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The measurement of the evolution of mechanical characteristics of
concrete during the setting period is needed to control the schedule
of construction (for example, placement and formwork removal).
The standard Vicat test for measuring the setting time of cement
paste and mortar does not provide sufficient information (initial
and final set time), for example, to determine the time during which
concrete can be pumped or extruded. This study monitored the
cement paste setting period through the variation of intrinsic
material parameters (yield stress and plastic viscosity) and the
hydraulic pressure on the forms. The setting was monitored by
rheological (stress growth and shear rate sweep) and hydraulic
pressure measurements. The results of these experiments are
discussed and compared with the Vicat test for cement paste. It is
shown that the proposed tests are more sensitive to the setting
evolution of cement paste than the Vicat test and provide useful
early age information.
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INTRODUCTION
The monitoring of the evolution of mechanical, thermal, or

physicochemical phenomena is the objective of the majority
of the measurement methods for cement paste during the
setting period. The first measurement methods for setting
time were proposed in the 19th century.1 The setting time
was measured exclusively using mechanical methods based
on the idea that stiffening during set induces a gradual
increase in resistance to shearing of the cement paste. The
first devices based on this principle imposed a local shear
stress by the penetration of an object into the material. This
concept is applied in the Vicat needle test. The Vicat needle
is cylindrical, with a 1 mm2 (0.0015 in.2) cross section and
moves in a vertical scaled guide, penetrating a mass of
cement paste placed in a mold. Initial set is defined as the
time at which the needle will not penetrate past a certain
distance from the top of the sample (typically 25 mm [1 in.]).
Final set is defined as the time when there will be no mark
upon the surface from the needle, that is, no penetration of
the needle at all. The Vicat needle is the test most used by
present cement manufacturers to define setting time and is
the subject of multiple standards (for example, ISO 95972

and ASTM C 191-043) around the world. The concept of this
test was also adapted for mortar and concrete by modifying
the dimension of the needle (ASTM C 8074 and ASTM C 4035).

Setting time measurements have also used other techniques,
for example, one test is based on heat of hydration.6 Methods
of observation such as the scanning electron microscope
(SEM) allowed a better understanding of the cement hydration
and other related physical phenomena, leading to the emergence
of numerous sophisticated methods, such as acoustic wave
propagation,7,8 electrical conductivity,9 or the measurement
of plastic shrinkage.10 Despite the fact that today the phenomena
of setting is known, the measurements obtained are not easily

related to field conditions, as they are not directly related to
mechanical phenomena such as stress and deformation.

Another method to measure the setting time of cement
paste is based on the measurement of the hydraulic pressure
variation at early age.11 According to the Terzaghi principle,
the stress in any point of a section through a particulate material
can be computed from the total principal stress σ that acts at
this point. If the voids in the material are filled with water
under stress u, the total principal stress consists of two parts.
One part acts on the water and on the solid surfaces in every
direction with equal intensity. The balance σ′ = σ – u represents
an excess over the hydraulic pressure u and is based exclusively
in the solid phase of the material. This fraction of the total
stress will be called the effective principal stress. Just after
mixing, a cement paste is a suspension with a very high
concentration of solid particles, composed of water, air, and
cement. The paste, initially, is in a disorganized state. Solid
particles are suspended in the liquid phase, which bears all
forces applied to the system. In the plastic stage, it was
found12,13 that both σ and u are almost equal (that is, σ′ = 0).
The hydraulic pressure u is then equal to the total lateral
pressure (u = ρgz), where ρ is the density, g the gravitational
constant, and z the height of the material. Thereafter, the
development of the physical and chemical properties of the
cement, which occurs within the first 3 to 4 hours after
placing, induces a drop of the hydraulic pressure on the
formwork, because the material becomes a solid that can
sustain itself. 

