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APPLICATION OF MULTI-PHASE MODEL
TO THE PIPE FLOW OF FRESH CONCRETE

Kazumasa OZAWA* Anura S M.NANAYAKKARA**
and Koichi MAEK AWA***

This paper is to propose the mechanical modeling in terms of the collisional and fric-
tional interaction of constituent particles for flowing fresh concrete through pipelines.
The multi-phase formulation was adopted as the basis of computing the resistant force
to the deformation arising in tapered and bent pipes. The effect of cement paste ex-
isting in fresh concrete on the particle interaction of sands and gravels was taken into
account. Approximately 20 different mixtures of concrete were examined for verifica-
tion of the numerical modeling. The analytical model was proved to be versatile to
wider variety of fresh concrete having 3-27 cm by slump and any type of deformed
pipe unit with different dimensions. It was emphasized that the pump pressure of con-
crete being driven through.the deformed pipe units can be predicted well chiefly by the
particle interaction model of aggregates and the multi-phase scheme.
Key Words : multi-phase flow, pumpability, fresh concrete, pipeline, deformability

1. INTRODUCTION

The recent demand of high grade fresh concretes
is the urgent matter of engineering to rationalize
the concrete construction, especially under the
latest social background of Japan”. Hence, the
unified approach to the mechanics of fresh concrete
is needed to make the versatile material design and
development possible. The high performance con-
crete”, which is self-placeable despite the complex-
ity of arrangement of reinforcement and highly
durable at hardened stage, is regarded as one of
targets to be approached by the advisable mecha-
nics concerned.

The authors have sought the multi-phase model
for pipe flow of fresh concrete composite and
examined what sort of behaviors the numerical
approach could cover concerning the deformation
of fresh concrete in shear produced at the tapered
and bent pipe units qualitatively”. Here, the con-
cept of partial stress was newly introduced. This
paper aims at proposing the material constitutive
models to represent the particle-to-particle in-
teraction of gravel, sand and cement paste, respec-
tively. '

For establishing the relation of the stress versus
strain rate for concrete components, we focused on
the pressure drop which is necessary to sustain the
stable particulate flow through the deformed units
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of pipes. The flow rate and associated total pres-
sure were measured around those boundary condi-
tions of various dimensions with systematically
arranged mixture proportions of fresh concrete”.

In this study, the deformed pipe units are
regarded as the testing apparatus to reproduce the
specified mode and intensity for particle-to-parti-
cle interaction®. The measured pressure is the
resultant force generated mainly by the particle
interaction and the reaction from the pipe wall. It
can be said that the relation of the pressure
measured at the inlet of the pipe and the corre-
sponding strain rate, which has been formulated
with respect to the rate of flow”?, exhibits the
stiffness of the particulate flow.

The pump transportation technology of fresh
concrete has occupied the indispensable position in
recent construction owing to its greater efficiency.
The combined pump construction and recent con-
crete with vast variety of high performance will be
realizable in the near future. Hence, it is expected
that the multi-phase model for fresh concrete flow
and material constitutive models of our great
interest will bring the mixture design procedure in
terms of the requirement on fluidity, consistency
and pumpability. Approximately 40 cases with
wide variety of mixtures and the dimensions of
deformed pipes were examined for verification of
the proposed multi-phase formulation and the
particle interaction models of components in
concrete.

2. GOVERNING EQUATIONS

The authors proposed the general formulation of
multi - component solid and liquid phases and
verified the performance”. Since the detail was
reported and cannot be covered within the limited
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space herewith, this chapter summarizes the frame
of system formulation. In the scheme of multi-
phase formulation proposed, the sectional aver-
aged volume fractions of gravel, sand, powder and
water are defined as C,, Cs, Cp, Cy. The volume
fractions vary in both time and space domains
under the requirement .of mass conservation
described by,

A(AC;-u) | ,0C;
T+ A B =0 (1)
where, u; is the sectional averaged rate of flow of
the assembly of phase “¢”, and the notation “A”
indicates the cross sectional area defined along the
axial coordinate denoted by “s” as shown in Fig.1.
Regarding four phase system, we must satisfy the
following requirement of volume compatibility as,

Cot Cot CptCp=1 -vvevrvvmmmmmmmmuonnenns (2)

For focussing on the segregation between gravel
and mortar, we can degenerate the degree of
freedom with respect to the speed of phases as,

U =1y = s (S )
Ug ¥ Uy

Other requirement of mechanical dynamics is the
conservation of momentum of each phase. The
reduction of degree of freedom yields,

