Pipe flow velocity profiles of complex suspensioliles concrete.

Dimitri Feys-? Ronny Verhoeven Geert De Schuttér
'Magnel Laboratory for Concrete Research, DepartmiStructural Engineering, Faculty of Engineeriient University
Technologiepark 904 — 9052 Zwijnaarde - Belgium
Hydraulics Laboratory, Department of Civil Enginieer Faculty of Engineering, Ghent University
Sint-Pietersnieuwstraat 41, 9000 Gent - Belgium
email: Dimitri.Feys@UGent.be

Abstract: The flow of different suspensions has been studied i
literature in order to maximize the transport capadty or to
minimize the needed pressure. For concrete, severagsearch
projects have been performed, but the question renmas if the
results for one type of concrete are applicable tanother type.

This paper deals mainly with the flow of self-compaing
concrete in pipes. It is shown that the flow of tts type of concrete
is not influenced by friction between the aggregate but that the
material does not remain homogeneous during the flo. By
means of full scale experiments, it is shown thahé measured
pressure losses are lower than the theoretically lalated
pressure losses, due to three effects lowering théscosity near
the wall. The results have been compared with the ailable
literature dealing with traditional concrete, showing some major
points of difference. Finally, it is assumed thattte velocity profile
of concrete in a pipe consists of a plug with unifan velocity in
the centre, a lubrication layer with a large velody gradient near
the wall and possibly, a part of the homogeneous morete also
being sheared, depending on the rheological propees and the
type of concrete. Unfortunately, no direct velocity profile
measuring equipment is available.
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|. INTRODUCTION

The flow of suspensions, which are liquid materialsded
with solid particles, has been studied for seveletades,
especially in order to maximize the transport céjescof the
carrier liquid, or in order to reduce the pressnemded to
transport the suspension [1,2]. The flow of somgesy of
concrete in pipes has been reported in literatuwredue to the
development of new types of concretes, and dueefonf
different natures acting on the concrete duringvfld is not
certain if the obtained results for one type ofarete can be
transferred to another type. This paper will stubg flow
behaviour in pipes of different concrete types, eba®n
literature and experimental results. In order tstidguish
between the different concrete types, suggestians ttie
velocity profiles will be given, as direct measuets are not
yet possible.

flow [1,2]. Only this suspended flow will be dedwd in
detail in this paper.

In the next part, concrete will be regarded asradgeneous
suspension and the velocity profile will be caltethbased on
the rheological properties. Afterwards, the flonhaeour of
concrete in pipes will be discussed based on titezzand the
experimentally obtained results will be describkdthe last
section, some theoretical modifications to the cetec
properties will be proposed in order to approacte th
experimentally measured pressure losses as wedssible.

Il. CONCRETE— SELF-COMPACTING CONCRETE

A. Composition

The composition of concrete can be varied in mafigrént
ways, resulting in no real standard compositiorthéligh, it
can be roughly estimated that 1 m3 of traditionabrated)
concrete contains 1300 kg coarse aggregates befaaet 20
mm (maybe 40 mm), 650 kg of sand, 300 kg of cerasunit
165 kg of water [3,4].

Self-compacting concrete (SCC) is a rather fluigetyof
concrete, which does not need any external enevgythie
removal of air bubbles, and it is able to fill arrfavork
completely under the acting force of gravity aloAemore
detailed description on the difference betweeniticathl and
self-compacting concrete will be given in the ngsttion, but
a rough composition can be set as follows: 650 fkgoarse
aggregates, 850 kg of sand, 350 kg of cement, B5df killer
(other fine materials than cement), 165 kg of watet a small
amount of superplasticizer, which makes the comcretich
more fluid [3].

In any way, whether the concrete is self-compaatingot,
it contains around 16.5 vol % of liquid, 1.5 vol &b non-
removable air and thus 82 vol % of solid materiadgying in
size from 100 nm to 1 cm. As a result, not onlyviseosity of
the material is modified, but the properties aso ahfluenced
by inter-particle forces, inertia and friction. fihis paper, the
effects of inertia are of no importance for theadé®d results

In case no particles are present in the suspensiggithough it is in other cases) and friction wik bliscussed

consequently only studying the carrier liquid, thelocity
profile can be easily, analytically calculated lhsm the
rheological properties. The addition of particlesnplicates
the situation seriously and analytical solutions ao longer
evident to be found. Adding particles can result tivo
different situations. In the first situation, pal#is sink to the
bottom of the pipe and move much slower than theidi
flowing above, which is better known as bed-flow2[1In the
second situation, the particles remain suspendehglthe

separately.

