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DEFORMATIONAL RESISTANCE OF FRESH
CONCRETE THROUGH BENT AND TAPERED

PIPES

Anura SM.NANAYAKKARA* Kazumasa OZAWA**
and Koichi MAEK AWA***

This is to report on the resistance to deformation of fresh concrete when the rearrange-
ment of constituent particles of fresh concrete, i.e., gravel, sand and cement, is intro-
duced. For realizing the simple deformation field in shear, bent and tapered pipe units
were adopted in test and stable flow of fresh concrete through them was produced. He-
rein, the pressure at the inlet of deformed pipes was measured as an indicator of defor-
mability of fresh concrete, which is regarded as the particulate assembly with different
sizes. The effect of volume fraction of gravel, sand and cementitious powder on the re-
sistance to deformation was mainly focused in the series of test based upon the multi-
phase concept of hydrodynamics. The sensitivity of volume fractions to the total defor-
mational resistance of concrete was of experimental interest to the authors.
Key Words : fresh concrete, deformability, pumpability, multi-phase, mixture

1. INTRODUCTION

Recently rising are engineering demands for
high-grade concrete at freshly mixed stage as well
as the hardened®”. This is because the physical
features of fresh concrete at the fluidized stage
have closer linkage with rationalization of construc-
tion in practice. From time to time, construction
systems have required some particular properties
of fresh concrete to be fairly satisfied. Among
expected performances, mechanical characteristics,
especially associated with deformation of fresh
concrete, are often rated at the top priority to be
sought. Some versatile predictive method evaluat-
ing “deformability” of fresh concrete would be
crucial so that we could realize the rational design
of high performance concrete which requires high
durability as well as the self-placable aspect in
progress”.

This paper is. to study the deformability which
indicates how much the external action be needed
to induce specific rate of deformation. Hereafter,
the deformation of fresh concrete is defined as the
deformation involving rearrangement of solid
particles suspended in concreie”. Accordingly, the
deformation follows the collision and friction
among particles®. This is the source of deforma-
tional resistance.

In the last decade, the authors have chiefly
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** Member of JSCE, Dr.Eng., Assocaite Professor,
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- fictitious

focused on quantifying of the field of deformation
for multi-component material composed by sus-
pended solid particles and liquid matrix.
Through the spatial averaging procedure, the
deformational field of dense solid-liquid was
manifested in terms of strain tensors and their
invariants based on Eulerian expression. As the
second stage of development, this paper aims at
constructing bridges between the rate of deforma-
tion and corresponding force which originates from
the sum of interaction among particles.

The deformation of particulate solid-liquid as a
model of fresh concrete was ex-
perimentally verified being in mode of pure shear
and its intensity was found to be directly prop-
ortional to the rate of flow in tapered and bent
pipes”®. In this paper, the authors report the
pressure at the inlet of the deformed pipe units
under the constant rate of flow. As mentioned
above, the measured pressure results from the
entire mechanical interaction among particles
excited in shear mode whose magnitude is
known”®. The authors adopted the pressure
measured under specified intensity of shear rate
realized in tapered and bent pipes as the index of
deformability. Here, the pipe units were regarded
as the device to reproduce the specified simple
mode of deformation. The pressure needed under
particular rate of flow represents some sort of
“stiffness” for particle assembly with different
dimensions”.

In the series of test, the volume fractions of
gravel, sand and cement powder were systematical-
ly assigned for investigating the sensitivity of each
fraction of mixture to the deformational resistance.
The authors in the past proposed the computation-
al multi-phase model for fresh concrete®. The

]
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Fig.1 Dimensions of deformed pipe units.

Bent unit
Taper angle = 1.43 deg.

experimental program was designed so that the
particle interaction model could be performed on
substantial development of modeling in future.
This predictive method on deformability is ex-
pected to be one of theoretical backgrounds for mix
design of high performance concrete.

2. EXPERIMENT

(1) Deformability test of fresh concrete

Since the pure shear deformation of fresh
concrete and its spatial extent are reproduced™® at
the bent and tapering particulate flow, the authors
adopted the pump resistant test in using deformed
units of bent and tapered pipes as shown in Fig.1.
Under the enforced deformation, we can measure
the pressure as an indicator of deformability.