-—%‘g—f—‘i—%er;—i-Smg-Fngggyﬁl
=pgch(a(;‘tg+ugaa“Sg) ..................... (4)
a{A(US;:’+GW)} —27R (ts+ 7+ 1)
=St (0sCs+0,Cy+0uCu) g5A

(psCs+pan+prw)A<a“’” m%‘sﬁ)
........................... G (5)

where, 0; and t; are defined on the z-phase as the
sectional averaged partial normal stress, and pe-
ripherally averaged partial shear stress developing

at the pipe wall. The value of S, represents the

" drag force associated with the segregation of gravel

and mortar phases. p; is the net density of particles
of i-phase, gs, the gravity acceleration in the
direction of s-axis.

The partial stresses of each phase are composed
of the contact stresses generated by the particle to
particle interaction of the individual phase con-
cerned and by the stresses applied on the coarser
components from the other phases with finer
particles as,

w— 1—C, _CS_C P

0= ( s 200 S W (6-1)
Tw™— (I_Cg_cs_cﬁ) “Tew

0= (1=C=C 05+ CpoP | (6-2)
Tp=— (1_Cg Cs)'TCII—'_Cﬂ.TCW
05=(1=Cp st Cs (0t P) | (6-3)
7= (1—Cy) " Tes+ Cs* (Tept Tew)
0s=0est G (0estopptP) | (6-4)
Te=Teg+ Co (TosT Tept Tew)

where, o, and 7, are the contact stresses in
sectional averaged compression and shear. The
parameter P is defined as pore liquid pressure
equal to Ocp.

The contact stress of each phase can be predicted
by the constitutive laws provided that the local
strain rate would be derived from the field of flow.
The authors manifested the flow field and deforma-
tion of dense solid-liquid indicated by,

J.=0 for straigth pipe ---- (7-1)
]g=~R@' tanf-u, for taper pipe----- (7-2)
]g=% g for bend plpe ........ (7—3)

......................... (8)

—( o cs)

where, J; indicates the sectional averaged second
invariant of strain rate of each phase in fresh
concrete”?”,

. The values of R, 6 and ¢ indicate the dimensions
of deformed pipes, that is, the radius of the section,
the tapering angle and the curvature of the bent
pipe. This invariant represents the intensity of
shear mode rate of deformation of particle
assembly.

According to the experimental results with
different tapering angles under the lower rate of
flow, the direct proportionality was reported
regarding the shear rate” and the particle interac-
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Fig.2 Experimental set-up for pumping resistance test®.

tion stress”. Then, we have,

Oe=Kg J2

Oes=E T | e, (9)
0o=KpJ»

Kp=0

- wit6 A e )
Tu_(l_[li'0> (/fz Ot 0 7o)t 70| (10)

Toi = Too, i T i Ui

where, K; is the axial stiffness of each phase, and «;
represents  the lateral stress ratio as one of
constitutive laws. The value of 7,; is the viscous
shear stress composed of the yield stress denoted
by 7w, and the viscosity coefficient by %;.

The segregation resistance is involved as the
phase interaction force. The experiment on the
drag force applied to spherical balls brought the
following formulation™? as,

Ds=H-a* (up—uy) +a’T
where, the mean diameter of the particles is
defined as “a” and the values of H and T are

viscosity parameters to represent the feature of
drag force applied to particles.

3. MATERIAL MODELS OF FRESH
CONCRETE

The pressure needed to sustain the stable flow of
fresh concrete around the deformed pipe was
measured with the variety of mixture proportions
and the dimensions of the pipes®. Since the pres-
sure stably obtained can serve to establish the
particle interaction model through the multi-phase
approach, the authors adopted the experimental
cases where the segregation and the associated
instability” were not observed in terms of the
measured pressure. Hence, the computed pressure
mainly depends on the interaction models of parti-
cles described by Eq.(9) and Eq.(10).

In fact, the yield force and the viscosity for
segregation resistance in Eq.(11) were numerically
verified not to be influential to the total pressure, if
those values are so greater as to avoid . the
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Fig.3 Total pressure at the inlet of bent pipe with
respect to the mixture content of gravel.
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Fig.4 Total pressure at the inlet of bent pipe with
‘respect to the mixture content of sand.

substantial segregation in analysis”. In this study,
the segregation resistance model is not substantial
but the interaction of particles is the main subject
to be completed. Then, the greater viscosity and
the yield force enough to avoid the segregation
were used in compiitation, actually, 7=3.5 gf/cm?
and H=1.0 kgf-s/cm?,

(1) Model of Aggregates

As discussed in computational simulation”, the
pressure loss which originates from the deformed
pipe units is primarily caused by the aggregates
particle interaction. First, the authors focused on
different aggregate mixtures with the common
water to cement ratio by volume. The experiment
to measure the pressure consumed by the deformed
pipes were conducted in using pumping resistance
test set-up as shown in Fig.2°.

