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Abstract

In the present paper, three types of analytical methods for simulating the
flowing behavior of fresh concrete, i.e., viscoplastic finite element method
(VFEM), viscoplastic suspension element method (VSEM) and viscoplastic
divided space element method (VDEM), are proposed, and some analytical re-
sults are shown. The deformation of fresh concrete in various consistency and
rheological tests, such as slump test, flow test, VB test, vibrating slump test, vi-
brating consistency test and cylindrical rotation viscometer, and under various
conditions of concreting works, such as casting, consolidating and pumping in
pipe, is obtained by these simulation methods. The adequacy of the analytical
methods is examined by comparison with experimental results, and the relation-
ship between workability and rheological constants of fresh concrete is dis-
cussed.

1. Introduction

There are a number of experimental studies” on the measurement of the viscosity of
concrete, mortar and cement paste in the fresh state. However, a definite method for predict-
ing the flow and deformation of fresh concrete has not yet been proposed.

It is important to predict the behavior of fresh concrete at various stages, such as mixing,
transporting, placing, consolidating, etc. Recently, a number of fundamental investigations on
fresh concrete have been reported from the point of view of rheology”™, in which fresh con-
crete is considered as a kind of highly concentrated suspension and in which the analysis of
its deformation is considered more or less possible by using rheological constants.

The slump test and the flow test are the most general methods used to judge the consist-
ency of fresh concrete or mortar, and it is necessary to establish the relationship between the
values obtained by these tests and the rheological constants such as plastic viscosity and yield
value for a Bingham model”. Such investigations have been carried out based on experi-
ments® or simple calculations.
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The purpose of the present paper is to investigate simulation methods for the flowing be-
havior of fresh concrete. Three types of analytical methods, i.e., viscoplastic finite element
method (VFEM), viscoplastic suspension element method (VSEM) and viscoplastic divided
space element method (VDEM), are proposed and some analytical results are shown in this
paper. The deformation of fresh concrete in various consistency tests, such as slump and flow
tests, and in various casting conditions is obtained theoretically, and the relationship between
the behavior of fresh concrete in these conditions and the rheological constants is clarified.
The adequacy of the analytical methods is examined by comparison with experimental re-
sults.

2. Viscoplastic Finite Element Method

2.1 Outline of Analysis

(1) Constitutive Law of Fresh Concrete

The total strain rate {£] of a viscoelastic material is given in the following equation when
strain components due to temperature change can be negligible.

(&) ={e) +{e) = {ée}zj]_G{O'}wL {20nm1<} (1)

in which {€°}: elastic strain rate; {€'}: viscous strain rate; {o¢’): deviatoric stress; {o,}: mean
stress; Mg, Nk : coefficients of viscosity for shear and bulk strain, respectively.

It may be said that the elastic deformation of fresh concrete is very small in comparison
with its viscous deformation, and the bulk strain is considered to be very small in comparison
with the shear strain at flow. Consequently, the following simple constitutive equation is used
in this analysis.

{o')

=g (2)

It is well known that the properties of fresh concrete cannot be explained by an idealized
model of Newtonian liquid, but that they can be approximately expressed by an idealized
model of Bingham plastic solid”, as shown in Fig. 1, in which the flow initiates when larger
stress than a specified stress-deviation (yield stress) acts on it. The yield function proposed by
Bingham expresses the behavior of viscoplastic material under a pure shear stress state. In
this analysis, the following equation proposed by Hohenemser and Prageré) for arbitrary
stress state is used.

0 (F<O0)
27]Vij = , (3)

The yield function F is expressed as F=1—r1,/ JT, in which n: plastic viscosity; Vy: ten-
sor of strain rate; o’;: tensor of deviatoric stress; t,: yield value; J,: second invariant of the
deviatoric stress tensor.
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In the state of pure shear stress, Eq. 3 expresses the Bingham model as shown in Fig. 1.
A material expressed by this constitutive law is incompressible, becomes rigid in a negative
value of the yield function, and flows in a positive value.
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Fig. 1. Newtonian liquid and Bingham liquid. Fig. 2. Simple dumped system.

(2) Approximation of Dynamic Behavior

The force-strain rate relation of a simple damped system as shown in Fig. 2 (Bingham
model) is expressed by

R =(1,+vn)s (4)

in which R: resisting force; v: strain rate; s: area of section. In the condition of static equili-
brium, the resisting force R is equal to the product of acceleration of load g and mass m.

Zm

T

V=t d (5)

in which v': strain rate in the condition of static equilibrium. If it moves with a constant vel-
ocity of V', the static equilibrium condition is maintained. The result obtained by the FEM
analysis is the displacement rate in the static equilibrium condition. However, in the dynamic
equilibrium condition, the equation of motion for this system is

gm — R = am (6)

in which a: acceleration. Substituting Eq. 4 into Eq. 6 leads to a differential equation of mo-
tion, and the following equation is obtained by solving it.

- - A
v=_Cexp ( Bt) + 5 (7
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in which C: constant; A=g—1,s/m; B=ms/m/; t: time; /: length of element. By substitut-
ing Eq. 5 and the strain rate v, at t=0 into Eq. 7, the strain rate v is expressed as a function
of time t.

v =(vo—V')exp (—Bt) + v’ (8)

Fig. 3. Variation of strain rate.

Fig. 3 shows the variation of strain rate expressed by Eq. 8 from v, to v’, and indicates
the retardation of changing velocity. The acceleration a, at t =0 is

2= (v — VO)BI=§:£%—V—.!]—) 9)

As the parameter B is equal to the inverse of retardation time t" shown in Fig. 3, Eq. 8
can be expressed

v={(vo— V') exp (_t—t) +v = —vy) [1 — exp (:—t)}+ Vo (10)

The retardation time t is a function of plastic viscosity 1 and mass m, and the strain rate
v of an element is calculated with the strain rate v at the former step and the strain rate v’ in
static equilibrium by setting up t’ with a certain value. In the analysis, the calculation is re-
peated with the step of time At, and the average of strain v* in At is expressed by the follow-
ing equation which is obtained by Eq. 10 and At.

s (o= WU

v At

v (11)
(3) Method of Analysis

Fig. 4 shows the flow chart of the program for the analysis. The outline of the analysis is
as follows: First, the elastic stress {o¢} of each element is obtained for external force, and the



Simulation methods of fluidity of fresh concrete 75
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Fig. 4. Flow-chart of program for viscoplastic finite element method (VFEM).

strain rate (£} is calculated with Eq. 3 and Eq. 11. Then the dummy elastic stress {o*} is given
from multiplication of {e¢} by elastic stiffness matrix D. The dummy force vector {F*} at each
nodal point is calculated by integration for the dummy elastic stress {o*}. Next, the elastic
calculation is carried out for this dummy nodal force {F*}, and incremental displacement by
viscosity is obtained. The shape of fresh concrete as it is flowing is given for every time by
repetition of the above calculation at each time step.
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(4) Slipping on Form Surface

When fresh concrete slips on the surface of a form, the resisting force acts in the reverse
direction of displacement, which is related to cohesive stress and friction”. In case of axisym-
metric problems, slipping resistance can be treated as nodal force. However, it becomes diffi-
cult to express the slipping resistance as that of a nodal force on the boundary surface in
three-dimensional problems, because the direction of displacement by slipping on the bound-
ary surface cannot be estimated before calculation.

In this analysis a slip element, consisting of a dashpot and a slider expresses the proper-
ties of a Bingham model, and spring elements are introduced in the practical as shown in Fig.
5(a). Therefore, the input data for describing the slipping behavior, i.e. the relationships be-
tween shear stress and strain rate, are essential. The rheological constants (yield value and
plastic viscosity) of the slip element are expressed as a function of normal stress acting on the
slip surface. This normal stress and acting area (called “slip area” in this paper) must be cal-
culated at each step of calculating time. The model of slip area used in this analysis is shown
in Fig. 6. in which the area is evaluated according to whether nodal points on the surface of
concrete touch the surface of the form or not.
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Fig. 5. Slip element.
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Fig. 6. Evaluation of slip area.
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Fig. 7. Slipping resistance test.

An experiment was carried out to
measure the fundamental properties of
slipping resistance between fresh concrete
and steel board. Wooden forms are gener-
ally used in practical concreting works, and
the slipping resistance at the surface of
wood differs from that at the surface of
steel. Even for the same material, slipping
properties may be affected by the surface
condition. In this study, steel and acrylic
board were used as the formwork, and
smooth-faced steel board was used for the
measurement of slipping resistance of fresh
concrete. An apparatus for the slip test is
shown in Fig. 7. In the experiment, the
slipping resisting force was measured
under three different normal stresses and
three different slip velocities for each type
of material. Some examples of experimen-
tal results are shown in Fig. 8. The slipping
resisting force increases linearly as the slip
velocity and the normal stress increase.
The relationship between slipping resisting
stress oy, and slip velocity  can be ex-
pressed as a function of the slipping yield
stress T, and the slipping viscosity 7,

0h=‘ta+ neﬁ

W/C=607%
-
A
) «/

Heavy -—— Light
Concrete @ A L

Slipping resisting stress Oh(gf/cmz)

O & O

Mortar
T T

T
0 1 2 3 4
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Fig. 8. Relationship between slipping resisting
stress and slipping velocity.

