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Acoustic Sensing of Hydrating Cement Suspensions:

An Exploratory Study

1. Introduction

Portland cement is a complex heterogeneous
mixture of mineral phases, all of which react
with water to varying degrees and at different
rates. The principal components are tricalcium
silicate (CasSiOs: C3S), S dicalcium silicate
(CaySi04: C;N), tricalcium aluminate (CazAlyOe:
CsA) and tetracalcium aluminoferrite (CasAl,-
Fe;049: C4AF).[1] Of these, the calcium silicates
C3S and C,S are the main constituents
responsible for the setting of portland cement.
Their principal hydration product is calcium
silicate hydrate (C-S-H), a mostly amorphous
phase that forms at the surface of cement
particles and in the interstitial fluid. C-S-H is not
a well defined material; it can vary chemically
depending on the exact composition of the
starting powder as well as other factors.
Morphologically, C-S-H remains largely
unresolved, although recent studies have
determined that the primary dimension of the
hydrate product lies in the nanoscale range with
specific surface areas varying widely from a few
tens of m*/g up to 1000 m*g or thereabouts
[2,3].

Upon contact with an aqueous phase, cement
powder begins a complicated process that leads
over time to a hardened solid. During roughly
the first 2 h after contact, the initial hydrolysis of
calcium silicates and dissolution of ions occurs.
Following the dormant period during which the
ion concentration steadily increases, the initial
formation of C-S-H products occurs in the
acceleration period. Hydration reaches a
maximum rate about (4 to 8) h following initial
contact with water, and continues to decrease for
several days afterward. The kinetics of hydration
are dependent on a number of factors, including
the cement particle size distribution (PSD) [4],
cement/water ratio and impurities [1], and the

addition of chemical admixtures (accelerants and
retardants) [5-7].

In addition to flow and mechanical property
measurements, such as yield stress, numerous ex
situ approaches have been applied to the study
of cement hydration during early times (i.e., a
few minutes to several hours after contact with
water), including pH and conductivity
measurements, X-ray diffraction, nitrogen
adsorption, electron spectroscopy for chemical
analysis (ESCA), inductively coupled plasma
emission (ICP), and scanning electron
microscopy (SEM) [2,8-12]. Several in situ
techniques have also been explored recently to
investigate the hydration process, in particular
thermal analysis [5,6,13-19], electrical
impedance [20,21], nuclear magnetic resonance
(NMR) [22,23], neutron scattering [3,24-27],
small-angle x-ray scattering (SAXS) [28], and
X-ray computed tomography (CT) [29,30].

By comparison, ultrasonic-based techniques
have found broad application in the non-
destructive in situ characterization of cement.
Ultrasonics uses high-frequency sound waves to
penetrate the cement material and interstitial
pore solution, and can provide information on
the elastic and viscoelastic properties and their
characteristic moduli. Although the use of sound
waves has been of particular interest in the
characterization of hardened cements, due to the
relationship between sound propagation and the
mechanical properties of elastic solids [31,32],
the analysis of early age hydration in pastes and
suspensions using ultrasonics has grown rapidly
in recent years [19,29,33-65]. The propagation
of compressional waves in a porous elastic solid
saturated by a viscous fluid has been treated by
Biot [66,67], and most applications of
compressional ultrasonic waves in cement
systems draw on Biot's theoretical framework to
interpret experimental results.



Ultrasonic techniques applied to the study of
early age hydration can be differentiated by
whether they use transmission or reflectance
mode detection, and whether compression or
shear waves are applied. Shear waves only
propagate in solids, while compression waves
propagate in solids, liquids and gases. Thus
shear waves are especially sensitive to the onset
of hardening or network percolation. A round-
robin comparison of compressive wave and
shear wave measurements, as applied to the
study of the setting of cement, has been
published recently by Voigt et al.[62].

In the majority of cases, the experimental
apparatus makes use of a pulse (i.e., tone burst),
rather than continuous wave transducer, with
nominal center frequencies typically in the
100 kHz to 10 MHz range. Measurements most
often focus on sound speed variation over
time [19,34,35,41,45-47,51-55,64,65], but
attenuation  and  impedance  (reflection
coefficient) measurements have also been
widely reported [33-35,41,45,48,50,53,56,57,59-
61,63]. The most commonly utilized acoustic
set-up for cement hydration/setting relies on the
pulse echo technique, in which velocity (based
on transit time), attenuation, and impedance can
all be determined using a single transducer as
source and detector. Other methods include:
acoustic emission [36-38], a passive technique,
acoustic near field [39,40,43,49], which is
sensitive to the mechanical loading exerted on
an immersed resonator tip, and electroacoustics
(i.e., acoustophoresis and electroacoustic sonic
amplitude - ESA) [42,44], which are sensitive to
the electrokinetic (zeta) potential of cement
particles. Few reported studies have examined
the  frequency-dependence  of  acoustic
attenuation or velocity measurements in
hydrating cement. In addition, no published
work, to our knowledge, has explored the
frequency domain above 10 MHz.

In this technical note we summarize preliminary
results from an exploratory investigation to
examine the application of high-frequency
acoustic spectroscopy in the study of early age

cement hydration. In particular, we are
interested in detecting and monitoring the initial
nanoscale C-S-H product formed in cement
slurries prepared at relatively high water/cement
(w/c) mass ratios, and the effect of chemical
admixtures on this process.

2. Acoustic Sensing

In the context of the present work, acoustic
sensing refers to the application of radio-
frequency sound waves to monitor changes in
certain physical characteristics of non-dilute
particulate suspensions [68-70]. When
compressive  (longitudinal) sound  waves
propagate in such a material, they experience
"excess" attenuation (identified by the symbol a)
due to the presence of the dispersed phase.

