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Abstract—Oscillatory shear test was performed to study the nonlinear viscoelastic behavior of cement paste.
Shear stress was continuously measured during the cycle to represent the hysteresis loop between stress
and strain or strain rate. This measurement technique is different from the conventional frequency or strain
sweep experiments. Time varying quasi-linear viscoelasticity was considered to calculate viscoelastic properties
of cement paste such as phase angle, dynamic modulus, and dynamic viscosity during the cycles. Hysteresis
loop from oscillatory shear test was divided into linear elastic, structure breakdown and viscous fluid regions.
Yield shear stress increased by Power law equation with increasing the amplitude of shear rate.
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1. Introduction

In recent years rheologists have been an inc-
reasing interest in the technique of oscillatory tes-
ting as applied to material analysis. By measuring
the response of a material subjected to sinusoidal
excitation it is possible to measure the elastic co-
mponent and the viscous component of the respo-
nse measured as a function of the frequency of
oscillation [1]. The effect of particle migration can
be minimized by performing the experiments in
an oscillatory manner rather than in steady shear
[2]. Viscoelastic properties such as dynamic mo-
dulus (G') and dynamic viscosity (n') are very se-
nsitive to structural changes of the particle net-
work in the matrix. The presence and breakdown
of agglomerates, therefore, is indicated by an une-
xpected - change in the viscoelastic properties as
a function of amplitude and frequency of oscilla-
tion.

Cussen and Harris [3] have conducted oscilla-
tory shear experiment using a cone/plate visco-
meter and showed cement pastes exhibited a non-
linear response. They found the total stress res-
ponse was composed of both fundamental and
third harmonic stresses. However, the method for
the computation of the dynamic viscosity was dif-
ferent from the present method (see Egs. (13a)
and (13b) in the following section) and detailed
procedure to get viscoelastic properties was not
mentioned even though they concluded cement
pastes exhibited a nonlinear viscoelastic response.
Jones et al. [4] showed that from a sinusoidal
input a sinusoidal output is obtained with no evi-
dence of a harmonic test, and concluded that ce-
ment paste was elastic, and possessed a degree
of structure intermediate between a clay suspen-
sion and polymer. The technique was used to
study the strength and rate of degradation of flocs
in artificially flocculated sediments [5] and should
be capable of giving the same information for ce-
ment paste. Chow et al. [6] have also studied ce-
ment slurry structure during early setting using
oscillatory testing technique that was carried out
with a plate/plate sensor. The testing consisted
of frequency sweep (measurement of shear stress
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with increasing of frequency under constant amp-
litude of strain) and strain sweep (measurement
of shear stress with increasing of amplitude of
strain under constant frequency) experiments.
The relative values of G’ and 1’ can indicate whe-
ther the material is more solid-like (elastic) or
fluid-like (viscous). Saasen et al. [7] have evalua-
ted viscoelastic properties of cement slurries,
which have their application in the oilfields indus-
try, using an oscillating rheometer. Linear viscoe-
lastic properties were obtained through frequency
sweep experimental methods, and analyzed for
various types of cement slurries. Viscoelasticity
was not restricted to gelled slurries but observed
after the gel structure has been broken.
Previous papers did not show sufficient proofs
of nonlinear viscoelastic behavior of cement paste
under oscillatory shear motion, and did not exp-
lain a detailed method to calculate complex modu-
lus or viscosity in spite of nonlinear viscoelastic
behavior of cement paste. There were not litera-
tures to show the linear viscoelastic characteristic
of cement paste at very small strain region using
conventional strain and frequency sweep experi-
ments; that is, the constant region of dynamic mo-
dulus (G') through a very small amplitude oscilla-
tion. In this paper linear viscoelastic characteristic
of cement paste is shown by the presentation of
hysteresis loop between stress and strain, but can
not be obtained using strain and frequency sweep
experiments because of the limit of the viscometer
used even though the results are not shown.
In case of other materials such as clay [8] and
polymer melts [9, 10], hysteresis loops between
stress and strain or strain rate were represented
during the cycle, and nonlinear viscoelastic chara-
cteristic was graphically analyzed. Astbury and
Moore [8] showed that plastic clay when subjec-
ted to symmetrical cyclic torsional strain behaves
in a nonlinear manner and produces a stress-st-
rain hysteresis loop of characteristic shape. Tee
and Dealy [9] defined three material functions
for the characterization of nonlinearity of material:
the stress amplitude divided by the strain rate
amplitude, a measure of elasticity defined as the
stress occuring when the strain rate passes th-
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rough zero divided by maximum stress, and a
measure of nonlinearity defined in such a way
as to be sensitive to asymmetry in the loop.