B. Rheological properties

The rheological properties of different concretasenbeen
measured in concrete rheometers and based on thmex
experimental results and literature, a distinctibetween
steady state and transient behaviour will be mateady state
behaviour corresponds to the situation where ahdient



effects have been eliminated and can be regarde&d ashearing, some of these connections can be broWanh is

momentary shapshot of the rheological properties.
1) Steady state properties

The relationship between the shear stress (relatethe
applied force or pressure) and shear rate (relavedhe
velocity and the geometry) is generally acceptetaof the
Bingham type in case of traditional concrete [43. dresult, a
certain stress needs to be exceeded in order tiaténithe
flow, which is the yield stress, and once the floas started,
an additional stress is needed to accelerate adhe 8f which
its magnitude is controlled by the viscosity. Thexgham
model is shown in equation 1.

In case of self-compacting concrete, a non-linedralviour
has been observed in the experiments, indicatintnaease
in viscosity with increasing shear rate [5-7]. histcase, the
modified Bingham model (eq. 2) [7,8] has been cha®the
most appropriate model to describe the rheolodiealaviour
in steady state.

Equation 1: Bingham model
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Equation 2: Modified Bingham model
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where: t = shear stress (Pa)

70 = yield stress (Pa)

1 = viscosity (Pa s)

dy/dt = shear rate (3)

¢ = second order parameter (Pa s2) (> 0)

The main differences between traditional
compacting concrete are, apart from the non-liledraviour,
the lower yield stress and higher viscosity in cas8CC [3].
Especially the low yield stress causes the SC(pteasl out
widely under the force of gravity, while its higheiscosity
prevents (or at least slows down) the segregatidrg of
the larger particles [3].

2) Transient behaviour

Due to physical and chemical phenomena which atiagac
between the cement particles in the concrete, ibelogical
properties vary in time continuously. Theoreticallthe
transient behaviour can be divided into three pénigotropy,
structural breakdown and loss of workability [9].

Thixotropy has a physical nature and is definedttas
reversible disruption and rebuilding of connectidoetween
the particles. Due to shearing, connections ar&dirand a
larger degree of dispersion is obtained, while @ubkuild-up,
more particles get connected. The internal strattstate is
related to the amount of connections between thécles,
resulting in a higher structural state during buwifd and a
lower structural state due to break down [9,10].iderease in
structural state causes an increase in yield samsyiscosity,
and at each shear rate (except at very low shées)rdahere
exists an equilibrium structural state which isamted when
the shear rate is applied during a sufficientlygldéime [9,10].

defined as structural breakdown, but during thetf2 — 3
hours of age of the concrete, these chemical cdiomscdo
not rebuild, at least not at the same rate as hh@ttopic
connections [9].

Loss of workability is the result of both physicahd
chemical (at higher ages) connections, which calonger be
broken by the amount of work applied. As a restlig
concrete becomes stiffer and finally transformsrira liquid
to a strong solid material [9,11].

As can be seen, many phenomena complicate
rheological behaviour of concrete seriously, makingne of
the most difficult materials to determine its rtagital
properties. Currently, the research in this fisldtill going on,
trying to find a practical distinction between theenomena.
In the remaining part of this paper, as it is nasyeto
distinguish between the thixotropic and the punicstral
breakdown, these two effects will be combined imew
definition of structural breakdown [4].

I1l. FLOW OF HOMOGENEOUS LIQUIDS IN CYLINDRICAL PIPES

The velocity profile of homogeneous liquids in agrical
pipes can be very easily calculated when the agppressure
or pressure loss, rheological properties of theenadtand the
geometry of the pipe are known. The equilibriumfafces
states that the shear stress at the wall musteretatthe
pressure loss according to equation 3 [12].

Equation 3: Equilibrium of forces

T, = APy EB =Ap EB
L 2 2

7, = wall shear stress (Pa)

Apyt = total pressure loss over the length L (Pa)

L = length of the pipe (m)

R = radius of the pipe (m)

Ap = pressure loss per unit of length (Pa/m)
Across the pipe, the shear stress varies lineesim zero in
the centre to its maximal value,) at the wall. This variation
of the shear stress is a so-called universal lagammg it is

independent of the rheological properties.