Viscous attenuation results from relative motion
between the particle and adjacent liquid layers as
the oscillating sound wave crosses the solid-
liquid interface. This motion is induced by
differences in density between the two phases.
The viscous drag of the medium and the
nonpropagating shear wave generated by the
relative motion act to dissipate part of the sound
wave energy as it passes. Particle inertia also
dampens the motion and thereby dissipates
energy, though very small particles (< 100 nm)
exhibit negligible inertial effects. For viscous
attenuation, a critical frequency, f., can be
defined such that [71,72]:
_9.n

dr a’p,

c

where 7 is the liquid phase viscosity, p; is the
particle bulk density and a is the particle radius.
This is the frequency of maximum attenuation
due to viscous loss, and it is seen to increase as
the particle size decreases. It also increases with
fluid viscosity and decreases with increasing
particle density. Viscous loss typically produces
a bell shaped attenuation spectrum, with the
maximum at f.. Sensitivity to changes in the
dispersed phase is maximal in the vicinity of the
critical frequency.
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Fig. 1 Critical frequency for viscous attenuation in
water at 20 ° as a function of particle size, calculated
using a density of 3.2 g/cm’ appropriate for Portland
cement).

So-called visco-inertial losses are the principal
mechanism of attenuation by rigid colloidal-
sized particles in high density contrast’ media
[72].

Another loss mechanism to consider is
scattering, where the sound waves are redirected
away from the detector by the presence of the
particles, much in the same way that light waves
are scattered. Scattering is a strong function of
frequency and size, and for the long-wavelength
regime [73]:
f4 a3
scatterin,
g Vf

As particle size increases relative to the
wavelength of sound (A= 1.5 mm in water at
1 MHz), acoustic scattering becomes an
important loss mechanism, and in the (1 to 100)
MHz range it can be a fairly significant source
of attenuation for particles greater than about
3 um. It can be largely ignored for colloidal
suspensions. The presence of scattering is
indicated by an increase in attenuation at
frequencies well above the critical frequency for

¥ Density contrast refers to the difference in bulk density
between the dispersed solid phase and suspending
medium. Systems in which Ap is significantly greater than
1 are referred to as high density contrast.

visco-inertial loss, producing an attenuation
minimum (see Fig. 2, e.g.).

The other important loss mechanism for high
contrast suspensions is "intrinsic" or bulk
molecular attenuation, which depends on the
volume fraction of each phase present, and is not
affected by the form or domain size of the
material. Intrinsic losses for the dispersed phase
are generally very small and can often be
ignored, and hence the suspension intrinsic loss
is typically dominated by the medium. Thermal
loss mechanisms, important for emulsions and
latex suspensions, need not be considered for
high density contrast suspensions. Losses due to
viscous, scattering, and intrinsic attenuation are
treated as additive.

Figure 2 shows the theoretically calculated
spectra in water for rigid spheres with radius
1 pm, 0.3 pm and 0.05 pm. The density contrast
is set to 2. Calculations are based on a version of
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scattering
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total attenuation (dB/cm/MHz)
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frequency (MHz)

Fig. 2. Attenuation spectra calculated for monodisperse
rigid particles of different radii in water. Parameters
used in calculation: volume fraction is 5 %, density
contrast is 2, temperature is 20 °C.



the coupled-phase model as described by
Dukhin and Goetz [72,74]. A shift in the critical
frequency for viscous attenuation with particle
size can be clearly seen, and the onset of
scattering losses at high frequencies is evident
for the largest particle size. As Fig. 2 suggests,
particles in the nanosize regime should exhibit
significant attenuation only at high frequencies.

For a given suspension, the total measured
attenuation spectra will depend on a number of
factors, including solids loading, particle size
relative to the acoustic wavelength, density
contrast, and the viscosity of the suspending
medium. By measuring the attenuation spectra
over a range of frequencies, information about
the microstructure of the dispersed phase can be
extracted using a suitable model, or inferred on
the basis of a reasonable physical description of
the system coupled with a knowledge of the
predominant underlying loss mechanism(s).

A commercially available acoustic spectrometer
(see section 3 for a full description) was utilized
in the present work. This instrument uses a
pulse-wave technique in which sound pulses
generated at the surface of one transducer, are
transmitted through the sample, and are detected
by a second transducer. The sound energy loss
(attenuation) and sound velocity (at a single
frequency) are measured. A frequency range
from (1 to 100) MHz is scanned by varying the
gap distance between the transmitter and
receiver. The sensor design is sufficiently robust
to handle flowing suspensions with solid volume
fractions exceeding 35%, and alkaline
environments such as those typically associated
with hydrating cement slurries. Based on
feedback from our research, modifications were
made by the manufacturer to improve the overall
performance of the instrument for cement
applications, including a better method for
sealing the moving source transducer in contact
with the cement slurry. The energy of the sound
used in the acoustic spectrometer is too low to
impact suspension microstructure, and therefore
the technique 1is considered to be non-
destructive.

The acoustic spectrometer can process measured
attenuation spectra to produce particle size
distributions using a modified coupled-phase
model that accounts for interparticle
hydrodynamic  effects at  high  solids
concentrations [68,72]. This approach was not
used in the present work due to the inherent
complexity of portland cement. The coupled-
phase theory is most applicable when the visco-
inertial mechanism dominates the energy loss
spectrum, the size distribution is relatively
simple (e.g., the analysis algorithm assumes a
log-normal function), and the particle phase is
homogeneous and characterized by a spherical
morphology. Clearly, portland cement powder,
with it’s variable and asymmetric morphology,
extreme size polydispersity, and heterogeneous
mineral phase, does not closely conform to the
physical reality of this or any other known
acoustic model. Additionally, the prevalence of
micrometer-size particles in portland cement
(upwards of 100 pm diameter) leads to a
significant energy loss from acoustic scattering,
which complicates the attenuation spectra over
the high frequency range.