(12)

As two parameters in Eq. 12 are affected by normal stress o,, the slipping stress is ex-
pressed by a function of slip velocity and normal stress as follows:

o, = Sipo, + Soff + Sz0, + S,

(13)
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The parameters S;—S, in Eq. 13 can be determined from experimental results, and used in
the following simulations.

2. 2 Simulation of Slump Test

(1) Method of Analysis

In the simulation of slump test, triangle axisymmetric element are used, and the finite
element idealization is shown in Fig. 9. The input parameters are shown in Table 1. As the
adhesive stress T, and the frictional coefficient u that act on the slipping surface between
fresh concrete and bottom steel board, the mean values (1, = 0.8 gf/ cm’, p= 0.15) obtained
from the experiment mentioned above are used. It was confirmed in the experiment that the
effects of the adhesive stress and the frictional coefficient on the behavior of fresh concrete in
the slump test are negligible. In this analysis, the arresting action of flowing caused by touch-
ing between slump cone and fresh concrete is considered.

Table 1. Parameters of analysis for slump test and flow test.

7

— m Variable parameters
unit (mm) Specific gravity Plastic viscosity Yield valge
p n(kPa-s) Ty(gf/cm )
value mark value mark value| mark
0.04 04 2 1
3.0 h 0.06 06 4 2
0.10 10 6 3
0.14 14 8 4
2.2 n 0.18 18 10 5
= 0.22 22 12 6
@ 0.26 26 14 7
1.8 1 0.30 30 16 8
18 9
]
—E [_j ________ series name
Simulation Constant parameters

test |mark Adhesive force||Frictional coefficient

I 100 1 ‘rh(gf/cmz) u

slump s
flow f 0.8 0.15

Fig. 9. Finite element idealization
for simulation of slump
test.

(2) Analytical Results and Discussion

An example of the analytical results of the flowing of fresh concrete after lifting of the
slump cone (that is called “slumping”) is shown in Fig. 10. Observing the shape of fresh con-
crete after slumping, a dent at the top surface and discontinuous slope at the middle of the
side surface (that is made by the touch of the slump cone) are seen clearly. These phenomena
can be observed experimentally as shown in Photo. 1.
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Fig. 10. Example of analytical results of slump test.

Photo. 1. Slump test of mortar.
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Fig. 11. Effect of lifting velocity of slump cone on slumping(sl.) — time(t) curves.
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Fig. 11 shows the effect of the velocity of lifting of the slump cone on slumping sl. —
time t curves. At the beginning of lifting of the slump cone, its inner surface arrests the flow-
ing of fresh concrete, and the velocity of lifting of the slump cone controls the flowing veloc-
ity of fresh concrete. However, the slump value, that is the height of fresh concrete at the end
of slumping, is hardly affected by the velocity of lifting of the slump cone. Fig. 12 shows the
effect of yield value t, on the sl. — t curves. According to the analytical results, the slump
value of glorrnal weight concrete will be 0 cm if the yield value becomes larger than about
20 gf/cm”.

10 1.=10 —

s1.(cm)
|

20 4 1.=4 _]
- 2
Ty~29f/cm——
n=0.10kPa-s

t(sec.)

10+ 17,512 —

s1.(cm)

20 - T,56—

n=0.06kPa-s

0 1 2
t(sec.)

Fig. 12. Effect of yield value (t,) on slumping(sl.) — time(t) curves.
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Fig. 13. Effect of rheological constants (ty, 1) on slump value(SL).



82 H. Mori and Y. Tanigawa

Fig. 13 shows the effects of the two rheological constants, i.e., yield value T, and plastic
viscosity m, on the slump value Sl. The three sections of Fig. 13 show the simulated results for
the specific gravities of 3.0, 2.2 and 1.8, corresponding to heavy weight, normal weight and
lightweight fresh concretes or mortars, respectively. As shown in these figures, the slump
value Sl. increases with decreasing yield value T, and plastic viscosity n, and it is more sensi-
tive to the yield value than the plastic viscosity.

2.3 Simulation of Flow Test

(1) Method of Analysis

The flow test stipulated in JIS R 5201 is simulated by VFEM. The finite element idealiz-
ation and the input parameters are shown in Fig. 14 and Table 1, respectively. The method of
analysis is the same as that of the slump test, but the impact force by drop of the flow table is
necessary to consider in the simulation of flow test. In this analysis, the impact force by drop
is translated to the acceleration acting equally on all nodal points and it is assumed that the
potential energy lost by drop of 1cm of the flow table is consumed for the deformation of
fresh mortar. Therefore the acceleration is calculated iteratively based on the condition that
the sum of the product of force and displacement is equal to the potential energy. The ac-
celeration increases as the fluidity decreases and the shape of fresh mortar deformed by drop
becomes flat. This analytical method is different from the earlier one”, which assumes that a
constant acceleration acts on fresh mortar in the flow test.

>

60

1 |
unit(mm) >0

Fig. 14. Finite element idealization for simulation of flow test.

(2) Analytical Results and Discussion

An example of the analytical results of the flowing of fresh mortar is shown in Fig. 15. In
this figure, a dent at the top surface is seen as in the simulation of slump test, but the outline
of the top surface tends to spread finally as shown in Photo. 2. The effects of the rheological
constants on the relationship between flow value fl. and number of drops n are shown in Fig.
16. The fresh mortar deforms before drop of the flow table when the yield value is less than
about 4 gf/ cm’ in the analysis. The flow value — drop number curves tend to become more
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Fig. 15. Example of analytical results of flow test.
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Photo. 2. Flow test of mortar. Fig. 16. Effect of theological constants (7, 1)

on flow value(fl.) — drop number(n)
curves.

nearly linear with increasing plastic viscosity and more curved at the latter portion with in-
creasing yield value. The effects of the yield value t, and plastic viscosity n on the flow value
Fl. after 15 drops are shown in Fig. 17. In the figure, the differences between the flow value
before drop of the flow table and that after 15 drops (FL.15—Fl.o) are plotted on the vertical
axis. As shown in Fig. 17, the flow value increases with decreasing yield value t, and plastic
viscosity 1. In comparison with the slump value (see Fig. 13), the flow value is more affected
by the plastic viscosity. As the yield value and the plastic viscosity become large, however,
the flow value is less affected by the rheological constants.
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Fig. 17. Effect of rheological constants (t,, 1) on flow value(FlL).

o
w
= l
p=2.2 e Experimental results
1,=0.8 gf/cm2
#=0.15 - N=0.04
o 4 =0.06
=}
/é -t y
i
b
[
=
wn
0 10 20 30

Stump(cm)

Fig. 18. Estimation of yield value(t,) and plastic viscosity(n) by slump and flow values.

2.4 Examination of Analytical Method

Fig. 18 shows the relationship between slump value and flow value obtained by the ana-
lysis using various input data of rheological constants. If the experimental values obtained by
the slump test and the flow test are both available for the same sample, two rheological con-
stants can be estimated by using this figure. In Fig. 18, the horizontal axis expresses the slump
value, and the vertical axis the amount of variation of flow value by 15 drops.
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Fig. 20. Comparison between analytical and experimental flow value(fl.) — drop number(n) curves.
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For comparison with analytical and experimental slumping sl. — time t curves or flow
value fl. — number of drops n curves, the value of rheological constants of fresh mortar ob-
tained by using Fig. 18 are used as input data of the analysis. The results are shown in Fig. 19
or Fig. 20. The analytical curves are comparable with the experimental curves in all series.
According to the slumping sl. — time t curves shown in Fig. 19, the experimental curves give
a lower slump value than the analytical curves at the portion that the time t is small. This may
have resulted from the fact that the rheological properties of fresh concrete differ at the
upper portion from the lower one in a slump cone. When fresh concrete is compacted in a
slump cone by tamping rod, concrete in upper portion flows more easily or has a smaller
yield value and plastic viscosity than in the low portion. It is considered that the falling of the
upper portion occurs at the beginning of lifting of the slump cone, and that the irregular sl. —
t curves mentioned previously are measured. This tendency is more remarkable in concrete
with lower slump value. It is necessary to study the difference of the rheological properties of
fresh concrete between the upper and lower portions in the slump cone.

2.5 Simulation of Cylindrical Rotation Viscometer

The cylindrical rotation viscometer is one of the most general apparatus to measure the
rheological constants of viscous materials”'”. However, it is pointed out that the application
of this test method to composite materials such as fresh concrete including large aggregates is
limited because it has been developed for homogeneous materials'”. Therefore, the results of
fresh concrete obtained by this method in each laboratory are considerably scattered due to
the difference of each testing condition, size and shape of apparatus, etc.

In applying the cylindrical rotation viscometer to measure the rheological properties of
fresh concrete, the following problems should be fully examined:

1) The laminar flow can not be assumed because the size of aggregates is relatively large
comparing with that of apparatus.

