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The Second Strategic Highway
Research Program

America’s highway system is critical to meeting the mobility and
economic needs of local communities, regions, and the nation.
Developments in research and technology—such as advanced
materials, communications technology, new data collection tech-
nologies, and human factors science—offer a new opportunity
to improve the safety and reliability of this important national
resource. Breakthrough resolution of significant transportation
problems, however, requires concentrated resources over a short
time frame. Reflecting this need, the second Strategic Highway
Research Program (SHRP 2) has an intense, large-scale focus,
integrates multiple fields of research and technology, and is
fundamentally different from the broad, mission-oriented,
discipline-based research programs that have been the mainstay
of the highway research industry for half a century.

The need for SHRP 2 was identified in TRB Special Report 260:
Strategic Highway Research: Saving Lives, Reducing Congestion,
Improving Quality of Life, published in 2001 and based on a
study sponsored by Congress through the Transportation Equity
Act for the 21st Century (TEA-21). SHRP 2, modeled after the
first Strategic Highway Research Program, is a focused, time-
constrained, management-driven program designed to com-
plement existing highway research programs. SHRP 2 focuses
on applied research in four areas: Safety, to prevent or reduce the
severity of highway crashes by understanding driver behavior;
Renewal, to address the aging infrastructure through rapid design
and construction methods that cause minimal disruptions and
produce lasting facilities; Reliability, to reduce congestion through
incident reduction, management, response, and mitigation; and
Capacity, to integrate mobility, economic, environmental, and
community needs in the planning and designing of new trans-
portation capacity.

SHRP 2 was authorized in August 2005 as part of the Safe,
Accountable, Flexible, Efficient Transportation Equity Act: A
Legacy for Users (SAFETEA-LU). The program is managed by the
Transportation Research Board (TRB) on behalf of the National
Research Council (NRC). SHRP 2 is conducted under a memo-
randum of understanding among the American Association of
State Highway and Transportation Officials (AASHTO), the
Federal Highway Administration (FHWA), and the National
Academy of Sciences, parent organization of TRB and NRC.
The program provides for competitive, merit-based selection
of research contractors; independent research project oversight;
and dissemination of research results.
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Monica A. Starnes, PhD, SHRP 2 Senior Program Officer, Renewal

The Big Dig ceiling collapse in Boston in 2006 and the 2012 collapse event in Japan’s Sasago
Tunnel, where numerous people lost their lives, illustrate that timely detection and reme-
diation of problems within tunnel linings are central to ensuring road user safety. Periodic
monitoring of tunnel conditions and deterioration rates is the answer to determining the
appropriate schedule of maintenance or rehabilitation activities to remedy structural prob-
lems that could lead to rapid deterioration and unexpected tunnel failures. The aggressive
environmental conditions in which tunnels exist, as well as the need to keep tunnels open
to traffic, make their inspection a challenge. Nondestructive testing (NDT) methods that
are automated, quantitative, and rapid, and that provide complete coverage compared with
conventional visual inspections, could solve this dilemma.

This report presents the findings of SHRP 2 Renewal Project R0O6G—High-Speed Non-
destructive Testing Methods for Mapping Voids, Debonding, Delaminations, Moisture, and
Other Defects Behind or Within Tunnel Linings. The study was divided into two phases to
(1) establish testing criteria and prioritize the techniques to be developed and evaluated
under the project on the basis of tunnel operators’ requirements and (2) conduct the neces-
sary technology development for those techniques recommended.

This project benefited from the expertise of numerous NDT and tunnel experts from the
United States, Germany, and Finland, starting with the members of the research team. The
list of experts directly involved with the research team also included the DOT and NDT
experts who volunteered to be part of the advisory expert panel.

In addition to conducting technology development, the project was charged with per-
forming proof-of-concept and field testing. The Finnish Transport Agency, the Colorado
Department of Transportation, the Chesapeake Bay Bridge-Tunnel, and Harris County in
Colorado graciously provided access to the tunnels and additional help during the field test-
ing stages of the project.

Beyond this report, the deliverables for this project include two products that will be
published separately:

1. A user’s manual, which provides information on three NDT technologies for inspection
of tunnels; and

2. A brief manual to the analysis software Tunnelcheck, which was developed under this
project.

The Tunnelcheck software is available for download here: http://www.trb.org/Main/
Blurbs/168768.aspx.
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Executive Summary

This report documents the work conducted under Phase 2 of Strategic Highway Research Pro-
gram (SHRP 2) Renewal Project RO6G. Renewal Project RO6G seeks dependable nondestructive
testing (NDT) techniques that minimize disruption to traffic. The objectives of the proposed
research are as follows:

e Identify NDT technologies for evaluating the condition (e.g., moisture, voids, and corrosion)
of various types of tunnel linings (e.g., unreinforced concrete, reinforced concrete, shotcrete,
and steel) and tunnel lining finishes such as tile. The techniques must be capable of analyzing
conditions within the tunnel lining and the surrounding substrate.

¢ Evaluate the applicability, accuracy, precision, repeatability, ease of use, capacity to minimize
disruption to vehicular traffic, and implementation and production costs of the identified
technologies.

e Within the time limitations of this project, develop the hardware or software for those tech-
niques that show potential for technological improvement.

¢ Prove the validity of the selected technologies/techniques to detect flaws within or verify con-
ditions of the targeted tunnel components.

e Recommend test procedures and protocols to successfully implement those techniques.

Chapter 2 reports the advisory expert panel’s findings on performance criteria. According to
the results reported in Chapter 3, the following techniques meet the necessary criteria to be
candidate solutions:

¢ Air-coupled ground-penetrating radar (GPR);

e Thermography (handheld thermal camera);

e SPACETEC scanner;

¢ Ground-coupled GPR;

e Ultrasonic tomography (UST);

e Ultrasonic echo; and

e Portable seismic property analyzer (PSPA) ultrasonic surface waves (USW) and impact echo
(IE).

Each technique should be considered useful for implementation. Table ES.1 summarizes
aspects of these technologies. All of these devices will require a combination of classroom and
hands-on training for collecting and analyzing data. But each technology also has limitations
that need to be assessed. Limitations are outlined in individual appendices. Chapter 4 presents
conclusions and recommendations.

Copyright National Academy of Sciences. All rights reserved.
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Table ES.1. Summary of Nondestructive Testing (NDT) Devices

Device

Accuracy

Detection Depth

Deterioration
Mechanisms
Detected

Tunnel Lining
Type

Other Information

Air-coupled GPR

Locates defect within
1 ft of its actual
location

Does not measure
depth, but indicates
areas of high mois-
ture or low density
(high air voids). Such
areas may represent
problems within or
behind the tunnel
lining.

Tile debonding,
delaminations,
air-filled voids,
water-filled
voids, moisture
intrusion

Concrete, tile-
lined concrete,
and shotcrete

This is a scanning tool that

can indicate where to
conduct testing with
in-depth devices.

location

cate tile debonding,
possibly delamina-
tionsupto 1in., and
possibly voids up to
3in.

air-filled voids,
water-filled
voids, moisture
intrusion

and shotcrete

Thermography Locates defect within Does not measure Tile debonding, Concrete, tile- This is a scanning tool that
(handheld 1 ft of its actual depth, but can indi- delaminations, lined concrete, can indicate where to
thermal location cate tile debonding, air-filled voids, and shotcrete conduct testing with
camera) delaminations up to water-filled in-depth devices.

1in., and voids up voids, moisture
to 3in. intrusion

SPACETEC Locates defect within Does not measure Tile debonding, Concrete, tile- This is a scanning tool that
scanner 1 ft of its actual depth, but can indi- delaminations, lined concrete, can indicate where to

conduct testing with
in-depth devices. Testing
can only be conducted
through a service
contract.

Ground-coupled

Can determine defect

Can possibly detect

Delaminations,

Concrete, tile-

Experienced personnel are

shallow delaminations
within 0.75 in.

In shotcrete, can detect
air-filled voids within
0.7 in., water-filled
voids within 1.21 in.,
shallow delaminations
within 1.88 in.

ing to specimen
tests. Tunnel tests
indicate it can detect
possible defects up
to 20 in. deep.

and shotcrete

GPR depth within 10% of defects at any depth air-filled voids, lined concrete, needed to interpret
the actual depth with- within or immediately water-filled and shotcrete defect locations and
out reference cores— behind tunnel linings. voids, moisture depths from the GPR
5% if cores are However, specimen intrusion scans. Specimen testing
available testing indicates it indicates it cannot locate
cannot locate 1-sqg-ft 1-sg-ft voids in steel
voids in steel plates plates behind tunnel
behind tunnel linings. linings.
Ultrasonic In concrete, can detect Can detect defects up Delaminations Concrete, tile- This device may not be
tomography voids within 0.5 in., to 8 in. deep accord- and voids lined concrete, effective for measuring

defects that are 2 in. or
less from the lining
surface. It may not be
accurate enough for
measuring defect depths
in shotcrete.

Ultrasonic echo

Comparable to the ultra-
sonic tomography
system according to
tunnel testing with
both devices.

Can measure tunnel lin-
ing thickness within
3% of the actual
thickness

Comparable to the
ultrasonic tomogra-
phy system accord-
ing to tunnel testing
with both devices

Delaminations
and voids

Concrete and
shotcrete

This device may not be

effective for measuring
defects that are 2 in. or
less from the lining
surface. It may not be
accurate enough for
measuring defect depths
in shotcrete. Tunnel tests
indicate problems with
using this device on tiles.

Portable seismic
property ana-
lyzer (PSPA)
ultrasonic sur-
face waves
and impact
echo

Ultrasonic surface
waves: about 15% of
the actual depth for
defects up to 6 in.
deep

Impact echo: 10% for
deep delaminations
greater than 6 in. deep

Ultrasonic surface
waves: up to 6 in.
deep

Impact echo: up to
18 in. deep

Delaminations
and voids

Concrete, tile-
lined concrete,
and shotcrete

Quantifying the depth of

defects that are shallow
or extensive may be diffi-
cult with this device. It
may not get good results
when testing on very
rough concrete surfaces,
oily surfaces, and
severely curved
surfaces.

Copyright National Academy of Sciences. All rights reserved.
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Background

SHRP 2 Background

To address the challenges of moving people and goods
efficiently and safely on the nation’s highways, Congress
has created the second Strategic Highway Research Program
(SHRP 2). Under current legislative provisions, the SHRP 2
program will receive approximately $232 million over 9 years.

The U.S. highway system is aging and must be rebuilt while
drivers are driving on it and living next to it. Research in the
SHRP 2 Renewal focus area addresses the need to develop a
consistent, systematic approach to completing highway proj-
ects quickly, with minimal disruption to the community,
and producing facilities that are long lasting. Identifying new
technologies for locating underground utilities; developing
procedures to speed the evaluation of designs and the inspec-
tion of construction; and applying new methods and materi-
als for preserving, rehabilitating, and reconstructing roadways
and bridges are among the goals for this focus area. Alterna-
tive strategies for contracting, financing and managing proj-
ects and for mitigating institutional barriers also are part of
the emphasis on rapid renewal. The renewal scope applies to
all classes of roads.

Problem Statement

Periodic inspection of highway tunnels to assess changes in
structural condition over time is critical to timely detection
and remediation of problems to ensure road user safety. Some
tunnel structural problems are considered widespread and
potentially serious: tunnel leaks, concrete cracking, concrete
spalling, concrete delamination, debonding, steel corrosion,
and improper drainage. Monitoring tunnel conditions and
deterioration rates is key to determining the appropriate sched-
ule of maintenance and/or rehabilitation activities needed to
remedy structural and safety problems. Failure to do so could
lead to accelerated deterioration and sudden tunnel failures,
which in turn could cause serious injuries and even fatalities.

Tunnel inspection is challenging. Tunnels typically service
high-volume traffic and operate in aggressive environments.

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Keeping tunnels open during inspection and minimizing tun-
nel closures and user delays must be carefully balanced with the
need to conduct detailed inspections that ultimately ensure the
safety of drivers. Consequently, nondestructive testing (NDT)
methods that are automated, quantitative, and rapid and
that provide more complete coverage than conventional visual
inspections need to be identified and evaluated. At this point,
no high-speed NDT method for assessing the condition of
tunnel linings that would minimize the disruption of ongoing
traffic has been found.

Research Objectives
The objectives of the proposed research are to

¢ Identify NDT technologies for evaluating the condition
(e.g., moisture, voids, and corrosion) of various types of
tunnel linings (e.g., unreinforced concrete, reinforced con-
crete, shotcrete, and steel) and tunnel lining finishes such as
tile. The techniques must be capable of analyzing conditions
within the tunnel lining and the surrounding substrate.

e Evaluate the applicability, accuracy, precision, repeatabil-
ity, ease of use, capacity to minimize disruption to vehicu-
lar traffic,and implementation and production costs of the
identified technologies.

e Within the time limitations of this project, develop the hard-
ware or software for those techniques that show potential for
technological improvement.

e Prove the validity of the selected technologies/techniques
to detect flaws within or verify conditions of the targeted
tunnel components.

e Recommend test procedures and protocols to successfully
implement these techniques.

In the context of this project, evaluation is defined as both a
rapid screening of the testing area and an in-depth, although
slower, assessment of an area deemed problematic during
screening. In both cases, and based on SHRP 2 priorities,
Renewal Project RO6G seeks dependable NDT techniques
that minimize disruption to traffic.

Copyright National Academy of Sciences. All rights reserved.
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Research Approach

Introduction

According to data provided by the Federal Highway Adminis-
tration, the vast majority of tunnel linings in the United States
use cast-in-place (CIP) reinforced concrete, with a significant
number using CIP unreinforced concrete, steel/iron liner plate,
or shotcrete. In addition, a significant number of tunnels use
CIP concrete and a steel/iron liner plate behind the concrete.

According to the advisory expert panel for this project,
NDT methods are needed to assess the extent of several major
problems with tunnel linings:

e Water leakage;

e Delaminations and spalling of concrete liners due to
reinforcing steel corrosion;

¢ Voids behind and within tunnel linings;

e Concrete permeability;

e Tiles separating from the tunnel liner;

¢ Theintegrity of steel liners underneath concrete linings; and

e Problems with the integrity of ceiling systems and connec-
tions to the tunnel lining.

The advisory expert panel indicated that NDT should be
able to detect any defect within or immediately behind the
tunnel linings that have a minimum surface area of 1 sq ft,
and any defect needs to be located within 1 ft of the actual
location on the tunnel lining. The panel also indicated that
NDT should be able to identify delaminated areas and voids
up to 4 in. deep as measured from the lining surface with an
accuracy within 0.25 in.

The advisory expert panel stated that NDT hardware devel-
oped for in-depth assessment of tunnel linings should be a
simple screening tool—a handheld device—that inspectors
can easily use to rapidly detect, locate, and report tunnel
lining defects. The panel noted that NDT should facilitate
the process of locating and calculating quantities for areas to
be repaired.
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Research and Development Plan

Based on the findings indicated above, the team produced a
research and development plan as follows:

¢ An investigation for detecting delaminations, voids, and
water intrusion with NDT. The investigation involved con-
crete, shotcrete, and steel test specimens constructed at the
Texas A&M Transportation Institute (TTI) Riverside Annex.
It employed the NDT techniques of ultrasonic tomography,
IE, ultrasonic surface waves, air-coupled GPR, ground-
coupled GPR, and thermography. And it used 11 concrete
and 13 shotcrete specimens; each slab was 6 ft by 6 ft. To
simulate delaminations, the team placed plastic sheets in the
concrete specimens and thin cloth sheets in the shotcrete
specimens. To simulate air voids, the team placed 1-in.-thick
Styrofoam wrapped in plastic in the specimens. To simulate
water-filled voids, the team placed water-filled plastic bags
approximately 1-in. thick in the specimens. The first set of
specimens included six intact concrete slabs with thick-
nesses of 12 in., 15 in., 18 in., and 24 in., and three defective
15-in.-thick slabs with 1-ft by 1-ft delaminated zones embed-
ded in the center of the slabs. The three defective slabs con-
tained defects at depths of 1 in., 2 in., and 3 in. from the top
surface. Two additional concrete slabs in this set were 15 in.
thick with embedded air voids and water voids at a depth of
8 in. The second set of slabs used shotcrete and included four
intact slabs with thicknesses of 4 in., 6 in., 8 in., and 12 in.,
and five 12-in.-thick delaminated slabs. The 1-ft by 1-ft
delaminated areas were embedded at the center of each slab
atdepths of 1in.,2 in., 3 in., 4 in., and 8 in. from the top sur-
face. Four additional shotcrete slabs contained air voids and
water voids of different sizes at different depths. The team
also used specimens containing clay lumps constructed
under another TTT study, a concrete bridge deck constructed
by the University of Texas at El Paso (UTEP) for another
SHRP 2 study, a continuously reinforced concrete pavement
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section on [-20 in Fort Worth, and an airport runway section
at the George Bush Intercontinental Airport.

e Field validation testing of NDT devices using actual tunnels.
A pilot project for the SPACETEC equipment was conducted
for the Chesapeake Channel Tunnel in April 2011. In addi-
tion, initial tests with air-coupled GPR and thermal cameras
were conducted using two tunnels in Helsinki, Finland.
Finally, the team conducted tunnel testing in Colorado,
Texas, and Virginia.

¢ An investigation for detecting loose tiles and moisture
underneath tiles using NDT. The NDT techniques used in
this investigation are air-coupled GPR, thermal cameras,
and sounding. The team is using a tiled surface in an actual
tunnel for this ongoing investigation.

¢ Development of NDT for measuring concrete permeability.
This step involved a laboratory study to correlate NDT mea-
surements with concrete specimens that have different per-
meabilities, and field verification using existing concrete
tunnel linings. The NDT techniques used in this investiga-
tion were the dielectric probe, air-coupled GPR, resistivity,
and ultrasonic surface waves. As described in this report,
concrete permeability cannot be measured directly in the
field using air-coupled GPR; however, the team did generate
recommendations that relate potential for corrosion to GPR
dielectric measurements. In addition, the report indicates

Figure 2.1. Construction of slabs with simulated defects.
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how permeability could be estimated if future NDT can
measure certain properties.

Test Specimens

Concrete and Shotcrete Specimens with
Simulated Delaminations and Voids

Eleven normal-weight concrete slabs and 13 shotcrete slabs
were constructed to simulate various defects. The concrete
slabs were used to mimic typical concrete tunnel linings with
and without reinforcing steel. The shotcrete slabs were con-
structed to mimic applications in which shotcrete is sprayed
on as a finished layer, as typically found in tunnel linings. A
specially designed lattice girder, also typical in tunnel wall
construction, was used as reinforcement in the shotcrete slabs
(Figure 2.1, bottom right).

The simulated delaminations in the slabs were constructed
from three types of material. Delaminations were imitated by
using 0.05-mm (0.002-in.) plastic square sheets and 0.25-mm
(0.01-in.) cloth squares (Figure 2.1, top right). Air-filled voids
(Figure 2.1, top left) were constructed by inserting foam
squares 13 mm (0.5 in.) thick in vacuum-sealed plastic bags.
Water-filled voids (Figure 2.1, bottom left) were constructed in
a similar manner by placing water-filled Ziploc bags within
vacuum-sealed plastic bags and carefully padding the defect
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Table 2.1. Summary of Concrete and Shotcrete Slab Specimens with Simulated Defects

Specimen Specimen True Depth of

Name Depth (mm) Material Reinforced Detail Defect Defect (mm)

Alpha 305 Concrete | None None NA

Beta 457 Concrete | d=127 mm? Natural crack NA

Gamma 305 Concrete | d=127 mm? None NA

Delta 610 Concrete | None None NA

Epsilon 610 Concrete | d=127 mm? None NA

Zeta 381 Concrete | d=127 mm? None NA

Eta 381 Concrete | d =127 mm? 0.05-mm thin plastic 51 from top

Theta 381 Concrete | d =127 mm? 0.05-mm thin plastic 76 from top

lota 381 Concrete | d=127 mm? 0.05-mm thin plastic 25 from top

Kappa 381 Concrete | d=127 mm? Air-filled void (13-mm Styrofoam) 203 from top

Lambda 381 Concrete | d =127 mm? Water-filled void (Ziploc bag) 203 from top

A 102 Shotcrete | None None NA

B 152 Shotcrete | None None NA

C 203 Shotcrete | None None NA

D 305 Shotcrete | One lattice girder in center of Air-filled void (13-mm Styrofoam) 193 from top
slab, sitting on bottom form

E 305 Shotcrete | One lattice girder in center of Water-filled void (Ziploc bag) 191 from top
slab, sitting on bottom form

F 305 Shotcrete | One lattice girder in center of | Air-filled void (13-mm Styrofoam) 76 from top
slab, sitting on bottom form

G 305 Shotcrete | One lattice girder in center of | Water-filled void (Ziploc bag) 76 from top
slab, sitting on bottom form

H 305 Shotcrete | One lattice girder in center of 0.25-mm thin cloth 203 from top
slab, sitting on bottom form

305 Shotcrete | One lattice girder in center of 0.25-mm thin cloth 102 from top

slab, sitting on bottom form

J 305 Shotcrete | One lattice girder in center of 0.25-mm thin cloth 76 from top
slab, sitting on bottom form

K 305 Shotcrete | One lattice girder in center of 0.25-mm thin cloth 51 from top
slab, sitting on bottom form

L 305 Shotcrete | One lattice girder in center of 0.25-mm thin cloth 25 from top
slab, sitting on bottom form

M 305 Shotcrete | One lattice girder in center of None NA
slab, sitting on bottom form

Note: All slab specimens are nominally 1.83 m by 1.83 m. NA = not available.
2Two mats of No. 5 rebar, at depth d from top and bottom, 203 mm on center.

with concrete/shotcrete during construction so as not to
puncture the plastic. Table 2.1 provides a summary of the
specimen details.

Concrete Specimens with
Simulated Clay Lumps

In addition to the concrete and shotcrete slabs, six concrete slabs
were tested that TTI had constructed in the 1990s as part of a

previous research project. These slabs contain manufactured
clay lumps of different diameters. The clay lumps are a high-
plasticity clay, classified as Burleson Clay CH (AASHTO A-7-6)
with a plasticity index (PI) range of 35 to 45. The slabs and
lumps are shown in Figure 2.2 and are summarized in Table 2.2
(Specimens A2 through F2). These six specimens consist of two
sets of three slabs: one set with steel reinforcement and one set
without. In each set, one slab was designated as the control with
no clay lump contaminations. The remaining two had various
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Figure 2.2. Clay lump slab construction.

levels of lumps of documented sizes corresponding to three
regions of interest: (1) lumps below the reinforcement that rep-
resent typical lumps dense enough not to be quickly displaced
toward the surface via vibration, (2) lumps that are caught in
the reinforcing steel layer on their path toward the surface, and
(3) lumps that are dispersed between the reinforcement and the
top surface. The depth of the slabs is nominally 305 mm (12 in.),
but all measurements are taken as approximate since neither
ground truth data were retrieved nor any accurate pictures were
taken to confidently support documented placement.

Concrete Bridge Deck with Simulated Defects

In addition to the above-mentioned slabs, a bridge deck con-
structed by UTEP was available for blind testing. The bridge
deck was constructed with known artificial delaminations,
cracks, and corroded reinforcement. Several parameters were
considered in the construction of the artificial delaminations.
These included stacked delaminations and delaminations of
various thicknesses, ranging from 0.3 mm (0.01 in.) to 2.0 mm

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

(0.08 in.); sizes ranging from 305 mm by 305 mm to 610 mm
by 1220 mm (12 in. by 12 in. to 24 in. by 48 in.); and depths
above reinforcing steel at 64 mm (2.5 in.) below the surface and
below two layers of reinforcing steel at 152 mm (6 in.), with
some located above prestressed girders supporting the slab.
The deck, as shown in Figures 2.3 and 2.4, measures 2.4 m by
6.1 m by 0.2 m (8 ft by 20 ft by 8.75 in.) and rests on three pre-
stressed concrete girders. Simulated defects constructed in the
deck consist of nine artificial delaminations, five cracks, and
two corroded reinforcement mats, all of which are summarized
in Table 2.3.

In constructing the deck, 27.6 MPa (4,000 psi) concrete was
used, and two layers of No. 5 longitudinal and transverse steel
were placed at 254 mm and 203 mm (10 in. and 8 in.) on center,
respectively, at centroid depths of 83 mm and 184 mm (3.25 in.
and 7.25 in.) from the surface. The 28-day strength and modu-
lus exceeded 34.5 MPa (5,000 psi) and 27.6 MPa (4,000 psi),
respectively. A 0.25-mm (0.01-in.) polyester fabric was used
to mimic an ultrathin horizontal delamination. The vertical
cracks were constructed from both thick and thin cardboard

Table 2.2. Summary of Concrete Specimens with Simulated Clay Lumps

Specimen Specimen Reinforced

Name Depth (mm) | Material | Detail (mm) Defect True Depth of Defect (mm)
A2 305 Concrete d=1522 None NA

B2 305 Concrete d=1522 Large (152-mm &) clay lumps 152 from top

Cc2 305 Concrete d=1522 Medium (102-mm &) clay lumps 76, 152, and 229 from top
D2 305 Concrete d=1522 None NA

E2 305 Concrete d=1522 Large (152-mm &) clay lumps 152 from top

F2 305 Concrete d=1522 Medium (102-mm &) clay lumps 76, 152, and 229 from top

Note: NA = not available.
aTwo mats of No. 5 rebar, at depth d from top and bottom, 203 mm on center.
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Figure 2.3. Simulated bridge deck at UTEP in
El Paso, Texas.

sheets. The No. 5 corroded steel mats were electrically merged
and attached to the normal reinforcement. The corrosion
depth was measured to be 1-2 mm (0.04-0.08 in.) before
pouring the concrete.

Tunnels Tested in the Study
Chesapeake Channel Tunnel, Virginia

The Chesapeake Channel Tunnel (Figure 2.5) is one of two
tunnels that make up the Chesapeake Bay Bridge-Tunnel sys-
tem, joining southeastern Virginia to the Delmarva Peninsula.
Hailed worldwide as a modern engineering wonder, the 37-km
(23-mi) long system includes 3.2 km (2 mi) of causeway, four
manmade islands, 8.9 km (5.5 mi) of approach roads, 19.3 km
(12 mi) of low-level trestle, two 1.6-km (1-mi) steel tunnels,
and two bridges. The Chesapeake Channel Tunnel (during
construction and briefly afterward it was called the Baltimore
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Channel Tunnel) was constructed using a cut-and-cover
method. Precast steel tubes, fabricated and assembled in
Orange, Texas, were floated to a shipyard in Norfolk, Virginia,
where the reinforced concrete linings and roadway were con-
structed. The sections were floated to the site before being
sunk into a trench. Each steel tube, 90 m (300 ft) in length and
11 m (37 ft) in diameter, was joined to the other, sealed, and
connected to its adjoining section. As each steel section was
welded together, patches between the 90-m (300-ft) sections
had to be formed with concrete to make an overlapping seal.

Eisenhower Memorial Tunnel, Colorado

The Eisenhower Memorial Tunnel, located approximately
97 km (60 mi) west of Denver, Colorado, is one segment of a
2.7-km (1.7-mi) dual bore project started in 1968. Shown in
Figure 2.6, the Eisenhower Memorial Tunnel, which carries
[-70 west, is paired with the Edwin C. Johnson Memorial
Tunnel, which carries eastbound I-70. Although the east-
bound bore was not completed until almost 1980, construc-
tion on the Eisenhower bore was completed by 1973. Built
using drill and blast methods through a mountain with a max-
imum overburden of 448 m (1,470 ft), the average tunnel
dimensions are 14.6 m in height (48 ft) and 12.2 m (40 ft) in
width. In 2011, the average daily traffic was 28,155 vehicles.
All areas of interest evaluated within the tunnel were tested
from inside the plenum (above the traffic, Figure 2.7).

Hanging Lake Tunnel, Colorado

Completed in 1992 with a maximum length of 1,219 m
(4,000 ft) through the southern wall of Glenwood Canyon,
Hanging Lake Tunnel (Figure 2.8) was the last link in the

Figure 2.4. Layout of constructed bridge deck.
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Table 2.3. Summary of Simulated Defects in Concrete Bridge Deck

Simulated Defect

Defect Material

Actual Dimension (mm)

Actual Depth (mm)

Delamination (DL 1) Soft, high-strength 1-mm Styrofoam 305 by 305 64
Delamination (DL 2) Soft, high-strength 1-mm Styrofoam 610 by 610 64
Delamination (DL 3) Soft, high-strength 1-mm Styrofoam 610 by 610 64
Delamination (DL 4) Soft, high-strength 2-mm Styrofoam 305 by 305 64
Delamination (DL 5) Soft, high-strength 2-mm Styrofoam 610 by 610 64
Delamination (DL 6) Soft, high-strength 2-mm Styrofoam 610 by 610 64
Delamination (DL 7) Soft, high-strength 1-mm Styrofoam 610 by 610 152
Delamination (DL 8) Soft, high-strength 1-mm Styrofoam 610 by 1,219 152
Delamination (DL 9) Soft, 0.25-mm polyester fabric 305 by 610 64
Vertical crack (CK 1) Soft, thin cardboard 305 long 64
Vertical crack (CK 2) Soft, thin cardboard 305 long 64
Vertical crack (CK 3) Soft, thick cardboard 305 long 76
Vertical crack (CK 4) Soft, thick cardboard 305 long 152
Vertical crack (CK 5) Natural crack (observed after construction) 330 long 64
Corroded reinforcement (CR 1) | 1-2 mm deep corrosion, No. 5 bars 762 by 762 76
Corroded reinforcement (CR 2) | 1-2 mm deep corrosion, No. 5 bars 762 by 762 165

Figure 2.5. Chesapeake Channel Tunnel: entrance (left) and interior view (right).
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Figure 2.6. Eisenhower Memorial Tunnel, Colorado.

Interstate highway system. Both bores of the tunnel were built
using multiple-face drill and blast methods. Between the
westbound and eastbound bores, a four-story control center
monitors traffic along I-70, fully equipped with emergency
response vehicles and trained staff.

No Name Tunnel, Colorado

The No Name Tunnel was constructed in 1965 and is
located approximately 7.5 miles west of the Hanging Lake
Tunnel. The team collected air-coupled GPR data and infra-
red images only in the westbound bore, which is approxi-
mately 1,000 ft long. The upper portion of the tunnel has a
concrete surface; the sides are tiled. Figure 2.9 shows the TTI

Figure 2.7. Eisenhower Memorial Tunnel plenum view.

Figure 2.8. Hanging Lake Tunnel: exterior (left) and interior plenum view (right).
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Figure 2.9. TTI air-coupled GPR system collecting
data in No Name Tunnel.

air-coupled GPR system collecting data in the tunnel. Plan
sets were not available.

Washburn Tunnel, Texas

The Washburn Tunnel (Figure 2.10), the only underwater vehi-
cle tunnel in operation in Texas, was completed in 1950 and car-
ries a federal road beneath the Houston Ship Channel, joining
two Houston suburbs. The tunnel was constructed using the
immersed-tube method, with sections joined together in a pre-
pared trench, 26 m (85 ft) below water. The entire inner wall is
tiled with 110-mm by 110-mm (4.3-in. by 4.3-in.) ceramic tiles.

NDT Devices and Techniques
Used in the Study

Air-Coupled Ground-Penetrating Radar

Ground-penetrating radar sends discrete electromagnetic
pulses into a structure and then captures the reflections from
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layer interfaces in the structure. Radar is an electromagnetic
wave and therefore obeys the laws governing reflection and
transmission of electromagnetic waves in layered media. At
each interface within a structure, part of the incident energy
is reflected, and part is transmitted. The amplitude of radar
reflections and the time delay between reflections are used to
calculate layer thicknesses and layer dielectrics. For purposes
of this study, the surface layer dielectric is of most interest.
This value is calculated as follows:

q 2
] ( 1 )
e, = llm
( l )
Am
Where

€, = dielectric of lining surface,
A, = amplitude of reflection from surface in volts, and
A,, = amplitude of reflection from a large metal plate in volts
(this represents the 100% reflection case).

Because air-coupled systems (Figure 2.11) are not in con-
tact with the structure, data collection can theoretically hap-
pen at full traffic speeds, although this is not practical for
tunnel lining data collection. Air-coupled antenna systems
are manufactured by GSSI, Penetradar, Pulse Radar, and
Wavebounce—all from the United States. Butterfly dipole
systems are manufactured by Radarteam Sweden AB.

The system used by TTI to collect tunnel lining data includes
a Wavebounce 1-GHz central frequency GPR antenna with
distance measuring indicator equipment. The system uses data
collection software developed by TTI. Researchers used the
Pavecheck and Colormap programs, also developed by TTI, to
analyze the data. The researchers slightly modified Pavecheck
and renamed it Tunnelcheck. (This software is available for free

Figure 2.10. Washburn Tunnel: entrance (left) and interior view (right).
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Figure 2.11. TTI air-coupled GPR system collecting
tunnel roof lining data in Colorado.

download; the user’s manual is provided in a separate publica-
tion.) The researchers also mounted a FLIR T300 camera on
the GPR boom and the TTI data collection system collected
images from this camera along with the GPR data.

The penetration depth of air-coupled GPR is usually around
241n. for a 1-GHz system. Although air-coupled GPR can detect
reinforcing steel, it cannot detect defects in concrete unless the
defects contain significant air pockets or significant moisture.
Nonetheless, the research team believes that the surface dielec-
tric can be used to determine where to conduct testing with
in-depth NDT devices and techniques.

Appendix A contains the air-coupled GPR testing criteria.
Appendix K contains data analysis results from the air-coupled
GPR tunnel and specimen testing conducted under this study.

Ground-Coupled Ground-Penetrating Radar

Ground-coupled GPR needs to be either in contact with or
close to the lining surface when collecting data (Figure 2.12).
The operating principles are the same as air-coupled GPR:
ground-coupled GPR cannot detect defects in concrete unless
the defects contain significant air pockets or significant mois-
ture. However, ground-coupled GPR can detect defects that

Figure 2.12. Ground-coupled GPR equipment.
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air-coupled GPR cannot. Ground-coupled GPR can also detect
reinforcing steel. Researchers used the GSSI 1.5-GHz central
frequency GPR antenna during the tunnel tests because shal-
low defects were found during those tests; researchers used a
900-MHz central frequency GPR antenna during the TTT spec-
imen tests because the researchers were trying to determine if
ground-coupled GPR can detect deep defects.

Appendix B contains the ground-coupled GPR testing
criteria. Appendix Q contains data analysis results from the
ground-coupled GPR testing conducted under this study.

Handheld Thermal Camera

Handheld thermal cameras (Figure 2.13) have improved sig-
nificantly over the past decade, with consistently higher image
resolutions and improved temperature accuracy occurring
over time. The research team used the FLIR T300 thermal
camera. The researchers analyzed the images for changes in
tunnel lining temperature, which could indicate possible
defects within or behind the lining. The team believes that the
images from such cameras can be used to determine where to
conduct testing with in-depth NDT devices and techniques.

Appendix C contains the handheld infrared camera testing
criteria. Appendix L contains selected images from tunnels
and TTT test specimens.

Ultrasonic Tomography

The ultrasonic tomography (UST) system used in this study is
a device with an array of ultrasonic transducers that transmit
and receive acoustic stress waves for the inspection of concrete
structures. The system used here, the A1040 MIRA, is produced
by Acoustic Control Systems (Figure 2.14).

Figure 2.13. FLIR T300 thermal camera used in the
study.
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Figure 2.14. A1040 MIRA system (left) and transmission/reception of acoustic waves and corresponding echo

intensity (right).

The tomograph, shown in Figure 2.14 (left), uses a 4-by-12
grid of mechanically isolated and dampened transducers that
can fit the profile of a rough concrete testing surface with a vari-
ance of approximately 10 mm (0.4 in.). Each row of four trans-
ducers transmits stress waves sequentially while the remaining
rows act as receivers. In this manner, there is a wide coverage of
shear wave pulses that reflect at internal interfaces where the
material impedance changes.

With the help of a digitally focused algorithm, a three-
dimensional (3-D) volume is presented with each point of
possible reflection in half-space represented by a color scheme,
scaled according to reflecting power. This 3-D image can also
be dissected into each of the three planes representing its vol-
ume: the B-scan, C-scan, and D-scan (Figure 2.15). The B-scan
is an image slice showing the depth of the specimen on the
vertical (or z) axis versus the width of scan on the horizontal
(or x) axis. This slice is a plane perpendicular to the scan-
ning surface and parallel to the length of the device. The
C-scan is an image slice showing the plan view of the tested
area, with the vertical (or y) axis of the scan depicting the
width parallel to the scanning direction and the horizontal

Figure 2.15. B-scan, C-scan, and D-scan
relative to the tomograph.

(or x) axis of the scan representing the length perpendicular
to the scanning direction. Note that the scanning direction
is always defined as the y-axis as seen in Figure 2.15. The
D-scan is like the B-scan in that it images a plane perpen-
dicular to the testing surface, but it is oriented parallel to the
scanning direction. On each of the scans, the various inten-
sities reported by the returned waves are color-coded from
light blue to deep red, representing low reflectivity (typically
sound concrete) and high reflectivity (any type of imped-
ance), respectively. With this intensity scaling, any disconti-
nuities are readily apparent, with distinctly different wave
speeds such as voids, delaminations, cracks, and other abnor-
malities. This UST system has had limited exposure to indus-
trial applications but is quickly becoming recognized as a
powerful NDT method.

Appendix D contains the ultrasonic tomography testing
criteria. Appendices M and N contain the testing results from
tunnel linings and test specimens, respectively.

Ultrasonic Echo

An ultrasonic transducer is used to generate and/or receive
ultrasonic waves in/from a test medium. Ultrasonic echo tech-
nique involves sending and receiving ultrasonic pulses from
the same side of the test object, by the same or two separate
transducers. The ultrasonic pulse velocity is correlated to
material strength or quality. The measurement of propaga-
tion time is used to localize cracks, voids, and delamination
and/or to estimate the thickness of a structure. Structural
boundaries and defects that are large enough (with respect to
the ultrasonic wavelength) induce a high contrast in acoustic
impedance and result in the reflection of ultrasonic waves.
The reflected waves are detected in ultrasonic scans, and the
two-way travel time is used to estimate the reflector location
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Figure 2.16. Ultrasonic
echo equipment A1220
Monolith by ACSYS.

(assuming or knowing the ultrasonic wave velocity in the test
medium).

The handheld ultrasonic transducer used by the Federal
Institute for Materials Research and Testing (BAM) in Ger-
many for field testing together with the corresponding data
acquisition/analyzer unit is shown in Figure 2.16. In tunnel
testing applications, the ultrasonic echo technique can be used
to estimate the thickness of the tunnel lining and to detect
delamination and voids within the lining.
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Appendix E contains the ultrasonic echo test criteria and
Appendix Q contains data analysis results from the ultrasonic
echo testing conducted under this study.

Ultrasonic Surface Waves and Impact
Echo Methods with the Portable
Seismic Property Analyzer

Ultrasonic Surface Wave Method

The ultrasonic surface wave (USW) method is used to esti-
mate the average velocity of propagation of surface waves in
a medium, based on the time at which different types of
energy arrive at each sensor (Figure 2.17a). The velocity of
propagation, Vi, is typically determined by dividing the dis-
tance between two receivers, AX, by the difference in the arrival
time of a specific wave, At. Knowing the wave velocity, E, the
modulus can be determined from shear modulus, G, through
Poisson’s ratio (V) by using

E=2(1+Vv)G

Shear modulus can be determined from shear wave velocity,
Vs, by using

G="2v;
g

(a) USW method

<4— |Intact

I ntact

Intact
Flexural Mode

Severe Delamination

(b) Impact echo method

Source: Gucunski and Maher 1998

Figure 2.17. Schematic illustration of test methods: (a) ultrasonic surface

wave method and (b) IE method.
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The modulus from surface wave velocity, Vy, first converted
to shear wave velocity, can be determined by using

Vs =Vi (1.13-0.16v)

In the USW method, the variation in velocity with wave-
length is measured to generate a dispersion curve. For a uni-
form or intact tunnel lining, the dispersion curve shows more
or less a constant velocity within the wavelengths no greater
than the thickness of the slab. When a delamination or void is
present in a concrete slab or the concrete has deteriorated, the
average surface wave velocity (or modulus) becomes less than
the actual modulus because of interference from the defect. In
this case, the velocity or modulus obtained may be called
an apparent velocity or modulus.

Impact Echo Method

The IE method is one of the most commonly used NDT
methods for detecting delamination in concrete. This method
works by striking a plate-like object such as a tunnel lining
with an impactor that generates stress waves at frequencies up
to 20 kHz to 30 kHz and collecting signals with a receiver (see
Figure 2.17b). By using a fast Fourier transform (FFT) algo-
rithm, the recorded time domain signal is converted into a
frequency domain function (amplitude spectrum), and the
peak frequency is monitored. For an intact point on a slab,
the thickness () is then determined from the compression
wave velocity (V,) and the return frequency (f):

hzaﬁ

2f
where o is about 0.96 for concrete slabs.

For a deep and relatively small delaminated location in a
tunnel lining, the return frequency may shift to a higher fre-
quency corresponding to the depth of the delamination. As
shown in Figure 2.17b, a shallow or a deep but extensive and
severely delaminated area is usually manifested by a low peak
frequency, indicating that little or no energy propagates toward
the bottom of the deck, and a flexural mode dominates the
frequency response. In this case, the equation is not applicable
to measure the depth of delamination since it is influenced by
several factors.

Description of the PSPA

USW and IE measurements can be performed with these two
methods simultaneously with the PSPA shown in Figure 2.18.
The traditional PSPA is a box containing a solenoid-type
impact hammer and two high-frequency accelerometers (Fig-
ure 2.18a). All controls and data acquisition are in a computer
connected to the box. The two receivers allow the calculation
V, using the USW method. The test at a single point is simple

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

15

(a) Traditional device

(b) New version

Figure 2.18. Portable seismic property
analyzer (PSPA).

and takes less than 30 s. The impact duration (contact time) is
about 60 ps, and the data acquisition system has a sampling
frequency of 390 kHz.

As shown in Figure 2.18b, the PSPA has been redesigned to
make it more user friendly and compact for tunnel work. The
new PSPA is self-contained and eliminates the need for an
external computer to collect data. The waveforms collected in
the field are stored in a removable flash memory. The new
PSPA is also lighter compared with the traditional PSPA (8 1b
versus 16 1b). Data collection with the new PSPA is a two-
hand operation, which can accommodate the curvature
within the tunnel more easily. Data acquisition with the new
PSPA is on average two to three times faster than with the
traditional one. The new PSPA is also equipped with three
receivers to better optimize the data collection for the com-
bined IE-USW methods. The power source for the device is
six AAA batteries placed in a container that operators can
carry on their belts. Typical signals collected with the PSPA
are shown in Figure 2.19. These signals are used to develop
USW dispersion curves and the IE amplitude spectra. The
advantage of combining USW and IE methods in a single
device is that once the test is performed, the variations in the
modulus (an indication of the quality of concrete) and return
resonance frequency (an indication of the full thickness or
depth of delamination) of a slab can be assessed concurrently.
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Figure 2.19. PSPA sample test results.

Figure 2.20 compares typical USW dispersion curves from an
intact area and a defective area. The dispersion curve shifts to
lower moduli in defective areas. The amplitude spectra for typi-
cal intact and defective points are shown in Figure 2.21. Based
on an average compression wave velocity of about 14,000 ft/s
measured for the concrete, the dominant frequency corre-
sponding to the tunnel thickness (15 in.) is around 5.4 kHz.
Compared with the intact point, higher peak frequencies mostly
control the response at the defective points.

SPACETEC Scanner

The SPACETEC scanner (Figure 2.22) is a mature system devel-
oped specifically for the inspection of railway and roadway
tunnels. Therefore, employing this technology for this proj-
ect required no additional hardware and software develop-
ment. The scanner system has been used to survey many miles

Depth (in.)

—O6— Defective Point
—®— Intact Point

Average Modulus = 4527 ksi
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1
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Figure 2.20. Typical dispersion curves for defective and intact points.

Normalized Amplitude

1 —®— Intact Point
—O— Defective Point
I

Frequency (Hz)

Figure 2.21. Typical amplitude spectra for intact and defective
points. Appendix F contains the ultrasonic surface waves and
impact echo testing criteria.
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Figure 2.22. SPACETEC scanner in the Chesapeake
Channel Tunnel.

of railway and roadway tunnels (mostly railway) in various
countries but was never used in the United States before this
project.

The SPACETEC TS3 scanner records three different mea-
surements in a single pass:

¢ Survey of the cross-sectional tunnel profile;

¢ Full-surface visual recording of the tunnel lining; and

¢ Full-surface thermographic recording (thermal imaging)
of the tunnel surface.

The scanner processes the measurements, which can then be
viewed individually or together to detect and locate tunnel sur-
face and near-surface anomalies. The high-resolution visual
recording allows a thorough inspection of the tunnel surface
and, combined with the profiling, the location of surface defects.
The cold spots in the thermal images are usually indications of
near-surface moisture. Superimposing the thermal images on
the visual recordings allows such moist zones to be easily
identified. Monitoring changes in the tunnel profile over time
presents another potential application of this system.

Appendix I contains results of the SPACETEC testing in
the Chesapeake Channel Tunnel.
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Other NDT Devices and Techniques
Used in the Study

The research team used resistivity and dielectric probe devices
during this research. However, the devices were only useful in
alaboratory environment and are not recommended for use in
tunnel lining field tests. Appendix S contains the results of a
laboratory study that attempted to correlate dielectric (or per-
mittivity) measurements to concrete permeability. Researchers
used resistivity and dielectric probe equipment during this
laboratory study.

Researchers also attempted to develop an acoustic sounding
technique for detecting delaminated tiles. Appendix O con-
tains a description of the technique and the results obtained
so far. This technique is still under development; thus, it is not
ready for implementation.

The team did collect thermal data in Finnish and U.S. tun-
nels with the FLIR A325 vehicle-mounted thermal camera.
This camera has the same thermal measurement specifications
as the FLIR T300 handheld thermal camera. Roadscanners
developed commercial software before this SHRP 2 study began
that collects and helps analyze such data for the FLIR A325
camera. Although the results from the testing are promising,
the team does not recommend implementation of the system
at this time. Further software refinements are needed before
this system can be implemented effectively. Appendix H con-
tains the system’s testing criteria and Appendix L contains
images from the system.

As described later in this report, the research work in Finland
also involved the use of laser scanning systems. Although the
data analysis results and images from those systems did not
apply directly to the goals of this project, the testing results in
Finland indicated that laser scanning systems provide inter-
esting and useful data relating to the shape (or profile) and
the surface condition of tunnel linings. Appendix ] offers more
information about the results of testing with these systems.

