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The response of hydrating cement paste through setting are monitored using rheological measurements and
ultrasonic reflection measurements. Increases in the elastic modulus and yield stress of cement paste with
time are obtained from the rheological measurements. Ultrasonic measurements are performed using
horizontally polarized shear waves (SH) reflected off of the hydrating cement paste. Changes in the
ultrasonic signal through setting are related with changes in the porosity and stiffness of an equivalent
water-filled poroelastic material, which provides identical acoustic impedance. The measured changes in the
shear modulus obtained from ultrasonic measurement are shown to correlate well with increase in elastic
modulus obtained from rheological measurements. The increase in the shear modulus of the porous material
obtained from the ultrasonic measurements is shown to correspond well with the observed increase in the
yield stress of the cement paste. By combining the information from rheological and ultrasonic
measurements, it is found that even in the fluid stage there is sufficient structural integrity in the
arrangement of cement grains to support low-amplitude shear stress and the evolution of a continuously
connected network of cement particles within the paste is coincident with a rapid increase in the shear
modulus of the porous skeleton.
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1. Introduction

Accurate determination of the changes in the microstructure
through setting, which result in an increased capacity of the hydrating
cement paste to resist applied shear stress has remained a major
experimental challenge. Conventional methods for probing the
microstructure are not conducive to studying changes in microstruc-
ture in the first few hours after casting since sample preparation
procedures either alter or disturb the microstructure and the changes
in microstructure occur on a time scale that is an order of magnitude
faster than the time required for sample preparation [1]. Limited
studies on direct observation of evolution of the solid phase from
within the fluid medium and changes in the microstructure of
hardening solid phase of the cementitious material using X-ray
techniques [2,3] and small angle neutron scattering (SANS) [4] have
been reported recently. These methods, which provide information
about the evolution of microstructure in cement paste however, do
not simultaneously provide information about the mechanical
properties of the material. Mechanical and vibration-based techni-
ques which provide reliablemeasures of elastic material properties on
the other hand do not provide information about the microstructure
and are not applicable during setting. In the absence of a direct
measurement of microstructural variables the current understanding
of the microstructure changes during setting of cement pastes has
been developed by application of computer-based models which
simulate the development of microstructure [5,6].

Settingbehavior is usually investigatedusingpenetration tests (vicat
or pin penetration), which provide a measure of resistance to pene-
tration. The approximate time for the emergence of a solid skeleton is
identified from the resistance to penetration of an indenter. Such a
measurement does not allow for evaluating the properties of the solid
skeleton since no data pertaining to deformation of the material is
collected. Immediately following the emergenceof a connectednetwork
of hydration products fromwithin the fluid medium, the resulting solid
is very weak and obtaining reliable values from penetration measure-
ments is not possible due to limitations of force detecting capabilities.
Probing cement paste using ultrasonic waves provides reliable low
stress measurement, which does not perturb the microstructure.
Ultrasonic waves have been shown to sensitively monitor the buildup
of structure inside the cement paste [7–10]. Ultrasonic wave propaga-
tion through a material depends upon its elastic mechanical properties,
which in turn can be related to its microstructure [7,8].

In typical ultrasonic measurements, compression (P) or shear (S)
waves are used in arrangements which are based on transmission
through the material or on reflection at the interface of the
cementitious material. The different ultrasonic techniques used for
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cementitious materials are reviewed in Ref. [11]. Since cementitious
materials are initially in a liquid state, and liquids have very low shear
modulus, the through transmission techniques using S waves do not
provide reliable results in this stage. Through transmission measure-
ments are influenced by the attenuation of medium, which can
significantly influence the early age measurements. Also, the
constraints on the specimen size imposed by the high attenuation of
the cementitious materials in the early ages accentuates the influence
of the interface effect since there are two interfaces in a through
transmission measurement. Reflection measurements using shear
waves are particularly suited for measurements in the early ages,
during setting, and have been shown to be very sensitive to changes in
state since there is a large change in shear modulus associated with
the fluid–solid transformation [12].

The primary focus of the research presented here is to assess
changes in the microstructure of a hydrating cement paste through
the early stages of hydration and the setting process. Two different
measurements were concurrently performed on cement paste
samples after mixing. The rheological response of cement paste was
examined up to the initiation of setting using low amplitude
oscillatory shear and yield stress measurements. Changes in an ultra-
sonic shear wave produced by a reflection off of the hydrating cement
paste were also monitored. Such measurements have previously been
used for studying the evolution of strength and visco-elastic
properties of hydrating cementitious materials [9,12–15]. More elabo-
rate experimental test setup than used previously is presented. The
theoretical framework necessary to interpret the results of the ultra-
sonic technique and provide information about the microstructure of
the hydrating cement paste in terms of physically-based variables is
developed using the poroelastic theory. Poroelastic theory has been
used for studying porous media such as rocks, and soils [16–21] and
offers a natural way for modeling the hydrating cement system [8]. An
understanding of the microstructure evolution through setting is
obtained by combining the information obtained from the ultrasonic
measurements with the observed changes in the rheological behavior.
2. Background

Setting and increase in elastic stiffness in a hydrating cement paste
is a very complex multi-scale phenomenon involving changes in state
and the internal structure, with time [22,23]. The change in state can
be visualized as a transformation of cement paste from a material in
which bulk flow is produced at relatively low applied shear stress, to a
solid where significantly high stress is required to produce small
strain. The fluid state may be characterized as a suspension of cement
grains in water with an internal structure comprised of arrangements
of grains. At large strains, there is a reorganization of the internal
structure which results in a different arrangement of grains. There is
no change in the nominal values of bulk material properties due to
this rearrangement of internal structure in the fluid state. The solid
state is characterized by the existence of a long-range order in the
microstructure due to the presence of bonds between the individual
cement grains. In a solid, irreversible changes associated with com-
plete disruption of the microstructure, resulting from breaking of
bonds, are produced at large strains.

