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Abstract

More attentions have focused on the elastic properties of fresh state cement-based materials due to the emergence of
additive manufacturing techniques. Without the support of the conventional formworks, the shaping of the additive
manufactured concrete structure mostly depends on the rheological properties of the fresh materials. Even though the fresh
state cementitious materials' rheological properties can be well characterized by using a rheometer, no previous study has
investigated the effective and reliable real-time monitoring methods for in-situ rheological properties monitoring. This paper
attempts to investigate the feasibility of using the piezoelectric-based electromechanical impedance (EMI) method to fill this
gap. The EMI test and the rheological test were performed simultaneously. The calculated sensing index from EMI signals
displays an excellent linear correlation with the results from the rheometer. The findings from this study proves that the EMI

method is promising for in-situ monitoring of the fresh state cementitious materials’ rheological properties.
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1. Introduction
The cement paste is the (thixotropic) yield stress fluid at its
fresh state,l in other words, it acts as a solid-like material if
the applied shear stress is lower than its yield stress. It has been
reported that the fresh cementitious material could exhibit the
elastic modulus as short as a few seconds after the mixing. The
very early age rheological paramseter and elastic modulus are
very important properties for enabling many emerging
technologies such as three-dimensional (3D) concrete printing
technology.

3D concrete printing is an additive manufacturing
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technology by using concrete or mortar as ink.?l The fresh
concrete/mortar is pumped and extruded through the nozzle
and deposited layer by layer without the presence of formwork.
N. RousselP! examined the rheological requirements for
printable concretes and pointed out the importance of the
elastic modulus to control the layer geometry and avoid
buckling failure. It is known that some viscosity modifying
agents can significantly reduce the elastic modulus of fresh
state cementitious materials, leading to excessive
deformation upon deposition, which can reach up to a few tens
of centimeters for a two-meter printed wall.l®l Also, the elastic
buckling failure of a freshly printed slender vertical structure
has been reported in recent papers,®7 which illustrates that
the elastic modulus has to stay higher than a critical value to
avoid the loss of stability.

It remains a significant challenge to accurately measure
the real-time elastic modulus for the in-situ 3D concrete
printing projects. Some research groups utilized the high-end
rheometer to apply small-amplitude oscillation for the
measurement of the elastic modulus of fresh paste, and it
increases the budget for research and industrial application.
The measurements obtained from different rheometers are
likely different for the same material due to errors that come
from the calibration.®l Most importantly, the laboratory
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measurement may not reflect the “real” elastic modulus of the
printed structure, especially given that the rheological
properties of the cement paste vary from batch to batch, and
the uncertainty can be of order 25% even the pastes have the
same composition.®! Thus, it is critical to develop an in-situ
and reliable method to monitor the elastic modulus of 3D
printed concrete.

The piezoelectric  sensor-based electromechanical
impedance (EMI) method has proven its feasibility and
effectiveness for monitoring the mechanical information of
structures.*? It can also be used to detect the structural
damage condition and monitor the in-situ mechanical
properties of concrete. Owing to its high sensitivity and its
direct and inverse piezometric principle, the piezoelectric
sensor can act as both sensor and actuator to capture the
properties changes inside the structures. Su et al. have
researched monitoring the mechanical properties of cement
mortar at its very early age (4-8 hours). The EMI results from
their studies showed that the compressive strength and elastic
modulus of cement mortar have high correlations with the
EMI spectrum.31 Tawie et al.l*! monitored the bonding
development between steel rebar and concrete. It has been
found that the conductance spectrum can be used to measure
the change of the gradual adhesion between rebar and fresh
concrete. Providakis ef al.l'l used the reusable piezoelectric
transducer to monitor the initial hydration states of concrete.
Their results showed that the statistical indices are sensitive to
concrete strength development. Narayanan et a/.['8l found that
the frequency shift and magnitude of the EMI results can well
be correlated with material stiffness changes over time.
Visalakshi et al.'9 carried out the study of using the non-
dimensional parameters to track the hydration of concrete. The
results indicated that the refined structural impedance
parameter could eliminate the PZT (lead zirconate titanate)
contribution of hydration monitoring of concrete. Thus, the
EMI method has shown its reliability for monitoring the
hydration of the concrete.

