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The validity and limitations of numerical analysis for the simulation of the flow behavior of self-compacting
concrete in slump flow tests are discussed by comparing results with experimental values in the case of high-flow
mortar. It is found that, when the self-compacting concrete has a high deformation rate, it is necessary to model
the effect of the slump cone sidewalls as the cone is raised. Further, it is determined that when the ratio of
plastic viscosity to yield value is 1.0 s or more, the relationship between flow radius and time taken to reach the
flow radius is accurately simulated by numerical analysis (120%). The effects of yield value and plastic
viscosity on the time taken to reach flow radiuses of 200 mm and 250 mm are clarified, and methods of evaluating
the rheological coefficients of self-compacting concrete using the slump "flow test are proposed.
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1. Tntroduction

Whenusing self-compacting concrete[l], [2], it is important to determine whether or not it will fill every nook and
cranny of the form. This entails rationalizing the processes of material selection, mix design, and quality control
and then developing methods of evaluating the filling characteristics of self-compacting concrete. In pursuing
this objective, it is necessary to understand the flow and deformation characteristics - orrheological properties
-ofself-compacting concrete and also to quantitatively determine the relationships between evaluation indexes
such as the slump flow and the time taken to reach a particular radius (referred to here as the flow time) and the
various rheological coefficients of self-compacting concrete.
The authors have in the past theoretically discussed the relationship between slump flow and yield value by
considering the basic flow equations, and have derived theoretical equations to describe the relationship between
the slump flow and yield value of Bingham fluids. Using sphere drag tests and slump flow tests on high-flow
mortar, they have also confirmed that the yield value as determined by a sphere drag test agrees well with that
calculated from the slump flow[3].
The authors have, furthermore, clarified that there is good correlation between flow time and plastic viscosity; this
was also determined from sphere drag tests and slump flow tests[4]. That is, the time taken to reach a flow
radius of 200 mmcorrelates well with plastic viscosity r\pi when the slump flowis above 500 mm,and the time
taken to reach a flow radius of 250 mmcorrelates well with plastic viscosity r]pi when the slump flowexceeds
600 mm. There were, however, somedeviations in the correlations between flow time and plastic viscosity in
these tests. This is presumably because flow time is affected not only by the plastic viscosity but also by the
yield value.
This newstudy clarifies the validity of simulating the flow behavior of self-compacting concrete in slump flow
tests by numerical fluid analysis and its limitations. It results in a quantitative relationship between the
rheological coefficients and the flowtime of self-compacting concrete.

2. Basic Equations

2.1 Constitutive Equations

The constitutive equation for an incompressible viscous fluid is given as Eq. (1).
<y =2T7ey (1)

where, r',y is the stress-deviation tensor; t] is viscosity; and e^ is the strain rate tensor.

In sphere drag tests with high-flow mortar, there is a linear relationship between pull-up rate v and drag force F
for a steel sphere ofdiameterD =31.75 mmwhenthe pull-up rate ranges from 10 to 60 mm/s. This relationship
is valid down to a pull-up rate of 2 mm/s, depending on the yield value ry and the plastic viscosity r]pl. This

confirms that high-flow mortar can be treated as a Bingham fluid[4].
The constitutive equation for a Bingham fluid can be expressed as in Eq. (2), which incorporates the extension by
Hohenemserand Prager into any arbitrary stress state[5].
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where, rjp[ is plastic viscosity; ry is yield value; and
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=-(^r'rr +t'00 +r'zz j+t\q +t'& +r'zr is the second invariant ofthe stress-deviation tensor.
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In incompressible viscous fluids, including Bingham fluids, the second invariant of the strain tensor 72 is given
by Eq. (3), and the relationship given by Eq. (4) holds between J1 2 and I2 à"

l2 =-^rr2 +eee2 +ezz2)+er82 +eez2 +ezr2 (3)
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Then, from Eqs. (4) and (5), the second invariant of the stress-deviation tensor J'2 is given by
2

When ^J'2 >ty in the Bingham fluid, Eq. (2) indicates us that the stress-deviation tensor r'y can be written

.IK
A -=2r?p/ (5)
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For *Jj\ >Ty> tnerelationshipbetween ^/j'2 and y/2 isgivenby
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Transforming Eq. (5),
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Since Eq. (7) can be rewritten as

substitution into Eq. (8) then yields:

*
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For yjJ'2 £ Ty >^e stress-deviation tensor cannot be identified, which is problematic from a numerical analysis

perspective. To overcome this, it is assumed that when the square root ^[l2 ofthe second invariant ofthe strain

rate tensor is equal to or less than a critical value, Jl2 , the relationship between ^//2 and -^J\ is

represented by a straight line that passes through the origin and intersects Eq. (7) at Jl2 (refer to Fig. 1).

fJ72 = 2npi4h +xy
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o1 4^ ''fc

Fig. 1 Relationship between y/^ and ^J'2
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When.y/TJ < a/^2 > tne stress-deviation tensor t'^- is given by

I 2^/2cJ
FromEqs. (10) and (12), the constitutive equation of the Bingham fluid as defined for use in the numerical
analysis is expressed as follows:

rij =-p8ij + 2neij (13)

where, xtj is the stress tensor; p is pressure; 6tj is the Kronecker delta; and r) is viscosity.

The viscosity r\ is given by
T I \

(14)VVpii jh
\jh >^)

T
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2.2 Basic Equations of Flow

The motion of a fluid is generally represented in terms of the equation of continuity and the equations of motion.
In applying numerical analysis to the problem of concrete slump flow, the problem can be handled as an
axisymmetric flow originating at the center of the slump cone and parabolically spreading. Fresh concrete can
be regarded as an incompressible fluid.
Using the cylindrical coordinate system ( r,6,z ) with the z- andr-axes taken to be in the axial and radial
directions of the slump cone, respectively, the equations of continuity and motion can be represented as follows:
Equation of continuity

~K)+^-0 (16)
r dr az

Equations of motion
dvr ldK2), d(vrvz)_1(dtrr xrr-ree drzr ,

dt r dr dz p{dr r dz'

dv,
,
ld(rvrvj , dvz

= I(
d xr dr,

- U (18)
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d t d r d z P \ dr dz
where, vt is velocity component in the /-direction; p is density; g is the acceleration due to gravity; and t is time.
Using Eq. (13), these equations of motion can be rewritten as below.

dvr [1d\rv/)iB{vrvz)= 1dp{Ind\ ^rj/dv, vr\ rid\ yr,d*vz
dt r dr dz pbr pdr2 pr\dr rI pdz2 pdrdz

dvz ld(rvrvz) dv2_ 1dpt77d2vr 77d2vz ndvr ndvz It]d2vz
T "r - 1 1 r- 1 1 1 - J

d t r Br dz pdz pdrdz pdr prdz prdr p dz
(20)

2.3 Equation of Pressure

Whencalculating flow for a fluid with a free surface using numerical analysis, it is necessary to determine the
pressure field for the entire computational region. The pressure field can be obtained by numerically calculating
the equation of pressure (21) for the pressure P as derived from the equations of motion, Eqs. (19) and (20)[6].
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3. Numerical Analysis

3.1 Numerical Analysis Method

The flow of concrete in a slump flow test is a free-surface flow, so the Marker and Cell method (MAC method)
developed by Harlow and Welch for free-surface flows is used[7].
The grid system consists of a staggered mesh, in which the pressure is defined at the center of each cell and the
velocity component is defined at the boundary between cells.
The equation of continuity (16), equations of motion (19) and (20), and the equation of pressure (21) are
discretized using Harlow and Welch's method[7]. The convective terms in the equations of motion (the second
term on the left-hand side of Eq. (19) and the third term on the left-hand side of Eq. (20)) are discretized by the
first-order upwind difference scheme.
To determine a suitable cell size, numerical analysis was carried out in
advance for two cases: one in which the cell size was set at Ar = 5
mmin the r-direction (radial direction) and Az =5 mmin thez-
direction (height direction); and a second in which Ar and Az were
each set at 2.5 mm. Little or no difference wasnoted in the results
obtained inthetwo cases. Thecellsizeisthus setat Ar = Az =5
mm.The computational region is assumed to measure 100 Ar in the
r-direction and 64 Az in the z-direction.

260

3.2 Initial Conditions

The slump cone remains filled with concrete until it is raised.
Marker particles with a particular initial arrangement in the cells
within the slump cone are used to track changes with time as the
slump cone is pulled up. When computation begins (t = 0), the
arrangement of the marker particles is as shown in Fig. 2. That is,
where 0 <r s 50mm, there are 4 x 2 = 8 marker particles per cell,
while for 50mm<r <.100mm, there are 4 particles per surface cell.
7,160 marker particles are used in total.

