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In themix design process of cementitious suspensions, an adequate rheology of the cement paste is crucial. A novel
rheological field test device for cementitious fluids is presented here and investigated theoretically, by computer
simulation and by lab tests. A simple flow stoppage test with a timed spread passage point provides accurate rhe-
ological parameters according to the Binghammaterial model. Values for yield stress and plastic viscosity are ob-
tained for a test specimen of no more than 19.75 · 10−6 m3 of fluid. This volume is equivalent to 19.75 g of
water at room temperature. Such a small volume allows reliable tests even for small amounts of fillers. Promising
results show that both yield stress and plastic viscosity can be determined by this simple test. This novel rheological
test method also enables the correlation of different rheological equipment used by different laboratories.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

With the current trend towards the use of crushed aggregate mate-
rial, crushed fillers of differentminerals and crushing techniques, a sim-
ple filler quality assessment is now in demand by the construction
industry. Traditional grading curves used for mix design are not simply
applicable on powders and on irregularly shaped particles. An increased
demand in quality field tests for crushed fillers, together with the
wish for mix design and customize rheology calls for an easy-to-use
simple test method. A small, L-box shaped apparatus is developed and
presented as a flow test to obtain rheological Bingham parameters of
suspensions. This allows a quick and reliable test for fillers and for the
cement paste that is important for the mix design of especially Self-
Compacting Concrete, SCC. The rheology of the paste samples has
been tested in the laboratory using a rheometer and the here described
novel test method. The obtained results are compared to computer
simulations and theoretical solutions. Previous lab tests and numerical
simulations of the ASTM mini cone show a model for the determination
of yield stress, τ0, [1] and plastic viscosity, μpl, [2,3] formortars. Previously,
the relationship between slump or slump flow and yield stress has been
thoroughly investigated in for example [4–8]. It is stated in [8], that the
correlation between slump and plastic viscosity is low. As early as 1993,
slumping tests and slump flow tests for concrete were linked to rheolog-
ical constants in Japan [9]. There, an estimationmethod of plastic viscosity
was proposed by evaluation of flow time and different flow shapes or

slump shape parameters. Numerical, analytical and experimental studies
on Binghamparameters for the Abrams cone are also to be found in Japan
[10]. There, it is stated that flow time and plastic viscosity correlate well,
however only for similar slump flow values. Flow studies on flow behav-
ior and apparent viscosity for open channel flow are found for large lava
flows considering channel depth, speed of flow as well as angle of slope
[11]. However, a verification of lava viscosity assessment is unfortunately
not possible. This paper will focus on an easy-to-use model for obtaining
both yield stress and plastic viscosity of cement pastes with a small open
channel flow measuring device. This rheological measuring apparatus is
intended to be employed in the laboratory, in the concrete factory or
out in the field in a quarry using just small sample volumes. In the
past, a similar large scale elongated L-box was introduced to obtain
rheological Bingham parameters of concrete [12].

Bingham parameters acquired from rheometer measurements and
the parameters obtained from the measuring apparatus are correlated
to analytical solutions for open channel flow and to computer simula-
tions, using Computational Fluid Dynamics, CFD. The results obtained
lead to correlations between Bingham parameters and flowparameters.

2. Flow test

2.1. Box geometry and experimental setup

Fig. 1 shows the rheological measuring apparatus, developed to de-
termine rheological characteristics. It consists of an open channel
manufactured from frosted glass to ensure a low slip condition of the
material. The channel is a 350 mm long horizontal open channel of
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25mmwidth. At one end of the channel, a H=50mmhigh, gated col-
umn, or chimney, is attached to hold the fluid sample to be released. A
volume of 19.75 · 10−6 m3 of fluid is filled into the container and
then released into the channel once the gate is quickly opened. Opening
the container gate is performed by hand in one swiftmovement, the op-
erator is the same for all laboratory experiments. The time frame taken
to open the gate has beenfilmed for every laboratory test and is estimat-
ed to average the blink of an eye, ≈0.2 s.

A camera mounted straight above the measuring box captures the
flow propagation of the released fluid. The gate opening time has been
excluded from the duration of flow propagation by starting the clock
at the first sign of fluid flow exiting the gate. In addition to filming the
spread in the transparent channel on graph paper and charting its prop-
agation, time tx for the spread to reach a certain distance from the gate
(X=70mm)was recorded aswell. Final spread length Lwasmeasured
from the back end of the container to the center of the front line after
flow stoppage.

2.2. Fluid rheology

The consistency of the granular mixtures is determined with the
Haegermann cone according to [13]. The dimensions of this cone are:
height = 60 mm with upper and lower values for the diameter being
70 and 100 mm, respectively. A w/p range of 0.24 up to 0.50 for the ce-
ment paste with and without addition of fillers ensures different values
for the plastic viscosity. A lower w/p value allows amore distinct evalu-
ation of powder quality. The yield stress was adjusted by the amount of
added superplasticizer aiming for Haegermann slump flows between
300 and 400 mm. Workability of the mixes was evaluated with a rhe-
ometer to determine Bingham parameters. This way, a large area of
the rheograph [14] shown in Fig. 2 was covered and tested.

Bingham parameters for the numerical simulations were chosen
randomly within this area of the rheograph to be representative with
the same values of flow and similar densities as the cementitious mix-
tures. Both experimental mixes and numerical simulations are evaluat-
ed according to flow parameters in themeasuring box and compared to
their Bingham parameters. Details of the experimental set-ups are
found in Sections 4 and 5.

3. Analytical approach

3.1. Rheology of suspensional flow

Concrete and other concentrated particle suspensions are often
modeled as a Bingham material. For stress levels above the so called

yield stress, τ0, the material flows. This relation is written as:

τ ¼ Gγ for τ b τ0
and

τ ¼ τ0 þ μplγ̇ for τ≥ τ0
ð1Þ

with τ and γ being the stress and shear of thematerial, respectively, and
G a spring constant [15]. For Pascalian liquids, meaning incompressible
fluids (such as concrete and cement pastes), we have for the fluid veloc-
ity vector u

∇ � u ¼ 0: ð2Þ

The governing equation for non-Newtonianfluidflow, calledCauchy's
equation of motion [16], is given by:

ρ
Du
Dt

¼ ∇ �σþ ρ g ð3Þ

where g is the gravitational acceleration vector acting on the system, ρ is
thematerial density and the stress tensorσ=−p I+ T. Here, p denotes
pressure, I is the unit dyadic and T is the extra stress tensor, associated
with the apparent viscosity η of the fluid. For concrete being a viscoplastic
material, the relation used for T is [17]:

T ¼ 2Du ð4Þ

Fig. 1. Geometry of the measuring box.
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Fig. 2. Scatter chart showing measuring field of Bingham parameters for granular mixes
and simulated flow.
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