To measure the hydraulic pressure of cement paste, an
original device presented in Reference 12 was adapted from
the design of the triaxial setup usually used in soil
mechanics. This method described herein has also been
successfully used by Assaad and Khayat13and Assaad et al.,14

leading to the same results. The method is very simple and
capable of recording cement paste properties during the
evolution of set before the Vicat test is able to detect any
changes in the cement paste. It should be remembered that
the Vicat needle method can only be used for cement paste
or mortar, while the hydraulic pressure method can also be
used for concrete as described in Reference 11. The hydraulic
pressure becomes zero as the material stabilizes, that is, the
lateral pressure against the formwork is equilibrated by the
internal strength generated by the hydration process. This
gives a potential indication of when it would be possible to
remove the formwork. Obviously, other factors should be
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considered before the forms are removed, such as the effects
of vibration (due to banging to remove forms) on the
concrete stability. A recent experiment, discussed in
References 15 and 16, performed in the field with the
hydraulic pressure method adapted for large formwork has
demonstrated that the final zeroing of hydraulic pressure can
be linked to successful formwork removal.

Another method of monitoring cement paste set can be
based on the evolution of rheological measurements versus
time.17 The rheological behavior of a fluid such as cement
paste, mortar, or concrete is often characterized by two
parameters: yield stress τ0 and plastic viscosity μ, as defined
by the Bingham equation

(1)

where τ is the shear stress applied to the material (in Pa), τ0
is the yield stress (in Pa), μ is the plastic viscosity (in Pa⋅s),
and  is the shear strain rate (also called the strain gradient)
(in s–1). 

Several types of rotational rheometers exist18,19 for
measuring the Bingham parameters. The selection of a
geometry for a rotational rheometer is usually based on
several considerations, such as sedimentation, slippage, flow
uniformity of the sheared material, and distance between the
shearing planes.20 A parallel plate configuration (refer to
Fig. 1(b) and (c))19 was used in this study. Typical rheological
measurements are concentrated on the measurements of
yield stress and plastic viscosity within a few minutes of
mixing. Nevertheless, Ish-Shalom et al.21 used a coaxial
rotational rheometer with cement paste at various times after
mixing and for a range of water-cement ratios (w/c) and
showed that plastic viscosity and yield stress increase
significantly during the setting period. This result may be
explained by several closely connected physico-chemical
and mechanical phenomena that occur when the water and
cement are in contact.22,23 The work described by
Helmuth24 shows that the stiffening of the cement paste is
related to the interaction of the liquid and solid phases.
Nonat et al.25 explain that early hydration reactions of the
cement affect the specific area, and free water content and,
therefore, the water-film thickness around particles during
the dormant period. The hydraulic pressure, as well as the
rheological properties, depends on the water thickness
because the water is the lubricant that keeps the particles
separated. Therefore, the measurement of the variation of
hydraulic pressure and variation of the rheological properties
should help describe the evolution of setting.

Despite the long tradition of characterizing cement paste
time evolution by the initial and final setting time, these
values are not sufficient to answer some of the more practical
questions related with constructability such as:
• What is the period during which the material is pumpable?

τ τ0 μγ·+=

γ·

• What is the period during which the material has
rheological properties allowing casting of the concrete
without loss of future mechanical characteristics?

• When is it possible to remove the formwork?
The answer to these questions is of paramount importance for

the civil engineer to design a concrete meeting a given
construction schedule. To answer the above questions,
however, the flow properties of the material need to be known. 

RESEARCH SIGNIFICANCE
The measurement of the evolution of mechanical

characteristics during the setting period of cementitious
materials is necessary to control the schedule of structures
construction (placement and time for formwork removal).
To characterize setting of the cement paste, the Vicat test is
often used. The information obtained (initial and final set),
however, is largely insufficient. Monitoring the cement paste
setting period through the changes in the intrinsic material
parameters (yield stress and plastic viscosity), and the hydraulic
pressure on the forms was investigated. All tests were
conducted with cement paste. The results, however, are
believed to be applicable to concrete because setting time is
strongly influenced by the cement paste composition.

EXPERIMENTAL PROGRAM
Materials

The mixture compositions of the cement pastes (P30, P36,
and P45) included in this experimental program are
presented in Table 1. The main difference among these
cement pastes is their w/c. The cement used (CEM II/B-
LL-32.5 R) contains mass fractions of 70.5% clinker, 4.5%
gypsum, 24% limestone, and 1% filler. The calculated
Bogue composition of this cement (mass fractions) is
deduced from the chemical characterization (Table 2). The
specific Blaine surface is 395 m2/kg (1928 ft2/lb). The initial
setting time of the cement was tested as described in the standard
ISO 9597,2 with a w/c of 0.28, cement density of 3050 kg/m3

(0.11 lb/in.3), and is 145 minutes.