First, the concrete was charged inside the bent
and tapered units attached to the pump hydrauli¢
cylinder and second, the input of new concrete was
made with constant rate of flow through the
straight pipe using laboratory scale pumping
apparatus as shown in Fig.2”. Under the stable
flow and associated deformation of concrete, the
pressure at the head of piston (See Fig.2) was
indirectly measured by sensing the oil pressure
inside the hydraulic cylinder as shown in Fig.2. As
no inertia of internal rod to transfer pressure
between oil and concrete can be assumed, we can
apply the hydrostatic equilibrium for computing
the total pressure to concrete from the oil hydraulic
pressure.

The piston of the pump cylinder was inclined 20
degree from horizontal to prevent concrete from
flowing out before starting experiments. Concrete
was tamped gently when charged from the outlet
into the pipe by using a rod with a circular disc. No
vibration was introduced at the inside of the pump
device.

The authors specified several levels of flow rate
in order to.impart data to the verification of the
computational model in future, because the
pressure needed to drive the motion of concrete is

ie)

oil unit

TR TRTR:
et latatatatetss stetetede:

= .
! : — L 0 (o '.0’0'0‘0 0. 0‘0 X 0‘0 O 0
Lr -
€ 114¢
Pressure sensor T =

{mm)
Hydraulic cylinder ~ Straight pipe unit

Deformed —
pipe unit

Fig.2 Pumping apparatus and measurement system.

not proportional to the rate of flow but nonlinear.
During each test, however, the rate of flow was set
constant in time domain (about 5.0 cm/s) within £
0.1cm/s. Concerning the effect of mixture propor-
tion on the pumpability, the authors selected test
cases having the same rate of flow adopted.

For any concrete mixture, the authors measured
the oil pressure by using dynamic data storage in
time domain for two cases, 1) straight pipe only
without any attached deformed pipe and 2) straight
pipe +tapered or bent unit (deformed pipe), and
obtained time averaged values (P, and P.) as
shown in Fig.3. The measurement took approx-
imately 20 seconds. The pressure specified by P,
involves the effect of friction between the piston
head and the wall of the straight pipe. Then, the
value of (P.—P,) indicates the substantial pressure
produced by the deformed pipe.

The total mean pressure applied to concrete is
inversely proportional to the ratio of the sectional
area of pistons in the straight pipe and the oil
cylinder, that is equal to 1/0.215. Since our concern
is the deformational resistance of concrete created
at the bent or tapered units connected with the
straight pipe,0.215 (P.—P,)as the total pressure
was treated as the mechanical factor of the
resistance to the deformation arising in the test
domains in the deformed pipe units.

As shown in Fig.3, the fluctuation of measure-
ment around the time averaged value was found.
This may originate from the unstable touch of
piston with the inner wall of the pipe and the local
contact of particles which is not continuous but
some sort of discrete events. As far as the multi-

L
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straight and tapered pipe

straight pipe only

Pw : pressure caused by straight pipe portion

Oil pressure (kgf/cm2)
[#%)

1 Pc - Pw : pressure produced by the tapered unit
] -
o 5 10 15

Time (sec)

Fig.3 Time averaging of effective pressure.

phase theory and formulated compatibility of the
particulate flow are concerned”™®, time averaged
variables are explicitly defined and the variation in
small time interval is implicitly taken into account
with regard to the constitutive law for flow
accompanying = turbulence™. Accordingly, we
hereafter use the time averaged values of press-
ures.

(2) Parameters

concrete

In this study, approximately 20 different mix-
tures of concrete were examined. River sand, river
and crushed gravels were used as specified in Table
1. For powder materials, ordinary Portland ce-
ment, two types of blast furnace slag (Blaine value;
3000 and 8000 cm?/g) and fly ash were used. The
super plasticizer was added approximately 1% -of
the powders by weight. The authors followed the
conventional procedure of producing concrete.
Here, the mixing time with the forced flat type
mixer (100 litter) with a single rotor was specified 2
minutes after charging entire constituent materials.
Because, plenty of mixture proportion can be
ranked as high viscous concrete with comparatively
larger amount of powders. In general, the mixing
time should be amplified for getting the uniformity
of cement paste in concrete.