3.3 Boundary Conditions

Non-slip condition at the bottom surface and free slip along the axis of
symmetry are used as the boundary conditions.

3.4 Modeling of Slump Cone Sidewall
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Fig. 2 Arrangement of marker particles
at start of computation
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There have been various studies[8],[9], [10], [11] of the deformation behavior of concrete during slump tests
using numerical analysis. Since most of these studies address ordinary concrete whose consistency can be
indicated by slump, however, the slump cone is assumed to have disappeared instantaneously once computation
starts.
This study, however, addresses self-compacting concrete that has a lower consistency. In this case, it is
considered necessary to model the effect of the slump cone sidewall as the cone is raised. In experiments by the
authors, the slump cone is raised at a rate of about 40 mm/s. The sidewall is approximated by a cylinder with a
radius of 100 mmby placing a vertical barrier at r = 100 mm. This boundary wall is set up to rise in 0.125 s per
cell (or 5 mm-s-40 mm/s). The boundary conditions for the wall surface is that there is no slip, as is the case
with the bottom surface.

3.5 Numerical Stability Condition

The convective terms in the equations of motion, Eqs. (19) and (20), are discretized using the first-order upwind
scheme. Equation (24) is applied to the differential stability condition[12].

A'* 7- * (24)

,ni.
p[kr2'Az2J'Ar'kz

3.6 Physical Quantities

The Theological coefficients (yield value ry and plastic viscosity r\pi ) used in the numerical analysis are
experimental values for high-flow mortar obtained in sphere drag tests as presented in an earlier report[4].
The materials used and their mix proportions are given in Tables 1 and 2, respectively. Table 3 shows the yield
value xy and plastic viscosity r}p[ obtained by linear regression using with an equation by Ansely et al.[13],

given here as Eq. (25), for pull-up rate v and drag force F in sphere drag tests.

F =3nriplvD + -n2D2ry (25)
8

where, D =diameter of the steel sphere (31.75 mm).
Table 3 also gives the ratio of plastic viscosity rjpl to yield value ry , rjpl lxy , and the slump flow Sfs measured

at the start of the sphere drag test (15 min after mixing) and the slump flow Sfe measured at the end of the sphere
drag test.
The density (or mass per unit volume) of mortar is as calculated from the mix proportions given in Table 2.
That is, the density is given as 2.187 x 10 3 g/mm3 for M35%, McO.5%, and McO.25% with water/binder (W/B)
ratios of 35% in each case, as 2.237 x 10"3 g/mm3 for M30% with a water/binder (W/B) ratio of 30%, and as 2.140
x 10"3 g/mm3for M40% with a water/binder ratio of 40%.

Table 1 Materials used for high-flow mortar
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Table 2 Mix proportions of high-flow mortar

3.7Choiceof /Z

Whenthe square root of the second invariant of strain rate tensor JF2 is no greater than the critical value J/2(. ,

as already described, the relationship between y/^T and ^J\ is represented by the straight line given by Eq.

(ll). This line passes through the origin and has a slope of 2^ +ry /\2J/2c )). Therefore, it can be assumed

that any deviation from the Bingham model can be reduced by choosing a small Jl2c. The smaller the value

of Jl2c , the greater the viscosity r\ expressed by Eq. (15). As a result, the time step fcd required to meet the

numerical stability condition expressed by Eq. (24) becomes shorter, thus increasing computation time.
In the sphere drag test conducted with a steel sphere of diameter D = 31.75 mm[4], it was confirmed that

there is a linear relationship between pull-up rate v and drag force F in the pull-up range of 10 to 60 mm/s and
also for pull-up rates up to 2 mm/s, depending on the yield value ry and the plastic viscosity rjpi. Assuming
that samples near the sphere are subjected to simple shear in the sphere drag test, the shear strain rate e is given by
the following equation, according to Eq. (3):

e - jh (26)

The sphere drag test also yields the following relationship between the shear strain rate e and the pull-up rate
v[14]:

V

2D
(27)
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Using Eq. (27), the shear strain rate e is approximately 0.16 /s and 0.03 /s when the sphere pull-up rate is 10 and 2
mm/s, respectively. The above consideration suggests that Jl2c should be set at a maximumof 0.16 /s, and

that - depending on the yield value ry and plastic viscosity r)pi - it maybe advisable to make it less than
about0.03/s.

