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INSPECTING AND PRESERVING
INFRASTRUCTURE THROUGH
ROBOTIC EXPLORATION

INSPIRE University Transportation Center
Webinar

Microwave Materials Characterization and
Imaging for Structural Health Monitoring
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Outline

Why microwaves.
Microwave materials characterization.
Contributions to SHM.

Examples of cement-based materials
characterization.

Chloride permeation and ASR.

Holographical imaging and steel rebar
corrosion detection.

3D real-time microwave imaging principles
& “Microwave Camera”.
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Whg u- & mm-Wave NDT&LE

Limitation associated with “standard”
techniques.

These signals penetrate into dielectric
materials, and composites.

Sensitive to dielectric property variation:
v'abrupt (boundaries)

v'local (inclusions)

v'gradual (gradient in material change).

Polarization, frequency, measurement
parameter (near-field vs. far-field) & probe
type diversity-degrees of freedom.
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Correlation of microwave properties to
physical, chemical and mechanical properties. )




Whg u- & mm-Wave NDT&LE

Coherent properties - magnitude & phase.
Large available bandwidth.
Life-cycle inspection possibilities.

Electromagnetic modeling (analytical,
numerical and empirical).

On-line and real-time inspection.
Operation in industrial environments.
Little to no need for operator expertise.
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Relatively inexpensive.
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u~- & mm-Wave SEectra

300 MHz 300 GHz

1000 mm

" X-Band

8.2-12.4 ., N
- N

Ku-Band Ka-Band Q-Band V-Band W-Band D-Band
12-18 26.5-40 33-50.5 50-75 75-110 110-170

K-Band
. 18-26.5
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Microwave
Characterization of

Cement-Based Materials
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Microwaves & Materials

Interaction of materials with microwave
signals is macroscopically described by the
complex dielectric constant - € =& — j€’

It describes the ability of a material to
store and absorb microwave energy.

It depends on material chemistry, mixture
content, efc. - e.g. bound vs. free water.

It can be measured in many different ways.

Microwave signal properties are directly
influenced by this parameter.
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Contributions

NDT applications for SHM:

v Concrete materials characterization (w/c, s/c,
ca/c) & correlation with compressive strength

v’ Chloride permeation assessment
v'ASR development, evolution & assessment
v' Steel fiber density assessment
v’ Steel rebar corrosion detection & imaging
v'Glass rebar detection & imaging
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v CFRP-strengthened member inspection &
imaging

EM modeling.
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Correlation to Materials

Individual
Dielectric Mixing Model

Properties

Material
Constituents

Effective
Dielectric
Constant

e.g., Compressive
Strength



Hardened Paste @ 3 GHz vs. w/c

w/c = 0.60
w/c=0.55
w/c=0.50
w/c =0.45
w/c =0.40
w/c=0.35

>bE4A> OO

5 10 15 20 25
Days

(e

w/c =0.60
w/c =0.55
w/c=0.50

w/c =0.45
* wic = 0.40

w/c =0.35
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Cement Paste |I'| vs. w/c & C.S.

] ]
0.4 0.45

w/c Ratio ALl (%)

<
w
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Concrete @ 10 GHz

X-band, s/c = 1.0; ca/c = 2.0

—— w/c = (.50

—i— w/c = (.60
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Hardened Concrete @ 10 & 5 GHz

X-band, w/c =0.60,s/c=1.5,calc=2.0
3/8" grade, Day 28

0.48546
0.01735

% of occurence

0.425 0.435 0.445 0.455 0.465 0.47|5 (‘).485 0.495 0.505 0.515 0.525 0.535
r

S-band, w/c =0.60,s/c=1.5,calc=2.0
3/8" grade, Day 28

0.49817
0.00555
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% of occurence

0.492 0.496
T
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Salt Water Permeation in Mortar @ 3 GHz

188

Water
Saltwater ---

Water
Saltwater

186 [veenieninans e S

184

182

Phase (deg)

180 F

178 [ I I 1
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Salt Water Permeation in Mortar @ 3 GHz

Specimen Under Test

Open-Ended Rectangular
\%Y% ide P b
aveguide TTObS Successive Chloride
Penetration

<~

Approximate Depth to which Microwave Signal
Irradiates the Specimen

ng
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Open-Ended
Rectangular

Waveguide Probe Infinite

_I Half-Space
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Modeli ng Process

The general equation for the temporal
water/saltwater distribution is given by:

where k1, k2, k3 are empirical factors
and k4 is the amplitude of the distribution
function for each day.
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Salt Water Permeation in Mortar @ 3 GHz

—— Day 2
g Day 3
—— Day 6
g Day 9
=——pp— Day 13
=———e— Day 17
=g Day 22
—— Day 28
g Day 33

Water Content Distribution (gm/mm)

Distance from Surface (mm)

—— Day 2
g Day 3
—— Day 5
g Day 8§
=——pp— Day 12
=——e— Day 17
=g Day 23
—— Day 29
g Day 35
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Cgclc @3 GHz

Measured
Simulated

0 5 10 15 20 25 30
Day
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Salt Water Permeation in Mortar @ 3 GHz

Crystal Salt

10 15 20 25
Distance from Surface (mm)
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Alkali-Silica Reaction
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Reaction between
the alkalies (Na &
K) in portland
cement and certain
siliceous minerals
(opaline chert,
strained quartz,
and acidic volcanic
glass) in some
aggregates.

Products of
reaction may cause
abnormal expansion
and cracking of

concrete in service.

e -5 o ===
I e
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Oriented .FC“r'ackiﬁng
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ASK

ASR gel tends to form and accumulate in reaction
rims around reactive aggregates.