2) It is necessary to consider the slip at the surface of rotor because the yield value of con-
crete is large.

3) The influence of the torque absorbed at the bottom surface of inner rotor is not clear.

4) As the self weight of fresh concrete in the lower portion of apparatus is large than that in
the upper portion, it may be more difficult to flow in the lower portion due to the inter-
locking of aggregates (internal friction), but this phenomenon has never been clarified.

The purpose of this simulation is to investigate the problems mentioned above by VFEM
analysis. In this paper, the influence of the slip at the surface of rotor (problem 2) is mainly
examined, and the effects of the conditions such as the size and shape of apparatus, the inter-
nal friction of material and the torque absorbed at the bottom surface of apparatus on the
measured rheological constants of fresh concrete are discussed.

(1) Method of Analysis

For the simulation of cylindrical rotation viscometer, axisymmetric ring elements are
used. Stress and strain in circumferential direction should be considered as a three-dimen-
sional problem. The coordinate system and strain matrix used in the analysis are shown in
Fig. 21 and Table 2, respectively. The analysis is not different from the ordinary three-dimen-
sional one with the exception of an assumption that the components of stress and displace-
ment are all equal in circumferential direction 6.

In the cylindrical rotation viscometer, the inner and outer rotors move relatively in 9-di-
rection, and the torque is transferred to the materials which touch to the surface of rotor by
slipping resistance force. To consider the relative movement of the material and rotor, slip
elements and slip area models proposed earlier are used in the analysis. The outline of the
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Fig. 21. Analytical coordinate system.
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Fig. 22. Analytical models for simulation of rotation viscometer.

analytical model is shown in Fig. 22. In this figure, Model-A is an ideal model, where no slip
occurs at the surface of rotor and no resistance at the bottom surface. In Model-B, both sides
of rotors are fixed with slip elements, but no resistance occurs at the bottom surface to ob-
serve the slipping behavior. In Model-C, friction force at the bottom surface is introduced by

slip elements. The slip resisting behavior
measured by an experiment is used as
input data in the analysis.

The finite element idealization used in
the simulation is shown in Fig. 23. In this
analysis, the torque is applied on the inner
rotor in O-direction. The rheological
properties of fresh concrete and the shape
of cylindrical rotation viscometer used in
this analysis are shown in Table 3 and
Table 4, respectively.

e
]
i
t
i
I
t
1
i
1
1

4
)

i)
-

o e et e iy wld
4
L

Fig. 23. Finite element idealization.
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Table 3. Rheological properties of fresh concrete.

Ty(gf/cmz) n(kPass) tand P S, Sz Ss S.

0.003.0 0.06v0.10 | 0.0v0.3 | 2.3 | 0.03 | .10 | 0.06 | 1.60

[Notes] T,:Yield value, n:Plastic viscosity, tand:Internal frictional
coefficient,p:Specific gravity,Si"Sq:Parameters of slipping resistance
in following equation; Op=S1B0,+S,B8+530,+Sy, Op:Slipping resistance
stress(gf/cm?),B:S1lipping velocity(cm/sec.),0,:Normal stress (gf/cm?).

Table 4. Size of apparatus.

h Ro Ri/Ro

20.0v35.0 | 10.0v25.0 | 0.10.9

[Notes]

h :Height of inner cylinder (cm)
Ri:Radius of inner cylinder (cm)
Ro:Radius of outer cylinder (cm)

(2) Analytical Results and Discussion

An example of the analytical results for Model-A is shown in Fig. 24. This figure shows
the consistency curves plotted with strain rate y and shear stress t that are calculated from
torque M of input value and angular velocity of rotor Q of output value by using Eq. (1)

h=20cm, Ro=20cm, Ri/Ro=0.7 0, 0gf /cr>”

n=0. 06kPass
n=0. 10kPass— — —

< Ty'ﬂ .Ogf/cm®

8 |yeosffar
o>

7
o~ - 7
/
s v
Ve
. v
y s
. s
Ve 7 7
4 // s
1
0 2 4
T (gf/ar?)

Fig. 24. Examples of analytical results (Model-A).
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and Eq. (2) in Table 5. In this model with no slip at the surface of rotor, the plastic viscosity
n*, which is represented by inverse slope obtained from the linear part of later portion of the
consistency curve, is exactly equal to input value n. And the yield value 1,*, which is ob-
tained by Eq. (3) in Table 5 using the value of cross point on the t-axis and extending the li-
near part of the consistency curve, almost coincides with input value t,. That is, the analytical
results obtained, for the cylindrical rotation viscometer under an ideal condition are in good
agreement with the theoretical ones. Thus it may be said that the applicability of this analyti-
cal method was examined.

Table 5. Equations of rotation viscometer.

where,
M T :Shear stress (gf/cm?)
T = m —(1) M :Torque (g‘cm)
Ri:Radius of inner rotor (cm)
. 50 Ro:Radius of outer rotor (cm)
Y = T-(Ri/Ro) —(2) h :Height of inner rotor (cm)
Y :Strain rate (/sec.)
Ri/Ro)2-1 Q :Angular velocity og rotor (rad/sec.)
Ty= - 15 —(3) Ty:Yield value (gf/cm?)
\a a Yy
21n(Ri/Ro) Ta:Intersection of stress axis
and linear portion of
consistency curve (gf/cm?)

H=20cm, Ro=20cm, Ri/Ro=0.7 // )
r=0.06kPa*s A
r=0. 10kPa*s — —— s //
s/ 7
< 4 1y=1.0gf/cm? 7 K
N 4 ’
g J/ ,/
= e /
-— z
o - s
#" 1=3.0gf/an’
Mode1-B
T T
0 2 4 6
T (gf/ar®)

Fig. 25. Examples of analytical results (Model-B).

An example of the consistency curves obtained by Model-B which has slip elements at
the surface of rotors is shown in Fig. 25. In general, the rotational velocity increases at the
same torque, and the consistency curve moves to upper portion when the slip occurs between
rotor and material. Therefore, the plastic viscosity and the yield value are measured as smal-
ler than true values. As shown in Table 6 for example, this error of measurement caused by
slip is affected by the rheological properties of material and the shape of apparatus.
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Table 6. Comparison between input data and analytical results.

Input Calculated (No Slipping)

Tyl N Ta* Ty* n* Ty*/1y n*/n
1.010.06/0.9(1.2)]0.68(0.91)10.045(0.06){0.68(0.91){0.75(1.00)
2.010.0642.1(2.5)|1.60(1.90){0.042(0.06)}0.80(0.95){0.70(1.00)
3.0{0.06(3.4(3.9)]2.58(2.96){0.043(0.06){0.86(0.99)10.72(1.00)
1.0]0.1011.2(1.2){0.91(0.91)10.072(0.10){0.91(0.91)|0.72(1.00)
2.010.10{1.8(2.5){1.37(1.90)]0.071(0.10)|0.69(0.95){0.71(1.00)
3.010.1013.2(3.9)]2.43(2.96)]0.067(0.10){0.81(0.99){0.67(1.00)
[Notes] ty:Yield value (gf/cm®), n :Plastic viscosity (kPa*s),

Ta:Intersection of stress axis and linear portion (gf/cm?).

o
| h=20cm, Ro=20cm;Ri /Ro=0.7/
1,=2.0gf/ar® ,n=0.06kPas s
O
O
Ro=20cm, Ri/Ro=0.7
00 Ty=3.0gf/ar ,ne0. 06kPa* s
3]
g o ~ h=25cm
- &
<+ Mode1-B ~
(tant=0.3, | EEENE
N s
_ -7\ Model-B
- (Top surface)
1 T T T T T T
0 2 4 6 8 10 12 0 2 4 6
T (gf/ar?) T (gf/ar?)

Fig. 26. Consistency curves of
analytical models.

Fig. 27. Effect of height of apparatus
(Model-C).

The comparison of the consistency curves for three models is shown in Fig. 26. In earlier
studiesm, to make the influence of the resistance at the bottom portion smaller, another soft
material was set at the bottom portion, or theoretical corrections were carried out. In this
study, such modification is not applied. As shown in Fig. 26, however, the effect of the tor-
que absorbed at the bottom surface is smaller than that of slip at the surface of rotor even in
the extreme case of Model-C. Fig. 27 shows that the higher the height of cylinder makes the
smaller the effect of the resistance at the bottom surface.

The internal friction due to the interlocking by aggregates occurs in fresh concrete and
mortar. A simulation was carried out by using Model-B with the constitutive law proposed by
the authors'® which expresses the rheological properties depending on stress states. Fig. 28
shows an example of the analytical results. It is shown in this figure that the increase of the
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internal friction (tan¢) makes the consistency curves considerably lower, and causes larger
error in measured curves. Fig. 29 shows that this tendency becomes remarkable with increas-
ing height of cylinder. Therefore, it is not rational to use the higher cylinder to eliminate the
effects of slip at the surface of rotor because of torque absorbed at the bottom surface.

