTm,_;_1/3n, and  my_;_1=N,
with agitation time, but is negative when apparent viscosity in- +3anYoq_1)/16A KT
creases. . Therefore, based on Egél) and (30), the shear rate of each

By substituting the second equations in E¢&1) and (27), point on the hysteresis loop is derived as
respectively, into Eq(28) and solving, the duratiortf) of agita- ] ]
tion until the apparent viscosity reaches equilibrium is obtained as Y1=Carexp—E; /kT)sinH Ca(t,—7y)]

’.Y2: Cl eXF( - E2 /kT)Sint{CZ(TZ_ Ty)]
(29) S

2my(EY—Ey) H

1
te:m_em:mS' NKTIn(1=e)

(31)
¥i=Cqexp(— E; /kT)sint Cy(1i—1y)]
Thixotropic Characteristic : :

If measuring the relationship between shear stfesand resulted ~ Wherer; andy; =shear stress and instant shear rate when stress

shear rate¥) of a non-Newtonian liquid, the obtained downward IS @Pplied, respectively, to any point on the hysteresis loop.

curve caused by stepwise decreasing stresses does not generally 1N€ factors influencing the shape and surrounding area of the

retrace the upward curve caused by stepwise increasing stressedlySteresis loop cannot be intuitively seen from Egf) but, as

the measureg—r relational curve is a hysteresis loop as shown dlscussgd in the next section, they can be clarified by numerical

in Fig. 6 (Nakagawa and Kobe 195The hysteresis loop is a  calculations based on E(B1).

typical manifestation of the thixotropic characteristic of the ma-

terial, thus the shape and area of the hysteresis loop are always

used to evaluate the thixotropic characteristic. Likewise, owing to Numerical Calculation Example and Discussion

the breakdown recovery of flocculent structures of cement par-

ticles, the shear flow behavior of high fluidity concrete is affected It is necessary to perform experimental investigations to verify

by past stressestress history and a shear rate thixotropy char- the theoretical results discussed above. However, owing to the

acteristic is shown. In the following, examining the shape and the segregation of the specimen during testing and the lack of an

area surrounded by the hysteresis loop, the thixotropic character-appropriate test apparatus, it is presently impossible to obtain ac-

istic of high fluidity concrete is discussed. curate measurements of the rheological behaviors and their varia-
According to Egs.(19) and (20), the mean potential energy  tions with time for fresh concrete. Hence, numerical calculations

barrier of cement particles at each point on the hysteresis loopare carried out here to determine the time dependence and thix-

shown in Fig. 6 is given by otropy of the fluidity of high fluidity concrete, based on the the-

oretical results just presented.
cfl

N

Ei=Eq++E/

Ne

Flow Curve

E,=Eq4+ %{E,—b[l—s(t(fr Aty)]3 Yamamoto et al(1999 measured a flow curve of high fluidity

¢ concrete with a J-shaped tube test apparatus in the low shear rate
(30) range and with a coaxial-cylinder viscometer in the high shear
N rate range. The mix proportions of the specimens used and the test
_ Nefi (oo 0 LAt 3 results are shown in Table 1 and Fig. 7, respectively.

Ei=Ea+ N, {E—[1-b(to+ Aty + ALy +- Al ) %) After the parameter values in the flow curve of Ef) were
calculated or assumed on the basis of the mix proportions of the
specimens and the referendesy., Sakai et al. 1996; Li 20p1as

whereE, =E?—E,; N¢;=number of flocculent cement particles shown in Table 2, the shear rates resulting from different shear
in the beginning of the time stress; andt;=duration of thei stresses are calculated using Ef). The calculated results are

Table 3. Values of Additional Parameters Used in Numerical Analyses on Time-Dependence and Thixotropy of the Fluidity for Mixture K

Series E? (kT) EY, (kT) ¥, s(107?) B a (10719 m (Pas to (min) At (min) b
K, 41 38 0.315 35 2,000 5.0 Q03 5 — 1.0
K, 41 — 0.358 25 — 5.0 10103 18 25 1.0
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Standing time after mixing (min.) . o . . . .
Fig. 9. Effects of agitation at different times on apparent viscosity

Fig. 8. Effect of standing time after mixing on apparent viscosity of versus standing time relation curve
Specimen K

observation that the concrete mixing time and the stress history
shown in Fig. 7 together with the test results. As can seen from affect the fluidity versus standing time of high fluidity concrete.
Fig. 7, the results are consistent, thus confirming the appropriate- Moreover, the increasing rate ef, with standing time de-
ness of Eq(1). creases as the superplasticizer dosage is raised. In case of over-