Fig.3 and Fig.4 exhibit the total pressure
needed to produce the stable flow of concrete in
the bent pipe®. The flow rate was approximately 5
*1 cm/s and water to cement ratio by volume was
112%. The parameters changed systematically
were specific volume fractions of gravel and sand as
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Fig.6 Variation of the lateral stress ratio of concrete
with respect to the mixture and axial pressure®.

formulated by C,/Cgum and C;/(1 — C;g)/Cs,im
where C;m means the limit compact volume con-
centration of the i-phase. These parameters
indicate how densely the aggregates are suspended
in the matrix. It was reported that the same pres-
sure drop could be expected when the specific
- volume fraction would be common no matter what
the shape and grading of aggregates are®.

The authors assumed the stiffness K, for one
particular specific volume fraction of sand Cs/(1—
C¢) Cs,iim, for instance 70%, and next, they inverse-
ly calculated the stiffness for gravel phase in terms
of the specific volume fraction as Cg/ Cg um so that
the pressure data of that particular volume contents
coincides with the analytical results. Next, using
the obtained stiffness of gravel, we checked the
pressure data of different volume content of sand
under the constant volume fraction of gravel. If
good coincidence could not be found, the assumed
stiffness of sand was modified until all test results
having 112% of the water to cement ratio by
volume are fairly predicted.

For analysis, the finite difference scheme® was
adopted to seek for the simultaneous solution
which satisfies the governing equations in Chapter
2. The rate of flow and the volume fractions of each
component at the inlet of pipe was the boundary
conditions. The analytical solutions in Fig.3 and
Fig.4 were obtained provided 5cm/sec of the
constant rate of flow at the inlet.

Finally, the authors came up with the stiffness
model of aggregates particle assembly based on the
experiments of bent pipes as shown in Fig.5 and
formulated by the following equations.

C,
w = . = —
Kg|g—p=1.12 0.14-tan [5.84( Cot 0.42)] >0

Cw_ =
Kslﬁ—LlZ

0.274'tan{0.58<(1_(§m—0.59)] =0

........................................... (13)

Here, we assumed 0.4 of the frictional coefficient
between aggregates and the pipe wall in Eq.(10)”.
Since the water .is non-frictional material whose
friction with the solid is independent on the pore
pressure, the frictional coefficient of water has to
be zero.

The viscous drag stress for aggregates in Eq.(10)
must be zero, but the water and powder mixture
appears to have some cohesive viscosity. Tanigawa
et al. carried out the one-plane direct shear test
where the rate dependent and independent stresses
were proved. As for the paste shear corresponding
to 112% of the water to cement ratio by volume,
the typical values were tentatively adopted accord-
ing to the reference” as,

Tvo,w+ Tvo,p=0.8 X 1073 kgf/Cl‘Il2

Nwt7,=0.2X 107 kgf-s/cm?

It was reported by Ede® that the lateral stress
ratio of concrete obtained at the straight pipe varies
according to the mixture as well as the mean axial
pressure as shown in Fig.6. Since there is no lateral
deformation along the pipe axis of the bent pipe as
in the straight one, it can be assumed that the
lateral stress ratio concerning bent pipes is the
same as the one for straight pipes. The value of the
lateral stress ratio of concrete is approximately 0.5
around the pressure adopted in the series of
experiment®.

Since the stress of fresh concrete is carried by
each component as idealized by Eq.(6), the lateral
stress ratio of concrete is the resultant value which
derives from Eq.(10), Eq.(6) and the specified mix
proportion. Then, it cannot be theoretically con-
cluded that the lateral stress ratio of concrete as
shown in Fig.6 does not correspond to the lateral
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Fig.8 Total pressure at the inlet of tapered pipe with
respect to the mixture content of sand.

stress ratio of aggregates. In fact, when we assume
extreme cases where concrete is composed of no
solids particles (liquid phase only), the lateral stress
ratio must be unity and equal to £, because of its
perfect isotropy.