Instead, we employ a simple phenomenological
approach, in which excess attenuation, expressed
in dB/cm/MHz (normalized to the frequency of
the sound wave and the emitter-detector
distance), is employed as a “soft sensor” for
detecting relative physical changes in the
suspension. The decibel (dB) is a dimensionless
unit describing loss of acoustic intensity and
referenced to, in this case, the initial intensity of
the acoustic pulse prior to transversing the
sample. We then attempt to correlate these
changing signals with other physicochemical
data on the material under similar conditions. In
this manner, we used penetrating high-frequency
sound to probe the early stage of hydration (up
to roughly 7 h) in cement slurries at solid
volume fractions ranging from (2 to 20) %. This
corresponds to a minimum w/c of about 1.25.
Therefore the slurries studied here remain fluid
throughout the test period and formation of
network structure is absent, thus allowing us to
isolate the C-S-H product formation from the

4



complexities associated with interparticle
bridging and percolation.

The  principal advantage of  acoustic
spectroscopy is its ability to provide reliable
information on the physical properties of
particles in dense opaque systems. Another
advantage is its relative insensitivity to changes
in the ionic and electrochemical balance of the
system. For the most part, only changes in the
physical characteristics, such as particle size,
concentration, and interparticle structure, will
modify the high-frequency attenuation spectrum
of a suspension. Processes such as
agglomeration, dissolution and precipitation,
which lead to changes in the physical
arrangement and dimensions of the solid phase,
can be followed using acoustics, even in
complex  compositions  where  multiple
attenuating species may exist, so long as the
other attenuating species remain largely
unchanged physically. In this case, an effective
medium approach can be used to simplify a
complex system, with attenuation by non-
interactive species lumped into a background

signal and subtracted or normalized out. The
excess attenuation is then reflective of the
interacting or physically evolving species only.

For a more comprehensive treatment of the
theoretical aspects of fluid-mediated ultrasonic
measurements, and their application for the
characterization of particulate suspensions and
emulsions, the reader is referred to the recent
texts by Povey [75] and Dukhin and Goetz [74],
the review published by McClements [69], and
the collection of articles edited by Hackley and
Texter [76] and derived from the international
workshop on  Ultrasonic and Dielectric
Characterization Techniques for Suspended
Particulates, held at NIST in 1997.

3. Methods and Materials

A Type I/Il ordinary portland cement (CCRL
133) with a Blaine fineness of about 350 m*/kg
was obtained from the Cement and Concrete
Reference Laboratory (CCRL) at NIST [77].
Chemical composition and physical property
proficiency testing results for CCRL 133 are
summarized in Appendix A. Figure 3 shows a

Fig. 3. Gray-scale version of a colorized 2D image of CCRL 133 (500x magnification - 256 pm by 200 pm).
Dark gray areas are predominantly C;S, while lighter shades include C,S, C;A, and C4AF. Original unaltered
image available from the VCCTL Cement Images Database at http://ciks.cbt.nist.gov/vectl/.



gray-scale 2D image of CCRL 133 at 500x%
magnification. Detailed information on the size
and 3-D shape of CCRL 133 cement particles
has been published by Garboczi and Bullard[78]
based on the use of X-ray microtomographic
images.

Six different chemical admixture formulations
(high range water reducer admixtures or
HRWRAs) were used in this study, including
four sulfonate-based and two carboxylate-based.
For purposes of this report, the six formulations
are identified in Table 1 only by an assigned 1D
and the chemical class to which each belongs.

Table 1. Chemical admixtures used in study.

ID Chemical Class
NS1  naphthalene sulfonate
NS2  naphthalene sulfonate
LS lignosulfonate
MFS  melamine formaldehyde sulfonate
PC1  polycarboxylate
PC2  polycarboxylate

The two polycarboxylates in Table 1 differ in
their side-chain length (PC2 has longer side
chains), according to the manufacturer. The
naphthalene sulfonates NS1 and NS2 are from
different manufacturers. Admixtures were
provided as a courtesy by W.R. Grace
(Construction Products Division, Cambridge,
MA) and Degussa Construction Chemicals
(Master Builders Technology, Cleveland, OH).

Cement suspensions were prepared
gravimetrically using a density of 3.15 g/cm’ for
the cement powder. The powder was added to
the required amount of ultrapure deionized water
(18 MQ resistance) to obtain the desired final
solid volume fraction. For experiments using
chemical admixtures, the required amount of
admixture concentrate was added to deionized
water and stirred for 5 min. Then the cement
powder was added. Suspensions were mixed
using a magnetic stirrer for 2 min, and then
loaded into the sample chamber of the
spectrometer. Care was taken to avoid

introducing air bubbles, which can interfere with
acoustic measurements.

A commercial acoustic spectrometer (DT-1200,
Dispersion Technology Inc., Bedford Hills, NY)
was utilized for this study. The DT-1200
measures the attenuation and sound speed using
a transmission-mode variable-gap tone-burst
technique incorporating a pair of piezoelectric
transducers located on opposite sides of the
sample [74]. The transmitter generates an
ultrasound pulse with a given central frequency
and incident intensity. The pulse propagates
through the sample and its intensity decays due
to the interaction with the sample (see Fig. 4).
The receiver converts this attenuated pulse back
to an electric signal and sends it to the
processing electronics for comparison with the
initial pulse, yielding the attenuation, a:

o [dB/em/MHz] = 20 logi
fIMHz]L[cm] ~ [

t

where [; is the incident intensity, [, is the
transmitted intensity, f'is the sound frequency in
MHz and L is the gap distance.

gap
o
L
transmitten receiver
I; I,

Fig. 4. Schematic layout of transmission mode
spectrometer

The receiver is mounted on a piston controlled
by a stepping motor that allows the gap between
the transmitter and receiver (containing the
sample) to be varied systematically. To obtain
sufficient signal-to-noise, a minimum of 800
pulses are transmitted for each gap/frequency
combination. The reported attenuation is
actually determined from the relative change in
acoustic intensity with a change in gap, so at
least two gap distances are required for each
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frequency. The adjustable gap allows for a wide
dynamic range of frequencies (1 MHz to 100
MHz, typically measured over a logarithmic
spacing) and accommodates samples that vary
widely in attenuating properties.” According to
the manufacturer, this frequency range permits
characterization of particles as small as 5 nm.