Dr. Fulvio Tonon, one of the authors, conducted digital
photogrammetry work in three tunnels during the course of
this project. Although the data analysis results and images
from this technique did not apply directly to the project, the
results may be of interest to the reader. Appendix X contains
a description of, and results from, this technique.
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Findings and Applications

An Investigation for Detecting
Delaminations, Voids,
and Water Intrusion

Introduction

As indicated in Chapter 2, this investigation used several NDT
techniques—the ultrasonic linear array system, air-coupled
GPR, ground-coupled GPR, thermal camera, and the portable
seismic property analyzer—to detect defects in concrete, shot-
crete, and steel test specimens.

Ultrasonic Tomography

The results of the ultrasonic tomography testing are contained
in Appendices M and N. As indicated in Appendices D and M,
the team concluded that the system is effective in detecting
defects but with the following limitations:

e Speed of data acquisition is low (0.8 to 2.3 min/sq ft).

¢ The system provides no phase change information to infer
defect type.

e No information deeper than initial air interfaces is
discernible.

e The system has difficulty detecting reinforcement below
two layers of reinforcement mesh.

e For a 50-kHz use, defects under 2 in. from the surface are
not directly detected.

e For a 50-kHz use, reinforcement under No. 5 (0.625-in.
diameter) is not typically detected.

Air-Coupled GPR

For this investigation, TTI personnel used the specimens
described previously (see Tables 2.1 through 2.3). Details of
the results are in Appendix K. The team used a 1-GHz central
frequency device owned by TTI and determined that the
equipment could detect only three simulated voids, all of
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them located in the shotcrete sections. Those specimens are
the following:

e Specimen D, air-filled void placed 7.625 in. from the surface;
¢ Specimen F air-filled void placed 3 in. from the surface; and
e Specimen G, water-filled void placed 3 in. from the surface.

The equipment could not detect delaminations or voids in
the other specimens. The delaminations in the specimens did
not contain significant air pockets or moisture, so GPR would
not be effective in any case.

The team estimated the depth to the defect using air-coupled
GPR analysis software developed by TTI. For Specimen D, the
estimated depth is 7.7 in. For Specimen F, the estimated depth
is 2.6 in. For Specimen G, the estimated depth is 2.7 in.

The team also collected air-coupled GPR data on a 12-in.-
thick plain concrete specimen placed on top of a steel plate
with a 1-sq ft void in the center of the plate. The team deter-
mined that the equipment could not locate this defect. The
team repeated the test with a 15-in.-thick specimen with two
layers of reinforcement. Again, the team determined that the
equipment could not locate the defect.

Although layer depth information, areas of moisture, and
areas of low material density can possibly be measured with
air-coupled GPR, the team recommends using surface dielec-
tric measurements from this device to determine areas to test
with other devices. Normal concrete has a dielectric value usu-
ally between 8 and 12. Values above this range indicate exces-
sive moisture; values below this range indicate lower than
normal material density (i.e., more air voids). Air has a dielec-
tric value of 1; water has a dielectric value of 81.

Ground-Coupled GPR

The research team collected data by using a 900-MHz ground-
coupled GPR on five reinforced concrete specimens. Three
specimens had simulated 1-sq-ft delaminations, one speci-
men had a simulated 1-sq-ft air-filled void placed 8 in. from
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the surface, and the final specimen had a 1-sq-ft water-filled
void placed 8 in. from the surface. The team determined that
the equipment could not locate the defects. The delaminations
in the three specimens did not contain significant air pockets
or moisture, so GPR would not be effective in any case. The
voids in the other two specimens were located under a layer of
reinforcement that consisted of No. 9 rebar placed at an 8 in.
spacing in both directions. The ground-coupled GPR could
not see through this layer of reinforcement. However, as docu-
mented in the literature, ground-coupled GPR is effective in
detecting voids and significant delaminations in concrete,
provided the correct device is used.

The team also collected ground-coupled GPR data on a
12-in.-thick plain concrete specimen placed on top of a steel
plate with a 1-sq-ft void in the center of the plate. The team
determined that the equipment could not locate this defect
and repeated the test with a 15-in.-thick specimen with two
layers of reinforcement. Again, the team determined that the
equipment could not locate the defect. However, as described
in Appendix Q, the ground-coupled GPR data showed defects
in tunnel linings relatively near the tunnel lining surface.
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Thermal Camera

In this investigation, the TTI team used a FLIR T300 infrared
camera owned by TTI. The team collected infrared images on
the specimens during the daytime and nighttime. Details of
the results are in Appendix L.

The camera images indicated defects in three shotcrete spec-
imens: (1) the 3-in.-deep air-filled void (Specimen F), (2) the
3-in.-deep water-filled void (Specimen G), and (3) the 1-in.-
deep delamination (Specimen L). The image for Specimen F
was the most distinct. The images did not indicate the defects
in the other specimens. The team noted that surface texture
influenced the surface temperature measured by the camera.

Portable Seismic Property Analyzer—Impact
Echo and Ultrasonic Surface Waves

The IE and USW results on the TTI specimens are shown
in Appendix U. As an example, a USW planar contour map
and an IE spectral B-scan on selected intact concrete and
shotcrete slabs are shown in Figure 3.1. In spite of the
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Figure 3.1. PSPA results on 12-in.-thick intact concrete and shotcrete slabs.
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heterogeneity of the shotcrete slabs, the contour maps of the
variations in average USW modulus and dominant IE fre-
quency exhibited reasonable uniformity for intact slabs (both
concrete and shotcrete). In most cases the variation in modu-
lus with depth was quite small. The reported thicknesses from
spectral B-scan agreed well with the actual slab thicknesses.
However, the peak frequency along the centerline varies more
significantly in the shotcrete slab than the concrete slab,
mostly because of the heterogeneity of shotcrete. In spite of
the effectiveness of the IE method in estimating the slab
thickness, this method, as configured in the PSPA, cannot
estimate the thickness of slabs that are thicker than 18 in. or
thinner than 6 in.

The manifestations of shallow delaminated zones or voids
were quite apparent on the time records collected by the
device. USW and IE contour maps on selected defective con-
crete and shotcrete slabs are shown in Figure 3.2. Planar maps
of both methods provided confirmed shallow (3-in.) defects.
When defects were deeper, the USW average modulus became
less sensitive to the presence of defects, while the thickness
mode (as opposed to the flexural mode) of the IE method
became more effective. This occurs because surface waves
propagate along a cylindrical front and thus become less

(a) USW resultsin 15-inch-thick concrete

(c) IE resultsin 15-inch-thick concrete
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sensitive to horizontal discontinuities with depth. Deep
defects (deeper than 6 in.) were not readily detectable from
the USW results. However, they could be readily identified
through the IE results.

Because of the size of the specimens, reflections from the
vertical boundaries sometimes affect the frequency content
of the signal. The PSPA software contains appropriate filters
to minimize the effect of these reflections as long as the slab
is not very thick and the PSPA is located at an adequate dis-
tance from the boundary.

Field Validation Testing
of NDT Devices by Using
Actual Tunnels

Introduction

This section summarizes the results of the following:
¢ A pilot project for the SPACETEC equipment;
e Initial tests with air-coupled GPR and thermal cameras in

Finland; and
e Tunnel testing in Texas, Virginia, and Colorado.

(b) USW resultsin 12-inch-thick shotcrete

(d) IE resultsin 12-inch-thick shotcrete

Figure 3.2. Contour maps of USW average modulus and IE dominant frequency in
concrete and shotcrete slabs with embedded delamination 3 in. from top surface.
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SPACETEC Pilot Project

The research team conducted the SPACETEC pilot project in
the Chesapeake Channel Tunnel during the night of April 11-12,
2011. The TS3 scanner was installed on the roof at the rear of
the inspection vehicle, providing an undisturbed 360° mea-
surement. The highest resolution—10,000 pixels—was used
for an appropriate imaging of fine-scale features.

A full traffic closure was not possible. Thus, the recording
was performed twice: first in the north—south direction of the
lane to Virginia Beach and second in the direction of the east-
ern shore of Virginia. Traffic could pass the inspection vehicle,
as is visible in the recordings. Appendix I contains the results
of this testing. SPACETEC personnel provided a copy of the
TuView software that is used to analyze the data from this
equipment and indicated areas of concern in the data files that
the software displays. The research team was interested in the
infrared images from this equipment, but this SHRP 2 study
does not involve evaluating profile or visual images.

The team discussed the results of this testing with Chesa-
peake Bay Bridge-Tunnel (CBBT) personnel using the TuView
software. CBBT personnel and the team compared the
SPACETEC infrared images with CBBT construction plans for
a tunnel tile replacement project. In addition, the SPACETEC
equipment operator reviewed the infrared images immedi-
ately after collecting the data and noticed an area on the tun-
nel wall that appeared to have a defect. That image is shown in
Figure 3.3.

The team evaluated this area using impact echo and deter-
mined that a problem did appear to be present in this area.

The team compared the SPACETEC thermal images with
the hammer sounding results. Ninety-seven percent of areas
covering more than 50 tiles could be detected, compared to
55% for areas covering less than 50 tiles. An additional

Figure 3.3. Infrared image from SPACETEC
indicating area of concern.
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analysis was performed to investigate why some of the
debonded areas were not detected in the SPACETEC data.
Small debonded areas covering less than 20 tiles were not reli-
ably detectable in the thermal images obtained during this
particular survey. When larger debonded areas were missed,
the top two factors were found to be reflection of light from
the surface of the tiles (at certain scanning angles) and inter-
ference with the temperature gradient in front of air vents.
The great advantage of such scanning operations is the speed
with which they can be performed: the SPACETEC survey
took about 1 hour at 1.5 km/h (1 mph) compared with the
tedious hammer sounding survey, which took one man-
month. Appendix V contains the results of this analysis.

To summarize, the team’s analysis suggests that a combina-
tion of thermal and visual imaging offers an alternative to the
tedious practice of hammer sounding on individual tiles to
determine tile debonding.

Initial Tests with Air-Coupled GPR, Thermal
Cameras, and Laser Scanners in Finland

The tests in Finland concentrated on the technical feasibility of
air-coupled GPR systems, thermal cameras, and laser scanners—
as well as their integrated analysis—for monitoring tunnel lin-
ing conditions. The idea was to test whether these systems can
provide reliable and repeatable data and to collect information
on the potential sources of error in these techniques. Another
goal for these tests was to provide basic information on the
potential defects, such as moisture problems close to the surface
of tunnel lining structures. The tests were carried out in two
tunnels in the Helsinki area in Finland. One tunnel has a con-
crete lining, and the other tunnel lining is made of shotcrete.

The two tunnels were selected to determine whether air-
coupled GPR can be used in different types of tunnel lining
measurements. The research team used the same air-coupled
GPR data collection settings as normally used in pavement
thickness and quality control surveys. Preprocessing of the
collected data was done using standard methods, including
automatic air-coupled elevation and amplitude correction,
background removal, and vertical time domain filtering. The
standard GPR data analysis consisted of reflection amplitude
and dielectric value calculations and their analysis.

The same two tunnels were also used to determine how
well digital thermal cameras can detect thermal anomalies in
tunnel linings, pointing out areas of moisture anomalies,
voids, or cracks. The team tried different data collection and
analysis techniques to find an optimal survey method.

The goal in the laser scanner tests was to determine whether
the method could provide valuable information about the
tunnel lining condition and shape. Although laser scanning is
beyond the scope of this project, the results were of interest to
the team.
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The following findings are of particular interest for this
study:

¢ GPR horn antenna data provided good quality structural
information from the concrete tunnel but could not be
used in the shotcrete tunnel where steel fibers were used in
the shotcrete. The GPR data provided useful information
on structures behind the tunnel linings.

e The optimum distance from the air-coupled GPR antenna
to the tunnel lining surface is 0.5 m (19.7 in.).

¢ The thermal camera gave excellent results in the shotcrete
tunnel. However, in the new concrete tunnel, hardly any
anomalies could be detected. One reason for this may be a
lack of problems close to the surface.

e The thermal camera results are repeatable, but tunnel wall
surface temperature can change during the day, which
could affect the results.

¢ Thermal anomalies can be seen in different ways when the
surveys are conducted in summer, fall, and winter. The best
time to survey is early summer. However, results, surpris-
ingly, showed that moisture anomalies could always be
seen as colder areas.

¢ The thermal camera is sensitive to the survey direction to the
tunnel wall and roof, and focusing the camera on white tiles
can be difficult. Also, the survey van can cause unwanted
thermal reflections.

¢ Laser scanning systems provided useful data on the shape
and condition of the tunnel linings. The results were excel-
lent, especially in the shotcrete tunnel, but interesting and
valuable information was also detected in the concrete
tunnel.

Although layer depth information, areas of moisture, and
areas of low material density can possibly be measured with
air-coupled GPR, the researchers used surface dielectric mea-
surements from this device to determine areas to test with
in-depth devices. Normal concrete has a dielectric value usu-
ally between 8 and 12. Air has a dielectric value of 1; water has
a dielectric value of 81. Values above this range indicate exces-
sive moisture; values below this range indicate lower than
normal material density (i.e., more air voids).

Appendix ] reports the details of the tunnel testing in
Finland.

Tunnel Testing in Texas,
Virginia, and Colorado

The team conducted nondestructive testing in the following
tunnels:

e Washburn Tunnel, located under the Ship Channel east of
Houston, Texas: The TTI team collected air-coupled GPR,
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ultrasonic tomography, and acoustic sounding data in this
tunnel in September 2011.

e Chesapeake Channel Tunnel, located east of Norfolk,
Virginia: The team collected NDT data in this tunnel in
September and October 2011.

e Hanging Lake Tunnel, located on I-70 west of Denver,
Colorado: The team collected NDT data in this tunnel in
October 2011.

e No Name Tunnel, located on I-70 west of Denver, Colo-
rado: The TTI team collected air-coupled GPR data in this
tunnel in October 2011.

The following is a summary of the results from the tunnel
testing.

Air-Coupled GPR

The team used the TTI 1-GHz air-coupled GPR system for
collecting data in the tunnels listed above. In particular, the
team collected data at 1-ft spacing in the plenums of the Ches-
apeake Channel, Eisenhower Memorial, and Hanging Lake
tunnels; and along the tiled roadway sections in the Chesa-
peake Channel, Hanging Lake, and No Name tunnels. As men-
tioned earlier, the research team was most interested in the
surface dielectric measurements from this device. The team
mounted the equipment on a cart for testing in the plenums
and on a vehicle with a crane for testing in the roadway.

Figure 3.4 shows results from testing on the Chesapeake
Channel Tunnel roof. As shown in the figure, the surface dielec-
tric varies, with significant peaks occurring in several areas.
The research team was not able to test all areas because of time
constraints. However, one high dielectric area selected for test-
ing did contain a shallow delamination, though no visual dis-
tress was present. Researchers could only collect air-coupled
GPR data along the top of the tunnel roof. The presence of
cables and conduits on the sides of the tunnel roof made it
impossible to collect GPR data in those areas.

Figure 3.5 shows results from testing on the Hanging Lake
Tunnel roof. In this case, none of the surface dielectric values
exceeded 11. However, peaks in the values occurred at several
locations; these areas should be inspected more closely. This
tunnel roof contained many cracks with moisture; however,
the moisture usually was outside the GPR testing area. Again,
the presence of cables and conduits on the sides of the tunnel
roof made it impossible to collect GPR data in those areas.

To summarize, the team recommends that the surface
dielectric measurements from air-coupled GPR be used for
scanning purposes to determine where more in-depth inspec-
tion and testing may be useful. The team noted surface dielec-
tric changes in both concrete and tile-lined tunnels. In
general, the researchers recommend inspecting areas where
the surface dielectric is greater than 11 or where significant
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Figure 3.4. Air-coupled GPR data for Chesapeake Channel Tunnel roof.

peaks or troughs in the dielectric value are observed. The
team noted that the data analysis could indicate lining inter-
faces and lining thickness estimates; however, actual defects
within or behind the tunnel lining could not be readily deter-
mined from the analysis. In addition, more work is needed to
keep the antenna at a relatively constant distance from the
lining to calculate reasonable surface dielectric values. Ideally,
this distance should not vary more than 4 in. from the recom-
mended distance (usually 19.7 in.). Appendix K contains the
data analysis of air-coupled GPR data collected in tunnels.

Thermal Cameras

The team collected thermal images using both handheld and
vehicle-mounted thermal cameras in all of the tunnels tested in
this project. Both cameras were able to detect significant ther-
mal changes that indicated possible problems at those locations,
on both concrete surfaces and tile-lined surfaces. Figure 3.6
shows a thermal camera image from the top of the Eisenhower
Memorial Tunnel. Cracks and stalactites containing moisture
are indicated in light blue. The team recommends that the
handheld thermal camera be used for scanning purposes
where more in-depth inspection and testing may be desired.

In particular, areas with images that contain significant thermal
differences from the surrounding lining should be investigated.
Appendix L contains more images from these devices.

Ultrasonic Tomography

Field evaluations of four public tunnels were conducted using
the UST technique to evaluate natural structural defects
within actual tunnel linings. The tunnels tested were the
Eisenhower Memorial Tunnel, Hanging Lake Tunnel, Chesa-
peake Channel Tunnel, and Washburn Tunnel. Because the
UST technique does not have a testing methodology that is
field ready, the system was first evaluated on the basis of its
ability to detect simulated defects in specimens as well as
other available sites (e.g., pavements, airport runways, bridge
decks) where ground truth validation was available. After that
testing, the system was taken to the field to evaluate natural
structural defects within actual tunnel linings. The conclu-
sions of the tunnel testing are as follows:

e The UST system is exceptional at locating horizontal delam-
inations ranging in thickness from 0.05 mm to 2.0 mm
(0.002 in. to 0.079 in.) and is able to differentiate between

Figure 3.5. Air-coupled GPR data for Hanging Lake Tunnel roof.
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Figure 3.6. FLIR T300 infrared image of the top of
Eisenhower Memorial Tunnel.

fully debonded and partially bonded areas within a single
map based on the color distribution. It is not, however, able
to measure the thickness of the delaminations directly.
Cracks were only clearly characterized when they formed
nonperpendicular to the testing surface; however, the pres-
ence of perpendicular cracks could be assumed by the
omission of surface detail. Note that no crack depths were
confirmed by ground truth validation, and that should be a
focus of further research.

Backwall surfaces up to a depth of 965 mm (38 in.) were
successfully and accurately determined. Assuming the plan
details were correct (no ground truth validation was avail-
able), the UST system predicted this depth within an accu-
racy of 5mm (0.3 in.).

Both air- and water-filled voids ranging from 76 mm to
203 mm (3 in. to 8 in.) in depth could be detected; but

differentiation between the two was difficult because shear
waves are not supported by air or water, and almost all of
the acoustic energy is reflected by these types of voids. Fur-
ther study could be done to analyze the difference between
phase changes involving these two types of voids.

¢ Reinforcement layout and depth was also successfully deter-
mined, as long as the device was polarized in the correct
direction. The only exception was some shotcrete applica-
tions. When potentially porous materials such as the shot-
crete specimens were evaluated, the presence of very small
air voids made internal inspection difficult.

e With the exception of some medium-size clay lumps (with
a diameter of approximately 102 mm, or 4 in.) surrounding
reinforcement, clay lump testing was highly successful.

e The research team used two A1040 MIRA systems to com-
pare the system’s abilities to reproduce the same wave
speed. For a test involving 16 specimens, a strong positive
correlation existed (with a coefficient of determination
of 0.952), with a standard error of approximately 33 m/s
(108 ft/s).

e When detecting the depth of delaminations using the same
device with the same testing procedures and input param-
eters (e.g., wave speed, frequency, gain selection), measure-
ments typically varied by 1 mm to 3 mm (0.04 in. to 0.12 in.).
That variation is more likely to be explained by user error or
user interpretation than by device error. The same is true for
water-filled and air-filled voids.

¢ The minimum area the MIRA system could test is tied to the
size of the device: 370 mm by 170 mm (14.6 in. by 6.7 in.).

Figure 3.7 shows an example of a scan from the Hanging
Lake Tunnel.

The researchers believe that the MIRA system is especially
effective for mapping deeper defects and is recommended for
situations where such deep defects are suspected. Results of

Figure 3.7. Ultrasonic tomography scan from Hanging Lake Tunnel.
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tunnel testing using ultrasonic tomography are contained in
Appendices M and N.

Portable Seismic Property Analyzer

The UTEP team used the PSPA, which can perform IE and
USW tests simultaneously.

USW Method (PSPA). After testing each tunnel point by
point with the PSPA, the cross sections of variation of modulus
with wavelength (or depth) were obtained for each tested sec-
tion. As shown in Figure 3.8a, intact areas exhibit more or less
constant modulus with depth. The average modulus was
around 4,500 ksi. Figure 3.9a shows an example of USW results
in a defective area of one of the tested tunnels. In this figure, the
problematic areas manifested themselves as areas with lower
average moduli. The depth of delamination could be approxi-
mated through the B-scan in Figure 3.9a. In Figure 3.10a, the
crack was recognized through high average moduli in the USW
B-scan when the crack was between the source and the first
receiver (because of the travel path of the wave). When the
crack was between the two receivers, the reported USW modu-
lus was lower than normal. The results for these points agreed
well with the actual condition that was documented during
visual inspection. The rest of the USW results for the tested
tunnels are shown in Appendix P.

IE Method (PSPA). Similar to the USW method, the IE
results, in the form of a spectral B-scan, were visualized in con-
tour maps. As shown in Figures 3.8b and 3.9b, a thickness fre-
quency (around 3 kHz) governed the response of intact test
points. Other points in Figure 3.9b exhibit either a lower or
higher dominant frequency. The low-frequency flexural mode
results from a shallow or a deep but an extensive delamination.

(a) USW dispersion curve
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Thus, its peak frequency does not correspond to any thickness
measurement, and the depth of defect can be estimated from a
USW B-scan (Figure 3.9a). Alternatively, the high frequency
response is attributable to the onset of delamination. In that
case, the depth of delamination can be estimated and confirmed
with the USW B-scan. When a crack is present, data analysis is
more complicated. As shown in Figure 3.10b, multiple frequen-
cies were present in the response when a crack was between the
source and receiver in an IE B-scan.

The remaining IE results are shown in Appendix P. In most
cases, the calculated depth and location of delamination
agreed well with the USW results. Some exceptions occurred.
Where the IE and USW analyses were not consistent, the dif-
ferences were attributed to the edge effect near a crack and
placement of the PSPA sensor unit relative to the crack.

Ultrasonic Echo, Ground-Coupled GPR,
and Impact Echo Testing

Field testing using three nondestructive testing techniques
was carried out between October 3, 2011, and October 12,
2011, in three tunnels in the United States: two in Colorado
(Eisenhower Memorial Tunnel and Hanging Lake Tunnel)
and one in Virginia (Chesapeake Channel Tunnel). In each
tunnel, selected areas were tested using three nondestructive
testing (NDT) techniques: GPR, ultrasonic echo, and IE. The
allocated testing time in each tunnel was limited. The number
and location of the test areas were selected based on either
previous analysis or the existence of visual distress. The on-
site working conditions were also taken into account.

The different measurement techniques used by the Federal
Institute for Materials Research and Testing (BAM) for this

(b) 1 E frequency spectrum

Figure 3.8. PSPA results on an intact area in the Chesapeake Channel Tunnel.
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Figure 3.9. PSPA results on a defective area in the Chesapeake
Channel Tunnel.

473+56 x 10% 473+56
6000 = 1 |

5500
5000
4500

4000

Depth (in.)

3500

Frequency (Hz)

3000

2500

2000

2 3
Longitudinal Axis Longitudinal Axis
(a) USW dispersion curve (b) 1E frequency spectrum

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Figure 3.10. PSPA results on a cracked area in the Chesapeake Channel Tunnel.

Copyright National Academy of Sciences. All rights reserved.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1


http://www.nap.edu/22609

Figure 3.11. BAM scanner with ultrasonic
echo device.

project were mounted on an automated scanning device that
BAM developed. Figure 3.11 shows the BAM scanner with the
ultrasonic echo device. It can be carried in a relatively small,
lightweight package. Its size allows the scanner to be trans-
ported in cars and carried through small openings to reach
difficult-to-access areas such as the vents above tunnels. The
equipment commonly used for NDT of structures—including
GPR, ultrasonic echo, and IE devices—can be easily attached
to the scanner for testing and detached after completing the
measurements. The scanning and NDT data acquisition are
controlled by a single notebook. This simplifies the control
and reduces the amount of equipment and weight of the mea-
surement system. Appendix W summarized the findings and
applications of the Federal Institute for Materials Research
and Testing (BAM).

For the Eisenhower Memorial tunnel plenum, the ground-
coupled GPR proved to be the best tool for identifying and
locating the reinforcement. However, the ultrasonic echo
device was better at locating an anomaly of unknown origin
than the ground-coupled GPR. A combination of the two result
sets would provide the most detailed and reliable results. Both
methods detected the reinforcement and an unknown anomaly.
GPR was more effective in detecting the reinforcement, and
ultrasonic echo was more effective in detecting the unknown
anomaly. The backwall could not be seen with any of the
employed techniques here. And the impact echo technique
could not register either reinforcement or the anomaly detected
by the other two techniques.

For the Hanging Lake tunnel plenum, the ground-coupled
GPR was the only method able to identify the reinforcement
mesh and the reinforcing elements. The fine measurement
grid and 3-D data collection allowed detection of reinforcing
elements overlapping each other in some views. The ultra-
sonic echo technique was able to detect a deeper anomaly and
establish that the anomaly under the test area was located at
different depths. No reliable information could be extracted
from the impact echo data. Again, combining the results of
the ground-coupled GPR and ultrasonic echo is desirable.
Note that none of these NDT techniques were able to reliably
identify the extent of the Hanging Lake tunnel lining.
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For the Chesapeake Channel tunnel plenum, the ground-
coupled GPR proved to be the most reliable NDT method for
detecting and identifying reinforcement bars but could not
detect a 15-in.-deep localized anomaly. The ultrasonic echo
technique was not as clear in detecting the steel bars but did
indicate the presence of an anomaly. Both ultrasonic echo
and impact echo could detect the thickness of the tunnel lin-
ing. A clearer picture of the geometry and condition of the
tunnel emerged using all three techniques.

For the section of the Chesapeake Channel Tunnel road-
way that was lined with tiles, the ground-coupled GPR signals
were not disturbed by the presence of the tiles and could
image the reinforcement mesh behind the lining. The impact
echo signals carried useful information about the bonding
condition at the tile-concrete interface and occasionally about
the lining itself. The ultrasonic echo device, however, provided
no useful information about the condition of the lining. The
ultrasonic echo transducer was too large (4 in. by 3 in.) com-
pared with the size of the tiles (2 in. by 2 in.). The grid location
and spacing had to be adjusted so that meaningful data could
be obtained. However, testing was interrupted by an unfore-
seen weather condition, and no further measurements could
be obtained with the ultrasonic echo device.

To summarize, the automated scanning device that BAM
used was effective in collecting NDT data in the tunnels with
the three techniques. The team recommends that data from
both the ground-coupled GPR and the ultrasonic echo devices
be collected when conducting in-depth evaluations directly
on concrete surfaces. However, for tiled surfaces, data from the
ground-coupled GPR and impact echo should be collected
together—the ultrasonic echo device may not work on tiled sur-
faces because of the tile dimensions. These devices should be
effective in collecting data on shotcrete linings as well. Appen-
dix Q contains more information on the tunnel testing with
these devices.

Other Information

Appendix R contains depth measurement estimates of appar-
ent defects as indicated by the in-depth evaluation devices
used in this portion of the research. The appendix also con-
tains estimated depth measurements to reinforcing steel or
the backwall of the tunnel lining if they were detected.

An Investigation for Detecting
Loose Tiles and Moisture
Underneath Tiles

As mentioned earlier, air-coupled GPR data on tiled linings in
the Chesapeake Channel and Hanging Lake tunnels indicated
high surface dielectric areas, greater than 11 (see Appendix K).
Researchers tested some of those areas with ultrasonic tomog-
raphy, impact echo, and hammer sounding. The researchers
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found debonded tiles and delaminations in those areas. Thus,
the team concluded that high surface dielectric measurements
on tiled linings can indicate areas of debonded tiles or delami-
nations, as well as areas of high moisture behind tiles.

Also, as described earlier, the SPACETEC thermal imaging
data can be useful for locating loose tiles. Thermal cameras
can also indicate areas of loose tiles.

As indicated in Appendix G, the TTT team is developing an
acoustic sounding test to detect loose tiles. However, this
method is still under development and is not recommended
for implementation at this time.

To summarize, the team suggests that air-coupled GPR,
thermal cameras, and the SPACETEC system’s thermal
images can be effective scanning devices to locate loose tiles
and moisture underneath tiles.

Developing NDT for Measuring
Concrete Permeability

Appendix S contains the results of a laboratory study that
attempted to correlate dielectric (or permittivity) measure-
ments to concrete permeability. As indicated in the appendix,
the team determined that the air-coupled GPR cannot mea-
sure permeability directly in the field. However, Appendix S
does contain information that can be used for future NDT
development. In addition, using the results in Appendix L,
the TTI team developed Tables 3.1 and 3.2 for the real portion
of the permittivity measurement for cement paste. These can
be related to the dielectric measurements made with the air-
coupled GPR. Table 3.1 is for a 1-GHz frequency. Table 3.2 is
for a 2-GHz frequency.

The values in these tables can be used as a general guide.
Although the measurements were made on cement paste, the
team believes that the moisture content in the paste would
have the greatest effect on dielectric readings with the GPR.
Essentially, the tables suggest that air-coupled GPR dielectric
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Table 3.1. Permittivity Values
(Real Portion) for a 1-GHz Frequency

Relative Humidity (%)

Water-to-

Cement Ratio | 100 85 75 63 43
0.4 17 | 16 155 | 145 | 125
0.5 15 12.7 | 12 11.8 9.9
0.6 20 | 15 109 | 10 8.5

Table 3.2. Permittivity Values
(Real Portion) for a 2-GHz Frequency

Relative Humidity (%)

Water-to-

Cement Ratio | 100 85 75 63 43
0.4 165 | 15 145 | 135 | 12
0.5 145 | 135 | 11.5 | 11 9
0.6 18 14.9 | 10.2 9.8 7.5

readings above 11 may indicate a potential problem, and read-
ings above 15 may indicate excessive moisture in the concrete.

The team also attempted to measure resistivity on the con-
crete and shotcrete specimens. However, the measured values
varied widely. The team concluded that the concrete resistiv-
ity device was suitable only for controlled laboratory testing
purposes.

Based on the observed distress in the Chesapeake Channel
Tunnel, the team developed the relationship in Figure 3.12
that relates surface dielectric values measured in the tunnel to
surface distress that is assumed to be caused by excessive mois-
ture, leading to reinforcing steel corrosion and further distress.
Admittedly, significant scatter is apparent in the data shown in
Figure 3.12. However, Figure 3.12 could be useful in interpret-
ing surface dielectric data for concrete.

The surface rating is defined in Table 3.3.

Figure 3.12. Surface dielectric versus surface rating (using Chesapeake Channel

Tunnel results).
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Table 3.3. Surface Rating Based on Distress Observed

Distress Observed

Surface Rating

Cracks, no staining

Cracks, light staining

Cracks, light staining, and light calcium carbonate deposits

Cracks, moderate calcium carbonate deposits and staining

Cracks, moderate calcium carbonate deposits and staining; potential spalling (<2 in.)

(
Cracks, moderate calcium carbonate deposits and staining; potential spalling (2-6 in.)
(

Cracks, moderate calcium carbonate deposits and staining; potential spalling (6-10 in.)

Cracks, moderate to heavy calcium carbonate deposits and staining; spalling (<2 in.)

Cracks, moderate to heavy calcium carbonate deposits and staining; spalling (2-6 in.)

2
Cracks, moderate to heavy calcium carbonate deposits and staining; spalling (6-10 in.)

(
(
(
(

Cracks, moderate to heavy calcium carbonate deposits and staining; spalling (>10 in.)

|| (N |||~ |N

—_
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Conclusions and Recommended Research

Chapter 2 reports the advisory expert panel’s findings on
performance criteria, which indicated that NDT should be
able to detect any defect within or immediately behind tunnel
linings that have a minimum surface area of 1 sq ft, and any
defect needs to be located within 1 ft of the actual location on
the tunnel lining. The panel also noted that NDT should
identify delaminated areas and voids up to 4 in. deep as mea-
sured from the lining surface with an accuracy within 0.25 in.

According to the results reported in Chapter 3, the follow-
ing techniques can detect defects with minimum surface areas
of 1 sq ft up to 4 in. deep (and in some cases even deeper):

e Air-coupled ground-penetrating radar;

e Thermography (handheld thermal camera);

e SPACETEC scanner;

¢ Ground-coupled ground-penetrating radar;

e Ultrasonic tomography;

e Ultrasonic echo; and

¢ Portable seismic property analyzer ultrasonic surface waves
and impact echo.

All these techniques appear to provide useful information
for evaluating tunnel linings and should be considered for
implementation; but the limitations of each technology need
to be considered and are outlined in individual appendices.
None of the devices are able to detect a 1-sq-ft void in a steel
lining behind concrete. In addition, the 0.25-in. accuracy cri-
terion for defects up to 4 in. deep can be problematic for the
in-depth devices. A 0.5-in. accuracy appears to be more
realistic. Table 4.1 summarizes the accuracy, detection depth,
deterioration mechanisms detected, tunnel lining types, and
other information for these technologies.

The following sequence of testing is suggested for evalu-
ating tunnel linings based on the research conducted under
this study:

¢ Collect thermal images and air-coupled GPR data on the
tunnel lining. Air-coupled GPR data should be collected
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every foot along the tunnel lining. Thermal images can be
collected every foot as well; however, the equipment covered
in this report can collect data at a spacing determined by the
camera operator or tunnel inspector. Ideally, the data should
be collected on the same day; however, they can be collected
separately. The thermal images should be collected when the
air temperature is rising or falling; areas of possible defects
may show up better in the thermal images. The data from
any of these devices can be obtained at a walking pace
(around 1 mph, or 1.61 km/h). Air-coupled GPR data can be
obtained at much higher speeds, but the geometry and fea-
tures in tunnels may hinder operation of the equipment at
speeds much greater than 1 mph.

¢ Analyze the data from the scanning devices listed in Table 4.1.
Select areas for in-depth testing based on the GPR surface
dielectric results, thermal images, and observed surface dis-
tresses that are of concern to tunnel inspectors.

e Conduct in-depth testing with the ground-coupled GPR
and either the ultrasonic tomography, ultrasonic echo, or
PSPA device. The choice of equipment can be based on the
cost and the type of defect to be detected (tile debonding,
delamination, or voids). The ultrasonic tomography and
ultrasonic echo devices may be more appropriate for mea-
suring and mapping defects greater than 2 in. from the tun-
nel lining surface. The ultrasonic tomography device is more
expensive than the other two devices; however, it has the
capability to provide more information in the field about
such defects. The PSPA may be more appropriate for deter-
mining the limits of shallow defects.

¢ Evaluate the data collected from these devices.

The SPACETEC scanner is available only through a service
provider. Service providers can also perform NDT by using the
actual or similar devices or techniques described in this report.
However, all but the SPACETEC equipment can be operated
by tunnel owner personnel. The equipment and essential data
processing software are commercially available. To implement
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Table 4.1. Summary of Nondestructive Testing (NDT) Devices
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Device

Accuracy

Detection Depth

Deterioration
Mechanisms
Detected

Tunnel Lining
Types

Other Information

Air-coupled
GPR

Locates defect
within 1 foot of its
actual location

Does not measure
depth, but indicates
areas of high moisture
or low density (high air
voids). Such areas
may represent prob-
lems within or behind
the tunnel lining.

Tile debonding,
delaminations,
air-filled voids,
water-filled voids,
moisture
intrusion

Concrete, tile-lined
concrete, and
shotcrete

This is a scanning tool that
can indicate where to
conduct testing with
in-depth devices.

Thermography
(handheld
thermal
camera)

Locates defect
within 1 ft of its
actual location

Does not measure
depth, but can indicate
tile debonding, delami-
nations up to 1 in. and
voids up to 3in.

Tile debonding,
delaminations,
air-filled voids,
water-filled voids,
moisture intrusion

Concrete, tile-lined
concrete, and
shotcrete

This is a scanning tool that
can indicate where to
conduct testing with
in-depth devices.

SPACETEC
scanner

Locates defect
within 1 ft of its
actual location

Does not measure depth,
but can indicate tile
debonding, possibly
delaminations up to
1 in. and possibly
voids up to 3 in.

Tile debonding,
delaminations,
air-filled voids,
water-filled voids,
moisture intrusion

Concrete, tile-lined
concrete, and
shotcrete

This is a scanning tool that
can indicate where to
conduct testing with
in-depth devices. Testing
can only be conducted
through a service contract.

Ground-
coupled
GPR

Can determine
defect depth
within 10% of the
actual depth with-
out reference
cores—5% if
cores are available

Can possibly detect
defects at any depth
within or immediately
behind tunnel linings.
However, specimen
testing indicates it
cannot locate 1-sqg-ft
voids in steel plates
behind tunnel linings.

Delaminations,
air-filled voids,
water-filled voids,
moisture
intrusion

Concrete, tile-lined
concrete, and
shotcrete

Experienced personnel are
needed to interpret defect
locations and depths from
the GPR scans. Specimen
testing indicates it cannot
locate 1-sg-ft voids in
steel plates behind tunnel
linings.

Ultrasonic
tomography

In concrete, can
detect voids within
0.5 in., shallow
delaminations
within 0.75 in.

In shotcrete, can
detect air-filled
voids within 0.7 in.,
water-filled voids
within 1.21 in.,
shallow delamina-
tions within 1.88 in.

Can detect defects up
to 8 in. deep accord-
ing to specimen tests.
Tunnel tests indicate it
can detect possible
defects up to 20 in.
deep.

Delaminations and
voids

Concrete, tile-lined
concrete, and
shotcrete

This device may not be
effective for measuring
defects that are 2 in. or
less from the lining sur-
face. It may not be accu-
rate enough for measuring
defect depths in
shotcrete.

Ultrasonic
echo

Comparable to the
ultrasonic tomog-
raphy system
according to
tunnel testing with
both devices.

Can measure tunnel
lining thickness
within 3% of the
actual thickness

Comparable to the
ultrasonic tomography
system according to
tunnel testing with
both devices

Delaminations and
voids

Concrete and
shotcrete

This device may not be
effective for measuring
defects that are 2 in. or
less from the lining surface.
It may not be accurate
enough for measuring
defect depths in shotcrete.
Tunnel tests indicate
problems with using this
device on tiles.

Portable
seismic
property
analyzer
(PSPA)
ultrasonic
surface
waves and
impact echo

Ultrasonic surface
waves: about 15%
of the actual depth
for defects up to
6 in. deep

Impact echo: 10%
for deep delami-
nations greater
than 6 in. deep

Ultrasonic surface waves:
up to 6 in. deep

Impact echo: up to
18-in. deep

Delaminations and
voids

Concrete, tile-lined
concrete, and
shotcrete

Quantifying the depth of
defects that are shallow or
extensive may be difficult
with this device. It may
not get good results when
testing on very rough
concrete surfaces, oily
surfaces, and severely
curved surfaces.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

32

each of these methods, however, the personnel in charge need
to be sufficiently trained in data collection, reduction, and
interpretation.

Of the devices tested under this study, the handheld ther-
mal camera appears to be the easiest to use and can be effec-
tively used by tunnel owner personnel. Data collection and
analysis of the images can be conducted in the field. Con-
versely, the air-coupled and ground-coupled GPR equipment
require considerably more training and experience for data
collection and operation. These devices involve the use of
integrated systems containing a data collection module, com-
puter, antenna, and distance-measuring indicator. Data analy-
sis of the air-coupled GPR data will generally be simpler than
the ground-coupled GPR data. The researchers recommend
that the surface dielectric data from the air-coupled GPR be
used for determining where to conduct more in-depth tests;
these data are easily generated by GPR analysis programs. The
training and experience needed to effectively collect and ana-
lyze data by using the ultrasonic tomography, ultrasonic echo,
and PSPA equipment are expected to be less than that for the
GPR equipment.

For rapid scanning of tunnel linings, data from the
SPACETEC scanner, the air-coupled GPR, and thermal cam-
era images can indicate areas where further inspection by tun-
nel personnel may be warranted. All devices were able to detect
problems within 1 ft of the actual location on the tunnel lining.
However, the SPACETEC scanner is not for sale. Data collec-
tion and analysis are provided by SPACETEC through a service
contract. The 1-GHz air-coupled GPR antennae, such as the
one used in this study, are no longer for sale in the United States
because of Federal Communications Commission regulations,
though several service providers still own these antennae.
Antennae available for sale in the United States should be effec-
tive for collecting data if they meet the radar specifications
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contained in Appendix T. According to this study, thermal
cameras have the ability to detect 1-sq-ft voids 3 in. deep
when significant concrete thermal gradients exist, and the lit-
erature suggests they can detect even deeper voids. However,
the research team believes that vehicle-mounted thermal cam-
era systems are not quite ready for implementation; further
software development is needed.

Ground-coupled GPR, ultrasonic tomography, ultrasonic
echo, and the PSPA are all able to detect defects up to a depth
of 4 in. However, for ground-coupled GPR, the defects can be
detected only if they contain significant air pockets or sig-
nificant moisture. Ultrasonic tomography can detect deeper
defects but cannot directly detect defects if they are less than
2 in. from the surface.

All of these devices will require a combination of class-
room and hands-on training for collecting and analyzing data.
Although beyond the scope of this study, laser scanning and
digital photogrammetry techniques can also provide informa-
tion about tunnel lining profile and surface distress that may
be useful to tunnel inspectors.

Finally, service providers can collect and analyze data for
clients using the devices listed above. However, clients should
consider the limitations for each device before selecting a ser-
vice provider.
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Air-Coupled Ground-Penetrating

Radar Testing Criteria

Accuracy

The surface dielectric values calculated from the air-coupled
ground-penetrating radar (GPR) data are used to determine
where to test with in-depth nondestructive testing (NDT)
devices. The surface dielectric is calculated as follows:

2
(Alj
Am

Am
where
€, = dielectric of the lining surface,
A, = amplitude of reflection from the surface in volts, and
A,, = amplitude of reflection from a large metal plate in

volts (this represents the 100% reflection case).

The accuracy of these amplitudes is critical in calculating the
surface dielectric.

The Texas A&M Transportation Institute (TTI) developed
an air-coupled GPR hardware specification that contains the
requirements for such systems (see Appendix T for a discus-
sion of this specification). The specification addresses the accu-
racy of the system. The distance measuring indicator (DMI)
used with the air-coupled GPR system in this study is accurate
within 1 ft.

Air-coupled GPR data should not be relied on for accu-
rate measurements of the depths of defects in tunnel
linings. The researchers believe that the surface dielectric
value can indicate where such defects might be located.
Testing conducted during this study indicated that the air-
coupled GPR data could indicate 1-sq-ft air voids (1-in.
thick) up to 3 in. from the lining surface for reinforced
linings, and up to 7.625 in. from the lining surface for plain
unreinforced linings. The calculated depths of the defects
from the TTI air-coupled GPR data analysis software was
2.6 in. and 7.7 in., respectively. Therefore, the system was
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accurate within 0.4 in. for the shallow void and approxi-
mately 0.1 in. for the deeper void.

The testing indicated that the air-coupled GPR data
could indicate a 1-sq-ft water-filled void at 3 in. from the
lining surface. The calculated depth of this defect from the
TTI air-coupled GPR data analysis software was 2.7 in.
Therefore, the system was accurate with 0.3 in. for this water-
filled void.

Precision

The air-coupled GPR hardware specification also addresses the
precision of the system to ensure that the surface dielectric mea-
surement is precise. The measurement results of the DMI used
with the TTI air-coupled GPR system are repeatable and repro-
ducible within 1 ft.

Calibration Procedures

The air-coupled GPR hardware specification is also used for
calibrating the system. The DMI should be calibrated every
3 months. This is done by traveling over a known distance
(minimum 500 ft) and comparing the DMI measurement to
the known distance measurement.

Testing Procedures

Air-coupled GPR antenna manufacturers have their own
GPR-system-specific user manual that should be followed
when collecting data. Before collecting data on a tunnel lining,
personnel should collect at least 50 air-coupled GPR waveform
traces over a minimum 16-sq-ft metal plate (4 ft long by
4 ft wide) at the operating height of the antenna (between
12 in. and 18 in.). These data will be used to calculate the
surface dielectric. During data collection on the tunnel lining,
the air-coupled GPR data should be collected at 1-ft intervals
or less.
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Cost

The price for a complete air-coupled GPR system with survey
van and mounting is usually between $180,000 and $200,000.

Limitations

The air-coupled GPR surface dielectric is recommended for
use in determining where to test tunnel linings with in-depth
nondestructive testing devices.

At present, only one company manufactures Federal Com-
munications Commission (FCC)—compliant air-coupled GPR
systems for sale in the United States. However, several air-
coupled GPR service providers in the United States provide
data collection and interpretation services. They may use the
FCC-compliant systems or grandfathered systems similar to
the 1-GHz system used by TTI in this study.

Air-coupled GPR data should not be relied on to accurately
measure the depths of defects in tunnel linings. Air-coupled
GPR can detect 1-sq-ft defects up to a depth of 3 in. for rein-
forced linings and 7 in. for plain unreinforced linings if they
contain a significant amount of air (such asa 1-in.-deep air gap)
or a significant amount of moisture (such as a 1-in.-deep water-
filled void).

External electromagnetic radiation such as cell phone
antennae, radio antennae, and television station antennae
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can cause signal degradation. Salts (either from deicing opera-
tions or from seawater) in the concrete may result in signal
penetration problems. Also, steel fibers in shotcrete prevent
air-coupled GPR signal penetration. Concrete containing
steel slag can prevent air-coupled GPR signal penetration
as well.

Data Management

Commercially available air-coupled GPR systems (such as the
FCC-compliant system described at the webpage http://www
.geophysical.com/antennas.htm) come with data collection
and management software. Some air-coupled GPR service
providers also have their own data management software.

Data Analysis
and Interpretation

Data analysis software is provided by the manufacturer of
such systems. Air-coupled GPR service providers may also
provide data analysis and interpretation services.

The surface dielectric data are easy to calculate using avail-
able software. However, data interpretation for locating sub-
surface defects can only be done by experienced, trained users
and usually demands engineering judgment.
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Ground-Coupled Ground-Penetrating

Radar Testing Criteria

Accuracy

Ground-coupled ground-penetrating radar (GPR) is used to
detect the depth of defects in tunnel linings. The accuracy of
determining depths to defects depends on the experience of
the interpreter. But in general, the depth accuracy is £10%
without reference cores and 5% if cores are available.

Precision

The precision of ground-coupled GPR depends to some degree
on the hardware, but in general all ground-coupled systems are
precise enough for tunnel surveys (repeatable and reproduc-
ible) as long as no significant changes in moisture content or
material properties occur in the area being measured. Such
changes can have a complex effect on coupling and, thus,
antenna performance. But typically, ground-coupled GPR
does show anomalies on the same location.