Our current understanding of changes in the microstructure
during setting obtained from the computer simulation models [5,6]
indicates that initially, a weak skeleton emerges from within the fluid
medium when the products of hydration link up to provide a conti-
nuous network of solid within the fluid-filled space. The emergence of
a continuous solid phase within the fluid medium has been identified
as the percolation threshold [5,6]. Following percolation threshold,
setting behavior is initiated in the cement paste. Through setting, as
the products of hydration form within the fluid-filled spaces of
cement paste, a network of pores and a pore structure develop.
2.1. Idealization of the cement paste

The poroelastic framework proposed by Biot provides realistic
representation of for developing constitutive relations for hydrating
cement paste [24–26]. According to Biot's theory, the volume fraction
of the fluid within a unit volume of the material is referred to as the
porosity. It is implicitly assumed that the walls of the pores are
impervious and the pore size is concentrated around its average value.
The pore structure is assumed to be comprised of inter-connected
void space, which allows motion of the fluid relative to the solid. The
porous solid and the solid–fluid system are assumed to be statistically
isotropic. The propagation of waves in the fluid-saturated poroelastic
medium depends upon the internal system variables such as, the
effective elastic properties of the porous solid, the porosity, and the
parameters related to the pore structure, which influence the flow of
the fluid in the porous solid.

Considering a fluid-saturated porous solid, a pair of coupled dis-
placement equations of motion governing both rotational and
dilatational motions is obtained by combining the Biot's constitutive
relationship and Darcy's law for flow through a porous medium [26]

μb∇
2→u + ðH−2μbÞ∇ð∇ · →u Þ−C∇ð∇ · →w Þ = ρ→u ̈ −ρf

→w ̈ ð1aÞ

C∇ð∇ · →u Þ−M∇ð∇ · →w Þ = ρf
→u ̈ −m

0→ẅ −η
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) is the relative displacement of fluid and skeletal frame, β is
the void volume fraction of thefluid or porosity (assumed to be isotropic),
ρ=(1−β)ρs+βρf is the totalmass density,ρs is the solidmassdensity,ρf
is fluid mass density, η is the fluid viscosity, and κ is the coefficient of
permeability of the porous frame,m′=cρf/β, c is the tortuosity coefficient
(dimensionless parameter), which is a experimentally determined, µb is
the shear modulus of the skeletal frame (under drained conditions). In
Equation(s) (1), H,C and M represent operators that characterize the
response of the composite, and are given as [18]
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where Kb is the bulk modulus of the skeletal frame (under drained
conditions),D = Ksð1 + β Ks

Kf−1Þ,Ks is the bulkmodulus of thematerial of
the skeletal frame and Kf is the bulk modulus of the pore fluid. The
solutions of Equation(s) (1) for a specific set of boundary and initial
conditions yield expressions for displacements and stresses in a poro-
elastic medium due to wave propagation. Solutions for these equations
have been worked out by several researchers [16,27].

In order to employ Biot's porous model, thirteen material constants
are required, and independent experimental measurements would be
necessary to obtain these parameters. However, as presented by
Berryman [28], the analysis canbe simplified considering inter-relations
between some of the material parameters. In Berryman's approach, the
tortuosity of porous media is estimated theoretically and is given as

c = 1−rð1−1 = βÞ: ð3Þ

In general, the value of r must be calculated from a microscopic
model of the framemoving in the fluid. It was found that the value of r
equal to ½, which is the exact value for the case of spheres in a fluid
medium provided a reasonable estimate for a porous medium with
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constant porosity within the range β<0.4. The relationship between
permeability, pore size and porosity, can be obtained from the
Kozeny–Carman relation and is given as

κð1−βÞ2=β3 = κ0ð1−β0Þ2=β3
0 = const: ð4aÞ

and similarly

a2=κ = a20=κ0 = const: ð4bÞ

where α is the pore diameter.
The predicted wave propagation using Berryman's simplifications

was comparable to the experimental results obtained by Plona [29], on
fine grained sands and sintered porous glass. It was shown that the
assumptions in Eqs. (3) and (4), provide a reliable way for evaluating
parameters, which leads to an accurate description of elastic wave
propagation in fluid-saturated porous media. The results were also
found to be insensitive to the exact relationships between porosity of
the solid and properties which influence flow of the fluid such as
permeability and tortuosity. From their experiments on model
systems considering glass beads, it was shown that the differences
between the response of a free arrangement of glass beads and fused
beads could clearly be identified using ultrasonic waves. In the free
arrangement of glass beads there was no bonding between the
individual beads. The fused systemwas obtained by applying pressure
and heat to the free arrangement resulting in a structure where the
glass beads were fused at the points of contact. While there was a
negligible difference in the porosity, there was a considerable
difference in the elastic stiffness of the porous solid for the two
systems [16].

3. Experimental test program

Cement paste samples were mixed using a paddle mixer following
a procedure suggested by Williams et al. [30], which is similar to the
procedure given in ASTM C-305 [31]. Cement and water were initially
mixed at 140 rpm for 30s, followed by a pause for 1min before
mixing for another 2.5min at 285 rpm. Cement paste adhering to the
sides of the mixing bowl was scraped and the entire mixture was
mixed for another 2.5min following a 1min pause. In the test
program cement pastes with w/c ratios equal to 0.4, 0.5 and 0.6 were
evaluated.

The experimental program comprised of rheological and ultrasonic
measurements. Changes in the elastic response and flow behavior of
the cement paste sample were evaluated as a function of age using
rheological measurements. In addition, changes in the ultrasonic
waves, reflected from the hydrating cement paste, were monitored.
The evolution of the rheological behavior of cement paste, up to the
initiation and early stages of the setting behavior are related to the
changes in the microstructure inferred from the ultrasonic measure-
ments. In addition, setting time measurements were also performed
using the conventional Vicat needle penetration, to provide a
reference. The time zero for all measurements from each procedure
corresponds to the time when water was added to the cement
powder.