O
he=20cm, Ro-20cm, Ri/Ro0. 7 T Rom20am. Ri/Ro0. 7
Ty=3.0gf/an?,n=0.06kPa*s Ty=1.0gf/ar® ,n=0.06kPacs, tand=0. 3
tand=0.3
< h=35am
g h=30cm
=
h=25am
- e h=20an
Mode1-B
1 ]
4 0 2 4 6
T (gf/am?) T (gf/ar?)

Fig. 28. Effect of internal friction (tang). Fig. 29. Effect of height of apparatus (h).

The analytical results of the internal distribution of flow velocity in the cylindrical rota-
tion viscometer are shown in Fig. 30 and Fig. 31. According to these figures, the flow veloc-
ity of material is not equal in the upper and lower portions. If the flow is arrested at the bot-
tom surface, it becomes lower at the lower portion. Further, considering the internal friction
of material, the flow velocity becomes smaller at the lower portion.

N &F P=20am, Ro=20am, Ri/Ro=0. 7, T,=3. Ogf /ot 0. 06kPa*s
N OC\\S Fresh
Ne o(sz concrete dqﬁ 0‘0}2
{o«sf;\’\ <o < R
— ) - ~ ~
I
| Ed

Inside - o 1-8 1
rotor  Model-A ro sfip Model~ Hodel-C Mode1-8

(tang=0. 3)

Fig. 30. Internal distribution of flow velocity (Comparison of analytical results by each model).
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Ro=20am, Ri/Ro=0. 7, 1,=3.0gf /s ,=0. 06kPar s

P
|
— |

b=10cm h=200m h=30cm

Fig. 31. Internal distribution of flow velocity (Effect of height of apparatus).

2.6 Simulation of Vibrating Slump Test

(1) Method of Analysis

The consolidation of fresh concrete is generally performed by high frequency vibration.
To examine the effects of various parameters related to vibrating force, such as acceleration,
direction and frequency, on the flow properties of fresh concrete, the slump test subjected to
vibration shown in Fig. 32 was used as a simple example.

Vibrating acceleration is introduced as nodal force, which is reversed reciprocally step by
step because this is the simplest method of calculation. Large forces act in momentary time,
and some elements of fresh concrete yield and flow. Even if the direction of vibration is hori-
zontal, reciprocal force makes the concrete flow down in the direction of weight. Thus it is
observed that the rheological constants of fresh concrete subjected to vibration become small.
Furthermore, the normal stress acting on slip area of the form surface varies in response to
the vibrating acceleration, and the slipping resistance decreases when the normal stress
becomes small.

L
i |

r---
1
1

Element -
1

I

30

Vibration

L 90 | Unit:cm !

Fig. 32. Analytical example and finite element idealization for simulation
of slump test subjected to vibration.
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Earlier studies to measure the rheological properties of fresh concrete subjected to vibra-
tion report that the rheological constants become small due to structural failure'”. However,
it is impossible to measure accurately the properties of concrete under vibration, except for
the effects of the contact of concrete with the surface of a vessel and the internal distribution
of the vibrating force. In this analytical method, the effect of vibration can be estimated using

the data obtained in the static state.

(2} Analytical Results and Discussion

Fig. 33 shows typical examples of the results of this simulation — the longitudinal axis
represents the falling of the top surface of fresh concrete in the slump cone (slumping); the
lateral axis represents the time after lifting of the slump cone. As shown in Fig. 33, the veloc-
ity of slumping and slump value (at the end of slumping) increase with increasing acceleration
of vibration from 1g to 4g. The yield value t, of 20 gf/ cm’, used as one of the input data
to obtain the analytical result in Fig. 33, corresponds to the value of zero slump concrete.

Il
L
—
v
o0
g
g
3
7 R Horizontal
Vertical
Ty=20gf/cm® n=0.3kPa-s
[¢] 1 2
Time t (sec.)
(a) n = 0.3 kPa-s
O RET==——C
e T~~e T T 16—
NN S~ ——— ]
'\\\\ ~ - -
= A \\\ 2G. _ -
=] N \;N‘\
S 10 DN .
- > < 16 e D
e 3,
o0 \ZJG \\
g N pos
[=9
g 20 T S
= 3G S~ _ T~ .
----- Horizontal 4G
Vertical Tchng/cmz n=0.1kPa-s
0 1 2

Time t (sec.)

Fig. 33. Effect of acceleration and direction of vibration on slumping(sl.) — time(t) curves.
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By acceleration of 4g, such dry mixed concrete behaves like wet mixed concrete whose slump
value is 20 cm. The flowing speed of fresh concrete subjected to vertical acceleration is higher
than that for horizontal acceleration, but the slump value at the end of slumping is hardly af-
fected by the direction of acceleration. The effect of vibration on the plasticizing of concrete
increases with decreasing plastic viscosity m independently of the direction of acceleration. It
is well known that the yield value of fresh concrete generally becomes small with admixing of
superplasticizer, and the plastic viscosity hardly changes. Consequently, the plastic viscosity
of superplasticized concrete is much larger than that of normal concrete of the same slump
value. The slump value is mainly related to the yield value only, according to the simulation
result mentioned above, and the difference of plastic viscosity between normal and superplas-
ticized concrete is not indicated clearly by the slump test. This analytical result, however,
shows the considerable effect of plastic viscosity on the behavior of fresh concrete subjected
to vibration, and it is necessary to establish a rational method for evaluating the consistency
of fresh concrete such as superplasticized concrete.

Fig. 34 shows the effect of vibration on the relationship between the yield value and the
slump value. As shown in this figure, concrete of slump value larger than 5 cm generally be-
haves like that of slump value 25 cm, by a comparatively small acceleration of 2g. The effect
of frequency of vibration on the slumping — time curve is shown in Fig. 35. The velocity of
flowing becomes slightly greater with decreasing frequency, but the frequency of vibration has
no effect on the behavior of fresh concrete in the frequency range 25—100 Hz at the same ac-
celeration. If the amplitude of vibration is constant, the frequency is increased because of in-
creasing acceleration.

Yield stress Ty (gf/cm?)

n=0.22kPa-s

0 10 20 30
Slump Sl.(cm)

Fig. 34. Effect of acceleration and direction of vibration on relationship between
yield value(t,) and slump value(SL.).
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0
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\
W 25Hz
E \ \\
'\  mm===e- 100Hz
13} \
\‘/ 104 \\ \\
—t \ \\
@ A
\S
60
5 \
8. \\ n=0~3kPa.s
3 204 AN
o = n=0.1kPa-s
Ty=20gf/cm2 Vertical 4G
0 1 2

Time t (sec.)

Fig. 35. Effect of frequency of vibration on slumping(sl.) — time(t) curve.

2.7 Simulation of Vibrating Consistency Test

An example of analysis and idealization for the finite element method is shown in Fig.
36; the analytical results are shown in Fig. 37 and Fig. 38. The maximum acceleration in the
standard vibrating consistency test is 1g (the amplitude is 0.8 mm and the frequency is
25Hz). In the simulation, however, fresh concrete of slump value 3 cm (v,=16 gt/ cmz,
1 =0.2kPa - s) does not become flat in the vessel when it is subjected to vertical acceleration
of less than 3g, as shown in Fig. 38. It is thought that the disagreement results from ignoring
the segregation due to vibration in the analysis, and the simulation method cannot be applied
for the analysis of bleeding or rising of mortar and paste in fresh concrete. The upper portion
of fresh concrete in the apparatus becomes comparatively flowable under vibration. This
means that the two rheological constants of fresh concrete in the upper portion are smaller
than those in the lower portion.

‘L . Vibration I

*

W

| 20 } Unit:cm

L

Fig. 36. Analytical example and finite element idealization for simulation of vibrating consistency test.
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Fig. 37. Analytical result of deformation.

0
- 1G
=]
A
@ 3c
Z’o 10+ 5G
5 8G
jo%
g
—t
« 25Hz Vertical
Ty'—"légf/cm2 n=0.2kPa-s
20
0 4 8

Time t (sec.)

Fig. 38. Analytical result of effect of acceleration on slumping(sl.) — time(t) curves.
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2.8 Simulation of Flowing in a Small Model Form

Fig. 39 shows a small model form made of acrylic resin used in the experiment. First,
half of the form is filled with fresh concrete, and when the central separator is pulled up, con-
crete starts to flow in the form. After the flow of fresh concrete under its own weight stops,
the form is vibrated (60 Hz, 2g), and the relationship between the height of top surface of
concrete and vibration time, i.e. the slumping — time curve, is measured until the concrete as-
sumes a flat shape in the form.