In this numerical analysis, therefore, Jl2c is set at about 0.03 /s after taking into account its effect on

computation time as well. This is coincidentally the same value as chosen by Yamada et al.[ll].

4. Analytical Results and Discussion

4.1 Flow behavior

The flow of high-fluidity mortar as the slump cone is pulled up is successfully simulated by the numerical analysis.
As an example of the analysis, the results for McO.5%-7 (yield value ry = ll Pa; plastic viscosity r)pl = 33 Pa-s)
are shown in Fig. 3. The positions of the marker particles are shown at intervals of about 0.28 s (10,000 steps)
up to 1.69 s and about 1.13 s (40,000 steps) after 1.69 s. Ofthe 7,160 marker particles in total, every fourth one
is plotted in Fig. 3.
As the vertical wall simulating the slump cone sidewall is pulled up to about 50 mm,it can be seen that the
concrete begins to flow out through the gap below the sidewall and spread radially. Also clear from the results is
that concrete adhering to the vertical sidewall flows directly down into the remainder of the sample with the
elapse of time.
In this case, the sample is seen to slowly spread out radially after about 3 s.

4.2 Flow Radius and Flow Time

The speed of the sample's radial spread is obtained as the relationship between the r coordinate value (the flow
radius) of edge marker particles and the time taken for the edge marker particles to reach that flow radius (referred
to here as the flow time). Figures 4 and 5 show this relationship between flow radius and flow time as derived
from the numerical analysis in comparison with experimental values. The time plotted on the horizontal axis
begins when the flow radius is 110 mm. The plot starts at this point in time so as to eliminate differences
between the numerical analysis and the experiments in conditions immediately after slump cone pull-up begins.
In the numerical analysis, an opening of 1 cell (5 mm) has already opened up below the vertical sidewall when
computation begins (t = At ). In the experiment, in contrast, measurements begin as soon as the slump cone
starts to rise[4]. Setting the zero point on the time axis equivalent to a flow radius of 110 mmovercomesthese
discrepancies.
Figure 4 shows the analytical values and experimental values for McO.25%-6 (yield value xy = 14 Pa; plastic

viscosity t]pi = 24 Pa-s). Also given are the analytical results for when the critical value of the square root of

the second-order invariant of the strain rate tensor, Jl2c , is set at 0.16 /s and for when the slump cone is

assumed to disappear as soon as the computation starts. Similarly, Fig. 5 shows the analytical values and
experimental values for McO.5%-6 (yield value ry =24 Pa; plastic viscosity r)pi = 42 Pa-s).
Acomparison of the numerical results with the experimental values confirms that the concrete flow is modeled
with good accuracy, from the rapid spread in the initial stage, followed by a gradual fall in speed in the transition
region, and finally to a stage of slow spread.
Figures 4 and 5 clearly show that, in cases where the slump cone disappears instantaneously or is assumed not to
exist, the initial rate of radial spread is far greater in the analytical model than in experiments. On the other hand,
whenthe effect of the slump cone sidewall is taken into account (with a slump cone pull-up rate of 40 mm/s), the
analytical and experimental results agree well. This confirms the need to model the effect of the slump cone
sidewall when the object of study is self-compacting concrete with a high deformation rate.
Comparing cases in which the critical value Jl2c of the square root of the second invariant of strain rate tensor

is set at 0.03 /s and at 0.16 /s, little difference is seen in the relationship between flow radius and flow time.
However,in the final flow stage, whenconcrete spread is slow, the rate of spread is slightly faster in the case of
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r2c = 0.16 /s than in the case of J/2c = 0.03 /s. This differential is larger forMcO.5%-6 with a greater yield

value.
The above discussion covers cases in which the analytical relationship between flow radius and flow time agrees
well with experiment. Cases in which the agreement is poor are discussed below.
Figure 6 shows the relationship between flow radius and flow time for M35%-6 (yield value xy = 15 Pa; plastic
viscosity r\pl = ll Pa-s). The yield value xy ofM35%-6 is almost the same as that ofMcO.25%-6 (as shown in