For expressing the mixture of concrete, the
authors adopted the normalized volume fraction of
each component. As for gravel, C, is defined as the
volume fraction (concentration). Here, let us
define the specific volume fraction C,/Cgm nor-
malized by the maximum gravel volume Cgjm
obtained by standardized dry rod compaction
test'”. The specific volume fraction of gravel
represents the compactness of gravel particles
suspended in fresh concrete. This has been adopted
as an indicator of the volume-based mix design of
concrete mainly with respect to workability. Since

indicating mixtures of

B Cg BB Cg,lim
A A N\ r A \
L2 O OO B2 R

O 00 o i)

O o § ) | | SRR Bes

°0 oo & R 55
OO R - “uu XX g

o « ,:-;;EOO - OO _> / 'En" & Q0%
570 2 By B

O :l OC‘ 928" yo = o2t

N
actual suspension compact arrangement

of particles of particles

(limit condition)
(@ ®] Cs K- @@ (1-Ce)Cslim
A A

4 N N 4 Y

Fig.4 Indication of compactness of gravel and sand.

the dispersion of sand and powders is closely
associated with the pumpability as well, indicators
for dispersion of finer components will be meaning-
ful.

Similarly, we can define sand volume fractions
Cs and Csum with the same manner. Here, the
presence of gravel must be noted when computing
the mechanical compactness of sand suspended by
the finer particles (cement paste). Since sand
component as the finer one can exist among voids
of gravel, the allowable maximum volume fraction
of sand is (1— C,) Cs im under the presence of gravel
in concrete. Accordingly, the specific volume
fraction of sand denoted by C/(1—C,)Csym can
represent how loosely the sand particles are
suspended in the mortar matrix of concrete as
shown in ‘Fig.4. We can assume the infinite
stiffness of fresh concrete concerning pumpability if
either of the specific volume fraction of aggregates
reaches unity.

With the same manner, the volume fractions of
powder and the free water which is not restrained
by the solids at inside are defined as C, and C,. In
this study, the water to powder ratio denoted by
C./C, is used as an indicator of the mechanical
property of paste among the voids of aggregates.

All mixtures are listed in Table 2 with the value
of slump or slump flow and the pressure excited by

]

99



DEFORMATIONAL RESISTANCE OF FRESH CONCRETE THROUGH

BENT AND TAPERED PIPES/NANAYAKKARA - OZAWA - MAEKAWA

|

Table 1 Properties of Aggregates.