Most of the studies in the piezoelectric materials-based
EMI method have focused on monitoring the hydration and
strength gain of cementitious materials. There is a gap in
exploring the potential of the EMI method for monitoring the
rheological properties of cementitious materials. The merit of
the EMI method, such as accurate, low-cost, and instantaneous,
could provide great promises to evaluate the 3D printed
concrete structure’s rheological properties. To fill this
knowledge gap, this study served as the pilot research to
examine the feasibility of using the EMI sensing method to
address real-time monitoring of the rheology of cement paste.
Although most of the 3D printing projects adopted concrete or
mortar as the printing ink, which includes larger, inert particles
compared with the plain paste, the cement paste can be
considered as the active phase in these systems regarding its
elastic modulus. The time evolution of the elastic modulus due
to the hydration mechanism and thixotropy rebuilding are
primarily dependent on the paste phase. The EMI signals from
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the impedance analyzer and the elastic modulus from the
rheometer are tested simultaneously in this study. A linear least
square regression is utilized to determine the accuracy of the
EMI sensing results. The feasibility of the piezoelectric
materials-based EMI method for instantaneously monitoring
the elastic modulus of the fresh state cementitious is
established.

2. Rheological measurement of cementitious materials
There are more than 100 methods developed to evaluate the
rheology and workability of cementitious materials.!
According to ACI 238 report,?Y the methods can be classified
as single-point tests and multi-point tests. Single point tests
refer to the measurement as only standing for one point on the
flow curve such as the slump test. On the other hand, the multi-
point tests collected additional points for the flow curve by
changing the shear rate which can constantly provide the
rheological information, such as the rheometer. Another
distinction of this method can be divided into a dynamic and
static testing method. For dynamic methods, the instrument
would transmit the energy (vibration, shear force, or jolting)
into the concrete. On contrary, the static methods rely on the
spontaneous gravitational force (self-weight) of concrete to
flow.

To access the rheological properties of cementitious
materials precisely and continuously, the rotational rheometer
is typically used for the measurement. The material is sheared
between two plates during the operation. The rotational speed
and torque are recorded. Two types of control modes can be
performed: stress-controlled and rate-controlled. The outcome
of the measurement can be converted to shear rate through
rotation speed and shear speed through torque if the geometry
of the sample meets certain criteria. The fresh state
cementitious materials have viscoelastic behavior is generally
described as Bingham fluid. As such, the cementitious
materials would behave their solid properties when the applied
shear stress T is lower than the yield stress ty and would
present their flow properties when 7 is greater than ty.

In the solid regime of viscoelastic materials, the elastic
modulus can be measured using a rotational rheometer with a
sufficiently low strain. Another alternative approach for the
elastic modulus measurement is through applying the strain
oscillation as Equation (1) described. The stress response 1(t)
can be measured with the oscillation and be expressed as
Equation (2) under the linear regime.??2

y(t) = yosinwt (1)

(t) = G'(ypsinwt) + G"(yycoswt) )

where y, is the amplitude of shear strain, G' is defined as
elastic modulus, and G" is defined as the viscous modulus.

To interpret the aforementioned coefficients, we can
consider the simplest model for viscoelastic solid materials,
which is the Kelvin-Voigt model as Fig. 1 shown. The
relationship between shear stress and strain is described in
Equation (3). Hence, the modulus G' and G" is further
expressed as Equations (4) and (5).
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Fig. 1 Kelvin-Voigt model.

Build upon the concept of the theory in this session, the
proposed EMI method would be the potential approach to
identify the rheological properties of cement paste. This
research compared the results of the commercially available
rheometer with the EMI method, which both of these two
methods are multi-point dynamic testing approaches.

3. EMI principles and signal processing

EMI method is original to be developed for identifying the
structural response of the structure which is subjected to the
applied force. To be more specific, the response mechanical
impedance of the structural system is defined as the ratio of
the applied sinusoidal driving force to the consequential
velocity. Liang et al.¥! developed the one-dimension model to
describe the mathematical relationship between the host
structure and sensor, as Fig. 2 shows. A sinusoidal alternative
current (AC) is applied to the sensor, which generates
vibration (continuous small deformation) and is transferred to
the attached structure. The response of the local area is
bounced back to the sensor in the form of electrical signals.
Any changes in structures can be described as the combination
of mass (M), spring (K), and damper (C) as shown in the
model below.