Fig. 4), while its plastic viscosity r\pi is about a half. The analysis indicates a lower spread rate than seen in the
experiments. The difference in flow time increases with increasing flow radius. The actual differences in the
time taken to reach a flow radius of200 mmis about 0.2 s. But the actual differences in the time taken to reach a
flow radius of 250 mmare 0.5 s and 0.7 s, respectively, and the experimental values are 0.65 and 0.54 times the
analytical values. As the flow radius increases, this differences increase further.
In the authors' experiment[4], the rate at which the slump cone was pulled up was sometimes influenced by the
viscosity of the concrete. To look into the influence of this variable, analysis was also carried out for a slump
cone pull-up rate of 50 mm/s. This difference in pull-up rate is found to have no appreciable effect on flow time.
Figure 7 shows the relationship between flow radius and flow time for McO.25%-2 (yield value xy =72 Pa;

plastic viscosity ripl = 43 Pa-s). The yield value ry of McO.25%-2 is about three times greater than that of
McO.5%-6,while its plastic viscosity rjpl is almost the same. The analytical values indicate lower spread
speeds in the initial stage of flow than obtained in experiments, and the concrete takes nearly twice as long to
reach a flow radius of 200 mmthan in the experiment.
Whenthe value of ^I2c is set at 0.16 s, the concrete spread speed is greater in the last stage offlow than when

Jl2c is 0.03 s, but there is no difference in spread speed up to a flow radius of 200 mm.

The above demonstrates that numerical results may not agree with experimental values for certain combinations
of yield value ry and plastic viscosity r]p[.

4.3 Analysis of Compatibility Conditions

As discussed above, the numerical results for flow time do not agree with experimental values in two situations:
whenthe plastic viscosity 17pi is almost equal but the yield value ry is larger; and whenthe yield value xy is
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almost equal but the plastic viscosity r]pl is smaller.
The compatibility conditions of this numerical analysis
are discussed here by focusing attention on the ratio of
plastic viscosity r]pl to yield value ry , or the r\pl lxy
ratio. The analytical values referred to below are the
results of numerical analysis obtained under the
conditions described in Section 3. In all cases, ^I2c

is 0.03/s and the slump cone pull-up rate is 40 mm/s.
Figure 8 shows the relationship between r\. Ix ratio
and the difference between experimental and analytical
values of 200-mmflow time (t200Exp-t200Cal). When
the yield value T is 60 Pa or less, the difference
between experimental and analytical values is ±0.5 s or
less. Figure 9 shows the relationship between the ratio
t200Exp/t200Cal of the experimental value to the
analytical value of the 200-mm flow times. When the
r]pl /xy ratio is greater than 0.8 s, the t200Exp/t200Cal

ratio falls within 1.0 ± 0.2. When the r)pl /xy ratio is
less than 0.8 s, the experimental flow time is less than
the analytical value, and the t200Exp/t200Cal ratio falls
below 0.8. However, whether or not t200Exp/t200Cal
falls below 0.8 is not related to the magnitude of the
yield value ry. It should thus be recognized that Fig. 10

whenthe viscosity is relatively low and the flow time is
short, analysis does not always agree with experiment as determined by the t200Exp/t200Cal ratio. This is the
case even if the t200Exp/t200Cal ratio is within ±0.5 s, as is the case with M35%-6 shown in Fig. 6.
Figure 10 shows the same results as Fig. 9 but redrawn as a relationship between t200Cal and t200Exp. When
Y]pl lty > 0.8 s, as indicated by the open symbols, the analytical values agree closely with the experimental values.

When V]pl lty < 0.8 s, shown by the solid symbols, the data can be divided into two groups. In one group,
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the flow time is short and the difference between
experimental values and analytical values is within
±0.5 s. In the othergroup, the flow time is long and
the difference exceeds ±0.5 s.
As far as the time taken to reach the 250-mm flow
radius is concerned, the relationship between r)pi lxy

ratio and t250Exp-t250Cal is shown in Fig. ll. The
relationship between the r]pl fxy ratio and the

t250Exp/t250Cal ratio is shown in Fig. 12. The value
of t250Exp-t250Cal difference is within ±2.0s when the
yieldvalue ty is40Paormore. The

t250Exp/t250Cal ratio increases toward 1 with
increasing r\pl /ry ratio, as is the case with the 200-

mmflow radius. The 250-mm flowtime falls within
1.0 ± 0.2 s, except for some data when the r\pl lxy

ratio is 1.0 s ormore. FromFig. 13, it is confirmed
that the analytical values agree well with the
experimental values for rjpl /ry ratios of 1.0 s or more.
The numerical analysis is thus confirmed to model the
relationship between flow radius and flow time with
quite accuracy (±20%) when the ratio of plastic
viscosity to yield value, or the r)pl /ry ratio, is 1.0 s or

more.
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Fig. 13 Relationship between t250Cal and t250Exp