Since the mixture K was used as an object for the numerical dosing, the fluidity of the specimen is maintained for a certain
analyses on the time dependence and thixotropy characteristic ofperiod, and the increase i, with standing time increases with
fluidity, some of the parameters used in these calculations are theemperaturgT) or the hydration ratés).
same as those used for the flow curve calculation of the mixture  Fig. 9 shows five apparent viscosity versus standing time
K, as shown in Table 2. The values of other necessary parametergsurves for the mixture K just after the specimen was produced
are set as shown in Table 3, in which serigsi&for the numeri- (to=5min) and agitated at different timed,E5+2 min, 5
cal analyses of the time dependence of fluidity, and serigsK 414 min, and 5-42 min). Here, the effect of the agitation is
for the thixotropic characteristics. The parameter values in Table characterized by the increase in the degree of cement particle
3 are examples set on the basis of the refereribisukuchi dispersion {s5). Higher y;;, means that a greater agitation was
1984; Yoshino 1996and trial calculations. The factors influenc- applied. As shown in Fig. 9, the agitation extends the slow period
ing time dependence and thixotropy of fluidity are discussed here section on they,—t relation curve, and postpones the onset of the
by changing the settings of parameter values. sharp increase period. These effects also become remarkable
when increasing agitation intensity.

Fig. 10 shows the variations of plastic viscosity and Bingham
yield stress of mixture K with elapsed standstill time after the
specimen is produced and agitated at 42 min after mixing, respec-
Fig. 8 shows numerical results of the variation of apparent vis- tively. The Bingham constants increase with elapsed standstill
cosity (n,) of the mixture K, whose mixing time was 5 min, with  time, but the increasing rates vary with the hydration stages, and
elapsed standstill timé) under different environmental tempera-  are the greatest in hydration acceleration stage. Furthermore, the
tures and various raw materials or mix proportions. Serigsta agitation can lower the Bingham constants, but does not change
normal series, the parameter values used in the calculation of itsthe tendencies of the Bingham constants versus standstill time
mn,—t relation curve, are listed in Table(8eries K and in Table curves following the agitations.
3 (series K) as stated above. As shown in Fig. 8, thg of
mixture K increases with the standstill tiniebut the increasing
rate is not a constant, and tlhg—t relation curve can be divided
into three sections: Initial rapid period, slow period, and sharp Figs. 11 and 12 show the variation of apparent viscosity of the
increase period. It is considered that the dependence of the in-mixture K with agitation duration for a fixed agitation intensity.
creasing rate of), on standstill timet results from the variation  The initial shear ratesy;) shown in the legends of Figs. 11 and
of the hydration rate of cement with time, the three sections on 12 are instant shear rates resulting from each constant agitation at
the m,—t relation curve, respectively correspond to the initial the beginning of agitation, and are thus employed to characterize
stage, the dormant stage, and the acceleration stage of cemerthe intensity of each constant agitation. If considering the effect
hydration, as shown in Fig. 4.

The differences between the normal serigsaldd the other six

Variations of Apparent Viscosity and Bingham
Constants with Standstill Time

Variation of Apparent Viscosity with Agitation Time

series in the parameter values used for the calculation o the = 1000 2000 [=o,after
relation curve are shown in the legend of Fig. 8. The different ,g g0 |- — — - — —4& — fo —{ 1600 = | minxing
settings in the values of the paramet&, g, T, s, to, andk, z N - ] S [A-gpafter
respectively, mean the change in the superplasticizer dosage, the g 600 1200 g| minxing
initial degree of cement particle dispersion, temperature, hydra- ERRd Hh i 4 A *'Z;’::::n
tion rate, reference point time, and the overdose rate of superplas- B 200 -~ — — OB g — — 400 > ot after
ticizer. As can be seen from Fig. 8, the reference point tigne & P SRR - NN A agitation
strongly affects then,—t relation, and the variation ofj, with 0 10 20 30 40 50 60 70 80 90

standing time is remarkable whep is 15 min, because the ce- Elasped time after mixing (min.)

ment hydration enters the acceleration stage. Also, the greater the_. - . . N
initial dispersion of cement particlals,, the less the increase in Fig. 10. Variations of Bingham constants with standing time and

M, With standing time. These results theoretically confirm the effects of agitation
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Fig. 11. Variation of apparent viscosity with duration of stress Fig. 13. Effects of various factors on apparent viscosity versus stress
applied (O: The effect of hydrates is taken into accourt; The duration relation curve when the effect of hydrates is taken into
effect of hydrates is ignored account

of hydration on fluidity versus agitation duration, as can be seen time. Moreover, Fig. 13 shows that the apparent viscosity versus
from Fig. 11, the slow period of thq,—t relation curve length- a}gltatlon duration relation curve is affected by the reference point
ens, and they, in this period decreases with agitation time. How- tMeto.

ever, then, still increases with agitation time in the initial rapid

period or the sharp increase period, because the hydration is ac£ffect of Stress History on Hysteresis Loop

tive in these two periods. Once the initial shear rages greater
than a certain limit, i.e., an intensive agitation is applied,jje
decreases with agitation time even in the initial rapid period.