Element

7
AN
NN

N
AL

X

- (=777 =---
! {
! ;
! [ i &
| i | =
| 1 1 2
{ ; l
{ {
{ { 5
: 1:y=3gf/cm2 { Ty=3gf/cm
| n =0.06kPa-s : n =0.10kPa-s
( No vibration ! No vibration
! {
[ [T
(a) n = 0.3 kPa-s {(b) n = 0.1 kPa-s

Fig. 41. Analytical result in the case of no vibration.
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In the analysis, the shape and size of the form in the experiment were used as input data,
and the finite element idealization shown in Fig. 40 was applied. Some examples of the analy-
tical results are shown in Figs. 41—43. The analytical and experimental results of the flow of
wet mixed mortar under no vibration are in good agreement, as shown in Figs. 43, 44 and
Photo. 3. Fig. 45 compares measured and calculated slumping — time curves of fresh con-
crete subjected to vibration. The rheological constants used in the analysis as input data were
estimated from the results of slump and flow tests. It is clear from this figure that while the
shapes of measured and calculated slumping — time curves are similar, the calculated curves
become flat earlier. The vibrating table used in the experiment gives rotating movement in
the x-z plane, represented by a two-dimensional sinusoidal wave, but in this analysis a 1-di-
rectional rectangular wave used, as shown in Fig. 46, because of limited computer capacity.

Experimental
(Ty=49£/cm’,n=0.065kPa-s)

S~

Calculated
(Ty=4gf/cm?,n=0.060kPa-s)

Fig. 44. Comparison between experimental and analytical results of shape at the surface of form.

Photo. 3. Vibrating box test of mortar.



100 H. Mori and Y. Tanigawa
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Y (y-z direction)
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L \ Experimental
= Y\ (x-z direction)
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& .
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~
3 104 B
>/ TeS===ao. . TTT=s
Calculated by FEM
(vibration of x direction,
Ty=12gf/cm2,n-0.3kPa-s)
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T

0 5 10
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Fig. 45. Comparison between experimental and analytical results of slumping(sl.) — time(t) curves.

Rectangular wave

e

Triangular wave

I NN
NN NS

Sinusoid wave

N /N /N
N

Fig. 46. Input waves of vibration.

The responses of the simplest structure, which consists of a single weight and element, by
input acceleration of sinusoidal and rectangular waves are compared in Fig. 47, and the dif-
ference between the responses of two input waves in the Bingham model is larger than those
in the Newtonian model, whose yield value is zero. The triangular wave was then used as
input, and the analytical results shown in Fig. 48 were obtained, experimental and calculated

curves agreeing well.
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-- Rectangular wave
______ %‘ Sinusoid wave

Newton model

Bingham model

Displacement

Time

Fig. 47. Response of displacement in simple model.

0
\\ Experimental
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S 10 X T~
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Calculated by FEM
(Ty=12gf/cm2 ,N=0.4kPa-s)
(ty=12gf/cm® ,n=0.26kPa- s)
15 Vibrated by triangular wave
= T
0 5 10

Time t (sec.)

Fig. 48. Comparison between experimental and analytical results of slumping(sl.) — time(t) curves.

2.9 Simulation of VB Test

The VB apparatus used in the experiment is shown in Fig. 49. In this experiment, normal
concrete and under water concrete (1% dosage of segregation control agent by weight of ce-
ment) were used. The same vibrating table was used as for the small model form test de-
scribed above.

An example of the analytical results is shown in Fig. 50; experimental and analytical
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Displacement
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Fig. 49. VB test. Fig. 50. Analytical result of deformation.
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Fig. 51. Comparison between experimental and analytical results of slumping(sl.) — time(t) curves.

slumping — time curves are compared in Fig. 51. The analytical curves by triangular input
wave can estimate the experimental result accurately, but the shape at the end of deformation
is not flat in the analysis. This difference was also observed in simulating the vibrating con-
sistency test mentioned above. For more accurate simulation it is necessary to investigate the
segregation behavior of concrete from a rheological standpoint.
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It is not easy to measure the rheological constants of comparatively dry mixed concrete
exactly, because its properties cannot be expressed by a Bingham model due to the frictional
and interlocking effect of aggregate. If such a technique is established, this analytical method
should become more effective for the workability design of concreting works.

3. Viscoplastic Suspension Element Method

3.1 Outline of Analysis

(Set initial condition(t=0)]

(1) Characteristics of Analysis

The characteristics of VFEM and
VSEM (viscoplastic suspension element
method) are shown in Table 7, and the
process of calculation in VSEM is shown
in Fig. 52. The flow of fresh concrete is re-
sulted from the deformation of matrix be-
tween aggregates. To simulate the motion
of stiff sphere particles in a viscoplastic
body, cylindrical suspension elements with
viscoplastic properties are constituted be-
tween a pair of particles when they are
closer than a certain distance as shown in
Fig. 53(a). Then the displacement of all
particles are calculated based on the com-
pressive and shear deformations of suspen-

[Make up suspension elements]

lCalcu]ate bandﬁwidtﬂ

L
[Calculate Toad term|

[Calcu]ate stress of element]
N

[Calculate strain rate]

[Ca lculate dummy force ]
1

[Calculate deformation|

Loop over each time(t=t+At)

[Renew nodal coordinate]

{Write result to memoryf

i

sion elements as shown in Fig. 53(b). The
deformation of fresh concrete is calculated

Fig. 52. Flow-chart of program for viscoplastic
suspension element method (VSEM).

Table 7. Characteristics of VFEM and VSEM.

Suspension Element Method
QIt is simple to
restrictive condition.
OMotion of node is flexible.
(It is able to simulate complex
behaviors of concrete such as
collapse, separation, and mixing.)
QO Rheological constants of mortar can
be used.

(There are many
results on them.)
QIt is able to simulate the effects
" of aggregate and rheological

properties of matrix.
Alarge calculation time and memory
are necessary.

dispose of

experimental

Visco-plastic Finite Element Method

QO Calculation time and memory used
are relatively small.

O Accuracy of calculation is good
in case of homogeneous continuum
model.

QO Rheological
can be used.

A Segregation can not be analyzed.

A It dis complex to dispose
restrictive condition.

constants of concrete

of

QOStable solution can be obtained.

Q1It is able to introduce the yield
value in terms of stress state.

Alt is necessary to calculate
approximate force of inertia.

A1t is necessary to dispose of free

Dymamic Suspension Element Method

QIt is unnecessary to calculate
approximate force of inertia.

O1lIt is unnecessary to dispose of
free nodes.

AWhen the yield value 1is high,
the result of calculation becomes
unstable.

nodes.
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at each 0.00001 sec.. The relative locations of particles change at each step, and suspension
elements appear or disappear automatically. Thus complex flow behaviors of concrete related
to aggregates can be analyzed by this method.

Suspension
element

(a) Suspension element

Compression
< | ————> =

Shear i

K’—“""“E

dvennna

¥

prnennnenas Tannenaanaiay

Suspension element

=

(b) Coordinate system and deformation of element

Fig. 53. Idealization of VSEM.

Boundary surface

Nodal point

Suspension elemerit

Aggregate

Slipping
suspension
element

Dummy
nodal point

Fig. 54. Formation of suspension elements.
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(2) Boundary Condition

For a particle near boundary surface, a slipping suspension element is constituted be-
tween the particle and boundary surface as shown in Fig. 54, which expresses the slipping re-
sistance between fresh concrete and the surface of form or pipe, etc..

(3) Constitutive Law and Yield Function

In the present analysis, the constitutive law and yield condition of Bingham model which
are expressed by yield value T, and plastic viscosity v are used to represent the rheological
properties of fresh concrete.

(4) Coarse Aggregate and Mix Proportions

Coarse aggregates have various shapes and sizes in general, but, sphere particles with a
certain diameter are used in this analytical method. When a coarse aggregate touches another
one, the resisting elastic force will act between both particles. So the minimum length is as-
sumed in this method, which will be a function of the shape of coarse aggregate. And the
maximum length of suspension element should be a function of mix proportions i.e., the vol-
ume of matrix and aggregate. However it is very difficult to evaluate these functions, thus in
this analysis, the constant values shown in Table 8 are used.

Table 8. Minimum and maximum lengths of suspension element.

2;’-‘4'7‘, 12'-‘2"”.

where,
r : radius of sphere,
£,: maximum length to constitute a suspension element,
£2: minimum length to estimate touch of two spheres.

3. 2 Examination of Analytical Method

A simple model test was carried out
to examine the applicability of VSEM. The
material used is consisted of 24 mm glass
beads as coarse aggregates and 5% segre- ~
gation control agent diluted with water as
matrix. An acrylic model form as shown in
Fig. 55 was used, and the flow behavior
was recorded by a high speed VIR system.
The material is cast into the left side of the
form as shown in Photo. 4(a), and starts to
flow toward the right side by the self-
weight after pulling up the separator. Ex-
perimental results are shown in Photo.
4(b) and Photo. 4(c), and analytical ones
by VSEM are shown in Fig. 56. According <
to these figures, it can be said that this o [Unit:cm]

analytical method has enough accuracy Fig. 55. Two-dimensional modeled form.
to estimate the flow behavior of fresh

24
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(a) Osec.

(b) 8sec.

(c) 20sec.

Photo. 4. Experimental result of flow behavior in two-dimensional form.
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0
Acrylic form—__]
Glass beads ~—__|

4 8

O )

14 22
0.8 Of K

(Unit:sec.]

Fig. 56. Analytical result of flow behavior in two-dimensional form.

107

concrete. A little difference between experimental and analytical results may be resulted from
the following causes: the variety of size of glass beads used, a little vibration caused when the
separator is pulled up, and some assumptions used in the analytical method, and so on.