An obvious way of interpreting nonlinear test
results is to compute the material constants of
an assumed constitutive equation. All of the mo-
dels which have been proposed for isotropic fluids
are examples of simple fluids. Yanas and Haske
[11] employed the simple assumption, that the
stress can be represented as some functional of
the history of the deformation gradient, to analyze
weakly nonlinear behavior of solid polymers in
relaxation. A more promising possibility is the use
of explicit empirical constitutive equations contai-
ning a reasonable number of material constants
like Bird-Carreau model [12]. A method of analy-
zing the stress response which does not rely on
any specific model is the use of harmonic analysis.
Dodge and Kriger [13] have successfully emplo-
yed harominc analysis in their technique for cha-
racterizing inelastic fluids by use of oscillatory
shear. However in general, harmonic analysis does
not appear to provide a useful basis for the chara-
cterization of rheologically complex materials.

This paper represents hysteresis loop between
stress and strain or strain rate for the qualitative
analysis before the theoretical study of nonlinear
viscoelastic behavior of cement paste. In order to
figure out hysteresis loop, shear stress was conti-
nuously measured during the cycles that was ope-
rated under constant frequency and ampltude of
oscillation. Nonlinear viscoelastic behavior of ce-
ment paste was clearly shown from the hysteresis
loop since the amplitude of shear stress decreased
during the cycles. Time varying quasi-linear beha-
vior is proposed for the computation of viscoelastic
properties of cement paste as nonlinear viscoelas-
tic material.

2. Time Varying Quasi-Linear
Viscoelasticity

Under a sinusoidal oscillatory shear motion
shear strain and shear rate can be represented
as a complex function of time as shown in Egs.
(1) and (2), respectively.

)=y, @D
Y =7,e @

where v, and v, are the amplitude of shear strain
and shear rate, respectively and ® is the angular
velocity of oscillation. In case of linear viscoelastic
materials [14], the response of shear stress (t)
has also a sinusoidal function as expressed by Eq.
(3), and then the amplitude (r,) and the phase
angle (¢) are constants.

T(t)=r,eftt® ()

As the basic characteristic of the harmonic re-
gime of deformation, the ratio t(t)/y(t), will be de-
fined; and it will be termed the complex modulus
G*, so that:

G*=t()/v(t) = To/v," 4
G*= %o costd +ji sing (5)
G =T cos¢ and G"i sing 6)

The components of the complex modulus, G’
and G", are called the storage modulus (or dyna-
mic modulus) and the loos modulus, respectively.
Phase angl, ¢, represents the relationship between
storage modulus and loss modulus. A material
with high G' and low G” approximates a Hookean
solid, while one with high G” and low G’ approxi-
mates a Newtonian liquid.

In this experiment, amplitude (y,) and the fre-
quency (f) of oscillation are given as input variab-
les for oscillatory shear motion:

y(t) =v,sin(2nft) =v,sinwt @)
Then, the shear rate of oscillation is:
¥(t) =y,wcoswt =Y,coswmt ®

The viscoelastic properties of cement paste are
not well analyzed by linear viscoelasticity because
the amplitude of stress and the phase angle are
not constants but a function of time or strain as
shown in Fig.1. Then, the shear stress can be
expressed by the harmonic function with phase:

(1) = t(t)sin(wt + d(t)) 9
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Fig. 1. Shear stress and shear rate vs. time for ce-
ment paste as a non-linear viscoelastic mate-
rial.