Calibration Procedures

Ground-coupled GPR antennae require no special calibra-
tion. The important issue is to use a gain level that does not
cause a signal clipping effect.

Testing Procedures

Ground-coupled GPR antenna manufacturers have their own
GPR-system-specific user manual that should be followed
when collecting data. For example, Geophysical Survey Sys-
tems, Inc. (GSSI) provides a handbook for concrete inspection
on its website: http://www.geophysical.com/Documentation/
Manuals/MN72367D1%20Concrete%20Handbook.pdf.

Cost

The price for a complete ground-coupled GPR system
starts around $50,000. Antennae with different central fre-
quencies are available (usually from 100 MHz to 1.5 GHz).
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The researchers used GSSI 900-MHz and 1.5-GHz
antennae.

Limitations

Data collection can be slow because the antenna needs to be
either in contact or close to the lining surface during data
collection.

e Data interpretation requires educated and experienced
personnel.

e External electromagnetic radiation such as cell phone
antennae, radio antennae, and television station antennae
could cause signal degradation, although that is not usu-
ally observed with these types of antennae.

e Salts (from either deicing operations or seawater) in the
concrete may cause signal penetration problems.

e Steel fibers in shotcrete prevent ground-coupled GPR sig-
nal penetration. Concrete containing steel slag can also
prevent signal penetration.

Data Management

Commercially available ground-coupled GPR systems (such
as the systems described on the webpage http://www
.geophysical.com/antennas.htm) come with data collection
and management software. Ground-coupled GPR service pro-
viders may also have their own data management software.

Data Analysis and
Interpretation

Data analysis software is provided by the manufacturer of
such systems. Ground-coupled GPR service providers may
also provide data analysis and interpretation services. How-
ever, data interpretation for locating subsurface defects can only
be done by experienced, trained users and usually demands
engineering judgment.
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Handheld Thermal Camera Testing Criteria

Accuracy

A commercially available handheld thermal camera, the FLIR
T300, was used in this study. The specifications for the
camera can be found at http://support.flir.com/DsDownload/
Assets/45305-0201_en_41.pdf. According to FLIR, the accu-
racy of the temperature readings is 3.6°F or +2% of the
reading.

Images from this system do not indicate depths of defects.
However, the images can indicate possible tile debonding,
delaminations up to 1 in. deep with a minimum surface area
of 1 sq ft, and voids up to 3 in. deep with a minimum surface
area of 1 sq ft, based on specimen testing. Such defects can be
pinpointed within 1 foot of their actual location.

Appendix L provides additional information on the FLIR
T300 camera system used in this study, as well as selected
images.

Precision

According to FLIR, the precision of the T300 system is less
than 0.09°F (0.05°C). The areas of possible defects can be
pinpointed within 1 foot of the actual defects as long as the
thermal contrast of the area of interest has not changed and
the system is properly calibrated.

Calibration Procedures

Each thermal camera manufacturer publishes its own cali-
bration procedures (if needed). The user cannot make this
calibration; the camera has to be sent to the manufacturer or
authorized reseller for calibration.

Testing Procedures

The camera operator needs to ensure that the equipment is
properly focused before beginning the data collection pro-
cess. No other special testing procedures are needed.
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The researchers used the following process when testing in
tunnels:

1. Turn on the camera.

2. Aim the camera at a tunnel lining. Observe the tempera-
ture of the lining in the center of the display.

3. Manually set the temperature range to a range of around
5°F (e.g., 60°F to 65°F if the tunnel lining temperature at
the center is 62°F).

4. Adjust the range so that a color spectrum appears on the
camera display.

5. Aim the camera down the tunnel. With the laser pointer
(mounted on the camera), point out areas to personnel
where the temperature appears to be higher or lower than
usual—according to the camera display.

6. Have the personnel inspect the area and determine if the
area warrants further investigation by hammer tapping or
visual observations of distress or moisture. Mark the area
if further investigation is needed.

Cost

The FLIR T300 handheld thermal camera costs approxi-
mately $9,000.

Limitations

The equipment is not accurate at temperatures below —4°F
(—20°C) or above 248°F (120°C). (This is inferred from the
FLIR A325 vehicle-mounted thermal camera default calibra-
tion.) The normal operating temperature is between 5°F
(~15°C) and 122°F (50°C).

Data Management

Thermal cameras contain data collection and management
software. The images are stored on a secure digital (SD)
card with the image number and date. The SD card can be
removed so the images can be transferred to a computer.
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Data Analysis and further refined and inspected. For example, FLIR provides
Interpretation free software for data analysis and interpretation of images
taken with its equipment. This software is described and

Thermal camera manufacturers provide data analysis can be downloaded at http://www.flir.com/cs/emea/en/

and interpretation software with which the images can be view/?id=42406.
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http://www.flir.com/cs/emea/en/view/?id=42406
http://www.flir.com/cs/emea/en/view/?id=42406
http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Ultrasonic Tomography Testing Criteria

Accuracy

The ultrasonic tomography (UST) system used in this study is
a device with an array of ultrasonic transducers that transmit
and receive acoustic stress waves for the inspection of concrete
structures. The system used here, the A1040 MIRA, is produced
by Acoustic Control Systems. The device’s accuracy varies
according to the material tested: concrete or shotcrete.

Concrete Slabs with Blind Calibration

When used for testing concrete slabs, UST typically relies
on blind calibration in the field. Thus, the wave speed (the
parameter that most affects the depth readings of anomalies)
used in data collection is calculated by averaging wave speeds
from eight initial calculations (see “Test Procedures” in Chap-
ter 3 of the Tunnel Nondestructive Testing Equipment User’s
Manual). The resulting average may vary from location to
location, giving an inaccurate depth reading. Even so, the
UST system has been demonstrated to locate 8-in.-deep air-
filled voids with 0.44-in. depth accuracy, 8-in.-deep water-filled
voids with 0.50-in. depth accuracy, and 2-in.-deep to 3-in.-deep
delaminations with 0.74-in. depth accuracy. Backwall reflec-
tions for specimens from 12 in. to 24 in. can be located with a
2.00-in. accuracy.

Shotcrete Slabs with Blind Calibration

In shotcrete slabs, the UST system has been demonstrated to
locate 3-in.-deep to 8-in.-deep air-filled voids with a 0.70-in.
accuracy, 3-in.-deep to 8-in.-deep water-filled voids with a
1.21-in. accuracy, and 2-in.-deep to 8-in.-deep delamination
with a 1.88-in. accuracy. Backwall reflections for specimens as
deep as 12 in. can be located with a 1.53-in. accuracy.

Note that under 2 in. (at 50 kHz), defects are typically seen
only by the shadowing effect. Occasionally, the nature of the
defect allows detection from 1 in. to 2 in. deep.

38

Precision

Three cases for precision are presented. They are repeatability
of one device, in which the same device is used with the same
settings on the same specimen; reproducibility with the same set-
tings, in which two separate but identical devices are used with
the same settings on the same specimens; and reproducibility
with blind testing, in which two separate but identical devices
are used to individually calculate wave speed but are used on the
same specimens.

Repeatability of One Device

In repeatability tests using the same device with the same set-
tings and parameters on the same day, air- and water-filled
voids, delamination, and backwall reflections are detected with
a precision of 0.16 in.

Reproducibility with the Same Settings

In reproducibility tests with two separate but identical sys-
tems compared side-by-side with the same settings and
parameters on the same day, air- and water-filled voids,
delamination, and backwall reflections are detected with a
precision of 0.51 in.

Note that the two separate systems did not have the same
version of firmware, and the system used for the comparison
consistently predicted the anomalies 0.51 in. deeper than the
Texas A&M Transportation Institute’s system. The research
team does not expect systems to differ this much when they
use the same version of firmware.

Reproducibility with Blind Testing

The following are results from reproducibility tests using two
systems that follow similar blind calibration procedures on
the same day.
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Wave Speed Calculated by Two Systems
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Figure D.1. R? for reproducibility of wave speed calculation

(two separate MIRA systems).

Concrete Slabs with Blind Calibration

The two UST systems have been demonstrated to locate
8-in.-deep air- and water-filled voids with a 0.51-in. precision
and 2-in.-deep to 3-in.-deep delamination with a 0.55-in.
precision. Backwall reflections for specimens as deep as 12 in.
to 24 in. can be located with a 0.70-in. precision.

Shotcrete Slabs with Blind Calibration

The two UST systems have been demonstrated to locate 3-in.-
deep to 8-in.-deep air-filled voids with a 0.51-in. precision,
3-in.-deep to 8-in.-deep water-filled voids with a 0.70-in. preci-
sion, and 2-in.-deep to 8-in.-deep delamination with a 0.35-in.
precision. Backwall reflections for specimens as deep as 12 in.
can be located with a 0.70-in. precision.

Reproducibility of Wave Speed

Two MIRA UST systems were used to compare the system’s
abilities to reproduce the same wave speed. For a test involv-
ing 16 specimens, a strong positive correlation exists (with a
coefficient of determination of 0.952), as shown in Figure D.1,
with a standard error of approximately 33 m/s (108 ft/s).

Calibration Procedures
Blind Calibration Procedures

Blind calibration is performed when ground truth informa-
tion is not available for the type of concrete under inspection.
This is the typical field condition. The ultrasonic tomography
system is calibrated using an average wave speed calculated

from eight randomly oriented collection points. Calibration
procedures can be found in the Tunnel Nondestructive Test-
ing Equipment User’s Manual or Sections 1.3 and 1.4 in the
manufacturer’s user manual.

Ground Truth Calibration Procedures

When ground truth information is available to fine-tune the
system, the wave speed should first be estimated by the proce-
dure outlined in Chapter 1 of the Tunnel Nondestructive Testing
Equipment User’s Manual. If the determined wave speed does
not accurately produce the same results as the ground truth
information, the user should adjust the wave speed so that the
displayed defect matches the ground truth information.

Testing Procedures

Testing procedures are given in “Test Procedures” of Chapter 1
in the Tunnel Nondestructive Testing Equipment User’s Manual
and in Section 2 in the manufacturer’s user manual.

Cost

The cost of the A1040 MIRA UST system is approximately
$58,000, which includes the A1040 unit, a removable battery,
analysis software on a laptop, a USB cable for data transfer, a
user manual, and a transportation case.

Limitations

The limitations of the system are given in detail under
“Limitations” in Chapter 1 of the Tunnel Nondestructive
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Testing Equipment User’s Manual. Limitations include the
following:

e The speed of data acquisition is low (0.8 to 2.3 min/sq ft).

¢ No phase change information is available to infer defect type.

e No information deeper than initial air interfaces is
discernible.

e The system has difficulty detecting reinforcement below
two layers of reinforcement mesh.

e TFor a 50-kHz use, defects under 2 in. from the surface are
not directly detected.

e Fora50-kHz use, reinforcements under No. 5 rebar (0.625-in.
diameter) are not typically detected.

Data Management

Data files for typical grid spacing (50 mm to 200 mm by
50 mm to 200 mm) for comprehensive maps range from
12 kb/sq ft to 35 kb/sq ft. The research team recommends that
all data be stored on a remote hard drive.
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Data Analysis and Interpretation

Data reconstruction and imaging are performed automatically
by the ultrasonic tomography system for two-dimensional
review mode. Data reconstruction and imaging are performed
automatically by the accompanying [DealViewer software for
three-dimensional map mode. Raw data files are generated as
* Ibv, *.bin, *.bmp, and *.cfg files.

Data interpretation is manually performed by an experi-
enced operator for both the map and review modes of opera-
tion. Interpretive guidelines are given under “Interpretation
Guidelines” in Chapter 1 of the Tunnel Nondestructive Testing
Equipment User’s Manual.

Reference

White, J., S. Hurlebaus, S. Nazarian, and P. Shokouhi. 2014. SHRP 2
RO6G: Tunnel Nondestructive Testing Equipment User’s Manual.
Transportation Research Board of the National Academies,
Washington, D.C.
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Ultrasonic Echo Testing Criteria

Accuracy

The ultrasonic echo equipment used in this research study is
commercially available. It is the A1220 Monolith developed
by Acoustic Control Systems, in cooperation with the Fed-
eral Institute for Materials Research and Testing (BAM) in
Germany. The equipment’s accuracy depends mainly on the
data acquisition hardware; however, with the A1220, the tun-
nel thickness can be estimated within an accuracy of 3% of
the actual thickness. This system and the ultrasonic tomogra-
phy testing system (discussed in Appendix D) measured com-
parable depths to defects in tunnel linings.

Precision

The A1220 measurements are highly reproducible (i.e., the
precision is very good) when no coupling agent is used. Using
a scanning system enhances the reproducibility of the mea-
surements because the pressing pressure on the transducer
and its location can be accurately controlled.

Calibration Procedures

No standard calibration procedures need to be performed
before starting to take measurements.

Testing Procedures

When using dry-point contact probes, no coupling liquids
need to be applied on the surface. However, the surface should
be cleaned of dust and sand, and any materials that could
prevent the penetration of low-frequency ultrasonic energy
should be removed from the surface.

The location of the test site and its dimensions should be
marked and noted to facilitate the reproduction of measure-
ments if necessary and to locate the detected features. For scan-
ner testing, the location of the scanner feet and the dimension
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of the scanner aperture need to be carefully noted. Equally
important, the orientation of the probe (i.e., its polarization)
with respect to the test area or scanner opening should be
recorded.

The technical passport of the hardware includes informa-
tion about the center frequency of the probe, the delay time,
and the voltage level. These constitute all the parameters to be
set before starting the measurement process. The choice of
parameters depends on the particular application, that is, the
test material and the required penetration depth. For testing
of concrete tunnel linings of up to 3 ft thick, a center frequency
of 55 kHz could be used.

The number of test points and grid spacing depend on the
required resolution (i.e., the minimum size of the defects
being sought) and the time allocated for field investigations.
For this project, the team chose a grid spacing of 1 in. in
each direction, allowing the scanning operation at about
11 sq ft/h (or 1 sq m/h) for acoustic testing. Investigations
revealed that doubling the grid spacing to 2 in. would not
compromise the accuracy of the test results. Reconstruc-
tion algorithms used for postprocessing the data (e.g., syn-
thetic aperture focusing technique) are most effective for
grid spacing of 2 in. or less. To achieve the maximum accu-
racy, measurements might need to be performed with two
polarizations.

Cost

A handheld unit with one transducer can be purchased for
less than $10,000. The cost of a scanning system with the con-
trol unit is about $100,000.

Limitations

The main limitation of conventional ultrasonic techniques
is that the sensors have to be in contact with the structure
during the measurement process. This leads to several issues
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such as poor repeatability and/or inconsistency of measure-
ments, as well as delays from displacing and reinstalling the
transducers. Mounting the ultrasonic device on a scanning
system accelerates the measurement process and greatly
enhances the repeatability and consistency of the results.
However, compared with contact-free measurement systems,
conventional ultrasonic testing (even with dry-contact trans-
ducers like A1220) is relatively slow. Therefore, it is suitable for
the assessment of areas deemed problematic during screening.
Other limitations of ultrasonic echo testing include the
following:

e At or near block joints or other structural boundaries, the
signals suffer great disturbance due to the reflection of
surface waves. This makes the reliable evaluation of mea-
surements difficult.

e Theacoustic waves reflect partially at the interface between
the inner shell concrete and roof gap backfill material.
If these two materials are well bonded, the reflection is very
small or may not be identified. However, a separation often
occurs between these two materials. A gap of a few hun-
dredths of a millimeter is sometimes enough to completely
reflect the sound waves. In such cases, only the thickness of
the inner shell is measured (excluding the backfill material).

¢ Even with the phase evaluation, the difference between cer-
tain types of defects (e.g., a flaw and an excessively thin
cross section of lower acoustic impedance) cannot always
be established.

¢ In the case of air-entrained concrete or fiber-reinforced
concrete, the range of thickness measurements was report-
edly reduced, or carrying out the measurements was more
difficult.
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Data Management

The collected data are downloaded from the ultrasonic hard-
ware and saved on an external hard disk for safekeeping.
Depending on the amount of data acquired, downloading
might be necessary in between a measurement cycle; other-
wise, an external hard disk can be connected to the instru-
ment. Using the A1220 device on a 1-in. by 1-in. grid of size
48 in. by 24 in. (1,225 data points, 1,024 samples per signal,
and a sampling frequency of 1 MHz) produces a 16-bit binary
file of 2.39 MB. The analysis software delivered with the hard-
ware is able to read the binary data format in which the infor-
mation is saved. With other analysis software, the data might
need to be transformed into a different file format.

Data Analysis and
Interpretation

Basic data analysis software is provided by the manufacturer.
Other standard data analysis software can be used for further
postprocessing of the experimental data.

Interpretation depends on the mode of testing (one point
[A-scan], linear [B-scan], or surface measurements [C- and
D-scans]) and may be enhanced by using advanced analysis and
visualization tools. For example, applying the synthetic aper-
ture focusing technique to the data improves the signal-to-noise
ratio. Phase analysis makes it possible to distinguish among fea-
tures and anomalies of different constituents (e.g., steel or air
void). Built-in plans or other information about the test area
may greatly facilitate the interpretation of the results as well.

Data interpretation can be done by experienced trained
users and usually demands engineering judgment.
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Ultrasonic Surface Waves and Impact

Echo Testing Criteria

Accuracy

The portable seismic property analyzer (PSPA) performs the
ultrasonic surface wave and impact echo tests simultane-
ously. On the basis of the results obtained in SHRP 2 Renewal
Project RO6A, Nondestructive Testing to Identify Concrete
Bridge Deck Deterioration, the measurement spacing should
be equal to or less than the smallest delaminated area to be
detected by either the ultrasonic surface waves (USW) or the
impact echo (IE) method. To map the area of the delami-
nated area accurately, the measurement spacing should
be half the desired smallest dimension of the area that is of
practical value.

Figure E1 represents the USW and IE results of the tradi-
tional PSPA, along with the approximate horizontal distribu-
tion of the defects from SHRP 2 Project RO6A. According to
an objective criterion defined by Azari et al. (2012), the accu-
racy of the USW and IE methods in detecting the defects was
estimated at about 83% and 85% of the points tested, respec-
tively. The detectability of the combined USW and IE results
in locating the defects improved slightly, at 86%.

The new PSPA results are similar to the traditional PSPA
results. The amplitude and dominant frequency spectra are
shown in Figure F.2. The defective areas are indicated by high
amplitude and low frequency.

The USW method is about 15% accurate in approximating
the depth of defects. It becomes less effective when the delami-
nation is deeper than 6 in. The IE method is more effective in
locating deep delaminations. The accuracy of the IE method
in estimating the depth of delamination is about 10%.

Precision

Precision was evaluated through statistical analyses of the
three sets of data from the three runs of the USW and IE
methods on the centerline of the specimen. The USW method’s
repeatability results from SHRP 2 Renewal Project RO6A are
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shown in Figure E3a. The upper and lower bounds were calcu-
lated for each test by adding/subtracting one standard deviation
u of the three runs to/from the mean modulus of three runs.
The coefficient of variation (cov), which was used as a measure
of repeatability, was obtained by calculating p of the three runs
divided by their corresponding mean value p (cov = 6/p). As
shown in Figure E3Db, the average cov was about 12%. The
repeatability of IE test results for estimating the thickness of
the slabs was also evaluated. The main points contributing to
the higher standard deviation are the severely deteriorated
points—where slight spatial variation may cause differences
in the values. Nazarian et al. (2006) have shown that for new
construction, the average cov is less than 7%.

The thickness is calculated on basis of the dominant fre-
quency and compression wave velocity of each slab. The aver-
age cov of thickness was about 6%. These values correspond
well with the anticipated uncertainty of 5% to 10% reported in
the literature for the IE method. As recommended by a number
of researchers (Nazarian et al. 2006), the evaluative power of
the thickness estimation with the IE method can be improved
through a calibration process using one or two cores.

Calibration Procedures

After initial calibration by the manufacturer, a rigorous cali-
bration is not necessary unless the sensors are replaced.

Testing Procedures

Testing procedures are documented at http://www.geomedia
.us/. To collect data with the PSPA, the user initiates the testing
sequence through the computer. The high-frequency source is
activated four to six times. The outputs of the two transducers
from the last three impacts are saved and averaged (stacked).
The other (prerecording) impacts are used to adjust the gains
of the preamplifiers. The gains are set to optimize the dynamic
range.
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Figure F.1. USW and IE contour maps.
Cost slip during testing. The new PSPA has resolved some of these

The PSPA costs about $25,000. The speed of data collection
can also be considered in the cost category because of the cost
of traffic control and losses associated with traffic interrup-
tions. Although the PSPA collects data point-by-point, the
PSPA is a relatively rapid testing device. The data collection
speed of the PSPA is about 30 s/point.

Limitations

Although the USW and IE methods are shown to be success-
ful in detecting internal defects, some apparent disadvantages
should be considered. Both are localized testing methods, and
testing a long tunnel may take a lot of resources and time.
Although the IE method does have the ability to show the
existence of a defect, the depth of defects that are shallow or
extensive can be difficult to quantify. Inadequate contact will
result in inaccurate and false measurements, especially for
very rough concrete surfaces and oily and curved surfaces
such as tunnel linings, which occasionally cause the device to

issues.

Data Management

The PSPA saves the raw data from each test point with
appropriate meta-data indicating the time and information
about the test parameters. The collected data can be reana-
lyzed readily with new algorithms if necessary. At the start
of a project, the user identifies the location where the data
will be stored.

Data Analysis and
Interpretation

The data analysis is defined as the processing of the raw data
collected by the PSPA and includes preprocessing, data anal-
ysis and presentation, and data interpretation. In the pre-
processing phase of the IE method, using a time window to
remove the surface wave energy from the time records pro-
vides a more robust and accurate thickness measurement
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Figure F.3. Precision of the USW method.
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than when the entire waveform is used. In the USW method,
the surface wave energy should be reinforced by implement-
ing proper filters to minimize the reflection and body wave
energy.

The USW and IE results are graphically displayed in color
contour maps, namely, traditional with unlimited-color index,
traditional with two-color index, and checkerboard (Azari
etal. 2012). The traditional contouring uses a smoothing algo-
rithm to ensure that the displayed contour lines change gradu-
ally and incrementally from a minimum value to a maximum
value. When the unlimited-color index approach is selected, a
large number of shades of primary colors are used in the
smoothing algorithm. The two-color index contours contain
only two colors delineated by a threshold value. However, a
smoothing algorithm is still used to depict the results. The
checkerboard algorithm plots a rectangular array of cells. The
value for each cell is determined by smoothing the results
using the values of that cell and the four adjacent cells to define
a surface rectangle. Recent studies have shown that represent-
ing the data in a checkerboard format enhances the evaluative
power of the results (Azari et al. 2012).
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Interpreting the results requires defining the modulus and
frequency threshold to delineate between the intact and delami-
nated areas. In the USW results, the target modulus was set at
0.86 to ensure that the delaminated areas were selected with a
confidence level of about 95% (Nazarian et al. 2006). The test
points with a modulus less than 0.86 appear in red, indicating
that they are defective. The threshold in IE contour maps was
based on the thickness of the slab and the depth and extent of
delamination. The test points with dominant frequency less
than thickness frequency are marked as red (defective).
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Field Testing with Acoustic Sounding

Introduction

This appendix describes the progress of a particular non-
destructive testing (NDT) technique known as acoustic sound-
ingand outlines how this system will work within the framework
of the SHRP 2 Renewal Project RO6G.

This system is in its final stages of development, and research
thus far has shown it to be a promising technique capable of
quickly determining the stage of tile debonding in tunnel lin-
ings. Because the system remains under development, this
appendix discusses how the system will be used in inspection
procedures and provides an idea of what the end product will
be. An evaluation of public tunnels and a series of test speci-
mens will be conducted for this research and will be discussed
in the final report.

Acoustic Sounding Technique

When debonding occurs on tiled surfaces, hammer sounding
by ear or by microphone can readily differentiate bonded from
debonded tile. Debonded areas have a characteristic lower-
frequency pinging relative to fully bonded tiles. The goal here
is to devise a less subjective method for inspectors to quickly
and efficiently characterize the condition of tile bonding.

Technical Needs

In general, tile debonding can occur for two reasons: improper
installation or external influences. Improper installation
commonly includes the following:

e Improper use of bonding agent (e.g., mixing ratios or the
wrong type of agent);

e Improper tile spacing;

e Excessive open time; and

¢ Alow standard of workmanship (e.g., not “back buttering”
the tile).
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External influences can include environmental conditions
(e.g., thermal expansion) and/or excessive tunnel lining
forces (e.g., damage from voids, cracks, delamination, or
debonding).

In either case, debonding of the tile does occur and can
pose a danger to the public. This SHRP 2 project uses many
NDT techniques to identify the onset of damage behind the
tiled wall lining before debonding occurs and to quickly and
efficiently identify regions that need immediate attention
after debonding occurs.

Research Approach

The system under development is used with a laptop com-
puter capable of recording audio signals and installed with a
version of MATLAB (developed by MathWorks, http://www
.mathworks.com/products/matlab/), along with an impact
source (preferably a ball-peen hammer). As the operator
lightly taps the center of each tile with the hammer, the lap-
top’s internal microphone records the audio signal. MATLAB
software performs a fast Fourier transform on the data set
and uses pattern recognition techniques to monitor the fun-
damental frequencies of flexural vibration for each individual
tile. The modes of vibration frequencies in a voided tile can
be predicted using acoustic theory for a rectangular plate
with simply supported edges (Rossing and Fletcher 2003):

2 2
fom :0.453@{(”1“) +(”+lj }
L. L

where

¢; =longitudinal wave speed,
h = thickness of the tile,

m and n = integers describing the current mode of excita-
tion (m = n =0 for the fundamental frequency
of flexural vibration), and

L, and L, = respective side lengths of the tile.
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The vibration frequencies increase as the voided sections of
tile decrease (Liu et al. 2011). Therefore, it is theoretically
possible to relate the fundamental frequency to the approxi-
mate area of debonding.

This technique can be incorporated into a program that
assigns a color scale to the frequency spectrum of a tile wall
under inspection. The research team envisions that the final
program will be able to operate in two modes. The first is for
near-real-time inspection. In this mode of operation, a
threshold frequency from an expected frequency band repre-
senting sound concrete is established and used to make a
pass-fail decision, telling the operator whether a tile is most
likely bonded or debonded. The second mode is intended for
mapping a large region of tile, and the final result is a map of
the tiles showing the degree of expected bond. As in the first
mode, the operator selects a section of tile representing a fully
bonded state for the program to determine the fundamental
frequencies associated with bonded sections. The user then
taps each tile in a predetermined order. For instance, the sec-
tion might consist of an area 13 tiles high by 40 tiles wide. The
program prompts the operator to select the layout desired,
and after the operator taps each tile in the given order, the
program displays a plot showing the frequency spectrum.

Field Application in the
Washburn Tunnel

A rudimentary version of this technique was used for a proof-
of-concept test in the Washburn Tunnel in Houston, Texas.
The Washburn Tunnel is the only underwater vehicle tunnel
in operation in Texas and was completed in 1950. It carries a
federal road beneath the Houston Ship Channel, joining two
Houston suburbs.

The tunnel was constructed using the immersed tube method,
with sections joined together in a prepared trench, 26 m (85 ft)
below the water line. The entire inner wall is tiled with 110-mm
by 110-mm (4.3-in. by 4.3-in.) ceramic tiles. Like many under-
water tunnels with tiled walls, this one is experiencing debond-
ing in various areas. Three sections of tile that contained
debonded regions (as determined by an inspector performing
hammer sounding by ear) were chosen. The regions, shown on
the left side of Figure G.1, display the area under consideration
outlined with blue painter’s tape. The debonded section (deter-
mined by human ear) is indicated with a blue painter’s tape “x”
on the debonded section. On the right side of Figure G.1, scans
made via ultrasonic tomography (UST) are shown for each of
the three regions. The depths of the C-scans (plan views) in Fig-
ure G.1 range from 16 mm to 103 mm (0.63 in. to 4.1 in.). One
of the areas investigated (Figure G.1, middle) was evaluated by
using a rudimentary version of the acoustic sounding technique
and is shown in Figure G.2. This example shows a strong cor-
relation between hammer sounding by ear and the automated
acoustic sounding technique.
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In Figure G.2, the bottom left plot depicts the tiles color
coded in grayscale, with the higher frequencies (predicting a
fully bonded state) as white and the lower frequencies (predict-
ing a debonded state) as black. As previously discussed, the
lower frequencies should theoretically correspond to larger
voided areas behind the tile. The bottom right plot in Figure G.2
shows the output with a pass-fail algorithm denoting tiles that
fall below the expected fully bonded state (red is the expected
debonded state, and green is the expected fully bonded state).

Testing Criteria

For the automated acoustic sounding device discussed here,
no system is commercially available. The following testing
criteria are given to estimate the usefulness in designing and
implementing this technique.

Precision, Accuracy, and Repeatability

Precision and accuracy criteria will need to be determined on
the basis of ground truth data (which were not available for the
tunnel lining under inspection) on actual debonded tiles. Tech-
nological difficulties prevented the research team from com-
pleting a system for validation on test specimens within the
time constraints of this project. The system previously described
in Field Application in the Washburn Tunnel is only compared
with hammer sounding (by ear) and UST, which should not be
used in place of ground truth data.

Because the detection of debonded tiles depends on the fre-
quency band chosen to represent bonded tile, the threshold
value for a pass-fail decision will vary. The researchers recom-
mend rating the failures (debonded tiles) by color-coded signals
based on the proximity of the fundamental frequency response
to the chosen threshold. After this is experimentally tried, the
precision and accuracy of the technique can be estimated.

Repeatability will depend on the precise location of impact.
A great deal of variance is possible depending on how far the
point of impact is from the center of the tile.

Calibration Procedures

Calibration will have to be made on a section of tile evaluated
by other NDT devices or otherwise assured to be sound. The
researchers recommend determining a band from several
sample locations of bonded tiles. After this frequency band is
determined, it can be used as a threshold value for determin-
ing debonded tiles.

Testing Procedures

The research team envisions that a fully developed automated
sounding method will be able to operate in two modes. The
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Figure G.1. Debonded regions of tile (left) paired with the associated UST C-scans (right).

first is for near-real-time inspection. In this mode of opera-
tion, the threshold frequency from an expected frequency
band representing bonded tile; is established and used to
make a pass-fail decision, telling the operator whether the tile
is most likely bonded or debonded. The second mode is
intended for mapping a large region of tile, and the final
result is a map of the tiles showing the degree of expected

bond. This pass-fail decision will be based on how close the
fundamental frequency of the tile is to the threshold value.
As in the first mode of operation, the operator will select a
section of tile representing a fully bonded state for the pro-
gram to determine the fundamental frequencies associated
with bonded sections. The user will then tap each tile in a
predetermined order.
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Figure G.2. Debonded regions of tile (top) paired with the acoustic sounding results (bottom).

The research team also recommends developing an appli- Limitations
cation for a smart phone that would signal whether a tile is L . :
likely debonded or bonded. A threshold value could be cho- The limitations of this device are as follows:
sen to represent bonded tile, and significant deviations from
that threshold would result in a pass (green) or fail (red) e Battery power. Any remote device will rely on battery-
screen. powered operation for long periods of analysis.
e Consistent impact location. Repeatability of impact plays a
c huge role in precision and accuracy. The operator’s point
ost . .
of impact should not deviate significantly from the center
The research team attempted to construct a viable proto- of the tile.
type, but it is in progress and not yet ready for field appli- e Microphone quality. The research team is not certain at
cation. A final and proven technique is expected to be this time whether the microphone quality from a typical
inexpensive. smart phone or laptop computer is sensitive enough to
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distinguish fundamental frequencies from the ambient
noises present in a tunnel. The proof-of-concept method
presented above used recordings from a smart phone video
recorder and then processed the data with MATLAB code.
When used in the field, the laptop computer had trouble
recording usable data.

Data Analysis and Interpretation

The purpose of the automated acoustic sounding technique is
to remove the subjective component of the process by allowing
the software to make a pass-fail decision. Further analysis and
decision making would involve other NDT techniques.

Equipment and Systems
Integration Requirements

The research team recommends that devices use MATLAB soft-
ware on any platform compatible with the version purchased.
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Conclusion

This automated sounding technique is still under develop-
ment. Many factors influence the peak frequencies observed
in the frequency spectrum from a single tile tap, including
the size of the void, whether or not the hammer tap was
directly in the center of the tile, and multiple-mode interfer-
ence. Preliminary results indicate that this technique,
although basic in its approach, will offer the tunnel inspector
a quick, efficient, inexpensive, and objective technique that
provides sufficient information for repair procedures or fur-
ther investigation.
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Vehicle-Mounted Thermal Camera Testing Criteria

Accuracy

The vehicle-mounted thermal camera system used in this
study is described in Appendix J, which discusses the test-
ing done in Finland. A commercially available FLIR A325
camera was used. According to FLIR, the accuracy of the
temperature readings is £3.6°F (£2°C) or £2% of the
reading.

Images from this system do not indicate depths of defects.
However, the images can indicate possible tile debonding,
delaminations up to 1 in. deep with a minimum surface area
of 1 sq ft, and voids up to 3 in. deep with a minimum surface
area of 1 sq ft, based on specimen testing. The system can
locate defects within 1 ft of their actual location.

Precision

According to FLIR, the precision of the system is less than
0.09°F (0.05°C). The areas of possible defects can be located
within 1 foot of the actual defects with any system as long as
the thermal contrast of the area of interest has not changed
and the systems are properly calibrated.

Calibration Procedures

Each thermal camera manufacturer has published its own
calibration procedures (if needed). With the FLIR cameras
used in the Finnish tests, the manufacturer recommends the
equipment be calibrated every year. The user cannot make
this calibration; the camera has to be sent to the manufac-
turer or authorized reseller.

Calibration is also needed for the distance measurement
indicator (DMI). This usually involves driving the vehicle over
a known distance (usually 1,000 ft) and checking the DMI
reading against that known distance.
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Testing Procedures

The operator needs to ensure that the camera is properly
focused before beginning data collection. No other special
testing procedures are needed.

Cost

The thermal camera itself—including a 90° wide-angle
lens—costs approximately $15,000. The price for a complete
package with racks, software, and positioning system 1is
approximately $30,000.

Limitations

According to the FLIR A325 camera default calibration, the
equipment is not accurate at temperatures below —4°F
(=20°C) or above 248°F (120°C). The normal operating tem-
peratures are between 5°F (—15°C) and 122°F (50°C).

Data Management

Data management consists of thermal camera data and posi-
tioning data collection and storage. The research team used
the Road Doctor CamLink software with the Road Doctor
TD Module for data management.

Data Analysis and Interpretation

Data analysis requires specialized software that allows the
viewing of thermal camera image data as a video image. The
software also needs to be able to create a thermal color map
from the tunnel wall or roof that can be used for monitoring
real changes in temperature and detecting anomalies. In addi-
tion, the software should be able to filter unwanted external
noise from the thermal data.
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Survey of the Chesapeake Bay Bridge-Tunnel

Introduction

Since 1982, SPACETEC has offered a scanner system to
monitor disruptions and conditions of tunnel linings (Fig-
ure I.1). With this tool, it is possible to validate the effects of
degradation—such as crack developments, cavities beneath
the surface, changes in material composition, and water
intrusions—over time.

The SPACETEC TS3 scanner is able to record high-precision
surface, thermographic, and three-dimensional (3-D) images
simultaneously with a resolution of 10,000 pixels and a
recording angle of 360° (Figure I.2). The scanner is capable
of identifying cracks as small as 0.3 mm in width. The
rotating mirror speed of up to 300 Hz is one of the crucial
features affecting the measuring speed. It can obtain a fast
and nondestructive measurement with only a short period
of traffic disruption. The scanner is compact and can be
installed in almost every road vehicle that offers enough
space for the scanner head and the operator console, such
as a minivan.

The data are visualized with an easy-to-use, powerful soft-
ware package displaying all three channels (visual, thermal,
and 3-D) simultaneously. In this way, the operator can inspect
the tunnel on the screen, with a pixel-by-pixel synchronism
of the recordings. This technique helps the operator analyze
and identify suspicious anomalies and compare them on all
three channels.

Image manipulation is also possible (e.g., adjusting the
contrast and brightness of the display, creating 3-D presenta-
tions, and performing a 3-D zoom of image details). In many
cases, long-term monitoring supports the observation of the
tunnel degradation over time with multiple measurements
and a recording interval of at least 1 year.

A survey of the Chesapeake Tunnel—a part of the Chesa-
peake Bay Bridge-Tunnel system in Virginia—was performed
in April 2011. The survey was conducted according to the sub-
contract agreement with the Federal Institute for Materials
Research and Testing (BAM) in Germany.
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The Chesapeake Bay Bridge-Tunnel is a 37-km-long link
crossing the mouth of the Chesapeake Bay and connecting the
Delmarva Peninsula’s Eastern Shore of Virginia with Virginia
Beach and the metropolitan area of Hampton Roads. The
bridge-tunnel system combines bridges—connecting four
artificial islands—with the Timble Shoal Tunnel (the western
side of the bay) and the Chesapeake Tunnel. The Chesapeake
Tunnel is one of two immersed, sunken-tube tunnels con-
structed under the ship channels of Chesapeake Bay in an
approximately east—west direction and was opened in 1964.
Since it opened, the tunnel has been exposed to extreme envi-
ronmental conditions. Water intrusion and corrosion have
been reported during visual inspections.

The portal-to-portal length of the tunnel is 1,661 m, with a
roadway (two-lane) width of 7.3 m plus a sidewalk on one
side. The tunnel interior is faced with ceramic tiles, which is
uncommon for non-U.S. tunnels. Therefore, the surface of the
concrete lining underneath is inaccessible.

This appendix describes the methods and results of the
survey and is divided into the following parts:

e Available data channels;

e The recording process, including scanner measurements
and scanning parameters;

e A description of results, including a brief introduction to
data processing and a detailed description of the data; and

e Working with the data.

The corresponding data sets, including the analysis soft-
ware package, were shipped with an external hard drive to
BAM on January 6, 2011.

Available Data Channels
Visual Images

Visual images (Figure 1.3) are most frequently used for gen-
eral documentation and maintenance purposes. They show
the condition of the lining as far as visible phenomena are

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

54

Figure I.1. SPACETEC TS3 scanner. Figure I.2. Scanning principle.

Figure I.3. Visual image of conditions of a shotcrete lining in a motorway tunnel.
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concerned. At any time, later data can be consulted to look for
changes in those conditions.

Profile Data

Profile data (Figures 1.4 and 1.5) show the dimensions of the
tubes and are used to consider and solve clearance problems.
In the small range, the presence of distance measurements at
high density allows the inspector to find and identify surface
defects (e.g., a chip-off or spalling) in the lining.

Thermal imaging (Figure 1.6) measures the surface tem-
perature in the tunnel interior.

Temperature differences determine information about the
state of the lining. The differences can result from various
interacting processes between the surface of the lining and
the air in the tunnel, such as the following:

¢ Cooling as a result of water evaporating from the surface;
e The reaction of the lining material during cooling or
heating;
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Figure 1.5. 3-D view of concrete surface in tunnel
with damage (chip-off) near the joint of two sections.

Figure I.4. Structural gauge investigation in motorway tunnel. Red spots indicate obstructions to given
clearance profile. Users can determine cut volume and affected area on screen.
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Figure 1.6. Example of thermal image showing water infiltration. Water evaporation on the surface yields a
clear cold signal. This method marks even smaller water spots clearly.

¢ Theinfluence of cold and warm temperatures, respectively,
at the surface;

e Surface roughness;

¢ Cavities (gravel nests below the surface, bad contact of the
lining to the rock, and gravel rock material); and

¢ Nonhomogeneous material composition.

Using detailed, known measuring conditions as a compari-
son, the user can exclude certain thermal interactions and
ensure a correct interpretation of the thermal imaging. A quasi-
stationary heat flow between the air in the tunnel and the rock
behind the lining creates suitable measuring conditions. If the
heat-flow conditions are unknown, certain features cannot be
clearly identified. Still, the thermographic image displays sig-
nals that offer supplemental information to the visual image
(see Figure 1.6). This information can be used to highlight
some effects, like water evaporation.

The premeasurement program used in this project was part
of the thermographic survey and evinced proper conditions
for the recording. The temperature survey had to be done in a
short period because of the constantly changing temperatures
in the tunnel. The SPACETEC TS3 scanner system was able to
perform such a fast and reliable measurement.

Recording Process

Table I.1 summarizes the data summary from the Chesapeake
Tunnel. With the inspection vehicle used for this survey (Fig-
ure 1.7), the intended driving speed of 1.5 km/h could not
always be kept constant (the speed went as high as 3.5 km/h).
Therefore, some pixels are stretched in the driving direction.
Driving too fast may cause gaps in the laser scan lines at the
tunnel wall, which can influence the visibility of cracks. To
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Table I.1. Data Summary of the
Chesapeake Tunnel

Time of measurement April 11-12, 2011

1,680 m

Scanning length

Vehicle speed Approximately 1.5 km/h

Infrared (8-12 pm) 10,000 px/scan
Visual 10,000 px/scan
Profile 10,000 px/scan

160 Hz

Recording channel

Mirror speed

Temperature resolution | Approximately 0.1°C

Spatial resolution 3 mm by 3 mm at the surface

avoid such problems, a nearly constant speed should be
maintained during the survey.

The survey was performed during the night spanning April
11and 12,2011. During the survey, a sufficient temperature dif-
ference for a quasistationary heat flow was obtained. The TS3
scanner was installed on the roof at the rear of the inspection
vehicle (Figure 1.7). That placement provided an undisturbed
360° measurement. The highest resolution of 10,000 pixels was
used to obtain an appropriate imaging of fine-scale features.

A complete traffic closure was not possible. Thus, the record-
ing was performed twice: once in the north—south direction of
the lane to Virginia Beach and once in the opposite lane (south—
north) toward the eastern shore of Virginia. Traffic could pass
the inspection vehicle, as is visible in the recordings.

Description of Results
Data Processing

The recorded data were corrected for geometry, and the 360°
display of the tunnel was projected with a defined scale onto
a plane surface (Figure 1.8) for a synchronous display of all
three channels: visual, thermal, and 3-D.

Figure I.7. Inspection vehicle in Chesapeake Tunnel.
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One lane was recorded in the north—south driving direc-
tion, and the second lane was recorded in the opposite
(south—north) direction. Figure 1.8 is labeled with the cor-
responding driving direction (south or north) and with an
absolute true-scale location in meters. Common artificial
installations like hand rails, air ports, and electrical and
maintenance installations are highlighted. They are clearly
visible in both data channels. The cement conduits behind
the ceramic tiles are only visible in the thermal image and
correlate with information from the construction plans of
the tunnel.

A full data set comprised visual, thermal, and 3-D channels
and was formatted and edited to evince a true-to-scale display,
labeled with a meter range (a change in feet was also possible,
if needed). The thermal data were corrected by the commonly
existing air temperature drift along the tunnel axis. After level-
ing, thermal data were displayed with a constant air tempera-
ture. Therefore, the same phenomena were displayed with the
same colors. The data interpretation was based on local tem-
perature differences (anomalies); thus, an absolute tempera-
ture was not needed.

Every thermographic surface point corresponded to a
color-coded temperature interval with a temperature resolu-
tion of 0.1°C (Figure 1.9) and 16 colors ranging from black
through blue, green, red, and yellow to white. This color pal-
ette gave an intuitive physiological impression of cold (dark
to blue) and warm (red to white) temperatures.

Figure 1.8 highlights the most common installations in the
dataset, which could mainly be ascribed to artificial origins,
such as the following:

e Fresh and exhaust air ports and corresponding swirled
air;

¢ Hand railings, niches, and supply boxes installed in the
lining wall;

e Traffic lightings and signs; and

¢ Tubes behind the lining, visible in the thermal image.

Visual Results and Distance Measurements

Since opening in 1964, the Chesapeake Tunnel has been exposed
to strong environmental effects such as exhaust gases from
traffic, corrosion, and water intrusion. In general, the visual
damages are easy to identify and are self-explanatory. Fig-
ure .10 displays split and dirty ceramic tiles, which are the
main concern.

Not only are profiles important for clearance consider-
ations in the railway sector, the distance measurements can
also be used to characterize damage. The dimensions of the
damaged areas can be easily worked out.
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Figure 1.8. Perspective view (bottom) demonstrates projection of cylindrical-shaped tunnel onto a plane
(top). Top panel displays true-scale projected tunnel with a visual (Ieft) and thermal (right) channel from an
interior view. Both synchronized channels show same location and same content with different data sets.

Figure 1.9. Color scale for thermographic images.
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Figure I.10. Development of split ceramic tiles: south, 544 m (left); north, 163 m (right).

Figure 1.11 shows one common type of damage—broken
or missing tiles—which is clearly evident in the visual chan-
nel (upper left). A perspective view of the area (A, lower left)
displays more details and is useful for damage assessment. A
distance profile (B, lower right) helps estimate the dimen-
sions of the disruptions or highlight artificial installations
like emergency lighting. Thermal images usually show a clear
cut in the outer rim of disruptions. In this case (upper right),
the right side is positioned in the wind shadow and is cooler
(darker blue), and the left side is exposed to the warm, lighter
air flow coming from the right side of the image. In the area
directly ahead and 90° to the side of the detector, the sensor
is overmodulated, and the intensities of the reflected signal
are high, which is highlighted by an intense horizontal stripe
in both channels.

The loose and broken tiles are mainly located on the ceiling
of the tunnel (Figures I.10 and I.11).

Classification of Thermal Anomalies

Thermal images consist of a thermal conduction from the
tunnel interior into the rock. This determines the qualitative
correspondence to the nature of the heat source, as shown in
Table 1.2.

Some local temperature anomalies can be explained by
construction factors, for example, air swirls resulting from
obstacles (road signs and traffic lights), niches (which can be
recognized in visual images), and tubes behind the linings.

Detailed analysis and interpretation of the data were
applied interactively on the screen. Visual and thermal images
were analyzed simultaneously to figure out some correspon-
dences between temperature-related patterns and visible
construction. The color-coded temperatures and the color
resolution were adjusted to the specific temperature anomaly
to improve the visibility of the objects.

The Premeasurement Program

A pretesting unit was installed in a fire extinguisher niche 250 m
from the western portal (Virginia Beach). The unit could not be
installed at the place with the worst-case conditions for thermal
measurements in the middle of the tunnel because the distance
for data transfer through a cable to the next telephone plug
would have been too long.