An analytical result of the flow behavior in three-dimensional model form is shown in
Fig. 57. The suspension element method can be easily applied to three-dimensional prob-
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Fresh concrete

Acrylic form

Fig. 57. Analytical result of flow behavior in three-dimensional form.



Simulation methods of fluidity of fresh concrete 109

3.3 Simulation of Slump Test

A two-dimensional slump test was simulated as a simple example. The touch of concrete
to the slump cone at lifting is not considered. Fig. 58 and Fig. 59 show the analytical results.

The shape of top surface and the deformation behavior affected by the rubbing of bot-
tom surface are similar to the analytical results obtained by the VFEM mentioned above.
They are also similar to the experimental results by the actual slump test. Aggregates fall
down unsymmetrically because the initial aggregate location is not necessary symmetrical.

The rheological constants shown in Fig. 58 and Fig. 59 correspond to those of mortar
matrix in the concrete. The rheological constants in Fig. 59 are higher than those in Fig. 58,
and these figures correspond to wet and dry mixed concrete with the same volume of coarse
aggregate, respectively.

0.7
Ty=]gf/cm2'n=0_o3kpa.s [Unit:sec.]

Fig. 58. Analytical result of two-dimensional slump test (Wet mixed concrete).

resu'es

0.1 0.3 0.7
‘ry=10gf/cm2.n=0.06k9a's : {Unit:sec.]

Fig. 59. Analytical result of two-dimensional slump test (Dry mixed concrete).
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3.4 Simulation of L-type Flow Test

The apparatus of L-type flow test developed to estimate the consistency of high and
ultra-high strength concrete is shown in Fig. 60. Concrete flows from the exit at the lower

L-type form

Infrared sensor

=
b=t
513
8 8
[Unit:cm.]
Fig. 60. L-type flow test.
3
S e
0.2 0.6 3.0
Ty=1gf/cm?,n=0.1kPa+s [Unit:sec. ]
=
1.0 1.0 1.0 1.0
Ty=3gf/cm?, Ty=1gf/cm2. Ty=3gf/cm?, 'ty=1gf/cm2,
n=0.1kPa-s n=0.2kPa+s n=0.2kPa+s n=0.3kPa-s

Fig. 61. Analytical result of L-type flow test.
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Fig. 62. Analytical result of relationship between L-type flow and time.

portion of form, and the slump and flow
values (L-type slump value and L-type
flow value, respectively) are measured.
These values are used for expressing the
consistency of fresh concrete. e

The simulation of L-type flow test was
carried out as a two-dimensional problem.
Analytical results are shown in Fig. 61 and
the flowing — time relation is shown in Fig.
62. As shown in these figures, the flow be-
havior is affected by the yield value and
the plastic viscosity.

A pair of infrared sensors were set on
the apparatus (one was set at 3 cm and the
other at 8cm from the exit). They are
turned on and off respectively when fresh
concrete reaches to the locations, and the
velocity of flow (L-type flow velocity, Lfv)
was measured. The relationship between
L-type flow velocity and plastic viscosity — . i
obtained by the analysis is shown in Fig. 0 0.1 0.2 0.3
63. It may be possible to estimate the yield Plastic viscosity n (kPa-s)
value and the plastic viscosity of fresh con-
crete by the slump value and the initial vel-
ocity of L-type flow.

12

Ty=1gf/cm?

(¢m/sec.)
i0

8
|

Initial velocity of L-type flow

4 L]

Fig. 63. Relationship between L-type flow
velocity and plastic viscosity.
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3.5 Simulation of Vibrating Box Test

It is necessary to consider the effects of reinforcement and vibration for examining the
compactability of fresh concrete in a form. Especially, the flowability of fresh concrete in nar-
row space between reinforcements and the cohesive force between matrix and coarse aggre-
gate are important. The space between reinforcements is related to the size and amount of
coarse aggregate, and the cohesive force is affected by vibration. It is difficult to estimate the
effects of these factors by an analytical method using an uniform continuous model in
VFEM. The VSEM using the two phase model can be applied to analyze these behaviors di-
rectly.

The authors have carried out a box test on a vibration table and obtained the test results
related to the behavior of fresh concrete under vibration'®. Fig. 64 shows the shape and size
of the apparatus used, and Fig. 65 shows the analytical results of the box test. A black
triangle mark shown in Fig. 65 indicates the height of fresh concrete obtained by the experi-
ment. The rheological constants, frequency and acceleration of vibration obtained by the ex-
periment were used in the analysis.

10

Reinforcement

20

13.313.33.3]

[Unit:em. ]

Fig. 64. Vibrating box test.

The flow of fresh concrete stopped at the location of reinforcement under no vibration
(this behavior is not shown in the figure), but as shown in Fig. 65, fresh concrete becomes
very flowable subjected to vibration. The shape of concrete flowing out from the exit is simi-
lar to that observed by the experiment. According to the analytical result in Fig. 65, the right
lower part of fresh concrete hardly deforms, and the upper part covering the lower part flows
out the left side.

When the reinforcing bars are arranged as shown in Fig. 65(b), coarse aggregates flow to
the left side avoiding them, and concrete does not flow so easily as in the case of no rein-
forcement. The VSEM appears to explain the experimental results fairly well, though the
analysis is two-dimensional.
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Experimental

Experimental
0.5 1.0

9,
2.0.0.9.0.6.5 JLXX

Ty=1gf/cm?,n=0.03kPa+s [Unit:sec. ] ty=1gf/cm? ,n=0.05kPars [Unit:sec. ]

(a) No reinforcement (b) With reinforcement

Fig. 65. Analytical result of flow behavior in vibrating box test.
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|5

45
60

Reinforcement
/

éfsl

30
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Fig. 66. Size of RC beam.
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3.6 Simulation of Casting into Formwork of RC Beam

As an example of a more practical concreting work, a simulation of casting to a form of
RC beam was carried out. The size of section and analytical idealization are shown in Fig. 66,
and the analytical results are shown in Fig. 67. As shown in Fig. 67(a) which indicates the re-
sult for wet mixed concrete, complex behaviors such as separating and gathering of coarse ag-
gregates can be simulated. As shown in Fig. 67(b) which indicates the result for dry mixed
concrete, the casting velocity becomes slower than that for wet mixed one.

0.100'
e o0
O ol
oPCA0CAO~
ah

:woo.gg o=y
P eleiss 0'!:
0 0

Ty=1gf/cm*, n=0.05kPa-s

(a) Wet mixed concrete

0.1
Ty=59f/cm2. n=0.05kPa-s

[Unit:sec.]

(b) Dry mixed concrete

Fig. 67. Analytical result of casting to RC beam.

3.7 Simulation of Casting into Formwork of RC Wall

The size of section of RC wall used for the analysis and the analytical results are shown
in Fig. 68 and Fig. 69, respectively. The reinforcements are located parallel to the form at the
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Fig. 68. Size of RC wall. Fig. 69. Analytical result of casting to RC wall.
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spacing of 10 cm. It is supposed that there is a large amount of concrete in the portion over
the height of 100 cm as in the casting by bucket, and nodal force corresponding to the weight
of fresh concrete existing in the upper portion over 100 cm acts on each coarse aggregate.
The flow of fresh concrete is arrested by the highest reinforcement, concrete flows to the
center portion of the section, then fresh concrete near the form falls down, as shown in Fig.
69. Fresh concrete cast in the center portion of the form hardly flows to the portion of the
cover of reinforcement. In this analysis, a constant size of coarse aggregate is used but it may
be possible by using various sizes of coarse aggregate to estimate more accurately the flow be-
havior of fresh concrete considering the bearing effect by small size of aggregate and the
compactability of fresh concrete in narrow space such as the cover portion of reinforcement.
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3.8 Simulation of Pumpability in Tapered Pipe

(1) Outline of Analysis

The simulation is carried out by using simple models of two-dimensional tapered pipe.
Two different series of examples are prepared in this analysis, i.e., H and V series in which
pipes are set horizontally and vertically respectively. The shape and size of modeled tapered
pipes used are shown in Fig. 70 and Table 9. Aggregates in fresh concrete flowing in pipe ap-
pear near the entrance of pipe (section S), and disappear near the exit (section E). A certain
pressure is loaded to aggregates before the section A in the axial direction of pipe. Input data
of pumping pressure, rheological properties of matrix and slipping resistance are shown in
Table 10. The values of slipping resistance were obtained by the experiment mentioned
above. The diameter of particles (aggregates) is 10 mm in this simulation.

[ Tq ]
s A B C D E  T,-T
HT64-10 r=Th/Td
S S S
‘ A A l }A
B 8 B
¢ t—Fc¢ ——f¢
S A B C D€ D D D
HS66 —T € ; €
. VT65-10 VT64-IN VT64-20
S S S S
A A A A
J ]8 B
C C B_ 8
D D ¢
£ — c
VT64-10 . 0
VS66  VT63-10 o
£
VT64-05

Fig. 70. Form of modeled pipe and section for simulation.
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Table 9. Shape and size of modeled pipe.