Preparation of mixtures
The cement paste for the hydraulic pressure test was

prepared in a 20 L (5.28 gal.) mixer according to the standard
ISO 9597.2 The cement paste for the rheological measurements
was prepared using the methodology developed by the Portland
Cement Association (PCA).24 This methodology consists of a
blender mixer with a capacity of 1 L (0.26 gal.) connected to
a speed controller and to a temperature-controlled water
bath. The speed controller allows the speed of the blades in
the mixer to be held at a preset speed regardless of the load.
The controlled temperature bath is set to 15 °C (59 °F) in this
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Fig. 1—Non-standard devices used for this study: (a)
hydraulic pressure device; (b) serrated plate-plate rheometer;
and (c) environmental control chamber.
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study. This temperature allows the paste temperature to be
approximately 20 to 22 °C (68 to 71.6 °F) to at the end of the
mixing cycle. Without the temperature controller, the
temperature of the cement paste would be much higher due
to friction from mixing and this would affect the hydration of
the paste as well as its rheological behavior. The cooled base
of the mixer plays the role normally filled by the aggregates
in concrete, which is that of a heat sink.

The mixing regime adopted for the cement paste was19:
• Add water to the mixer;
• The mixer blades rotate at a speed of approximately

419 rad/second (4000 rpm) while the cement is
introduced in a period of 30 seconds;

• The speed of the blades is increased to 1047 rad/seconds
(10,000 rpm) and kept constant for another 30 seconds;

• The mixer is stopped and the walls of the mixer
scraped;

• After 2.5 minutes, the mixer is turned on again at a
speed of 1047 rad/second (10,000 rpm) for 30 seconds; and

• The temperature is measured just after this cycle.

MEASUREMENTS
Setting measurement with Vicat needle

The Vicat device used is described in ASTM C 191-99.3

The needle is on a 300 g (0.66 lb) moveable rod and has a
diameter of 1 mm ± 0.05 mm (0.039 in. ± 0.0019 in.) A
specimen of fresh cement paste is prepared and placed in a
frustum 40 mm (1.57 in.) in height. Initial setting time is
considered in this paper as the time when the needle penetration
is 39 mm ± 0.5 mm (1.53 in. ± 0.019 in.) The final setting time
corresponds to less than 0.5 mm (0.019 in.) penetration. 

The Vicat measurements, as described in ASTM C191-99,3

require that the cement paste be of normal consistency (ASTM
C 187.26 The scope of this study, however, is to determine
the setting time of any cement paste. Obviously, the bleeding
should be minimized by properly selecting the w/c.

Hydraulic pressure variations
A tubular glass column, measuring 1.3 m (51.2 in.) in

height, 110 mm (4.33 in.) in diameter, and with a wall of 5.3 mm
(0.21 in.) thickness, was used (Fig. 1(a)) as the container for
the experimental material. Pressure measuring devices were
positioned within the column 1 m (39.3 in.) below the top free
surface of the cement paste.12 The measured initial pressure was
equivalent to the hydrostatic pressure. The reproducibility12,20

(standard deviation calculated by repeating the test three times
on the same material and under the same conditions) was found
to be approximately ±5% when the pressure is positive, that
is, before the pressure becomes zero, for all the cement pastes
tested. However, a standard deviation of approximately ±15%
of the value of the time at which the pressure reaches the
lowest value (most negative) was recorded. It is possible that
the hydraulic pressure measurements were affected by the
uncontrollable small air bubbles observed in the devices at
the end of each experiment. Other comparable experiments
have shown the same phenomenon13,14 of large scatter of the
data for the negative peak. 