Here, we consider the quasi-steady state of the
material so that the amplitude of shear stress and
the phase angle can be assumed as a constant
at each time and then, Eq. (9) can be expressed:

t=1,sin(wt+o0) (10)

If we take the first derivative of Eq. (10) to
time:

dr/dt=t=Tt,0cos(0t + ) 11

From Eqgs. (10) and (11), if we eliminate T, the
phase angle is expressed:

Twcoset — tsinwot }

¢:Tan*1[ (12)

Tcoswt + Twsinmt
where t(t) was computed from the measured
shear stress using the numerical differentiation
method. It the amplitude of shear stress and the
phase angle are restored to a function of time,
the components of ‘complex modulus, G’ and G,
can be obtained as a function of time using the
computed phase angle:

G'(t)= tT(t) cosa(t)

o

” To t 3
6"=—"""sino(t) (132)
Yo
The components of complex viscosity (n*) as
the ratio (t/Y), 0’ and 1", can be obtained by using
G’ and G":
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Fig. 2. Effect of phase angle on hysteresis loop of
linear viscoelastic material.

1®=G"(t)/o and 7'O)=G't)/e (13b)

The representation of the t(t) and y(t) curves
in the form of harmonic function allows a useful
graphical interpretation of the function f(t,y)=0
specified in parametric form. Eliminating “t” from
Egs. (7) and (10), we obtain:

(f;)2+(%>2=sin2¢+ 2(%) (%)COS(D (14)
Designating the quantity (y/y,) as x and (v/t,)
as y:

2+ y?=2xycosd+ sin’d (15)

This equation can be analyzed to investigate
the effect of phase angle on the shape between
shear stress and strain as shown in Fig. 2. If $=0,
the material is pure solid, the equation generates
a straight liné with a slope of 45° to the x-axis,
and if ¢=m/2, the material is pure liquid, the
equation generates a circle. On the other hand
if 0<o<n/2, the material is viscoelastic, the equa-
tion creates an ellipsoidal shape with a center axis
slanted to x-axis.
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3. Experimental Design

3.1. Sample Preparation

A typical Type I Portland cement was used, and
cement paste was prepared by mixing cement and
water in Bosch food mixer. Mixing intensity and
time was 30 rpm and 5 minutes, respectively. The
water: cement ratio by weight was 0.35.

3.2. Experimental System

Experimental system (manufactured by HAAKE)
is composed of three parts that include the display
function of shear rate and shear stress (RV20),
the control function of rotational or oscillational
speed of sensor by internal or external program
(RC20), and a measuring unit (CV20N) that can
use the plate/plate, cone/plate, and coaxial cylin-
der sensors. The plate/plate sensor used had an
upper plate diameter of 19.57 mm and a lower
plate diameter of 45 mm as shown in Fig. 3. The
gap size was fixed at 2 mm. Under a given inter-
nal experiment program of HAAKE system, cons-
tant shear motion (steady shear rate) and oscilla-
tory shear motion (unsteady shear rate) experi-
ments are available. Since there is a limit to vary
the kinematic condition of sensors, the measure-
ment system will be controlled by an external
program that was programmed by the author. By
using this external experiment program, the effe-
cts of many kinds of shear rate history may be
observed. Another interesting characteristic is the
relationship between shear stress and shear rate
or strain during the cycles contrary to the general
oscillatory shear experiment using strain sweep

internal program: flow curve & strain or frequency sweep experiments
external program: steady, oscillatory and square or triangular velocities

e
torque/velocity

torque—shear stress

velocity—>shear rate
ROTOVISCO PC

amplification range
sensitivity

bottom plate ‘]

i RHEOCONT-
-] control velocity ROLLER
MEASUREMENT SYSTEM

DATA ACQUISITION &
ANALYSIS

Fig. 3. Schematic diagram of experimental system.

or frequency sweep experiments. There is a diffe-
rence in the method of data acquisition between
internal and external experiment programs. Under
frequency sweep experiments, shear stress will
be measured discretely by increasing a frequency
according to time at constant amplitude of oscilla-
tion. Under strain sweep experiments, shear st-
ress will be measured discretely by increasing the
amplitude of oscillation according to time at cons-
tant frequency of oscillation. Measured points are
not continuous but discrete by given step. On the
other hand, under external programs shear stress
will be measured continuously during a cycle; and
it is possible to represent a hysteresis loop. Expe-
rimental conditions are shown in Table 1.