Over time, ASR gel imbibes water from its
surroundings and swells < expansion & cracking.

Paste Alkali-Silica
Coarse Aggregate l Gel

3 //



Sources of Alkali

Portland cement

Other cementing materials
v'Fly ash

v Slag

v’ Silica fume

Chemical admixtures

Wash water (if used)
Aggregates
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External sources

v’ Seawater
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Samplc PrcParation

Samples demolded ~24 hours after mixing.

S-parameter measurements were conducted at S-
band (2.6-3.95 GHz).

After measurement, they were placed in an ambient
humidity of ~99%.

Reactive Non-reactive

A

TR R R T (T
v

® & 06€ 09 000
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Samplc PrcParation

Container was stored in an oven at a constant
temperature of 38°C.

Initially the samples were placed in the oven
~15 hours after demolding.

Every 2-3 days the samples were removed
from the oven, measured and immediately put
back.

Mass of each sample was measured as well.

After 22 days samples were placed in room
conditions till day 36 when a set of final
measurements was conducted.
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Measurement Setul:)

Transmission coefficient, |S,|, indicates signal
attenuation through sample.

Higher |S,;| (in dB) means less attenuation and vice
versa.
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Permittivity

Measurements — S-Band

Sband Short Samples
Average Values ' .

Reactive
3 Non-Reactive

i
oy

~N

Loss Factor

Sband Short Samples

Average Values

Reactive
Non-Reactive

s
P

i
MH
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Mocleling Results vs. Measurements

O Reactive - Measurement
=== Reactive - Model

O Non-Reactive - Measurement
=== Non-Reactive - Model

Permittivity

Semi-Empirical

Effective

O L Dielectric
Constant Model
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Loss Factor

O Non-Reactive - Measurement
== === Non-Reactive - Model
== Reactive - Model

O Reactive - Measurement

" Time [day] S&‘ ! \




Semi-E:mPirica! Mocleling Results

10 - 1 I 77777 - T |
Humid Conditions I Ambient Conditions | —%— Pore Solution

—e— Air
Absorbed Water

o0

Nonreactive

Volume Fraction [%]

Humid Conditions
—6— Air
Absorbed Water
—P— ASR Gel
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Wideband Sgnthctic
Aperture Focused

Imaging Techniclue




Sgnthetic APerture Focusing

Direction of Motion or Scan
>

Synthesized Antenna Length

Probe Real

\lllll

I

Rz\ RZ\ 93: R4/ Rs,

Antenna
Beamwidth ~a
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Flaw or Target

Composite under Inspection
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SAR 2D Measurement
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Sample Under Test
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Microwave 5D Imaging

Swept-frequency approach can be used to
produce images with high range-resolution
(i.e., depth) with reasonable penetration
depth.

This results in high-resolution 3D images
with capability of producing image slices at
various depths.

Coherent summation over frequencies is
possible, which improves the signal-to-noise
(SNR) ratio associated with an image.
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Microwave 5D Imaging
Frequency Band, Bandwidth (B) and Range-Resolution (RR)

X-band (8.2 GHz - 12.4 GHz): B = 4.2 GHz, RR~16 mm

Ku-band (12.4 GHz - 18 GHz): B = 5.6 GHz, RR~12 mm

K-band (18 GHz - 26.5 GHz): B = 8.5 GHz, RR~8 mm

X-Band

y a4 Ku-Band
-y (7

MISSOURI

Sl



(305 mm by 305 mm by 127 mm)

*®
.
Q_
=
O
U

JDUIGI/W J24U2) UOILDLJI0dSUDL | AfISU2AIUN JYIJSNI




Samplc #1

Shallow
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Results - Samplc #1

3D Image @ Ku-band

General View
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Side View
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Hologram Slice
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(305 mm by 190 mm by 125 mm)
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Results - Samplc #2

Hologram Slices
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Corroded Rebar in Concrete
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Real-Time Techclniues
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Basic Schematic

I I I I I I I I
Scattered electric field distribution to

Camera System . be measured

Control, DAQ
Processing

Display Transmitted wave through slot

-

Receiver Antenna ,‘\{“qi}u

-
e
,

Receiver

Loaded slot

Transmitter

Conducting screen H

2D array of modulated
slots
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Transmitter antenna (can be anywhere
Multiple antennas can beused)
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Retina

Courtesy: Professor Bolomey @ Supelec
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Real-Time lmaging Sgstcm

MISSOURI

S&l A REAL-TIME MICROWAVE CAMERA at 24 GHz (K-Band)

7

Objective

Design and build a real-time microwave imaging system (i.e., camera)

Overview
Microwave imaging offers tremendous potential in many applications:

= Inspection of low-loss composites, radomes, etc.
m  Detection and evaluation of corrosion under paint
= Medical imaging
®m  Security, contraband detection
Raster scanning is slow and requires bulky mechanical systems

A real-time and portable imaging system can be extremely useful for rapid
nondestructive testing of large structures

Specification

Aperture Size: 6" x 6"
Spatial Resolution : ~0.25"
Coherent E-Field measurement

Frequency: 24 GHz
Dynamic range: 70 dB
Frame rate: 30 fps
Real-time focusing

Acknowledgment - This work was partially supported by NASA Marshall Space Flight Center (MSFC), Huntsville, AL From interactive poster presented at the QNDE 2009 Conference.

MISSOURI
Ghasr, M.T., et al., “Portable Real-Time Microwave Camera at 24 GHz”, IEEE Transactions on Antennas and Propagation, vol. 60, no. S &T

2, pp. 1114-1125, February 2012.




3D Real-Time Camera
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