If the effect of the hydration on fluidity versus agitation dura-
tion is ignored, andy, is greater than a certain limit, the,
decreases with agitation time in the initial agitation period, bu
after a certain elapsed time of agitatioty)(the m, obviously
approaches a constant, as shown in Figs. 11 and 12. Both th
decreasing rate of), at the same time point and the tintg
increase with increasing,. However, ify, is smaller than the
limit, the m, increases with the elapsed time of agitation in the
initial period. In this case, both thie and the rising rate ofj,
increase with decreasing,. Moreover, when the applied agita-

Fig. 14 shows the calculation results of the hysteresis loop for
different stress durationsAt) when the number of stress steps
and the stress magnitude at every step are fixed. The reference
point time () is set to be 18 min, when the cement hydration
t entered the dormant stage according to a preliminary calculation
using Eq.(6). As shown in Fig. 14, when the stress duratidit)
ds less than a certain limit, the downward curve of ther rela-
tion curve is above the upward curve. The surrounding area in-
creases with increasing tide. However, when the stress duration
(At) is more than the limit, the latter part of the downcurve is
plotted under the upcurve. If thet is increased further, the whole
downward curve drops below the upward curve, i.e., antithixot-

tion has a specified intensity, e.§,=0.0045 in this calculation, ~ "OPY- This is because greatt makes the durations of the latter
them, does not vary with agitation duration. stepwise-decreasing stresses, even all of the descent stresses in

Furthermore, the effects of the superplasticizer dosage, initial the hydration g_cceleration stage, so that the sharp_ increases in the
degree of cement particle dispersion, temperature, hydration rateNydraté quantities cause a remarkable decrease in the shear rate.
reference point time, and superplasticizer overdose rate on the! "€ antithixotropy was already observed by Banfill in the experi-

apparent viscosity versus agitation time relation are examined re-Ments of cement past®ichard et al. 1988

spectively by changing the values of parametts sy, T, S, tq, Fig. 15 shows the effect of the reference point tirty) ()_n the
and k, respectively. The numerical results whep is 7 s+ are hysteresis loop. The area surrounded by the hysteresis loop de-

shown in Fig. 13. It shows that the, decreases with agitation ~ Créases with increasirtg up to a certain limit. If the, is beyond
time in the slow period on the apparent viscosity versus agitation tis limit, the downward curve drops under the upward curve, due

time curve. The slow period lengthens with either increasing su- to th.e hydrar;[ion errl]terir]:fg the ?CEeIerati%n st?ge. dth
perplasticizer dosagée., E? is reducedlor theis,, or decreasing Fig. 16 shows the effects of the number of stress steps and the

temperaturd or the hydration rats. When the superplasticizer is ~ SI'€SS magnitude of each step on the hysteresis loop when the
overdosed, they, decreases with agitation time until a certain duration of each stress is fixed at 2.5 min. The area surrounded by

50
- - Series K,
. © %=0.0035 40 H 0 (@r=2.5 min) -
= . = —0-Ar= 2.0 min.
z 2 %= 0.0040 = g Hoar=6smin. | S
w . ) _ .
,g A = 0.0045 ] —&Ar= 8.0 min.
5 . H]
§ © %= 10.0050. %
g X 7= 0.0070
P
0.E+00 2.E+06 4.E+06 6.E+06 B.E+06 S
Stress duration (min.) 0 200 400 600 800 1000 1200
. . . ) . ) Shear stress (Pa)
Fig. 12. Relationship between apparent viscosity and stress duration
when the effect of hydrates is ignored Fig. 14. Effects of stress duration on hysteresis loop of Specimen K
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WOr—— relation under different conditions were plotted based on numeri-
‘ (Slef;efg“;in) ) cal results, then the effects of the elapsed time of cement hydra-
Z 30 —0—,= 35 min, - pm = = tion before applying the first shear stress and the number, peak
2 —A—14,= 40 min. n A value, and durations of applied stepwise stresses on the shape and
g 20 [ A= min b /_.- —— - area of resulting hysteresis loop were discussed in detail. Not only
- P 3 the thixotropy of the fluidity of high fluidity concrete but also the
10— — 2~ A A —— —— antithixotropy were confirmed and clarified, in theory, which sig-
0 z nify that the fluidity of high fluidity concrete is stress history
0 . dependent.