Specific Water Max. solid { >5.0mm >2.5mm >1.2mm >0.6mm >0.3mm >0.15mm FM
gravity Absorp{%) |volume (%) (%) (%) (%) (%) (%) (%)
ft 253 17 69.0 1 12 32 62 89 98 200 |
Kind Specific Water Max. solid >20mm >15mm >10mm >5mm M
(gravel) gravity Absorp(%) volume (%) (%) (%) (%) (%)
crushed 2.63 1.8 61.7 0 40 75 100 6.51
|| river 2.62 1.19 64.3 0 40 75 100 6.51 ||
Table 2 Test series.
Name C, C, c, powder | Adm. | Slump| Flow Air | Temp.| Pressure Speed | Type of
Com J(1-C)Coum| © (%) | (cm) (cm) (%) | CC) | keficm® | (cmis) pipe
(%) (%) (%)
CMIX2 47c 69 110 C 2 27 76X75 1.3 21 0.495 5.56 T2.86
CMIX5 46¢ 68 126 C 1 25 47X44 0.7 20 0434 5.56 T2.86
27MIX1 52¢ 70 110 F - 23 55X53 0.5 21 0.072 6.30 T2.86
27MIX2 S5lc 68 109 S3 1 26 72X65 1.5 19 0.447 5.56 T2.86
27MIX4 Sic 68 109 S8 1 24 50X50 1.8 19 0458 5.00 T2.86
29MIX6 56r 70 89 CSF 95 22 36X39 1.5 21 1.15 4.80 T2.86
29MIX8 49r 69 88 CSF 95 26 59X62 2.1 20 0.547 5.26 T2.86
30MIX3 Sir 73 109 CSF 1.1 24 42X43 22 20 0.743 5.26 T2.86
30MIX9 53¢ 78 95 CSF .95 24 43X43 1.3 19 0.791 5.00 T2.86
30MIX7 S4c 70 89 CSF 95 25 57X57 1.5 19 0.768 5.00 T2.86
30MIX8 S4c 63 84 CSF 95 26 60X59 11 19 0.761 5.20 T2.86
BT1 50r 70 112 C 1.0 24 38X38 | 25 16 1.569 4.00 B
TP2 50r 70 112 C 1.0 25 53X54 2.5 16 1.300 4.00 T1.43
19TP 50r 70 142 C 1.0 - 60X60 1.8 14 0.122 5.25 T1.43
19BB 50r 70 142 C 1.0 - 60X60 1.8 14 0.157 5.00 B
22TP2 50r 70 122 C 1.0 - 54X54 31 13 0.279 5.00 T1.43
22BB2 50r 70 122 C 1.0 - 54X54 3.1 13 0.591 4.76 B
. 25TP 50r 70 100 C 1.0 4 - 1.5 14 1.017 3.85 T1.43
25BB 50r 70 100 C 1.0 4 - 1.5 14 1.175 4.00 B
26TP 60r 70 142 C 1.0 19 40X40 23 11 0.708 4.00 T1.43
26BB 60r 70 142 C 1.0 19 40X40 23 11 0.695 3.85 B
26TP2 60r 70 122 C 1.0 20 37X37 24 13 0.545 4.55 T1.43
26BB2 60r 70 122 C 1.0 20 37X37 24 13 0.790 4.35 B
BB1 40r 70 112 C 1.0 - 59X59 1.9 27 0.532 5.56 B
BB2 50r 70 112 (o 1.0 22 40X40 1.5 28 0.594 5.26 B
TPB2 50r 70 112 C 1.0 22 40X40 15 28 0.722 5.00 T2.86
BB3 60r 70 112 C 1.0 18 30X30 1.0 28 0.732 5.00 B
BBS 651 70 112 C 1.0 3 - 1.0 29 0.854 3.85 B
BB6 60r 60 112 C 1.0 - 62X62 10 28 0.519 5.56 B
BB9 60r 70 112 C 1.0 18 29X29 1.3 26 0.655 5.00 B
TBB9 60r 70 C112 C 1.0 18 29X29 13 26 0.773 5.00 T1.43
BB10 651 70 112 C 1.0 5 - .27 27 1.340 2.00 B
TBB10 651 70 112 C 1.0 5 - 27 27 0.951 4.35 T1.43
TBB11 60r 65 112 C 1.0 - 22X22 1.0 23 0.636 5.00 T1.43
BB11 60r 65 112 C 1.0 - 22X22 1.0 23 1.022 5.00 B
TP 60c 70 112 C 1.0 13 - 2.5 22 0.717 5.00 T1.43
TP3 60c 70 112 C 1.0 13 - 2.5 22 1.665 4.55 T2.86
TP4 60c 75 112 C 1.0 16 - 2.2 21 0.970 5.00 T1.43
TP5 60c 75 112 C 1.0 16 - 22 21 2.000 4.00 T2.86
TPF1 60c 60 112 C 1.0 21 - 1.2 21 1.049 5.00 T2.86
TPF3 60c 60 112 C 1.0 21 - 12 21 0922 4.00 T2.86
TPS1 50¢ 70 112 C 1.0 - 64X64 29 23 1 039 5.56 T1.43
TPL1 50c 70 112 C 1.0 - 64X64 29 23 -0.768 5.00 'T2.86
TPS2 50c 80 112 C 1.0 11 22X22 2.0 23 0.778 5.38 T1.43
TPL2 50¢ 80 112 C 1.0 11 22X22 20 23 1.790 5.38 T2.86
TPS8 63¢ 70 112 C 1.0 19 29X29 19 20 0.982 5.00 T1.43
TPL8 63c 70 112 C 1.0 19 29X29 19 20 2.450 4.59 T2.86

1) gravel : ¢ - crushed, r - river

2) powder : C - cement, F - fly ash, S3 - slag 3000, S8 - slag 8000, CSF - cement 30% + stag3000 30% + fly ash 40% by weight

3) BT1 & TP2 : tested 1 hour after mixing, and others 10 minites after mixing
4) Pozzolith SP-9HS was used.