The premeasurement program was used before and during
the recording of the thermal image. It allowed for advanced
determination of the time and weather conditions that would
be favorable for the purpose of the survey. It documented the
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Figure I.11. Views of broken or missing tiles.
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Anomaly and Heat Conduction
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Table I.3. Premeasurement Program in the
Chesapeake Tunnel

Anomaly

Thermal Conduction

Possible Reasons

Cold

Better

Good thermal contact

between rock and lining:

e Water in lining
e Higher density of the
material

Warm

Worse

Bad thermal contact

0.3 minto the lining

Location in
the Tunnel Sensor Depth Remarks
250 m east of In front of the lining Air temperature
the Virginia ) . .
Beach portal 0.075 minto the lining | Temperature difference

Temperature difference

between rock and lining:
e |Loose, less lithified rock
e |ower density of the
material
e Higher porosity, hollow
spaces

required heat flow conditions during the thermal measure-
ment between the lining and the rock to resolve and interpret
patterns of heat anomalies.

Temperature sensors were placed in the target structure.
One sensor measured the air temperature, the second sensor
measured the material temperature near the surface at a depth
of 0.075 m, and the third sensor measured deeper depths of
0.3 m. The data logger (master) read and permanently stored
the temperature recordings (usually one record per hour)
from the sensors (Table 1.3). The data could be accessed via
telephone line and displayed on the screen (Figure 1.12).

Thermal Results

The temperature at the tunnel surface reflected the heat con-
duction of the lining below the surface. Figure .13 displays an
example of a heat flow under different material conditions
with a cavity or wet spots (which are not visible at the surface).
The displayed situation is typical for warmer seasons: the air
temperature in the tunnel is higher than the rock temperature.
The stationary heat flow between the air temperature and the
rock resulted in a surface temperature that depended on the
heat conductivity of the lining. A cavity reduced the heat con-
ductivity and resulted in a higher surface temperature. There-
fore, the tunnel thermography revealed damages in the lining
when those damages influenced conductivity.

The quasistationary measuring conditions were adjusted
naturally with the corresponding weather conditions and air

measurement

11 Apr. 12 Apr.

Figure I.12. Temperature alignment before thermographic survey. (Note: stunde = hour.)
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Heat flow

rock lining air

norma

porous

wet

Figure I.13. Dependency of surface
temperature on heat conduction of
lining material.

lost tile

electrical
installation

temperature when the tunnel had proper air convection—
resulting from a chimney effect, caused by different air pressures
between the tunnel portals, or from steady traffic. Long-term
surveys of other tunnels revealed a number of good measuring
conditions during a period of several months.

Figure 1.14 displays the effect of the thermal reflections of
the installed constructions on the bended corners of the tube.
The ceramic tiles seemed to have a higher reflectivity in the
infrared spectrum. This is uncommon for concrete or brick-
work tunnel linings. Figure .15 shows the direction of flow
of warmer air from the port in the tunnel ceiling.

Figure .16 reveals some linear structures behind the lining
of a side wall, which is referred to as drainage channels with
lower heat conductivity and higher temperatures. This indi-
cates that the building documentation needs to be reviewed
before further investigations.

In the overall length of the tunnel, several temperature-
related anomalies were detected (Figure 1.17). Some of the
larger temperature anomalies could not be ascribed to artificial
sources. The thermography displayed a center with lower tem-
peratures (higher heat conductivity) surrounded by a rim of
higher temperatures (lower heat conductivity). The origin of
these anomalies was unknown. Figure 1.18 displays a common
feature that was visible in both the visual and the thermal

'\l A

thermal shadows |

Figure I.14. Thermal shadows of installation. Ceramic tiles have higher reflectivity in infrared spectrum

(north, around 825 m).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Figure 1.15. Air flow from port in tunnel ceiling. Warmer air flows in right-side direction, clearly visible in
thermal image (north, 1,654 m).

\

Drainage behind
thelining

Figure I.16. Visible structures at the surface and drainage behind lining surface (south, 1,038 m).
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defective and loose tiles

/ anomalies
vy ¥ .~ -

Figure I.17. Loose tiles (left) and warmer temperature anomalies (right) in ceiling area (south, 636-652 m).

Figure I.18. Renewed tiles with different, compacted material (south, around 675 m).
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datasets: joints between the tiles showed a different reflectivity,
which seemed to indicate renewed ceramic tiles.
The main findings in the thermographic data set were these:

¢ Cable channels and drainage tubes behind the linings with
lower heat conduction;

e Areas with lighter tile joints, maybe renewed or repaired
tiles, with different materials and lower heat flow at the side
walls; and

e Areas with larger anomalies behind the ceiling walls.

The thermographic images did not always make clear
exactly what was behind a surface. Therefore, further investi-
gation was necessary to determine the reasons for the weak
points in the lining.
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Working with the Data

The software package TuView was the tool used to analyze
and display the data sets of the corresponding three chan-
nels. Data access was provided by information files con-
taining the specifications for the image files as well as the
true-scale information.

TuView offered the ability to highlight zones of interest
with different color codes. The information was saved in
notebook files, which were delivered with the report. The
notebook files were separated into the following categories:
blue, indicating artificial installations like road signs or
traffic lights; red, indicating damaged areas (loose and bro-
ken tiles); and green, indicating anomalies of unknown
origin.
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Tunnel Tests in Finland 2010-201 1

Introduction

A significant component of SHRP 2 is research and develop-
ment of innovative, high-speed, nondestructive testing and
evaluation technologies that promise to accelerate design
evaluations and construction inspection for highway renewal
projects. One of these research and development projects has
focused on nondestructive testing (NDT) of highway tunnels
(SHRP 2 Renewal Project RO6G).

Tests in Finland have concentrated on the technical feasibil-
ity of ground-penetrating radar (GPR) air-coupled antenna
(horn antenna) systems, thermal cameras, and laser scanners,
as well as their integrated analysis, for tunnel lining condition
monitoring. The idea is to test whether these systems can pro-
vide reliable and repeatable data and to collect information on
the potential sources of error in these techniques. Another
goal for these tests is to provide basic information on the
potential defects, such as moisture problems close to the sur-
face of tunnel linings. Because all the basic test instruments
(GPR, thermal cameras, laser scanners) and survey vans that
can be used for the tests are located in Finland, these tests were
carried out in two tunnels in the Helsinki area in Finland. The
tests were done for the SHRP 2 RO6G project by Roadscanners
Oy, in cooperation with the Finnish Transport Agency.

Tested Techniques
Ground-Penetrating Radar Technology

The GPR method is based on the use of radio frequency elec-
tromagnetic waves with a frequency range from 100 MHz to
5,000 MHz. Physical parameters of the medium affecting the
GPR waves are conductivity, dielectricity, and magnetic
susceptibility.

Impulse radar is the most popular GPR type. Its working
principles are as follows. A short electromagnetic pulse, gen-
erated in a transmitter antenna, is sent into the medium. The
length of the pulse ranges from less than a nanosecond to tens

of nanoseconds, depending on the frequency. Part of the
pulse energy is then reflected from different structural sur-
faces with different electrical properties, and part of the
energy is propagated through the interface and reflected from
interfaces beneath. The signal attenuation depends on the
geometric attenuation, signal scattering, reflections, and
thermal losses. The two-way travel time and reflection ampli-
tudes are recorded with a receiver antenna. Measurements
made rapidly over sequential survey points can be viewed as
a GPR profile.

The depth penetration of ground-penetrating radar depends
on the antenna frequency, that is, the signal wavelength. With
higher frequencies, the signal attenuation is greater and the sig-
nal depth penetration is smaller. However, the resolution
improves.

GPR antennae can be divided roughly into two categories:
air-coupled antennae (see data example, Figure J.1) and ground-
coupled antennae. These in turn can be either monostatic, in
which the same antenna acts as a transmitter and a receiver, or
bistatic, in which transmitter and receiver units are different
antennae. Most pulse radar antennae are bistatic, but the
antenna elements are contained in a single box. The frequency
of the ground-coupled antennae ranges from 80 MHz to
2,500 MHz. Their advantage compared with air-coupled anten-
nae is better depth penetration. Ground-coupled antennae have
better resolution of individual objects; but with ground-
coupled antennae, surveys are done considerably slower.

The point of the tests in Finnish road tunnels was to
determine whether air-coupled GPR can be used for differ-
ent types of tunnel lining measurements. Two tunnels were
selected to represent different road tunnel types. The first
was a concrete tunnel; in the second tunnel the lining was
made of shotcrete. The air-coupled GPR system used in
these tests was an SIR-20 mainframe with an air-coupled
1-GHz horn antenna, Model 4108, manufactured in the
United States by Geophysical Survey Systems Inc. (GSSI)
(Figure J.2).
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Figure J.1. Example of unprocessed GPR data profile from concrete tunnel wall presented with single scan
alongside. Data collected with a 1.0-GHz GSSI air-coupled antenna.

Air-coupled GPR data collection settings were the same as
used normally in pavement thickness and quality control sur-
veys. Collected data consisted of 100 scans per meter, 16 bits,
and 512 samples per scan. A time window of 30 ns was slightly
longer than normally used in pavement surveys. All GPR data
processing and analysis were done using Road Doctor Pro soft-
ware by Roadscanners Oy. The collected data preprocessing
was done using standard methods, including automatic air-
coupled elevation and amplitude correction, background
removal, and vertical time domain filtering. The standard GPR
data analysis consisted of reflection amplitude and dielectric
value calculations and their analysis.

Thermal Camera Technology

The thermal camera method is based on the use of electro-
magnetic infrared waves, which means the thermal camera
wavelength is located between GPR waves and visual light.
Thermal cameras are built to receive and record infrared
waves reflected and emitted by objects, thus thermal camera
surveys are classified as a nondestructive survey method.
Thermal cameras have been used in traffic infrastructure sur-
veys for several decades, but the quality of digital thermal
cameras has increased so much that interest in this techno-
logy has started to grow. New high-precision thermal cameras

Figure J.2. Survey van equipped with a 1.0-GHz GSSI horn antenna.
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Figure J.3. Thermal video screenshot from Vuosaari Tunnel
roof with thermal scale. Darker lines indicate location of
drainage pipes beneath shotcrete; black spots are locations

of excess moisture.

can measure small changes in surface temperatures, even at
the range of 0.05°C. The camera measures infrared radiation
with a wavelength of 8 um to 12 pm.

In the SHRP 2 tunnel project, one goal was to test whether
and how well digital thermal cameras can detect thermal
anomalies in tunnel linings, pointing out areas with mois-
ture, voids, or cracks. A second goal was to test different kinds
of data collection and analysis techniques to find an optimal
survey method. Tests were done in both a concrete tunnel and
a shotcrete tunnel. In this project, the data were collected using
a FLIR A325 digital thermal camera made in the United States
by FLIR Systems Inc. All thermal data processing and analysis
were done using Road Doctor Pro software with the Road

Figure J.4. Thermal camera installed on van roof in
first measurement.

Doctor thermal diagnostics (RDTD) module. Figure J.3 pre-
sents a screenshot from the Vuosaari Tunnel roof raw (unpro-
cessed) thermal video data. The screenshot is taken from the
RDTD video viewing tool.

The thermal videos were collected using Road Doctor
CamlLink video equipment made by Roadscanners Oy. In
addition to the digital thermal videos, normal digital videos
were also recorded. All the collected data were linked to the
distance information using CamLink’s software synchroniza-
tion file. In the collected thermal video, the resolution was
320 by 240, and thermal videos were collected using a 60-Hz
image frame rate. The device manufacturer declares a £2°C
or £2% accuracy for the thermal camera. Figures J.4 and J.5

Figure J.5. Thermal camera installed on end of beam
behind van.
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present examples of FLIR thermal camera mounting systems
used on the survey van. The mounting system presented in
Figure J.5 was judged to be better because an analysis of the
data indicated that it reduced the thermal reflection of the
van, which was causing noise in the data.

Laser Scanner Technology

As with GPR and thermal camera techniques, laser scanner
techniques also apply electromagnetic waves. With laser scan-
ning, the distance measurement is based on the laser beam
travel time from the scanner to the target and back. In recent
years, the greatest advancements in all NDT techniques used
in infrastructure surveys have been made in the field of laser
scanner techniques. These systems will inevitably become the
standard tools for a variety of tasks in traffic infrastructure
condition management systems.

A laser scanner has three parts: a laser canon, a scanner,
and a detector. The laser canon produces a laser beam, the
scanner circulates the laser beam, and the detector measures
the reflected signal and defines the distance to the target. The
distance measurement is based on the travel time of light or
phase shift or a combination of both. The quality and price of
mobile laser scanner survey systems vary, but they can be
roughly classified into two categories: effective high-accuracy
systems (Category A), and cheaper systems with reduced dis-
tance measurement capability and accuracy (Category B).

The goal in the laser scanner tunnel tests was to test whether
the method could provide valuable information concerning
the tunnel lining condition and shape. The Category A laser
scanner data were collected by GEOVAP Ltd., from the Czech
Republic, using the company’s quantum three-dimensional
(3-D) technique based on Lynx laser scanner hardware. The
GEOVAP survey vehicle and equipment are shown in Figure J.6.
Data analysis and all presentations done by GEOVAP used the
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Figure J.6. Category A laser scanner survey system
used in this research.

company’s own software. The Category B laser scanner data
were collected by Roadscanners Oy using a model SICK
LMS151 laser scanner. The survey van equipment is presented
in Figure ].7. The data analysis was done with a new Road Doc-
tor laser scanner module, which is an additional module for the
Road Doctor Pro software. The module facilitates integrated
analysis of the laser scanner data and other survey data in Road
Doctor Pro software.

When the laser beam angle is known, as in the setups
described above, and beams are sent in different directions from
a moving vehicle with a known position, it is possible to make a
3-D surface image—a point cloud—of the road and its sur-
roundings. A point cloud can have billions of points with accu-
ratex, ), z coordinates and reflection or remission characteristics.
Since all points have coordinates, it is possible to measure dis-
tances between points and changes between those distances.
This gives extra value to tunnel management tasks, for instance,

Figure J.7. Category B laser scanner mounting systems used in this research.
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Figure J.8. Three-dimensional surface image of road
tunnel produced from Category A laser scanner data
(Vuosaari Tunnel mainland opening).

changes in the position of a tunnel lining after an earthquake.
For these high-accuracy x, 3, z tasks, Category A laser scanner
systems are needed. An example of a point cloud view of the
Vuosaari Tunnel mouth area is shown in Figure J.8. The accu-
racy of the laser scanner survey can be reduced by different fac-
tors that affect visibility, such as dust, rain, fog, or snow.

SICK laser scanners measure the distance to a reflective
objective, as well as the amplitude of reflection, that is, remis-
sion. The reflection varies for different materials, textures,
and colors; for instance, changes in moisture content in a
shotcrete tunnel wall can be detected using the laser scanner
remission analysis method. Information from the Category B
laser scanner data collected in this study was analyzed in this
way. Figure J.9 presents a reflectivity image produced from
the Vuosaari Tunnel roof.

Finnish Test Tunnels

Two test tunnels were chosen for this research project in
cooperation with Roadscanners and the Finnish Transport
Agency. The selected tunnels represent common types of
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tunnels in Finland, which are also common in the United
States. Both tunnels are located in the Helsinki area of south-
ern Finland. The first test tunnel, called Hakaméientie Tunnel,
is a concrete tunnel; the second test tunnel, the Vuosaari Tun-
nel, is built in igneous bedrock under a sea bay and has a shot-
crete surface structure. The tunnels are part of the Finnish
public road network and are owned and maintained by the
Finnish Transport Agency.

Hakamaentie Tunnel

The Hakamaientie Tunnel, which opened in 2009, is located
in the Helsinki City area of Kivihaka. The 320-m long tunnel
was built to alleviate traffic jams on the Hakaméki road and
consists of two tubes, each with two lanes of traffic flowing in
opposite directions (Figure J.10). Most of the traffic consists
of private cars and inner-city heavy traffic. The tunnel walls
and ceiling consist of cast concrete block elements (Fig-
ure J.11). The tunnel is in good condition, and moisture-
related problems have not been detected.

All the data collection was done in the southbound tunnel,
mostly along the right-side wall. Because of the traffic vol-
umes through the tunnel, all the measurements were done in
a closed lane during the night.

Vuosaari Tunnel

The 1,520-m long Vuosaari undersea tunnel, which opened
in 2007, is located in the eastern Helsinki area leading from
the mainland to the new Vuosaari port. The tunnel consists
of three tunnels—one railway tunnel and two road tunnels,
both with two lanes (Figure J.12). The tunnel was excavated
through bedrock, and the rock surface was covered using
80 mm of shotcrete with steel fibers. Drainage pipes were
installed behind the shotcrete. Between the shotcrete and
bedrock are two layers of frost insulation, each 50 mm thick
(Figure J.13). Heavy trucks heading to and from the Vuosaari
port make up the largest part of the tunnel traffic. The tunnel
is mainly in good condition, but some water leakage has been
detected recently, especially in the roof.

Figure J.9. Remission (reflectivity) surface image from Vuosaari Tunnel roof produced
from Category B laser scanner data. Black areas represent areas with higher moisture

content in shotcrete surface.
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Figure J.10. Hakamé&entie Tunnel opening (left) and GPR measurement van in the tunnel (right).

Figure J.11. Hakaméentie Tunnel structure.

Figure J.12. Exterior and interior views of Vuosaari test tunnel. The A-tunnel opening is on the mainland, the
railway tunnel is to its right, and the B-tunnel is on the left.

Copyright National Academy of Sciences. All rights reserved.
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Figure J.13. Vuosaari Tunnel structure.

All the data collection was done in tube A along the right-
side wall leading south. Because of traffic in the tunnel, all
measurements were done in a closed lane using an automatic
lane control system.

Conduct of the Surveys

The survey program consisted of four test trials. The first trial
was done to test the data collection technique and procedure
in both tunnels, and actual data collection was done in the
other three trials. The data collection practice was further
developed for each trial on the basis of the experience in the
previous trials. Measurements performed and developments
in the data collection practice are described below.

Technical Tests, June 2010

Technical tests took place in the Hakaméentie southbound
road tunnel in June 2010. The primary goal was to develop
GPR measurement techniques and rack systems for air-
coupled GPR tunnel measurements (see Figure J.10). The
GPR measurements—using two GSSI air-coupled, 1-GHz
horn antennae—were performed on the Hakaméentie con-
crete tunnel walls and roof. Altogether seven survey lines
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were measured. GPR tests with GSSI 2.2-GHz antennae
were also done, but the results were quite poor because of
significant noise in the survey data close to the tunnel
mouths caused by a television station nearby. In addition to
the GPR tests, short and simple thermal imaging system
and laser scanner tests were also performed. The test results
provided important knowledge of measurements, and both
data collection hardware and software were improved on
the basis of the experience.

Fall Tests, October 2010

The second round of tunnel tests with GPR was performed in
both the Hakamientie Tunnel and the Vuosaari Tunnel. Trials
took place in October (Week 42) 2010. These dates were cho-
sen for data collection because air temperature and tunnel
wall temperature are most likely at the same level in the fall.
The right-side wall in both tunnels was selected for further
measurements and analysis.

On the technical side of the data collection, the crew tested
the new GPR rack system. The system was modified based on
the experiences from the first technical tests in June. The new
system solved problems with antenna height adjustments. To
make the GPR rack system lighter, the second horn antenna
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was removed. A rolling beam supported by the pavement sur-
face was added. The new system was more rigid but a bit more
difficult to use. With the new rack system antenna, a constant
distance between the wall and the antenna was easier to main-
tain. The GPR measurements in the Hakaméentie Tunnel were
made along seven parallel lines on the right-side wall in the
southbound tunnel. Data were collected using a single 1.0-GHz
horn antenna. Measurements were started at a height of 1.4 m,
and each line above that was offset by 0.3 m. The GPR survey in
the Vuosaari Tunnel consisted of six parallel lines on the right-
side wall in the southbound tunnel. The 1.0-GHz horn antenna
was also used. The respective heights of the survey lines were
1.0m, 1.5m,2.0 m,2.5m, 3.0 m, and 4.0 m.

Thermal camera measurements were also conducted in
both test tunnels. Data were collected at nighttime to mini-
mize the warming effect of the sun at the tunnel ends. Digital
thermal videos were recorded in the Hakamientie Tunnel on
the right-side wall of the southbound tunnel. In the Vuosaari
Tunnel, thermal data were recorded from the right-side wall
and roof in the southbound tunnel. Different data collection
speeds were also tested with a thermal camera.

Laser scanner measurements were conducted in both tunnels
as well. The laser scanner was positioned as low as possible to
obtain coverage as wide as possible. One laser scanner data col-
lection run covered both tunnel walls and the roof. Different
data collection speeds were also tested with the laser scanner.

Winter Tests, February 2011

The third round of tunnel measurements was done in the
beginning of February (Week 5) 2011. Both the Hakamientie
and Vuosaari tunnels were tested. Surveys consisted of GPR,
thermal camera, and laser scanner measurements. Data collec-
tion was done using the same technique and procedure as in the
previous trial of fall 2010 but, in addition, some new ideas con-
cerning measurement practice were also tested. Some improve-
ments were made to the antenna rack supporting beams and to
thermal camera and laser scanner positioning. The main goal
of the measurements was to collect data in the winter with air
temperatures below 0°C and compare the results to the previ-
ously collected fall data.

The GPR measurements in the Vuosaari Tunnel consisted
of seven parallel lines on the right-side wall in the south-
bound tunnel. The first measurement line was at a height of
1.6 m. The second line was at a height of 1.8 m, and the next
lines were spaced 0.30 m apart up to 3.3 m. Because of snow
and ice at the tunnel mouth, the first section of the tunnel was
excluded from the data collection. The GPR measurements in
the Hakamientie Tunnel consisted of four parallel lines on
the right-side wall in the southbound tunnel. Measured heights
were 1.5 m, 2.0 m, 2.5 m, and 3.0 m. Snow and ice, packed
against tunnel wall and road edges, also caused problems for
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data collection, so some survey lines measured in the fall tests
could not be repeated.

Thermal camera measurements were repeated in the two
tunnels. Thermal videos were recorded on the right-side wall
in the southbound tunnels. Some problems were encountered
with the distance measuring indicator (DMI) due to really slow
van speed. This problem was solved before the fourth measure-
ment session. In the early phase of the thermal data analysis,
the research team discovered that the thermal emission image
of the van reflected from the tunnel wall to the video. To avoid
this effect, the thermal camera was mounted on the end of the
beam behind the van in the Vuosaari Tunnel.

Laser scanner tests were also improved. Earlier laser scanner
measurements provided good results from the tunnel ceiling,
but information from the walls’ reflection features was limited.
To get a better image of the tunnel wall reflectivity, the laser
scanner was oriented toward the Vuosaari Tunnel southbound
right-side wall. Basic laser scanner measurements were also
repeated in both tunnels. Repeated measurements covered the
tunnel walls and ceiling with a single measurement.

Summer Tests, June 2011

The fourth and final road tunnel trials were done in mid-June
(Week 24) 2011. These surveys consisted of GPR and thermal
camera measurements. Measurements were carried out using
the same techniques and data collection procedures as in pre-
vious measurements. The goal of the measurements was to
collect data during the summer when air temperature is high
and compare the results to the previously collected fall and
winter data. In this survey, tests were also conducted on the
effect of data collection speed on the GPR and thermal data
quality. An additional goal in the summer tests was to collect
GPR horn antenna data at different distances from the tunnel
wall to determine possible effects on the data.

The GPR measurements in the Vuosaari Tunnel consisted of
four parallel lines on the right-side wall in the southbound
tunnel. Measurement lines were at heights of 1.6 m, 2.1 m,
2.4 m,and 3.1 m. The GPR measurements in the Hakamientie
Tunnel consisted of basic measurement lines at heights of
1.5 m, 2.0 m, 2.5 m, and 3.0 m. Additionally, GPR measure-
ment repeatability, measurement speed, and GPR antenna dis-
tance from the wall were tested on the tunnel wall at a height of
2 m. Data collection speed tests were conducted using the fol-
lowing speeds: 6 km/h, 20 km/h, and 30 km/h. Antenna dis-
tance to the tunnel wall in the speed tests was approximately
80 cm. The effect of GPR antenna distance to the tunnel wall
was tested at distances around 0.5 m, 1.0 m, and 1.5 m.

Thermal camera surveys were repeated in the Vuosaari and
Hakamadentie tunnels in the summer tests. Thermal videos
were recorded in both tunnels on the right-side wall of the
southbound tunnels. Additionally, the effect of using different
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Figure J.14. GPR antenna mounted on a crane. This system, developed and used by Texas A&M Transportation

Institute, was used in SHRP 2 U.S. tunnel tests.

measurement speeds was tested in the Vuosaari Tunnel. Ther-
mal videos were made at van speeds of 20 km/h, 40 km/h, and
60 km/h.

Later in the summer, data were collected from the Vuosaari
Tunnel using a quantum 3-D laser scanner technique devel-
oped by GEOVAP from the Czech Republic.

Data Collection Practice, Lessons Learned

These data collection tests showed that the GPR antenna rack
system used in the Finnish tests was difficult to use. The rack
system (Figure J.10) was cheap to build, but the measurement
practice was slow and laborious. The height of the antenna
using this rack system is adjustable, but the system cannot
reach higher than 4 m without special modification. The prob-
lem was that the rack became unstable at heights above 3 m.
The beam support wheels rolling on the pavement also caused
some problems; all objects on the pavement needed to be

cleared before measurement. Manholes and curb stones also
caused problems. Compared with the Finnish system, the Texas
A&M Transportation Institute (TTI) GPR mounting system
used in the U.S. tests was a better solution. The TTI system uses
a special truck with an electric crane, allowing adjustment of
antenna height, angle, and distance to wall (Figure J.14).

According to the thermal video data analysis, thermal cam-
era position and angle clearly have a great effect on video
quality. Thermal noise produced by the vehicle is lower when
the camera is placed farther away from the survey van. The
thermal camera needs to be installed either in front of or
behind the vehicle. The camera also needs to be aimed in such
a way that only the area of interest is visible; that way, the most
accurate and informative thermal data can be collected. For
thermal video logging in the United States, the thermal camera
was installed on the end of the beam of the crane. That allowed
the research team to get the thermal camera to the correct posi-
tion, especially in high and wide tunnels (Figure J.15).

Figure J.15. Thermal video camera mounting used in U.S. tunnel surveys.
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Figure J.16. Thermal video collection carts used in tunnel air duct measurements in the United States.

Thermal video collection can also be done without a vehi-
cle; all the required devices can be installed on a cart. Part of
the thermal video collection in the United States was done in
tunnel air ducts, which were not accessible by vehicle. A ther-
mal video-logging cart consisted of a thermal video camera,
normal video camera, DMI kit, control laptop, and battery.
This system can also be used when measuring road tunnels
and difficult-to-reach locations. Two different carts used in
air duct measurements are shown in Figure J.16.

For future surveys, Roadscanners Oy is developing a new
rack system for thermal cameras and laser scanners. The new
rack system is mounted on a van roof. The rotating rack sys-
tem can be slid back and forth on the roof. Device angles can
be modified to be optimal for different tasks. These rack fea-
tures make measurement practice easier and thus improve
data quality. The rack system is presented in Figure J.17.

Processing and Interpretation
of Data Sets

GPR Data Processing, Interpretation,
and Outputs

All GPR data preprocessing, processing, and interpretations
were done using Road Doctor Pro analysis software and a
Road Doctor 3-D module. Preprocessing involves operations
that do not change the signal content of the original data.
Such operations used in this project were GPR data channel
splitting, GPR data scaling, GPR data reversing, and zero-
level correction. The GPR data processing operations consist
mainly of different filtering operations and amplitude and
dielectric value calculations. These operations are fully
reversible and changeable. The main target of processing is
to make the GPR data more informative so that it will be easy

Figure J.17. New Roadscanners van roof-mounted rack system for laser scanner and thermal camera data

collection.
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Figure J.18. Raw (top), preprocessed (middle), and processed (bottom) GPR data from Hakamé&entie Tunnel

right-side wall.

to interpret. Figure J.18 presents examples of how different
processing operations affected the GPR data collected from
the Hakamientie Tunnel.

The GPR data interpretations were done using the Road
Doctor data interpretation mode. Figure J.19 presents a Road
Doctor view of processed data with two-layer interpretation,
calculated layer depths, and reflection amplitude of surface,
as well as first interpreted layer (concrete surface) and second
interpreted layer (reinforcement level).

Thermal Data Processing and Outputs

Thermal videos were collected using the Road Doctor Cam-
Link video-logging package with the RDTD additional
module. The following data were collected in each survey
run: thermal video (*.SEQ), digital video (*.AVI), and syn-
chronization file (*.SYNC) including distance information.
In addition, audio comments were made using Road Doctor
CamLink software.

Thermal data processing starts with converting the ther-
mal video data to a Road Doctor—compatible format. This
operation is executed with RDTD converter software, which
converts the collected *.SEQ raw thermal file to a *.RDTD
Road Doctor—compatible thermal file. This operation also
links thermal video frames to *.SYNC file distance and coor-
dinate information. The final operation is to link the thermal
video to the Road Doctor project. Figure J.20 presents an

example of RDTD converter and *.RDTD file creation. The
RDTD converter software and the same initial measurement
files can then be used to create thermal color-scale maps. Fig-
ure J.21 presents an example of a thermal color-scale map
made using RDTD converter software.

The RDTD module allows analysis of the thermal data
directly from the thermal video. For that, the supported data
type is converted into *.RDTD format. Compared with thermal
maps, thermal video analysis is recommended because thermal
video analysis gives more detailed information concerning
thermal anomalies (Figures J.21 and J.22). A maximum of four
thermal videos can be analyzed in the same view at once.

Laser Scanner Data Processing and Outputs

Category B laser scanner data were collected using the Road
Doctor CamLink data collection package. Data were collected
along with digital video and distance information, and col-
lected data were saved in a Road Doctor—compatible format
(*.RDLS). This text file was then opened with Road Doctor
using the Road Doctor laser scanner (RDLS) module. Note
that in this phase, the operator needs to decide whether dis-
tance (shape) or remission information will be written to the
new file. The final data file also includes distance information
for each laser scan point.

Laser scanner surface shape information can be displayed
in Road Doctor in two ways. Data can be viewed as a cross
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Figure J.19. Processed air-coupled GPR data with two-layer interpretation (top) and calculated layer depths
(middle); bottom field presents reflection amplitudes of tunnel wall surface (1, top line), first interpreted
layer (2), and second interpreted layer (3).

Figure J.20. Road Doctor digital thermal video file creation (left) and thermal color-scale map creation (right).
Orange line is position where map database is calculated.
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Figure J.21. Thermal color-scale map (temperature scale in degrees Celsius).

Figure J.22. Thermal video view in Road Doctor software display using example from Vuosaari Tunnel roof.
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Figure J.23. Cross-section presentation of tunnel shape (right) and contour map of Vuosaari Tunnel right-side
wall shape change information (darker colors = longer distance).

section, which gives information on the shape and dimen-
sions of the tunnel (Figure J.23). Surface shape data can also
be displayed as a contour map (Figure J.24). Contour maps
give more definite information from the chosen tunnel plane.
The relationship between the tunnel wall shape with detected
water leakages can be analyzed from laser scanner informa-
tion. Bedrock fracture zones in particular can be identified
from this view.

In this project, laser scanner remission information was
also analyzed using Road Doctor software. Data were viewed
as a color-scale map based on the amplitude of the reflected
laser signal. Amplitude depends on the optical reflectivity of
the laser beam from the tunnel wall and roof surface and can
be used to locate and analyze surface anomalies. In the
Vuosaari Tunnel, moist areas can be seen as darker spots;
however, detailed reference surveys cannot be done. Digital
videos provide valuable supporting information. An exam-
ple of a Vuosaari Tunnel roof grayscale emission map is
presented in Figure J.24.

Category A laser scanner data were collected and pro-
cessed by GEOVAP using the company’s quantum 3-D sys-
tem. After data preprocessing, the laser scanner data (lidar)
were analyzed further using Terrasolid and Point Tools soft-
ware packages. In this research, only videos produced from
point clouds were analyzed. Two grayscale remission videos
were created from the Vuosaari Tunnel: a whole-view video
and a video toward the right-side wall (Figure J.25). Videos
were linked to Road Doctor projects for comparison with
other collected data types. The data were measured in a
single run through the tunnel. The data collection proce-
dure was fast, and the speed of the survey truck went as high
as 50 km/h. However, to get accurate coordinates from the
tunnel, measured reference points were needed from certain
intervals.

Later, in winter 2011, a new analysis was made with Cate-
gory A laser scanner point cloud data to try to find more
detailed information from the Vuosaari Tunnel roof, where it
was difficult to collect data. At that time, the selected view type,

Figure J.24. Road Doctor grayscale emission map of Vuosaari Tunnel roof. Darker areas represent potentially

moist areas.
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Figure J.25. Screenshots from Vuosaari Tunnel point cloud videos: overall view (left) and targeted view toward

right-side wall (right).

from the top down toward the tunnel roof, proved successful,
and those data provided valuable information about cracks
and water leakage in the tunnel roof (Figure J.26).

Results
General Results

The Vuosaari and Hakamdentie tunnel structures are quite
different, so results are presented here separately. The quality
and information value of the tested NDT methods also varied
in the two test tunnels. The GPR method did not give satisfac-
tory results in the Vuosaari Tunnel because of the steel fibers
in shotcrete; however, the thermal camera data provided very
good information on the drainage pipes and their condition
behind the shotcrete as well as areas of higher moisture

Figure J.26. Point cloud video view from top down in
Vuosaari Tunnel roof. Black areas indicate problems
with water leakage.

content. In contrast, in the Hakaméentie Tunnel, the GPR
method gave very good results, but the thermal camera sur-
vey data was inadequate. The Category A laser scanner was
tested only in the Vuosaari Tunnel, and the results were very
promising. Data can be used in multiple ways, but in this
study, only remission and tunnel shape information was used
in the analysis. Category B laser scanner data were also good,
and the collected data provided information on the tunnel
surfaces similar to the Category A laser scanner data. How-
ever, data accuracy was not as high.

GPR Test Results

The overall goal of the GPR tests was to determine the suit-
ability of GPR air-coupled antennae for routine tunnel sur-
veys. In addition to structural evaluation, tests were conducted
to survey data collection repeatability, antenna-to-wall dis-
tance, and speed effect, as well as the effects of seasonal changes
on the survey results. The results of these tests are presented in
the following sections.

Vuosaari Tunnel

Vuosaari Tunnel air-coupled GPR data processing proved to
be much more difficult than expected, and results were not
satisfactory, mainly for two reasons. First, the amplitude ana-
lysis proved to be sensitive to major antenna-to-wall distance
changes. Because it is a shotcrete structure, the Vuosaari
Tunnel wall and roof surface is uneven, and antenna-to-wall
distance varied along the measurement line. Moderate antenna
distance changes can be taken into account, but the correction
methods used are not reliable when larger distance changes
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are encountered. The Road Doctor software’s automatic sur-
face level detection cannot handle such large changes, which
were as much as 1.5 m. Second, the Vuosaari Tunnel is surfaced
with shotcrete (sprayed concrete), and to improve its technical
properties, steel fibers were added. This steel-fiber-strengthened
shotcrete reflected the GPR signal so effectively that the detected
amplitude values were too high to be used in dielectric analysis.
The detected amplitude values also changed along the mea-
surement line, depending on the density and position of iron
fibers in the shotcrete. As a result, the GPR reflection amplitude
did not provide reliable information concerning moisture con-
ditions. Figure J.27 presents an example of the shotcrete surface
amplitude value along a 50-m-long section. The amplitude
data show major variation; this result is partly a function of
antenna distance to the wall, but the bigger changes were caused
by steel fibers.

Hakaméentie Tunnel

Hakamaientie Tunnel air-coupled GPR results were better than
the Vuosaari data. Because the surface of the concrete tunnel
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walls is relatively even, it was possible to conduct the amplitude
and dielectric analyses. Even though the GPR data were sensi-
tive to major antenna-to-wall distance changes, it was not a
major problem in the Hakamientie Tunnel, and Road Doctor
software was able to analyze the collected GPR data without
problems. Because the Hakaméentie Tunnel is new, only a few
weak anomalies were detected. The concrete wall elements
were in good condition, and visible damages were rare. Dielec-
tric values higher than 10, indicating major water leakage,
were not encountered, but small anomalies were found. Wavy
concrete block surface texture had an effect on the measured
surface dielectric value, which was lower than predicted. Nor-
mally, concrete dielectric values vary between 8 and 12. In
this study, the average dielectric value was around 5.

To collect information concerning the effect of seasonal
changes on the GPR data results, GPR data were collected in
summer, winter, and autumn. Then the surface dielectric val-
ues were compared with one another. The comparison data
are presented in Figure ].28. The dielectric maps were similar
in each season, but the most detailed information was col-
lected in early summer.

Figure J.27. Interpreted surface reflection of air-coupled 1-GHz horn data (top) and amplitude of interpreted
surface reflection (bottom) in Vuosaari Tunnel. Y-axis in GPR data (right) represents distance to wall (calculated

with Er:1).
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Figure J.28. Dielectric surface maps of Hakamé&entie Tunnel right-side wall in summer, winter, and autumn

shown at 0-150 m (top) and 150-300 m (bottom).

Repeatability, Antenna-to-Wall Distance Effect,
and Data Collection Speed Tests

To test for repeatability, two measurements were taken along
the same line, using the same antenna-to-wall distance. The
results are shown in Figure J.29. In this figure, the measured
dielectric (Er) is displayed in the top graph, and the corre-
sponding antenna-to-wall distance is in the bottom graph.
The graphs show that results were quite repeatable and areas
of higher moisture content could be detected even though the
value was not exactly the same.

According to the repeatability test results, antenna-to-wall
distance seems to have an effect on the measured dielectric
value; and increased antenna-to-wall distance seems to have an
increasing effect on dielectric value even though the antenna-
to-wall distance variation between the two test measurements
was quite small (see Figure J.29). When the distance difference
is low—2 cm to 3 cm—dielectric results correlate. This means
that the elevation correction algorithm used in the analysis
was not working as expected (Figure ].30). However, when

antenna-to-wall distance changes are better taken into account,
GPR measurements are repeatable.

The antenna-to-wall distance effect was analyzed from data
sets measured from three different distances: 0.5 m, 1.0 m, and
1.5 m (Figure J.31). Dielectric values were calculated using
metal reflection measured on 0.5-m antenna—plate distance.
Performed antenna-to-wall distance tests gave complex results:
the results showed that measured surface dielectric value was
not acting linearly when antenna-to-wall distance changes were
large. This effect can be explained by geometrical signal attenu-
ation when an antenna is moved farther from the wall. Current
amplitude correction algorithms are not able to handle these
critical distance changes. Figure J.31 also shows that taking
measurements farther from the wall (1.0 m and 1.5 m) reduced
the general level of the dielectric value compared with the 0.5-m
survey distance. Thus, the wall shape starts to have an effect at
longer distances. Nonetheless, results from 1.0 m and 1.5 m
show similar trends and anomalies.

In further tests, metal plate reflections were also measured
using two test distances, but the size of the metal plate—1 m
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Figure J.29. Results of surface dielectric values repeatability tests (top) and antenna-to-wall distance (bottom).

Red, run 1; blue, run 2.

by 1 m—was found to be too small at distances of 1.0 m and
1.5 m (Figure J.32). The GPR signal did not reflect from the
metal as expected, and signal loss was too high. From a dis-
tance of 1.0 m, the signal was 20% weaker, and from a dis-
tance of 1.5 m, it was 50% weaker compared with the signal
received from the 0.5-m distance.

In addition, GPR tests were conducted at different speeds to
collect information on the effect of the survey van speed on the
GPR data. These measurements were performed at three differ-
ent speeds: 6 km/h, 20 km/h, and 30 km/h. Speeds higher than
30 km/h were not possible because of problems with the antenna
support system. The GPR itself has no limits with higher data
collections speed; for instance, the maximum speed using a

Figure J.30. Reflection amplitude elevation
correction curve used in Road Doctor.

SIR-20 GPR unit and one air-coupled horn antenna would be
around 70 km/h to 80 km/h. The most critical factor affecting
speed was the antenna-to-wall distance, which had to stay
roughly the same between measurements; when the van speed
increased, observing and adjusting the antenna-to-wall distance
was more difficult. Test results are presented in Figure J.33, which
shows that above 20 km/h, the distance to the wall changed more
and affected the measured dielectric value.

All the test results presented above show that horn antennae
should be kept relatively close to the wall if the current algo-
rithms will be used. Surveys with longer antenna-to-wall dis-
tances and higher speeds have given interesting and promising
results, but if such will be used, new calibration methods will
be needed for accurate dielectric value calculations. Also, at
longer distances, the footprint area from the reflection will be
much larger, which means that the GPR survey results will be
less detailed.

Finally, when the GPR tests were performed with two
antennae side by side (see Figure J.2, left photograph), the
performance of the two antennae was not similar.

Other Observations with the
GPR Tests—Positioning

The positioning of the GPR data and other data collection is
more complex in underground tunnel surveys which cannot
use Global Positioning System (GPS) techniques. In detailed
tunnel surveys, expensive robot tachymeters can be used, but
their use is expensive and time consuming. That is why this
study used a survey wheel for positioning. All the data points
were stored as a function of a distance from the starting point
of the measurement line. A survey wheel is a simple tool for
positioning the data, but accuracy is limited.
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Figure J.31. Surface dielectric values in antenna-to-wall distance tests (top) and antenna-to-wall distance

(bottom). Red, 0.5 m; blue, 1.0 m; and green, 1.5 m.

Thermal Camera Test Results

Thermal camera tests gave promising results, especially from
the Vuosaari shotcrete tunnel. Some anomalies could be
detected in the Hakaméientie Tunnel. The main findings of
the thermal camera test are given in the following sections.

Vuosaari Tunnel

The Vuosaari Tunnel proved to be ideal for thermal analysis.
Water seeping from the bedrock and infiltrating through the
shotcrete was causing strong thermal anomalies, which the
thermal camera detected. Leaking and blocked water seem to
cause cold thermal anomalies in all outside air temperature

Figure J.32. GPR metal reflection data collection
during winter tests in 2011.

conditions. Other visible thermal differences are caused by
water drains. These thermal anomalies can be cold or warm,
depending on the outside air temperature. In warm condi-
tions, drains can be seen as warm anomalies due to warm air
inside the drains. The Vuosaari Tunnel was opened for use in
2007 and is in good condition. Similar studies of older tun-
nels would reveal more anomalies.

Figure J.34 presents thermal data sets from the Vuosaari
Tunnel collected in different seasons. The figure shows that
the best and most detailed data was collected in the summer:
moisture anomalies (black areas), in particular, are very visible
and show where drain pipes are not collecting all the water. In
the fall, many of the summer anomalies can also be seen; but
in the winter, when the wall was frozen (at the time of the data
collection, air temperature ranged from —4°C to 2°C), only
small indications of the problem sections can be seen, and the
data are more blurry.

Thermal data collected in summer 2011 from the Vuosaari
roof also had good quality (Figure J.35). Because the Vuosaari
Tunnel is an undersea tunnel, water mostly tries to leak through
the roof, which is why the roof data had more thermal anoma-
lies than the wall data. Temperature differences between anom-
alous and other areas, however, were low, as can be seen in
Figure J.35 in which the relative temperature difference is 2°C.

Hakaméentie Tunnel

In the Hakamaientie Tunnel, southbound tunnel right wall ther-
mal camera data collection was done in summer, autumn, and
winter. Wall temperatures were constant in every survey season,
and thermal anomalies were rare. All spotted anomalies were
caused by tunnel technology, water spatters on the wall, and
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Figure J.33. Surface dielectric values in speed tests (top) and antenna-to-wall distance (bottom). Red, 6 km/h;
blue, 20 km/h; and green, 30 km/h.

Figure J.34. Comparison of thermal data collected at different times of year (fall, winter, and summer;
temperature scale in degrees Celsius).

Figure J.35. Thermal color-scale map of Vuosaari Tunnel roof (temperature scale in degrees Celsius). White
spots are lamps.
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Figure J.36. Thermal color-scale map of Hakamé&entie Tunnel southbound right-side wall (summer;

temperature scale in degrees Celsius).

snow. Wall temperature variation, regardless the time of the
year, was less than 1°C. Compared with the Vuosaari Tunnel,
thermal variation was extremely low. Figure J.36 presents the
thermal color-scale map from the right-side wall summer data.

Data Collection Speed Tests

Thermal camera data collection speed tests consisted of three
measurements on the Vuosaari Tunnel right-side wall with
the same camera-to-wall distance. Measurements were per-
formed using van speeds of 20 km/h, 45 km/h, and 60 km/h.
Figure J.37 shows an example of test results, which prove that
measurements are repeatable at all three tested data collec-
tion speeds. The same features can be spotted in all the data
sets. Differences in the data sets were caused mainly by the
speed of the van. When the camera moved by the objects
faster, the anomalies started to fade and blur. Still, up to a
speed of 60 km/h, anomalies do not disappear: greater water
leak areas can be still detected.

Laser Scanner Test Results

In the Vuosaari Tunnel, laser scanning was performed using
two different laser scanner types: effective high-accuracy
systems (Category A) and cheaper lower-accuracy systems
(Category B). The Hakamientie Tunnel was measured using
only the Category B laser scanner. The key findings are pre-
sented in the following sections.

Vuosaari Tunnel

Tests results from both laser scanner systems used in the
Vuosaari Tunnel gave promising results. Both systems provided
information about the tunnel wall surface shape, and remission
data provided information about water leakage areas. Fig-
ure J.38 presents an example of the Category B laser scanner
shape data, where a tunnel cross section can be seen on the
right. Figure J.39 presents an example of the detailed infor-
mation provided by the Category A laser scanner, which

Figure J.37. Repeatable speed test result, example from Vuosaari Tunnel (summer; temperature

scale in degrees Celsius).
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Figure J.38. Category B laser scanner data from Vuosaari Tunnel (right-side wall at 1250-1300 m). In remission
data (top data field), darker areas represent potential moisture anomalies; in wall shape information (bottom

data field), darker areas are farther from road.

shows points/areas where salty water was leaching through
the shotcrete. Figure J.40 presents a comparison of Cate-
gory A and Category B laser scanner data in the Vuosaari
Tunnel roof surveys. It shows that the cheaper Category B
laser scanner does detect anomalous areas. The detailed ana-
lysis of the high-precision Category A laser scanner data even
revealed cracking in the tunnel roof, as Figure J.41 shows.

Laser scanner data are very repeatable, and data collection
can be carried out in tunnels with speeds of 30 km/h to
40 km/h. Higher speeds can be used, but problems with
accurate positioning can occur when doing so. To get reliable
X, ¥, z position data reference points that can be detected
from laser scanner data, collection should be done at 200-m
intervals.

Hakamdéentie Tunnel

The results of the laser scanner tests in the Hakamientie
Tunnel did not reveal any major problem areas. Figure J.42
presents an example of Category B laser scanning data from
the Hakamaentie Tunnel roof. Results showed small anomalies

in concrete block joints and at the joints where the roof meets
the wall. Thermal camera data did not show any major thermal
anomalies on these locations.