Sound speed in the sample is determined by the
ratio of the gap distance, L, to the measured
pulse transit time, ¢:

L[cm]

V]em/s]=
1[s]
With the DT-1200, sound speed is generally
determined only at a single frequency, typically
10 MHz. The group velocity is reported, which
represents the speed at which the tone burst
envelope propagates through the sample.

Although attenuation spectra are more sensitive
to changes in the physical state of the dispersed
phase compared with velocity measurements,
knowledge of the sound speed facilitates more
accurate attenuation measurements in the pulse-
transmission technique, and sound speed can be
used to determine phase volume changes in
some systems.

The reported precision for attenuation
measurements using the DT-1200 device is
better than 0.1 dB/cm/MHz over the entire
frequency range. This result is based on analysis
of 10 % mass fraction colloidal silica (Ludox
TM50) in water.[74] Sound speed precision
determined in the same media is reported to be
0.28 m/s. Also, the manufacturer estimates that
the maximum reliably measurable attenuation
using the DT-1200 is approximately 390 dB/cm,
600 dB/cm and 1800 dB/cm, for frequencies of
3 MHz, 10 MHz and 100 MHz, respectively.
Where error bars are reported, they represent the
standard uncertainty (confidence level of

" Water is a relatively low attenuating medium. Its
attenuation increases linearly with frequency up to 0.2
dB/cm/MHz at 100 MHz.

approximately 68 %) calculated from replicate
measurements.

During experiments, the cement suspensions
were continually recirculated through the sample
chamber of the spectrometer using an external
digital peristaltic pump (Masterflex L/S, Cole-
Parmer Instrument Co., Vernon Hills, IL) and
food-grade ultra-smooth-bore pump tubing
(Masterflex Tygon Food Tubing). Pump rates
were varied over a range from (500 to
1000) cm’/min  to determine the potential
influence of sample flow on measurements.
Most reported data was obtained at a flow rate of
either 880 cm’/min or 1000 cm3/min, unless
otherwise noted.

Intrinsic attenuation due to bulk water was
measured separately and subtracted from the
attenuation spectra of cement suspensions to
yield the excess attenuation due to the cement
phase. The time of hydration is determined from
the point at which the cement powder first
contacted solution. Spectra were recorded
beginning shortly after loading the sample, and
continued periodically every 30 min for the first
(2 to 3) hours, then every 60 min thereafter up to
a maximum hydration time of 420 min (7 h).
This experimental duration covers most of the

stage 1 stage 2 stage 3 stage 4 stage 5
16

rate of heat evolution (J/g h)

0.1 1 10 100
hydration time (h)

acoustic experimental window

Fig. 5. First derivative of the heat of hydration for
CCRL 133 at w/c = 0.45, with the experimental time
frame overlaid. Calorimetric data provided by Dale
Bentz, NIST-BFRL.
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initial 3 stages of hydration (i.e., initial
hydrolysis, dormant period and acceleration) [1].
The experimental window is shown overlaid on
the first derivative of the heat of hydration for
CCRL 133 in Fig. 5. The approximate
demarcations for the various hydration stages
are also indicated for convenience. Thermal
measurements began during early stage 2, and
continued for about 30 h.

In addition to the acoustic sensing elements
described above, the spectrometer used for these
studies is equipped with a separate sensor for
measuring the electroacoustic response to an
applied acoustic pulse. The probe, which
incorporates a piezoelectric transducer and an
electric antenna, are mounted in the flow stream
just below the transmitting and receiving
transducers used for acoustic spectroscopy.

The theory and principles of colloid vibration
current (CVI) and related -electroacoustic
techniques are detailed elsewhere [68,74,76,79-
81]. In brief, for our present application of CVI,
a nominal 3 MHz voltage pulse is applied to the
emitting transducer. As the acoustic wave
propagates through the suspension, it induces a
fluctuating motion to charged particles. As a
result of this induced motion, the electrical
double-layer at the particle-solution interface is
displaced periodically relative to the particle.
This gives rise to a system of oscillating dipoles,
which generate an electrical field that is
quantified by measuring the short circuit current.
The magnitude of this current is proportional to
the charge on the particles.

Vi - 22 1(o)C,R,
P

where ¢ is the particle volume fraction, Ap is

the density contrast between the particles and
suspending fluid, p is the fluid density, u(w) is
the frequency dependent dynamic
electrophoretic mobility, C; is an instrument
constant that contains device specific terms
independent of the test material and requires
calibration with a known reference material[82],
and R; is an acoustic impedance term [83] that
can be rolled into the instrumental constant for

dilute suspensions but must be determined
independently for higher solids loadings.

The zeta potential, ¢, can be calculated from the
dynamic mobility according to[80]

(@) == G

where ¢ and # are the permittivity and viscosity,
of the fluid phase, respectively. The complex
frequency-dependent term G reflects the
influence of particle inertia on the dynamic
mobility. Both magnitude and phase of the
response signal depend on particle size. For very
small particles (typically less than about
100 nm) or low frequencies, G = 1 and inertia is
not significant. For larger particles and at higher
frequencies, the particle size must be known in
order to correct for the effect of inertia and
obtain an accurate determination of {. For a
typical portland cement sample, this correction
is impossible to determine as the size
distribution of component particles is very broad
and the identity of particles that contribute to the
measured signal is difficult to clarify. In this
case, one can only examine relative changes in
the measured electroacoustic response or zeta
potential.

An additional complication for electroacoustic
analysis of cement is interference from solution
electrolytes. The electrolyte load tends to be
high for cement suspensions due to dissolution
of various species. lons in solution can and will
contribute to the measured electroacoustic
response in an additive manner. Typically, this
background signal is measured separately for the
suspending medium and then subtracted from
the sample signal, while also accounting for
changes in phase angle. A rough correction
method is to simply subtract the two magnitudes
without taking phase shifts into consideration.
This is problematic for hydrating cement
because the ionic composition and concentration
in solution are changing with time.