Rheological properties measurements
A parallel-plate rheometer with 35 mm (1.38 in.) diameter

serrated test plates (Fig. 1(b)) was used to measure the
rheological properties for the cement paste. To limit as much
as possible the evaporation/drying of the water during the
test, the sample was enclosed in a chamber including a wet

sponge (Fig. 1(c)). The mixing operation, described in the
Preparation of Mixtures section, lasted 5 minutes, and
another minute was needed to transfer the material from the
mixer to the rheometer and to start the measurements. Therefore,
the first test could only begin 6 minutes after the first contact
of water with cement. Between rheological measurements,
the mixture was stored in a hermetically sealed vacuum
bottle. The test protocol includes the following:
• Except for the first test, which was conducted immediately

after the initial mixing, the cement paste was homogenized
before each test by the following method: the sides of
the sealed vacuum bottle were scraped and the specimen
was remixed for another 15 seconds using a blender
plunged directly in the bottle. The remixing was performed
to ensure that a representative sample was taken for the
rheology test;

• 2 mL (0.07 oz) of fresh cement paste is transferred to
the lower plate of the rheometer, using a disposable
syringe (without the needle);

• The two plates were driven to the preset gap of 1 mm
(0.039 in). This gap was selected based on previous
experience19,27; and

• The test was carried out at a controlled temperature
(23 °C ± 0.2 °C [73.4 °F ± 0.4 °F]), which is the average
cement paste temperature during the setting period. The
fresh cement paste is submitted to two types of shearing
load: the stress growth test and the Bingham test.

The stress growth test is characterized by the material
being sheared at a very low shear rate (0.1 s–1 herein). This
shear rate was selected as the minimum shear rate possible
with the available rheometer. The stress is recorded versus
time for 5 minutes. The stress-time curve could be divided

Table 1—Cement paste composition

Mixture

Water,
L/m3

(gal./yd3)

Cement,
kg/m3

(lb/yd3) w/c φ0

ρ,
kg/m3

(lb/in.3)

P30 478
(96.5)

1593
(2685.1) 0.30 0.52 2070

(0.075)

P36 523
(105.6)

1454
(2450.8) 0.36 0.48 1977

(0.071)

P45 579
(116.9)

1285
(2165.9) 0.45 0.42 1864

(0.067)

Note: φ0 = solid volume fraction.

Table 2—Chemical characterization of cement 
by Bogue analysis

SiO2 15.90%

Al2O3 3.90%

Fe2O3 2.15%

CaO 62.00%

MgO 0.80%

K2O 0.80%

Na2O 0.14%

SO3 2.65%

C3S 39.1%

C2S 16.1%

C3A 6.7%

C4AF 6.5%

Note: Cement (CEM II/B-LL-32.5 R) used contains mass fractions of 70.5% clinker,
4.5% gypsum, 24% limestone, and 1% filler.
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into three stages: 1) before the peak; 2) the peak; and 3) after
the peak. The end of the linear behavior before the peak
defines the real yield stress, but it is not possible to measure
this point with the rheometer available due to the few points
recorded before the peak value, especially at very early age
(time <2 hours). The peak, defined by the maximum value,
is easily measured and so is used as a good approximation of
the yield stress.28 A small error is introduced by selecting the
peak itself instead of the end of the elastic period as a
measure of the yield stress. A lower shear rate than the one
used in this study would be desirable, because it would allow
more stress measurements before the peak and therefore a
more accurate determination of yield stress.

The Bingham test involves sweeping shear rates from 50 s–1

to 1 s–1, and measuring the stress. The yield stress and the plastic
viscosity as defined in Eq. (1) is determined by linear fit to the
stress versus shear rate curve. After limited repeatability tests, it
was found that the calculated values of the yield stress and
plastic viscosity had a standard deviation of 5%.

RESULTS AND DISCUSSION
Hydraulic pressure variations during Vicat setting

The test results obtained by hydraulic pressure measurements
are presented in Fig. 2. The hydraulic pressure decreases from
hydrostatic pressure to zero, becomes negative, and then
abruptly returns to zero.12,29 This dip in pressure is called
depression. As the w/c increased, the time to obtain a null
pressure was delayed. One reason for the pressure decrease
before the initial setting of the cement paste (Table 3), as
defined by the Vicat test, is related to the relative humidity
(RH) decrease due to the dissolution of alkaline hydroxides

from cement particles into the aqueous phase. The RH
affects the level of the suction and thus produces the
decrease of hydraulic pressure. Bentz et al.30 demonstrated
that the observed RH does not reach 100% because of the RH
decrease caused by the dissolved ions (for example, Ca++

and Na+) present in the cement paste pore solution. The RH
initially recorded30 stabilizes in the pore solution around
97% ± 2%. For example, according to Kelvin’s law (Eq. (2)),
a fall in RH of 2%, that is, 98% RH, involves a suction force
of 2.8 MPa. Kelvin’s law is given by