4. Results and Discussion

4.1. Shear Stress vs. Time

Fig. 4 shows a plot of one cycle of shear stress
vs. time under constant frequency (f=0.1) for va-
rious amplitudes of oscillation. Yield stresses ap-
pear in the small strain region similar to the re-
sult of steady experiment [15], and depend on
the amplitude and frequency of oscillation. Shear
stress has a sinusoidal function of time, but the
first quarter cycle shows a little different behavior
from a normal sinusoidal function. It seems to
be the characteristic behavior of a cement paste
that shear stress displays an abrupt drop passing
a yield point with increasing of a strain. From
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Fig. 4. Shear stress vs. time under one cycle of osci-
llatory shear motion (f=0.1 Hz).
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this behavior we can infer that the microstructure
of an early age cement paste is very weak to defo-
rmation. Since the amplitude of shear stress and
the phase angle depend on time as well as the
amplitude and frequency of oscillation, the dec-
reasing behavior of shear stress can be modelled
by the following equation:

Tu(Yor [, D=T,(¥, , ) sin(ot+d(y,, f, t) (16)

where, t,, is a modelled shear stress, t, is the
amplitude of shear stress, ¢ is a phase angle, and
Y f, and t are the amplitude and frequency of
oscillation, and time, respectively. The amplitude
and the phase angle are assumed as the following
equations:

W £, =aly,, De " an
(po(Yo; f,t)=90(1— efC(Yov f)t) a8

The coefficients a, b and c are functions of am-
plitude and frequency of oscillation and obtained
from a curve-fitted method as expressed by Egs.
(19), (20) and (21):

a(y,, )= % + % Yo (19)
b(Y., D= ng + f,s In(y,) 20)
(Yo D=(ch+dz In()—(ds+ds In(0) v, 21D

The values of ¢;, ¢z, c;3 and C,; are 1.287, 3.172,
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Fig. 5. Comparison of measured and modelled shear
stresses (f=0.2 Hz, v,=4).
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0.03 and 0.0047, respectively. The values of di,
d;, ds and d, are 0.1785, 0.025, 0.0066 and 0.00165,
respectively.

Fig. 5 shows the comparison of measured and
modelled shear stresses. Except for an initial pe-
riod of experiment, the modelled shear stress
shows good agreement. The deviation at an initial
period was accredited to both the small amplitude
of stress and the retarded increase of phase angle
of modelled equation, and the deviation degree
during initial period was reduced with decreasing
of shear rate.

4.2. Hysteresis Loop between Shear Stress
and Strain

Fig. 6 shows the general relationship between
shear stress and strain during a typical cycle. The
behavior of an early age cement paste can be divi-
ded into three zones. Zone I, the region below
a yield point, is concerned with the elastic solid
behavior of an early age cement paste. The exis-
tence of an elastic linear region of an early age
cement paste may be explained by connection
with the microstructural points of view. Powers
[16] described that fresh cement pastes made at
the usual w/c ratio were composed of floccula
which particles in a cement suspension or sol are
mutually attracted by a combination of van der
Waals and electrostatic forces, stick together to
form agglomerate. The mixing of cement particle
and water produces the hydraulic forces which

200
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T
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80 -