Three parts govern the dynamic interaction between sensor
and host structure, including (a) piezoelectric constitutive
relation of the sensor, (b) equation of motion (EOM) for host
structure and piezoelectric sensor, and (c) equilibrium and
compatibility conditions of the host structure. In the EMI
technique, the driving force (axisymmetric vibrations) is
generated by the PZT sensor, which can be expressed as

Mass (M)

piezoelectric strain-charge from constitutive relation of the
sensor as Equations (6) and (7) shown.

S=L1+dTE (6)
Cg

D =dT + ¢rE @)
where S is the strain tensor of PZT; T is the stress tensor; Cg
is the elasticity matrix; dT is the strain per unit field at
constant stress; E is the applied electric field; d is the electric
displacement per unit stress at the constant electric field; D is
the electric displacement tensor; &7 represents the dielectric
constant. Then, the EOM for the vibrating sensor can be
expressed as Equation (8).

%u %u

poz=Y" = ()
where u is the axial displacement at any point in the sensor
patch, p is the material density. Y is Young’s Modulus.

Lastly, considering the equilibrium and compatibility
conditions of the host structure, the electrical admittance (Y,
reciprocal of impedance) of the piezoelectric sensor can be
expressed as the Equation (9) below electromechanical
coupling between the host structure and the sensor.

. wl
Y=G+Bj= wjf
_2a3,¥E | 2da3,vE z, \tankl
[633 (1-v) + (1-v) (za+zs) ki ] ©)

where the admittance is a function of conductance (G ),
susceptance (B) with its imaginary unit (j), angular frequency
of excitation (w), PZT sensor dimension (w, [,and h —width,
length, and height), electrical permittivity (£33), piezoelectric
coefficient (d3q), Poisson’s ratio (v), and wavenumber (k).
Except for Y, G, Z,, and Z;, all variables are material
property.

This work adopted the admittance signals of the
piezoelectric sensor, which is able to reflect the mechanical
information of the host structure, to monitor the rheology
property of the very early age cementitious materials. The
cumulative Root Means Square Deviation (RMSD) matrix,
which has been proved as an efficient index to monitor
cementitious strength gain in practical implementation,/??
served as the EMI sensing index to estimate the rheology
property of the host structure. The electromechanical
admittance signal changes of the PZT sensor at adjacent ages
indicated the gradational development of elastic modulus.
Hence, the value between each adjacent EMI measurement
can be calculated using Equation (10).

Spring (K)

—\WW—

|
|
Damper (C)

Fig. 2 One-dimension model for piezoelectric sensor-driven structural dynamic system.
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where Y, is the signal at curing age k, Yj,_; is the adjacent
signal of Y, and N is the total number of collected data points
of each signal. For example, the 20" minute RMSD value
calculates the difference of the EMI spectrum between the 10™
minute (the adjacent measurement) and 20" minutes, and so
forth. Then, each value is accumulated.

4. Experimental program

4.1 Materials

Aiming to investigate the proposed rheological sensing
method, two parts of experiments, namely varied mix design
tests, and varied curing temperature tests were designed to
evaluate the sensing performance of the fresh state
cementations materials with different mix design curing
temperatures. Type I cement with water was used to prepare
the cement paste. To evaluate the sensing behavior on the
samples with different mix designs, the water to cement ratio
varied from 0.3 to 0.6. The water to cement ratio was fixed at
0.45 when the curing temperature was varied. All the samples
were prepared by hand mixing for 3 minutes due to the
relatively low demand for materials. The prepared samples
were then used for both the EMI test and the rheology test
simultaneously to minimize the variables.

4.2 Testing

4.2.1 Sensing (EMI) Test

The prepared samples were poured into a container with a size
of 50 mm3 right after the mixing. The polyester-coated sensor,
fabricated by the same procedure as refl*?%, was then
deployed in the container's center. Each EMI test started 10
minutes after the water was added to the 160 minutes with 10
minutes intervals. During the EMI test, the polyester-coated
sensor was excited with a 500 mV AC voltage, with a
frequency range from 5 kHz to 1000 kHz. An impedance
analyzer recorded the dynamic electromechanical impedance
(EMI) response of the sensors. The varied mix design test was
conducted in a controlled lab environment with a temperature
of 23 °C + 2 °C. The samples for the varied curing temperature
test were tested in a water bath with a temperature of 20 °C,
40 °C, and 60 °C.