However, it may be allowed to consider that the
measured lateral stress ratio of concrete selected in
Fig.6 will be close to the lateral stress ratio of
aggregates as constituent materials of concrete,
because the total stress of concrete is carried by the
aggregates contact for ordinary mixture of fresh
concrete except for the super fluidized concrete. In
case of the restriction of lateral displacement,
Tangtermsirikul related the local contact friction
with the lateral stress factor with the micro contact
theorem'®, which shows that 0.5 of x corresponds
to 0.33 of the friction coefficient at the particle
contact. The computation related to Fig.3 and
Fig.4 was performed with 0.5 of the lateral stress
ratio of aggregates regarding. the deformation
mode arising in bent pipes.

Fig.7 and Fig.8 show the pressure loss produced
by the deformation of fresh concrete in tapered
pipes®. It was clarified that the mode of deforma-
tion is pure shear in both tapered and bent pipes,
but the direction of the principal axis of deforma-
tion in tapered pipe is 45° different from the one in
bent units®. Since the lateral deformation is
agitated by the main axial flow in tapered pipes
unlike the bent pipes, comparatively greater lateral
stress will be obtained when the particle would be
packed so densely, because the particles cannot be
easily released in the axial direction of pipes against
the axial repulsion by particles’ collision. This is not
the case of bent pipes in which the principal
direction in shear does not coincide with the axial
direction of main flow”, and the lateral stress ratio
is-thought to have nothing to do with the density of
the aggregates. Accordingly, as for the lateral

stress ratio for tapered pipes, the authors tentative-
ly proposed the following model which depends on
the specific volume fraction of gravel.

ks=0.2 for C‘j <0.5

c ’ 2"“ ...... (15)
Ke=6~2——2.8 for C £->0.5

£lim £, im

Analytical results show good coincidence with
the experiments in Fig.7 and Fig.8. The sensitivity
of the tapering angles, which is associated with the
model of compatibility equation .to specify the
shear strain intensity concerning the dimension and
shape of pipes, can be fairly predicted. The sensi-
tivity of gravel and sand volumes in mixture to the
pressure needed is also similar to the reality.

For computation of the pressure loss created by
the tapered unit, the same axial stiffness of aggre-
gates as Eq.(12) and Eq.(13) serving bent pipe
units were utilized too. For adjusting the analytical
results with the reality, we could change both the
model of axial aggregate stiffness and the lateral
stress ratio for particular pipe unit.

This infinite combination of two models may
happen to us owing to the stress and strain fields
being degenerated from 3 to 1 dimension. This
means that the set of axial stiffness and the lateral
stress ratio is to be regarded as the constitutive
model of aggregates as a whole. In the frame of 1-
dimensional flow analysis, the axial stiffness is
intentionally defined as common model to repre-
sent the intensity of particle stress transfer in the
main flow, and the lateral stress ratio is regarded as
the model to represent the different mode of
deformation.

(2) Sensitivity of paste phase model to the

deformability

The computation in the previous chapter is just
related to the same water to cement ratio. Since the
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velocities of cement powder and water are assumed
common in computation, the change of cement and
water mixtures gives rise to the different properties
as cement paste. In the above analysis, the typical
values for paste wall friction were used as the
model of paste in Eq.(14). Since the axial contact
stresses of powder and water phases are treated as
the hydrodynamic pressure which is not associated
with the constitutive law but with the incompress-
ibility and the requirement of compatibility”, the
stiffness model of paste as the constitutive law does
not explicitly appear in the frame of multi-phase
modeling. Within this study, the effect of cement
paste on the drag force at segregation in Eq.(11) is
less vital too.

The sensitivity of paste friction model in Eq.(10)
to the computed pressure is shown in Fig.9 with
the aggregate model in the previous chapter. The
viscosity coefficient and yield stress as the cement
paste phase in Eq.(10) vary around 0.01-0.2
gf-s/cm® and 1-10 gf/cm?® including the standard
values in Eq.(14) when the water to cement ratio
by weight changes 0.3-0.7 without chemical admix-
ture agent”. Accordingly, the paste phase model on
friction plays minor role on the pressure at the
deformed pipe provided that the segregation would
be avoided.

As shown in Fig.10, the pressure drop obtained
is negligibly small at the straight pipe where the
paste friction is the primary source of pressure
gradient. This means that the main factor of pres-
sure around the deformed pipes is the aggregate
contact within the range of mix proportions as lined
up in Table 1. This discussion holds if the straight
pipe would not be so long as té produce the sub-
stantial total pressure loss.