5. Relationship between rheological coefficients and flow time as determined by numerical

The relationship between flow radius and flow time as
determined by numerical analysis is confirmed to agree
well with experiment for rjpl \x ratios of 1.0 s or
more. It follows then that the effects of plastic
viscosity rj , andyieldvalue X onflowtime canbe

quantified numerically when the r\pl /x ratio is 1.0 s

or more.
Figure 14 shows the effects of yield value ry and

plastic viscosity r\pl on flow time as determined by
numerical analysis when the mass per unit volume Kis
2.187 x 10 3 g/mm3 (equivalent to that of mortar mixes
M35%, McO.5%, and McO.25% with a water/binder
(W/B) ratio of35% as indicated in Table 2). The flow
time is expressed as "0" when the flow radius reaches
110 mm.

The rheological coefficient plastic viscosity r\ å  has a
dominant effect on the 200-mm flowtime t200Cal,
while the yield value xy has no such appreciable

effect. The 250-mmflow time t250Cal is found to be

greatly affected by the yield value x as well as the
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plastic viscosity r]pl.
This quantitatively demonstrates that the time taken to reach a given flow radius is influenced not only by the
plastic viscosity f]pl , but also by the yield value Xy. It is thus necessary to evaluate the yield value as well
whenusing the time taken to reach a flow radius of 250 mm(or a flow diameter of 500 mm)[l] in the mix design
or field quality control of self-compacting concrete.

6. Evaluation of Rheological Coefficients of Self-compacting Concrete by Slump Flow Test

Whenthe ratio of plastic viscosity to yield value, t]pl /ry , of a self-compacting concrete that can be

approximated by a Bingham fluid is 1.0 s or more, it has been demonstrated that numerical analysis is able to
model the relationship between flowradius and flowtime with high accuracy. Thus, if a self-compacting
concrete containing coarse aggregate does in fact exhibit the flow behavior of a Bingham fluid, it can be
considered practical to evaluate its rheological coefficients by numerical fluid analysis from the relationship
between flowradius and flowtime. This section describes an actual method for evaluating the rheological
coefficients of self-compacting concrete from these slump measurements.

6.1 Test Description

Self-compacting concrete is generally moreinfluenced by the unit water content than ordinary concretes[l]. The
authors have attempted to quantitatively clarify, using theoretical equations[3] and numerical analysis, the
variations in viscosity of self-compacting concrete with surface moisture of the aggregate.

6.2 Materials and Mix Proportions

The materials used in the tests are listed in Table 4. Ordinary Portland cement (OPC) and ground granulated
blast furnace slag (BFS) were used as binders (B), and: the slag replacement ratio (SR) was kept constant at 70%.
Sand from Amaha,Chiba Prefecture, was used as the fine aggregate (S), and crushed hard sandstone 2005 from
kuzuu, Tochigi Prefecture, wasused as the coarse aggregate.
Twoself-compacting concrete mixes were tested. One wasthe basic mix C32% set by referring to mix examples
of powder-based self-compacting concrete[15], [16], [17], and the other was C29% with a surface moisture
content of the fine aggregate 2% greater than in the basic C32% mix. Table 5 shows these two self-compacting
concrete mixes.
Mixing operations were performed in a dual mixer (with a capacity of 50 liters and a speed of 62 rpm) in a

Table 4 Materials used for self-compacting concrete
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thermostatic chamber. The mixer was charged
with the binder, fine aggregate, and coarse
aggregate in that order and dry mixed for 15 s.
After adding water and superplasticizer, the
ingredients were mixed for 3 minutes.