0 200 400 600 800 1000 1200

The numerical models achieved by the microscopic approach
Shear stress (Pa)

in this study can be used to quantitatively predict the fluidity of
high fluidity concrete in any time and under any stress state. The
obtained numerical results will become a base for accurately
evaluating the fluidity of high fluidity concrete, and understanding
as well as comparing the differences in fluidity at different times

a hysteresis loop increases by increasing the number of stres&fter mixing or after undergoing different stress histories. Further
steps when the maximum stress is fixed, or the magnitude of eacHesearch is needed to develop a test method to accurately measure
stress as the number of stress steps is not changed. the variation of the fluidity of the fresh concrete with the elapsed

time of standstill state or loading state for verifying the calcula-
tion results, and further improving this numerical model.

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

Conclusions

In this study, a microscopic approach was first made to the effectsNotation

of Brownian motion and external shear force on the dispersion

degree of cement particles, and the dependence of the intercementhe following symbols are used in this paper:

particle potential energy on the hydrate generation and the disper- B = ratio of activation energy of £A ingredient to gas

sion degree of cement particles. Then, the relationships were constant;
quantified between the mean potential energy of the cement par-d\/dt = rate of cement particle movement;
ticles and various influencing factors, including temperature, su- E = mean potential energy of cement particles;
perplasticizer dosage, hydration rate of the cement, dispersionE,se = mMean potential energy of cement particles in
degree of cement particles in the starting point of investigation, loading state when apparent viscosity becomes
and elapsed time of stationary state or agitated state. Based on a constant;
these results, we respectively modeled the apparent viscosity/ E4 = mean potential energy of cement particles in
Bingham constants/shear rate—shear stress—elapsed time relation- dispersed state,
ships that characterize the time dependence of fluidity, and clari- E; = mean potential energy of cement particles in
fied, in theory, the decline of fluidity with the elapsed time of the flocculent state;
standstill state, and shear thinning and shear thickening behaviors E? = constant, E?—1) is mean potential energy of
for high fluidity concrete. cement particles with no hydrate;

Furthermore, a series of numerical analyses were carried out E?S = constant, E?_gl) is mean potential energy of
based on the obtained models, the variations of apparent viscosity cement particles in saturated absorption state of
or Bingham constants with elapsed time of stationary state or superplasticizer with no hydrate;

agitated state were discussed under different conditions, such as N, = number of cement particles per unit dimension;
temperature, hydration rate of the cement, superplasticizer dos- N,y = number of dispersed cement particles per unit

age, dispersion degree of cement particles, the dependence of the dimension;
fluidity on standstill time and stress duration, as well as the influ- N = number of flocculent cement particles per unit
encing factors of the dependence, were quantitatively clarified. dimension;

Moreover, the hysteresis loops of shear rate—stepwise shear stress S; = stress distribution coefficient;
s = hydration rate constant related to temperature and
activation energy of gA ingredient;

60 Max. shear Number of] T = absolute .tempe.raturE; - L

so [| o Svess,,  swesssiepsl o t = elapsed time since the start of fluidity variation
_ o 15008 6 - examination;
é 40 H-a- 1000Pa 10 V" te = duration since the beginning of stress until
ETINE 1)) o - 4 apparent viscosity becomes a constant,
% ol o - A& = o to = reference point time referred to as the time interval
& " since mixing cement with water to the start of

10— 7"~ = R~ fluidity variation examination with elapsed time;

0 ; . . a : t* = elapsed time since mixing cement with water;

0 300 600 900 1200 1500 a = proportional constant;
Shear stress (Pa) ¥ = shear rate;
Yo = instantaneous shear rate when shear stress is

Fig. 16. Effects of magnitude of stress and number of stress steps on

I' .
hysteresis loop At applied;

= stress duration;
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v = viscosity of mixing water;
M, = apparent viscosity;
M, = plastic viscosity;
A.n = mean distance of cement particle movement in unit
time;
o, = normal stress on the shear plane;
T = shear stress;
T, = true yield stress;
Ty, = Bingham yield stress;
ém = mean interfrictional angle;
¥, = initial degree of cement particle dispersion; and
o = hydration rate of GA ingredient.
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