Integrated Analysis of Different Methods

In this study, a comparison of the different data types could
be made only with the thermal camera and laser scanner data;
GPR data were not usable for data analysis because of the
presence of steel fibers. Figure J.43 presents a comparison of
the thermal data (in the center) with the point cloud videos
(in the corners) in the Vuosaari Tunnel. The connection
between the anomalies detected is clear. Where water entered
the shotcrete-surfaced tunnel, surface leakages can be seen as
darker areas in the laser scanner remission data. In the ther-
mal data, areas with higher water content can be seen as
colder anomalies and, with proper color scale, as dark spots.
In both data sets, the darkest areas indicate the existence of
water in the tunnel structure. Analysis of multiple points
showed a high correlation between these points.
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Figure J.39. Category A laser scanner detailed view Figure J.41. Example of Category A laser scanner
from Vuosaari Tunnel (right-side wall at 1350 m; see data from Vuosaari Tunnel roof. Areas with cracks in
also Figure J.38). Small wet spots are visible on the shotcrete are shown with red circles.

right; white areas beneath indicate salt.

Figure J.40. Comparison of Category B (top) and Category A (bottom) laser scanner data from Vuosaari Tunnel
roof (around 100 m at the tunnel roof). The same anomalies can be seen in both data sets.
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Figure J.42. Category B laser scanner reflection amplitude data from the Hakamé&entie Tunnel roof. Red markings

point out detected anomalies.

Conclusion

The results of the tunnel tests showed that all three systems
are potential tools to be used in surveys of tunnel lining con-
ditions. However, each system has some shortcomings depend-
ing on the type of tunnel structure, and these need to be
identified before selecting the survey method for each tunnel.
The key conclusions for each tested tunnel survey method are
presented in the following sections.

GPR Analysis

The key conclusions for the ground-penetrating radar analysis
survey method are as follows:

1. GPR horn antenna data provided good quality structural
information from the concrete tunnel but could not be
used in the shotcrete tunnel because steel fibers were used
in the shotcrete. The GPR data provided useful informa-
tion on structures behind the tunnel linings.

Figure J.43. Thermal color-scale map anomalies’ connection to the Category A
laser scanning video results, Vuosaari Tunnel right-side wall. LS = laser scan.
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. More research is needed before surface dielectric informa-

tion can be reliably used to find moisture anomalies in the
lining structure. The distance from the antenna to the wall
should be kept constant, and better calibration files are
needed. The optimal distance is 0.5 m, which allows for
safe measurement and is close enough for reliable dielec-
tric value calculation. However, this distance might exclude
the horn antenna technique in surveys of tunnel roofs.
Also, the surface texture of the wall can affect results; if the
surface is smooth, data collection can be done and results
will be reliable.

Better mounting systems for horn antennae—to protect
the antennae in case they hit obstacles—make higher data
collection speeds possible.

Different GPR horn antennae gave slightly different
results, and at this time, only one antenna is recommended
for use in one survey.

. The GPR system is relatively expensive. The price estimate

for a complete horn antenna tunnel survey system is
$150,000 to $200,000.

GPR horn antenna data collection and data analysis
require well-trained and experienced personnel.

Thermal Camera Surveys

The key conclusions for the thermal camera survey method
are as follows:

. Thermal cameras gave excellent results on the shotcrete

tunnel, but in the new Hakamdentie concrete tunnel, hardly
any anomalies could be detected with the system. One rea-
son may be a lack of problems close to the surface.

The thermal camera is a fast method for tunnel surveys,
and first results can be seen during data collection. At
higher speeds, data are slightly blurred, but bigger anoma-
lies can be reliably detected.

. Results are repeatable, but changes in tunnel wall surface

temperature during the day must be taken into account.
Anomalies can be seen in different ways when the surveys
are conducted in summer, fall, and winter. The best time
for surveys is early summer. However, results surprisingly
showed that moisture anomalies were always seen as
colder areas.

The thermal camera is sensitive to the survey direction
toward the tunnel wall and roof, and focusing the camera
on white tiles can be difficult. Also, the survey van can
cause unwanted infrared reflections.

Survey equipment is relatively cheap. The price estimate
for the complete hardware package to conduct a thermal
camera survey in a tunnel can range from $40,000 to
$60,000 (excluding the survey van).

7. Thermal cameras are easy to use, and data collection and
analysis can be started after 1 to 2 days of training.

Laser Scanning Analysis

The key conclusions for the laser scanning analysis survey
method are as follows:

1. Laser scanning systems provided very useful data of the
shape and condition of the tunnel linings. The results were
excellent, especially in the shotcrete Vuosaari Tunnel, but
interesting and valuable information was also detected in
the concrete Hakaméentie Tunnel.

2. The Category A laser scanner (lidar) provides very accu-
rate information on the tunnel shape and changes in the
shape, especially if good x, y, z reference points are avail-
able. The accuracy of the Category B laser scanner is only
good enough for rough surface shape analysis.

3. Both systems provided enough detailed remission results
to detect moisture anomalies in the tunnel linings. Soft-
ware plays an important role in presenting the results in
the optimal way.

4. The Category A laser scanner (lidar) showed cracking in
shotcrete concrete.

5. Laser scanning is repeatable, and surveys can be per-
formed at relatively high speeds.

6. The price of the system varies. A good Category A laser
scanning system can cost up to $1 million, while the price
estimate for a complete Category B laser scanner hardware
system ranges from $50,000 to $70,000.

7. Category A laser scanning system data collection and analy-
sis require experienced personnel with a background in
geodesy; training for Category B laser scanning system data
collection and analysis takes only 1 to 2 weeks.

Other Instruments Used in the Survey

In addition to the performance of the tested equipment, the
tunnel tests in Finland provided useful information on other
instruments used in the surveys:

1. The quality of digital videos used in the surveys was not
good. For future surveys, video cameras with good lumi-
nous power are recommended.

2. Because GPS does not work in tunnels, the quality require-
ments for encoders are high—with no shift allowable even
at very low speeds.

3. Because survey vehicles cannot always drive at exactly the
same survey line, the survey tunnels should have referenc-
ing systems at about 200-m intervals that can be detected
in all survey data (for instance, metallic tapes) and that
can be used to scale the data.
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Air-Coupled Ground-Penetrating Radar Field Tests

Air-Coupled GPR
Operating Principles

The Texas A&M Transportation Institute (TTI) air-coupled
ground-penetrating radar (GPR) antenna transmits pulses
of radar energy with a central frequency of 1 GHz into a tun-
nel lining. These waves are reflected at significant layer inter-
faces in the lining. The reflected waves are captured by the
system and displayed as a plot of reflection amplitude (volt-
age) versus arrival time. As shown in Figure K.1, the largest
peak is the reflection from the surface. The amplitudes before
the surface reflection are internally generated noise and, if
significant, should be removed from the trace before signal
processing. The reflections that can also be of significance to
tunnel personnel are those that occur after the surface echo.
These represent significant interfaces within the lining, and
the measured travel time is related to the depth to another layer
or to a defect. For example, in Figure K.1 the time between the
surface echo Al and A2 is related to the depth to another layer
or to a defect.

The software developed at TTI automatically measures the
amplitudes of reflection and time delays between peaks. Using
these measurements, the operator can calculate layer dielectrics
and depths to another layer or defect. The equations used are
summarized in Equations K.1 through K.3:

! 2
(ixml )
e, =
( l )
Am

where
€, = dielectric of lining surface,

(K.1)

A, = amplitude of reflection from the surface in volts (peak
A, in Figure K.1), and
A,, = amplitude of reflection from a large metal plate in

volts (this represents the 100% reflection case).
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where
h1 = depth to another interface (such as to another layer,
void, or other defect),
¢ = constant (speed of the radar wave in air as measured
by the system), and
Atl = time delay between peaks Al and A2 in Figure K.1.

-
A, A
caga)
A, A,
where
g, = dielectric of the lower layer, void, or other defect, and

A, = amplitude of reflection from the top of the lower layer
or defect in volts (peak A, in Figure K.1).

Ve, =+e,

(K.3)

Dielectric values and depths can be readily determined
from two software packages developed by TTT: COLORMAP
and Pavecheck. Both software packages are relatively easy to
use for production-level purposes.

Air-Coupled GPR Results
for the TTI Test Specimens

TTI personnel collected air-coupled GPR data on concrete and
shotcrete specimens that contained delaminations or voids. The
TTI team determined that the equipment could detect only
three simulated voids, all located in the shotcrete sections:

e Specimen D, an air-filled void placed 7.625 in. from the
surface;

e Specimen F, an air-filled void placed 3 in. from the surface;
and

e Specimen G, a water-filled void placed 3 in. from the surface.

Copyright National Academy of Sciences. All rights reserved.
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Figure K.1. Air-coupled GPR operation.

The equipment could not detect delaminations or voids in
the other sections.

Figure K.2 shows the analysis of the GPR data on Speci-
men D using the COLORMARP program. The program indi-
cated that the depth to the defect was 7.7 in. The program
calculated a surface dielectric of 8.2 and a void dielectric of
6.6.If an air-filled void exists, the calculated dielectric of the
void is less than the surface dielectric.
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Figure K.3 shows the analysis of the GPR data on Specimen
F using the COLORMAP program. The program indicated that
the depth to the defect was 2.6 in. The program calculated a
surface dielectric of 9.1 and a void dielectric of 7.3. If an air-
filled void exists, the calculated dielectric of the void is less than
the surface dielectric.

Figure K.4 shows the analysis of the GPR data on Specimen G
using the COLORMAP program. The program indicated that
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Figure K.2. Analysis of air-coupled GPR data on Specimen D.
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Figure K.4. Analysis of air-coupled GPR data on Specimen G.
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the depth to the defect was 2.7 in. The program calculated a
surface dielectric of 8.5 and a void dielectric of 12.4. If a
water-filled void exists, the calculated dielectric of the void is
greater than the surface dielectric.

Air-Coupled GPR Results
from Tunnel Testing

Washburn Tunnel

In the Washburn Tunnel, which is completely lined with tiles,
the air-coupled GPR data were collected every foot and indi-
cated changes in the surface dielectric along the length of the
tunnel. An example of air-coupled GPR data collected in the
Washburn Tunnel is shown in Figure K.5. This figure was
generated by the Pavecheck program developed by TTI to
analyze air-coupled GPR data. The dielectric values shown in
Figure K.5 have not been corrected for changes in the dis-
tance between the antenna and the tunnel lining. As can be
inferred in Figure K.5, the distance between the antenna and
the tunnel surface did vary because of the difficulty of keep-
ing the vehicle moving in a straight line. However, the TTI
team believes the data are useful in their current form. The
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unusually large peak on the left side of the figure is associated
with a steel plate installed in the tunnel lining.

Chesapeake Channel Tunnel

At the top of the Chesapeake Channel Tunnel lining, the team
used air-coupled GPR data to locate one area with no surface
distress for in-depth testing. The data were collected every
foot with the antenna aimed directly at the top of the tunnel
lining. Data could not be collected from the top sides of the
tunnel because of the cables and utilities installed there. The
area chosen for testing had a surface dielectric value of 18.7,
which is unusually high for concrete, at Station 486+67. Fig-
ure K.6 shows the air-coupled GPR data for this area. As can
be inferred from Figure K.6, the distance between the antenna
and the tunnel lining surface was kept relatively constant (the
antenna was mounted on a pushcart and pointed directly at
the top of the tunnel lining). The results of the in-depth test-
ing in this area showed that a shallow delamination existed at
thatlocation. The team tested other locations at the top of the
tunnel and on the tiled tunnel wall.

The team used infrared data from the SPACETEC equip-
ment to determine testing locations on the tiled tunnel wall

Figure K.5. Air-coupled GPR data collected for the Washburn Tunnel.

Figure K.6. Air-coupled GPR data collected for the Chesapeake

Channel Tunnel roof.
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at the Chesapeake Bay. The team could not collect air-coupled
GPR data at that location because construction equipment
blocked access to the wall at the time of the air-coupled GPR
data collection. The in-depth evaluation devices were able to
detect defects in the areas tested.

The TTI team also collected handheld infrared camera
images in the Chesapeake Channel Tunnel roof and roadway;
selected images are shown in Appendix L. The team found few
changes in temperature in the tunnel roof. The team found that
collecting images on tiled tunnel linings with this equipment
was problematic because the tile reflected heat from any heat-
generating source, including construction equipment, lights,
and people. In addition, the team was not able to effectively
compare the SPACETEC results along the area tested by the
team because that would have required a lane closure on the
other side to effectively obtain images with the handheld device.

The vehicle-mounted thermal camera scans were also
affected by construction equipment operations during the
scans, so the team could not generate comparisons between
the SPACETEC results and that device.

Figure K.7 shows an example of the air-coupled GPR
data taken along the tiled tunnel wall. The dielectric values
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shown in Figure K.7 have not been corrected for changes in
the distance between the antenna and the tunnel lining (a
version of this software will be developed soon with this
capability). However, the TTI team believes the data are
useful in their current form. The unusually large peaks are
associated with steel plates or fixtures installed on the tun-
nel surface.

Eisenhower Memorial Tunnel

In the Eisenhower Memorial Tunnel, the in-depth evaluation
devices were able to detect defects in the areas tested. The loca-
tions were selected for testing with the in-depth devices based
on observed surface distress and feedback from the tunnel
operator.

The team encountered problems with collecting air-coupled
GPR in the top portion of the Eisenhower Memorial Tunnel
with an exposed concrete surface, mainly because cables and
other obstructions were in the way. In addition, the team could
not collect data at the top of the tunnel because of the distance
between the ceiling and the roof. Figure K.8 shows an example
of the data collected (the antenna was mounted on a pushcart).

Figure K.7. Air-coupled GPR data collected for the Chesapeake

Channel Tunnel tiled wall.

Figure K.8. Air-coupled GPR data collected for the Eisenhower

Memorial Tunnel, top portion.
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The antenna was pointed at the side of the tunnel; the team had
difficulty keeping the pushcart moving in a straight line, so the
distance between the antenna and the lining surface varied.

Although GPR data were collected on the tiled roadway sec-
tion, the data proved not to be usable because the tiles were
mounted on steel panels, and the panels were apparently not
attached directly to the concrete.

The TTI team also collected handheld infrared camera
images in the top section of the Eisenhower Memorial Tunnel
and found significant temperature changes. Appendix L con-
tains selected images from the handheld device and the ther-
mal scan.

Hanging Lake Tunnel

In the Hanging Lake Tunnel, the in-depth evaluation devices
were able to detect defects in the areas tested on the tunnel
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roof. The locations selected for testing with the in-depth
devices were requested by the tunnel operator.

Figure K.9 shows an example of the air-coupled data
taken on the Hanging Lake Tunnel roof (the antenna was
mounted on a pushcart and pointed directly at the top of
the lining). As can be inferred from Figure K.9, the distance
between the antenna and the tunnel lining surface was kept
relatively constant. Also, Figure K.9 shows two distinct
interfaces.

Figure K.10 shows an example of the air-coupled GPR
data taken on the Hanging Lake Tunnel tiled wall. The
dielectric values shown in Figure K.10 have not been cor-
rected for changes in the distance between the antenna and
the tunnel lining. However, the TTI team believes the data
are useful in their current form. The unusually large peaks are
associated with steel plates or fixtures installed on the tunnel
surface.

Figure K.9. Air-coupled GPR data collected for the Hanging Lake

Tunnel roof.

Figure K.10. Air-coupled GPR data collected for the Hanging Lake

Tunnel tiled wall.
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No Name Tunnel

In the No Name Tunnel, the team collected only air-coupled
GPR data. Figure K.11 shows an example of the air-coupled
GPR data taken in that tunnel. As can be seen in Figure K.11,
the dielectric values are unusually low. The team did not
encounter this issue in the other tunnels tested. One explana-
tion is that the antenna was inadvertently set to a lower power
output mode, which resulted in lower reflection amplitudes
from the tunnel lining. In any case, the air-coupled GPR data
indicated possible layer interfaces in this tunnel.

Figure K.11. Air-coupled GPR data
collected for the No Name Tunnel.
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Evaluation of Texas A&M Transportation
Institute Test Specimens with the Handheld

Infrared Camera

Handheld Infrared Camera

The Texas A&M Transportation Institute (TTI) purchased a
FLIR T300 handheld infrared camera for this Renewal proj-
ect. The cost of the camera was approximately $9,000. Fig-
ure L.1 is a photograph of this camera.

Infrared Camera Images
for the TTI Test Specimens

TTI personnel collected infrared camera images of ground-
penetrating radar (GPR) data on concrete and shotcrete spec-
imens that contained simulated delaminations and voids. As
described in Chapter 3 of the main report, the TTI team
determined that the infrared camera could detect only three
simulated voids, all of which were located in shotcrete sec-
tions. Those specimens were

e Specimen F, an air-filled void placed 3 in. from the
surface;

e Specimen G, a water-filled void placed 3 in. from the sur-
face; and

e Specimen L, a delamination placed 1 in. from the surface.

Specimen F had the most distinct thermal image.

The following images were taken at night. Figure L.2 shows
the infrared image of Specimen F. The blue grid lines are
chalk marks placed on the specimen. The spacing between
the chalk marks is 50 mm (approximately 2 in.).

Figure L.3 shows the infrared image of specimen G. As
shown in Figure L.3, the thermal image is less distinct. The

blue grid lines are chalk marks placed on the specimen. The
spacing between the chalk marks is 50 mm.

Figure L.4 shows the infrared image of Specimen L. As shown
in Figure L.4, the thermal image is less distinct than the image
in Figure L.2. The blue grid lines are chalk marks placed on the
specimen. The spacing between the chalk marks is 50 mm.

Selected Infrared Images
Introduction

This section contains selected infrared images from the FLIR
T300 handheld infrared camera and the FLIR A325 vehicle-
mounted infrared camera. TTI personnel obtained the FLIR
T300 images. Roadscanners Oy personnel obtained and ana-
lyzed the images from the FLIR A325.

Chesapeake Channel Tunnel Images

Figures L.5 through L.14 show the images obtained in the
Chesapeake Channel Tunnel.

Eisenhower Memorial Tunnel Images

Figures L.15 through L.23 show the images obtained from the
Eisenhower Memorial Tunnel.

Hanging Lake Tunnel Images

Figure L.24 through Figure L.35 show the images taken in the
Hanging Lake Tunnel.
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Figure L.1. FLIR T300 infrared camera. Figure L.4. Infrared camera image of Specimen L.

Figure L.2. Infrared camera image of Specimen F. Figure L.5. FLIR T300 infrared image of the top of
the Chesapeake Channel Tunnel. Areas in red are
air vents.

Figure L.6. Visual image of the top of the
Chesapeake Channel Tunnel.
Figure L.3. Infrared camera image of Specimen G.
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Figure L.7. FLIR T300 infrared image of the top of Figure L.9. FLIR T300 visual image of Figure L.8.
the Chesapeake Channel Tunnel. Areas in blue at the
top of the tunnel are cracks with moisture.

Figure L.8. FLIR T300 infrared image of the tiled Figure L.10. FLIR T300 infrared image of the tiled
lining in the Chesapeake Channel Tunnel. lining in the Chesapeake Channel Tunnel. Note the
thermal reflection of the vehicles.

Figure L.11. FLIR T300 visual image of Figure L.10.
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Figure L.12. FLIR A325 scan of the tiled roadway section in the Chesapeake Channel Tunnel. The temperature

range is in centigrade (0-600 ft).
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Figure L.13. FLIR A325 scan of the tiled roadway section in the Chesapeake Channel Tunnel. The temperature
range is in centigrade (600-1,200 ft).
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Figure L.14. FLIR A325 scan of the tiled roadway section in the Chesapeake Channel Tunnel. The temperature
range is in centigrade (1,200-1,800 ft).

Figure L.15. FLIR T300 infrared image of the top of Figure L.16. FLIR T300 infrared image of the top of
the Eisenhower Memorial Tunnel. Areas in white are the Eisenhower Memorial Tunnel.
cables.
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Figure L.18. FLIR T300 infrared image of the top
Figure L.17. Visual image of the top of the of the Eisenhower Memorial Tunnel showing
Eisenhower Memorial Tunnel. stalagmites (white).

Figure L.19. FLIR T300 infrared image of the top of
the Eisenhower Memorial Tunnel.
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Figure L.20. FLIR A325 scan of the tiled roadway section in the Eisenhower Memorial Tunnel. The temperature
range is in centigrade (0-600 ft).
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Figure L.21. FLIR A325 scan of the tiled roadway section in the Eisenhower Memorial Tunnel. The temperature
range is in centigrade (600-1,200 ft).
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Figure L.22. FLIR A325 scan of the tiled roadway section in the Eisenhower Memorial Tunnel. The temperature
range is in centigrade (1,200-1,800 ft).
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Figure L.23. FLIR A325 scan of the tiled roadway section in the Eisenhower Memorial Tunnel. The temperature
range is in centigrade (1,800-2,400 ft).
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Figure L.24. FLIR T300 infrared image of the top of

the Hanging Lake Tunnel. Figure L.27. FLIR T300 infrared image of the tiled
tunnel wall in the roadway section (eastbound).
According to limited sounding tests, areas in blue
appear to be areas of debonded tiles.

Figure L.25. Visual image of the top of the Hanging
Lake Tunnel. Note staining around cracks.

Figure L.28. FLIR T300 visual image of Figure L.27.

Figure L.26. FLIR T300 infrared image of the top of

the Hanging Lake Tunnel. According to visual

observations, areas in blue along the tunnel ceiling Figure L.29. Visual image of the Hanging Lake
are cracks with moisture; areas in blue at the bottom Tunnel roadway section.

are air vents.
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Figure L.30. FLIR A325 scan of the top of the Hanging Lake Tunnel. The temperature range is in centigrade
(0-600 ft).
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Figure L.31. FLIR A325 scan of the top of the Hanging Lake Tunnel. The temperature range is in centigrade
(600-1,200 ft).
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Figure L.32. FLIR A325 scan of the top of the Hanging Lake Tunnel. The temperature range is in centigrade
(1,200-1,800 ft).
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Figure L.33. FLIR A325 scan of the tiled roadway section in the Hanging Lake Tunnel The temperature range
is in centigrade (0-600 ft).
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Figure L.34. FLIR A325 scan of the tiled roadway section in the Hanging Lake Tunnel. The temperature range
is in centigrade (600-1,200 ft).
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Figure L.35. FLIR A325 scan of the tiled roadway section in the Hanging Lake Tunnel. The temperature range
is in centigrade (1,200-1,800 ft).
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Ultrasonic Tomography Field Tests

in the United States

Introduction

Field evaluations of four public tunnels and a series of test spec-
imens were conducted for this research. Because the ultrasonic
tomography (UST) technique does not have a testing method-
ology that is field ready, the system was first evaluated by testing
its ability to detect simulated defects in laboratory specimens
with simulated defects as well as other available sites (pave-
ments, airport runways, bridge decks) for which ground truth
validation was available. After that testing, the system was taken
to the field to evaluate natural structural defects within actual
tunnel linings. The tunnels tested were the Eisenhower Memo-
rial Tunnel near Dillon, Colorado; Hanging Lake Tunnel near
Glenwood Springs, Colorado; Chesapeake Channel Tunnel
near Norfolk, Virginia; and Washburn Tunnel in Houston,
Texas. Types of concrete defects the system used to detect and
localize include air- and water-filled voids, vertical cracks, hori-
zontal delaminations, tile debonding, and abnormalities such as
clay lumps. The device is also used to determine reinforcement
depth and spacing as well as concrete thickness measurements.

The testing concluded that the UST system is effective in
locating horizontal delaminations ranging in thickness from
0.05 mm to 2.0 mm (0.002 in. to 0.079 in.) and is able to dif-
ferentiate between fully debonded and partially bonded areas.
Vertical cracks were only clearly characterized when the polar-
ization of the shear waves was not parallel with the direction
of the crack; however, the presence of cracks often resulted in
the omission of surface detail in the scanned images because
shear waves cannot be supported by air. Backwall surfaces up
to a depth of 965 mm (38 in.) were successfully and accurately
determined. Air- and water-filled voids ranging from 76 mm
to 203 mm (3 in. to 8 in.) in depth, as well as reinforcement
details such as layout and depth, were also successfully deter-
mined and located. With the exception of some medium-size
clay lumps (with a diameter of approximately 102 mm, or
4 in.) surrounding reinforcement, all clay lumps tested were
successfully located.
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A summary of the ultrasonic tomography technique and
field testing results in the United States are provided in this
appendix.

Ultrasonic Tomography
Technique

The ultrasonic tomography system in this study is a device
that uses an array of ultrasonic transducers to transmit and
receive acoustic stress waves for the inspection of concrete
structures. The system used here, the A1040 MIRA, is pro-
duced by Acoustic Control Systems.

The tomograph, shown in Figure M.1 (left), uses a 4-by-12
grid of mechanically isolated and dampened transducers that
can fit the profile of a rough concrete testing surface with
a variance of approximately 10 mm (0.4 in.). Each row of
four transducers transmits stress waves sequentially while the
remaining rows act as receivers. In this manner, the tomograph
has a wide coverage of shear wave pulses that reflect at internal
interfaces where the material impedance changes (Figure M.1,
right). With the help of a digitally focused algorithm—an alter-
ation of the synthetic aperture focusing technique (SAFT)—a
three-dimensional (3-D) volume is presented with each point
of possible reflection in half-space represented by a color
scheme, scaled according to reflecting power (Schickert 1995;
Schickert et al. 2003). This 3-D image can also be dissected into
each of the three planes representing its volume: the B-scan,
C-scan, and D-scan (Figure M.2). The B-scan is an image slice
showing the depth of the specimen on the vertical (or z) axis
versus the width of the scan on the horizontal (or x) axis. This
slice is a plane perpendicular to the scanning surface and paral-
lel to the length of the device. The C-scan is an image slice show-
ing the plan view of the tested area, with the y axis of the scan
depicting width parallel to the scanning direction and the
horizontal (or x) axis of the scan representing the length
perpendicular to the scanning direction. The scanning direc-
tion is always defined as the y-axis, as seen in Figure M.2.

Copyright National Academy of Sciences. All rights reserved.
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Figure M.1. The A1040 MIRA system (left), and the transmission/reception of acoustic waves (right).

The D-scan is like the B-scan in that it images a plane perpen-
dicular to the testing surface, but it is oriented parallel to the
scanning direction. On each of the scans, the various intensities
reported by the returned waves are color coded, from light blue
to deep red, representing low reflectivity (typically sound con-
crete) and high reflectivity (any type of impedance), respec-
tively. With this intensity scaling, discontinuities with distinctly
different wave speeds—such as voids, delaminations, cracks,
and other abnormalities—are easy to discern.

This UST system has had limited exposure to industrial appli-
cations but is quickly becoming recognized as a powerful non-
destructive testing (NDT) method. The ultrasonic technique in
general has been used in concrete structures to identify concrete
thickness and elastic modulus, as well as to detect grouting con-
ditions of internal ducts in prestressed structures (Im et al. 2010;
De La Haza et al. 2011). Previous uses of the ultrasonic tomo-
graph technique have largely been conducted by the Federal
Institute for Materials Research and Testing (BAM) in Germany.
BAM collaborated with Acoustic Control Systems in the devel-
opment of the MIRA system and has successfully detected
delaminations at 203 mm (8 in.) below the surface (Shokouhi
et al. 2011). The Shokouhi study was conducted on a demol-
ished bridge deck and was limited to delaminations ranging
from 76 mm to 203 mm (3 in. to 8 in.) in depth. That study also
used a previous version of the UST device (with a 4-by-10

D-scan B-scan

C-scan

Figure M.2. B-, C-, and D-scans relative
to tomograph.

transducer array). Another study conducted by BAM indicated
the UST technique could detect grouting conditions in post-
tensioned concrete elements (Krause et al. 2009). Overall, the
studies conducted by BAM have raised awareness of the abilities
of the UST device and encourage more research to evaluate its
capabilities and limitations.

Preliminary Evaluation
of the UST System

Because the A1040 MIRA device has had limited exposure to
industrial applications, the system was first used on a variety
of test specimens. The test specimens included mock-up slabs
built specifically to mimic defects common in tunnel linings,
as well as certain structural applications exhibiting the types
of defects of interest. Other sites (highways, bridge decks,
airport runways) were made available to the research team
and were capable of providing ground truth validation.

The process used for the evaluations was experimentally
determined. Experiments with scanning increments, grid
locations, device orientations, and other types of configura-
tions were needed to help develop a reliable methodology.
The evaluation procedure discussed later in this appendix
reflects the insights gained from scanning the following
simulated specimens.

Fabrication, Testing, and Validation
of Concrete and Shotcrete Specimens
with Simulated Delaminations and Voids

Eleven normal-weight concrete slabs and 13 shotcrete slabs
were constructed to simulate various defects. The concrete
slabs were used to mimic typical concrete tunnel linings
with and without reinforcing steel. The shotcrete slabs were
constructed to mimic applications in which shotcrete is sprayed
on as a finishing layer, as typically found in tunnel linings. A
specially designed lattice girder, also typical in tunnel wall
construction, was used as reinforcement in the shotcrete slabs
(Figure M.3, bottom right).

Copyright National Academy of Sciences. All rights reserved.
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Figure M.3. Construction of slabs with simulated defects.

The simulated delaminations in these slabs were constructed
from three types of material. Delaminations were imitated by
using 0.05-mm (0.002-in.) plastic square sheets and 0.25-mm
(0.01-in.) cloth squares (Figure M.3, top right). Air-filled voids
(Figure M.3, top left) were constructed by inserting foam
squares 13 mm (0.5 in.) thick in vacuum-sealed plastic bags.
Water-filled voids (Figure M.3, bottom left) were constructed
in a similar manner by placing water-filled Ziploc bags within
vacuum-sealed plastic bags and carefully padding the defect
with concrete or shotcrete during construction so as not to
puncture the plastic.

The simulated specimens were tested by first placing a 50 mm
by 150 mm (2 in. by 6 in.) in a y-increment by x-increment
grid on the surface. This grid increment was determined
experimentally and is shown to provide optimal resolution
for the types of defects under inspection in these slabs. After
the grid was constructed, the UST device was manually placed
along each marked increment, taking 3 s to 5 s per increment
to automatically scan and store the gathered data. At the
50-mm by 150-mm (2-in. by 6-in.) spacing, this process takes
approximately 13.5 min/sq m (1.25 min/sq ft).

Some specimens were fully measured twice in opposing
directions. This was done for two reasons. First, the reproduc-
ibility of the ultrasonic tomography technique when scanned
in different directions has to be shown. Second, because the
device is polarized—that is, the shear waves are transmitted
and received in one direction only (the x-axis)—scanning in
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two orthogonal directions allows objects to be measured more
accurately.

After the data were gathered, the images produced by
the A1040 MIRA proprietary software were analyzed for
regions of high reflectivity, which are denoted by red regions
in UST images. Because the software output is a color scheme
that depicts intensity of reflectivity (low reflectivity or
impedance is coded as light blue, high reflectivity or imped-
ance is coded as red, as shown in Figure M.4), great care has
to be taken when determining the type of discontinuity under
inspection. The software used in this research does not dis-
play a waveform in the time domain; therefore, phase changes,
which relate directly to the density of the discontinuity,
cannot be determined without additional features or post-
processing. Also, because the grid increment in the direction
normal to the B-scans was 50 mm (2 in.) for these specimens,
the B-scans in the inspection software are in 50-mm (2-in.)
increments.

With the firmware used for this research, 50 mm (2 in.) is
the minimum scanning increment available. Toward the end
of the project, a firmware update (3.0-9.1.22) was available
for the A1040 MIRA system, which added the ability to scan
as closely as 10 mm (0.4 in.). In contrast, C- and D-scans
can be viewed in very small increments (1 mm to 2 mm, or
0.04 in. to 0.08 in.) that are associated with the geometry of
the transducer spacing and depth of scan; these values are
preset by the device manufacturer.
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Figure M.4. Scale of
reflectivity (or acoustic
impedance).

For most concrete structures, a backwall reflection is the first
discontinuity that is expected to be readily visible because back-
wall surfaces are usually exposed to air, causing almost complete
reflection of the sound waves. This is not the case when a layer
is fully bonded to a sublayer. When a visible backwall reflection
readily correlates with the expected concrete depth, inspection
of the area between the testing surface and backwall reflection
can take place. As each B-, C-, and D-scan is fully investigated,
regions of high reflectivity that appear to indicate damage are
catalogued according to the judgment of the operator. If details
such as concrete cover and reinforcement direction and spacing
are desired, these can be catalogued as well.

C-scans, which offer the most comprehensive visual
dimensioning of the simulated delaminations, are shown in
Figures M.5 and M.6. The images in these figures are rep-
resentative of defect visualization for the simulated concrete
and shotcrete slabs. Figures M.5 and M.6 depict typical
C-scans showing a simulated delamination (top left), an air-
filled void (top right), a water-filled void (bottom left), and a
slab with only reinforcement (bottom right). A summary of
all simulated defects and specimen characteristics for the
concrete and shotcrete slabs (as well as the simulated concrete
specimens with clay lumps discussed in the next section) is
provided in Table M.1. These images demonstrate that the
discontinuities in normal-strength concrete are more clearly
detectable than in the shotcrete specimens. One explanation
is that the shotcrete application, perhaps when misapplied,
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can be more porous than typical concrete; within the shotcrete
are numerous micro voids that more quickly attenuate the
acoustic waves. Even so, delaminations can still be detected.
When the system is applied in the field, the images of shotcrete
applications are not significantly different from those of typical
cast concrete.

Fabrication, Testing, and Validation of
Specimens with Simulated Clay Lumps

In addition to the concrete and shotcrete slabs, six concrete
slabs were tested that were constructed in the 1990s by the
Texas A&M Transportation Institute as part of a previous
research project. The slabs contain manufactured clay lumps of
different diameters. The clay lumps are a high plasticity clay,
classified as Burleson clay CH (AASHTO A-7-6) with a plastic-
ity index range of 35 to 45. The slabs and lumps are shown in
Figure M.7 and are summarized in Table M.1 (Specimens A2
through F2). The six specimens consist of two sets of three
slabs: one set with steel reinforcement and one set without. In
each set, one slab was designated as the control with no clay
lump contaminations. The remaining two had various levels of
lumps of documented sizes corresponding to three regions of
interest: (1) lumps below the reinforcement that represent
typical lumps dense enough not to be quickly displaced toward
the surface by vibration, (2) those that are caught in the
reinforcing steel layer on their path toward the surface, and
(3) those that are dispersed between the reinforcement and
the top surface. The depth of the slabs is nominally 305 mm
(12 in.), but all measurements are approximate because neither
ground truth data were retrieved nor any accurate pictures
taken to confidently support documented placement.

Similar to the concrete and shotcrete slab specimens dis-
cussed previously, the simulated specimens with clay lumps
were tested using a 50-mm by 150-mm (2-in. by 6-in.) scanning
grid. Because the type of discontinuity under inspection was
known beforehand, scanning only took place in one direction,
although all the specimens were fully scanned twice to judge
repeatability. Scans were needed in only one direction because
the objects under inspection had a cross-sectional surface area
(parallel to the scanning surface) greater than 50 mm (2 in.) in
the y-scanning direction (more on the topic of device polarity
and increment sizes can be found in the Conclusions section).
A second scan of each specimen was necessary to confirm the
detection of each lump. In both sets of measurements taken for
repeatability, the clay lumps found in all slabs were in precisely
the same location, indicating remarkable repeatability.

Note that the depths of the clay lumps were easily determined
from either a single scanned image on the device screen or a
more detailed analysis on the computer model. This indicates
that the general condition of the structure can be assessed
both in the field and in the laboratory. Measurements to the
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Figure M.5. Typical C-scans of simulated defects in concrete slabs: Specimens Theta (top left), Lambda
(top right), Kappa (bottom left), and Gamma (bottom right).
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http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

114

Figure M.6. Typical C-scans for simulated defects in shotcrete slabs: Specimens D (top left), E (top right),
I (bottom left), and M (bottom right).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

‘panIasal S1ybul [ "S22uaIds Jo Awspeay [euoneN 1ybuAdod

Table M.1. Summary of Concrete and Shotcrete Slab Specimens with Simulated Defects
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Specimen Specimen True Depth of UST Depth of
Name Depth (mm) Material Reinforced Detail Defect Defect (mm) Defect (mm)
Alpha 305 Concrete None None NA NA

Beta 457 Concrete | d =127 mm? Natural crack NA NA

Gamma 305 Concrete | d=127 mm? None NA NA

Delta 610 Concrete | None None NA NA

Epsilon 610 Concrete | d=127 mm? None NA NA

Zeta 381 Concrete | d=127 mm? None NA NA

Eta 381 Concrete | d=127 mm? 0.05-mm thin plastic 51 from top 58 from top
Theta 381 Concrete | d =127 mm? 0.05-mm thin plastic 76 from top 89 from top

lota 381 Concrete | d=127 mm? 0.05-mm thin plastic 25 from top 43 from top
Kappa 381 Concrete | d=127 mm? Air-filled void (13-mm Styrofoam) | 203 from top 203 from top
Lambda 381 Concrete | d=127 mm? Water-filled void (Ziploc bag) 203 from top 196 from top

A 102 Shotcrete | None None NA NA

B 152 Shotcrete | None None NA NA

C 203 Shotcrete | None None NA NA

D 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | Air-filled void (13-mm Styrofoam) | 193 from top 193 from top

E 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | Water-filled void (Ziploc bag) 191 from top 193 from top

F 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | Air-filled void (13-mm Styrofoam) | 76 from top 89 from top

G 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | Water-filled void (Ziploc bag) 76 from top 107 from top

H 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | 0.25-mm thin cloth 208 from top 183 from top

| 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | 0.25-mm thin cloth 102 from top 99 from top

J 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | 0.25-mm thin cloth 76 from top 74 from top

K 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | 0.25-mm thin cloth 51 from top 79 from top

L 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | 0.25-mm thin cloth 25 from top Only shadow

M 305 Shotcrete | One lattice girder in center of slab, sitting on bottom form | None NA NA

A2 305 Concrete | d=152 mm? None NA NA

B2 305 Concrete | d=152 mm? Large (152 mm @) clay lumps 152 from top 160 from top

c2 305 Concrete | d =152 mm? Medium (102 mm &) clay lumps 76,152, 229 from top | 69, 137, 216 from top
D2 305 Concrete | d=152 mm? None NA NA

E2 305 Concrete | d=152 mm? Large (152 mm O) clay lumps 152 from top 107 from top

F2 305 Concrete | d =152 mm? Medium (102 mm &) clay lumps 76,152,229 fromtop | 61, 137, 198 from top

Note: All slab specimens are nominally 1.83 m by 1.83 m.
2Two mats of No. 5 rebar, at depth d from top and bottom, 203 mm on center.
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Figure M.7. Clay lump slab construction.

centroid of high reflectivity regions, which denote any sort of
discontinuity, represent the depth of these anomalies. Keys are
provided alongside each ultrasonic image, as in Figures M.8
and M.9, detailing the intended location of the lumps. Note
that during concrete pouring and vibrating, the lumps will
inevitably be displaced from side to side (e.g., the inward move-
ment of the two center lumps in Figure M.9, left) and upward
(e.g., the upward displacement of the lump in Figure M.8, right).
The C- and B-scans from Figures M.8 and M.9 show both the
large and medium lumps were highly detectable, in slabs both
with and without reinforcement. However, if lumps are
exactly at the layer of reinforcement (see Figure M.8, right,
and the middle set of lumps in Figure M.9, right), it is clear
that lumps surrounding reinforcement are highly improbable
of detection. It would be difficult or highly improbable to know
these areas had clay lumps if the system were to be applied in
a field application with lumps caught in the reinforcement.
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At these levels within a specimen, it may be inferred that a lump
is present, but the clarity is not as persuasive as in the detection
of lumps located farther from the reinforcement.

Fabrication, Testing, and Validation of Concrete
Bridge Deck with Simulated Defects

In addition to the slabs described above, a bridge deck con-
structed by the University of Texas at El Paso was available for
blind testing. The bridge deck was constructed with known
artificial delaminations, cracks, and corroded reinforcement.
Several parameters were considered in the construction of the
artificial delaminations, including stacked delaminations;
delaminations of various thicknesses, ranging from 0.3-mm
(0.01-in.) to 2.0-mm (0.08-in.) thickness; sizes ranging from
305 mm by 305 mm to 610 mm by 1,220 mm (12 in. by 12 in.
to 24 in. by 48 in.); and depths above reinforcing steel at 64 mm

Figure M.8. Large clay lump slabs without reinforcement (left) and with reinforcement (right).
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Figure M.9. Medium clay lump slabs without reinforcement (left) and with reinforcement (right).

(2.5 1in.) below the surface, and below two layers of reinforcing
steel at 152 mm (6 in.), with some located above prestressed
girders supporting the slab. The deck, pictured in Figures M. 10
and M.11, measures 2.4 m by 6.1 m by 0.2 m (8 ft by 20 ft by
8% in.) and rests on three prestressed concrete girders. Simu-
lated defects constructed in the deck consist of nine artificial
delaminations, five cracks, and two corroded reinforcement
mats, all of which are summarized in Table M.2.

In constructing the deck, 27.6 MPa (4,000 psi) concrete was
used, and two layers of No. 5 longitudinal and transverse steel
were placed at 254 mm and 203 mm (10 in. and 8 in.) on center,
respectively, at centroid depths of 83 mm and 184 mm (3.25 in.

and 7.25 in.) from the surface. The 28-day strength and modulus Figure M.10. Simulated bridge deck at University
exceeded 34.5 MPa (5,000 psi) and 27.6 MPa (4,000 psi), of Texas at El Paso.

Figure M.11. Layout of constructed bridge deck.
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Table M.2. Summary of Simulated Defects in Concrete Bridge Deck

UST UST
Actual Actual Measured Measured

Simulated Key Dimension Depth Dimension Depth

Defect Defect Material Legend (mm) (mm) (mm) (mm)

Delamination Soft, high-strength 305 by 305 64 301 by 341 65
(DL1) 1-mm foam

Delamination Soft, high-strength 610 by 610 64 578 by 642 71
(DL2) 1-mm foam

Delamination Soft, high-strength 610 by 610 64 603 by 651 81
(DL3) 1-mm foam

Delamination Soft, high-strength 305 by 305 64 333 by 390 69
(DL4) 2-mm foam

Delamination Soft, high-strength 610 by 610 64 587 by 650 81
(DL5) 2-mm foam

Delamination Soft, high-strength 610 by 610 64 587 by 650 54-116
(DL6) 2-mm foam

Delamination Soft, high-strength 610 by 610 152 562 by 667 136
(DL7) 1-mm foam

Delamination Soft, high-strength 610 by 1,219 152 667 by 1,197 | 150-177
(DL8) 1-mm foam

Delamination Soft, 0.25-mm 305 by 610 64 NAz2 NA2
(DL9) polyester fabric

Vertical crack Soft, thin cardboard I 305 long 64 NA® NA®
(CK1)

Vertical crack Soft, thin cardboard I 305 long 64 NA® NA®
(CK2)

Vertical crack Soft, thick I 305 long 76 NA® NA®
(CKJ) cardboard

Vertical crack Soft, thick l 305 long 152 NAP NAP
(CK4) cardboard

Vertical crack Natural crack I 330 long 64 NA? NA?
(CK5) (observed after

construction)

Corroded 1-mm to 2-mm deep 762 by 762 76 Identified® Identified®
reinforcement corrosion, No. 5
(CR1) rebars

Corroded 1-mm to 2-mm deep 762 by 762 165 Identified® Identified®
reinforcement corrosion, No. 5
(CR2) rebars

2NA = not available. Indiscernible because of surface noise and upper transverse reinforcement.

5NA = not available. Unable to analyze crack details.

°The corroded steel mats were identified, but the map taken did not completely cover the end of the slab, so dimensions could
not be verified.
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respectively. A 0.25-mm (0.01-in.) polyester fabric was used to
mock an ultrathin horizontal delamination. Vertical cracks
were constructed from both thick and thin cardboard sheets.
The No. 5 corroded steel mats were electrically merged and
attached to the normal reinforcement. The corrosion depth
was measured to be 1 mm to 2 mm (0.04 in. to 0.08 in.) before
the concrete was poured.

For the UST analysis, the grid increment used on the bridge
deck (100 mm by 100 mm, or 4 in. by 4 in.) was greater in the
y-scanning direction than the previously evaluated specimens
because this deck was actually the first specimen to be tested
and an optimal increment was not yet established. In retro-
spect, this factor contributed to the defects in this specimen
being less defined than in the other cases. Figure M.12 shows
the defects present at 64 mm (2.5 in.) deep, and Figure M.13
shows the defects present at 152 mm (6 in.) deep. As can be
seen from the UST results, six of the seven defects were detected.
The one defect undetected was the 0.25-mm (0.01-in.) thin
polyester fabric at 64 mm (2.5 in.) below the surface (DL9),
as well as details of the various cracks. This scan was not par-
ticularly useful for examining cracks, as the data set for the
entire scan was too massive for careful evaluations via D-scans,
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and the B-scans were spaced too far apart for careful analysis.
Nevertheless, a sample crack (CK1) is shown in Figure M.14.
The remaining B-scans with their associated end-view keys
are shown in Figures M.15 through M.20.

Continuously Reinforced Concrete Pavement
on 1-20 in Fort Worth, Texas

In the past few decades, I-20 (Figure M.21) has had numerous
repairs and overlays, including a section of continuously rein-
forced concrete pavement (CRCP) in Fort Worth, Texas, west
of RM 2871 (~MP 426+0.5). A nominal 254-mm (10-in.)
thick CRCP was constructed over a two-lift pavement, which
consisted of a top layer of a 51-mm (2-in.) asphalt base. Over
time, significant signs of distress began to appear. Ultrasonic
tomography was used to evaluate transverse surface cracks
on the CRCP and determine the existence of any delamina-
tion within the overlay. The four areas tested are shown in
Figure M.22. Each area was tested using a 50-mm by 150-mm
(2-in. by 6-in.) grid. After scanning the section, cores were
taken to verify the predicted overlay depth, reinforcement
cover, and delamination depth.

Figure M.12. C-scan at 2.5-in. depth: construction key (left)

and UST results (right).
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Figure M.13. C-scan at 6-in. depth: construction key (left)
and UST results (right).

Figure M.14. B-scan showing CK1: construction key Figure M.17. B-scan showing DL7, DL3, and DL5 (left

(top) and UST results (bottom). toright): construction key (top) and UST results (bottom).
Figure M.15. B-scan showing DL1 and DL4 (left to Figure M.18. B-scan showing DL6: construction key
right): construction key (top) and UST results (bottom). (top) and UST results (bottom).

Figure M.16. B-scan showing DL2: construction key Figure M.19. B-scan showing DL8: construction key
(top) and UST results (bottom). (top) and UST results (bottom).
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Figure M.20. B-scan showing CR1: construction key
(top) and UST results (bottom).