(2)

where Us is total suction, Ua is air pressure, Uw is water pressure,
RH (%) is the relative humidity, M is the molar mass of water
(M = 18.016 g × mol–1), g is the acceleration due to gravity
(g = 9.81 m × s–2 or 32.19 ft/s2), R is the universal gas
constant R = 8.3143 J × mol–1 × K–1), T is the temperature in
Kelvin, ρw the volumic mass of the water (Kg/m3) and σcap
is the capillary stress (Eq. (3)) or suction. For example, at 20
°C (68 °F)

(3)

= 2.8 MPa (406 psi)

These capillary forces; the gravity forces; attractive forces,
such as Van der Waals forces; and electrostatic forces cause the
solid cement particles to approach each other, so that the pore
radii decreases. Simultaneously with the decrease of the water
pressure during the setting period, some physical phenomena are
induced, such as bleeding31 and plastic shrinkage,29,32 and
rheological properties, such as thixotropy,14,33 evolve. The
magnitude of the σcap gives an indication of the total forces
that are created to attract particles together from decreasing
relative humidity. As they are very large, it is conceivable
that they contribute significantly to the cohesiveness of the
cement paste or concrete during setting.

When the cement paste is set, it is a solid and no longer
behaves as a liquid that can exert a hydrostatic pressure.
Therefore, the time corresponding to the pressure becoming
null is proposed as a definition of the setting time of
cementitious materials. This time can be determined by
simple contact of the device test with the concrete.16 It does
not require rehandling the material, and it gives direct
information on the mechanical evolution of the material.
Additional discussion of the kinetics of the hydraulic
pressure is given in Reference 14. This method can be used
in cement paste, mortar, and concrete, while the Vicat needle
test is only valid for cement paste or mortar.

Yield stress variation during setting period
The stress growth test is conducted to monitor the evolution of

the yield stress with time.34 Figure 3 shows a typical stress
response obtained. It was noticed that the temperature of the
mixture did not change significantly (less than 1 °C [33.8 °F])
during the whole duration of the tests. The times given to the
right of the plot are the intervals after addition of water. The

Us Ua Uw σcap
RH( )ln RTρw–

gM
------------------------------------= =–=

σcap
RH( )ln RTρw–

gM
------------------------------------= =

10 0.98( ) 8.3143 20 273+( )× 1000××ln×–

9.81 18.016× 10 3–
×

--------------------------------------------------------------------------------------------------------------

Fig. 2—Hydraulic pressure variation during hydration period.
Value after P in the legend stands for w/c.

Table 3—Characteristic time obtained with 
different experimental devices*

Test Rheometric test

Time to 
zero 

pressure Vicat test

Mixture

Time when yield 
stress gradient 
changed (pt B),

hours

Time
when viscosity 

became negative, 
hours

TB, 
hours

Initial 
set, 

hours

Final 
set, 

hours

P30 3.13 1.6 2.49 2.50 4.28

P36 3.37 5.13 3.05 3.25 5.0

P45 5.83 6.75 4.07 4.01 6.16
*Uncertainties could not be calculated because these data are results of only one test.
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stress growth curve contains three stages: the pre-peak stage,
the peak stage, and the post-peak stage.

In the pre-peak stage, the cement paste displays an elastic
behavior as shown by the linear increase of the shear stress
versus time at a constant shear rate. The cement paste is still
acting as a solid, thus elastic behavior is observed. A
nonlinear behavior follows, leading to the peak stress.

At early ages, the stress after the peak stress is reduced
to an equilibrium value. At later ages (>4 hours), a stable
equilibrium value is not reached, as shown by Fig. 3. The
particles of cement are partially agglomerated at this point,
and the layer of water between particles is reduced due to
hydration. The shear action imposed by the rheometer can
cause some of the agglomerates to break or overcome the
solid-solid frictional forces. This may allow the paste to
suddenly flow easily, leading to a reduction of the shear
stress measured, followed by an increase as soon as the
agglomerates or the friction prevents further flow.