Substituting the shear stress values by the rhaabg
models, like equations 1 and 2, delivers the shede
distribution across the pipe. For yield stressitiguthe shear
rate equals zero in a certain zone of the pipe.

Integrating the shear rate distribution to the pgodius, with
as integration constant the velocity at the walijol is set at
zero due to the no slippage condition, delivers vakcity
profile. Figure 1 shows the theoretically calcuthteelocity
profiles for a Newtonian liquid (like water and )ilfor a
Bingham material (like toothpaste and paint), andaified
Bingham material. Note that for all yield stresstenials, a
zone of uniform velocity can be observed, whicleaied the
plug.

Further integration of the velocity over the craesstion of
the pipe delivers the discharge as a function efglressure
loss (or wall shear stress), the rheological prigerand the

®3)

At the first contact between cement and water, SOMgometry of the pipe. This is shown in equatiors dnd 6.

chemical reactions occur resulting in some conaossti
between cement particles (other than the
connections). Due to the hydrodynamic forces indubg

Equation 4: Poiseuille formula

thixotropi

the



1 Dp R* A. Theoretical framework

Q= 3 (4) 1) Liquid interactions
. . 'u . The flow of concrete in pipes can be divided ino major
Equation 5: Buckingham-Reiner equation classes, depending on the stress transfer inseledhcrete

[15]. If the stress transfer is of the liquid tyghe concrete
_3[R*[p,, +1601," [L* -8, [L[R® Ap,,° flows according to the hydrodynamic laws. In atfapproach,

Q 2 3 the principles of section Il can be applied in@artb describe
4lnp,, [L Ly the flow behaviour of concrete. This case can bésextended
(5)  to concrete with varying rheological propertiesassrthe pipe
(see section VI), forming a so-called lubricatiagdr [15,16]
Equation 6: Extended Poiseuille for modified Bingha and possib|y, an additional Ve|ocity Component diae
slippage can be added [15].
-y + WP +140,L103(T03 - TWS) As a result of these liquid type of interactiori® pressure
. 5 loss per unit of length remains constant alondehgth of the
, | AW ofr,, +67,) + 14, pipe when disregarding the transient effects arel tttal
Q= _R 701, c* 1 —-8WCT, T, (3Tw + 4To) (6) pressure evolves linearly with the length of theegi17].
8aw’r,’ s ol 2 , 2) Solid interactions
+2Nuc (3TW +24r, +8TwTo) The applied pressure during pumping does not oalyse
+120N(,3TW3 —64\NC3T03 f[he concrete to move in_th_e pipes, but it can alsase t_he
internal water to move inside the concrete [17,18].this
with: W = \/’u2 +4ed, -4t case, some zones with a low water amount can latecr@nd

] o . _the stress is transferred by solid interactionsweeh the
As can be seen, for Newtonian liquids, the Poi&euiljqqregates. As a result, the hydrodynamic lawseofian Il
formula for laminar flow is obtained (eq. 4) [12}18nd the can no longer be applied and Coulomb’s friction lawalid.
calculations result in the Buckingham-Reiner equatfor The pressure loss at a certain position in the jsigependent
Bingham materials [12,14]. on the local pressure and as a result, the totasspre
decreases exponentially with the length of the fli5e17].

velocity (m/s) Several researchers have shown that these sadichations
0.5 )
_ cause a much larger pressure loss and that thésroast be
Newtonian avoided as much as possible [17]. In case the pcampot
0.41 deliver the pressure needed to overcome the fniatistresses,
Bingham the concrete flow stops and the pipe gets blocked.
0.3 e
modified Bingham .

T ™ B. Application on different concrete types
In literature, a main distinction is made betwepuarfipable”

/ /

N and “non-pumpable” concretes [15,17]. Although naa
01 &"‘*-g\\ scientific results are available, concrete can baden
5 e pumpable by reducing the amount of coarse aggregatd
g ) Plug RV increasing the amount of fines. Also the yield sgrenust not
_g“ 002 0.04 008 008 ﬂ'l% be higher than a certain value. Pumpable concrates
o

Distance from the centre (m) assumed to move due to the liquid interactionshérdement
paste, while non-pumpable concretes suffer moma fraction
between the aggregates.