4. Rheological measurements

All rheological measurements were performed using a stress-
controlled rheometer with a 14 mm vane tool. A vane tool was chosen
for the rheological measurements to minimize the influence of wall
slip, which is a problem in high w/c ratio cement pastes [32,33]. The
vane tool also offers the advantage that artefacts resulting from large
particles are avoided and therefore it has been used for yield stress
determination of concentrated suspensions, emulsions and cement
paste [34,35]. It has been shown that the storage modulus of cement
paste is independent of the measuring tool and the vane tool was
shown to produce comparable value of storage modulus when
compared to other test geometries such as the parallel plate and the
coaxial cylinder.

The diameter and depth of the cup were equal to 28 mm and
60 mm, respectively. The cup was filled with cement paste in three
layers. After each layer the cup was vibrated for 10s. After filling the
last layer, the excess cement paste was struck off and the top
surface of the cement paste was finished while vibrating. The cup
was placed in the rheometer and the vane was inserted to the
prescribed depth. Three different measurements were performed for
each w/c ratio tested and each test procedure is described in detail
below.

4.1. Stress sweep measurements

Stress sweep measurements were performed to determine the
yield stress and to establish the linear visco-elastic domain (LVD) of
the cement paste. The sample was subjected to an increasing applied
stress at a constant rate. It has previously been shown that initially up
to a critical value of stress, there is a linear relationship between
applied stress and strain. With increasing stress past the critical
stress, the response becomes nonlinear eventually producing flow
once the yield stress is exceeded. At low applied stress within
the LVD, there is little or no change in structure of the material.
There is a gradual breakdown of the structure past the LVD. At higher
stresses, the structure of the sample is irreversibly destroyed and the
material starts to flow as its yield value is exceeded. The material
circumscribed by the vane starts moving as a solid cylindrical body
[35].

Stress sweep measurements were performed at regular intervals
up to 5h of age or when the capacity of the machine was reached,
whichever occurred earlier. Since the structure of the sample is
destroyed during the test, each test was performed on a fresh sample.
The vane was introduced into the cement paste immediately after
placing the sample in the cup, which was then left inside the test
machine until the prescribed time.

4.2. Low-amplitude oscillatory shear measurements

The value of applied torque was chosen to be within the linear
visco-elastic domain (LVD) of the material. In the test, the vane
tool was introduced in the sample immediately after preparing the
sample and repeated measurements were made on the same sample.

4.3. Step-stress measurement

A limited number of step-stress measurements were performed on
cement paste samples to determine the response of the material to
constant applied stress. In this test the cement paste was subjected to
stressof a constantmagnitudeand the resulting strainwasmonitored. The
applied stresswas instantaneously increased to the prescribedmagnitude
and held constant. For each w/c ratio, tests were conducted at two
differentmagnitudes of applied stress, corresponding to values above and
below the yield stress of thematerial. All testswere performed at 1h after
mixing.

5. Oblique ultrasonic measurements

A schematic diagram of the experimental setup for oblique ultrasonic
wave reflectionmeasurement is shown in Fig. 1. The experimental system
included a function generator, an oscilloscope, a computer and the test
probe. The test probe comprises of ultrasonic transducer(s) attached to a
buffer plate made of fused quartz, which is in contact with the hardening
cement paste. The fused-quartz plate was fabricated with precisely
machined, matching, angled faces at angles equal to 0, 30, 40, 50 and 60



Fig. 1. Schematic diagram of a test setup for ultrasonic measurement.
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degreeswith respect to the horizontal. Pairs of transducersweremounted
on the machined faces at matched angles to collect reflection data at
different angles of incidence. The available instrumentation allowed for
collecting data from three independent channels. Wave reflection at the
fused-quartz/cement paste interface was monitored at 0, 50 and 60
degree angles of incidence. The choice of 50 and 60 degree angles of
incidence was based on obtaining the highest sensitivity in measure-
ments. Reflection measurements from sediments have previously shown
that highest sensitivity is obtained for incident angles in the range30 to70
degrees, and there is a larger change in the amplitudeof reflectionwave at
a larger angle of incidence [36]. The measurements at normal incidence
provided a convenient reference for evaluating changes in the reflected
waves.

At each angle of incidence, a matched pair of direct contact, ultrasonic
shear-wave transducers with a nominal center frequency of 1 MHz,
labeled T for transmitting and R for receiving was mounted on the
opposite angled surfaces of the buffer plate. The two transducers were
aligned precisely at the center of the angled surfaces. While attaching
the transducers, the axes of the transducers were aligned to generate a
horizontally polarized shear (SH)wave in the fusedquartz.A source signal
comprising of 1 MHz, 10-cycle, tone burst with pulse repetition period
equal to 200 ms was sent by the function generator to the transducer T.
Simultaneously, a trigger pulse was sent to the oscilloscope to initialize
data capture. The reflected signal detected by transducer R was digitized
by the oscilloscope. The data was then transferred to the computer over a
GPIB interface for storage and processing. The data acquisition and
transfer were controlled by the computer. The oscilloscope had a
digitization rate of 500 MS/s which provides a temporal resolution of
2 ns. In each acquisition, 100 waveforms were averaged by the
oscilloscope in order to minimize the influence of random noise in the
signal. At any given time only one transmitting transducer was active. An
averagedwaveformwas acquired every 30min allowing sufficient time to
take the average andminimize the volume of data collected over a typical
monitoring period. The buffer plate and cement paste were placed inside
an environmental chamber, which was maintained at 24°C throughout
the duration of the test.