4.2.2 Rheology test
A rotational rheometer (Anton Paar MCR 502) with the
parallel-plate measuring system was used to study cement
pastes' elastic modulus. The diameter of the parallel plates is
25 mm, and the gap between the plates was selected as 1.1 mm.
The sandpapers were applied to both plates to mitigate the wall
slip effect. A round hood with a soaked sponge ring attached
to its rim covered the parallel-plate measuring system to
prevent the evaporation of the cement paste.

The testing program started immediately after loading
fresh cement paste into the rheometer (10 min after water-
cement contact). As the cement paste is a thixotropic material
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whose rheological properties depend on the shearing history,
the pre-shearing at the shearing rate of 100 1/s was first
applied for 60 s to ensure that all samples are at a reproducible
state at the start of each test, followed by a rest for another 60
s. A small amplitude oscillatory shear (SAOS) measurement
was then employed to monitor the evolution of the elastic
modulus of cement paste. Based on our previous experiences,
an angular frequency of 1 Hz and a strain value of 10~ were
chosen for the applied strain to measure elastic storage
modulus evolution.

The cement paste can be considered as a linear elastic
material when the applied strain is within the range of a few
1042527 and the elastic modulus will drop dramatically,
leading to a much softer material if the paste is stretched
beyond the range. In the context of 3D concrete printing, we
can anticipate an excessive deformation up to a few
centimeters for a typical 2 m wall, which is much undesirable
for the printed structure, even if the material is still at the solid
regime. Thus, we focus on the elastic modulus under the strain
amplitude of 107,

4.2.3 Calorimetry

The isothermal calorimetry was used to measure the hydration
kinetics of the cement pastes. The cement paste samples were
well mixed with the same mixing speed to avoid the difference
in the enthalpy. Five grams of paste were added to a glass
ampoule for the measurement. The ampoules were later loaded
into an isothermal calorimeter (TAM Air). The rate of
hydration can be obtained by monitoring the heat flow
generated under constant temperature. The testing was
repeated three times and averaged to ensure consistency for
each sample group.

5. Result and discussion

5.1 Elastic modulus & degree of hydration

In this research, we have studied the cement pastes with
different W/C ratios and curing temperatures to elucidate the
feasibility of EMI as an alternative for the elastic modulus in-
situ monitoring. To this end, we first measured the elastic
modulus by using a rotational rheometer as a reference group.
As shown in Fig. 3 (a), the elastic modulus measured by the
rotational rheometer appears to increase roughly linearly
during the investigated age (up to 160 min) at ambient
temperature, and the increasing rate accelerates with the
increase of W/C ratio. It has been suggested that the elasticity
of the fresh cement originates from the formation of early
hydration, which is primarily calcium silicate hydrate (C-S-H)
“bridges” at the contact point between cement particles,?]
Thus, the increasing rate of elastic modulus is proportional to
the quantity of the C-S-H bridge at the contact point between
the flocculated cement network. A. Mostafa et al.?® showed
that the quantity of the formed C-S-H at the contact zones is
proportional to the rate of rigidification; therefore, the elastic
modulus is related to the hydration kinetics and the number of
contacts between particles in a unit volume of paste. As shown
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Fig. 3 Cement pastes with different W/C ratios. a) Elastic modulus results; b) Calorimetric results.

in Fig. 3 (b), the early hydration kinetics of the cement pastes
are largely independent of the W/C ratio, which is in good
agreement with other authors.?3 However, the neat cement
paste with a lower W/C ratio has a higher collision
frequency.?®l Therefore, the cement with a lower W/C ratio
shows a higher increasing rate of elastic modulus, as seen in
Fig. 3 (a).