The UST results of the first area tested (Figure M.22, top left)
are shown in Figure M.23. These are typical B-, C-, and volume-
scans that are seen in the other scanned areas. The two B-scans
in Figure M.23 (left) show an area with delamination at the
level of longitudinal reinforcement (top B-scan) and an area
with no delamination, but a backwall reflection at the top layer
interface (bottom B-scan). The C-scan (Figure M.23, center)
shows the width of the delamination at the level of reinforce-
ment. Figure M.24 shows all four areas scanned with their
appropriate C-scans overlaid on the image. All delaminations

in these figures are at the level of reinforcement (see Tables M.3
through M.6 for details). Figure M.21. I-20 in Fort Worth, Texas.

Figure M.22. Four areas tested on I-20 in Fort Worth, Texas.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

122

Figure M.23. Typical UST results for I-20 scanning.

Figure M.24. UST C-scans overlaid on I-20 images: Section A (top left), Section B (top right), Section C
(bottom left), and Section D (bottom right).
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Table M.3. Section A, I-20 Evaluations

Overlay

Tomograph

Depth to delamination Varies: 107-127 mm

Depth to reinforcement Varies: 117-127 mm

Core 1
Tomograph | Core Results
Depth to asphalt sub-layer 264 mm 259 mm
Depth to delamination None None
Depth to reinforcement 127 mm 127 mm
Core 2
Tomograph | Core Results
Depth to asphalt sub-layer 254 mm 259 mm
Depth to delamination None None
Depth to reinforcement None None

Table M.4. Section B, I-20 Evaluations

Overlay

Tomograph

Depth to delamination Varies: 114-135 mm

Depth to reinforcement Varies: 114-132 mm

Core 3
Tomograph | Core Results
Depth to asphalt sub-layer 257 mm 264 mm
Depth to delamination None None
Depth to reinforcement None None
Core 4
Tomograph | Core Results
Depth to asphalt sub-layer NA 239 mm
Depth to delamination 117 mm 119 mm
Depth to reinforcement None None

Note: NA = not available.

George Bush Intercontinental Airport,
Houston, Texas

A recent construction project at the George Bush Interconti-
nental Airport (IAH) in Houston, Texas, entailed overlaying
existing runways with a nominal 203-mm (8-in.) jointed plain
concrete pavement (Figure M.25). The existing runways were
762-mm (30-in.) sections of concrete pavement: a 457-mm
(18-in.) portland cement concrete (PCC) layer over a 305-mm
(12-in.) PCC layer. Within 3 months, significant surface cracks
on the bonded concrete overlay (BCO) instigated an evaluation

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

123

Table M.5. Section C, I-20 Evaluations

Overlay

Tomograph

Depth to delamination Varies: 117-130 mm

Depth to reinforcement Varies: 122-127 mm

Core 5
Tomograph Core Results
Depth to asphalt sub-layer | 257 mm 259 mm
Depth to delamination None None
Depth to reinforcement None None
Core 6
Tomograph Core Results
Depth to asphalt sub-layer | 259 mm 259 mm
Depth to delamination 104-135 mm 137 mm
Depth to reinforcement None None

Table M.6. Section D, I-20 Evaluations

Overlay

Tomograph

Depth to delamination Varies: 119-140 mm

Depth to reinforcement | Varies: 122-130 mm

on the source of the cracks. Using a grid spacing of 100 mm by
200 mm (4.0 in. by 7.9 in.), UST was used to completely scan
two entire sections of the runway (two 7.6-m by 7.6-m, or 25-ft
by 25-ft slabs) to evaluate the extent of the damage. The UST
results are shown in Figures M.26 and M.27. The first runway
tested showed more than 70% of the area delaminated at the

Figure M.25. Airport runway at IAH.
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Figure M.26. First segment tested at IAH: B-scans (left), volume-scan (top right),

and C-scan (bottom right).

Figure M.27. Second segment tested at IAH: B-scans (left), volume-scan (top right),

and C-scans (bottom right).

first layer interface (Figure M.26, C-scan at bottom right,
volume-scan at top right). The B-scans on the left of the figure
show the first layer interface is 193 mm to 206 mm (7.6 in. to
8.1 in.) deep, the second layer interface is 683 mm (26.9 in.)
deep, and the third layer interface is 958 mm (37.7 in.) deep.
The second area tested showed approximately 15% of the total
area debonded at the first layer interface (Figure M.27, C-scans
at bottom right, volume-scan at top right). The partially bonded
region at the second layer interface was easily seen.

Cores were taken in both runway sections to verify the
degree of bonding based on three locations: where the UST
results indicated (1) full bonding, (2) full debonding, and
(3) an area in between. Three core strength testing points
within location 1 (predicted full bond) indicated tensile
strengths ranging from 1,230 Pa to 1,500 Pa (178 psi to 219 psi).
A core in Location 2 (predicted partial bond) indicated a tensile
strength of 131 Pa (19 psi). Finally, a few cores in Location 3
(predicted full debond) confirmed delamination at the first
layer interface.

Assessment for Preliminary Defect
Evaluation Using UST

A summary of all simulated defects and specimen characteristics
for all specimens tested can be found in Tables M.1 and M.2,
above. After scanning each of the concrete and shotcrete slabs,
the measurements indicated by UST inspection versus the actual
measurement from ground truth data were plotted. A linear
regression model was fitted to the data (Figure M.28). The types
of discontinuities plotted in this manner were the following:

e Defect depth;

e Defect length (parallel to B-scans, or the x-scanning
direction);

e Defect width (parallel to D-scans, or the y-scanning
direction);

e Shotcrete specimen thickness;

¢ Concrete specimen thickness; and

¢ Reinforcement cover.
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Figure M.28. R? for various defect detection parameters in concrete and shotcrete slabs.
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The coefficient of determination shows strong agreement
between actual discontinuity measurements and measure-
ments taken by ultrasonic tomography. Defect width and
length are characteristics that should be determined after
scanning the region in more than one scanning direction
because the phased-array tomograph is polarized; shear waves
are emitted and received in one direction, the x-scanning
direction, or direction normal to the D-scans. Objects (such as
reinforcement) can therefore appear wider (measured in the
y-scanning direction) than they are in reality because the
B-scan is an average over a row of four transducers.

The defect location and dimensions, as well as other useful
parameters, were plotted against the UST measurements.
Linear regression analysis indicated that the coefficient of
determination (R?) varied between 0.82 and 0.98, indicating
that 82% to 98% of the variability in defect dimensions
(depth from surface, length, and width) or specimen charac-
teristics (thickness, reinforcement cover, and spacing) mea-
sured by the UST device was directly related to the variability
in the actual defect dimensions or specimen characteristics.

These evaluations on simulated specimens were invaluable
for two reasons. Primarily, they instilled confidence that the
data collection method would be reliable for inspection of
existing structures; this was particularly important because
coring or any type of physical validation might not be allowed.
The high R? values translate into a reliability threshold of the
system with which we can confidently map real-life structures.
Still, further testing needs to be completed to have a statistical
analysis that predicts confidence levels and meaningful prob-
ability of detection curves. A limitation of the research per-
formed here is the lack of numerous constructed specimens
with similar or repeated defect evaluations.

Many variables can be adjusted when calibrating the tomo-
graph to improve the accuracy of the device, including period
of impulse, time-corrected gain, firing impulse pause, and wave
velocity. Wave velocity can be accurately estimated by averaging
8 to 10 random readings at different positions on the concrete
surface. If physical validation is possible, the wave speed and
other variables can be adjusted so that the tomograph is cali-
brated by a known measurement, such as reinforcement depth
or backwall reflection. Because these measurements are rarely
known in existing structures to a high level of precision without
destructive validation, the device’s accuracy can be difficult to
fine-tune before testing. For this reason, most of the simulated
specimens were tested blindly by an operator who was not
familiar with the location or type of defects to accurately
mimic field-testing conditions. For all simulated specimens,
wave velocity was calculated by averaging 8 to 10 evaluations;
no other parameters (period of impulse, time-corrected gain,
firing impulse pause) were changed from default settings. In
this manner, the accuracy of the device could be predicted in
preparation for testing existing structures.
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These evaluations were also invaluable because they pro-
vided the opportunity to test many variations of grid size,
location, and creation for future use on existing structures.
Learning how to relate a defect found in the 3-D image recon-
struction with the actual grid established on the specimen
was critical.

Field Evaluation of the
UST System

For the following six test sites, limited ground truth data
were available for confirmation of UST defect locations. The
descriptions of the test sites, including interpretation of UST
evaluations, were made using engineering judgment.

Eisenhower Memorial Tunnel, Colorado

The Eisenhower Memorial Tunnel, located approximately
97 km (60 mi) west of Denver, Colorado, is one of a 2.7-km
(1.7-mi) dual bore project started in 1968. Shown in Fig-
ure M.29, Eisenhower Memorial Tunnel, which carries I-70
West, is paired with the Edwin C. Johnson Memorial Tunnel,
which carries eastbound I-70. Although the eastbound bore
was not completed until almost 1980, construction on the
Eisenhower bore was completed by 1973. Built using drill and
blast methods through a mountain with a maximum over-
burden of 448 m (1,470 ft), the average tunnel dimensions are
14.6 m in height (48 ft) and 12.2 m (40 ft) in width. In 2011,
the average daily traffic was 28,155 vehicles.

All areas of interest in the tunnel were tested from inside the
plenum (above the traffic), and evaluations were conducted on
the precast concrete divider wall separating the intake and
exhaust portions of the plenum and on the lining itself
(Figure M.30). Areas tested on the lining included represen-
tative locations of relatively sound (uncracked) concrete (Fig-
ure M.31a), areas with particularly extensive surface cracks

Figure M.29. Eisenhower Memorial Tunnel, Colorado.
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Figure M.30. Eisenhower Memorial Tunnel plenum view indicating interior precast
divider wall, structural steel ribs, roadway, and concrete tunnel lining.

(b)

(@ (©

Figure M.31. Scanned areas within Eisenhower Memorial Tunnel: (a) sound concrete, (b) surface cracking and
crazing near joint, and (c) surface cracking and crazing near joint and crack with stalactite formation.
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Figure M.32. UST images of sound area: B-scan (top left), C-scan (bottom left), and

volume-scan (right).

and crazing near a joint in the tunnel lining (Figure M.31b),
and areas near severe vertical cracks with stalactite formations
(Figure M.31c¢).

As expected, the sound concrete area showed no signs of sig-
nificant delamination, but a clear interface was observed
approximately 411 mm (16.2 in.) below the surface (~239 mm,
or 9.4 in., wide). (See Appendix N, Ultrasonic Tomography
Test Summaries, Figures N.1 and N.2, for images of test site
ET 10.4-1,2.)

This interface was consistently observed at every testing
location between Segments 8 and 10 within the Eisenhower
Memorial Tunnel lining and is surmised to be part of the
structural reinforcement that was in place before the tunnel
lining was installed. Detailed tunnel blueprints for verification
at this location were not available for confirmation. The scans
in Figure M.32 correspond to typical B-, C-, and volume-scans

at this location. In the B-scan, the hoop (or circumferential)
reinforcement is clearly observable at approximately 107 mm
(4.2 in.) in depth and at 251 mm (9.9 in.) on center. A single
rebar as part of the longitudinal reinforcement is seen in the
B-scan and volume-scan as well.

As noted earlier, one of the two areas tested displayed sig-
nificant surface cracking and crazing occurred near a joint.
(See Appendix N, Figures N.5 and N.6, for images of test site
ET 10.4-4,5.) At this location, the structural reinforcement is
again located approximately 409 mm (16.1 in.) below the sur-
face (~343 mm, or 13.5 in., wide). B-, C-, and volume-scans
are shown in Figure M.33. In the B-scan, the longitudinal
reinforcement is seen directly under the hoop reinforcement
with multiple echoes observed in increments approximately the
same as the depth of the longitudinal and hoop reinforcement.
These echoes are suspected to be the effect of debonding of

Figure M.33. UST images of surface cracking and crazing area: B-scan (center left),
C-scans (top and bottom left), and volume-scan (right).
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Figure M.34. UST images of surface cracking and crazing area near stalactite formation:

B-scan (left) and volume-scan (right).

the longitudinal and hoop reinforcement. Interestingly, this
supposed debonding also occurs directly below the lining
joint. This may indicate that moisture intrusion has corroded
the reinforcement, causing debonding. However, no ground
truth data have confirmed this observation.

In the second area that displayed significant surface cracking
and crazing near a joint, a severe crack running vertically down
the tunnel lining is present. (See Appendix N, Figures N.3 and
N.4, for images of test site ET 10.4-3.) The map was built to the
side of this crack (Figure M.31c¢) but because of the stalactite
formation and grout fittings, it could not extend over the crack.
The same structural reinforcement—approximately 437 mm
(17.2 in.) deep and 310 mm (12.2 in.) wide—is present in
both the B- and volume-scans (Figure M.34). Also at this loca-
tion, strong echoes under the region nearest the stalactite
formation and crack indicate possible debonding of the hoop
and longitudinal reinforcement.

The last areas tested at the Eisenhower Memorial Tunnel
were on the interior precast divider wall (particularly sur-
rounding joints) even though significant distress was not
visible. Figure M.35 shows the typical B-scan, with the region
surrounding the crack completely lacking any reflection.
Large cracks (here filled with a caulking sealant) typically
completely attenuate all the sound waves emitted, making
it difficult to assess the presence of nearby distress. This
phenomenon surrounding cracks leads to an important clue
in analyzing concrete ultrasound images; the lack of reflec-
tion around an area may indicate an unusual amount of air,
preventing the shear wave from being transmitted across the
boundary since gases and fluids do not support shear wave
propagation.

Overall testing at the Eisenhower Memorial Tunnel con-
cluded that the UST system could consistently detect some
type of structural reinforcement (other than steel rebars),
although the type of reinforcement was not determined. The
UST evaluation also revealed possible areas of debonding

near severe cracks and joints. The reinforcement cover and
spacing were also detectable.

Hanging Lake Tunnel, Colorado

Completed in 1992 with a maximum length of 1,219 m
(4,000 ft) through the southern wall of Glenwood Canyon,
Hanging Lake Tunnel (Figure M.36) was the last link in the
Interstate highway system. Both bores of the tunnel were built
using multiple-face drill and blast methods. Between the
westbound and eastbound bores, a four-story control center
monitors traffic along I-70, fully equipped with emergency
response vehicles and trained staff.

Areas of interest within the tunnel include a number of sig-
nificant surface cracks (Figure M.37, as well as Figure M.38, a
and b), some of which had been partially patched with a skim
coat of some type of grout. Other areas include a standard sound
concrete region (Figure M.38¢), regions surrounding joints
(Figure M.38d), and a region of tiled lining in the eastbound
lane (Figure M.39).

Figure M.35. B-scan of precast divider panel
showing backwall reflection and reinforcement.
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Figure M.36. Hanging Lake Tunnel: exterior view (left) and interior plenum view (right).

Figure M.37. Image collage of extensive map with cracks (shown in red).
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Figure M.38. Images of areas tested at Hanging Lake Tunnel: (a, b) severe vertical cracks, (c) sound

concrete, and (d) lining joint.

Figure M.39. Image of tile surface evaluated at
Hanging Lake Tunnel.

The sound concrete region (Figure M.38c, as well as Fig-
ures N.11 and N.12 of test site HLT 10.5-5, 6,7 in Appendix N)
shows that the backwall reflection varies from 752 mm to
823 mm (29.6 in. to 32.4 in.) in depth, with the hoop reinforce-
ment at 109 mm to 130 mm (4.3 in. to 5.1 in.) in depth and a
longitudinal rebar on top of the hoop reinforcement.

One area with significant surface cracks revealed shallow
delaminations emanating from the surface cracks (see Appen-
dix N, Figures N.7 and N.8, for images of test site HLT 10.5-1,
2, 3). These cracks (Figure M.40, top and bottom left) show
what looks to be the beginning stages of spalling, with the
curved cracks penetrating approximately 312 mm (12.3 in.) in
depth and closing toward each other. This map also revealed a
backwall surface at 701 mm (27.6 in.). The hoop and longitu-
dinal reinforcement can be seen in all scans.

Another area with significant cracking (see Appendix N,
Figures N.13 and N.14, for images of test site HLT 10.5-8, 9)
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Figure M.40. UST images showing surface cracks and delamination: B-scans (left)

and volume-scan (right).

did not show any sign of delamination; the surface crack
appeared only to follow a single hoop reinforcing rebar. The
backwall, however, was clearly distinguished at approximately
752 mm (29.6 in.) in depth (Figure M.41). Above this back-
wall reflection is an area of high reflectivity that either cor-
responds to shallow (51-mm to 76-mm, or 2-in. to 3-in.)
backwall delamination or the lower layer of reinforcing steel.

Another area showing significant cracking was originally
mapped to cover a small area (~1.2 m, or 4 ft, wide). After the
data was collected, however, a delamination appeared around
the boundary of the grid. The grid was extended to cover as
much of the delamination as possible, eventually reaching over
4.9 m (16 ft). This map (see Appendix N, Figures N.15 and
N.16, for images of test site HLT 10.5-10, 11, 12) is shown as a
collage of photographs in Figure M.37. The B-scan shown in
Figure M.42 (top) reveals an extensive delamination ranging

from 203 mm to 508 mm (8 in. to 20 in.) below the surface and
stretching over 3.4 m (11 ft). The C-scans in Figure M.42 (bot-
tom right) show the hoop and longitudinal reinforcement, as
well as a plan view of the curved delamination’s planar spread.
Because of the significant reflection from the delamination’s
boundaries, the backwall reflection is not detectable.

The map tested over a joint (see Figure M.38d, as well as Fig-
ures N.9 and N.10 of test site HLT 10.5-4 in Appendix N) showed
possible signs of debonding or the presence of voids and/
or shallow delaminations at a maximum depth of 229 mm, or
9 in. (Figure M.43). Also, similar to the suspected debond-
ing at the Eisenhower Memorial Tunnel locations in Fig-
ures M.33 and M.34, multiple reflections are seen at increments
corresponding to the reinforcing steel depth. As noted before,
these characteristic echoes are suspected to be present when
debonding of the reinforcement occurs as a result of corrosion.

Figure M.41. UST images showing possible deep delamination: B-scans (left)

and volume-scan (right).
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Figure M.42. UST images showing significant deep delamination: volume-scan (bottom left),

B-scan (top), and C-scans (bottom right).

The last area tested at the Hanging Lake Tunnel was a sec-
tion of tile inside the eastbound bore along the outer wall (see
Figure M.39, as well as Figures N.17 and N.18 of test site HLT
10.5-13 in Appendix N). Although no backwall surface was
detectable, all reinforcement could be clearly seen.

Overall, testing at this tunnel indicated shallow delamina-
tions emanating from surface cracks (approximately 312 mm
[12.3 in.] in depth), as well as severe delaminations at an
approximate depth of 508 mm (20 in.). The UST evaluation
also revealed possible areas of debonding near severe cracks
and joints. The reinforcement cover and spacing were also
detectable. Unfortunately, validation of delamination and
crack depth was not available at this tunnel.

Chesapeake Channel Tunnel, Virginia

The Chesapeake Channel Tunnel (Figure M.44) is one of two
tunnels that make up the Chesapeake Bay Bridge-Tunnel

system, joining southeastern Virginia to the Delmarva Pen-
insula. Hailed worldwide as a modern engineering wonder,
the 37-km-long (23-mi-long) system includes 3.2 km (2 mi)
of causeway, four manmade islands, 8.9 km (5.5 mi) of
approach roads, 19.3 km (12 mi) of low-level trestle, two
1.6-km (1-mi) steel tunnels, and two bridges. The Chesa-
peake Channel Tunnel (during construction and briefly
afterward called the Baltimore Channel Tunnel) was con-
structed using a cut-and-cover method. Precast steel tubes,
fabricated and assembled in Orange, Texas, were floated to a
shipyard in Norfolk, Virginia, where the reinforced concrete
linings and roadway were constructed. The sections were
floated to the site and then sunk into a trench. Each steel tube,
90 m (300 ft) in length and 11 m (37 ft) in diameter, was
joined to the other one, sealed, and connected to its adjoining
section. As each steel section was welded together, patches
between the 90-m (300-ft) sections had to be formed with
concrete to make an overlapping seal.

Figure M.43. UST images over lining joint: B-scan (left) and volume-scan (right).
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Figure M.44. Chesapeake Channel Tunnel: entrance (left) and interior view (right).

As testing for this SHRP 2 Renewal project began, a cart with
an attached ground-penetrating radar (GPR) antenna was
wheeled throughout the entire length of the 1.6-km (1-mi)
tunnel in various configurations. The data from the GPR eval-
uations revealed two significant features. The first was a change
in steel layout. In two segments at the entrance to the tunnel,
the layer of reinforcement in the GPR scan showed a change,
although specifics of the change were indiscernible. Two maps
were built on what appeared to be a representation of sound
concrete: one before the change shown in the GPR and one
after the change (see Appendix N, Figures N.19 through N.22,
for images of test sites CBBT 10.11-1 through 10.11-4). The first
area, shown in Figure M.45a, revealed that the hoop reinforce-
ment was approximately 61 mm (2.4 in.) in depth and 112 mm
(4.41n.) on center with the longitudinal reinforcement located
directly beneath it. The backwall at this location was deter-
mined to be 627 mm (24.7 in.) from the surface. The second
area, shown in Figure M.45b, revealed the hoop reinforcement
tobe 58 mm (2.3 in.) in depth and 300 mm (11.8 in.) on center,
with the longitudinal reinforcement located directly beneath
it. The backwall at this location was 620 mm (24.4 in.) from
the surface. Blueprints for the two areas verified that the first
bridge section on both ends was constructed with the hoop
reinforcement at 114 mm (4.5 in.) on center, and the rest of
the sections were constructed at 305 mm (12 in.) on center.
The plans also indicate that all wall thicknesses are a nominal
610 mm (24 in.) in depth. A comparison of the B-scans of the
two areas, showing the difference in hoop rebar layout, is
shown in Figure M.46.

The second significant feature of the GPR data was the
frequent spike in dielectric. Almost every observed spike in
dielectric corresponded to a lining seam or crack and was
marked for ultrasonic inspection.

Spalling and corrosion are the two predominant damages
this tunnel is facing (see Figure M.47 for typical spalling and
corrosion damage); therefore, the areas of greatest interest were
identified to be cracks through which water seeps (live cracks).
The primary objective was to cover a variety of cracking condi-
tions and as many of the cracks located by the GPR dielectric as
possible. The most significant live cracks, shown in Figure M.45
(c and d), were evaluated by building a map that spanned the
crack in such a way as to capture the origin of the crack. This
method would theoretically cover the entire surface area of the
visible crack for detailed analysis. Because of time constraints,
this was not possible at every location. These maps, though
large, required only 30 min to 1.5 h for data collection.

Figure M.48 displays the scanning results of a live crack at
Station 474427 ft (see Figure M.45¢, as well as Figures N.23 and
N.24 of test site CBBT 10.11-5 in Appendix N). The backwall
surface, clearly located at 612 mm (24.1 in.) below the sur-
face, is consistent with tunnel blueprints that show the lin-
ing is approximately 610 mm (24 in.) in depth. Also in line
with the tunnel blueprints for this section of tunnel is the
reinforcement spacing. The tomograms indicate the hoop
reinforcement is located at approximately 305 mm (12.0 in.)
on center, at a depth of 51 mm to 66 mm (2.0 in. to 2.6 in.),
along with longitudinal reinforcement located directly
beneath. The blueprints for this section indicate the hoop

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

135

@) (b)

(d)

© C
Figure M.45. Areas tested at Chesapeake Channel Tunnel.

Figure M.46. Comparison of steel layout differences.
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Figure M.47. Typical spalling and corrosion.

reinforcement is 305 mm (12 in.) on center, with the longi-
tudinal reinforcement directly underneath.

Surrounding the surface cracks, the tomograms also
indicate severe shallow defects, including cracks as deep as
229 mm (9 in.) and possibly shallow delaminations approx-
imately 51 mm (2 in.) below the surface. The heavy ringing

Figure M.48. Area surrounding live crack.
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surrounding the cracked region (see Figure M.48, top left
and both bottom images) indicates suspected discontinuities
surrounding the reinforcement. The discontinuities are pre-
sumed to have resulted from corrosion of the top layer of
reinforcement.

Another map covering a severe crack, located at Station
481+76 ft (see Appendix N, Figures N.35 and N.36, for
images of test site CBBT 10.11-13), was built to completely
capture the width of a delamination less than 102 mm (4 in.)
below the bottom surface (from the steel plate). Shown in
Figure M.49, this delamination may originate from the layer
of hoop reinforcement nearest the steel skin. The backwall
surface, a little more than the typical 610 mm (24 in.) in depth,
varied between 676 mm and 721 mm (26.6 in. and 28.4 in).
The delamination was approximately 513 mm (20.2 in.)
below the surface and approximately 696 mm (27.4 in.) in
width. The hoop reinforcement is located approximately
307 mm (12.1 in.) on center, at a depth of 51 mm to 91 mm
(2.0 in. to 3.6 in.), along with longitudinal reinforcement
located directly beneath. The blueprints for this section indi-
cate the hoop reinforcement is 305 mm (12 in.) on center
with the longitudinal reinforcement directly underneath.

Another area of interest involved a circumferential crack
that had only just begun to indicate signs of moisture intrusion

Figure M.49. UST images at Station 481+76 ft showing deep delamination.
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Figure M.50. UST images surrounding circumferential crack.

(see Figure M.45¢, as well as Figures N.29 and N.30 of test
site CBBT 10.11-10 in Appendix N). A map was built around
this crack, attempting to cover as much of the length of the
crack as possible from inside the plenum. Another feature that
made this crack interesting was the presence of a longitudinal
crack between the stainless steel ceiling hangers (visible in
Figure M.45e approximately one-third of the distance from
the left side of the image). The backwall surface was clearly dis-
tinguishable and ranged from 577 mm to 658 mm (22.7 in. to
25.9 in.) below the surface (Figure M.50). The hoop reinforce-
ment measured 69 mm to 81 mm (2.7 in. to 3.2 in.) in depth
and 307 mm (12.1 in.) on center, and the longitudinal reinforce-
ment measured 434 mm (17.1 in.) on center. This matches with
the blueprint’s details of 305 mm (12.0 in.) on center for the
hoop reinforcement, but the plans do not indicate spacing
for the longitudinal reinforcement. As seen in Figure M.50
(top left B-scan), two layers of hoop reinforcement appear to be
present; but as that is not indicated in the blueprints, this could
be an area of a splice. Light reflections, or echoes, are seen
throughout the entire region of the crack, specifically surround-
ing the reinforcement nearest the moisture. Debonding of the
reinforcement here is probably due to corrosion.

The gap in the backwall reflection (Figure M.50, B-scans
on left) and the omission of some of the hoop reinforcement
(Figure M.50, volume-scan on right and C-scan at top center)
indicate the presence of a crack. When cracks are present, the
ultrasonic waves are strongly attenuated, causing the recep-
tion of the signals to be scarce if not completely absent. The
other noticeable feature in this map is the possibility of a
curved delamination approximately 450 mm (17.7 in.) in
depth and up to 483 mm (19 in.) wide (Figure M.50, bottom
left). Figure M.50 (center left B-scan) also makes apparent
that surface cracks appear to extend a maximum of 249 mm
(9.8 in.) in depth.

The last section tested within the plenum was a location
detected by a high spike in GPR dielectric. Upon investigation,

no live crack was found, but rather a dry seam. Although no
visible signs of distress were apparent, hammer tapping revealed
an extremely shallow delamination that appeared close to sepa-
rating and falling. A grid was applied to the region surround-
ing the seam and shallow delamination, and the area was
broken up into two sections: Region I (see Figures N.27 and
N.28 for images of test site CBBT 10.11-9 in Appendix N)
and Region II (see Figures N.25 and N.26 for images of test site
CBBT 10.11-7, 8 in Appendix N), as shown in Figure M.51.
Both regions showed strong ringing emanating from the
layer of reinforcement, indicating potential reinforcement
debonding.

Region I UST evaluations revealed significant cracks and/or
voids as deep as 218 mm, or 8.6 in. (Figure M.52, bottom left).
The hoop reinforcement was shown to vary between 51 and
76 mm (2.0 and 3.0 in.) in depth at approximately 310 mm
(12.2 in.) on center, with the longitudinal reinforcement located
directly beneath at 503 mm (19.8 in.) on center. The backwall in
this section varied from 617 to 660 mm (24.3 to 26.0 in.).

Region IT UST evaluations, depicted in Figure M.53, showed
the delaminated region (marked as “shallow delamination”)
and also showed the presence of cupped delaminations as
deep as 488 mm (19.2 in.) below the surface, or approximately
the same depth as the lower reinforcement closest to the
tube skin. The backwall in this area ranged from 612 mm to
660 mm (24.1 in. to 26.0 in.). The hoop reinforcement at
56 mm (2.2 in.) deep was found to be 307 mm (12.1 in.) on
center, with the longitudinal rebars underneath at 411 mm
(16.2 in.) on center.

The last two areas tested within the Chesapeake Channel
Tunnel were both located in the driving lane, along the tiled
wall lining. One of the areas with potential deterioration was
discovered in the data from SPACETEC, a German company
that uses a contact-free scanning system that provides detailed
images, profiles, and thermal data for tunnel linings (http://
www.spacetec.de). SPACETEC’s analysis of the Chesapeake
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Figure M.51. Images depicting Region I (top right) and Region Il (bottom right).

Channel Tunnel revealed an area detected by the infrared
scan, indicating possible debonding. When debonding occurs
beneath tile, hammer sounding by ear or by microphone can
readily differentiate bonded from debonded tile. Debonded tile
can occur for two reasons: (1) improper installation (wrong
type of thin set; disproportionate water ratios; improper mix-
ing; and/or low standard of workmanship, that is, not back-
buttering the tile); or (2) presence of degrading agent (typically
water) behind the tile lining. If the debonding occurs for the
first reason, reapplication of the tile lining can solve the prob-
lem. However, when debonding occurs because of cracks that
facilitate the degradation of the thin set by moisture entrain-
ment, NDT techniques may help determine the source of the

Figure M.52. Region I UST images.

moisture. Therefore, one goal was to search for a damaged
area that was not verifiable by sounding techniques or, in
other words, to determine the beginning stages of tile debond-
ing before debonding actually occurred to a noticeable extent.
SPACETEC’s data served this purpose well by identifying an
area (Figure M.54, left) that showed signs of possible delami-
nation but the delamination was not detectable by hammer
sounding. Figure M.54, right, shows a damaged area that
includes debonded tile detectable by hammer sounding. The
UST results from scanning the area identified by SPACETEC’s
data are shown in Figure M.55. The three B-scans (Figure M.55,
left images) indicate the backwall reflection varies between
714 mm and 787 mm (28.1 in. and 31.0 in.). This variance can
be seen in the D-scan in Figure M.55 (far right image, the dark
blue curved strip on the right of the figure), which shows the
curvature of the tube’s skin. Also in the same figure is a C-scan
image of the area tested at a depth of 102 mm (4 in.) directly
beneath the reinforcement. When compared to SPACETEC’s
infrared analysis, this outline correlates strongly with the infra-
red image. A significant delamination appears to be present at
the level of reinforcement and above, but it has yet to cause sig-
nificant debonding of the tile. The top left image in Figure M.55
shows much of the shallow surface cracks and possible shallow
delaminations above the reinforcement, and the center left
image depicts a deep crack (directly left of the last hoop rebar
on the right). Notice the hoop and longitudinal reinforcement
are both detectable at 122 mm to 239 mm (4.8 in. to 9.4 in.)
below the surface at 297 mm (11.7 in.) on center (again, refer to
the D-scan in Figure M.55 and the hoop reinforcement profile).
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Figure M.53. Region Il UST images.

Figure M.54. Tile lining sections in Chesapeake Channel Tunnel.

Figure M.55. First tile lining area tested, discovered by SPACETEC scanning.

Copyright National Academy of Sciences. All rights reserved.
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Figure M.56. Second tile lining area tested.

The longitudinal reinforcement is seen, but differentiating
between the actual longitudinal rebars and the 51-mm (2-in.)
diameter electrical ducts that are present can be difficult. If the
scanning direction were oriented perpendicular to the rebar/
ducts, this distinction could be made.

The UST results from the second area tested (Figure M.54,
right) are shown in Figure M.56. The region of debonded tile
correlated greatly with a joint in the tube lining as supported
by the extensive delamination noted mid-image in the B-scans
(Figure M.56, left images). The backwall in this region varied
from 635 mm to 762 mm (25 in. to 30 in.), for the same rea-
sons of tube curvature discussed in the previous map. The
hoop reinforcement was 109 mm to 196 mm (4.3 in. to 7.7 in.)
in depth and approximately 307 mm (12.1 in.) on center.
As in the previous map, the longitudinal reinforcement is
hard to distinguish from the 51-mm (2-in.) diameter electrical
ducts present. The top left image is likely evidence of a lap
splice (notice two distinct layers of steel rebar to the right of the
joint, where different tube sections could have different splice

locations). During assembly of the tubes underwater, as noted
earlier, steel skins were connected by bolting and welding
overlapped hoods. After this mechanical lock connection was
complete, concrete was poured around the joint location to
make the interior steel-reinforced concrete continuous and
waterproof. Although no detailed plans show the width of
this scratch joint, the question remains as to whether the
deep delaminations seen in the B-scans could be a result of
degrading concrete joints.

Washburn Tunnel, Texas

The Washburn Tunnel (Figure M.57), the only underwater
vehicle tunnel in operation in Texas, was completed in 1950
and carries a federal road beneath the Houston Ship Chan-
nel, joining two Houston suburbs. The tunnel was con-
structed using the immersed tube method, with sections
joined together in a prepared trench, 26 m (85 ft) below
water.

Figure M.57. Washburn Tunnel: entrance (left) and interior view (right).

Copyright National Academy of Sciences. All rights reserved.
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A specific area of interest in this tunnel was tile debonding.
As noted earlier, in tile-lined tunnels such as these, acoustic
sounding with hammer tapping can quickly reveal debonded
tiles. When an object such as a hammer is lightly tapped (or
even dragged) along the surface, the lower frequencies per-
ceived by the ear as pinging typically indicates debonding.
Most debonding of tiles happens as water infiltrates the lin-
ing, deteriorating the mortar that holds the tile. However,
trouble arises when trying to locate the source of the water
infiltration; while hammer sounding is effective in locating
debonded tiles, it does not necessarily locate the source of the
water. In this tunnel, four areas that indicated debonding
through hammer sounding were evaluated. Blue painter’s
tape was used to outline both the grid and the outside perim-
eter of the area that the human ear perceived as a debonded
section.

The first three sections are shown in Figure M.58. The
images have blue painter’s tape outlining debonded areas
(detected by hammer sounding) and are paired with the asso-
ciated C-scans that show shallow delaminations ranging
from 16 mm to 103 mm (0.63 in. to 4.1 in.) deep. The area
marked off by hammer sounding closely matches the region
of shallow debonding.

Representations of typical B-, C-, and volume-scans for the
three regions in Figure M.58 are shown below in Figure M.59.
Again, large areas depicting shallow debonding are visible, as
well as regions of delamination surrounding the reinforce-
ment. The B-scans clearly show that significant damage pen-
etrates as deep as 457 mm (18 in.). These B- and C-scans are
representative of the other areas tested in the Washburn
Tunnel.

The last section tested, depicted in Figure M.60, reveals
shallow debonding (note the C-scan image of the debonded
area 16 mm, or 0.63 in., below the surface in Figure M.60,
bottom center). The B-scan (Figure M.60, bottom left) shows
areas suspected of having deep delamination. This delamina-
tion is also seen in the volume-scan on the right.

Overall, testing at the Washburn Tunnel showed significant
damage behind debonded tile, leading to the conclusion that
the debonding resulted from lining stresses (i.e., not from tile
workmanship).

Conclusions

The UST system was used to perform evaluations on more
than 30 concrete and shotcrete specimens containing simu-
lated defects, numerous concrete pavements, airport run-
ways, and bridge decks. These defects included air-filled and
water-filled voids, vertical cracks, horizontal delaminations,
and abnormalities such as clay lumps. The device was also
used to determine specimen characteristics such as rein-
forcement depth and spacing, as well as concrete thickness
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measurements. After evaluating the system’s capabilities and
establishing confidence in the methodology, the system was
used on four existing tunnels. When possible, ground truth
data were further used to determine the precision and accu-
racy of the system with various types of defects. Table M.7
shows the maximum and minimum features detected by this
research. Note that these values do not necessarily express the
limits of the device but the limits of the performed research.
Further research should expand the variety of structural
defects (both size and location) to determine maximum and
minimum detectable features along with confidence levels for
each type of defect.

Limitations of the UST System

The limitations of the device are as follows:

e Speed of data acquisition. If the system is used for detailed
mapping in the Map Mode, the user should expect the
scanning process to take between 9 min/sq m and 25 min/
sq m (0.8 min/sq ft and 2.3 min/sq ft). The Review Mode
can be used for single-point evaluations at much faster
rates of inspection (3-5 s per scan), but only limited-width
B-scans are available for evaluation in this mode.

e No indication of phase change. The color palette response
represents quantity of reflectivity regions and is a measure-
ment relative to the medium (in which zero reflectivity, the
blue spectrum, should ideally exist). The type of defect is
largely guesswork on the part of the user, and interpreting
these signals requires greater skill and knowledge of
ultrasonics.

e Detection of layered defects. If defects are stacked, particu-
larly in such a manner that air gaps are located above other
types of defects, then the device can rarely determine any-
thing below the initial air-filled gaps. Ultrasonic pulses
attenuate at air boundaries. If pulses are able to transmit
past air interfaces, then the received signal is extremely
weak and should be examined to be certain it is not a mul-
tiple or echo of the initial flaw.

e Shallow defects. Because of the spacing of the transducer
array and the beam spread of the individual transducers,
defects that exist approximately 25 mm (1 in.) from the
surface cannot be expected to be received by other trans-
ducers and carry accurate information regarding the depth
and lateral dimensions of the shallow defects. However,
near-surface defects can leave a shadow on the data col-
lected below the near-surface defects. Examples of this are
the shotcrete Specimen L and concrete Specimen lota, in
which the defects left a shadow beneath their presence.
Though the defects are too shallow to reflect the actual
boundary, their presence inhibits ultrasonic pulses from
being transmitted (or received) beyond them.
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Figure M.58. Tile linings via UST (left) paired with the associated C-scans (right).
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Figure M.59. Areas tested surrounding debonded tiles: B-scans (left), C-scans
(center), and volume-scan (right).

Figure M.60. Tile lining tested at Washburn Tunnel.
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Table M.7. Minimum and Maximum Detected Features Tested by the A1040 MIRA System
Component Detected Component Extremes Minimum Depth Detected Maximum Depth Detected
Reinf. diameter? Minimum diameter: No. 5 83 mm (to center) 184 mm (to center)
Maximum diameter: No. 11 51 mm (to center) 196 mm (to center)
Reinf. cover NA No. 11 at 33 mm No. 9 at 377 mm
Secondary reinf. layer Minimum diameter: No. 5 184 mm (to center) 184 mm (to center)
Maximum diameter: No. 9 210 mm (to center) 377 mm (to center)
Delamination thickness? | Minimum thickness: 0.05 mm 43 mm (to center) 89 mm (to center)
Maximum thickness: 2.0 mm 69 mm (to center) 69 mm (to center)
Delamination depth NA 0.05-mm thickness at 43-mm | 0.25-mm thickness at 183-mm
depth (to center) depth (to center)
Clay lump diameter Minimum diameter: 102 mm 61 mm (to center) 216 mm (to center)
(all 5T mm thick) Maximum diameter: 152 mm 107 mm (to center) 160 mm (to center)
Specimen thickness NA 102 mm 711 mm
(structural depth)
Air-filled voids Only thickness tested: 13 mm 76 mm (to center) 203 mm (to center)
Water-filled voids Water-filled Ziploc bag: ~13 mm | 76 mm (to center) 203 mm (to center)
2Size only verified by ground truth data; feature is not able to be detected by the A1040 MIRA system.
Note: All testing performed with 50-kHz scanning frequency; NA = not available.
Conclusions of Tunnel Testing e Aslongas the device is polarized in the correct direction,

The conclusions of the tunnel testing are as follows:

e The UST system is exceptional at locating horizontal

delaminations ranging in thickness from 0.05 mm to
2.0 mm (0.002 in. to 0.079 in.) and is able to differenti-
ate between fully debonded and partially bonded areas
within a single map on the basis of the color distribution.
It is not, however, able to directly measure the thickness
of delaminations.

Cracks were only clearly characterized when they formed
nonperpendicular to the testing surface; however, the pres-
ence of perpendicular cracks could be assumed by the
omission of surface detail. Note that no crack depths were
confirmed by ground truth validation and this finding
should be a focus of further research.

Backwall surfaces up to a depth of 965 mm (38 in.) were
successfully and accurately determined. Assuming the plan
details were correct (no ground truth validation was avail-
able to verify), the UST system predicted this depth within
an accuracy of 5 mm (0.3 in.).

Both air-filled and water-filled voids ranging from 76 mm
to 203 mm (3 in. to 8 in.) in depth could be detected, but
differentiation between the two was difficult because shear
waves are not supported by air or water, and almost all of
the acoustic energy is reflected by these types of voids. Fur-
ther study could be conducted to analyze the difference
between phase changes involving these two types of voids.

reinforcement layout and depth were also successfully
determined, the only exception being in some shotcrete
applications. When potentially porous materials such
as the shotcrete specimens were evaluated, the presence
of very small air voids made internal inspection very
difficult.

With the exception of some medium-size clay lumps (with
a diameter of approximately 102 mm, or 4 in.) surround-
ing reinforcement, the testing of all clay lumps was also
highly successful.

Two MIRA systems were used to compare the system’s abili-
ties to reproduce the same wave speed. For a test involving
16 specimens, a strong positive correlation existed (with a
coefficient of determination of 0.952), with a standard error
of approximately 33 m/s (108 ft/s).

Precision in detecting the depth of delaminations using the
same device with the same testing procedures and input
parameters (e.g., wave speed, frequency, gain selection) was
typically on the order of 1 mm to 3 mm (0.04 in. to 0.12 in.)
and is more likely to be explained by user error/interpretation
than device error. The same is true for water-filled and
air-filled voids.

Reproducibility, using separate devices with the same testing
procedures and input parameters (e.g., wave speed, fre-
quency, gain selection), indicated a consistent offset of 9 mm
to 13 mm (0.35 in. to 0.51 in.) between the two systems,
with a single system always revealing the deeper measure-
ment. The research team is pursuing an explanation for this
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offset with the device’s manufacturer. Reproducibility using
separate devices with the same testing procedures and an
individual calculation of wave speed (with all other param-
eters equal) indicated a strong positive correlation between
defect depths (coefficient of determination of 0.9965) with
a standard error of 3.85 mm.

¢ The minimum area able to be tested with the MIRA system
is merely tied to the size of the device: 370 mm by 170 mm
(14.6 in. by 6.7 in.).
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Ultrasonic Tomography Test Summaries

Introduction

This appendix summarizes the field evaluations of the non-
destructive testing (NDT) technique known as ultrasonic
tomography (UST). The tests were performed within the
framework of the second Strategic Highway Research Program
(SHRP 2) Renewal Project RO6G. The objectives of this project
have been listed in the Executive Summary of the main report.

Thirty specimens with simulated defects were tested before
the UST equipment was used in the field. Table N.1 summarizes
those tests.

146

Following are evaluation summaries of the test sites located
at Eisenhower Memorial Tunnel near Dillon, Colorado;
Hanging Lake Tunnel near Glenwood Springs, Colorado;
Chesapeake Channel Tunnel near Norfolk, Virginia; Wash-
burn Tunnel in Houston, Texas; continuously reinforced con-
crete pavement on I-20 in Fort Worth, Texas; and bonded
concrete overlays at the George Bush International Airport
in Houston, Texas (Figures N.1-N.56).
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Table N.1. Detailed Defect Dimensions, Depth, and Cover and Spacing (in.)

Actual Measured
Reinforcement Reinforcement Actual Actual Measured Measured Actual Measured

Specimen Name Cover and Cover and Dimensions of | Depth of | Dimensions Depth of Specimen | Specimen
and Material Spacing Spacing Type of Defect Defect Defect of Defect Defect Depth Depth
Alpha, concrete None na None na na na na 12 12.4
Beta, concrete a 4.0 at 8.0 on center | None na na na na 18 17.6
Gamma, concrete a 4.3 at 7.9 oncenter | None na na na na 12 11.7
Delta, concrete None na None na na na na 24 23.6
Epsilon, concrete a 4.1 at 8.0 on center | None na na na na 24 23.3
Zeta, concrete a 3.8 at 7.9 oncenter | None na na na na 15 141
Eta, concrete a 4.5 at 7.9 on center | plastic 12by 12 by 1 2 11.7 by 12.8 2.3 15 14.2
Theta, concrete a 4.4 at 8.0 on center | plastic 12 by 12 by 1 3 11.7 by 13.5 3.5 15 13.9
lota, concrete a 4.0 at 8.0 on center | plastic 12 by 12 by 1 1 7.8by12.3 1.7 15 13.0
Kappa, concrete a 3.8 at 8.0 on center | Styrofoam 12by 12 by 1 8 15.7 by 15.7 8.0 15 14.7
Lambda, concrete a 3.7 at 8.1 on center | Water-filled void | 12 by 12 8 16.5 by 15.4 6.5-8.8 15 14.6
A, shotcrete None na None na na na na 4 3.9
B, shotcrete None na None na na na na 6 5.7
C, shotcrete None na None na na na na 8 6.8
D, shotcrete b 6.9 Air-filled void 17.25 by 14.75 7% 12.4 by 121 7.6 12 11.3
E, shotcrete b 6.4 Water-filled void | 15.75 by 14.5 72 15.5 by 13.3 7.6 12 11.0
F, shotcrete b 6.7 Air-filled void 17.125 by 14.75 3 18.1 by 15.6 3.5 12 1.2
G, shotcrete b 6.8 Water-filled void | 15.5 by 14.25 3 16.0 by 14.7 4.2 12 10.7

(continued on next page)
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Table N.1. Detailed Defect Dimensions, Depth, and Cover and Spacing (in.) (continued)

Actual Measured

Reinforcement Reinforcement Actual Actual Measured Measured Actual Measured
Specimen Name Cover and Cover and Dimensions of | Depth of | Dimensions Depth of Specimen | Specimen
and Material Spacing Spacing Type of Defect Defect Defect of Defect Defect Depth Depth
H, shotcrete b 6.4 Thin cloth 12 by 12 8 14.0 by 10.7 7.2 12 10.2
I, shotcrete b 5.7 Thin cloth 12 by 12 4 11.0 by 14.0 3.9 12 10.4
J, shotcrete b 6.1 Thin cloth 12 by 12 3 13.1 by 12.0 29 12 10.4
K, shotcrete b 5.6 Thin cloth 12 by 12 2 12.3by 13.4 3.1 12 10.2
L, shotcrete b 5.6 Thin cloth 12 by 12 1 14.0 by 13.3 | Very shallow 12 10.3
M, shotcrete b 5.8 None na na na na 12 10.4
A2, concrete ¢ NA None na na na na na na
B2, concrete e NA 1 clay lump 6-Q by 2 ~6 6.1 6.3 na na
C2, concrete ¢ NA 6 clay lumps 4-J by 2 ~3,6,9 3.1-4.1 2.7,5.4,8.5 na na
D2, concrete ¢ 6.0 at 8.0 on center | None na na na na na na
E2, concrete e 6.0 at 8.0 on center | 1 clay lump 6-J by 2 ~6 4.2 4.6 na na
F2, concrete c 6.0 at 8.0 on center | 6 clay lumps 4-J by 2 ~3,6,9 2.9-3.9 2.4,54,7.8 na na

Note: na = not applicable; NA = not available.

aTwo mats of No. 5 rebar, 4 in. from top and bottom, 8 in. on center.
b One lattice girder in center of slab, sitting on bottom form, centroid of upper bar 5.25 in. from bottom, or ~6.25 in. from top.
°One mat of No. 5 rebar, 6 in. from top, 8 in. on center.
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Eisenhower Memorial Tunnel, Dillon, CO

Defects Notes Reinf. Detall V e = 2751 VS
No significant defect Backsurface not Hoop reinf: ~4.2" deep @ |X-step: 150 mm
noticed, except for strip of | discernible. Areatested as ~9.9" on center. Y-step: 50 mm
area (~9.4" wide, 16.2" | represertative of sound | Longjtudinal reinf: below |Max Depth: 1000 mm
deep) consistently found in concrete. hoop reirforcement.  [Frequency: 50 kHz
other meps. Possibly Dillon, CO
structural steel Eisenhower Tunnel
reinforcement. ET 10.4-1,2
Segment 8

TAMU/TTI 10/2011

Figure N.1. Images of test site ET 10.4-1, 2.