Prior to placing the cement paste sample in the sample holder
(attached to the top face of the fused-quartz buffer plate), ultrasonic
signals were collected with an empty sample holder. The reflected
signals collected from the fused-quartz/air interface were used as
reference signals for evaluating the changes in the signal introduced
by the cement paste. Immediately after mixing, the cement paste was
placed in the sample holder and vibrated for 10s before initiating data
collection. Data processing of the ultrasonic signals comprised of
obtaining the amplitude change of the incident wave upon reflection
at the fused-quartz/cement paste interface. The change in the amp-
litude of the wave is given by the amplitude reflection factor, r( f). r( f)
was obtained using the self-compensating technique, which involves
processing data in the frequency domain [37]. In the frequency domain,
the stress wave signals received after a single reflection at the air/quartz
and sample/quartz interfaces can be represented as:

Fair=quartzð f Þ = sð f Þd1ð f Þd2ð f Þ ð5:aÞ

Fsample=quartzð f Þ = sð f Þrð f Þd1ð f Þd2ð f Þ ð5:bÞ

where F( f) is the magnitude of FFT of the captured reflected
time domain signal, d1( f) is the geometric and material signal losses
in the couplant, d2( f) is the material signal losses along the signal
path in the elastic fused quartz, s(f) is the input source function, and r
(f) is the amplitude reflection coefficient at the bi-material interface.
Using the reflected signal from the fused-quartz/air interface as
the reference, r(f) at the sample/quartz interface can be determined
by normalizing the reflected magnitude off the sample/fused
quartz interface with the reflected amplitude off the air/quartz
interface [33].

rð f Þ = Fsample=quartzð f Þ= Fair=quartzð f Þ ð6Þ

The time domain signals were transformed to frequency domain
using the FFT algorithm and the amplitude reflection factor at 1 MHz,
r(1), was determined as the ratio of the respective magnitudes of the
FFT of the ultrasonic signals from the quartz/cement paste and the
quartz/air interface at that frequency.

6. Results from rheological measurements

A typical result from an oscillatory stress sweep for cement pastewith
w/c=0.4 is shown in Fig. 2. The variation of the elastic component of the
shear modulus (G/) is plotted as function of the applied shear stress.
Nominally similar resultswereobtained fromallw/c ratio tested. Fromthe
measured response, a relatively constant value of G/ is obtainedwhen the
applied shear stress is within the LVD. This is followed by a gradual
breakdown of the structure when the magnitude of the applied stress is
increased.With increasing stress there, is adecrease in theelasticmodulus
and eventually, the structure cannot resist the applied stress and it begins
to yield. FromFig. 2 changes in the cement pastemicrostructure produced



Fig. 2. Results of stress sweep tests on cement paste with w/c=0.4.
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by hydration are evident in the increase in the elastic modulus and yield
stress with time.

The increase in the shear modulus obtained from oscillatory shear
measurements for cementpasteswith thedifferentw/c ratio is shown in
Fig. 3(a). The corresponding increase in the yield stress obtained from
stress sweep measurements is plotted in the Fig. 3(b) for comparison.
The yield stress was determined from the stress sweepmeasurement of
the sample, as the value of the applied stress when the curve starts to
deviate more than 10% from the low-stress asymptote [34]. It can
be seen that there are similarities between the measured increases in
the shearmodulus and the yield stress of thematerial with time. For w/
c=0.5 and 0.6, initially, in the first few hours, there is no significant
change in the shear modulus. In this period, there is a very gradual,
almost linear increase in the yield stresswith time. There is a very rapid,
almost exponential increase in both quantities which follows this initial
period. In the case of w/c=0.4, the initial period of inactivity is
very short; there is an almost continuous increase in the elasticmodulus
and yield stress after mixing. In general, cement paste with a lower w/c
ratio achieves a fixed value of shear modulus and yield stress earlier in
time.

The penetration depths obtained from the Vicat penetration needle
test are also shown in Fig. 3(c) toprovide a comparison. The time for initial
settingdeterminedasper theguidelines of ASTMC-191 [38] forw/c=0.4,
Fig. 3. Increase in shear modulus, yield stres
0.5 and 0.6 are 186, 253 and 327min, respectively. By comparing the yield
stress measurements with the penetration measurements it is immedi-
ately obvious that the penetration measurements are not sensitive to the
early changes in the microstructure. Changes in the material are more
readily evident in the rheological yield stress measurements. While there
is an order of magnitude increase in the yield stress, there is no
measureable change in the penetration. Discernable changes in the pene-
tration occur significantly later in time than the observed changes in yield
stress and shear modulus.

In materials which have a finite yield stress, a stress larger than the
yield stress is required to initiate flow [34]. Immediately after mixing,
the yield stress of cement paste can be attributed to the resistance
offered by the internal structure comprising of agglomerates of cement
grains and weak inter-particle forces (if any). When the material goes
through setting, there is a decrease in the ability to flow under applied
stress. Therefore, the increase in the yield stress is a very good indicator
of the setting behavior. Assuming the changes in the arrangements of
cement particles (if any) with time are negligible, the increase in yield
stress is produced by the products of hydration. It can be reasoned that
the sharp rise in the yield stress is associated with the emergence of a
continuously connected solid network of cement grains. In a continu-
ously connected network all cement particles are bonded to all the
neighboring particles by the products of hydration. Once a continuously
s and penetration resistance with time.
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connected network of solid grains emerges, small increases in the
volume of hydration products within the paste would translate to a
significantly higher stress required to produce movement of cement
grains relative to the one another. The sharp increase in yield stress can
therefore be associatedwith the initiation of setting behaviorwithin the
cement paste. The experimental trends from the rheological measure-
ments suggest that cement pastes with lower w/c set faster than the
cement pastes with higher w/c ratio. Measurements indicate that for
w/c=0.5 and 0.6 the yield stress increases after a period when there is
a very low rate of change. For w/c=0.4, however, there appears to be
a continuous increase in yield stress after mixing. This suggests that for
w/c=0.5 and higher, a connected network of grains emerges later in
timewhen there is sufficient increase in solid fraction. For w/c=0.4 on
the other hand, the initial state of agglomeration of grains requires a
smaller increase in solid fraction to produce a continuously connected
solid network.