The temperature is also a crucial factor that will influence
the increasing rate of the elastic modulus since the higher
temperature can increase the collision frequency of the
particles.?®! Moreover, the temperature experienced by the
printed materials could be much higher than 23 °C due to the
hot weather and heat produced by the cement hydration
process in the application of 3D concrete printing. Thus, the
success of monitoring elastic module development at various
temperatures is another important indicator to evaluate
whether EMI can be a good alternative to rheometer. As shown
in Fig. 4 (a), the temperature alters the linearity of the elastic
modulus evolution and significantly accelerates its rate,
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especially at 60 °C; it appears that the elastic modulus evolves
exponentially over time.

As shown in Fig. 4 (b), the elevated temperature increases
the hydration rate during the investigated time range, which is
in agreement with other works.[?%2 We also noticed that the
evolution of heat flow and elastic modulus share a similar
pattern, which is expected as the solid volume fraction is the
same among different temperature groups; thus, the hydration
kinetics could be considered as the governing factor in
controlling the elastic modulus of the cement paste. Through
the thermally activated process, the hydration products
nucleate on the cement powder surface at a faster rate,l®!
leading to a faster rate of elastic modulus increase
correspondingly.

To sum up, this study measured the elastic modulus
development of the cement paste with different W/C ratios and
curing temperatures. The results have shown good agreement
with other works, which are good to serve as evaluation
criteria of the proposed EMI method.
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Fig. 4 Cement pastes with different curing temperatures. a) Elastic modulus results; b) Calorimetric results.
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5.2 EMI sensing performance
5.2.1 Varied mix design test
The EMI signals of the designed four mixes were measured at
each age of interest. Fig. 5 plots the admittance (modulus of
the reciprocal of the impedance) signals of the sensors which
were embedded in the fresh state cement paste. The changes
in the admittance signals of the piezoelectric sensors are
always considered as the mechanical properties’ changes of its
host sample.*%1 The cement paste samples curing at room
temperature are in the initial reaction stage and have a slow
reaction before 160 minutes, mainly resulted from the cement
particle wetting, dissolution, and nucleation.® The samples’
rheological properties change due to the formation of the C-S-
H bridges. These changes are reflected by the EMI spectrum
of the PZT sensor change shown in Fig. 4.57

To fulfill the mission of rheological property in-situ
sensing, the EMI sensing index, calculated by the method from

section 3, was employed as an indicator to monitor the samples’

rheological properties. This study adopted the frequency range
from 100 kHz to 400 kHz according to the suggestionsi*l from
the previous work while post-processing the EMI spectrum
data. Fig. 6 shows the correlation result between the EMI
sensing index of the testing samples with corresponding
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elastic modulus. Twenty points in total were used to determine
the correlation coefficient. The R-square of the sensing
behavior for all mixes is above 0.93. This indicates the
proposed sensing set-up with the data processing methods can
be used to evaluate the rheological properties of cementitious
with high accuracy.

The main reason for the high correlation between the
sensing results from the piezoelectric sensor and the elastic
modulus determined by the rotational rheometer is the similar
strain rate during the measurement. From the discussion in
section 2.2.2, we acknowledge that the applied strain from the
rheometer to the cement paste sample is 10 to 10~. Similarly,
according to the laser Doppler vibrometer results from the ref
[25], the applied strain from the piezoelectric sensor is also in
the range from 10 to 1075, The small strain is crucial to obtain
an accurate elastic modulus result of the cementitious sample.
Thus, the proposed piezoelectric-based method can well
mimic the testing mechanism of the rheometer.

5.2.2 Varied curing temperature test

The same measurement with the same data post-processing
was performed on the cement paste samples with different
curing temperatures. Figs. 7 (a) to (c) shown the EMI spectrum
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Fig. 5 EMI spectrum of the sensor embedded in the cement paste with different W/C. (a) W/C=0.3. (b) W/C=0.4. (c) W/C=0.5. (d)

W/C =0.6.
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Fig. 6 Linear correlation fitting between elastic modulus with EMI-RMSD index for the cement paste with different W/C. (a)

W/C=0.3. (b) W/C = 0.4. (c) W/C = 0.5. (d) W/C = 0.6.

change as the cement paste aged under different curing
temperatures. The EMI spectrum of the samples curing at
20 °C and 40 °C changes in a similar way to the data shown
in Fig. 6. The trend of the EMI spectrum changes in the
frequency range of interest can be characterized as an upward
shift without a resonant frequency shift. It is worth noting that
for the EMI spectrum of the sample curing at 60 °C, a converse
downward change with the resonant frequency shift showed
upstarts from 120 minutes to 160 minutes. The downward shift
with a resonant frequency shift of the EMI spectrum has been
reported numerous times by previous studies for using a
piezoelectric sensor to monitor the hardened host structure.l*
42]