T
Direction Shape Entrance(P)|[Exit(Py) r:g?;((e?r)
HiHorizoa= 15 ISt raight 31 3.0 |{os| sz
tal 6 6.0 al 4.0 ||10] 107
ViVertical||T|Tapered 5{ 5.0 20] 202
6] 6.0 IN| o
Series SVA AB BvC [6g%)] 1%
HS66 3.5 4.3 3.3 4.8 1.5
VS66 3.5 4.3 3.3 4.8 6.5
HT64-10 3.5 4.3 3.3 4.8 1.5
VT64~IN 3.5 2.7 1.7 3.2 1.5
VT64-10 3.5 4.3 3.3 4.8 1.5
VT63-10 3.5 6.0 5.0 6.5 1.5
V765-10 3.5 2.1 1.7 3.2 1.5
VT64-05 3.5 7.7 6.7 8.2 1.5
VT64-20 3.5 2.7 1.7 3.5 1.5
Unit:cm.
Table 10. Input data of fresh concrete.
Ag(mm) n(kPass) Iy(gf/cmz)
10 0.05v0.10 1.00v10.0
S, S, Ss Sy
0.0000.04 | 0.0n0.7 | 0.10.3 | 0.72.5
[Notes]

Ag:Size of aggregate, n:Plastic viscosity,

Ty:Yield value,

following

Op:Slipping
B: Slipping

equation ;

stress (gf/cm?).

Slr\/Sq .

resistance
velocity (cm/sec), Op:Normal

stress

Parameters
0p=51B0+S,B+S30,+S4,

in the

(gf/cm?),

117
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(2) Horizontal Pipe

Several analytical results obtained by H series are shown in Fig. 71. In this figure, some
aggregates are marked to clarify the motion of aggregates, and the plug flow can be observed.

As shown in the analytical results, the flow behavior is considerably complicated by slip-
ping resistance between concrete and wall of pipe, especially in case of horizontal pipes. In
this paper, to clarify the effects of rheological properties of fresh concrete and shape of pipes
on the flow behavior, the results obtained by V series (vertical pipes) are discussed in the fol-
lowing, in which the slipping resistance has less influence on the flow behavior of fresh con-
crete than that in H series.

0.0 sec.
HS66
n=0.05kPa*s
T,=0. 5gf/cm®
0. 3sec. 0.4 sec. Pressure=500gf/cm?

K 0™ e
A3 (.‘. '@

0.4 sec.

HT64-10
n=0.05kPa¢s
Ty=0.5gf/cm?

0.8 sec. Pressure=500gf/cm?

Fig. 71. Analytical results of flow behavior in modeled pipe (H series).

0.0 sec. 0.0 sec. 4.0 sec. 8.0 sec.

OO0
see?

VS66 VT64-10
n=0. OSkPﬁ' 52 n=0.10kPa-s
Ty=1.0gf/cm 1,=10.0gf/cm?
P¥essure=509f/cm2 P?‘,;ss.ur‘e=5091’/'crn2

Fig. 72. Analytical results of flow behavior in modeled pipe (V series).
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(3) Vertical Pipe

Some examples of analytical results obtained by V series are shown in Fig. 72. The flow
velocity at each section of pipes is calculated from the analytical results, and used in the fol-
lowing discussion.

Fig. 73 shows an example of analytical results indicating the relationship between flow
velocity and position x of aggregates in pipe. As shown in this figure, the flow velocity is al-
most constant except for the portion near the entrance, and the plug flow can be observed in
every portion.

The relationship between average velocity in each section and time t is shown in Fig. 74.
The sections (A-D) in Fig. 74 are as shown in Fig. 70 mentioned above. It is clear in this
figure that the flow velocity in each section decreases with time, and tends to become con-

stant gradually.

~ VT64-10 ’;

b4 n=0.1kPa*s @ |

Ew- 1y=1.09f/cm? E ©
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¢ o 9 o

> <

J 5

~ < ~
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Fig. 73. Relationship between flow velocity and position (x) of aggregates in pipe.
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Fig. 74. Relationship between flow velocity and time (t).
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In Fig. 75, the flow velocities in a straight pipe (VS66) and a tapered pipe (VT64-10)
are compared. The flow velocities in the straight pipe are larger than those in the tapered
pipe, and decrease with the increase of the distance from entrance because of the friction be-
tween concrete and inside wall of pipe. The flow velocities in the tapered pipe, however
hardly change in the section B through D.

Ty=1.0gf/cn’ n=0.05kPa-s
2
n=0.05kPa*s O @ T‘,,=L09f/cm2 o e
o n=0.10kPa*s A A - Ty=5.09f/cm [=] =
w4 w4

Straight pipe

é (Vs66) 5;‘;

Rl T

A <

> > Straight pipe

- -

= e T o ~. (VS66)
R N

2 8 feO -0

@ w

> >

Tapered pipe
(VT64-10)

Tapered pipe

(VT64-10)
T T T T T 4 v T
A 8 C 0 A 8 C 4]
Section Section

Fig. 75. Comparison of flow velocities in straight pipe and tapered pipe.

The effects of yield value and plastic viscosity of fresh concrete flowing in tapered pipes
on the flow velocity are shown in Fig. 76 and Fig. 77, respectively. It is shown in these figures
that the flow velocities decrease, or the interlocking of fresh concrete occurs with increasing
yield value and plastic viscosity.

As shown in Fig. 76(a) and Fig. 77(a), the flow velocities decrease with the decrease of
diameter of exit Po for the same tapered ratio Tr, because the resistance against flow
becomes large. On the other hand, as in Fig. 76(b) and Fig. 77(b), the flow velocity in the
section D (non-tapered section) increases with increasing tapered ratio Tr when the yield
value is small. When the yield value becomes large, however, the flow velocity decreases with
increasing tapered ratio, as shown in Fig. 76(b). That is to say, there is the most rational
tapered ratio, and it is affected by rheological constants of fresh concrete.

In Fig. 78, the flow velocity in a tapered pipe is compared with that in the pipe which is
jointed two pipes with different diameters. No blocking is observed at the jointed portion in
this analysis, but the flow velocities in the jointed pipe are considerably smaller than those in
the tapered pipe. As shown in Fig. 70 and Fig. 71 mentioned above or in a previous ex-
perimental study’s), the aggregates in concrete pumped in pipe tend to accumulate at tapered
portions. In this analysis, the complete formation of blocking can not be expressed, because
the frictional resistance is not introduced at the surface of aggregates touching each other.
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The factors affecting the mechanism of blocking would be able to clarify analytically, pro-
vided that the parameters related to the friction between aggregates are known.

Ty 1.0gf/cn? 5. 0f /cm? Po=dcm,n=0.05Pa"s
Sem o O .ty 1.0gf/fem®  5.0gf/cm?
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Fig. 76. Effect of yield value on flow velocity.

2
A 0.05kPars 0.10kPa-s Pomem. 1y=1.0gf/cm .
Pg o A n 0.05kPass 0.10kPa-s
cm
0 A wo T,
dem Q. a 0.05 o A
Scm [ A 0.10 [¢] A
0.20 e A
o o o —° ©
S G
W @
g s
€ =3
N4 Ao Ak A N4
> >
- -t
- - o
I I RTINS SN
K e &
a B
N N -
oo ~ o~ - NS -
N \g:f_:::ﬁ
R NN
T,_=0.10.ry=1.09f/<:m2
T T T T T T T T
A 8 C ) A 8 c 0
Section Section

Fig. 77. Effect of plastic viscosity on flow velocity.
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Fig. 78. Comparison of flow velocities in jointed pipe and tapered pipe.

4. Viscoplastic Divided Space Element Method

Outline of Analysis

(1) Characteristics of Analysis

The characteristics of viscoplastic divided space element method (VDEM) are shown

and compared with those of VFEM in Table 11.

Table 11. Characteristics of VDEM and VSEM

Items

Viscoplastic divided space
element method - VDEM -

Viscoplastic finite element
method - VFEM -

Input parameters

*Rheological constants of fresh
concrete.

| *Rheological constants of fresh
concrete.

Analytical method

*Divide all space into elements
and cells, and calculate
whether fresh concrete exists
in each cell or not.

*Divide fresh concrete into
elements, and calculate defor-
mation of elements.

Description of flow

*Displacement of markers.

*Displacement of nodal points.

Characteristics

*Large deformation, separating

and gathering are easily
analized.
*This method is applicable to

macro problem.
*Accuracy of solution
on size of cell.
*Boundary condition is simple.

depends

*Applicable subjects are
limited for restraint of
element construction.

*This method applicable to
micro problem.

*Accurate solution can be ob-
tained if deformation is small.

*Boundary condition is com~
plicated.

i3
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In this simulation method, the space where concrete will be cast in form is divided into
finite elements before calculation. Two-dimensional quadratic elements with 8 nodal points
are used as space divided elements in the analysis. Each space element has nine — 3 by 3 —
integral areas, and those small areas are called “cell” herein. Every cell has each attribute of
the material filled there. For example, in the present analysis, two types of attributes are pre-
pared corresponding to existence or none of fresh concrete in the portion, and more numbers
of attributes can be used for more complex simulation.