Typical response from a step-stress measurement for cement paste
with w/c=0.6 is shown in Fig. 4. Nominally similar responses were
obtained from all w/c ratio tested. Constant stress measurements were
performed at applied torque corresponding to half and 1.2 times the
yield stress of the material. At the stress greater than yield stress, the
measured rotation appears to reach a steady state, where there is a
linear increase in rotationwith time. The steady increase in rotation for a
constant applied stress is indicative of steady state fluid flow. There is a
fundamental difference in the response of cement to constant applied
stress of magnitude smaller than the yield stress. The rate of increase in
rotation decreases steadily and the rotation approaches an asymptotic
value.

The observed rotational response in the step-stress measurement
can now be interpreted considering the response of a visco-elastic
material subjected constant stress. The steady increase in rotation for a
constant applied stress obtained past yield is consistentwith the viscous
fluid flow under constant stress. In this case, the slope of the constant
increase in rotational displacement is related to the viscosity of the
liquid. The displacement of the material approaching an asymptotic
constant value is consistent with the response obtained from a visco-
elastic solid subjected to constant stress.

The results from the response of the material under constant
applied stress suggest that even at an early age, before setting, there is
a long-range order in the material, which is capable of transmitting
lowmagnitudes of shear stress. While the individual grains of cement
may not be bonded to each other, the agglomerates of particles and
the inter-particle forces present an internal structure within the
Fig. 4. Step-stress response of cement paste with w/c=
material which allows for a buildup of a three-dimensional network of
forces to enable the material to resist applied shear. A stable solid-like
response is obtained from this network at low deformations.
Therefore, for low levels of applied stress, the cement paste can be
treated as composed of a solid frame with weakly connected cement
grains.

7. Analysis of ultrasonic data

Changes in r(1) and temperature for cement pastes with the
different w/c ratios are shown in Fig. 5. The temperature record
was obtained from thermocouples placed inside the cement paste
and is used as an indicator of the rate of reaction. In all cases, the
temperature of the paste initially decreases to 24°C in the first
few hours. The period when there is no perceptible change in the
measured temperature may be identified with the dormant period in
cement hydration. The increase in temperature after the dormant
period signals the beginning of the acceleration stage. Immediately
after mixing, the measured r(1) for the three angles of incidence are
close to 1.0, suggesting that a significant portion of the incident wave
energy is reflected at the quartz–cement paste interface. The general
trends in measured changes in r(1) are similar at all incident angles. It
can be seen that measurements at a higher angle of incidence give
smaller values of r(1) and register larger changes with time. The value
of r(1) obtained from normal incident measurement shows the
smallest change with time when compared to the corresponding
changes from the measurements at oblique incidence. It can be seen
that for w/c=0.4 there is an almost continuous decrease in r(1) after
mixing for all angles of incidence. For the case of w/c=0.6 on the
other hand there is no perceivable change in r(1) up to 2h. There is an
increase in the rate of change of r(1) with time. Starting from a
gradual rate of change there is an accelerated change at later times. It
can also be seen that while the measured response from all w/c ratios
are nominally similar, there is larger decrease in r(1) with time for
smaller w/c ratio. It is interesting to note that there is a marked
decrease in r(1) before the end of the dormant period indicated by the
temperature measurements. It should be mentioned that the accuracy
in temperaturemeasurements was on the order of ±0.5°C whichmay
not be sufficient for discerning small temperature changes in this
period.

The measured changes in the r(1) at the fused-quartz/cement paste
interface can now be interpreted in terms of the expected result from
the reflection of an SH wave at the interface between an elastic and a
0.6 at two different magnitudes of applied stress.



Fig. 5. Amplitude reflection factor, r(1), at different angles of incidence for w/c=0.4, w/c=0.5 and w/c=0.6.

Fig. 6. Schematic representation of ultrasonic wave reflection at the interface between
elastic and poroelastic materials.
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poroelastic material (Fig. 6). In the poroelastic idealization, the
hydrating cement paste is assumed to be comprised of a water-filled
porous skeleton. The material of the skeleton is assumed to be
homogenous and isotropic. Reflection of a planar wave, initially traveling
in an elastic medium, incident on an interface with poroelastic material
would produce changes in both amplitude and phase of the wave. For a
poroelasticmaterialwith knownproperties (internal systemvariables are
known), the exact magnitude of r(f) after reflection can be obtained
considering dynamic equilibrium and displacement continuity at the
interface [18]. The conditions for dynamic equilibrium and the form of
the expressions for r(f) are summarized in Appendix A.

For an SH wave traveling in an elastic material, incident at the
interface with the poroelastic material, changes in the amplitude and
phase of the wave following reflection from the poroelastic material
can be symbolically expressed as

Rs = rðf ÞeiΦ = Rsðρe; Ee;νe;ρs;ρf ;Kf ; μbβ;η;α; c; κ; δμ Þ ð7Þ

where ρe, Ee, and νe are the density, the Young's modulus and the
Poisson's ratio of the fused quartz. µb is the shear modulus of the
skeletal frame (under drained conditions) which is a real value to
present the properties under the static conditions. For the porous
medium, the dynamic shear modulus of the skeletal frame is given by
a complex number

μ b = μbð1 + δμ iÞ

where the loss factor δµ, was introduced by Stoll to consider the
energy loss due to the friction among the phases of porous media. δμ is
usually a small number in the range of 0.11–0.17 [18,39]. The
information about the poroelastic material is contained in the
reflection coefficient r( f). Considering the relationships between
tortuosity, permeability, pore size and porosity, in Eqs. (3) and (4), the
number of independent variables in the expression of Rs can be
decreased