However, the experimental reality is that the
‘mixture in terms of paste has much influence on the

tapered unit

straight portion
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»
J
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Cs/(1-Cg)/Cs lim=0.7

Total Pressure (kgf/cm2)
=
=

| | |
Y 25 50 75 100

Distance from the inlet of the pipe (cm)

Fig.10 Distribution of the computed axial total pressure
along the tapered pipe.

pressure loss created by the deformed pipe units®.
It is impossible to analytically explain the mechan-
ism of paste sensitivity to the pumpability only with
the friction model of paste with the pipe wall. The
chief source of deformability at the deformed pipes
is the particle interaction model described by
Eq.(9). It may be reasonable to consider that the
mixture of powder and water influences on the
particle interaction.

(3) Interaction model of cement paste and

aggregates

Microscopically speaking, the stiffness on con-
tact stress indicates the frequency of collisional
events of particles and the effectiveness of stress
transfer per one event concerned. Considering that
the cement and water (paste) will change the fric-
tional coefficient of contact of aggregates as coarser
components, it is reasonable to assume that the
aggregate stiffness model be affected by the cement
to water ratio of paste between aggregates.

As shown in Fig.11, the lower water to cement
ratio gives rise to the greater contact friction be-
tween solids due to the presence of denser powders
which enables higher contact force™. In analysis,
the interaction between aggregates and cement
powder and water is taken into account in terms of
the partial stress.

This term represents the effect of stress gradient
of finer components on the kinematics of coarser
one, such as buoyancy in case of the hydrostatics.
Here, the contact stress of coarser components is
assumed not to be affected by the presence of finer
particles. Then, the change of frictional aspect has
to be considered in the model of contact stress.

As far as the frictional behavior of cement is
concerned, the similar tendency can be seen in
Fig.12 and Fig.13 where the sensitivity of water to
cement ratio to the total pressure needed is
shown®. The aggregates were involved with exactly
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Table 1 Experimental Verification

Test C, A C, | Powd | Adm. {Slump| Flow Air |Temp.| Pexp Speed | Type of P.cal
Name Com 0=C X <, er (%) | (cm) (cm) ®) | °C | kgfiem® | (emis) | pipe - | (kgfiem?
' (%)
(%) (%)
CMIXs 46¢c 68 126 C 1 25 47x44 0.7 20 0.434 5.56 T2.86 0.600
29MIX6 56r 70 8 | CSF | 95 22 36x39 1.5 21 115 4.80 T2.86 1117
29MIX8 | 49r 69 88 | CSF | 95 26 59x62 2.1 20 0.547 5.26 T2.86 0.623
30MIX3 S1r 73 109 | CSF | 11 24 42x43 22 20 0.743 5.26 T2.86 0.660
30MIX9 | 53¢ 78 95 | CSF | .95 24 43x43 1.3 19 0.791 5.00 T2.86 0.967
30MIX7 S4c 70 89 CSF .95 25 57x57 1.5 19 0.768 5.00 T2.86 0.874
30MIX8 | S4c 63 84 | CSF { 95 26 60x59 1.1 19 0.761 5.20 T2.86 1.047
BT1 50r 70 112 C 1.0 24 38x38 25 16 1.569 4.00 B 1.535
TP2 50r 70 112 C 1.0 25 53x54 2.5 i6 1.300 4.00 T1.43 1.350
19TP SOr 70 142 C 1.0 - 60x60 1.8 14 0.122 5.25 T1.43 0.170
19BB 50r 70 142 C 1.0 - 60x60 1.8 14 0.157 5.00 B 0.210
22TP2 50r 70 122 C 1.0 - 54x54 3.1 i3 0.279 500 | Ti43 0.230
22BB2 50r 70 122 C 1.0 - 54x54 3.1 13 0.591 4.76 B 0.320
25TP 50r 70 100 C 1.0 4 - 1.5 14 1.017 3.85 T1.43 1.050
25BB 50r 70 100 C 1.0 4 - 1.5 i4 1.175 4.00 B 1.260
26TP 60r 70 142 C 1.0 19 40x40 23 11 0.708 4.00 Tt.43 0.716
26BB 60r 70 142 C 1.0 19 40x40 23 11 0.695 3.85 B 0.698
26TP2 60r 70 122 C 1.0 20 37x37 24 13 0.545 4.55 T1.43 0.580
26BB2 60r 70 122 C 1.0 20 37x37 24 13 0.790 4.35 B 0.750
BB1 40r 70 112 C 1.0 - 59x59 1.9 27 0.532 5.56 B 0422
BB2. S0r 70 112 C 1.0 22 40x40 15 28 0.594 5.26 B 0.558
TPB2 50r 70 112 C 1.0 22 40x40 15.1 28 0.722 5.00 T2.86 0.744
BB3 60r 70 112 C 1.0 18 30x30 1.0 28 0.732 5.00 B 0.716
BBS 651 70 112 C 1.0 3 - 1.0 29 0.854 3.85 B 0.921
BB6 60r 60 112 C 1.0 - 62x62 1.0 28 0.519 5.56 B 0.425
BB9 60r 70 112 C 1.0 18 29x29 1.3 26 0.655 5.00 B 0.716
TBB9 60r 70 112 C 1.0 18 29x29 1.3 26 0.773 5.00 ‘T1.43 0.710
TBB10 651 70 112 C 1.0 5 - 27 27 0.951 435 T1.43 1.130
TBB11 60r 65 112 C 1.0 - 22x22 1.0 23 0.636 5.00 T1.43 0.550
BB11 60r 65 112 Cc 1.0 - 22x22 1.0 23 1.022 5.00 B 1.022
TP 60c 70 112 C 1.0 13 - 25 22 0.717 5.00 T1.43 0.710
TP3 60c 70 112 C 1.0 13 - 2.5 22 1.665 455 | T2.86 1.767
TP4 60c 75 112 C 1.0 16 - 22 21 0.970 5.00 T1.43 0.890
TP5 60c 75 112 C 1.0 16 - 22 21 2.000 4.00 T2.86 2.000
TPF1 60c 60 112 C 1.0 21 - 1.2 21 1.049 5.00 T2.86 1.070
TPF3 60c 60 112 C 1.0 21 - 1.2 21 0.922 4.00 T2.86 0.853
TPS1 50c 70 112 C 1.0 - 64x64 29 23 0.390 5.56 T1.43 0.330
TPL1 50c 70 112 C 1.0 - 64x64 29 23 0.768 5.00 T2.86 0.744
TPS2 50¢ 80 112 C 1.0 11 22x22 20 23 0.778 5.38 T1.43 0.628
TPL2 50c 80 112 C 1.0 11 22x22 20 23 1.790 5.38 T2.86 1.801
TPS8 63c 70 112 C 1.0 19 29x29 19 20 0.982 5.00 T1.43 0.977
TPL8 63c 70 112 C 1.0 19 29x29 |- 19 20 2.450 4.59 T2.86 2.500