6.3 Test Methods

After each sample had stabilized for 15 minutes
after mixing[3], it was removed from the mixer
and subjected to a slump flow test, a V-shaped
funnel test, a U-shaped funnel gap penetration
test, and an air content test according to the
recommendations of the Japan Society of Civil
Engineers[l]. In the slump flow test, the time
taken for the sample edge to reach marks placed
at intervals of 10 mm(flow time) was recorded
by video photography[3]. After measuring the
slump flow, the height distribution of the
sample wasmeasured in the radial direction at
intervals of 20 mmfrom the sample center.
The V-shaped funnel test was conducted using
two V75 funnels each with an outlet of 75 mm.
The U-shaped funnels had a type-R2 flow obstruction.
was 367 mm.

Table 5 Mix proportions of self-compacting concrete

The maximumfill height Bh.maxof the U-shaped funnels

6.4 Test Results

a) List of Test Results

Table 6 Test results (1) for self-compacting concrete
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The measurements of slump flow, air content, flow time,
V75 funnel flow time, and U-shaped funnel (R2) fill
height are given in Table 6. The flow time values
consist of the time to reach the flow radii of 110 mm,
200 mm,and 250 mm. The 200-mmflow time
t200Exp and the 250-mm flow time t250Exp, obtained
by subtracting the 110-mm flow time, are also shown.

b) Flow Time
Figure 15 shows the time taken to reach each flow
radius (as measured at 10-mmintervals) for C32%
(C32%-5 and C32%-6) and C29% (C29%-3 and C29%-
5), which have almost equivalent slump flows. It is
recognized that, although the slump flows are almost
equivalent, the time taken to reach the two flow radii
clearly differs between C32% and C29%. Figure 16
shows the relationship between slump flow Sf and the
200-mmflowtime (t200Exp) and the 250-mm flow
time (t250Exp). When C32% and C29% both are
constant in mix proportions except for the
superplasticizer in the test ranges, the 200-mmflow
time, t200Exp, is not appreciably influenced by the
variation of the slump flow.
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c) V-shaped Funnel Flow Time
Figure 17 shows the relationship between slump flow Sf and V-shaped funnel flow time. A clear difference in
V-shaped funnel flow time is recognized between C32% and 029%. The V-shaped funnel flow time varies
somewhat for C29%, but has a larger range of about 7 to 10 s for C32%. It is thus confirmed that the V-shaped
funnel flowtime is not appreciably influenced by the variation in slump flow, as noted for t200Exp. It is
presumed that the V-shaped funnel test evaluates the flow characteristics, of concrete in the region where the strain
rate is relatively high and exhibits a tendency similar to that of the t200Exp value.
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d) U-shaped Funnel Filling Height
Figure 18 shows the relationship between slump flow Sf and U-shaped funnel fill height. The U-shaped funnel
fill height is 300 mmor more, irrespective of the slump flow. Both C32% and C29% arejudged to have good
gap penetration characteristics in the test ranges studied.

e) Slump Cone Pull-up Rate
Figure 19 shows the relationship between slump flow Sf and slump cone pull-up rate measured from the recorded
video. Despite some variability, the slump cone pull-up rate for self-compacting concrete ranges from about 40
to 60 mm/s as reported for high-flow mortar[4].
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6.5 Evaluation of Yield Value

The yield value ryF is obtained by substituting slump flowSfand sample volume Kinto Eq. (28), a theoretical
equation[3] expressing the relationship between yield value and slump flowin slump flowtests.

tyF
152 pgV2

4jt 2Sf 5
(28)

where, ryF is the yield value (Pa) obtained from the slump flow; 5/is the slump flow (mm); p is density (mass
per unit volume) (g/mm3); g is the acceleration due to gravity (mm/s2); and K is the sample volume (mm3).
The yield value ryH is obtained by performing regression analysis with L and xyH as fit parameters on the
height distribution (r, z) measured at intervals of 20
mmin the radial direction from the center of the test
sample. This is done using Eq. (29), a theoretical
equation[3] expressing the sample height distribution.

100
F C32!Si-5

yH^=(£->à")

P9
(29)

where, ryH is the yield value obtained from the
height distribution of the test sample (Pa); and L is the
distance from the center to the edge of the sample
(mm).
The height distribution of the sample and a regression
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Regression curve of height distribution
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Table 7 Test results (2) for self-compacting concrete

curve obtained from the height distribution
measurements are shown in Fig. 20.
Table 7 lists the yield value xyF obtained from the

slump flow and the yield value ryH obtained from the

sample height distribution. Figure 21 shows the
relationship between ryF and ryH. For the C29%

mix, xyF tends to assume a somewhat larger value

than ryH , but the two values agree closely with each
other.