Copyright National Academy of Sciences. All rights reserved.
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Eisenhower Memorial Tunnel, Dillon, CO
Defects Notes Reinf. Detall V gher = 2751 VS
No significant defect Backsurface not Hoop reinf: ~4.2" deep @ |X-step: 150 mm
noticed, except for strip of | discernible. Areatested as ~9.9" on center. Y-step: 50 mm
area (~9.4" wide, 16.2" | representative of sound | Longjtudinal reinf: below |Max Depth: 1000 mm
deep) consistertly found in corcrete. hoop reinforcement.  [Frequency: 50 kHz
other meps. Possibly Dillon, CO
dructural stedl Eisenhower Tunnel
reinforcement. ET 104-1,2
Segrment 8
TAMU/TTI 10/2011

/

Longitudinal
reinforcement C-Scan

B-Scan
Hoop reinforcement

Structural
_reinforcement

Volume-Scan

Figure N.2. UST images of test site ET 10.4-1, 2.

Copyright National Academy of Sciences. All rights reserved.
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Eisenhower Memorial Tunnel, Dillon, CO

Defects Notes Reinf. Detall V g = 2751 VS
No significant defect Backsurface not Hoop reinf: ~3.7-5.1" | X-step: 150 mm
noticed, except for strip of | - discernible. Areatested | deep @ ~10.1" on center. | Y-step: 50 mm
area (~12.2" wide, 17.2" |because of surface cracking| Longjtudinal reinf: below | Max Depth: 750 mm

deep) consistently found in | and crazing, nearby hoop reirforcement.  [Frequency: 50 kHz
other maps. Possibly steel | stalactite formation. Could Dillon, CO
structural reinforcement.  |not test over stalactite crack Eisenhower Tunnel
due to obtrusions. ET 1043
Segment 8

TAMU/TTI 10/2011

Figure N.3. Image of test site 10.4-3.

Copyright National Academy of Sciences. All rights reserved.
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Eisenhower Memorial Tunnel, Dillon, CO

Defects Notes Reinf. Detail V e = 2751 /S
No significant defect Backsurface not Hoop reinf: ~3.7-5.1" | X-step: 150 mm
noticed, except for strip of | discernible. Areatested | deep @ ~10.1" on center. |Y-step: 50 mm
area (~12.2" wide, 17.2" |because of surface cracking|  Longitudinal reinf: below |Max Depth: 750 mm

deep) consistertly found in | and crazing, nearby hoop reirforcement.  [Frequency: 50 kHz
other maps. Possibly steel | stalactite formation. Could Dillon, CO
structural reinforcement.  |not test over stalactite crack| Eisenhower Tunnel
due to obtrusions, ET 1043
Segment 8

TAMU/TTI 10/2011

&

Ar‘ \
Longitudinal
reinfor cement
B-Scar Surface defects
Structural Strong echoes
reinforcement

Hoop reinforcement \

Figure N.4. UST images of test site 10.4-3.

\

Strong echoes

Volume-Scan
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Eisenhower Memorial Tunnel, Dillon, CO

Defects Notes Reirf. Detall
No significant defect Backsurface not Hoop reinf: ~4.1" deep @
noticed, except for strip of | - discernible. Area tested ~10.1" on center.
area (~13.5" wide, 16.1" |because of surface cracking| Longitudinal reinf: below
deep) consistertly found in | and crazing and nearby hoop reinforcemert.
other maps. Possibly steel joint.
structural reinforcement.

V g = 2751 VS
X-step: 150 mm

Y -step: 50 mm

Max Depth: 750 mm
Frequency: 50 kHz

Dillon, CO
Eisenhower Tunnel
ET 104-4,5
Segment 10
TAMU/TTI 10/2011

Figure N.5. Image of test site ET 10.4-4, 5.

Copyright National Academy of Sciences. All rights reserved.
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Eisenhower Memorial Tunnel, Dillon, CO

Defects Notes Reinf. Detail Ve = 2751 1MVs
No significant defect Backsurface not Hoop reinf: ~4.1" deep @ |X-step: 150 mm
noticed, except for strip of |  discernible. Area tested ~10.1" on certer. Y-step: 50 mm

area (~13.5" wide, 16.1" |because of surface cracking|  Longitudinal reinf: below |Max Depth: 750 mm
deep) consistently found in | and crazing and nearby hoop reirforcement.  [Frequency: 50 kHz

other meps. Possibly steel joirt. Dillon, CO
structural reinforcement. Eisenhower Tunnel
ET 104-4,5
Segment 10
TAMU/TTI 10/2011
Hoop ‘L
reinfor cement

—>
"C-Scan’
B-Scan
\ Structural
reinfor cement
C-Scan
Longitudinal -
reinfor cement
< Strong echoes
<«
Volume-Scan

Figure N.6. UST images of test site ET 10.4-4, 5.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detail Vshear = 2159 m/s
Apparent delamination | Backsurface possibly seen |Hoop reinf: 4.6"- 6.2" degp [X-step: 150 mm
extending 12.3" deep, at 27.6" in depth. Severe @ 15.7"oncenter.  |Y-step:50mm
originating fromsurface | cracking. Areaalso tested | Longjtudingl reinf: above |Max Depth: 2500 mm

crack; possibly connecting by BAM. and possibly below hoop | Frequency: 50 kHz
to another crack located reirforcement @ 14.1" on | Glerwood Springs, CO
approximetely 35" to the center. Hanging Lake Tunnel
right of surface crack HLT 105123
Segent 57 + 3.4

TAMU/TTI 10/2011

Figure N.7. Image of test site HLT 10.5-1, 2, 3.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detall Vshear = 2159 m/s
Apparent delamination | Backsurface possibly seen [Hoop reinf: 4.6"- 6.2" deep|X-step: 150 mm
extending 12.3" deep, | at 27.6" in depth. Severe @ 15.7"oncenter.  [Y-step:50mm
originating fromsurface | cracking. Areaalso tested | Longjtudinal reinf: above |Max Depth: 2500 mm

crack; possibly connecting by BAM. and possibly below hoop [Frequency: 50 kHz
to another crack located reinforcement @ 14.1" on |Glerwood Springs, CO
approximately 35" to the certer. Hanging Lake Tunnel
right of surface crack HLT 1051,2, 3
Segment 57 + 3.4

TAMU/TTI 10/2011

V “h Delamination

emanating from surface
Hoop

reinfor cement

L Backwall reflection or bottom
B-Scan layer of reinforcement

Delamination emanating from surface cracks
B-Scan

BN

@
©
Volume view showing (a) hoop and
(b) longitudinal reinforcement,
respectively, and (c) surface cracks.

(b)

Volume-Scan

Figure N.8. UST images of test site HLT 10.5-1, 2, 3.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO
Defects Notes Reinf. Detall Vshear = 2159 m/s
Suspected debonding | Backsurface not detected. | Hoop reinf: ~3.6" deep on [X-step: 150 mm
around east (right) side of | Area tested because of certer. Y-step: 50 mm
joint. Surface crack around | netural joint. This map Max Depth: 1000 mm
areamight support this. | should be extended east to Frequency: 50 kHz
Suspected debonding detail more of possible Glenwood Springs, CO
extends a meximum of 9" debonding, Hanging Lake Tunnel
deep. HLT 1054
Segments 54/55 Joirt
TAMU/TTI 10/2011

Figure N.9. Images of test site HLT 10.5-4.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO
Defects Notes Reinf. Detall Vshear = 2159 m/s
Suspected debonding | Backsurface not detected. | Hoop reinf: ~3.6" deep on | X-step: 150 mm
around east (right) Side of |  Areatested because of center. Y-step: 50 mm
joint. Surface crack around | natural joint. This map Max Depth: 1000 mm
area might support this. | should be extended east to Frequency: 50 kHz
Suspected debonding detail more of possible Glenwood Springs, CO
extends a maximum of 9" debonding. Hanging Lake Tunnel
deep. HLT 1054
Segmerts 54/55 Joirt
TAMU/TTI 10/2011

<€——— Highly reflective region

Strong echoes

Hoop
reinforcement

Strong

echoes —————

Volume-Scan

Figure N.10. UST images of test site HLT 10.5-4.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detall
No significant defect  [Backsurface possibly 29.6"{  Hoop reinf: ~4.3"-5.1"
noticeable. Backwall | 32.4" deep. Areatested as| deep @ 16.6" on center.
reflection varies 2-3"in | arepresentation of sound | Longitudinal reinf: above
depth. This may be lower cocnrete-no apparent hoop reinforcement.
reinforcement reflection or cracks or defects.
backwall delamination (see
HLT 10.5-8,9).

Vshear = 2159 m/s
X-step: 150 mm

Y -step: 50 mm

Max Depth: 2500 mm
Frequency: 50 kHz

Glenwood Springs, CO
Hanging Lake Tunnel
HLT 10.55,6,7

Segments 49
TAMU/TTI 10/2011

Figure N.11. Image of test site HLT 10.5-5, 6, 7.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO
Defects Notes Reinf. Detall Vshear = 2159 m's
No significant defect ~ [Backsurface possibly 29.6"1  Hoop reinf: ~4.3"-5.1"  [X-step: 150 mm
noticeable. Backwall | 32.4" deep. Areatested as| deep @ 16.6" oncenter. |Y-step: 50 mm
reflection varies 2-3"in | arepresentation of sound | Longitudinal reirf: above (Max Depth: 2500 mm
depth. Thismay belower |  cocnrete-no apparent hoop reinforcement. | Frequency: 50. kHz
reirforcement reflection or cracks or defects. Glerwood Springs, CO
backwall delamination (see Hanging Lake Tunnel
HLT 10.5-8,9). HLT 1055,6,7
Segments 49
TAMU/TTI 10/2011
Very shallow,
highly reflective 4
region Hioop reinforcement
Backwall
B-Scan

=

Hoop
reinforcement

"

Backwall reflection

Volume-Scan

Figure N.12. UST images of test site HLT 10.5-5, 6, 7.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detall
No significant defect ~ |Backsurface possibly 24.5" { Hoop reinf: ~3.7" deep @
noticeable. Backwall 29.6" deep. Areatested 15.9" on certer.
reflectionvaries2-3"in | because of singe surface | Longitudinal reinf: below
depth. This may be lower | crack. Note strong echoes|  hoop reinforcemert. .
reinforcement reflection or | emanating from region of
backwall delamintion (see|  reinforcement. Thisis
HLT 10.5-8,9). possible sign of debonding.

Vshear = 2159 m/s
X-step: 150 mm

Y -step: 50 mm

Max Depth: 2500 mm
Frequency: 50 kHz

Glenwood Springs, CO
Hanging Lake Tunnel
HLT 10.5-8,9
Segments 49
TAMU/TTI 10/2011

Figure N.13. Image of test site HLT 10.5-8, 9.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detall Vshear = 2159 m/s
No significart defect | Backsurface possibly 24.5" { Hoop reinf: ~3.7" deep @ |X-step: 150 mm
noticeable. Backwall 29.6" deep. Areatested 15.9" on center. Y-step: 50 mm
reflection varies 2-3"in | because of single surface | Longjtudinal reinf: below |Max Depth: 2500 mm
depth. This may be lower | crack. Note strong echoes | hoop reirforcement. . | Frequency: 50 kHz
reirforcement reflection or | emanating from region of Glenwood Springs, CO
backwall delamination (see |  reirforcemert. Thisis Hanging Lake Tunnel
HLT 10.5-8,9). possible sign of debonding. HLT 10589
Segents 49
TAMU/TTI 10/2011

~

Hoop reinforcemen

/

BN

Backwall reflection

Backwall

Figure N.14. UST images of test site HLT 10.5-8, 9.
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reflection

Volume-Scan
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reinf. Detall Vshear = 2159 m/s
Significant Backsurface not discernible|  Hoop reinf: ~2.9"-5.1"  [X-step: 150 mm

delamination/debonding | dueto high presenceof | deep @ ~16.4" on center. | Y-step: 50 mm
discovered which stretched | - defamination/debonding. | Longjtudinal reinf: above |Max Depth: 1000 mm
over 11, ranging from8"- |  Area tested because of hoop reinforcement, | Frequency: 50 kHz

20" below the surface. | severe surface cracking. Glenwood Springs, CO
Hanging Lake Tunnel
HLT 10.5-10, 11, 12
Segment 55
TAMU/TTI 10/2011

Figure N.15. Images of test site HLT 10.5-10, 11, 12.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reint. Detail Vshear = 2159 /s
Significant Backsurface not discernible|  Hoop reinf: ~2.9"-5.1"  [X-step: 150 mm
delamination/debonding due to high presence of | deep @ ~16.4" on center. | Y-step: 50 mm
discovered which stretched | - delamination/debonding. | Longitudinel reinf: above |Max Depth: 1000 mm
over 11', ranging from8"- | The B-scan below shows | hoop reinforcement. | Frequency: 50 kHz

20" below the surface. | variance in depth and the C; Glenwood Springs, CO
scans show the horizontal Hanging Lake Tunnel
spread of the HLT 10.5-10, 11, 12
delamination/debondiing. Segment 55

TAMU/TTI 10/2011

Y

Hoop reinforcement
Curved delaminations/debonding

" B-Scan

P Longitudinal

<

/ reinfor cement

C-Scans
Curved delaminations/debonding

Curved delaminationsg/debonding___

w

Volume-Scan

Figure N.16. UST images of test site HLT 10.5-10, 11, 12.

Copyright National Academy of Sciences. All rights reserved.
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Hanging L ake Tunnel, Glenwood Springs, CO

Defects Notes Reirf. Detall Vshear = 2159 m/s
No significart defect Backsurface not Hoop reinf: ~5.1" deep @ |X-step: 150 mm
noticed. discernible. Areatested on ~16.3" on certer. Y-step: 50 mm
surface of tile. Hair-line | Longitudinl reinf: below |Max Depth: 1000 mm
crack presert. and possible above hoop | Frequency: 50 kHz
reinforcement @ ~14.0" on| Glenwood Springs, CO
center. Hanging Lake Tunnel
HLT 10513
Interior Tile Lining

TAMU/TTI 10/2011

Figure N.17. Image of test site HLT 10.5-13.

Copyright National Academy of Sciences. All rights reserved.

165


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

166

Hanging Lake Tunnel, Glenwood Springs, CO
Defects Notes Reinff. Detail Vshear = 2159 m/s
No significant defect Backsurface not Hoop reinf: ~5.1" deep @ [X-step: 150 mm
noticed. discernible. Areatested on ~16.3" on center. Y-step: 50 mm
surface of tile. Hair-line | Longjtudinel reinf: below |Max Depth: 1000 mm
crack presert. and possible above hoop | Frequency: 50 kHz
reinforcement @ ~14.0" on|Glerwood Springs, CO
certer. Hanging Lake Tunnel
HLT 10.5-13
Interior Tile Lining
TAMU/TTI 10/2011

Longitudinal
reinfor cement

<«
T—L Hoop reinforcement

C-Scan
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Longitudinal/
reinfor cement
Volume-Scan

Figure N.18. UST images of test site HLT 10.5-13.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reinf. Detall Vshear = 2710 m/s
No significant defect Backsurface at ~24.7" | Hoop reinf: ~2.4" deep @ |X-step: 150 mm
noticed. deep. Areatested as ~4.4" on center. Y -step: 50 mm
representative of sound | Longitudinal reinf: below  |Max Depth: 1000 mm
concrete. Also tested hoop reinforcemert.  [Frequency: 50 kHz
because GPR data revealed Norfolk, VA
different steel detail (c.f. Chesapeake Tunnel
with CBBT 10.11-3,4). CBBT 10.11-1,2
Sta. 471+80

TAMU/TTI 10/2011

Figure N.19. Images of test site CBBT 10.11-1, 2.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA
Defects Notes Reirff. Detail Vshear = 2710 /s
No significant defect Backsurface at ~24.7" | Hoop reinf: ~2.4" deep @ |X-step: 150 mm
noticed. deep. Areatested as ~4.4" on center. Y-step: 50 mm
representative of sound | Longitudinal reinf: below | Max Depth: 1000 mm
concrete. Also tested hoop reinforcemert.  [Frequency: 50 kHz
because GPR data revealed Norfolk, VA
different sted! detail (c.f. Chesapeake Tunnel
with CBBT 10.11-3,4). CBBT 10.11-1,2
Sta. 471+80
TAMU/TTI 10/2011

C-Scan :
Hoop

reinfor cement
B-Scan Backwall

AN

Figure N.20. UST images of test site CBBT 10.11-1, 2.

Volume-Scan
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reinf. Detail Vshear = 2710 m/s
No significart defect Backsurface at ~24.4" | Hoop reinf: ~2.3" degp @ | X-step: 150 mm
noticed. deep. Areatested as ~11.8" oncenter. Y -step: 50 mm
representative of sound | Longitudinal reinf: below |Max Depth: 1000 mm
concrete. Also tested hoop reinforcemert.  [Freguency: 50 kHz
because GPR data revealed Norfolk, VA
differert steel detail (c.f. Chesapeake Tunnel
with CBBT 10.11-1,2). CBBT 10113 4
Sta. 473+56

TAMU/TTI 10/2011

Figure N.21. Image of test site CBBT 10.11-3, 4.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA
Defects Notes Reinf. Detail Vshear = 2710 m/s
No significant defect Backsurface at ~24.4" | Hoop reinf: ~2.3" deep @ [X-step: 150 mm
noticed. deep. Areatested as ~11.8"oncenter.  |Y-step: 50 mm
representative of sound | Longitudingl reinf: below |Max Depth: 1000 mm
concrete. Also tested hoop reinforcement, | Frequency: 50 kHz
because GPR data revealed Norfolk, VA
different stee! detail (c.f. Chesapeake Tunnel
with CBBT 10.11-1,2). CBBT 10.11-3 4
Sta. 473+56
TAMU/TTI 10/2011
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Figure N.22. UST images of test site CBBT 10.11-3, 4.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reinf. Detall Vshear = 2710 m/s
Significant shallow defects, |  Backsurface at ~24.1" Hoop reinf: ~2.0"-2.6"  [X-step: 150 mm
such as shallow cracks (~9"| deep. Area tested because | deep @ ~12.0" on center. | Y -step: 50 mm
deep) and possibly shallow |  of live crack. Significart | Longjtudinal reinf: below [Max Depth: 1000 mm
delaminations (~2" deep), ringing may suggest hoop reinforcement. | Frequency: 50 kHz
which seemto produce the | debonding of longjtudinal Norfolk, VA
ringing. reinforcement. Chesapeake Tunnel
CBBT 10.11-5
Sta. 474+27

TAMU/TTI 10/2011

Figure N.23. Images of test site CBBT 10.11-5.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reirf. Detall Vshear = 2710 /s
Significant shallow defects, [  Backsurface at ~24.1" Hoop reinf: ~2.0"-2.6"  [X-step: 150 mm
such as shallow cracks (~9"| deep. Areatested because | deep @ ~12.0" on certer. |Y-step: 50 mm
deep) and possibly shallow |  of live crack. Significant | Longjitudingl reinf: below  [Max Depth: 1000 mm

delaminations (~2" deep), ringing may sugoest hoop reinforcemert.  [Frequency: 50 kHz
which seemto produce the | debonding of longjtudinal Norfolk, VA
ringing. reinforcement. Chesapeake Tunnel
CBBT 10.11-5
Sta. 474+27

TAMU/TTI 10/2011

—
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Longitudinal reinfor cement
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Figure N.24. UST images of test site CBBT 10.11-5.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

delamination in Region 1.

Defects Notes Reinf. Detail Vshear = 2710 m/s
Hammer tapping revedled |Backsurface at 24.1"-26.0"| Hoop reinf: ~2.2" deep @ |X-step: 150 mm
hollow region as shown by | deep. Area tested because ~12.1" on certer. Y-step: 50 mm
shallow reflective regionin | of high dielectric reading | Longitudingl reinf: below |Max Depth: 1000 mm
the C- and B-scars. from GPR scan. No hoop reinforcement @ [ Freduency: 50 kHz
Sigrificant cupped-shaped | significant visual distress 16.2" on center. Norfolk, VA
delaminations asdeep as | noticeable, but hammer Chesapeake Tunnel
19.2" sounding revealed shallow CBBT 10.11-7, 8 (Region 1)

Sta. 486+67

TAMU/TTI 10/2011

Figure N.25. Images of test site CBBT 10.11-7, 8.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reirf. Detall
Hammer tapping revealed | Backsurface at 24.1"-26.0" | Hoop reinf: ~2.2" deep @
hollow region as shown by | deep. Area tested because ~12.1" on center.
shallow reflective regionin | of high dielectric reading | Longitudinal reinf: below

the C- and B-scans. from GPR scan. No hoop reinforcement @

Significant cupped-shaped |  significant visual distress 16.2" on center.
delaminationsasdeep as |  noticeable, but hammer

19.2" sounding revealed shallow

delamination in Region 1.

Vshear = 2710 m/s
X-step: 150 mm

Y -step: 50 mm

Max Depth: 21000 mm
Frequency: 50 kHz

Norfalk, VA

Chesapeake Tunnel

CBBT 10.11-7, 8 (Region I1)
Sta. 486+67

TAMU/TTI 10/2011

\ Shallow
delaminatio\>

Desp —>
delamination

—
reinfor cement

Volume-Scan

/

Hoop

Backwall
reflection

C-Scan

Longitudinal
reinfor cement

Scan

Vollime-Scan (I sosiitface rendering)

Figure N.26. UST images of test site CBBT 10.11-7, 8.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects Notes Reinf. Detail Vshear = 2710 m/s
Significant cracks upto | Backsurface at 24.3'-26.0"|  Hoop reinf; ~2.0"-3.0" [ X-step: 150 mm
8.6" deep. deep. Areatested because | deep @ ~12.2" on center. |Y-step: 50 mm
of high dielectric reading | Longjtudinal reinf: below [Max Depth: 1000 mm
from GPR scan. No hoop reinforcement @ [ Frequency: 50 kHz
significant visual distress 19.8" on certer. Norfolk, VA
noticeable. Chesapeake Tunnel
CBBT 10.11-9 (Region I)
Sta. 486+67

TAMU/TTI 10/2011

Figure N.27. Images of test site CBBT 10.11-9.

Copyright National Academy of Sciences. All rights reserved.
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Defects Notes Reinf. Detall
Significant cracks upto | Backsurface at 24.3'-26.0"(  Hoop reinf: ~2.0"-3.0"
8.6" deep. deep. Areatested because | deep @ ~12.2" on certer.
of high dielectric reading | Longitudinal reinf: below
from GPR scan. No hoop reinforcement @
significant visual distress 19.8" on certer.
noticeable.

Vshear = 2710 m/s
X-step: 150 mm
Y-step: 50 mm

Max Depth: 2000 mm
Frequency: 50 kHz

Norfalk, VA
Chesapeake Tunnel
CBBT 10.11-9 (Region I)
Sta. 486+67
TAMU/TTI 10/2011

€ Shallow

/7

defects
Longitudinal Ringing from
reinfor cement shallow defects |
Backwall
reflectiol
C-Scan
Hoop
reinfor cement

Volume-Scan

B-Scan

Shallow
ects

Volurfe-Scan (1 sosurface rendering)

Figure N.28. UST images of test site CBBT 10.11-9.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Heavy ringing mede internal
inspection difficult. Possible
deep delamination (~17.7"
deep and possibly 19"
wide) and evidence of
surface crack extending
~9.8" deep.

Backsurface at 22.7"-25.9"
deep. Area tested because
of large surface crack and
smell area of water
intrusion.

Hoop reinf: ~2.7"-3.2"
deep @ ~11.7"-12.4" on
center. Second layer of
hoop reinf. directly beneath
top layer. Longitudingl reinf:
below first layer of hoop
reinforcement @ ~17.1"
on center.

Vshear = 2710 m/s
X-step: 150 mm

Y -step: 50 mm

Max Depth: 2000 mm
Frequency: 50 kHz

Norfolk, VA
Chesapeake Tunnel
CBBT 10.11-10

Sta. 491+25
TAMU/TTI 10/2011

Figure N.29. Images of test site CBBT 10.11-10.
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Defects Notes Reinf. Detall Vshear = 2710 m/s
Heavy ringing made internal | Backsurface at 22.7"-25.9"(  Hoop reinf: ~2.7"-3.2" [ X-step: 150 mm
ingpection difficut. Possible| deep. Areatested because | deep @ ~11.7"-12.4" on |Y-step: 50 mm
deep defamination (~17.7" | of large surface crack and | center. Second layer of - |Max Depth: 1000 mm
deep and possibly 19" smell areaof water | hoop reif. directly beneath| Frequency: S0 kHz
wide) and evidence of intrusion. top layer. Longjtudinal reinf:|Norfolk, VA
surface crack extending below first layer of hoop | Chesapeake Tunnel
~9.8" deep. reinforcemert @ ~17.1* [CBBT 10.11-10
Sta. 491+25

oncernter.

TAMU/TTI 10/2011

\ Longitudinal

reinforcement
—_> ~
B-Scan
reflection crack C-
> Hoop
reinfor cement
B-Scan L
Strong ringing
Deep
« delamination
—_—>
B-Scan’

Backwall /

reflection

Volume-Scan

B-Scan

Figure N.30. UST images of test site CBBT 10.11-10.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Vshear = 2710 m/s

Heavy ringing mede internal

inspection difficult. Possible

deep delamination (~15.7"
deep and 20.3" wide).

Backsurface at 25.0"-30.0"
deep. Area tested was tiled
lining over a joint where tile
has debonded. Determined
area via hammer sounding.

Hoop reinf: ~4.3"-7.7"
deep @ ~12.1" on center.
Second layer of hoop reirt.

seen beneath top layer in
ore location-possibly splice
area. Longitudinal reinf:
below hoop reinforcement
@ ~13.0" on certer.

X-step: 110 mm

Y -step: 110 mm
Max Depth: 750 mm
Frequency: 50 kHz

Norfolk, VA
Chesapeake Tunnel
CBBT TILE 10.11-11
Approx. Sta. 488

TAMU/TTI 10/2011

Figure N.31. Image of test site CBBT TILE 10.11-11.

Copyright National Academy of Sciences. All rights reserved.
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Defects Notes Reinf. Detall Vshear = 2710 m/s
Heavy ringing mede internal | Backsurface at 25.0"-30.0"|  Hoop reinf: ~4.3"-7.7" | X-step: 110 mm
inspection difficult. Possible| deep. Areatested wastiled | deep @ ~12.1" on center. |Y-step: 110 mm
deep delamination (~15.7" | lining over a joint where tile | Second layer of hoop reinf, |Max Depth: 750 mm
deepand 20.3" wide). | has debonded. Determmined | seen beneath top layer in | Freguency: 50 kHz
area via hammer sounding. |one location- possibly splice|Norfolk, VA
area. Longitudinal reinf; {Chesapeake Tunnel
below hoop reirforcement |CBBT TILE 10.11-11
@~13.0" oncenter.  |AAPProX. Sta. 488
TAMU/TTI 10/2011

Hoop b

¢
reinfor cement
—>
e
= Backwall R
reflection C-Scan o
3 Longitudinal
reinfor cement
or duct
. delaminations
Longitudinal
reinforcement or duct
_.9 - B
B-Scan
Hoop /
reinfor cement
Backwall __—>
reflection Volume-Scan

Figure N.32. UST images of test site CBBT TILE 10.11-11.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Vshear = 2710 m/s

Heavy ringing made internal

inspection difficuit. Possibly

muitiple cracks as deep as
86"

Backsurface at 28.1"-31.0"
deep. Areatested was tiled
lining. Hammer sounding
did not indicate debonding,
but SPACETEC infrared
scans showed area of
question..

Hoop reinf: ~4.8"-9.4"
deep @ ~11.7" on center.
Longitudind reinf: below
and possibly above hoop
reinforcement.

X-step: 110 mm

Y -step: 110 mm

Max Depth: 2000 mm
Frequency: 50 kHz

Norfolk, VA
Chesapeake Tunnel
CBBT TILE 10.11-12
Sta. 486-09
TAMU/TTI 10/2011

Figure N.33. Image of test site CBBT TILE 10.11-12.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Heavy ringing mede internal
inspection difficuit. Possibly

Backsurface at 28.1"-31.0"
deep. Area tested was tiled

Hoop reinf; ~4.8"-9.4"
deep @ ~11.7" on center.

Vshear = 2710 m/s
X-step: 110 mm
Y-step: 110 mm

muitiple cracks as deep as |  lining. Hammer sounding | Longjitudinal reinf: below  |Max Depth: 1000 mm
86" did ot indicate debonding, | and possibly above hoop | Freguency: 50 kHz
but SPACETEC infrared reinforcement. Norfolk, VA
scans showed area of Chesapeake Tunnel
question.. CBBT TILE 10.11-12
Sta. 486-09
TAMU/TTI 10/2011
Longitudinal
/ €| reinforcement
Hoop
reinfor cement
Surface cracks,
delaminations B-Scan
L Backwall
reflection
— \
—>
D-Scan
B-Scans C-Scan
Hoop
< reinfor cement
N Backwall
reflection
Volume-Scan

Figure N.34. UST images of test site CBBT TILE 10.11-12.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Apparent delamination
20.2" deep and 27.4"
wide.

Backsurface at 26.6"-
28.4" deep. Areatested
because of surface crack
and varying backwall
reflections from single-
point evaluations.

Hoop reinf: ~2.0"-3.6"
deep @ 12.1" on center.
Longitudinal reinf:
below hoop
reinforcment.

Vshear = 2710 m/s
X-step: 150 mm
Y-step: 50 mm

Max Depth: 1000 mm
Frequency: 50 kHz

Norfolk, VA
Chesapeake Tunnel
CBBT 10.13

Sta. 481+76
TAMUI/TTI 10/2011

Figure N.35. Image of test site CBBT 10.11-13.

Copyright National Academy of Sciences. All rights reserved.
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Chesapeake Channel Tunnel, Norfolk, VA

Defects

Notes

Reinf. Detail

Apparent delamination
20.2" deep and 27.4"

Backsurface at 26.6"-
28.4" deep. Areatested

Hoop reinf: ~2.0"-3.6"
deep @ 12.1" on center.

Vshear = 2710 m/s
X-step: 150 mm
Y -step: 50 mm

C-Scan

\Deep

delamination

C-Scan

B-Scan

wide. because of surface crack| Longitudina reinf:  |Max Depth: 2000 mm
and varying backwall below hoop Frequency: 50 kHz
reflections from single- reinforcment. Norfolk, VA
point evaluations. Chesapeake Tunnel
CBBT 10.13
Sta. 481+76
TAMU/TTI 10/2011
Longitudinal
/ reinfor cement

Hoop

reinforcement

<\\ Backwall

reflection

Volume-Scan
Figure N.36. UST images of test site CBBT 10.11-13.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX

Deep delamination
approximately 13" deep
(B-scan image).

because of debonding
located via hammer
sounding.

Defects Notes Reinf. Detail
Significant shallow Backsurface not Hoop reinf: ~6.8" deep.
debonding/delamination.| discernible. Area tested

Vshear = 2710 m/s
X-step: 110 mm

Y -step: 110 mm
Max Depth: 500 mm
Frequency: 50 kHz

Houston, TX
Washburn Tunnel
WT 9.16-1

West Side
TAMU/TTI 9/2011

Figure N.37. Images of test site WT 9.16-1.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX
Defects Notes Reinf. Detall Vshear = 2710 m/s
Significant shallow Backsurface not Hoop reinf: ~6.8" deep. [X-step: 110 mm
debonding/delamination. | discernible. Areatested Y -step: 110 mm
Deep delamination because of debonding Max Depth: 500 mm
approximately 13" deep| located via hammer Frequency: 50 kHz
(B-scan image). sounding. Houston, TX
Washburn Tunnel
WT 9.16-1
West Side
TAMU/TTI 9/2011

Shallow Hoop _
debonding reinforcement Shallow debonding
v
B-Scan
C-Scan
Deep delamination
Volume-Scan

Figure N.38. UST images of test site WT 9.16-1.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX

deep (B-scan image).

Defects Notes Reinf. Detail
Significant shallow and Backsurface not Hoop reinf: ~4.8"-5.2"
deep discernible. Areatested | deep @ 12.2 on center.
debonding/delamination.| because of debonding Longitudinal reinf:
Delamination as deep located via hammer below hoop
as approximately 18" sounding. reinforcement.

\ shear = 2710 m/s
X-step: 110 mm
Y-step: 110 mm
Max Depth: 500 mm
Frequency: 50 kHz

Houston, TX
Washburn Tunnel
WT 9.16-2

West Side
TAMU/TTI 9/2011

Figure N.39. Image of test site WT 9.16-2.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX
Defects Notes Reinf. Detall Vshear = 2710 m/s
Significant shallow and Backsurface not Hoop reinf: ~4.8"-5.2" |X-step: 110 mm
deep discernible. Areatested | deep @ 12.2 on center. |Y-step: 110 mm
debonding/delamination.| because of debonding Longitudina reinf:  |Max Depth: 500 mm
Delamination as deep located via hammer below hoop Frequency: 50 kHz
as approximately 18" sounding. reinforcement. Houston, TX
deep (B-scan image). Washburn Tunnel
WT 9.16-2
West Side
TAMU/TTI 9/2011

Hoop Delamination at
reinforcement reinfor cement

\ [

B-Scan
Region below S

tiledebonding

C-Scans

Shallow debonding
Volume-Scan

Figure N.40. UST images of test site WT 9.16-2.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Washburn Tunnel, Houston, TX

Delaminations as deep
as 10.7" below surface.

located via hammer
sounding.

Defects Notes Reinf. Detail
Significant Backsurface not Hoop reinf: ~4.9" deep
delaminations/debonding| discernible. Areatested| @ 13.4" on center.
throughout. because of debonding Longitudina reinf:

below hoop
reinforcement.

\/shear = 2710 m/s
X-step: 110 mm
Y-step: 110 mm
Max Depth: 500 mm
Frequency: 50 kHz

Houston, TX
Washburn Tunnel
WT 9.16-3

West Side
TAMU/TTI 9/2011

Figure N.41. Image of test site WT 9.16-3.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX
Defects Notes Reinf. Detail Vshear = 2710 m/s
Significant Backsurface not Hoop reinf: ~4.9" deep |X-step: 110 mm
delaminations/debonding|discernible. Areatested| @ 13.4" oncenter. |Y-step: 110 mm
throughout. because of debonding Longitudinal reinf:  |[Max Depth: 500 mm
Delaminationsasdeep | located via hammer below hoop Frequency: 50 kHz
as 10.7" below surface. sounding. reinforcement. Houston, TX
Washburn Tunnel
WT 9.16-3
West Side
TAMU/TTI 9/2011

~

Delaminations

Hoop /

reinfor cement

B-Scan
s C-Scans

Shallow

/ debonding

Volume-Scan

Figure N.42. UST images of test site WT 9.16-3.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX

throughout. Possible
delaminations 11.7"

deep.

because of debonding
located via hammer
sounding.

Defects Notes Reinf. Detail
Significant Backsurface not Hoop reinf: ~4.7" deep
delaminations/debonding| discernible. Areatested| @ 11.7" on center.

Longitudinal reinf:
below hoop
reinforcement.

\/shear = 2710 m/s
X-step: 110 mm

Y -step: 110 mm
Max Depth: 500 mm
Frequency: 50 kHz

Houston, TX
Washburn Tunnel
WT 9.16-4

West Side
TAMU/TTI 9/2011

Figure N.43. Image of test site WT 9.16-4.

Copyright National Academy of Sciences. All rights reserved.
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Washburn Tunnel, Houston, TX

Defects Notes Reinf. Detall Vshear = 2710 m/s
Significant Backsurface not Hoop reinf: ~4.7" deep [X-step: 110 mm
delaminations/debonding| discernible. Areatested| @ 11.7" on center. |Y-step: 110 mm
throughout. Possible because of debonding Longitudinal reinf:  |Max Depth: 500 mm

delaminations 11.7" located via hammer below hoop Frequency: 50 kHz
deep. sounding. reinforcement. Houston, TX
Washburn Tunnel
WT 9.16-4
West Side

TAMU/TTI 9/2011

/

Delamination Hoop Reinforcement

Shallow
delaminations,

e \

B-Scans

C-Scans

A

Shallow debonding

Volume-Scan

Figure N.44. UST images of test site WT 9.16-4.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detail

Vshear = 2770 m/s

Significant
delamination on both
sides of surface crack,
ranging from 4.2"-5.0"

from top surface.

Top layer of pavement
10.2" below surface.
Areatested because of
transverse surface
cracking. Pavement
depth confirmed by 2
cores, both indicating
10.2" thickness and one
indicating 5.0" reinf.

Longituding reinf.:

~4.6"- 5.0" deep @ 5.6"|Y-step: 50 mm
on center. No transverse|Max Depth: 500 mm
reinforcement located in|Frequency: 50 kHz

thisarea.

X-step: 150 mm

Ft. Worth, TX
1-20
1H209.27-1
MP 426 + 0.5, RM 2871

TAMU/TTI 9/2011

Figure N.45. Images of test site WT 9.27-1.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detail

\/ shear = 2770 m/s

Significant
delamination on both
sides of surface crack,

Top layer of pavement
10.2" below surface.
Areatested because of

Longitudinal reinf.:

~4.6"- 5.0" deep @ 5.6"|Y-step: 50 mm
on center. No transverse|Max Depth: 500 mm

X-step: 150 mm

ranging from 4.2"-5.0" transverse surface  |reinforcement located in|Frequency: 50 kHz
from top surface. cracking. Pavement thisarea. Ft. Worth, TX
depth confirmed by 2 1-20
cores, both indicating 1H20 9.27-1
10.2" thickness and one MP 426 + 0.5, RM 2871
indicating 5.0" reinf. TAMU/TTI 9/2011
— Delamination
Top layer
interface
C-Scan
L ongitudinal
reinfor cement
B-Scans

/ Delamination

Volume-Scan
Figure N.46. UST images of test site IH20 9.27-1.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detail

Vshear = 2770 m/s

Significant
delamination on both
sides of surface crack,
ranging from 4.5"-5.3"

from top surface.

Top layer of pavement
10.4" below surface.
Areatested because of
transverse surface
cracking. Pavement
depth confirmed by 2
cores, indicating 9.4"-
10.4" thickness.

Longitudinal reinf.:

~4.5"-5.2" deep @ 7.1"|Y-step: 50 mm
on center. No transverse]Max Depth: 500 mm
reinforcement located in|Frequency: 50 kHz

thisarea.

X-step: 150 mm

Ft. Worth, TX
1-20

1H20 9.27-2
MP 426 + 0.5, RM 2871
TAMU/TTI 9/2011

Figure N.47. Images of test site IH20 9.27-2.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detail

Vshear = 2770 m/s

Significant
delamination on both
sides of surface crack,
ranging from 4.5"-5.3"

Top layer of pavement
10.4" below surface.
Areatested because of
transverse surface

Longitudina reinf.:

~4.5"- 5.2" deep @ 7.1"|Y-step: 50 mm
on center. No transverse|Max Depth: 500 mm
reinforcement located in|Frequency: 50 kHz

X-step: 150 mm

from top surface. cracking. Pavement thisarea. Ft. Worth, TX
depth confirmed by 2 1-20
cores, indicating 9.4"- IH209.27-2
10.4" thickness. MP 426 + 0.5, RM 2871}
TAMU/TTI 9/2011
B-scan Volume-Scan
Delamination Top layer
interface
Top |ayer Longitudina]
interface reinfor cement
B-Scan
C-Scan

Figure N.48. UST images of test site IH20 9.27-2.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detail

Vshear = 2770 m/s

Significant
delamination on both
sides of surface crack,
ranging from 4.6"-5.1"

from top surface.

Top layer of pavement
approximately 10.2"
below surface. Area

tested because of
transverse surface
cracking. Pavement

depth confirmed by 2

cores, indicating 10.2"

thickness.

Longitudind reinf.:

~4.8"- 5.0" deep @ 7.2"|Y-step: 50 mm
on center. No transverse]Max Depth: 500 mm
reinforcement located in|Frequency: 50 kHz

thisarea.

X-step: 150 mm

Ft. Worth, TX
1-20

1H20 9.27-3
MP 426 + 0.5, RM 2871
TAMU/TTI 9/2011

Figure N.49. Images of test site IH20 9.27-3.

Copyright National Academy of Sciences. All rights reserved.

197


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

198

Interstate 20, Ft. Worth, TX

Defects Notes Reinf. Detail Vshear = 2770 m/s
Significant Top layer of pavement | Longitudinal reinf.: [X-step: 150 mm
delamination on both | approximately 10.2" |~4.8"- 5.0" deep @ 7.2"|Y -step: 50 mm
sides of surface crack, | below surface. Area |on center. No transversejMax Depth: 500 mm
ranging from 4.6"-5.1" tested because of reinforcement located in|Frequency: 50 kHz

from top surface. transverse surface thisarea. Ft. Worth, TX
cracking. Pavement 1-20
depth confirmed by 2 1H20 9.27-3
cores, indicating 10.2" MP 426 + 0.5, RM 2871
thickness. TAMU/TTI 9/2011
Top layer Delamination
interface
B-scan
Longitudinal
reinfor cement
C-Scan
B-Scan
Delamination

\

» Volume-Scan

Figure N.50. UST images of test site IH20 9.27-3.
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Interstate 20, Ft. Worth, TX

Defects Notes Reinf. Detall Vshear = 2770 m/s
Significant Top layer of pavement | Longitudinal reinf.: |X-step: 150 mm
delamination on both | approximately 10.1" |~4.6"- 5.2" deep @ 7.0"|Y-step: 50 mm
sides of surface crack, | below surface. Area |on center. No transverse|Max Depth: 500 mm

approximately 5.0" tested because of  |reinforcement located in|Frequency: 50 kHz
from top surface. transverse surface thisarea. Ft. Worth, TX
cracking. No cores 1-20
taken in thislocation. 1H209.27-5

MP 426 + 0.5, RM 2871
TAMU/TTI 9/2011

Figure N.51. Image of test site IH20 9.27-5.

Copyright National Academy of Sciences. All rights reserved.
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Interstate 20, Ft. Worth, TX

Defects

Notes

Reinf. Detall

\/ shear = 2770 m/s

Significant
delamination on both
sides of surface crack,

Top layer of pavement
approximately 10.1"
below surface. Area

Longitudinal reinf.:

~4.6"- 5.2" deep @ 7.0"|Y-step: 50 mm
on center. No transverse|Max Depth: 500 mm

X-step: 150 mm

approximately 5.0" tested because of reinforcement located in|Frequency: 50 kHz
from top surface. transverse surface thisarea. Ft. Worth, TX
cracking. No cores 1-20
taken in thislocation. 1H209.27-5
MP 426 + 0.5, RM 2871
TAMU/TTI 9/2011
Delamination

Top layer

. Longitudinal
interface

reinfor cement

B-Scans C-Scan

<«—_ Toplayer
interface

Volume-Scan

Figure N.52. UST images of test site IH20 9.27-5.
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George Bush Internationa Airport, Houston, TX
Defects Notes Reinf. Detail |Vshear = 2885 m/s
Significant debonding Top layer of pavement None. X-step: 200 mm
at at runway/subbase | approximately 7.6"-8.1" below Y-step: 100 mm
(7.6"-8.1" deep) and surface; second layer 26.9" Max Depth: 1000 mm
verified by coring. below surface; third layer 37.7" Frequency: 50 kHz
Possible further below surface.Areatested Houston, TX
debonding in deeper | because of surface cracking and IAH
layers (26.9" and 37.7" hammer sounding revealing |AH 6.9-1
deep). possible debonding. Image is of Sta 83+00 T/W WA E
typical runway segment. TAMU/TTI 6/2011

Figure N.53. Image of test site IAH 6.9-1.
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George Bush Internationa Airport, Houston, TX

(7.6"-8.1" deep) and
verified by coring.
Possible further
debonding in deeper

deep).

layers (26.9" and 37.7"

surface; second layer 26.9"
below surface; third layer 37.7"
below surface.Areatested
because of surface cracking and
hammer sounding revealing
possible debonding. Imageis of
typical runway segment.

Defects Notes Reinf. Detail
Significant debonding Top layer of pavement None.
at at runway/subbase | approximately 7.6"-8.1" below

Vshear = 2885 m/s
X-step: 200 mm

Y -step: 100 mm

Max Depth: 1000 mm
Frequency: 50 kHz

Houston, TX

IAH

IAH 6.9-1

Sta 83+00 T/W WA E
TAMU/TTI 6/2011

Third Iayer/

interface

/ First layer interface
Second layer /

interface

Volume-Scan

B-Scans

Delaminated area,
first layer interface

Sound area

Figure N.54. UST images of test site IAH 6.9-1.