Figure 1: Velocity profile for a Newtonian, Binghamand Self-compacting concrete is due to its composititneady

modified Bingham material. All viscosity parametersequal pumpable in any situation. As a result, no problems

10 Pa s, the yield stress equals 20 Pa and ¢ = B&s2. The concerning friction are expected, which has beerifige

pipe has a radius of 10 cm. Note that in the plugthe  during the full scale tests on 18 different SCC positions.

velocity is constant for the yield stress materials Nevertheless, friction becomes important duringftiieg of
the pipes with concrete, as the fine materialk gticthe wall
in order to lubricate the flow and as the coarsgregates

) . o move ahead of the bulk concrete due to inertiaazhiy the

Due to the high concentration of solids in concrefery  gpecific pumping action. In this case, a front ggregates is
different flow situations can be obtained with @mnt created in front of the concrete, which can leablezking in

concrete compositions. In the first section, theotktical 556 the stress transfer is changed from the litmidhe
framework will be described, while in the secondtie®, the  fictional type.

theory will be applied to different concrete types.

IV. THEORETICAL STUDY OF THE FLOW OF CONCRETE IN PIPES



V. FULL SCALE PUMPING TESTS WITHSCC

A. Test setup

In order to execute the full scale pumping teste BICC, an
industrial truck-mounted concrete piston pump hasenb
applied. This type of pump contains two hydraultineders,
alternately pushing concrete inside the pipes aating
concrete from the reservoir. A powerful valve imsithe
concrete reservoir switches the connection betwkerpipes
and the cylinders, when the pushing cylinder is tgngnd
consequently, the cylinders swap jobs. This spepifimp can
deliver a discharge which can be varied in 10 étscsteps,
between 4 to 5 I/s (step 1) and 40 |/s (step 10).

Figure 3: Loop circuit with a length of 25 m.

Behind the pump, a loop circuit with a total lengfraround
25 m has been built with steel pipes with an irtiameter of
106 mm and a thickness of around 3 mm. The cicarisisted
of a straight, horizontal section with a lengthl@ m, a 180°
bend and an inclined part. At the end of the cfrcthe
concrete flows inside a suspended reservoir, eedippith a
valve. In normal conditions, the valve is open #r&lconcrete
falls back inside the reservoir of the pump. Fangling and
discharge calibration, the valve is closed.

The concrete pump and the loop circuit are depidted
figures 2 and 3 respectively.

B. Measurement systems

1) Pressure losses

The pressure losses have been measured by means of
pressure sensors, located in the straight, hoarcsection
with a separation distance of 10 m. Close to eaelssore
sensor, three strain gauges have been attachdue touter
pipe wall, following the deformation of the pipehieh is
related to the local pressure [15]. These straigga acted as
a back-up in case something happened with the ymess
sensor. Both the pressure sensors and all straigegaare
connected with a data acquisition system, regigjetihe
output at a rate of 10 measurements per second.

The pressure sensor and strain gauges are depidigdre

' Strain gauges

Temperature sensor,

Figure 4: Pressure sensor and strain gauges.

2) Discharge

No direct equipment was available for measuring the
velocity or discharge. On the other hand, durirey dtvitch of
the valve of the pump, a clear pressure drop casebn in the
obtained data files. By measuring the time betwésa
switches of the valve of the pump, the dischargelmeasily
calculated, knowing that the total contents of Imping
cylinder is 83.1 1.

This discharge has been calibrated by pumping dnéeats
of 1 full cylinder inside the suspended reservathwhe valve
closed. As this reservoir is attached to the rgllbridge by
means of a load cell, the force variation is easlyorded and
with known density, the discharge can be easilgwtated.
This calibration procedure has proven that the iagpl
discharge measuring system delivers accurate sesult

As mentioned, no direct measurement equipment bags b
applied to determine the discharge, although an
electromagnetic discharge meter has proven to bé&ulum
case of concrete [15]. Also the above describedimetric
discharge calibration could have been performednduall
tests, but it was too elaborate to be performedimaously.
Specific equipment to measure the velocity profileon the
other hand not yet available for concrete. The ¢mdy able of



non-invasive measuring of the velocity is MR, Ibhis is too
expensive to be applied in concrete research [19].
3) Rheological properties

The rheological properties have been measured thith
Tattersall Mk-II rheometer [4,20], by stepwise dEging the
rotational velocity after a pre-shearing periodisTprocedure
has been applied in order to eliminate thixotropyd a
structural breakdown in the concrete before thesomesnent
[4,9-11]. The rotational velocity and resulting gae have
been transformed into fundamental rheological
Afterwards, if possible, both the Bingham and miedif

loaded in the rheometer in order to determine b@mlogical
properties simultaneously as the pumping test.