Rs = Rsðρe; Ee;νe; ρs; ρf ;Kf ; μb;β;η; δμ Þ ð8Þ

Determination of Rs as described by Eq. (8), requires the input of
several internal system variables of the porous medium. When applied
to the case of hydrating cement paste, some simplifications can be
introduced to the expression for Rs, assuming the hydrating cement
paste is a water-filled porous skeleton made up of cement grains and
products of hydration. The bulk properties of water are readily available
as Kf=2.2×109Pa, and the viscosity η=0.9×10−3kg/ms. Further,
changes in density of the hydrating cement paste with age (on account
of chemical shrinkage) can be considered to produce insignificant
changes in the bulk density of the material. Thus considering the
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hydrating cement material to be composed of two components, the
porous skeleton andwater, a simple relation can be obtained considering
composite theory

ρbulk = ð1−βÞρs + βρf ð9Þ

where, ρbulk is the density of the cement paste. ρbulk can be considered
to be constant through the hydration process. The ρbulk of cement
paste samples with w/c=0.4, 0.5 and 0.6 were determined at three
days of age and were found to be 1.98, 1.87 and 1.77 g/cm3, respec-
tively. Using this value, the ρs, which represents the effective density
of the solid material, can be obtained using Eq. (9), further reducing
the number of internal variables in the expressions for Rs.

Rs = Rsðρe; Ee;νe; μb;β; δμ Þ ð10Þ

Since the material properties of fused quarts are readily available,
the reflection at the fused-quartz/cement paste interface can be
expressed in terms of the two key internal system variables, porosity
and shear modulus of the skeleton, as

Rs = Rsðμb;β; δμ Þ: ð11Þ

These internal system variables which describe the poroelastic
material are functions of age (time after mixing). Since the obtaining
analytical expressions for the inversion of the internal variables form
the expression for Rs is intractable, numerical inversion was
performed to optimize the material constants such that the
theoretical prediction is close to the experimental response. The
experimental data used in the optimization comprised of the r(1) at
three different angles of incidence. The Generalized Reduced Gradient
nonlinear optimization scheme was used to minimize an objective
function given as

FðciÞ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
3

n=1
ð jRexp

s ðθn; ciÞ j− jRtheo
s ðθn; ciÞ jÞ2= jRexp

s ðθn; ciÞ j
3

vuuut
ð12Þ

where θn is the discrete incident angle at which experimental
values are obtained, and ci are the internal system variables of the
poroelastic solid. For the numerical inversion, the starting guess of
Fig. 7. Shear modulus and porosity of cement pas
porosity for the first measurement after mixing was obtained using
the relation

β =
ρcem

w�
c

� �
1 + ρcem

w=c
� � ð13Þ

where ρcem, the specific gravity of cement was assumed to be 3.2. The
starting guess for μb was taken as 105Pa. The range for δμ was initially
prescribed to be within 0.01–0.3. It was found that within the
prescribed range, there was no influence of δμ on the final values of μb

and β. The solution obtained at a given time was then used as the
starting guess for the next time.

The shearmodulus andporosity of the cementpasteobtained fromthe
numerical inversionof the testdataare shown inFig. 7. The initial valuesof
shear modulus and porosity obtained immediately after mixing were
(8.56×105Pa, 0.555), (3.59×105Pa, 0.611) and (1.58×105Pa, 0.653) for
cement pastes with w/c=0.4, 0.5 and 0.6, respectively. The trends in the
shear modulus increase obtained from the ultrasonic measurements are
qualitatively similar to those obtained from the oscillatory shear
rheological measurements. There appears to be an exponential increase
in shear modulus following a period when there is no noticeable change.
Consistent with established results a higher rate of modulus increase is
obtained for a lower w/c ratio. Cement paste with w/c=0.4 exhibits the
most rapid increase in modulus, while cement paste with w/c=0.6
exhibits an extended periodwhen there is no noticeable change followed
by a slower rate of increase. The rate porosity change are also significantly
higher for cement paste with w/c=0.4 when compared to the other two
w/c ratios. In the cement paste with w/c=0.4 there appears to be an
almost continuous change in porosity aftermixing. Cement pastewithw/
c=0.6, on the other hand, exhibits an insignificant change in porosity up
to 4h, following which there is a rapid decrease.

The porosity obtained from the ultrasonic data corresponds to
relative proportion of the water-filled space within a solid skeleton.
Themeasured decrease in porosity is therefore equal to the increase in
the solid fraction within the cement paste. The increases in the solid
fractionwith time are shown in Fig. 8. It can be seen that for w/c=0.4,
there is an almost continuous increase in the solid fraction with time.
Cement paste with w/c=0.6 on the other hand exhibits a prolonged
period with relatively little change in the microstructure. After 2h,
both w/c=0.4 and 0.5 exhibit an almost linear increase in solid
fraction with time. It is interesting to note that while the increase in
the solid fraction for both w/c=0.4 and 0.5 is linear with time,
correspondingly, there is an exponential change in the elastic
modulus. Comparing the relative changes in the shear modulus and
te obtained from inversion of ultrasonic data.



Fig. 8. Increase in solid fraction within the cement paste as a function of time.
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porosity obtained from the ultrasonic data, it is interesting to note that
there is a three order of magnitude increase in the shear modulus
corresponding to relatively small change in the porosity. There is
hence a very non-linear relationship between the decrease in porosity
and increase in modulus. After 2h, the rates of increase in the solid
fraction for w/c=0.4 and 0.5 are comparable. w/c=0.4, however,
exhibits a significantly higher rate of increase of elastic modulus. This
suggests that for a lower w/c ratio, because of the initial closer spacing
of cement grains a smaller volume of hydration products produce a
higher change in the shear modulus.

8. Discussion

In the previous sections, the development of microstructure was
evaluated in terms of internal system variables of a poroelasticmaterial,
which provides identical acoustic properties as the hydrating cement
paste. The application of the poroelastic idealization for interpreting
response of thematerial to the low-amplitude shear stress produced by
an ultrasonic wave is supported by the evidence of the solid-like res-
ponse obtained in the step-stress rheological measurements. Ultrasonic
wavesused in this studyassess changes in themicrostructure at a length
scale corresponding to the wavelength. Considering the range of shear
moduli and densities of cement paste with the different w/c ratios, the
wavelength within the period of observation ranges from 10−5m, ini-
tially, to 10−4m at 6h. Ultrasonic measurements therefore provide
indication of changes at these small length scales. The increase in the
solid fraction indicates that there is an almost continuous change in
microstructure after mixing at this small length scale.