For the scope of the present work,
electroacoustic measurements were not of
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primary importance, and data is provided simply
for informational purposes. No correction has
been attempted for either electrolyte background
or particle inertia. The electroacoustic sensor
was calibrated according to the manufacturer’s
instructions using a 10% mass fraction
suspension of Ludox TM50  (Aldrich,
Milwaukee WI) diluted with 0.01 mol/L KCI.
This reference is assigned a value of -38 mV at
room temperature.

4. Results and Discussion

Results are presented in their entirety in the hope
that future research will benefit from this
exploratory study. However, the discussion is
limited to that necessary to describe the data as
presented. A detailed and complete analysis of
the results is left for future peer reviewed
publications to address. Here we present in
graphical form only the basic results along with
essential details that enable the reader to
understand the conditions under which the data
was obtained. Some conclusions and suggestions
for future work are presented in section 5.

Figures 6 to 10 present the frequency-dependent
acoustic attenuation and sound speed, and the
electroacoustic results obtained for 2 % volume
fraction CCRL 133 at different hydration times.
This is the lowest solids loading used in these
studies. Figures 6 and 7 show the same data set,
but in Figure 7 the data has been normalized by
subtraction of the spectrum measured at 5 min
(which is essentially the starting point for the
hydration  experiment).  This  procedure
emphasizes the high-frequency “excess”
attenuation that increases as hydration proceeds.

Figures 8 and 9 address reproducibility and give
results for replicate experiments carried out
under identical conditions on different days.
Typical coefficients of variation (CV) are
observed in the (5 to 20) % range, depending on
the measurement frequency. Reproducibility
also decreases somewhat at longer hydration
times, as one might expect. The precision of
replicate measurements on the same sample is
difficult to assess due to the time-dependent
properties of the hydrating cement, but based on
measurements performed on stable suspensions
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1.5 1

1.0 1

attenuation (dB/cm/MHz)

0.5 A

0.0

20 30 40 50 60 70 80 9010Q

frequency (MHz)

Fig. 6 Evolution of attenuation spectra for 2 % volume fraction CCRL 133 at different

hydration times.
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Fig. 11 Evolution of attenuation spectra for 5 % volume fraction CCRL 133 at different
hydration times. Mean attenuation of 4 replicate experiments (2 replicates for 420 min);
vertical bars show standard deviations.
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of aluminum oxide powders, one can expect
CVs for repeatability of about 1 % over most of
the frequency range for moderately concentrated
suspensions. Repeatability decreases at high
solids loadings (above 10 % volume fraction).
Finally, Figure 10 shows the progressive change
in group velocity and dynamic mobility with
hydration time.

Figure 11 shows the attenuation spectra for 5 %
volume fraction CCRL 133 as a function of
hydration time for 4 replicate experiments under
identical conditions performed on different days.
Evolution is similar to 2 % data except for the
relative magnitude. Figure 12 indicates an
improvement in the CV values (typically 2 % to
6 %) relative to 2% volume fraction. The
frequency dependence is also more random and
a dependence on hydration time is not obvious.
Figure 13 shows the change in acoustic velocity
and dynamic mobility with hydration time for
5 % volume fraction CCRL 133.

Figure 14 shows the attenuation spectra at
different hydration times for 7.5 % volume
fraction CCRL 133. Data represents the mean
attenuation measured in 4 replicate experiments.
Clearly, as the solids loading increases, the
reproducibility improves but the sensitivity to
changes caused by hydration is reduced. Figure
15 shows the change in group velocity and
dynamic mobility over time. The magnitude of
the dynamic mobility, and thus the underlying
electroacoustic response, decreases as the solids
loading increases. Figure 16 shows the CVs for
replicate experiments. The CV values generally
lie in the (2 to 8) % range, with a very slight
dependence on frequency and hydration time.

Figure 17 shows the attenuation spectra
measured for 15 % volume fraction CCRL 133
as a function of hydration time. Unlike previous
data obtained at lower solids loadings, the
spectra here show an increase with hydration
time over the entire frequency range. The
greatest sensitivity still occurs at the higher
frequencies.
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Fig. 14 Evolution of attenuation spectra for 7.5 % volume fraction CCRL 133 at different
hydration times. Mean attenuation of 4 replicate experiments; vertical bars show standard

deviations.
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Figure 18 shows the group velocity and dynamic
mobility change with time for 15 % volume
fraction CCRL 133. Again, in contrast to
previous data at lower solids loadings, the
velocity initially decreases with time and
approaches a steady state. The dynamic mobility
data is of questionable relevance due to the loss
in sensitivity with increase in solids loading. An
apparent switch in polarity is observed. All
previous data for lower solids loadings indicate
a net positive polarity.

Figure 19 shows the CVs for 15% volume
fraction CCRL 133. The magnitude of the CV
range from a few % to about 25 % and is highly
dependent on frequency. The data also indicates
a moderate dependence on hydration time at
some frequencies. The high frequency data
above about 10 MHz is the most stable with
respect to hydration time and the lowest with
respect to overall magnitude.

Figure 20 shows the attenuation spectra for 20 %
volume fraction CCRL 133. This is the highest

solids loading evaluated in this study. The high
frequency data exhibits a systematic increase in
magnitude with hydration time, but the lower
frequencies are fairly stable over time. One
exception to this is data taken near 100 MHz
(the upper limit of the frequency range), which
is extremely noisy and unstable. Only a single
complete experiment was performed for 20 %
volume  fraction, so an analysis of
reproducibility is not provided.