Each 30 minutes, the test has been repeated umatil t

concrete was removed according to the planning.

D. Results

1) Elimination of inaccurate results
The amount of concrete needed for the rheometériges
12.5 I, which is only 1% of the total amount of coste

Unit$yailable in the circuit. In some cases, seriousbti® arose

whether the taken sample was fully representativehfe total

Bingham models have been applied on the resultsteMo;gncrete amount. In these cases, the tests havgeanttaken

information and details on the Tattersall Mk-1l omeeter and
the measuring and data transformation procedurdedaund
in [20].

C. Testing procedure

The total amount of concrete needed for the execwf the
tests is at least 1.25 m3. As a result, all coesrdéiave been
produced in a ready-mix plant and transported &l#f. In
normal conditions, the concrete arrived in the 4&bminutes
after its production. The insertion of the concretok
normally 10 minutes and afterwards, the setup \easly for
the first test.

A test consisted of pumping the concrete at the fowest
discharges available (steps 1 to 5), for safetysaes, in
descending order, while maintaining each dischastep
during five full strokes (= 5 full cylinders beiqgumped). A
plot of the upstream pressure during a test carsdsm in
figure 5, in which clearly the decreases and irs@sain
pressure can be seen due to the change of the. \althe
beginning of the test, the pressure is high, wisctiue to the
high discharge (high Q) and the pressure spikeslase to
each other. At the end, the opposite can be setreagh
discharge, the average of the pressure in equitibriuring
the five strokes has been calculated.

Upstream pressure (bar)

Upstream pressure (bar)
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Figure 5: Upstream pressure during a pumping testThe

inset shows a detailed evolution of the pressure dog the
switch of the valve of the pump.

Before each test, a certain amount of concreteinsped in
the suspended reservoir with the valve closed,aasample is

into account for the further analysis, describethis paper.

Furthermore, due to structural breakdown definetth@end
of section 2, the flow resistance of the concre¢eréases
during the first three pumping tests on the comcréts the
pressure losses have not been determined in eduitib
conditions during the first two tests, these reshlhve been
omitted also. As a result, only results from thedthest on
have been applied in the analysis. Figure 6 shbhevptessure
loss — discharge curve for a self-compacting cdacfieM 7)
and a traditional concrete (TC 1), clearly indingtishear
thickening in the first case and perfectly lineahaviour in
the second case.

Pressure loss (kPa/m)

SCC LM
+TC1

457

407

351

301

2517

20

15

10

10 15
Discharge (I/s)

20 25

Figure 6: The pressure loss — discharge curve foreH-

compacting concrete SCC LM 7 (grey) shows non-linea
behaviour, while the traditional concrete TC 1 (blak)

does not.

2) Comparison with theoretical formulae

Based on the obtained rheological properties, hdttn the
Bingham and the modified Bingham model, if appliealthe
pressure loss corresponding to each discharge edppias
been determined with equations 5 and 6. In thés &pproach,
the concrete was assumed to be homogeneous overadse
section of the pipe. When defining the predictiatia as the
ratio of the theoretical pressure loss to the arpental
pressure loss, values between 2 and 5.5 in cabe &ingham
model, and 4 and 10.5 in case of the modified Bamgimodel
have been obtained. These values are too high &tttieuted
to measurement inaccuracies, and as a CONSeqUETITE,
effects must cause lower pressure losses, which hwil
discussed in the next section.



VI. HETEROGENEOUS CONCRETE FLOW

As no direct velocity profile measurements are ety
possible, an estimation of three effects, beinggtemetrical
wall effect, structural breakdown and dynamic sggten,
which all cause a decrease in the pressure loBfengiven in
this section. Only for the geometrical wall effectpme
approximate calculations are given, as a lot oféngacies are
encountered. For the other effects, their influemdkeonly be
described qualitatively.

A. Geometrical wall effect
1) Principle

The principle of the geometrical wall effect is fgusimple:
the aggregates cannot penetrate a rigid boundampis case
the pipe wall, creating a layer with a lower cortcation of
aggregates in this region. As it has been desciibbtbrature,
a lower concentration of aggregates induced loweological
properties [9].