L
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Fig.6 Relation of total pressure and slump.

the pure shear deformation of concrete around
tapered or bent pipe units. The most rate of flow
ranged from 4.5 to 5.5cm/s. The pressure listed is
the oil pressure after deducting the resistance
component arising at the straight pipe as (P.—P,).
Then, the total pressure applied to concrete is
0.215 times the oil pressure listed.

Fig.5 shows the extent of the specific volume
fractions of gravel and sand adopted and the water
to cement ratio by volume. Since the mixtures
cover conventional as well as the highly fluidized
concrete, the slump varies from 3cm to approx-
imately 27cm with 64cm slump flow. These values
were obtained just before starting the pumping
test. Some of tests were carried out one hour after
charging concrete inside the pump cylinder. Then,
the slump, slump flow and the measured response
differ despite of the same mix proportion and the
procedure of production.

The relations of the total pressure and the slump
are shown in Fig.6 according to the boundary
conditions. The general trend, i.e., the greater
slump gives rise to the lower pressure, is seen, but
much deviation of data exists. Roughly speaking,

e
a
-

[ taper (143 deg)
QO taper (2.86 deg)
r crushed gravel

0.3 | cCs/(1-Cg)Cslim =07
Cw/Cp=1.12

Total Pressure (kgf/cm2)

CefCglim (%)
| ' | | |
40 50 60

Specific Volume Fraction of Gravel

Fig.7 Effect of volume content of gravel on the total
pressure at tapered pipes.

the taper unit with 1.43° of the tapering angle looks
similar to the case of bent pipe with the radius
50cm. The boundary condition corresponding to
2.86° of the tapering angle resulted in the highest
resistance among the tested conditions adopted.
The pressure loss made by the deformed pipe units
corresponds to the pressure loss caused by the
straight pipe of several meters long.

But, more or less, the total pressure to indicate
the deformational resistance is not unique no
matter what the value of slump is produced. This
means that the slump of concrete under gravity
cannot always be the indicator of pumpability. In
fact, the value of slump serves as crude indicator
for pumpability, but insufficient for being devoted
to the engineering practice. It is indispensable to
explore the relation between the pressure neces-
sary for stable flow and the concrete mixtures with
the aid of dynamics of particulate flow. For this
purpose, the multi-phase concept® will be crucial
for naturally incorporating the mixture proportion
of fresh concrete.

3. VOLUME FRACTION OF GRAVEL
AND DEFORMABILITY

For discussing the effect of compactness of
gravel, the authors picked up the pressure data of
ordinary Portland cement concrete as shown in
Fig.7 (tapered pipe). As the specific volume
fractions of sand and water to powder ratio were
common, i.e., mortar mix proportion remained
constant in concrete with different specific volume
fractions of gravel, the stress transfer concerning
the collision and friction of gravels will be changed.
The higher concentration of gravel gives exponen-
tial rise to the resistance against the deformation
realized in tapered pipes under constant rate of
flow.

]
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Fig.8 The ratio of total pressure made at tapered pipes
with different tapering angles.
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Fig.9 Effect of volume fraction of gravel on the total
pressure at bent pipe.

In Fig.7, the same resisting pressure was
observed for river and crushed gravels when we use
the specific volume fraction of aggregates, which
are thought to indicate the compactness of
particulate suspension based upon multi-phase

concept. This result was also reported in terms of-

the shear stiffness of the single phase sands
obtained from several places'. Strictly speaking,
the correlation of the specific volume fraction and
the stiffness or pumpability may differ unless the
shape, surface roughness and others would be the
same. But, as an extreme case, the unity of specific
volume fraction always provides the infinite
stiffness and no deformability indeed.

For the time being, we can use the normalized
volume content of aggregates as indicators related
to the stiffness and the deformability. It can be
generally said that the maximum solid volume
fraction implicitly represents the grading and shape
of particles. Within this study, it does function well
as normalization factor for representing the
interaction of particles.