Figure 4 shows the evolution of the yield stress (defined as
the peak value) versus time for the three pastes studied. The
key points to describe Figure 4 are Points A, B, and C. Point A
is the initial yield stress, Point B is where the curve sharply
increases, and Point C is the last measured point. For this
study, Point B was selected as the last point before the sharp
increase of the curve (Fig. 4). Usually Point C denotes the
highest stress that was measurable for that material and for
the test equipment used in this study. These points can be
used for all curves in Fig. 4 to define two specific sections: 

1. Section AB (from Point A to B): A slow steady increase
of the yield stress with time; and 

2. Section BC (from Point B to C): A dramatic increase of
the yield stress, indicating the change of the cement paste
from a fluid to a solid state.

A similar trend of the yield stress evolution as found by
Struble and Lei35 by using creep/recovery measurements on
different cement pastes. The main difference between their
method and ours is that Struble and Lei never sheared the
cement paste above the yield stress; therefore, the cement
paste microstructure never reached the point where the
material flows. 

It should be noted from Fig. 4 that P30 and P36 have the
same setting time (as defined by the time to reach Point B).
This is misleading, as there is only one data point between
2.5 and 3.5 hours after mixing for P36, whereas there are two
points for P30. Therefore, the error to determine Point B is
higher for P36 than for P30. In consequence, the difference
of setting time of approximately 30 minutes observed with
Vicat or pressure measurements is not observed with the
yield growth method, because this difference is higher or

equivalent to the estimated error in the measurement of B for
P36. This indicates that measurements should be carried out
every 15 minutes when using stress growth to determine
setting time.

In Fig. 5, the slopes of Sections AB and BC from Fig. 4
were examined. For Section AB, the gradient decreases with
increasing w/c (Fig. 4 and 5). In addition, the Point B appears
earlier with decreasing w/c (Fig. 4 and Table 3). On the
contrary, in Section BC, yield stress gradient increases with
w/c (Fig. 5). These observations could be used to predict the
influence of changes in cement paste composition on setting
time without having to measure the cement paste behavior
all the way until final setting time. Yield stress could be
measured only for a set period of time and the gradient of
Section AB calculated. A higher gradient in Section AB
(Fig. 5) will indicate a qualitatively faster setting time
without having to make quantitative measurements until
Point B or C, as only a couple of points before Point B need
to be used to calculate the slope. Further testing is needed to
validate this claim and to establish the relationship between
the gradient and setting time.

Figure 6 and Table 3 present, in different ways, the
comparison of the various results obtained: yield stress,
hydraulic pressure, and Vicat penetration. In Fig. 6, the
hydraulic pressure, the yield stress, and the Vicat penetration
value are represented as dimensionless ratios: the ratio of the
hydraulic pressure (measured) to the hydrostatic pressure
recorded initially, the ratio of yield stress to maximal yield
stress, and the measured Vicat needle penetration divided by
the measured penetration distance of 40 mm (1.57 in.), the

Fig. 4—Yield stress versus time during setting period for
three cement pastes. Value after P in legend stands for w/c.

Fig. 5—Yield stress gradient comparison between [AB] and
[BC] phase according to w/c. Conversion factor: 1 Pa/h =
0.00015 psi/h (or 400 Pa/h = 0.06 psi/h).

Fig. 3—Typical shear stress response obtained with stress
growth experiment (P36 sample).
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initial value. For the yield stress method, the time at Point B
(Fig. 4) is defined as the setting time. From Table 3 and
Fig. 6, it is clear that for all three types of measurements that
the time obtained for setting times follow the same trend, that
is, increasing with increasing w/c.

The two methods proposed, hydrostatic pressure and
stress growth, could be used not only to determine setting
time but also to monitor the process before initial set. This
information could be used to better link material composition
with concrete flow behavior.

Apparent viscosity during setting period
So far, the rheological study of the mixtures was limited to

the yield stress as measured by stress growth. The most
commonly used equation to describe concrete or cement
paste flow is the Bingham equation as discussed in the
Introduction. When performance is modeled using that
equation, the slope of the shear stress-shear rate curve is
determined and called the plastic viscosity, while the intercept is
the yield stress. On the other hand, the non-Newtonian

viscosity is defined36,37 as the ratio between the shear stress
and the shear rate at any given shear rate. Flow curves are
usually obtained by sweeping the shear rate from high to low
values. In this study, the curves were recorded every 15
to 20 minutes for the P30 cement paste to determine the
variation of viscosity and the yield stress during the setting
period of the cement paste. All the shear stress versus shear
rate curves are presented in Fig. 7. The slope and the yield
stress (or intercept at zero shear rate) can be calculated from
these curves and are discussed in the following.