A comparison between the shear moduli obtained from the
rheological and ultrasonic measurements is shown in Fig. 9. The shear
modulus obtained from the ultrasonic measurements is a few orders of
magnitude higher than the corresponding value from rheological
measurement. This is consistent with established findings in materials
Fig. 9. Comparison between shear moduli from
whichexhibit frequency dependentmoduli,where thedynamicproper-
ties determined at higher frequencies are higher than those obtained at
lower frequencies. It should also be noted that the shear modulus
obtained from the rheological measurements relates to the bulk of the
material while the ultrasonic measurements provide a measure of the
stiffness of the solid skeleton. The results from the different w/c ratios
however suggest that there is unique relationship between the low and
high frequency shear moduli.

The results from the two measurement techniques can now be
compiled to develop an understanding of the changes in the microstruc-
ture which produce setting in cement pastes. The increase in the shear
modulus of the solid obtained from the ultrasonic measurements is
compared with the increase in yield stress from rheological measure-
ments in Fig. 10. It can be seen that there is a high level of correspondence
between the two quantities. The sharp rise in the yield, which signals the
emergence of a fully connected solid network within the cement paste,
coincides in timewith the observed sharp increase in shearmoduluswith
time. The high level of correspondence between the two measurements
suggests that the emergence of a continuously connected solid coincides
with significant increases in the shearmodulus of the skeleton. Therefore,
if yield stress is taken as an indicator of setting in cement paste, the rapid
increase in the rapid rise in shear modulus obtained from ultrasonic
measurements can be used to determine the point in time when a
continuously connected solid emerges within the cement paste.

Relating the changes in the shear modulus and yield stress obtained
from rheological measurements with the changes in porosity from the
ultrasonic data, it can be seen that there is a larger change in elastic
modulus than yield stress for a given decrease in porosity. Changes in
porosity are produced when the water is replaced with products of
hydration. The formation of hydration products produces a larger
relative increase in elastic modulus than yield stress. Measurements for
elastic modulus are associated with infinitesimal relative motions
between the individual grains and do not disturb the arrangement of
rheological and ultrasonic measurements.



Fig. 10. Comparison between the yield stress and shear modulus increases for different w/c ratios: (a) w/c=0.4; (b) w/c=0.5; and (c) w/c=0.6.
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grains. Yield stress, the stress required to initiateflow, on theotherhand,
depends upon the effort for individual grains to move relative to the
other grains and on the capacity of the bond between the individual
grains. Yield stress is therefore related to the stress required to produce
large relative movements between the grains. In the early stages of
hydration, the formation of the hydration products and their placement
contribute to a larger relative increase in inter-particle elastic interac-
tion between cement grains than the force required to produce a large
separation between the grains.

The techniquepresented here has been shown tobe very sensitive to
changes in the internal structure, influenced by the buildup of solidity,
which brings about setting in cement pastes. In ultrasonic measure-
ments, heterogeneousmedia appear homogeneous whenwaves have a
wavelength, which is large compared to the scale of heterogeneity. The
resolution of length scale from an ultrasonic measurement therefore
corresponds with the wavelength of the wave. Considering the fre-
quencyof 1 MHz, thewavelengthof thewave in thematerial varies from
10−6 to 10−5m during setting, which provides a reasonable overlap
with the dimensions of pore network comprised of the continuous
water-filled space in a packing of cement grains.

In measurements which are based on reflection at the surface of
the material there are always issues related to penetration of waves
and the interface where the material properties are different than the
interior of the material. The long-range order of microstructure is
disrupted at the interface or boundary when compared with the bulk
material. Acoustic impedance determination from ultrasonic mea-
surements on mortar and concrete specimens has shown that this
effect persists for a few millimeters from an interface or boundary
[40]. The length scale of the interface was found to correspond with
the maximum size of the heterogeneity (aggregate). For measure-
ments in this study, the size of the interface would confirm to the
cement grain size, which corresponds well with the wavelength.
Therefore, the influence of the interface would be less critical in
measurements involving cement paste. Despite the larger size of
interface region, the technique presented here can potentially be
extended to investigating the setting behavior in concrete. It has been
shown that the relative changes in the acoustic impedance at the
interface obtained from reflection measurements were identical to
the corresponding evolution in the acoustic impedance in the bulk
material since both are controlled by hydration [40]. This is further
supported by previous measurements on slabs, where ultrasonic
shear reflection measurements at normal incidence have been shown
to correlate well with strength gain in concrete [13]. Reflection mea-
surements from mortar have also been shown to correlate well with
setting time determined using pin penetration [14]. The ultrasonic
measurements presented here also correlate well with the rheological
response, which is a measure of bulk behavior.

9. Conclusions

Combining the information obtained fromultrasonic and rheological
measurements allows for relating changes in the microstructure with
the mechanical properties of hydrating cement paste through setting.
Specifically,

1. Low-amplitude stress measurements indicate that even for a high
w/c ratio, there is sufficient long-range order within thematerial to
resist the applied shear stress.

2. After mixing, there is a continuous evolution of microstructure at
the length scales corresponding to the wavelength of the ultrasonic
wave. For all w/c ratios tested, there is a continuous increase in the
solid fraction associated with the products of hydration after
mixing. There is a slower rate of increase in the solid fraction for a
higher w/c ratio.

3. A decrease in porosity (an increase in solidity) produced by the
products of hydration results in an increase in shear modulus and
yield stress. There is a larger relative increase inmodulus than yield
stress for a given decrease in porosity.

