ELECTRICAL BEHAVIOR OF PARTIALLY SATURATED
CEMENT PASTE, MORTAR AND CONCRETE SUBJECTED TO
RADIO FREQUENCY EXCITATION

GOPINANDAN DEY

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2019



© Indian Institute of Technology Delhi (1ITD), New Delhi, 2019



ELECTRICAL BEHAVIOR OF PARTIALLY SATURATED
CEMENT PASTE, MORTAR AND CONCRETE SUBJECTED
TO RADIO FREQUENCY EXCITATION

GOPINANDAN DEY

DEPARTMENT OF CIVIL ENGINEERING

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER 2019



THETHESIS HAS BEEN DEDICATED TO MY FAMILY



CERTIFICATE

This 1s to certify that the thesis entitled “Electrical Behavior of Partially Saturated Cement
Paste, Mortar and Concrete Subjected to Radio Frequency Excitation” being submitted by
Mr. Gopinandan Dey to the Indian Institute of Technology Delhi is a record of bonafide
research work carried out by him under our supervision and guidance. The thesis work, in our
opinion, has reached the standard, fulfilling the requirements for the award of Doctor of

Philosophy degree.

The research report and results presented in this thesis have not been submitted, in part or full, to

any University or Institute for the award of any degree or diploma.

bt gt

Dr. Abhijit Ganguli Prof. Bishwajit Bhattacharjee
Associate Professor Professor
Department of Civil Engineering Department of Civil Engineering
Indian Institute of Technology Tirupati Indian Institute of Technology Delhi
Andhra Pradesh : New Delhi

Dr. Tapan Kumar Gandhi

Assistant Professor

Department of Electrical Engineering
Indian Institute of Technology Delhi
New Delhi



Acknowledgements

| owe my deepest gratitude to my thesis supervisor, Dr. Abhijit Ganguli, who exemplifies the
virtues of hard work and dedication, whose energy and empathy are limitless, and whose
patience in meticulously proofreading the numerous revisions of my papers continues to amaze
me. His wisdom, insight, and comprehensive approach to the problem have contributed greatly to
this thesis and to my intellectual development. | also owe my thankfulness to my other
supervisors Professor Bishwajit Bhattacharjee and Dr. Tapan Kumar Gandhi for their immense
guidance throughout the period of this work. I hope this work is only the prelude to an enduring
friendship and future research collaboration.

| am grateful to my Student Research Committee (SRC) members, Professors J. T. Sahoo, Dr. A.
K. Swamy and Dr. K. Khare for their time, comments, and suggestions. | also thank help and
instructive discussions with Late Goutam Barai Technical Superintendent of Materials Research
laboratory of Indian Institute of Technology Delhi. | would like to express my gratitude to Mr
Lal Singh and Mr Biri Singh for extending their helping hand to access their laboratories for

sample preparation for this work.

I would also like to thank my colleagues Surendra, Debdutta, Gautham, Gopala, Vineet, Sreejith,
Arun and Nabeel who have helped me, whenever | required, with dedication during the
experiments at various stages. The liberty of managing the lab hours was made possible with due
help from Nitin Chourasia, thanks to him. My sincere thanks to the people in the laboratory,
specially Ganesh, Vinesh and Rajender, Ramesh, Sanjay and Sanjay and others who helped with

dedication for preparing my experimental samples.

| am indebted to my parents-in law for their everlasting support. Their emotional support to me
and my family during this entire period of PhD studies made this work possible. I am ever
indebted to my wife Parbati for her constant support and inspiration, without which my dream
would have remained unfulfilled. I am also thankful to my sons, Abhranil and Abhiroop for their

unspeakable sufferings during our stay in Delhi. There are not enough words with which | can



thank my domestic helper Saraswati for her support throughout all these years. |1 am also grateful
to my parents who had lost my companion for a long period during my PhD study. | would also
like to thank my colleagues in NIT Agartala Rajib, Sima, Joyanta, Dipankar, Partha, Lipika,
Rama, Ratul da and Abaniswar and others who were always my source of inspiration. Special

thanks to Manish da who has always been my motivator in life with his valuable advice.