Shear Stress(Pa)
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40
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Fig. 6. Typical hysteresis loop of cement paste un-
der oscillatory shear motion (f=0.1 Hz, vy,=
4).
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tend to separate the individual particles and to
create an uniform dispersion state. When the mi-
xing action ceases, a continuous structure forms.
Under these circumstances shear motion is given
to a cement paste. Then the existence of elastic
linear region means that the structure of cement
paste at small strain only deforms without break-
down of structure whatever structure cement pa-
ste has. According to Goodwin [17], a stable,
small particle-size dispersion may show linear be-
havior for strains <0.05, however, if large, weakly
flocculated systems are used, linearity is unlikely
to be found for strains in excess of 0.01. For coa-
gulated systems, linearity is unlikely to be found
if the strain is larger than 0.001. In case of cement
paste, the yield strain approximately has the large
values, between 0.1 and 0.9, obtained from the
numerical integration of shear rate. Fig. 7 shows
the relationship between shear stress and strain
for various amplitudes of oscillation under cons-
tant frequency during 4 cycles. A linear elastic
region increases with increase of shear rate like
the result of steady shear motion experiment
[15]. After several cycles, a cement paste has
nearly a constant shear stress in spite of various
experimental conditions. This means that cement
paste has a constant structure after breakdown
(at large strain) even though it is affected very
much by experimental conditions before structure
breakdown (at small strain). Zone II represents
the structure breakdown of cement paste that is
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Fig. 7. Effect of amplitudes of oscillation on hystere-

sis loop under constant frequency of oscilla-
tion (f=0.1 Hz).

induced by the deformation passing a yield point.
When the deformation of sine function is given
to a sample, the shear stress has a in-phase (sine
function) if a sample is a pure solid and a out-
of-phase (cosine function) if a sample is a pure
liquid. From these points of view, Zone II is closer
to out-of-phase state, but the shape is a little dif-
ferent from a sinusoidal function; that is, the deg-
ree of dropping of shear stress is large just after
a yield point although it is reduced little by little
at large deformation (Zone III). The degree of de-
viation of shear stress from the shape of sinusoi-
dal function means that the quantity of dissipated
energy increases with increasing of the amplitude
of oscillation at constant frequency. At zone I,
the material looses strength and resiliency conti-
nuously with the proceeding of cycle, and then
its shape looks like an ellipsoidal body with a cen-
tral axis parallel to strain axis compared with the
graphical interpretation as shown in Fig. 2. The
structure breakdown of Zone III does not occur
largely in spite of a continuous deformation com-
pared with Zone IL Although cement paste shows
a liquid property passing through Zone II and the
breakdown of floccules forming separate clusters
of particles, the flocculate structure has still a
weak viscoelastic characteristic with a slight slope
to the strain axis.

4.3. Shear Stress vs. Shear Rate
Fig. 8 shows the relationship between shear st-
tess and shear rate during 4 cycles. The flow cu-
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Fig. 8. Shear stress vs. shear rate under oscillatory
shear motion (f=0.1 Hz, Yo=4).
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rve can be divided into the same three zones as
explained in the section of shear stress and strain.
Zone | occurred instantaneously as soon as the
shear rate was given, and the gradient of the cu-
rve between shear stress and shear rate becomes
infinity. Zone II divided the apparent viscosity into
three regions such as the first fast decrease, the
moderate decrease, and the second fast decrease.
At zero shear rate cement paste has still some
shear stress considered as characteristic shear st-
ress under a given cycle. As the cycle proceeds,
this value decreases more and more. Banfill and
Saunder [18] show that the structural breakdown
due to shear is outweighed by the effects of conti-
nuing hydration when they take the use of hyste-
resis of long duration with a higher shear rate.
In this experiment of short experimental time (40
seconds) and low shear rate, the structure break-
down is showed, but we may expect a stronger
hydration effect than the structure breakdown if
the experimental time increases. At Zone III,
there are thixotropic and anti-thixotropic behavior
during cycles; these show that the structure of
cement paste forms or breaks down continuously
under the application of shear rate, and can be
explained by the results of Tattersall and Banfill
[19]. They proposed that during the initial reac-
tion the aggregates of particles already contact
were coated with a continuous membrane of all
gel which, if destroyed by shearing, was replaced
by separate coatings around each particle, which
were less effective in bonding the particles toge-
ther. The behavior of cement paste has a straight
line across the shear stress coordinate with inc-
reasing the number of cycle, and the gradient of
straight line reduced more and more. This means
that cement paste has a low viscosity at the region
of large deformation and shows non-Newtonian
liquid behavior. Liquid of simple and stable mole-
cular structure generally obeys the Newtonian
law, and suspensions show Newtonian behavior
only if there is no long-range structure. From this
point of view, we can consider that a cement paste
has a long-range or flocculate structure before the
application of shear, and the structure is broken
continuously by shear motion.
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Table 1. Experimental conditions of oscillatory shear
test (amplitude of shear rate s™1)