Figure 21 gives the change in group velocity and
dynamic mobility with hydration time for 20 %
volume fraction CCRL 133. The data indicates a
lack of sensitivity for electroacoustic
measurements, but shows a fairly consistent and
decreasing trend in mobility up to 5 h. The
magnitude of the mobility is extremely low,
however, and one cannot exclude contributions
from dissolved ions in this case. Velocity
measurements, on the other hand, suggest the
presence of entrapped air bubbles or poor
contact with the transducers, an issue that
requires closer scrutiny.
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Solid phase volume fractions above 20 % were
deemed too difficult to measure using the
present experimental set up. Primary issues
include the difficulty in pumping suspensions at
high solids loadings, particularly in the latter
stages of hydration, and the loss of sensitivity to
changes occurring during hydration, at least in
the tested frequency range. Alternative
instrument designs and a broader frequency
range may enable one to work with higher solid
loadings, but were beyond the scope of the
present work. The alkaline environment that
cement presents should also not be discounted.
This, coupled with the abrasive nature of the
particles, can have a deleterious affect on the
instrumentation. In particular, the moving
transducer uses a gasket to seal the back end part
from the test suspension. Problems have been
encountered during this work that required
adjustments to the gasket, removal and cleaning
of the transducer, and use of different lubricating
fluids to enable ease of motion without
impacting the test materials. Further work may

be required to optimize these issues for cement
analysis.

Figures 22 and 23 show the dependence of
acoustic attenuation on the solid phase volume
fraction of CCRL 133, at a hydration time of
2 h, for the entire frequency range and for
selected frequencies, respectively. In Figure 23,
we find a reasonably good linear relationship
between attenuation and volume fraction over a
range of frequencies. The linear correlation
improves if data for 20 % is excluded. Figures
24-26 show regression analysis of data at three
select frequencies: 81 MHz, 28.9 MHz, and
15.6 MHz. A second order polynomial fit
consistently provides an excellent fit to all data
up to and including 20 %. This indicates that
attenuation could potentially be wused to
determine the solid phase concentration in
portland cement slurries, though the dependence
on other factors would have to be examined
more closely.
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Fig. 22 Acoustic spectra for CCRL 133 at different solid phase volume fractions (see
legend) and a hydration time t = 2 h. Mean and standard deviation of replicate
measurements, except volume fraction 0.20 which represents a single experiment.
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Fig. 23 Attenuation at different frequencies as a function of CCRL 133 volume fraction,
and a hydration time of t = 2 h. Linear regression fits are shown.
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Fig. 24 Attenuation at 81 MHz and t =2 h as a function of CCRL 133 volume fraction.
Inset shows linear regression fit with data for 20 % not included.
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Fig. 27. Effect of peristaltic flow rate on the measured attenuation spectra for 15 %
volume fraction CCRL 133 at t =2 h. Minimum at 65.9 MHz is an artifact that manifests
at higher solids loading.
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Fig. 28 Change in electroacoustic response with time at different solid phase volume
fractions of CCRL 133.
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Fig. 29 Correlation between attenuation at 81 MHz and dynamic mobility for 2 % volume
fraction CCRL 133 undergoing hydration.
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Figure 27 examines the effect of the peristaltic
flow rate on the measurement of attenuation
spectra for 15 % volume fraction CCRL 133 at a
hydration time of 2 h. There appears to be a
slight dependence on flow rate at intermediate
frequencies, but over the range (880 to 1000)
ml/min, the differences are considered relatively
small. The “dip” in attenuation observed at 65.9
MHz is an artifact related to the resonance
frequency of the transducers and is only
observed at the higher solid phase loadings.

Figures 28 and 29 summarize the electroacoustic
results. Figure 28 shows the dynamic mobility
versus hydration time for different solid phase
loadings. Above 2% volume fraction the
sensitivity drops significantly, but at 2 % there is
a strong correlation between mobility and
attenuation after the initial 30 min. This is
certainly a relationship worth exploring and had
not, to the author’s knowledge, been reported
previously for cement.

Another interesting correlation is found between
acoustic attenuation and the heat of hydration
measured by differential thermal analysis
(DTA). Figure 30 shows the DTA data used in
the comparison (obtained from D. Bentz, NIST).
In the data shown here, the heat of hydration
was measured at a higher w/c ratio than was
used in the acoustic measurements. The
correlation in Figure 31 is strong and linear after
the initial 3 h, which coincides fairly closely
with the onset of the acceleration stage in
cement hydration (see Figure 5).

This relationship deserves further attention and a
more systematic study. It is interesting that
attenuation appears to increase linearly from the
earliest times measurable (pertaining to the
initial hydrolysis and dormant periods), while
the DTA data do not exhibit sensitivity to these
early time changes. Attenuation spectroscopy
may be a more sensitive probe for the initial
formation of C-S-H precipitates.
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Fig. 30. Cumulative heat of hydration measured by differential thermal analysis (DTA)
for CCRL 133 at w/c = 0.45. Data provided by Dale Bentz, NIST-BFRL.
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Figure 32 demonstrates the ability of acoustic
spectroscopy to assess the effect of HRWRAs,
also known as superplasticizers or chemical
admixtures, on the hydration of portland cement.
Here the attenuation spectrum is plotted versus
hydration time in the absence of additive on the
left pane and with 1 % mass fraction (relative to
the solid phase) naphthalene sulfonate on the
right pane. The retardation effect is clear, as the
spectra remain nearly unchanged for up to 6 h
when HRWRA is present.

Figures 33 through 36 track the attenuation
measured at two frequencies (81 MHz and 28.9
MHz) for a series of commercial HRWRA
formulations (see also Table 1) at two different
dosages (mass fraction relative to the solid
phase). Data was obtained for suspensions
containing 7.5 % volume fraction CCRL 133. As
expected, the higher frequency appears to yield
better sensitivity to the changes (or lack thereof)
occurring during hydration. Attenuation at

81 MHz exhibits a greater relative change over
time. The effect of HRWRA concentration is
also consistent, with the 1 % addition producing
a greater retardation relative to 0.2 % addition.

By contrast, acoustic velocity and dynamic
mobility are much less sensitive to the presence
of chemical admixtures, as demonstrated in
Figures 37 and 38 for two HRWRA
formulations. Furthermore, the trends are less
clear compared with attenuation measurements.
It is feasible that sensitivity with respect to
electroacoustic measurements can be improved
by going to lower solid phase volume fractions,
and this may be worth examining in more detail.