2) Mathematical description

In order to incorporate the geometrical wall effgdb a
mathematical model, the same principles of sedtiowill be
applied. The shear stress distribution remainsfinas it is a
universal law, but due to the varying concentratioh
aggregates, the rheological properties vary adtespipe. At
a distance larger than,g/2 from the wall, with g
corresponding to the maximal aggregate size (16imwur
case), the rheological properties are assumed Hhoaine
constant. This “unaffected zone” will be reflectas the bulk
concrete in this section. When approaching the, wad yield
stress and viscosity are assumed to decreaselyirfieam their
value in the bulk concrete, to the values of thenposing
cement paste (= cement + water + filler + supetigiasr) at
the wall. As the rheological properties of the catnpaste
have not been measured, a value equal to 1/10@eofalues
for the concrete have been chosen. The shear tingke
parameter ¢ of the modified Bingham model has aesdmt
more complicated evolution, described in deta[P@)]. Figure
7 shows the assumed evolution of the Bingham pamame
yield stress and viscosity, and of the modified gdiam
parameters yield stress and c across the pipe.
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Figure 7: Evolution of Bingham yield stress and visosity
(lefty and modified Bingham vyield stress and shear
thickening parameter “c” (right), for SCC LM 7, test 3.
The values measured in the rheometer werayp = 21.25 Pa,
u = 21.42 Pa ¢Bingham) andz, = 31.22 Pau = 16.73 Pa s,
¢ = 0.367 Pa sfmodified Bingham).

BINGHAM MODIFIED BINGHAM
200-
» 20 =z
3 £
:.)/ 1500 :L b
g g
S 1w W ‘
o 8 /
Z% = 50
500 wn /
o oo 002 003 004 6[[5 o oot 7EEI72 003 0.04 005
TS o8] -
—_ 1
Y ~— w05
E 08 - E e
> 0 \ >
Q 04 \ o
g ‘ E 02
02 ‘ > 01
‘ \
o o001 0.02 003 0.04 005 0 00 002 003 0.04 005
Distance from pipe centre (m) Distance from pipe centre (m)

Figure 8: Shear rate (top) and velocity (bottom) pofile in

Note that the average of the rheological propertigzse the Bingham (left) or the modified Bingham (dht)

calculated over the cross section of the pipe spords to the
measured values in the rheometer, as due to tlsenwe of
ribs in the latter case, the geometrical wall gffsqrevented
to influence the measurements.

Based on these new rheological properties, ther stae
and velocity profiles can be calculated, which shewn in
figure 8. As can be clearly seen in case of thgBam model,
a large velocity gradient is present near the wadlicating the
existence of a lubrication layer. For the modifiBthgham
model, this velocity gradient is not so clearlyibie, due to
the very large importance of the shear thickeniegrnthe
wall.

Unfortunately, due to the large mathematical coxipleno
theoretical formulae for the velocity and dischargee
available.

model have been applied to the concrete. The ressilt
correspond to the rheological properties shown inigure 7
and an applied pressure loss of 20.57 kPa/m.

3) Prediction ratio

When applying this new theoretical model, the pr&ain
ratio decreases to 0.6 (but mostly larger thano1} for the
Bingham model, and to 2 to 9 for the modified Biagh
model. As a result, when neglecting shear thickgnimthe
concrete, the pressure losses in straight seatimmdbe almost
perfectly predicted (within a factor 2).

On the other hand, as shown in figure 9, a sheaekehing
effect must be present in the pumped SCC. Whenidenisg
the Bingham model, it can be seen that the predictatio
decreases with increasing discharge, indicatingpteeence of
shear thickening. On the other hand, as the piedicatio
increases with increasing discharge for the madiiB&ngham
model, it can be concluded that the shear thiclemninthe
pipes is not as large as measured in the rheonfetex result,



the calculated velocity gradient will be too snaild a smaller
prediction ratio can be obtained, if the correaastthickening
can be determined.

Predicted/measured pressure loss (-)

10 ¢

.\\

10 15 20 25
Discharge (I/s)

Figure 9: Prediction ratio as a function of dischage shows

(or equivalent) equation [21,22]. Also the variatiof
shear thickening should be studied in more detail.

- Due to the lack of equipment, staff, time and an
extracting procedure for the measurement of the
rheological properties of cement paste, values have
been assumed, which induces a new error.