y fH2) 025 005 0.1 02
0.25 0039 0079 0157 0314
05 0079 0157 0314 0628
1 0157 0314 0628 1257
2 0314 0628 1257 2513
4 0628 1257 2513 5027

4.4. Complex Modulus and Viscosity under
Oscillatory Shear Flow

Fig. 9 shows a phase angle as a function of time.
The symbol of a circle shows the results calcula-
ted from the experimental data using Eq. (12);
but the symbol of square shows the modelled re-
sult using the exponentially increasing function
expressed by Eq. (18). The former represents the
real phenomena of the phase angle of a cement
paste under the assumption of time varying quasi-
linear viscoelasticity. Passing through a yield point
(from Zone I to Zone II), the phase angle changed
abruptly from 0 to 80 degrees approximately. At
zone II, it decreases slightly for a very short time
(0.2 sec) and increases slowly. At zone III, phase
angle keeps the constant value even though there
is much scattering of data; thus, a cement paste
sustains the structure closer to a viscous liquid
material under large deformation. The latter ba-
sed on a curve-fitted equation shows different be-
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Fig. 10. Dynamic modulus and viscosity as a func-
tion of time based on modelled phase angle
and amplitude of shear stress (f=0.1 Hg,
Yo=4).

havior, that is, it doesn’t follow the abrupt change
of a phase angle at the region of small deforma-
tion. At the region of large defromation, it increa-
ses slowly even though the real phase angle arri-
ves at about 90° after a very short time. The effe-
cts of amplitude and frequency of oscillation on
the dynamic modulus and viscosity are analyzed
by the curve-fitted result due to its analytical sim-
plicity. Fig. 10 shows the dynamic modulus and
viscosity obtained from the curve-fitted equation.
Compared with the result based on the real phase
angle, the starting time, that the values of G’ and
n' decreased, was delayed from t=0.2 sec to t=8
sec due to the retardation of the increase of
phase angle. At Zone III, the value of G' decrea-
sed very much compared with that of n". In other
words, there is much energy dissipation due to
the flow behavior of cement paste. The curve-fit-
ted equation can be used for the analysis of the
viscoelastic properties of cement paste at large
deformation.

5. Conclusion

Nonlinear viscoelastic behavior of cement paste
was confirmed by the representation of hysteresis
loops between stress and strain or strain rate th-
rough oscillatory shear tests. Time varying quasi-
linear viscoelasticity was tried to calculate viscoe-
lastic properties of nonlinear viscoelastic material

such as phase angle, dynamic modulus, and dyna-
mic viscosity. This method shows good agreement
at later stage although there was much difference
from real behavior, that was shown by the plots
of stress and strain vs. time, due to the retarded
prediction of phase angle at initial stage. From
the hysteresis loop obtained from oscillatory shear
test cement paste shows linear elastic, structure
breakdown, and viscous fluid regions. Nonlinear
viscoelastic characteristic is well graphically anal-
yzed by the representation of hysteresis loop, and
this information may be helpful for the theoretical
study of nonlinear viscoelastic behavior of cement
paste in the future.
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Nomenclature

a  coefficient of modelled eugation
b . index of modelled equation
f frequency

G*  complex modulus

G' : dynamic modulus

G” ! loss modulus

t time

¢ . phase angle

Y : shear strain

Yo - amplitude of shear strain
y shear rate

Yo . amplitude of shear rate

n* ' complex viscosity

n"  dynamic viscosity

- loss viscosity

T . shear stress

T, . amplitude of shear stress
t» . modelled shear stress
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