The process of calculation in VDEM is shown in Fig. 79. In the calculation of VFEM,
the coordinates of nodal points are changed with time step according to the deformation rate
of each element, but in that of VDEM, the markers in elements displace instead of nodal
points. The deformation of fresh concrete is expressed by the displacement of the markers in
VDEM, and it is most different from the simulation by VFEM where the deformation is ex-
pressed by the displacement of nodal points. The coordinates of markers are calculated by
the displacement rate of nodal points obtained by calculation at each time step. The process
of calculation is similar to the MAC method used in general hydrodynamics simulation for air
and liquids.

Air element

Fixed point

Air

Pressure

=
VA
=

”

A

Displaced marker Z ¢oncrete

Fig. 79. Process of calculation in viscoplastic divided space element method (VDEM).

(2) Marker and Cell

The attribute of cell is switched according to the kind of material, air or concrete in it,
and varies with each time step. When a marker comes into a certain cell, this cell is assumed
to be full with fresh concrete, that is, the cell has the attribute of concrete. If a material con-
sists of three or more components, it is necessary to give three or more attributes to the mar-
kers, and to consider a switching rule of cell attribute according to the attributes of markers.
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(3) Method of Calculation

The viscoplastic calculation technique in VDEM is the same with that in VFEM, whose
applicability has been examined by many simulations and experimental results mentioned
above. Force such as pressure is input as the equivalent nodal force, and the selfweight of
material is calculated according to the attribute of cell at each step of time to obtain the equi-
valent nodal force. In this analysis, all nodal points on the surface of form wall are treated as
fixed points. For more accurate analysis or saving computed memory, slipping elements can
be used which are applied in VFEM analysis.

In the present analysis, the constitutive law and yield condition for the Bingham model
are used to express the theological properties of fresh concrete. The computer program has
been developed from that for VFEM.

The flow chart of VDEM is shown in Fig. 80. It is assumed that the yield value and the
plastic viscosity of the cell with attribute of air is zero and 0.01 times of that of fresh con-
crete, respectively.

[Read input data]
i

rSet initial condition(t=O)J I ) I

N L T S

[calculate Toad term ] ‘

| I

[Ccalculate stress of element | ‘( B
[

{
{Calcu]ate strain rateJ l

{talcu]ate dummy force]
¥

Calculate displacement
of node — -1 .
1 — _ .

lRenew coordinate of marker] \ l
!
{Write result to memoryJ l 40 1

Loop over each time(t=t+At)

END Unit:cm

Fig. 80. Flow-chart of program for VDEM. Fig. 81. Section and idealization for simulation.

4.2 Simulation of Casting into RC Beam

Some analytical results of the flow behavior of fresh concrete cast into a section of RC
beam are shown. The shape of the section and the idealization to space divided elements are
illustrated in Fig. 81. The analytical results are shown in Fig. 82 and Fig. 83 with the input
values of rheological constants for wet mixed and dry mixed concretes, respectively. As
shown in these figures, the complex behaviors of fresh concrete, such as separating or gather-
ing, can be simulated by the analysis because of the flexibility of this analytical model, in
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which the deformation of fresh concrete is expressed by the displacement of markers, not of
nodal points. Furthermore, the boundary condition is easily introduced in this analysis to
consider the shape of section and the arrangement of reinforcements, because all elements
never deform and all fixed nodal points never displace through calculation.

0.0 ; 0.5 i 0.0 3 0.5
[ t / ‘ '
Reinforcement o Reinforcement
Form Form
[ -] - -} a @ & ]
1.0 1.0 1.5
[ B -]
& B = a -4

Ay

N W - b
Ty=4gf/cm2.n=0.2kPa's Unit:sec. Iy=89f/cm2‘n=0.4kPa-s Unit:sec.
Fig. 82. Analytical result in the case of Fig. 83. Analytical result in the case of

wet mixed concrete. dry mixed concrete.

4.3 Simulation of Casting into RC Wall

The shape of the RC wall form and the idealization to space divided elements are illus-
trated in Fig. 84, and some examples of results obtained by the simulation are shown in Fig.
85, where the fresh concrete is cast from three locations. As shown in these figures, this
method can be applied to a problem of large deformation such as the behavior of fresh con-
crete flowing into wide area in the form.
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Fig. 84. Form and idealization for simulation.
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Fig. 85. Example of analytical results.

(a) Casting from P1
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Fig. 85. Example of analytical results. (b) Casting from P2

This analytical method can be also applied to the simulation for considering the effects
of vibration, reinforcement, slump loss of concrete with time, etc., by changing the properties
of materials in each cell according to the portion or time. An example of analytical model is
shown in Fig. 86. The input data of rheological properties are changed at each portion where
fresh concrete becomes flowable subjected to vibration, or it is arrested to flow by densely re-
inforced bars.

The effects of vibration and reinforcement on the flow behavior of concrete are dis-
cussed in the following. The shape of form, the idealization to space divided elements and the
vibrating points are illustrated in Fig. 87. An example of the simulation for the effect of vi-
bration is shown in Fig. 88.

Fig. 89 shows the arrangement of reinforcement, and Fig. 90 shows the results of simula-
tion. It is apparent by comparing with the results shown in Fig. 85 that the vibration and rein-
forcement remarkably affect the flow behavior of fresh concrete.
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Fig. 85. Example of analytical results. (c) Casting from P3
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Fig. 86. Idealization of plasticized and stiffened portion.
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Fig. 87. Form, idealization and plasticized portion.
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Fig. 88. Example of analytical results.
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Fig. 89. Form, idealization and stiffened portion.
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Fig. 90. Example of analytical results.
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4. 4 Examination of Analytical Method

The small modeled wall forms analyzed are shown in Fig. 91, which are also prepared
for the experiment. The forms with 0, 16 and 25 reinforcing bars (SA, SB and SC form, re-
spectively) were used in this analysis. There was no difference in the flow behavior at the
center portion from that at the portion near the surface of wall forms, and the effect of slip-
ping resistance at the surface of wall was not observed in the experiment. Therefore, this ana-
lysis was carried out as a two-dimensional problem with no slipping resistance at the surface
of wall forms. The casting speed was determined to 0.6 litter per sec. by considering the
width of 6 cm for comparing with experimental results. The reinforcing bars were expressed
by fixed nodal points in the simulation. The material (concrete) was cast from the left side of
10 cm width as in the same condition as that of the experiment shown in Fig. 92.

s Re‘infor‘cemen.t a R.efnf.orce.menf
S IR I I NI
J/—For‘m /'-FOT‘m N * ° /—Fom . ° RS 7
l 50 J L 50 | L 50 |
{Unit:em] [Unit:cm] {Unit:em]
(a) SA form (b) SB form (c) SC form

Fig. 91. Modeled wall forms.

Bucket
Pipe

ﬁn
Funnel

- Mortar

Fig. 92. Apparatus used in the experiment.

There are two approaches to consider the effect of reinforcing bars on the flow behavior
of concrete. One is to simulate the flow behavior in wall form without reinforcing bars by
using enhanced rheological properties as input data to consider the existence of reinforcing
bars, and the other is to simulate directly the flow behavior in wall form with reinforcing bars.

Some results obtained by the analysis and the experiment are shown in Fig. 93, where
dots and curves show the analytical and the experimental results, respectively. The flow beha-
vior in SA form is shown in Fig. 93(a). Figs. 93(b) and 93(c) show the analytical results of
the flow behaviors in SB and SC forms, respectively, where large rheological constants are
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Fig. 93. Comparison between experimental and analytical results.

used and the existence of reinforcing bars are not considered. Fig. 93(d) shows the analytical
results of flow behavior in SB form, where all reinforcing bars are directly considered in the
analysis.

The analytical flow behaviors are in relatively good agreement with the experimental
ones. As shown in Figs. 93(a) to 93(c), the flow speed in the experiment becomes slower
with increasing number of reinforcing bars, and rheological constants must be enhanced to
about 2 — 10 times larger than real values for simulating these behaviors accurately. The flow
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behavior in a different arrangement of reinforcement can be simulated by the analytical
method considering the reinforcing bars as boundary condition as shown in Fig. 93(d), and a
three-dimensional analysis can be carried out for considering reinforcing bars set in practice.
However, it needs a huge calculation time. Therefore, a simple two-dimensional analysis
using apparent rheological constants for considering reinforcement is more practical, if en-
hanced rheological constants can be determined reasonably.

5. Conclusion

In the present paper, three types of analytical methods, viscoplastic finite element
method, viscoplastic suspension element method and viscoplastic divided space element
method, were proposed for simulating the flow and deformation of fresh concrete. The ade-
quacy of these analytical methods was examined by comparison with some experimental re-
sults. Various behaviors of fresh concrete in consistency tests, rheological tests, vibrating
tests, pumping in pipe and casting into form and so on, can be estimated analytically by using
these simulation methods, and the relationship between the behaviors of fresh concrete in
concreting works and the rheological properties can be clarified.
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