But clearly, attenuation spectra are a sensitive
measure of the retardation due to HRWRA
addition, and attenuation spectroscopy shows
great promise for quantifying and monitoring the
effects of HRWRAs during the early hydration
period.
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Fig. 32. Effect of the addition of chemical admixture (1 % by mass naphthalene sulfonate) on
hydration of 7.5 % volume fraction CCRL 133 as indicated by acoustic attenuation spectra
measured at different hydration times.
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Fig. 33. Attenuation at 81MHz for 7.5 % volume fraction CCRL 133 showing the effect
of chemical admixtures at two mass fraction dosages relative to the solid phase: two
naphthalene sulfonates and a melamine formaldehyde sulfonate formulation.
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Fig. 34. Attenuation measured at 28.9 MHz for 7.5 % volume fraction CCRL 133 showing
the effect of chemical admixtures at two mass fraction dosages relative to the solid phase:
two naphthalene sulfonates and a melamine formaldehyde sulfonate formulation.

—0— 0%

—&— 02%LS
84 | +— 10%LS
—A— 0.2 % PC1

I —— 1.0 % PC1
= —e— 0.2%PC2
€ 71| —o—10%PC2
(&

e}

z

s °

©

=}

c

2 5

©

4 _D\D —w

—A
T
0 100 200 300 400

time of hydration (min)

Fig. 35. Attenuation measured at §1MHz for 7.5 % volume fraction CCRL 133 showing the
effect of chemical admixtures at two mass fraction dosages relative to the solid phase: a
lignosulfonate and two polycarboxylate formulations.
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Fig. 36. Attenuation measured at 28.9 MHz for 7.5 % volume fraction CCRL 133 showing
the effect of chemical admixtures at two mass fraction dosages relative to the solid phase: a
lignosulfonate and two polycarboxylate formulations.
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Fig. 37. Group velocity and dynamic mobility for 7.5 % volume fraction CCRL 133 showing the
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phase.

5. Conclusions

MHz-frequency acoustic spectroscopy has been
demonstrated to show promise as an effective
technique for in situ  characterization,
monitoring, and possibly quantification of early
hydration in portland cement suspensions. It is
believed that the observed sensitivity is linked to
precipitation and growth of the nanoscale C-S-H
phase. The high frequency portion of the
acoustic spectrum is more sensitive to its
presence and less affected by the coarser
components of the clinker.

Based on the experience gained during the
course of this exploratory study, and on data and
observations resulting from that effort, we offer
the following conclusions and suggestions for
future work.

For solid volume fractions below 7.5 %,
attenuation 1s constant near 16 MHz,
independent of hydration time. Additionally,

attenuation below about 30 MHz scales linearly
with solids loading up to at least 20 % volume
fraction. This suggests that lower frequency data
may be appropriate for determining solids
concentration, though it is not immediately clear
if this would be beneficial from a practical
standpoint. Acoustic theory predicts that larger
size particulate components (in the micrometer
range) will scatter strongly at lower frequencies.
Attenuation for smaller submicrometer particles
is dominated by viscous loss occurring at higher
frequencies. So the attenuation observed in
CCRL 133 at low frequencies may be due
primarily to the clinker phase, which would
explain why it does not evolve with time in such
relatively dilute suspensions. From 7.5 %
upwards, attenuation is only mildly dependent
on time in the low frequency range (the
exception is 15 %, which may be an anomaly or
may indicate some other issue yet unidentified).

Additionally, the lack of sensitivity at lower
frequencies  suggests that measurements
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intended to follow hydration could be restricted
to one or a few selected frequencies, thus
speeding up the analysis time and providing
better time resolution.

We also observe that as the solids loading
increases, sensitivity to changes in the
electroacoustic response decrease. The CVI
measurements, performed in parallel with
acoustic attenuation measurements, are useful
only at solids concentrations below about 5 % in
portland  cement.  Additionally, = known
interference from solution phase ionic species
must be addressed in a more quantitative
analysis of data. This was beyond the scope of
the present exploratory work. Without taking
into consideration the ionic contributions to the
signal, systematic errors will be significant and
will adversely impact any interpretation of
results. The usefulness of electroacoustic
measurements for analysis of hydrating portland
cement is thus limited.

Acoustic velocity (sound speed) measurements,
though simple and fast, do not appear to offer
sufficient sensitivity to changes during early
hydration in comparison to attenuation
measurements. On the other hand, for
quantitative size analysis using acoustic
spectroscopy, sound speed measurements are
necessary. Size analysis is probably not feasible
in the case of portland cement suspensions, due
to the complexity of components and wide range
of sizes present.

The “dip” in attenuation observed in some
spectra at 65.9 MHz, especially at higher solid
loadings, is due to this being a “blind spot” for
the transducer. It is close to double the
resonance frequency near 35 MHz. At the
resonances frequency the transducer efficiency
is highest, and decreases below this value. At
even multiples (e.g., 2%, 4%) there are blind
spots where the efficiency drops to very low
values. Thus as the solids concentration
increases, attenuation increases and the low
signal at 65.9 MHz is reduced further, causing a
negative measurement error and resulting in the

observed dip in the spectrum. This data point
can, and should, be ignored, and the software
can be programmed to exclude points with
negative error.

One of the interesting results to come out of this
study is the apparent close correlation between
attenuation at high frequencies and the heat of
hydration determined by DTA. This relationship
needs to be explored more systematically, and in
particular using w/c ratios that overlap for both
techniques in order to avoid possible differences
due to the solid phase concentration. Based on
the limited data available, we speculate that
acoustic spectroscopy may exhibit greater
sensitivity relative to DTA for the very early
stages of hydration (before about 3 h).

Perhaps the most intriguing results relate to the
ability of high frequency acoustic attenuation to
characterize the retardation produced by
chemical admixtures. This promises to be a
fruitful area for future research, as it provides a
rapid method for quantifying and comparing the
retardation effect during early hydration for
different formulations of additives. Acoustic
sensing may save time and expense associated
with more traditional and time consuming
approaches for screening of chemical admixture
formulations.