1) Gravel content : ¢ = crushed gravel, r = river gravel.

2) Powder : C - ordinary Portland cement, CSF - cement(30%) + slag(30%) having Blaine value = 3000cm%g +

fly ash(40%) by weight.

3) Super-plasticizer : dosage specified by the percentage of the weight of powder.

4) Pressure abbreviated by P.exp and P.cal : measured and computed oil pressure in the pump cylinder. The friction
between piston and pipe wall and the resistance at the straight portion of the device are deduced. The total pressure
applied to concrete is 0.215 times the oil pressure (See Fig.2).

5) BT1 & TP2 : conducted 1 hour after placing concrete in the pump device.

6) Properties of crushed gravel : C, ;. = 61.7%, p, = 2.63g/cm® FM = 6.51.

7) Properties of river gravel : C, \,, = 64.3%, p, = 2.62g/cm”, FM = 6.51.
8) Properties of sand : C, ;,, = 69.0%, p, =2.53g/cm®, FM = 2.94.

the same amount. Within the range of lower water
to cement ratio, the authors assumed the frictional
contact modification factor (associated with Zone
B in Fig.11) to the contact stiffness of aggregates
by Eq.(12) and Eq.(13) corresponding to C,/Cp=

1.12 as follows.

_0.45 0.2
To="Cu/Cy eXP(cw/c,,—og)
where, 7, is equal to unity when C,/C,=1.12, and
empirically specified to get larger than unity when

]
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Fig.11 Frictional stress transfer of paste with different
water to cement ratio'V,

water to cement ratio by volume is less than 1.12 as
the control value so that we can take into account
the higher frictional stress transfer among aggre-
gates through the cement paste having lower water
to cement ratio (See Zone B in Fig.11).

On the contrary, the mechanism of increasing
friction is seen in Fig.11 (Zone A) when larger
water to cement ratio is assumed in turn. Similar
behaviors can be observed in Fig.12 and Fig.13 for
the compact mixture of gravels as 60% of the
specific volume fraction. It can be considered that
water and cement powders serve as the coating
agent to reduce the local roughness of aggregates at
the same time. According to Fig.11, the following
modification factor was introduced concerning how
firmly the paste coating would be maintained at the
contact of gravel particles.