It is clear in Fig.7 that the steeper angle of taper
produces the higher pressure. From the visualized
test of dense solid liquid mixture, the shear mode
deformation of particle assembly was manifested
and its magnitude was quantified in 2-dimensional
space”. Based on this investigation and axisymmet-
ry of flow field, 3-dimensional shear intensity was
proposed- as”,

where, J, and u represent the sectional averaged
shear rate and flow rate of the liquid-solid flow.
The values of “»” and 6 are the pipe radius of the
section concerned and the taper angle, respective-
ly. .
Theoretically speaking, the rate of flow denoted

by “u” is different in each section although the
mean rate of flow at the inlet remains constant. The
value of “#” is also variable. Due to smaller
tapering angle, however, those values can be nearly
the same. Then, the steeper tapered pipe (2.86
degree) may generate the greater shear intensity
than that of 1.43 degree and its ratio is close to,

J,(6=2.86°) _ tan2.86° _

J,(6=1.43") " tanl.43°

The pressure increasing ratio of tapered pipes
are shown in Fig.8 including six different mixtures.
Actually, the ratio of the pressure between two
taper angles is close to the above mentioned ratio
in terms of shear intensity. It may be reasonable to
conclude that the resistance to the deformation
specified by the pressure is nearly proportional to
the shear rate intensity obtained in the pipe units

- when we have lower rate of flow compared with

that realized in practice.

Fig.9 shows the sensitivity of the specific volume
fraction of gravel to the pressure caused by the bent
pipe. It seems that the gradual increase in the total
pressure is obtained according to the increasing
volume fraction of gravel. Roughly speaking, the
pressure induced by the bent pipe (bent radius=
50cm) is similar to those generated by the tapered
pipe unit with 1.43 degree of tapering angle.

4. VOLUME FRACTION OF SAND
’ AND DEFORMABILITY

The relation of the pressure versus the specific
volume fraction of sand is shown in Fig.10, Fig.11
and Fig.12, in which the specific volume fraction of
gravel and water to cement ratio by volume were
intentionally made constant.

Even though the sand content is changed, the
pressure obtained by greater tapering angle (2.86
degree) is about two times that by small angle (1.43

[
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Fig.10 Effect of volume fraction of sand on the total

pressure at tapered pipes.
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Fig.11 = The ratio of total pressure made at tapered pipes
with respect to the volume content of sand.

degree) similar to the case in Chapter 3. The
specific volume fraction of sand adopted is also
proved to be effective for covering different types
of aggregates as shown in Fig.10. In Fig.11, since
the gravel suspension is common, we can assume
that the coarser component may have the same
contribution to the total stiffness. This means that
the different total pressure made by different taper
angles originates from the load carrying mechanics
of finer component. Accordingly, we can guess that
the sand stiffness is also directly associated with the
rate of shear of coarser component.

In comparison with the specific volume fraction
of gravel, it is noted that the higher compactnéss of
sand is possible to maintain the pumpability to
some extent. When we specify the volume fraction
of gravel greater than 65% of the limit, sudden
drop of pumpability was underwent and accompa-
nied by the elevated pressure over the capacity of
the machine as long as the authors run the series of
experiment.

On the other hand, the greater volume inclusion

0.2 Cg/Cg/lim = 0.6
o Cw/Cp =1.12
g g
=
o
=
£ o1} .
g
&
8
=
Cs/(1-Cg)/Cs,lim (%)
(03 | | 1

- 60 70
Specific Volume Fraction of Sand

Fig.12 Effect of volume content of sand on the total
pressure at bent pipe.

of sand than 75% of the limit does not matter. If
the lower volume fraction of sand would be
specified, we may encounter the settlement of
coarser particles under static condition. As far as
the particles interaction is concerned, there exists
some size effect on the deformability of concrete.

It would be acceptable that the relative size of
the particles compared with the referential dimen-
sion has much to do with the stress transfer through
particles. In fact, the gravel is supposed to bear
stress which is transferred through contact and
friction, and is supported by the wall of pipes. The
ratio of the particles to the dimension of pipes may
influence on this contact mechanism, quantitative-
ly. In general, the size ratio of sand to the typical
dimension of flow is quite smaller than that of
gravel. The assumption that the gravel assembly
can admit no easier deformation than sand will
make sense. For the time being, the pressure
measured is to be understood as particular one

“associated with the size of pipe diameter and the
maximum size of aggregates.

As other factor, the coarser, particles will
generate the larger scale eddy and turbulence
which is associated with the additional momentum
transfer across the section. The induced momen-
tum transferred by the inertia of particulate
turbulence through the flow section generates the
additional stress. This term is reflected by the
increased value of stiffness in appearance and
implicitly considered in the constitutive model”.