4. Penetration measurements do not provide sufficient sensitivity to
detect the early changes in the microstructure.

5. Both rheological and ultrasonic measurements indicate changes in
the material behavior which are not detected by the penetration
measurements. Setting behavior indicated by a sharp rise in the yield
stress occurs at a timewhen the penetrationmeasurements indicate
no change in the material response.

6. Setting behaviorwithin cement paste, associatedwith a sharp increase
in the yield stress of the material is indicative of the formation of a
continuously connected solid network.



Fig. 11. Reflection and refraction at the interface with oblique SH incidence.
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7. The sharp increase in theyield stress is coincidentwitha sharp increase
in the shear modulus of the solid obtained from the ultrasonic
measurements.

Acknowledgements

The authors would like to acknowledge the help and guidance
provided by Prof. Morton Denn, in interpreting the rheology data.
Financial support from NSF (CMS grant CAREER CMS 0238692) is also
gratefully acknowledged.

Appendix A

Wave propagation in a poroelastic medium

To solve the Equation(s) 1, it is convenient to express the
displacement vectors in terms of scalar and vector potentials

→u = ∇ϕs + ∇ × →φs and
→w = ∇ϕf + ∇ × →φf : ðA1:a and bÞ

By substituting Equation(s) A1 in Equation(s) 1, two pair of equations
are obtained in terms of potentials

H∇2ϕs−C∇2ϕf = ρϕ̈s−ρfϕf̈

C∇2ϕs−M∇2ϕf = ρfϕs̈−m
0
ϕf̈−ðη= kÞϕ̇f

(
ðA2Þ

and

μb∇2→φs = ρ→φ̈s−ρf
→φ̈f

ðη= kÞ→̇φf = ρf
→φ̈

s
−m

0→φ̈f
:

(
ðA3Þ

Both Eqs. (A2) and (A3) admit harmonic solutions. Eq. (A2) governs
the compression wave propagation, while the Eq. (A3) determines the
shear waves propagation. The solutions for the shear wave could be
written as

→φs = C exp½ jðωt−→
k ·

→
r Þ�

→φf = D exp½ jðωt−→
k ·

→
r Þ�

(
ðA4Þ

where k
→

is a complex vector (complexwave number), r→ is the position
vector and ω is the frequency of waves. The real part of k

→
determines

the direction of the normal to planes of equal phase, the imaginary part
determines the directions of the normal to planes of equal amplitudes.
When Eq. (A4) are substituted into Eq. (A3), equations for obtaining the
wave number are obtained

ðρω2−μbksh*
2Þðm0ω2−iωFðωÞη= k0Þ−ðρfω2Þ2 = 0 ðA5Þ

where F(ω), is a frequency correction function for the viscosity η,
introduced by Biot, to represent that the friction force of fluid resulting
fromout-of-phase rate offlow relative to the solid. F(ω)wasderived as a
complex quantity by Biot, considering three-dimensional flow in a
circular duct and is given as

FðχÞ = 1
4

χTðχÞ
1−2TðχÞ= jχ ðA6aÞ

where

TðχÞ = ber0ðχÞ + jbei0ðχÞ
berðχÞ + jbeiðχÞ ; ðA6bÞ

χ = ðωα2
=ηÞ1=2 ðA6cÞ
The functions ber(χ) and bei(χ) are the real and imaginary parts
of the Kelvin function. The factor α represents the pore size. The shear
wave number can be obtained from Eq. (A5) in the following form

ksh*
2 = ½ρω2− ðρfω2Þ2

m
0
ω2−jωðFη= k0Þ

�= μb: ðA7Þ

Oblique SH wave reflection

SHwave incidence at an interface between an elastic and a poroelastic
material is considered. Assuming an SH wave traveling in an elastic
material is incident at an angle θ at the interface, shown in Fig. 11, the
potentials of incident, reflected and refracted waves are given as

φiðx; zÞ = Ai exp½ jðωt−k1 cosðθÞz−kcxÞ� ðA8Þ

φrðx; zÞ = Ar exp½ jðωt + k1 cosðθÞz−kcxÞ� ðA9Þ

φtsðx; zÞ = Ats exp½ jðωt−ksh
� cosðαÞ*z−kcxÞ� ðA10Þ

φtf ðx; zÞ = Atf exp½ jðωt−ksh
� cosðαÞ*z−kcxÞ�: ðA11Þ

In developing the equations for the potentials, Snell's law has been
implicitly applied such that all the potentials which are generated at the
interface give the same projection of the propagation vector on the
interface.

ksh
� sinðαÞ* = k1 sinðθÞ = kc ðA12Þ

The boundary conditions at the interface, z=0, are given as

(1) For the continuity of displacement

uy jelastic = uy jporous or
∂φi

∂z +
∂φr

∂z =
∂φts

∂z ðA13Þ

(2) For the equilibrium of tangential stress.

τyz jelastic = τyz jporous or μ1ð
∂2φi

∂z2
+

∂2φr

∂z2
Þ = μb

∂2φts

∂z2
ðA14Þ

(3) Continuity offluidmovement. It has the sameboundary conditions
with the previous case, and this conditions is satisfied automati-
cally because of the characteristics of the SH wave mode.

The ratios of the amplitudes of the potentials can be obtained as

Ar

Ai
=

μbk
�
sh cosðαÞ*−μ1k1 cosðθÞ�μbk
�
shcosðαÞ* + μ1k1 cosðθÞ

; ðA15Þ
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Ats

Ai
=

2μ1k1 cosðθÞ
μbk

�
sh cosðαÞ* + μ1k1 cosðθÞ

� �
k1 cosðθÞ
k�shcosðαÞ*

ðA16Þ

Atf

Ai
=

2μ1k1 cosðθÞ
μbk

�
sh cosðαÞ* + μ1k1 cosðθÞ

� �
=

k�shcosðαÞ*
k1cosðθÞ

ρfω
2

ρω2−�μbðk�shÞ2
 !

: ðA17Þ
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