= () oo oG 119)

R TSP OO PPN 17)
where, 7, is equal to unity when C,/C,=1.12, and
empirically specified to get larger than unity when
water to cement ratio by volume is greater than
1.12 as the control value so that we can take into
account the increasing friction among aggregates
through the cement paste having larger water to
cement ratio (Sée Zone A in Fig.11).
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Fig.12 Calculated total pressure at the inlet of the
tapered pipe with respect to the water to cement

ratio.
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Fig.13 Calculated total pressure at the inlet of the bent
pipe with respect to the water to cement ratio.

In Eq.(17), the specific volume fraction of gravel
is included as a parameter since the closer distance
between gravels is thought to reduce the cohesive
stability of paste around the aggregates'. This
facet can be also observed in Fig.12 and Fig.13.
Through the try-and-error procedure, the authors
finally propose the following empirical contact
stiffness models which incorporate the volume
fractions of aggregates and nonlinear frictional
aspect of ordinary cement paste existing in the
voids of aggregates as,

Kg=Tw'7’u'Kg|%gl=1.1z ............................ (18)
Kssz'Ksl%gl=1.1z ................................ (19)

It is guessed that according to the varying water
to cement ratio, the lateral stress ratio might be
changed too. Although no experimental data which
proves the varying lateral stress ratio is available, it
is reasonable to consider that the lateral stress ratio

L
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is associated with the axial stiffness of contact,
because both models are physically rooted in the
particulate contact of aggregates under deforma-
tion. Here, let us define the fictitious volume frac-
tion of gravel denoted as Cq,q, which is equivalent
to C/C»=1.12 as standard. In fact, the fictitious
volume fraction can be mathematically obtained by
solving Eq.(20). '
Ce

Kgl%l;t=1.12< gz’;) =Kg( Cg,ﬁm> ............... (20)

As the lateral stress ratio given by Eq.(15) is
applicable to the standard case C,/C,=1.12, the
authors computed the lateral stress ratio by
replacing C, with Cg .. This method implies that
the unique relation between the lateral stress ratio
of gravel and axial stiffness is assumed, and that the
effect of water to cement ratio on both models is
postulated to be equable. Shown in Fig.12 and
Fig.13 for tapered and bent pipes is the sensitivity
of the water to cement ratio by volume to the total
pressure generated by the flow through the de-
formed pipes. Analytical model brought the rea-
sonable coincidence with the experiments.

(4) Experimental verification

Since the above stiffness and factors were
defined so that the computation gets equal to the
data for particular cases, the other mixtures and
their combination with the deformed pipes are re-
quired to be verified. Table 1 includes the analytic-
al results and experiments of 42 cases” with
concrete mixtures ranging 45-60% of the specific
volume fraction of gravel, 63-80% of the specific
volume fraction of sand, 84-142% of water to
cement ratio by volume, and two types of tapered
pipes and one sort of bent pipe. As for powder, the
ordinary Portland cement and mixed cementitious
powder which was used in high performance con-
crete® were adopted.

Fig.14 shows the correlation of the computed
and the experimental results. Compared with the
correlation between the value of slump and the
pressure (See Fig.15), the computational model is
successful. This means that the consistency indi-
cated by the slump test under the gravity is not
appropriate for judging the pumpability due to the
different boundary conditions and external forces.

Table 1 also gives the calculated pump oil pres-
sure in using the proposed model. The total
sectional averaged pressure at the inlet is 0.215
times the oil pressure according to the difference of
the cross-sectional area of piston and the cylinder
as shown in Fig.2. The coefficient of variation of
the calculated to computed pressure ratio is 3.52%
and the mean value is close to unity (1.012).

It must be pointed out that the material model on

0.645
3.09)

0.323 [ e :
(1.5) = =

Measured Total Pressure (kgf/cm2)

o 0323 (L5)
Predicted Total Pressure (kgf/cm2)
(Predicted Oil Pressure)

Comparison of measured and calculated total
inlet pressure (pump oil pressure). '

0.645

0.6 @ taper : 2.86deg
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= * bent : R=50cm
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Fig.15 Relation between slump and the pressure
needed to produce the stable flow of concrete.

the effect of cement paste is forceful just under
some particular production procedure. Well
known time dependent deformability of fresh
concrete is not explicitly formulated. The coagula-
tion of powders suspended by water brings the
stiffened fresh concrete™, and in reality, the
pumpability was proved being much affected by the
time dependent stiffening as shown in Fig.16,
where one hour after mixing gives rise to approx-
imately three times greater pressure needed at the
inlet of tapered and bent pipes.