First, the Bingham yield stress was calculated for each
curve by taking the stress axis intercept of a linear fit to the
curves shown in Fig. 7. The Bingham and the stress growth
derived (copied from Fig. 4) yield stress are shown in Fig. 8.
Both curves show the same trend. The yield stress calculated
by Bingham, however, is systematically lower than that
measured by stress growth. This is due to the shearing that
occurs at the high shear rate applied to the cement paste
during the Bingham protocol early in the test. For the stress
growth test, the cement paste is not sheared at all before the
measurement. In other words, the cement paste structure is
destroyed before reaching the end of a Bingham test,
whereas it is destroyed only after reaching the yield stress in
the stress growth measurements.

The plastic viscosity defined by Bingham could be calculated
from the slope of the shear stress-shear rate curve. From
Fig. 7, however, it is obvious that the shear stress-shear rate
curves are not linear. In certain cases, for low shear rate or
2 hours after mixing, a negative slope can be observed. It
seems that there is dependence of the slope with the shear
rate. Therefore, the slope of the curves of Fig. 7 was
calculated using three consecutive points of the Bingham
curve. The slope obtained was plotted at the shear rate of the
middle value of three points selected (same principle as used to

Fig. 6—Hydraulic pressures, yield stress, and needle
penetration variation versus time according to w/c. (Relative
hydraulic pressure equals measured hydraulic pressure/
hydrostatic pressure; relative Vicat penetration equals
penetration of Vicat needle/40; relative yield stress
equals measured yield stress/maximal yield stress measured.)

Fig. 7—Evolution of shear stress versus shear rate behavior
during hydration period of P30 cement paste.
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calculate moving average). The results are plotted in Fig. 9
and 10.

Just after mixing, the slope decreases as the shear rate
increases (Fig. 9). This behavior is typical for a non-Newtonian
material with a yield point.37-39 After approximately 65 minutes,
this tendency is reversed and the slope starts increasing with
increasing shear rate. In other words, the shear stress increases
when the shear rate decreases in a standard shear rate sweep
(from high shear rate to low shear rate) used in the Bingham
method. This transition could be interpreted as the transition
to a zone where the frictional forces play a major role. As the
hydration progresses, agglomerates form and, as less free
water is present, the number of solid-solid contacts
increases.24 At a higher shear rate, however, these agglomerates
can be broken and therefore the cement paste can flow, so
that the shear stresses measured are relatively low. As the
shear rate decreases, the agglomerates can reform, preventing
free flow, so that the shear stress measured is higher. This
behavior becomes even more apparent as time progresses,
leading to a slope decreasing dramatically with time (Fig. 10)
and even becoming negative. At high shear rates (above 25 s–1),
however, the slope is almost constant with time. This means

that a high shear rate is able to break the structure of a cement
paste even at times closer to the setting time.

Obviously, as the curves in Fig. 7 are not linear and even
show a negative slope, the plastic viscosity cannot be calculated.
On the other hand, the non-Newtonian viscosity and the ratio
of the shear stress to shear rate at various shear rates and
measurement times can always be calculated (refer to
Fig. 11); and it is always positive. It clearly shows that the
viscosity increases with time. This increase is more dramatic
at low shear rates.

At this point, there are two sets of information related to
the evolution of the rheological properties of the cement
paste with stress above the yield stress: 1) the non-Newtonian
viscosity (Fig. 11); and 2) the slope of the stress-shear rate
curve as a function of shear rate (Fig. 9). In the first case, no
clear transition can be observed that could point to the set
time. In the second case, a clear transition is observed from
a positive slope to a negative slope (Table 3).

To explain the dramatic slope change from positive to
negative (refer to Fig. 9 or 10), the work by Ancey and
Coussot,38 who performed tests on a model fluid whose
characteristics have some similarity with cement paste, could
be used. The viscosity of the model fluid was approximately
0.96 Pa × s and glass particles were added at approximately
60% solids concentration. This is comparable to the cement

Fig. 8—Comparison of yield stress variation during setting
period obtained with Bingham and stress growth methods
for P30 cement paste. Conversion factor: 1 Pa = 0.00015 psi
(or 800 Pa = 0.12 psi).