6.6 Evaluation of Plastic Viscosity by
Numerical Analysis

The authors have attempted to quantitatively indicate
through numerical analysis the difference in plastic
viscosity of the basic C32% self-compacting concrete
mix and the C29% mix with a fine aggregate surface
moisture content set 2% higher than that of the basic
C32% mix.
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Fig. 21 Relationshipbetween ryF and ryH

a) Analytical Premises
The numerical analysis was applied to mixes C32%-5, C32%-6, C29%-3, C29%-4, and C29%-5 with almost
equivalent slump flow values of 640 to 650 mm, as shown in Fig. 15.
The mass per unit volume calculated from the mix proportions in Table 5 is 2.321 x 10 3 g/mm3 for the C32%
mixes and 2.344 x 10"3 g/mm3 for the C29% mixes. Since the mass per unit volume of C32% differs by a mere
1% or so from that of C29%, the value used in the numerical analysis is set at 2.321 x 10"3 g/mm3.

-68 -



As shown in Table 7, the yield value ryF calculated using Eq. (26) from the slump flow is 32 to 35 Pa for all

mixes, and the yield value ryH calculated using Eq. (27) from the slump flow test sample height distribution
ranges from 28 to 34 Pa for these mixes. The yield value used in the numerical analysis is thus set at a constant
value of 30 Pa.
The measured slump cone pull-up rate is 54 mm/s for C32%-5, 44 m/s for C32%-6, 38 mm/s for C29%-3, 38
mm/s for C29%-4, and 50 mm/s for C29%-5.
Given this range, two values of slump cone
pull-up rate v are used in the analysis: 40 and
50 mm/s. The other analytical conditions are
as described in Section 3.

b) Analytical Results
Figure 22 shows the relationship between flow
radius and flow time for one analytical case in
which the plastic viscosity rjpi is 30 Pa-s and
for another in which the r\pl is 80 Pa-s. The
experimental values are also shown. As far as
the relationship between flow radius and flow
time is concerned, the experimental values tend
to indicate a faster spread in the region where
the flow radius is 250 mmor more, as observed
for sometest results of high-flow mortar. In
the region up to a flow radius of250 mm,the
analytical results agree well with the
experimental values. The plastic viscosity
can thus be quantified as about 30 Pa-s for
C32%-5 and C32%-6, and about 80 Pa-s for
C29%-3, C29%-4, and C29%-5.

In these analytical cases, the relationship
between flow radius and flow time (the time
taken to reach a particular flow radius) in the
slump flow test and in the numerical analysis
indicates that, when the surface moisture
content of the fine aggregate is set 2% higher
than actually measured, the plastic viscosity
increases by a factor of about 2.7.
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7. Conclusions

This study has demonstrated the validity of a numerical model of the flow behavior of self-compacting concrete in
the slump flow test and clarified its limitations through a comparison with experiments involving high-flow
mortar. Further, the effects of the rheological coefficients (yield value and plastic viscosity) on the time to reach
specific flow radii (the flow time) has been evaluated by numerical analysis in comparison with the effects of the
rheological coefficients of high-flow mortar in slump flow tests.
The results of the study may be summarized as follows:
(1) When numerically analyzing self-compacting concrete with a high rate of deformation, it is necessary to
model the effect of the slump cone sidewall as the slump cone is being pulled up.
(2) When the ratio of plastic viscosity to yield value, r\pl /ry , is 1.0 s or more, numerical analysis is able to
model the relationship between flow radius and flow time of high-flow mortar with a quite accuracy of ±20%.
Whenthe r]pl lxy ratio is less than 1.0 s, the analytical values diverge from the experimental values. In this
situation, it is likely that there is a discrepancy between the numerical analysis conditions and the actual flow and
deformation behavior of high-flow mortar. It appears necessary to discuss the factors influencing separately for
the regions of where the yield value xy is large and where it is small.
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(3) As a Theological coefficient, the plastic viscosity has a dominant effect on the time taken to reach a flow radius
of 200 mm. The time required to reach a flow radius of 250 mmis greatly affected by both plastic viscosity and
also yield value.
(4) If self-compacting concrete contains a coarse aggregate and exhibits the flow behavior of a Bingham fluid, its
rheological coefficients can be evaluated by numerical fluid analysis.
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