If the coagulation could be converted to the loss
of freely movable water, the elevated pressure has
to be computed with some equivalent water to
cement ratio, because the loss of the effective free
water is to be represented in terms of the water to
cement ratio. In computation, the authors took up

]
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Fig.16 Elevated pressure by keeping fresh concrete
asleep one hour after mixing.

99% of the equivalent water to cement ratio by
volume as the alternate of original water to cement
ratio (112%) by mixture. As shown in Fig.16, for
both tapered and bent pipes, analytical results with
the equivalent water to cement ratio seems suc-
cessful. In future, the enhancement of the stress
transfer model regarding the cement powder and
water system in concrete should be aimed.

Moreover, we should understand that the pro-
posed model can serve only when the ordinary
Portland cement is utilized. As reported by the
authors®?, the kind of powder can change the
feature of stress transfer through particulate fric-
tion and collision. Here, let us consider the mixed
cementitious powder composed of ordinary ce-
ment, fly ash and slag powders. Owing to the
spherical shape of fly ash and widely ranging
grading of powder phase, internal stress transfer
will be reduced in comparison with the single
ordinary Portland cement (See Table 1). This facet
seems to us similar to the case of time dependent
hardening of fresh concrete.

Fig.17 shows the deformational resistance of
concrete with mixed sort of powders, which was
innovated for special purpose of self-placable
concrete having high durability at transient and
hardened stages named high performance con-
crete”. The analytical results as shown in Fig.17
derived from 112% of the equivalent water to
cement ratio based on the ordinary cement as the
alternate of the real water to powder ratio (88-89%
by volum) with the mixed three sorts of powders.
As a matter of fact, the normal cement concrete
with C,/C,=88% will be definitely blocked to
high resistance to deformation.

| Cs/(1-Cg)/Cs,lim=0.7
1 Cw/Cp=0.88 (real)
taper (2.86deg)

=4

173

=1
¥

Total Inlet Pressure (kgf/cm2)

0.15 | e ]
:t 5 — analysis
equivalent Cw/Cp .

L ; W experiment

=1.20 H
B oo HPC powder
[N Y U SO0 DO S N B
45 50 55 60

Volume Content of Gravel Cg/Cg,lim (%)

Fig.17 Predicted total inlet pressure for High Perform-
ance Concrete mix proportion.

As discussed above, it is clear that the modeling
related to the powder suspension in concrete
mixture is crucial for versatility of the predictive
method, especially for recent specification of fresh
concrete having larger amount of powder. The time
dependency of powder suspension and coagulation

“and sorts of powders have to be generalized in

future, if we really seek for the practical usage of
the theory. Within the investigation reported in this
paper, the aggregates model can be assumed to
remain unchanged regardless of time and sorts.

4. CONCLUSIONS

Lastly, the authors have to mention clearly that
the models proposed in this study are supposed
being tentative despite of the well coincidence of
analysis with the reality selected in this study. The
amount of super plasticizer, the sorts of powders,
way of producing concrete and the testing time
after mixing were all fixed, and not generally
formulated. These factors invariably affect the
fluidity and deformational resistance as well as
pumpability. Although the role of paste will be
investigated in future, the following conclusions
can be lined up.

(1) The partial stress concept in line with the
multi-phase modeling was verified to be a powerful
tool for expanding the applicability of the model to
the variety of mixture proportions of concrete.

(2) The stiffness indicating the particle in-
teractions of gravel and sand was found to be
different from each other, and influenced by the
cement paste. The cement paste may play two roles
in fresh concrete, e.g., the matrix suspending
aggregates and the agent of frictional stress transfer
of coarser aggregates. The water to cement ratio
changes the frictional coefficient between solids as
well as the stiffness of the matrix itself. Those
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aspects were considered in the stiffness model for
the contact stresses of aggregates.

(3) The computation was examined by check-
ing various mix proportions, boundary conditions
and rates of flow. In spite of the less correlation of
the pump pressure with the value of slump, com-
puted pressure as one of indicators of pumpability
was proved successful.

The authors attempted the computational ap-
proach to the flow of fresh concrete having the
features of both solid and liquid. As discussed
previously, the modeling was verified close to some
particular features of fresh concrete, but somewhat
far from the reality at present. No matter how
complete the model is, this multi-phase approach
could serve as some sort of computerized test of
concrete flow and placing without any external
vibration in line with the development of self-
placable concrete. The segregation under flow was
proved an influential factor on the overall work-
ability and pumpability’. Herein, the computation
exhibited the powerful capability on the way to the
development owing to the concept of multi phase
which enables us to deal with the variety of mixture
proportion and the segregation under flow.
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