As can be seen, the new model still has a lot sfes to

overcome, which are needed in order to quantify dtfeer
effects.

B. Structural breakdown

As mentioned in the second section when dealinp thiée
transient rheological behaviour of concrete, thguilérium)
internal structural state decreases with increashmepr rate.
As the material in the vicinity of the wall is shed at larger
shear rates than in the centre, this part of theme has to
become even more fluid. Although quantificatiorttu$ effect
is very difficult to perform, it has to occur acdorg to the
theory.

a decrease with increasing discharge in case of theC. Dynamic segregation

Bingham model (black) and an increase with increasp

discharge for the modified Bingham model (grey),
indicating the existence of some shear thickeningudng

pumping, but not as large as measured in the rheorter.

4) Shortcomings
Although this new model is delivering quite googuks, it
has a lot of shortcomings, making it currently irsgible to
estimate the other effects.

- As it has been mentioned before, the sampling ef t
concrete induces a large error. Although the mo
doubtful results have been omitted, no real cetain

exists about how representative each sample is.

- The rheological properties have been measureden t

Dynamic segregation is defined as the movemenbafse
aggregates away from zones with higher shear [4f#5]. In
fact, this effect would amplify the results of tgeometrical
wall effect. Although it can be doubted whetheodicurs in
case of self-compacting concrete, it has been préweccur
in case of traditional concrete [15].

As traditional concrete has a higher yield stresstSCC, it
would mean that for a certain pressure loss, thenaawould
fnove very slowly, or not at all, due to a very Englug. In

der to flow more easily, the concrete itself ¢esaa kind of
ubrication layer of mortar in the vicinity of theall. In case
of traditional concretes with a rather high yieldess, all
ﬁhearing occurs in this lubrication layer and thék lzoncrete

Tattersall Mk-Il rheometer and are compared to th&10ves forward as a plug at uniform velocity in ghge.
pumping results. In se, this is a kind of compariso

between two (concrete) rheometers, which

inducé%- Combination of effects

differences. As it is not certain that the Tattbrsa Whether one of these effects occurs separatelyin ox

rheometer delivers the correct values, this typerofr
will influence the results.

- Extrapolating rheological curves is a very dangsrodhe velocity gradient and consequently,
can changdscharge at equal pressure loss.

task, as the rheological behaviour
depending on the shear rate interval. The maxitnedis

combination with the others, all effects cause erekese in
viscosity in the vicinity of the wall, increasinbet shear rate,
increasiting

In general, the velocity profile of concrete flogithrough a

rate applied in the rheometer is around 15/s, winile pipe is composed of three parts:

the pipes, when not considering the geometrical wal -
effect, the maximal shear rate must be equal te &b/
45/s. This is probably the reason why the shear-

A plug in the centre
- Alarge velocity gradient in the vicinity of the iva
A smaller velocity gradient in between

thickening is not as large in the pipes as in the In case of high yield stress concretes, the pluyg lma that

rheometer. On the other hand, 15/s is a very lshgar

large that it causes the velocity gradient in thk lsoncrete to

rate in a concrete rheometer, endangering the acgur disappear. Depending on the rheological propewies the
of the measurement technique considerably. Inargasitype of concrete, t_he_rnagnltude of the lubricatiayer near
the maximal shear rate in a concrete rheometentis rthe wall can vary significantly.

easy.

- The calculations have been performed with a linear
evolution of all rheological properties, as any enor

complex variation complicates the
calculations significantly. On the other hand, kinear
evolution of these properties is probably not cttrras

they should evolve according to the Krieger-Dougher

VII. CONCLUSIONS
Based on the rheological properties of a liquidpsuasion,

analyticakhe theoretical relationships between pressure lasd

discharge can be easily calculated if the mateeahains
homogeneous.



The flow of concrete in pipes can occur in two @liéint 5 de Larrard F., Ferraris C.F., Sedran T., Freshcrete: A Herschel-
regimes: the flow can be dominated by liquid inttians, Bulkiey material Mat. Struct31(1998), 494-498.