Moreover, the resonant frequency in the EMI spectrum is
one of the most efficient indicators for monitoring
cementitious hydration and strength gaining.[**81 Therefore,
the different changing pattern of the cement paste curing at
60 °C after 120 minutes, which changes to the solid phase
earlier than other cement paste samples, results from the
accelerated hydration speed. Differently, this study first
reported the unique EMI spectrum changing pattern (Upward
changing without frequency shift) when the piezoelectric
sensor interacts with the cement paste in the semi-liquid phase.
In this case, the resonant frequency shift is not able to monitor

© Engineered Science Publisher LLC 2021

the elastic modulus changes at its very early age (before 120
minutes) of the cementitious material. This observation may
support the hypothesis that the resonant frequency change in
the EMI spectrum is the indication of the cementitious samples
transit from the semi-liquid phase to the solid phase. It
indicates that the cumulative RMSD is a better option when
monitoring the elastic modulus monitoring at a very early age.
Figs. 7 (d) to (f) demonstrates the sensing performance of the
EMI sensing index calculated by the cumulative RMSD.
When the cement paste subject to different curing
temperatures, the speed of elastic modulus development will
vary in order of magnitude due to the different hydration
speeds (shown in Figs. 3 and 4). However, the high R-square
and the identical developing trend between the EMI sensing
index with the elastic modulus indicate that the proposed EMI
method can monitor the very early age elastic modulus
development.

6. Conclusion

This study has examined the feasibility of using EMI as an in-
situ sensing method for monitoring the cementitious materials’
elastic modulus development for additive manufacturing.
Seven sets of cement paste samples with different w/c ratios
and curing temperatures were tested by EMI test, calorimetry
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Fig. 7 Sensing performance of the sensor embedded in the cement paste with different curing temperature. EMI spectrum of cement
paste curing at (a) 20 °C, (b) 40 °C, (c¢) 60 °C. Linear correlation fitting between elastic modulus with EMI-RMSD index for the

cement paste curing at (d) 20 °C, (e) 40 °C, (f) 60 °C.

test, and rheological test. Based on the rheological testing
results, we have identified two important factors of the elastic
modulus development, the water to cement ratio and the
curing temperature. These two important factors could
influence the elastic modulus’s development via the number
of contact points and the hydration kinetic. The elastic
modulus results were then correlated with the piezoelectric-
based EMI test results. Since the EMI method provides a
stable small oscillation to the cement paste, which can well
mimic the testing mechanism of the rheometer, the measured
elastic modulus can be estimated by the EMI test with
satisfactory accuracy. The sensing index from the EMI test
was based on extracting the physical information of the sample
and further processed using the statistical approach. The
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correlation coefficients between the sensing index and the
elastic modulus from the cement paste with different water to
cement ratios and to cure temperature are all above 0.9. These
results indicate that the proposed piezoelectric-based EMI
method has a great potential to monitor the elastic modulus of
the cementitious materials in a real-time manner.

Monitoring the quality and safety of the materials for
additive manufacturing is always vitally important. This is the
first report on providing an in-situ monitoring method for
tracing the elastic modulus development of cementitious
materials, which is one of the critical properties for additively
manufactured construction. The findings reported here shed
new light on the in-situ monitoring technique for burgeoning
additive manufacturing. By in-situ monitoring, the elastic
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modulus of the cementitious materials with the proposed
method, both the safety and efficiency of the additive
manufacturing process can be guaranteed and strengthened.
Moreover, this monitoring method can potentially be applied
to similar materials systems with hardening processes during
the additive manufacturing process, such as heat curing, light
curing, efc. Since the study is limited to the rheometer
requirement, this study lacks the results of the cementitious
samples with the fine aggregate and the coarse aggregate.
Additionally, the samples with supplementary cementitious
materials (SCMs) need to be considered. Once these
mentioned factors are examined, this work could significantly
contribute to the monitoring of in-situ rheological properties
of additive manufacturing of concrete structures.
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