To better refine the methodology and improve
the current understanding of the underlying
attenuation processes in hydrating cement
suspensions, it is suggested that future work
focus on cleaner systems with fewer
components. Pure C;S phases or pre-classified
narrow size distribution subsets of portland
cement might be suitable for such studies. In that
way, it may be possible to quantify the effect of
various cement components on the frequency-
dependent attenuation. This should be done in
parallel with modeling efforts to predict acoustic
loss based on component size, composition, and
concentration.

Finally, as a corrosive and abrasive material,
prolonged experiments involving cement have
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proven to be a challenge with respect to their
effects on sensor components. So, the
development of a simple, robust fixed-frequency
attenuation measurement device with no moving
parts in contact with the cement suspension
would be beneficial and probably necessary for
routine testing applications.
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Glossary

acoustic Having to do with sound waves and
especially their production, transmission and
interaction with matter.

acoustic attenuation Reduction in the intensity
of sound (sound energy) propagating in a
medium, via various loss mechanisms (e.g.,
thermal, viscous, scattering). Characterized by
the attenuation coefficient, a, typically
expressed as decibels (dB) per unit length and
often normalized to the frequency.

acoustic impedance Complex ratio of sound
pressure to the sound particle velocity within the
medium through which sound propagates.
Useful for characterizing the interaction of
sound waves at a boundary between two phases.

compression wave A wave whose oscillations
are parallel to the direction of propagation, and
the motion of the propagating medium is in the
same direction as the motion of the wave. These
are also referred to as longitudinal or pressure
waves.

decibel (dB) In acoustics, a dimensionless
logarithmic measure of sound intensity. The
decibel is equal to ten times the common
logarithm of the ratio of the sound intensity of
the source (e.g., a signal transmitted through a
medium) relative to a reference sound intensity.
The reference is commonly specified as a sound
pressure level (SPL) relative to 1 pPa in non-
gaseous media (ANSI S1.1-1994).

hertz (Hz) Frequency of sound expressed by
cycles per second.

shear wave A wave whose oscillations are
perpendicular to the direction of propagation (a
transverse wave). Shear waves can only
propagate in elastic solids, as they are rapidly
dissipated in fluid media. Shear waves travel
slower than compression waves.

sound intensity Average rate of sound energy
transmitted in a specified direction at a point
through a unit area normal to this direction at the
point considered; in units of watts per square
meter (W/m?); symbol, I (ANSI S1.1-1994).

sound intensity level (SIL) Ten times the
common logarithm of the ratio of the intensity of
a given sound in a stated direction to the
reference sound intensity of 1 picoWatt per
square meter (pW/m?); in units of decibels (dB)
(ANSI S1.1-1994).

sound speed The speed of sound describes the
velocity (typically in m/s) of sound waves
propagating through a medium. Sound speed
varies depending on the medium and with
thermophysical properties of the medium,
especially temperature and density. Sound speed
is also frequency-dependent in dispersive media
such as water. Should not be confused with
sound particle velocity, which describes the
velocity of the constituent "particles" of the
medium as they move in response to a passing
sound wave. In a homogenous fluid, the sound

speed is equal to /K/p, where K is the
adiabatic bulk modulus and p is the bulk density.
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The speed of sound in pure water is 1497 m/s at

25 °C.

ultrasonic

Referring to sound frequencies

above the normal human range of hearing (i.e.,
higher than about 20 KHz).
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Appendix A

Note: "#Labs" is the number of participating laboratories submitting results for proficiency testing.
"S.D." is standard deviation and "C.V." is coefficient of variation.

CCRL PROFICIENCY SAMPLE PROGRAM
Portland Cement Proficiency Sample No. 133
Final Report - Chemical Results - September 17, 1999

SUMMARY OF RESULTS
Test #Labs Average S.D. C.V.
Silicon Dioxide % 142 20.600  0.25 1.21
(onfé“%’g?ﬁlo?ﬁgi dedy % 122 5595 024 423
Ferric Oxide % 141 2485  0.058 2.35
Calcium Oxide % 141 65.043 043 0.655
Free Lime % 133 0.437 0.15 34.8
Magnesium Oxide % 135 1.486  0.096 6.48
Sulfur Trioxide % 147 2308  0.066 2.86
Loss on Ignition % 165 1.271 0.095 7.47
Insoluble Residue % 156 0.222  0.065 29.5
Sodium Oxide % 118 0.097  0.021 21.9
Potassium Oxide % 124 0.606  0.022 3.62
Phosphorus Pent % 57 0.096 0.011 12.0
Titanium Dioxide % 63 0.354  0.020 5.64
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CCRL PROFICIENCY SAMPLE PROGRAM
Portland Cement Proficiency Sample No. 133
Final Report - Physical Results - September 17, 1999

SUMMARY OF RESULTS

Test #Labs Average S.D. C.V.

N.C. Water % 206 23.41 0.36 1.54
Vicat TS Initial min 203 134.0 12.3 9.18
Vicat TS Final min 197 227.6 30.1 13.2
Gillmore TS Initial min 167 162.0 21.5 13.2
Gillmore TS Final min 166 254.1 323 12.7
False Set % 172 77.3 8.6 11.1
Autoclave Expan % 197 0.005  0.018 362
Air Content % 198 9.13 1.0 11.0
AC Mix Water % 189 68.09 23 3.44
AC Flow % 196 87.0 34 3.98
Comp Str 3-day psi 214 31353 2147 6.85
Comp Str 7-day psi 212 43722 296.5 6.78
Comp Str 28-day psi 178 5718.0 3442 6.02
CS Flow % 180 117.1 14.1 12.0
Fineness AP sqecm/g 201 3488.8  70.0 2.0
Fineness WT sqem/g 34 19114 924 4.83

Passing 325 Sieve % 189 86.966 1.23 1.41




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