Fig. 9—Evolution of slope of shear stress-shear rate during
hydration period of P30 cement paste (slope is obtained on
every consecutive three points of Bingham curve and is plotted
at shear rate of middle value of three points selected).

Fig. 10—Evolution of slope of shear rate-shear stress curve
during hydration period (P30 cement paste). (Slope is
obtained on every three points of Bingham curve, and shear
rate is middle value of three points selected.)

Fig. 11—Evolution of non-Newtonian viscosity during setting
period (P30 cement paste).
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paste specimens in this study where the solid concentration
was 52% (Table 1) and the viscosity ranged between 0.9 Pa × s
and 2.5 Pa × s (refer to Fig. 9) depending on the shear rate.
Ancey and Coussot40 explained that at low shear rates,
frictional contacts between particles predominate. At larger
shear rates, viscous forces are able to break direct contacts
between particles and the medium forms a layer that
provides lubrication. Once most contacts are lubricated, one
may expect a viscous behavior at the macroscopic scale, as
is usual for hard-sphere suspensions. To transfer these
observations for an ideal fluid to the hydrating cement paste,
it could be said that the cement paste behaves at early age as
a low concentration suspension with lubrication provided by
the free water. As the hydration progresses, the points of
contact between the particles increase, and the free water
available decreases, thus reducing the lubrication between
particles provided by the water. As the cement paste is
sheared at later ages, the high shear rate is still able to break
the particle contacts, and as the shear rate is decreased, the
contacts re-form, resulting in a high shear stress. Thus, the
shear stress increases while the shear rate decreases, leading to a
negative slope of the shear stress-shear rate curve (Fig. 10).

It could be deduced from these results that a suspension
will not flow easily once the slope of the shear stress-shear
rate curve shows a tendency to increase with shear rate.
Could this be interpreted as the moment where the concrete
is not pumpable? It is conceivable, although further tests
need to be conducted to confirm this interpretation. 

CONCLUSIONS
The focus of this paper was to examine the possibility of using

alternative tests to the Vicat needle method to monitor setting
time of cement pastes. It was shown that two other methods, the
hydraulic pressure method and the rheology method described
herein, are promising as they correlate well with the Vicat setting
time and provide more information before the initial setting time
than does the Vicat needle method.

The hydraulic pressure becomes null at the same time as
when there is a change in the flow behavior of the material.
This change in rheological behavior is seen by a strong
increase in the yield stress and a sharp decrease of the slope
of shear stress-shear rate curve (which becomes negative
[Fig. 10]). This sharp change can be attributed to an increase
in contact points between the particles due to hydration and
the transformation of the material from a free-flowing fluid
to a fluid with high frictional forces between the particles.

The appearance of negative slopes on the shear stress
versus shear rate curve showed that the calculation of the
plastic viscosity as described by the Bingham equation is not
always applicable. In addition, the value of the non-Newtonian
viscosity is strongly dependent on the shear rate applied and
on the degree of hydration of the cement paste.

The methods proposed herein allow the monitoring of the
evolution of the setting starting immediately from the mixing
time, unlike the widely used Vicat measurement that shows
no changes until initial set. It is conceivable that the Vicat
method could be modified to detect changes in the cement
paste before initial set, but such work is beyond the scope
of this project. The practical applications of these methods
can be easily imagined. Once the hydraulic pressure is zero,
the concrete is not applying pressure to the formwork and it
is self-supporting. It could be inferred that the formwork
could be carefully removed with the concrete maintaining its
shape. Therefore, the determination of the correct time for

removal of the formwork could be done by monitoring the
hydraulic pressure as an indicator of the evolution of the
lateral pressure on the formwork.14 Obviously, other consid-
erations should be accounted for before the forms are
removed, such as the effect of vibration (due to banging to
remove forms) on the concrete stability. The initial gradient
of the yield stress versus time, linked to the hydraulic pressure,
could give an indication of the material performance. The
evolution of the non-Newtonian viscosity is an indication of
the flow capability of a material. The transition from a
flowing material to a specimen governed by frictional forces,
or almost solid, cannot be clearly determined by the change
in viscosity. Further measurements should be performed to
validate the applicability of this approach on concrete.
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