L L . . 6 Heirman G., Vandewalle L., Van Gemert Byy analytical solution of
prowdmg the pOSSIblllty to apply the derived thetical the Couette inverse problem for shear thickening $€a wide-gap

formulae, or it can be dominated by friction betwethe concentric cylinder rheometed. non-Newt. Fluid Mechl50 (2008),
aggregates, increasing the pressure needed andblposs  93-103.
Ieading to blocking. 7 Feys D., Verhoeven R., De Schutter Gresh self compacting
Self-compacting concrete is a much more fluid ceter concrete: a shear thickening materiadCem. Conc. Res38 (2008),
0mp gc ! 920-929.
type, with a lower yield stress than traditionahc@te and a g vania A., Khayat K.H.Analytical models for estimating yield stress of
lower amount of coarse aggregates. As a resultfltie of high-performance pseudoplastic grouem. Conc. Res31 (2001),
this concrete type is expected to be dominated itpyid 731-738. _ , , ,
9  Wallevik J.E., Rheological properties of cement tpadhixotropic

Interactions. . . behavior and structural breakdowem. Conc. Re89 (2009), 14-29.
Full scale pumping tests on self-compacting coech&lve 19 Roussel N.,A thixotropy model for fresh fluid concretes: Theor

shown that the material does not remain completely validation and applicationsCem. Conc. Re®6 (2006), 1797-1806.

homogeneous in the pipe. Several effects creaggsaviscous 11 Wallevik J.E., Rheology of particle suspensions, Fresh concrete,

: : ; PR mortar and cement paste with various types of lyghonatesPh-D
material layer near the wall increasing the velogjtadient dissertation, The Norwegian University of Science aechnology,

and total discharge at equal pressure loss. Trondheim, 2003.

An attempt has been made in order to incorporaée th2 Macosko C.W.Rheology Principle, measurements and applications
geometrical wall effect into the theoretical caltidns, and \F/’Vil_ey-\(lfllH,J NLe,\\;IV-EmkH 19?]4- S | g

P H oiseullle J.L.M.,Rechercnes experimentales sur le mouvemen es

althoth . proml_smg results have been obtained, taofo liquides dans les tubes de trés—p(ftits diameteRs Acad. Sci. Parid1
shortcomings still need to be handled. (1840); 961-967, 1041-1049.

Structural breakdown causes theoretically a deeréas 14 Buckingham E.On plastic flow through capillary tube®roc. Am.
rheological properties in the zones with high sheates, Soc. Testing Ma21 (1921), 1154-1161.

which is near the wall. Unfortunately, a practical15 Kaplan D Pumping of concretesPh-I? dissertation (in French),
Laboratoire Central des Ponts et Chausées, Paf§, 2
quant'f'cat'on of this effect is Curremly Verym“ Thrane L.N., Form filing with self-compacting concrete, Ph-D
Dynamic segregation has been described as thet EffeC dissertation Danish Technological Institute — Technical Unsigr of
enabling the movement of high yield stress tradilo Denmark, Copenhagen, 2007.
concrete, but it is not expected to have such gaelelffect on 17 Browne R.D., Bamforth P.BTests to establish concrete pumpabjlity

. ACl-Journal74 (1977), 193-203.
the flow of self-compactlng concrete. 18 Ede A.N.,The resistance of concrete pumped through pipeliNes).

A; a general conclus_ion, one can st_ate .that theciegl Conc. Res9 (1957), 129-140.
profile of concrete flowing through a pipe is commpd of 19 Jamy S., Roussel N., Rodts S., Bertrand F., Le RoyCoussot P.,
three parts: Rheological behavior of cement pastes from MRIomgletry, Cem.

_ ; ; ; Conc. Res35(2005), 1873-1881.
a pluQ in the centre of the pipe due to the y|da1elss 20 Feys D.,Interactions between rheological properties and ping of

- a part Of the t_)U"( Concr?te in the-centre which iS"  seif-compacting concretdh-D dissertation, Ghent University, Ghent,
sheared, if the yield stress is not too high 2009.

- a lubrication layer with a large velocity gradienf, 21 Krieger L.M., Rheology of monodisperse latticddv. Coll. Interface

Sc.3:2(1972), 111-136.
which  the magnIIUde and propert|es depend on ﬂ}% Mahaut F., Chateau X., Coussot P., OvarlezYizld stress and elastic

rheological properties and the type of concrete. _ modulus of suspensions of noncolloidal particleyiaid stress fluids
As can be seen in this paper, a lot of uncertargtd#l exist J. Rheol52 (2008), 287-313.

on this topic and further research is certainlydeekin order

to better understand the movement of concretepagpiOnly

in this way, measures can be taken in order tonmipti the

concrete transport an to increase energy savinggdu
placing.
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