At the end I would like to give a very special thanks to NIT Agartala authority, Civil Engineering
Department and QIP center of IIT Delhi for extending me the facility to purse PhD in such a
great institution.



Abstract

Cement based materials (CBMs) are porous and constitute a significant portion of
materials used in construction in the form of cement concrete, cement mortar or cement paste.
The porous nature of CBMs facilitate moisture movement through the pores which also act as a
conduit for aggressive chemicals. All degrading chemical reactions occur in the presence of
moisture that may originate from a variety of sources such as rainwater, surface water or ground
water. The transport property of the material and the susceptibility to the diffusion of aggressive
chemicals are dependent on the degree of saturation (DoS) and for assessments of not only the
gross DoS but information of its temporal variation and spatial distribution in the material are
essential. This enables identification of the level of vulnerability of the material to a probable
hazardous condition and planning for pre-emptive repair actions. The primary objective of this
thesis is to estimate the DoS in CBM and its spatial variation by developing an inexpensive
electrical impedance based non-destructive technique.

In this work, the CBM samples of 75 mm x 75 mm x 300 mm are considered which host
embedded electrodes for multiple measurements along the sample length for determination of the
spatial variation of the impedance as a function of the DoS. The AC voltage is applied at radio
frequencies (RF) ranging from 100 kHz to 500 kHz; the reason being that low RF has higher
penetration in the material due to its inverse relationship to the square root of frequency, thus
able to generate information from larger depth. To generate simultaneous information
corresponding to a band of frequencies, a pulse based input excitation is applied. To avoid the
DC component and higher frequencies, the D-Lorentz waveform is chosen as the input
waveform. The output signals are acquired in time domain in the oscilloscope and converted to
frequency domain by performing FFT in the MATLAB environment. Subsequently, from the
obtained FFT amplitudes at specific frequencies, the cumulative impedance between the source
and at various measurement electrode positions along the length of the sample are calculated.

Two different approaches are considered to correlate DoS to the measured electrical
parameters. One method is the Voltage Ratio Method in which the variation of the real and
imaginary parts of output to input voltage ratio along the length of the sample is investigated
with the DoS being homogenized along the sample through treatment in the climate chamber. It
is observed that the plot between the real part and imaginary parts of the ratio vary linearly along

the length for each DoS. The gradients of the lines are distinct for each DoS, thus the gradients

iv



are used for estimation of the DoS for the homogenized sample. A second more general approach
is developed which is named as the Equivalent Circuit Method, based on the linear variation of
the cumulative real and imaginary parts of the impedance along the length for spatially
homogenized DoS condition of the sample. The sample is discretized into parallel R-C circuit
elements and empirical relationships between the bulk conductivity and the DoS are established
for various levels of homogenized DoS during drying and wetting cycles of the CBM. The
variation of the bulk relative permittivity for various frequencies is also explored and the values
are found to be significantly higher than the value of the constituent ingredients. This enhanced
value of relative permittivity is attributed to the Maxwell-Wagner (MW) effect in this frequency
range.

For general situations, where the DoS is spatially variable in a CBM, a Tikhonov
parameter and a Radial Basis Function (RBF) based inversion technique is developed that
reconstructs the impedance profile along the length of the sample. The technique is observed to
be robust with sparse measurement data. Further, using the empirical relationships derived from
the equivalent circuit model, the impedance variation can be converted to spatial variation of the
DoS. Thus, it demonstrates that DoS can be estimated from the knowledge of impedance or
conductivity of the moist material. The methodology is validated by comparing the gross DoS of
the sample estimated from DoS profile and gross DoS calculated from gravimetric measurement.
The information obtained with this method related to DoS profile can provide preliminary data
for assessment of transport property of the material which may be utilized for quality control and

other important assessments of the CBM.
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