5. KINDS OF POWDERS AND DE-
FORMABILITY

The mechanical properties of paste in concrete
are determined by the kind of fine powder, volume
fraction of powder in paste, dosage of chemical
admixture agents and the procedure of production

]
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such as mixing efficiency. The authors adopted four
different kinds of powder particles, e.g., ordinary
Portland cement (Blaine =3000), blast furnace slag
(Blaine =3000, and 8000) and fly ash. Fig.13 shows
the effect of powders on the deformability denoted
by the pressure. Since the volume fractions of
aggregates and water to powder ratio by volume
were intentionally maintained equal, the different
pressure was caused by the paste mechanics in
concrete.

What we should pay attention to is the correla-
tion of the pressure and the stump with regard to
the powder in kind. As shown in Fig.13, the values
of slump of slag - (Blaine 8000) and fly ash concrete
are close to each other. In spite of the fact that the
similar deformability was attained under the
gravity action, the pressure, which is obtained
under comparatively higher interaction of particles,
was dropped so much when fly ash was used.

Let us compare the case of slag with Blaine 3000
with fly ash concrete. As long as thc slump carried
out under gravity, the consistency of slag concrete
(3000) is better than that of fly ash concrete.
However, the slag concrete exhibits approximately
four times greater pressure when the concrete
passed through the tapered pipes than the one of
fly ash concrete.

The above mentioned inconsistency between
slump and the measured pressure will be owing to
the different level of shear rate and the inter-
particle force. It can be guessed that the shape of
the powder is much sensitive to the deformation
accompanying greater shear frictional contact
among aggregates as well as between aggregates
and pipe walls”. Here, the volume fraction of
aggregates associated with the mean distance of
suspended particles may affect on this powder
sensitivity too.

The mixed cementitious powder consisting of

e
N
l
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Fig.14 Kinds of powder on the total pressure and
aggregate content.

ordinary cement, fry ash and blast furnace slag
(specified as CSF in Table 2) were reported to be a
key to bring higher workability” too. In other
words, the replacement of ordinary cement with
the blended one reduces the water content enough
to yield some similar deformability as shown in
Fig.14. Approximately 90% of the water to mixed
powder ratio by volume is equivalent to 112% of
that for pure ordinary Portland cement concrete. It
was examined that pure ordinary cement concrete
having 90% of the water to cement ratio looses
deformability for passing through the tapered pipe
within the pumping capacity of the apparatus as
shown in Fig.2. Tt was reported through reference?
that the concrete mixtures with mixed type powder
used in Fig.14 satisfy the self-placable requirement
which is essential among several requirements of
High Performance Concrete.

It has to be said that the relation as shown in
Fig.13 and Fig.14 depends on the grading and
shape of powders. In future, the indicator to
represent the physical characteristics of powder is
strongly required. The concept of effective free
water by Ozawa et al.” is one of proposals.

6. VOLUME FRACTION OF POW-
DER AND DEFORMABILITY

From the above mentioned results, it can be
concluded again that the consistency and the
pumpability are not directly associated™. For
deriving the mechanical role of paste in pumpabil-
ity from the experiments, the authors focused on
the sensitivity of the volume fraction of powder to
the concrete pressure needed to maintain the same
mode and magnitude of deformation as shown in
Fig.15 and Fig.16. For both bent and tapered
units, the greater water to cement ratio by volume
reduces the pressure provided the smaller volume

L
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fraction of gravel (C,/C;im=0.5). It can be guessed
that the reduction of the stiffness of cement paste is
the source of the lower resistant concrete, because
the paste is one resisting component of fresh
concrete against shear.

As for the case of 60% of the specific volume
fraction of gravel, the greater total pressure was
generated due to the closer distance between
gravels. However, the tendency in terms of paste
property is very different indeed from the lower
compactness of gravel as shown in Fig.15 and
Fig.16. Despite of the higher consistency of paste
produced by greater water to cement ratio, the
concrete pressure as a whole was elevated rather
than decreased when the larger amount of coarse
aggregate is specified. If we would accept the
resistant mechanism of paste matrix without any
interaction with suspended aggregate components,
this apparent behavior cannot be ' consistently
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Fig.18 Transferred shear stress through the paste.

explained.

Concrete with the higher volume fraction of
gravel will comparatively bear greater interacting
forces through the gravel phase. Then, the stress
transferred by the contact of gravel will be the main
part of the resistant mechanism compared with the
consistency of paste’. One of the possibility to
explain the above nonlinearity is the role of paste
on the stress transfer through the particles of
gravel. Cement paste is present around the contact
point of gravels and may serve as the lubrication
agent as well as the matrix with its own consistency
achieved by the powder to powder contact. If the
amount of gravel is less, the latter role of paste will
be prominent, and vice versa.

For verifying the hypothesis above, the authors
conducted the direct shear test of paste'® with the
device as shown in Fig.17. This test was designed
so as to reproduce the frictional contact of solids
with the paste. The upper steel plate which held
cement paste with the bottom plate was driven by
the servo motor through a rod as shown in Fig.17.
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The horizontal force was measured in time domain.
Through the time averaging process during 5
seconds, the mean force was decided. The
frictional shear stress, which is the time averaged
shear force normalized by the area of shear plane,
was obtained under the constant normal compress-
ion maintained by the weight of mass.

The relation of the transferred shear stress
through the paste and the water to cement ratio is
shown in Fig.18. The minimum friction is seen at
particular water to cement ratio. Although the less
volume fraction of cement gives rise to the low
stiffness of the paste itself and reduced stress
transfer at zone B as shown in Fig.18, it brings
higher friction at zone A. At zone A, the frictional
shear may be transferred chiefly though the direct
contact between solid plates. Otherwise, some of
powder particles may lie between contact points of
plates. It can be concluded that the cement paste
acts as the phase with its characteristic resistance to
deformation corresponding to zone B as well as the
agent to characterize the stress transfer of coarser
components like a coating material.

7. CONCLUSIONS

The deformation induced by the flow of fresh
concrete was reproduced in the tapered and bent
pipe units with different dimension and the
pressure needed was measured for approximately
20 different mixtures. The following conclusions
were drawn by collecting fundamental data to form
the stiffness model for flow analysis of fresh
concrete. :

(1) The specific volume fraction of aggregates
were proved to be an appropriate parameter for
generalizing the pumpability and the resistance to
deformation. Since the river and crushed gravel
have different shapes and grading, the pressure
generated by the deformed pipe units is different

even if the mixture by volume is equal. However,"

the same specific volume fraction, which is the
normalized one by the maximum volume fraction
corresponding to the dry rod compactness, was
verified to indicate the same deformability speci-
fied by the pressure.

(2) The pressure needed through tapered
pipes was found to be directly proportional to the
sectional averaged shear rate which is the function
of the taper angle and the rate of flow. In
considering that the resistance to deformation is
mainly caused by the particle collision and friction,
it is guessed that the interaction force of particles in
fresh concrete is nearly linear to the shear rate in
the tapered pipe units.

(3) In spite of the fact that the pressure

monotonically varies according to the specific
volume fraction of gravel and sand, there exists
some particular water to cement ratio which gives
rise to the minimum resistance to deformation
provided the higher volume content of gravel. But,
the optimum water to cement ratio does not appear
if the lower compactness of gravel, e.g., the lower
particle interaction, is specified. Accordingly, it
can be concluded that the paste in fresh concrete
not only produces the resistance as the matrix
suspending aggregates similar to the gravels, but
also affect on the frictional contact of coarser
particles. This interaction among constituent
phases of fresh concrete was indirectly verified by
the direct shear test of cement paste under steady
rate of shear.

(4) The pressure excited by the deformation

of concrete was influenced so much by the sort of

powder. Fly ash was found to reduce the pressure
which gets about 20% of the pressure for blast
furnace slag. The frictional contact force of
aggregates may be degraded because of the round
shape of fly ash. However, the consistency
expressed by slump were not different very much,
approximately 80 - 110% of the slump value of slag
concrete.

No correlation between the pumping resistance
and the slump was manifested. The above men-
tioned inconsistency will be owing to the different
level of shear rate and the inter-particle force. It
can be guessed that the shape of the powder is
much sensitive to the deformation accompanying
greater shear frictional contact among aggregates
as well as between aggregates and pipe walls.
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