C-Scan
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George Bush Internationa Airport, Houston, TX
Defects Notes Reinf. Detail |Vshear =2885m/s
Significant debonding Top layer of pavement None. X-step: 200 mm
at at runway/subbase approximately 7.1" below Y -step: 100 mm
(7.1" deep) and verified|  surface; second layer 25.6" Max Depth: 1000 mm
by coring. Possible | below surface; third layer 37.5" Frequency: 50 kHz
further debonding in below surface. Areatested Houston, TX
deeper layers (25.6" and| because of surface cracking and 1AH
37.5" deep). hammer sounding revealing |AH 6.9-2
possible delaminations. Imageis Sta82+75 T/W WA E
of typical runway segmen. TAMU/TTI 6/2011

Figure N.55. Image of test site IAH 6.9-2.
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George Bush Internationa Airport, Houston, TX

(7.1" deep) and verified
by coring. Possible
further debonding in
deeper layers (25.6" and
37.5" deep).

surface; second layer 25.6"

below surface; third layer 37.5"

below surface. Areatested

because of surface cracking and
hammer sounding revealing
possible delaminations. Imageis

of typical runway segment.

Defects Notes Reinf. Detail
Significant debonding Top layer of pavement None.
at at runway/subbase approximately 7.1" below

\/ shear = 2885 m/s
X-step: 200 mm

Y -step: 100 mm

Max Depth: 1000 mm
Frequency: 50 kHz

Houston, TX
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TAMU/TTI 6/2011
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Figure N.56. UST images of test site IAH 6.9-2.

Second layer
interface

Delaminated area,
second layer interface

N

Volume-Scan

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Evaluation of Tiled Tunnel Linings
by Using Acoustic Sounding

Introduction

This appendix describes the progress of a particular non-
destructive testing (NDT) technique known as acoustic
sounding and outlines how this system will work within the
framework of the second Strategic Highway Research Pro-
gram (SHRP 2) Renewal Project R06G.

This system requires further development to be efficiently
implemented for tile debonding in tunnel linings. But research
thus far has shown it to be a promising technique capable of
quickly determining the stage of tile debonding in tunnel
linings. This appendix discusses how the system will be used
in inspection procedures and provides an idea of what the
end product will be. Evaluations of public tunnels and test
specimens have been conducted and the preliminary results
are given.

Acoustic Sounding Technique

When debonding occurs on tiled surfaces, hammer sounding
by ear or by microphone can readily differentiate bonded
from debonded tile. Debonded areas have a characteristic
lower-frequency pinging relative to fully bonded tiles. The
goal here is to devise a less subjective method for inspectors
to quickly and efficiently characterize the condition of tile
bonding.

Technical Needs

In general, tile debonding can occur for two reasons: improper
installation or external influences. Improper installation com-
monly includes the following:

e Improper use of bonding agent (e.g., the wrong mixing
ratios or the wrong type of agent);

e Improper tile spacing;

¢ Excessive open time; and
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¢ Alow standard of workmanship (e.g., not “back buttering”
the tile).

External influences can include environmental conditions (e.g.,
thermal expansion) and/or excessive tunnel lining forces (e.g.,
damage from voids, cracks, delamination, or debonding).

In either case, debonding of the tile does occur and can
pose a danger to the public. This SHRP 2 project uses many
NDT techniques to identify the onset of damage behind the
tiled wall lining before debonding occurs and to quickly and
efficiently identify regions that need immediate attention
after debonding occurs.

Research Approach

The system under development is used with a laptop com-
puter capable of recording audio signals and installed with a
version of MATLAB (developed by MathWorks, http://www
.mathworks.com/products/matlab/), along with an impact
source (preferably a ball-peen hammer). As the operator
lightly taps the center of each tile with the hammer, the
laptop’s internal microphone records the audio signal.
MATLAB software performs a fast Fourier transform (FFT)
to the data set and uses pattern recognition techniques to
monitor the fundamental frequencies of flexural vibration
for each individual tile. The modes of vibration frequencies
in a voided tile can be predicted with acoustic theory for a
rectangular plate with simply supported edges (Rossing and

Fletcher 2003):
m+1 )2 ( )2}
+
L,

where ¢; is the longitudinal wave speed, h is the thickness of
the tile, m and n are the integers describing the current mode
of excitation (m = n = 0 for the fundamental frequency of

n+1
L}’

fmn = 0453CLh |:(
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flexural vibration), and L, and L, are the respective side
lengths of the tile. The vibration frequencies increase as the
voided section of tile decreases (Liu et al. 2011). Therefore, it
is theoretically possible to relate the fundamental frequency
to the approximate area of debonding.

This technique can be incorporated into a program that
assigns a color scale to the frequency spectrum of a tile wall
under inspection. The research team envisions that the final
program will be able to operate in two modes. The first is for
near-real-time inspection. In this mode, a threshold fre-
quency from an expected frequency band representing sound
concrete is established and used to make a pass-fail decision,
telling the user whether a tile is most likely bonded or
debonded. The second mode is intended for mapping a large
region of tile, and the final result is a map of the tiles showing
the levels of expected bond. As in the first mode, the user
selects a section of tile representing a fully bonded state for
the program to determine the fundamental frequencies asso-
ciated with bonded sections. The user then taps each tile in a
predetermined order. For instance, the section might consist
of an area 13 tiles high by 40 tiles wide. The program prompts
the user to select the layout desired, and after the user taps
each tile in the given order, the program will output a plot
showing the frequency spectrum.

Field Application in
the Washburn Tunnel

A rudimentary version of this technique was used for a proof-
of-concept test in the Washburn Tunnel in Houston, Texas. The
Washburn Tunnel (Figure O.1) is the only underwater vehicle
tunnel in operation in Texas and was completed in 1950. It car-
ries a federal road beneath the Houston Ship Channel, joining
two Houston suburbs.

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

The tunnel was constructed via the immersed tube method,
with sections joined together in a prepared trench, 26 m
(85 ft) below the water line. The entire inner wall is tiled with
110-mm by 110-mm (4.3-in. by 4.3-in.) ceramic tiles. Like
many underwater tunnels with tiled walls, this one is experi-
encing debonding of tile in various areas. Three sections of
tile that contained debonded regions (as determined by an
inspector performing hammer sounding by ear) were cho-
sen. The regions, shown on the left side of Figure O.2, show
the area under consideration outlined with blue painter’s
tape. The debonded section (determined by human ear) is
indicated with a blue painter’s tape “x” on the debonded
section. On the right side of Figure 0.2, scans made via
ultrasonic tomography (UST) are shown for each of the
three regions. (The ultrasonic tomography technique and
its specific application to the Washburn Tunnel can be read
in Appendix M) The depths of the C-scans (plan views) in
Figure O.2 range from 16 mm to 103 mm (0.63 in. to
4.1 1in.). One of the areas investigated (Figure O.2, top) was
evaluated using a rudimentary version of the acoustic
sounding technique and is shown in Figure O.3. This exam-
ple demonstrates a strong correlation between hammer
sounding by ear and the automated acoustic sounding
technique.

In Figure O.3, the bottom left plot depicts the tiles color
coded in grayscale, with the higher frequencies (predicting a
fully bonded state) as white and the lower frequencies (pre-
dicting a debonded state) as black. As previously discussed,
the lower frequencies observed should theoretically corre-
spond to larger voided areas behind the tile. The bottom right
plotin Figure O.3 shows the output with a pass-fail algorithm
denoting tiles that fall below the expected fully bonded state
(red is the expected debonded state, green is the expected
fully bonded state).

Figure O.1. Washburn Tunnel: exterior view (left) and interior view (right).

Copyright National Academy of Sciences. All rights reserved.
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Figure O0.2. Debonded regions of tile (left) paired with the associated UST C-scans (right).
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Figure 0.3. Debonded regions of tile (top) paired with the acoustic sounding results (bottom).

Conclusion

This automated sounding technique is still under development.
Many factors influence the peak frequencies observed in the fre-
quency spectrum from a single tile tap, including the size of the
void, whether or not the hammer tap is directly in the center of
the tile, and multiple mode interference. Preliminary results
indicate that this technique, although basic in its approach, will
offer the tunnel inspector a quick, efficient, inexpensive, and

objective technique that provides sufficient information for
repair procedures or further investigation.
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Portable Seismic Property Analyzer
Field Tests in the United States

Introduction

A survey of several tunnels linings was carried out with a por-
table seismic property analyzer (PSPA) within the framework
of the SHRP 2 Renewal Project RO6G. The main objectives of
the research project are summarized in the Executive Sum-
mary of the main report.

Two tunnels in Colorado and one tunnel in Virginia were
involved in this study. The Eisenhower Memorial Tunnel
in Colorado was investigated on October 3 and 4, 2011,
and the Hanging Lake Tunnel in Colorado was assessed
on October 5 and 6, 2011. The evaluation of the Chesa-
peake Channel Tunnel in Virginia was performed October
11 through 12, 2011. The scope of the University of Texas
at El Paso study was to evaluate the performance of the
PSPA in locating defects behind or within tunnel linings.
This appendix describes the tests executed and the results
obtained.

Description of PSPA
and Testing Methods

PSPA is a portable device that can perform two tests—
impact echo (IE) and ultrasonic surface wave (USW)—
simultaneously. The PSPA consists of two receivers and a
source packaged into a handheld portable device. The near
and far receiver spacing from the source are 4 in. and 10 in.,
respectively. The impact duration (contact time) is about
60 s, and the data acquisition system has a sampling fre-
quency of 390 kHz. The advantage of combining these two
methods in a single device is that once the test is performed,
the variations in the modulus (an indication of the quality
of concrete) and return resonance frequency (an indication
of the full thickness or depth of delamination) of a slab can
be assessed concurrently. The following sections discuss the
principles of the two seismic methods, along with interpre-
tation approaches.
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Impact Echo Method

The IE method is one of the most commonly used non-
destructive testing (NDT) methods for detecting delamination
in concrete (Carino et al. 1986). This method works by striking
a plate-like object such as a tunnel lining with an impactor that
generates stress waves at frequencies up to 20 kHz to
30 kHz and collecting signals with a receiver (Figure P.1a). By
using a fast Fourier transform (FFT) algorithm, the recorded
time domain signal is converted into a frequency domain
function (amplitude spectrum) and the peak frequency is
monitored. For an intact point on a slab or an intact portion
of a slab, the thickness (/) is then determined from the com-
pression wave velocity (V,) and the return frequency (f) as
shown in Equation P.1:

h=o Yy (P.1)
2f
where o is about 0.96 for concrete slabs.

For a deep and relatively small delaminated location in a
concrete slab, the return frequency may shift to a higher fre-
quency corresponding to the depth of the delamination. As
shown in Figure P.1b, a shallow or a deep but extensive and
severely delaminated area is usually manifested by a low peak
frequency, indicating that little or no energy propagates
toward the bottom of the deck, and a flexural mode domi-
nates the frequency response. In this case, Equation P.1 is not
applicable to measure the depth of delamination since it is
influenced by several factors.

Ultrasonic Surface Waves Method

The USW method is used to estimate the average velocity of
propagation of surface waves in a medium, based on the
time at which different types of energy arrive at each sensor
(Figure P.1b). The velocity of propagation, Vy, is typically

Copyright National Academy of Sciences. All rights reserved.
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Figure P.1. Schematic illustration of the test methods.

determined by dividing the distance between two receivers,
AX, by the difference in the arrival time of a specific wave,
At. Knowing the wave velocity, E, the modulus can be deter-
mined from shear modulus, G, through Poisson’s ratio (v)
by using Equation P.2:

E=2(14+V)G (P.2)

Shear modulus can be determined from shear wave velocity,
Vs, by using Equation P.3:

G="Tve (P.3)

b4

The modulus from surface wave velocity, Vy, first converted

to shear wave velocity, can be determined with Equation P.4:
Vs =Vr(1.13-0.16v) (P.4)

In the USW method, the variation in velocity with wave-
length is measured to generate a dispersion curve. For a

uniform or intact concrete slab, the dispersion curve shows
more or less a constant velocity within the wavelengths no
greater than the thickness of the slab. When a delamination or
void is present in a concrete slab or the concrete has deterio-
rated, the average surface wave velocity (or modulus) becomes
less than the actual modulus because of interference from the
defect. In this case, the velocity or modulus obtained may be
called an apparent velocity or modulus.

Description of Sites

The three tunnels visited in this study are described below.

Eisenhower Memorial Tunnel

An outside view of the Eisenhower Memorial Tunnel is shown
in Figure P.2. The tunnel was originally designed as a twin
bore tunnel—the Eisenhower bore and the Edwin C. Johnson
bore. This two-bore tunnel is located approximately 60 mi

Copyright National Academy of Sciences. All rights reserved.
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Figure P2. Outside view of Eisenhower Memorial
Tunnel.

west of Denver, Colorado, on I-70. The tunnel is about 1.7-mi
long, and the plenum is up to 18-ft high, with a nominally
2-ft-thick liner. Some sections of the ventilation plenum were
investigated in this study.

Hanging Lake Tunnel

Hanging Lake Tunnel also consists of two bores and is
located approximately 10 mi east of Glenwood Springs,
Colorado, on I-70. The tunnel is about 0.7-mi long, and the
ventilation plenum is 7-ft high, with a nominally 15-in.-thick
liner, as shown in Figure P.3. Some sections of the plenum
were evaluated.

Chesapeake Channel Tunnel

This one-bore subsea tunnel is part of a 17-mi-long bridge-
tunnel connecting southeastern Virginia to the Delmarva

Figure P.3. Outside view of Hanging Lake Tunnel.
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Figure P4. Outside view of Chesapeake Channel
Tunnel.

Peninsula on U.S. Hwy 13. The tunnel is about 1-milong with
a nominally 2-ft-thick liner. An outside view of the tunnel is
shown in Figure P.4. A section of about 2,600 ft of the ventila-
tion plenum and a section of 200 ft on the wall of the roadway
were involved in this study.

Data Collection Process

In the Eisenhower Memorial Tunnel, data were collected point
by point, mostly every 5 ft, along a line in each selected section.
The selection was based on the detected anomalies with infra-
red thermography. In the Hanging Lake Tunnel, besides the
line testing, data were collected along a test grid. The selection
of test sections was based on visual inspection and previous
investigation of the tunnel.

In the Chesapeake Channel Tunnel, both the ventilation
plenum and roadway wall were evaluated with NDT. All
tests, including those with PSPA in this study, were con-
ducted at or within a number of areas. The selection was
based on the distribution of major anomalies with a dielec-
tric constant. The testing schedules and locations for the
tunnels are presented in Table P.1. Table P.2 lists the selected
areas on the plenum ceiling of the Chesapeake Channel
Tunnel, which include three spots one an area and 10
selected anomaly areas characterized by a high dielectric
constant (greater than 15, compared with 4.5 for typical
dry concrete) and, for most of them, by cracking with more
or less water dropping.

Eisenhower Memorial Tunnel

In the Eisenhower Memorial Tunnel, each bore was investi-
gated in 1 day. Six 50-ft-long sections (from Section 8 to Sec-
tion 13) were tested on October 3 in the eastbound bore. About
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Table P.1. Testing Schedules and Locations of the Tunnels

Eisenhower Memorial Hanging Lake Chesapeake Channel
Location and Schedule Tunnel Tunnel Tunnel
Location Dillon, Colorado Glenwood Springs, Cape Charles, Virginia

Colorado

Date October 3 October 4 October 5 October 6 October 11 | October 12
Direction Eastbound | Westbound | Eastbound | Eastbound | Plenum Plenum and wall
Section tested 8to 13 148 to 166 57 to 61 57 Not applicable
Number of blocks (areas) tested 60 190 50 2 7 14
Number of points tested 57 151 42 42 46 52

19 sections (from Section 148 to Section 166) were investigated
on October 4 in the westbound bore. The selection of sections
was based on visual inspection and a preliminary infrared test-
ing. In both bores, the investigation was mostly performed
every 5 ft at the center of each block. Several extra points were
tested around the cracked and delaminated areas. It took about
10 min for each 50-ft section to be tested. The rest of the time
was allotted to documenting the data collection information
and taking some pictures. The main challenge while using the
PSPA device was the dirt on the wall that caused an occasional
slip of the device during testing. Therefore, some points had to
be tested several times to get a clear signal.

Hanging Lake Tunnel

In the Hanging Lake Tunnel, five 50-ft-long sections (from
Section 57 to Section 61) were investigated on October 5 in
the westbound bore. Similar to the Eisenhower Memorial
Tunnel, the selection of sections was based on visual inspec-
tion and the severity of visible cracks. The data were collected
at the center of each block as well as around the cracks and
delaminated areas. In addition to 10 min of testing for each
block, extra time was allotted to documenting the data collec-
tion information and taking pictures. On October 6, two
blocks in Section 57 were tested in more detail with denser
measurements. These two blocks were investigated through
seven horizontal and six vertical lines (see Figure P.5). It took
about 2 h to test the two blocks. The main challenge while
using the PSPA was the areas with large curvature, which pre-
vented the device from maintaining full contact with the sur-
face in some places.

Chesapeake Channel Tunnel

Because this tunnel has been previously evaluated by other
NDT methods, the focus of this study was on a number of
areas or spots on the plenum and the roadway wall where
high dielectric constants were measured. Forty-six points
within seven areas on the ceiling of the plenum were evalu-
ated on October 11. Thirty-eight points within six areas on
the ceiling of the plenum and 14 points at 11 spots on the wall
of the roadway were evaluated on October 12. All tests were
stopped at midnight that day because the traffic lane had to
be reopened due to foggy weather.

Test Results

Because the IE and USW methods used in this study are point
inspection methods, the results are best visualized using a
contour map rather than evaluating them individually. How-
ever, typical IE and USW results for an intact area and defec-
tive area are shown for each tunnel.

Eisenhower Memorial Tunnel
IE Method

The amplitude spectra for an intact point and two defective
points along with the photograph taken through visual
inspection are shown in Figure P.6. Compared with the
intact point, either lower or higher peak frequencies con-
trol the response at defective points, as discussed above. Based
on an average compression wave velocity of 13,800 ft/s
measured for the concrete and Equation P.1, a nominal

Table P2. Approximate Locations of the Areas Tested with PSPA in the Plenum

of the Chesapeake Channel Tunnel

Area Intact

Defective

Location | 470+50 to 470+75

473+56 | 474+27 | 477+60 | 478+85 | 481+76 | 486+67 | 486+81 | 491+25 | 493+15 | 496+25
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Figure P5. Tested blocks with denser grid measurement in Hanging Lake Tunnel.

frequency of around 3.5 kHz approximately corresponds
to the thickness of the liner (2 ft), whereas the frequency
of 6.8 kHz for the shallow delamination approximately
corresponds to a thickness of 1 ft. The response from the
severely delaminated area corresponds to the flexural mode
of vibration.

Figures P.7a and P.7b show the spectral B-scan of the IE
results along several blocks in the eastbound and westbound
bores, respectively. At some points, a frequency of about 3 kHz
to 3.5 kHz governs the response, which indicates the thickness
of the liner. On the remaining areas, either a low- or high-
frequency amplitude governs the response. The low-
frequency flexural mode results from a shallow or a deep but
extensive delamination. Therefore, its peak frequency does
not correspond to any thickness measurement, and the depth
of defect can be estimated from a USW B-scan. However, the
high-frequency response could be attributed to the onset of
delamination. In that case, the depth of delamination is esti-
mated from Equation P.1 and confirmed with the USW
B-scan. In the presence of a crack, data analysis is more com-
plicated. Multiple frequencies are present in the response
when a crack is between the source and receiver in an IE

B-scan, and the crack is recognized through high average
moduli in the USW B-scan.

USW Method

Figure P.8 shows a typical USW dispersion curve for an intact
area and a defective point along with actual photographs. The
dispersion curve shifts to lower moduli where severe flaws are
present.

The cross sections of variation in modulus with wave-
length, which can be viewed qualitatively as a scaled variation
in modulus with depth, are shown in Figure P.9 for the east-
bound and westbound bores. The problematic areas manifest
themselves as areas with lower average moduli.

Combining the IE and USW results builds confidence in
the interpretation of the location and depth of the problem-
atic areas. In other words, the combined tests allow for a bet-
ter delineation between shallow/deep and initial/extensive
defects. For instance, a low-frequency dominant frequency in
the IE results in Figures P.7a and P.7b is an indication of a
shallow or a very deep and extensive delamination, and the
depth can be estimated from USW B-scans (Figures P.9a and
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Figure P.6. Amplitude spectra along with actual photographs for intact and defective points in Eisenhower

Tunnel showing good, poor;, and severe conditions, and representative amplitude spectrum for intact and
defective points.
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Figure P.7. IE spectral B-scans along Eisenhower Memorial Tunnel.
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Figure P.8. Photographs of intact and defective points along with representative dispersion curve for both
points, in Eisenhower Memorial Tunnel.
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Figure P.9. Variation of modulus with depth, in Eisenhower Memorial Tunnel.
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P.9b). The areas with high-frequency dominant amplitudes
(around 16 kHz) in Figures P.7a and P.7b are deep delamina-
tion, with the depth of the delamination around 5 in. (accord-
ing to Equation P.1). At several points in Figures P.9a and
P.9b, the manifestation of defect starts at 6 in. On the major-
ity of testing areas, multiple frequencies control the response
in the IE B-scans indicating the presence of cracks. Compa-
rable results are obtained from the USW B-scans. When the
crack is between the source and first receiver, the USW mod-
ulus is typically greater than normal because of the travel
path of the wave. Similarly, when the crack is between the two
sensors, the reported USW modulus is lower than normal.
The results for these points agree well with the actual condi-
tion that was documented during visual inspection.

(a) Intact location

1

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Hanging Lake Tunnel
IE Method

The actual condition of liners at the time of testing is shown
in Figures P.10a and P.10b. The amplitude spectra for selected
intact and defective points are shown in Figure P.10c. Based
on an average compression wave velocity of about 14,000 ft/s
measured for the concrete, the dominant frequency corre-
sponding to the tunnel thickness (15 in.) is around 5.4 kHz.
Compared with the intact point, higher peak frequencies
mostly control the response at the defective points.

Figure P.11 shows the spectral B-scan of the IE results
along several blocks in the westbound bore. At some points, a
frequency of 5.4 kHz dominates the response, which

(b) Defective location
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Figure P.10. Photographs of intact and defective points, along with representative amplitude spectrum for

both points, in Hanging Lake Tunnel.
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Figure P.11. IE spectral B-scan along Hanging Lake Tunnel.

indicates intact areas. On the remaining areas, mostly high
frequency governs the response, which is an indication of a
deep (but not extensive) delamination or crack. A better
delineation between delamination and crack can be obtained
through the USW B-scan.

Figure P.12 presents the contour map of the peak frequency
on the defined test grid. As mentioned earlier, the thickness
frequency is around 5.4 kHz. The threshold in color index is
set according to the dominant frequency on intact areas. Fre-
quencies lower than 4 kHz and higher than 8 kHz are consid-
ered as the dominant low and high frequency, respectively.
The spectral B-scan of the IE results along Line 2 is shown in
Figure P.13. The red stripe around 5.4 kHz corresponds to the
tunnel thickness and indicates echo mode. The rest of the
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spectral B-scans of IE results are shown in Appendix P1, at
the end of this appendix.

USW Method

Figure P.14 compares typical USW dispersion curves from an
intact area and a defective area with their actual conditions,
as was documented during visual inspection. In defective
areas, the dispersion curve shifts to lower moduli.

The variation in modulus with wavelength (or depth)
along several blocks of the eastbound bore of the Hanging
Lake Tunnel is shown in Figure P.15. The problematic areas
are marked with red, which indicates a lower modulus. The
IE B-scan (Figure P.11) and the USW B-scan (Figure P.15)

12000

(zH) Aouanbai4 Jueulwog

Longitudinal Axis

Figure P.12. Planar variation of the dominant frequency on meshed

block, in Hanging Lake Tunnel.
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Figure P.13. IE spectral B-scan along L2 on meshed block, in Hanging Lake Tunnel.
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Figure P.14. Photographs of intact and defective points, along with representative dispersion curve for both

points, in Hanging Lake Tunnel.
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Figure P.15. Variation of apparent modulus with depth along Hanging Lake Tunnel.

result in similar defect maps (both for location and depth).
The points with multiple peak frequencies in Figure P.11 are
recognizable in Figure P.15 through a low modulus starting at
the surface (indication of crack). Other defective points that
manifest themselves by high frequency (between 15 kHz and
17 kHz) in the IE B-scan might be delamination at the depth
of 5 in. to 5.5 in. (calculated using Equation P.1). Similarly,
the indication of lower moduli starts at a depth of around
5 in. in the USW B-scan at those points.

The planar contour map of the variations of the average
modulus on the meshed blocks is presented in Figure P.16.
The defective areas manifest themselves as the areas with
lower moduli and are marked in red.

Another way to represent the USW outcomes is through a
line scan, which is shown in Figure P.17 for Line 2. The depths

Transverse Axis

L1

of suspected delamination areas can be approximated through
the B-scan. The line scans from the remaining lines are pre-
sented in Appendix P1. As shown in Figure P.17, the defective
areas manifest themselves as areas with lower average moduli.
The planar variations in modulus, obtained by the USW
method at two different depths, are shown in Figure P.18. All
planar variations of modulus are presented in Appendix P1.

Chesapeake Channel Tunnel

Ceiling of Plenum

Figure P.19 shows the results from the IE and USW analyses
of the data collected in the intact areas where no cracks or
other surface damages were observed and with low dielectric
constants (significantly less than 10).
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Figure P.16. Planar variation of average apparent modulus on meshed block,

in Hanging Lake Tunnel.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

222

Depth (inches)

12
P6 P5 P4 P3 P2 P1

Longitudinal Axis

6000

5000

4000

3000

2000

(1) 1Inpo 1uaeddy

Figure P.17. Variation of apparent modulus with depth along L2 on meshed

block, in Hanging Lake Tunnel.
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Figure P.18. Planar variation of apparent modulus at depths of 5 in. and 10 in.

of meshed block, in Hanging Lake Tunnel.
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The data used in Figure P.19 were actually from three sep-
arated intact spots within a distance of about 20 ft. Since they
have the similar feature, the results are represented together.
As shown in Figure P.19a, a clear and almost constant peak
frequency of about 3 kHz represents the thickness echo of
the concrete liner. This frequency results in a thickness of 2
ft for the concrete liner with an average compressive velocity
of 13,800 ft/s per Equation P.1. However, Figure P.19b indi-
cates that the concrete liner at these spots is quite uniform,
with an average modulus of more than 4,000 ksi up to 12-in.
penetration. The very high modulus values (indicated in
blue in Figure P.19b) may reflect the high-velocity surface
conditions.

The results from the PSPA tests for the 10 defective areas
are shown in Figures P.20 through P.29. In general, the IE
method exhibited higher peak frequencies compared with
the thickness frequency, and the USW method showed
lower moduli compared with the modulus of normal con-
crete at those defective areas or spots. For instance, in areas
477+60,481+76,and 486+81, higher peak frequencies dom-
inated the responses at several points in the IE B-scans. The
calculated depths of delamination (by Equation P.1) agreed
well with the depths of delamination in the USW B-scans.
The anomalies or defects mainly distributed along the
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transverse cracks on the plenum ceiling. Some exceptions
occurred, such as in areas 473+56 and 491+25, where the IE
and USW analyses were not consistent. That result can be
attributed to the edge effect near the crack and placement of
the PSPA sensor unit relative to the crack. When the crack is
between the source and first receiver, the USW modulus
is typically greater than normal because of the travel path
of the wave. However, when the crack is between the two
sensors, the reported USW modulus is lower than normal.
The interpretation of the existence of the crack agrees well
with the actual condition that was documented during
visual inspection.

Wall of the Roadway

Tests with the PSPA on the wall of the roadway covered a dis-
tance of approximately 150 ft from Station 485+6 to Station
486+54 with uneven intervals, following the blue marks on
the wall. Results are shown in Figure P.30. Test points 9 to 12
were actually restricted in a very small area about 2 ft by 2 ft.
This area was characterized by an extremely low modulus and
higher IE peak frequencies compared with the thickness fre-
quency of the liner, indicating that a severe delamination or
void was just behind the tile of the wall.
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Figure P.19. PSPA results in an intact area on plenum ceiling, in Chesapeake Channel Tunnel.

Frequency (Hz)

473+56
2
0.9
1.8
0.8
1.6
0.7
1.4
0.6
1.2
0.5
1
0.4
0.8 03
0.6 0.2
0.4 0.1
0.2 0

1 2 3 4
Longitudinal Axis
(a) B-scans of amplitude spectrum

apnujdwy pazijewloN

Depth (inches)

473+56

2 3
Longitudinal Axis
(b) B-scan of apparent modulus

Figure P.20. PSPA results on plenum ceiling in area 473+56, in Chesapeake Channel Tunnel.
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Figure P21. PSPA results on plenum ceiling in area 474+27, in Chesapeake Channel Tunnel.
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Figure P.22. PSPA results on plenum ceiling in area 477+60, in Chesapeake Channel Tunnel.
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Figure P.23. PSPA results on plenum ceiling in area 478+85, in Chesapeake Channel Tunnel.
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Figure P.25. PSPA results on plenum ceiling in area 486+67, in Chesapeake Channel

Tunnel.
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Figure P.26. PSPA results on plenum ceiling in area 486+81, in Chesapeake Channel Tunnel.
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Figure P27. PSPA results on plenum ceiling in area 491+25, in Chesapeake
Channel Tunnel.
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Figure P.28. PSPA results on plenum ceiling in area 493+15, in Chesapeake Channel Tunnel.
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Figure P.30. PSPA results on wall of roadway, in Chesapeake Channel Tunnel.
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Appendix P1

The remaining line scans and planar variations of modulus are presented here.
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Figure P1.1. IE Spectral B-scans on meshed blocks, in Hanging Lake Tunnel. (Continued on
next page.)
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BAM Testing in U.S. Tunnels

Testing Program

The Federal Institute for Materials Research and Testing (BAM)
in Germany carried out field testing between October 3 and 12,
2011, in three tunnels in the United States: two in Colorado
(Eisenhower Memorial Tunnel and Hanging Lake Tunnel)
and one in Virginia (Chesapeake Bay Bridge-Tunnel). In each
tunnel, selected areas were tested using three nondestructive
testing (NDT) techniques: ground-penetrating radar (GPR),
ultrasonic echo (designated as US in test area sketch figures),
and impact echo (IE). The allocated testing time in each tunnel
was limited. The number and location of the test areas were
selected on the basis of either preanalysis (mostly thermog-
raphy) or the existence of visual distress. The on-site work-
ing conditions were also taken into account. Table Q.1 provides
the details of the test program, including the number and size
of test areas in each tunnel as well as the testing methods.

Tunnel Description
Eisenhower Memorial Tunnel

The Eisenhower Memorial Tunnel is located approximately
60 mi west of Denver, Colorado, on I-70 and is a part of the
Colorado Department of Transportation. It is the highest
vehicular tunnel in the world, located, on average, at an eleva-
tion of 11,112 ft. It is 1.693 milong and runs through a moun-
tain within the Arapaho National Forest. Figure Q.1 shows a
construction information bulletin from the tunnel side. Fig-
ure Q.2 shows the entrance to the tunnel as well as one of the
supply air ducts where measurements took place. Construction
started in March 1968 and was completed in March 1973. The
information about this tunnel was obtained from the Colorado
Department of Transportation website (Colorado DOT 2011).

Hanging Lake Tunnel

The Hanging Lake Tunnel stretches more than 4,000 ft through
a mountain bordering the Glenwood Canyon in Colorado as
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part of I-70. The most noteworthy feature of the tunnel is
the direct change of I-70 from bridge to tunnel (Figure Q.3).
Construction started in 1980 and was completed in 1992. The
entrance to the tunnel and the supply air duct are shown in
Figure Q.3.

Chesapeake Bay Bridge-Tunnel

The Chesapeake Bay Bridge-Tunnel is part of a bridge-tunnel
system connecting Virginia’s Eastern Shore with its mainland.
The tunnel itself is 1 milong, going under the Atlantic Ocean.
Construction started in November 1960, and the first part
was opened in April 1964. Figure Q.4 shows a bulletin board
from the side and a view of the supply air duct where most
measurements were taken.

Measurement Techniques

The different measurement equipment BAM used for this proj-
ect can be mounted on an automated scanning device devel-
oped by BAM. The ZEP scanner (Figure Q.5) (Zoega etal. 2012)
can be used on horizontal surfaces as well as vertical surfaces,
including overhead testing, even in narrow areas. The scanner is
fixed to the surface using vacuum “feet” or plates. When run-
ning acoustic tests requiring contact, choosing 1-in.-grid spac-
ing allows a speed of operation of 11 sq ft/h (1 sq m/h). With
noncontact transducers such as air-coupled radar antenna, test-
ing at a speed of 156 sq ft/h would be possible. The field of mea-
surement can be up to 17.6 sq ft (4.2 ft by 4.2 ft).

The advantage of the ZFP scanner is its easy and fast on-site
assembly. It can be carried in a relatively light and small pack-
age. Its size allows the scanner to be transported in cars and
carried through small openings to reach difficult-to-access
areas such as the vents above tunnels. The commonly used
equipment for NDT of structures—including GPR, ultrasonic
echo, and IE devices—can be easily attached to the scanner for
testing and detached after completing the measurements. The
scanning and NDT data acquisition are controlled by a single
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Table Q.1. Overview of BAM Field-Testing Program, October 2011
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Code Tunnel Location Date Technique | Size (in.) | Spacing (in.) Notes
us 40 x 40 1
EH1 Eisenhower Seg 3 Block 2-3 | 10/03/2011
IE 2x24 1
us 40x 24 1 anomaly, reinforcement
EH2 Eisenhower Seg 11 Block 1 10/04/2011 IE 40 x 24 1
GPR 40 x 24 2 anomaly, reinforcement
us 48 x 24 1 anomaly
HL1 Hanging Lake Seg 56/57 10/05/2011 IE 48 x 24 1 anomaly
GPR 48 x 24 2 beam, dowels, reinforce
us 48 x 24 1 crack, reinforcement
HL2 Hanging Lake Seg 57 10/05/2011 IE 48 x 24 1 backwall?
GPR 48 x 24 2 crack, reinforcement
us 48 x 24 1 reinforcement
HL3 Hanging Lake Seg 57/58 10/06/2011 IE 48 x 24 1
GPR 48 x 24 2 joint, dowels
us 48 x 24 1 anomaly, backwall, reinforce.
CPB1 | Chesapeake Bay Bridge | St.No. 474+27 10/11/2011 IE 46 x 24 1 anomaly, backwall
GPR 48 x 24 2 reinforcement
us 40 x 24 1 backwall, anomaly, reinforce.
CPB2 | Chesapeake Bay St.No. 481-76 10/12/2011 IE 40 x 24 1 backwall, anomaly
GPR 40 x 24 2 reinforcement
us 48 x 24 1 anomaly, backwall, reinforce.
CPB3 | Chesapeake Bay St.No. 486-67 10/12/2011 IE 48 x 24 1 backwall, anomaly
GPR 48 x 24 2 reinforcement
us 48 x 36 1
CPB4 | Chesapeake Bay St.No. 487 10/12/2011 IE 4 x 36 1 condition of tile bonding
GPR 48 x 36 2 reinforcement

Source: Colorado DOT 2012

Figure Q.1. Construction information, Eisenhower Memorial Tunnel.

Copyright National Academy of Sciences. All rights reserved.
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@ (b)

Figure Q.2. Entrance to the Eisenhower Memorial Tunnel (a) and the interior of the supply air duct where
measurements took place (b).

(@ (b)

Figure Q.3. Hanging Lake Tunnel entrance (a) (Salek 2002) and supply air duct where measurements took
place (b).

(@ (b)

Figure Q.4. Construction information for the Chesapeake Bay Bridge-Tunnel (a) and supply air duct where
most measurements took place (b).
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Figure Q.5. ZFP scanner packed in its custom-made

box (a) and on site in Chesapeake Bay Bridge-Tunnel
with ultrasonic echo transducer mounted on it (b).

notebook. This simplifies the control and reduces the equip-
ment and weight of the measurement system.

The three NDT techniques and the typical data from each
are briefly discussed below.

GPR
Basic Operation Principles

Ground-penetrating radar is a widely used subsurface scan-
ning tool that was employed here to detect subsurface defects
in tunnel linings. GPR sends discrete electromagnetic pulses
into the structure and then captures the reflections from sub-
surface layer interfaces. Radar is an electromagnetic wave and
therefore obeys the laws governing reflection and transmis-
sion of electromagnetic waves in layered media. At each inter-
face within a structure, a part of the incident energy is reflected
and a part is transmitted. The ratio of reflected to transmitted
energy depends on the electromagnetic contrast of the mate-
rial on either side of the interface.

Two main types of GPR equipment are typically used for
civil structure investigations. High-speed air-coupled GPR
systems are capable of testing at speeds up to about 50 mph
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and can penetrate up to 24 in. in some materials. They are excel-
lent tools for network-level data collection. High-frequency
ground-coupled GPR systems provide better depth pene-
tration and high densities of readings and are excellent for
project-level data collection and applications concerned
with locating steel and defects such as voids in concrete. Their
limitation is that they must stay in close contact with the
material being tested, making the speed of data collection
relatively slow (1 mph to 5 mph).

GPR antennas can emit electromagnetic pulses of different
frequencies. The choice of frequency depends on the required
depth of penetration and depth resolution. In general, lower-
frequency antennae have a better resolution in deeper depth.
Higher-frequency antennae show better details of reflectors
close to the surface but do not penetrate the test object as
deeply. Determining which antenna to use therefore depends
on the task, the experience of the user, and other NDT meth-
ods used at the scene.

In this study, BAM used a ground-coupled GPR from Geo-
physical Survey Systems Inc. (GSSI), with a center frequency
of about 1.5 GHz (Figure Q.6).

Typical Results

Ground-coupled GPR has proved very useful in discovering
reinforcements, dowels, surface cracks, moisture, and other
intrusions. As shown in Figure Q.7, scanner testing on fine
grids provides the opportunity to generate B-, C-,and D-scans
from the measurements. Reinforcement bars and dowels are
best seen in C-scans and recognized by their unusually high
reflection amplitudes of positive phase (white strips) and lin-
ear geometries. Surface cracks are best seen in B- or D-scans
and recognized by near-surface hyperbolas. Any unusual
feature detected in the radar scans is hereafter referred to as
an anomaly. Anomalies are usually reflections of significant
amplitude or extent, where reflections from the geometrical
boundaries are not expected. For example, in Figure Q.7d the
area in the C-scan exhibiting unusually high amplitudes with
reverse phase is designated as an anomaly.

Ultrasonic Echo
Basic Principles of Operation

In this test, a single ultrasonic transducer was used to gener-
ate and detect ultrasonic waves in the structure. Ultrasonic is
based on the measurement of propagation time to localize
cracks, voids, and deteriorations, as well as the thickness of a
structure. The speed of ultrasonic pulses propagating through
the structure is often correlated to material strength and thus
a measure of material quality. Ultrasonic echo was employed
here to inspect tunnel linings to estimate the thickness of the
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@ (b)
Figure Q.6. 1.5-GHz ground-coupled GPR antenna mounted on the scanning system (a) and close-up view (b).

reinforcement dowels

e N

C-Scan C-Scan

(@ (b)

C)Cra(:k

anomaly

D-Scan C-Scan

(c)
(d)

Figure Q.7. Typical radar scans illustrating (a) reinforcement, (b) dowels, (c) surface crack, and (d) anomaly.
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Figure Q.8. Typical A-scan and B-scan along Chesapeake Bay

Bridge-Tunnel lining.

lining and detect/locate defects and anomalies within the lin-
ing. In the absence of ground truth data, the wave-speed of
the lining material was either assumed or estimated from sur-
face measurements. As such, the thickness of the tunnel lining
as well as the depth of the reflectors could only be approxi-
mated. Ultrasonic data collection was done automatically
using the previously described scanning system.

As data collection was conducted point-by-point following
a predefined grid, the resulting signals (A-scans) were pro-
cessed and presented in real time as evolving B-, C-, and
D-scans. Figure Q.8 shows typical A- and B-scans obtained
in one of the tunnels. The A-scan shows the intensities of
the reflections over time for each point of measurement. The
evolution of the A-scans along the profile can be seen in the
B-scan. Heterogeneities are recognized by their high reflec-
tion amplitudes. Knowing the wave propagation speed made
it possible to estimate the depth of the reflector, which could

Reinforcement
—

be the tunnel lining backwall or defects. The collected data set
could be further processed using the synthetic aperture focus-
ing technique (SAFT) algorithm (Schickert et al. 2003) to give
a clearer image (higher signal-to-noise ratio) of the internal
structure of the test volume; see Figure Q.9).

The phase diagram shows the change in phase of ultrasonic
waves at the detected interfaces within the material. The color-
coded local phase diagram helps distinguish between the
reflections from steel objects and from air interfaces. Relative
to concrete, steel is of higher and air is of lower impedance.
Therefore, the phase of the reflected waves at concrete-steel
interfaces and concrete-air interfaces are different. This can be
seen in Figure Q.9 where a 180° phase shift (red color) is visible
at the location of the rebars, while the backwall reflections
exhibit negative phase shifts of 0° to —100°.

The advantage of ultrasonic testing is its potential to detect
different types of defects such as voids, cracks, honeycombs,

>

Backwall
/ \

B-Scan SAFT

-180
-135

45

45
B-Scan phase 50
135
180

Figure Q.9. Postprocessed ultrasonic data using SAFT, including both

amplitude and phase evaluation.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

244

and delaminations directly or indirectly, in real time. Further-
more, it can estimate the strength of the material and estimate
the structure thickness. Conventional ultrasonic equipment is
available and fairly inexpensive. The main limitation is that the
transducers must be in contact with the surface of the struc-
ture, which slows down the speed of the automated scanning
systems.

The ultrasonic equipment used by BAM was the A1220.
It is a low-cost, multisensor, dry-contact, low-frequency,
shear wave transducer developed by Acoustic Control Sys-
tems, Ltd. in cooperation with BAM. It includes 24 spring-
mounted ultrasonic transducers with a nominal frequency
of 50 kHz, out of which 12 serve as transducers and the
other 12 as receivers. This construction ensures that a higher
amount of ultrasonic energy is transmitted and the reflected
and recorded signals can be averaged, thereby minimiz-
ing the scatter noise. The images in Figure Q.10 depict the
A1220 being used as a handheld device and mounted on
the ZFP scanner. For postprocessing of the data (i.e., analy-
sis, SAFT, and phase evaluation), two different programs
were used: one program was developed at BAM by Riidiger
Feldmann and the other program at the University of Kassel
by Dr. Klaus Meyer.

Typical Results

Ultrasonic echo was able to detect the backwall of tunnel lin-
ings directly, reinforcement directly, possible delamination
directly and indirectly, surface cracks indirectly, and intru-
sions in an otherwise homogeneous volume directly (see Fig-
ure Q.11). The indirect detection of reflectors was possible by
the “shadow effect,” that is, by recognizing a missing portion

@

(b)
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of an otherwise consistent element of the tunnel lining, such
as backwall or reinforcement.

Impact Echo
Basic Principles of Operation

IE involves introducing a stress pulse into concrete, commonly
by application of a mechanical impact on the surface of the
structure. A broadband transducer located on the surface
close to the impact source (usually at a distance of 2 in. to
4 in.) is used to record vertical deformations of the surface
caused by the arrival of incident and reflected waves (or
echoes). The response of solid or delaminated plates subjected
to IE testing is distinctly different: thickness resonance vibra-
tions in case of solid plates, and plate-like flexural vibrations
in the presence of shallow, severe delaminations (Shokouhi
2005). Intermediate conditions result in a response super-
imposing these two.

The time and frequency characteristics of the recorded
response can be used to deduce the condition of the struc-
ture. Figure Q.12 shows two typical time signals (top) and
frequency spectra, one corresponding to a supposedly sound
area of a tunnel lining with the backwall as the only reflector
with a frequency peak at 3.15 kHz, and the other on a sup-
posedly delaminated area, where the spectrum has multiple
peaks. The peak in the frequency spectrum of the suppos-
edly sound area is the resonance frequency of the tunnel
lining depth. The dominant response of a severely delami-
nated deck to an impact is characterized by a low-frequency
response because of oscillations of the upper delaminated
portions of the deck. This response is almost always in the
audible frequency range. Because it is significantly lower

(©)

Figure Q.10. Ultrasonic A1220 from Acoustic Control Systems (a) used for point measurements by hand (b) and
used for profile measurements by automated scanning device (c).
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Figure Q.11. Typical ultrasonic echo results: (a) backwall and reinforcement in D-scan,
(b) unknown detection of a reflector in a D-scan, (c) direct detection of a delamination-

like anomaly in a D-scan, (d) direct detection of delamination-like anomaly in a C-scan,
and (e) indirect detection of surface crack considering missing reinforcement in the

C-scan.

than the return frequency for the tunnel lining backwall, it
produces an apparent reflector depth that is larger than the
full thickness (Shokouhi 2005).

When using automated scanning devices, the single point-
by-point measurements along a profile add up to B- and C-,
and D-scans as time/depth/frequency slices (Figure Q.13).

Typical Results

IE is best known for thickness evaluation and delamination
detection in plate-like structures. Depending on the mechanical

time domain

Frequency domain
A-Scan

@

source used, shallow or deep structures or defects may be inves-
tigated. IE can detect the backwall, even at delaminated areas,
provided that the delaminations are not severe. Figure Q.12a
shows an example of a sound tunnel lining with the backwall
resonant single frequency peak at 3.4 kHz. Considering the
P-wave velocity of about v, in concrete, ~4,000 m/s, this
amounts to a depth of about ~2 ft. Frequency domain D-scans
along two selected test lines are shown in Figure Q.13. The
D-scan in Figure Q.13a was taken over a sound area, and the
D-scan in Figure Q.13b was taken across a supposedly delam-
inated area.

time domain

Frequency domain
A-Scan

(b)

Figure Q.12. Sound area of tunnel lining with single frequency peak
at 3.15 kHz (a) and supposedly delaminated area with several low-
frequency peaks (b) from Chesapeake Bay Bridge-Tunnel, Area 3.
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delamination line

b
®) D-Scan

Frequency in kHz

Figure Q.13. Frequency domain D-scans of test line on sound portion of one
tunnel lining with backwall at 3.4 kHz (a) and on supposedly delaminated area of

another tunnel lining (b).

Measurement Results for
Eisenhower Memorial Tunnel

Description of the Test Area

Measurements in the Eisenhower Memorial Tunnel were
performed over two days: October 3 and 4,2011. The unusu-
ally high elevation of the tunnel (11,112 ft) created a few
challenges. The ZFP scanner is attached to the surface using
four vacuum feet. Because of the high tunnel altitude, the
compressor could not maintain the pressure necessary to
create the vacuum under the feet. Two areas were exam-
ined. The first area was regarded as an equipment test. The

second area was properly examined with all three NDT
methods.

The second test area was located within Segment 11, Block 1
of the Eisenhower Memorial Tunnel and was tested from
east to west, starting in the lower right corner, then moving
up and left. This test area is hereafter referred to as EH2.
As shown in Figure Q.14, the 40-in. by 24-in. test area was
located 26 in. east of a joint between Segments 10 and 11.
The starting scanning point was located at the lower right
corner of the scanner field. The scanner moved up and then
left, in this case from east to west. The feet of the scanner slid
down 0.5 in. during the testing (because of the difficulties in

Figure Q.14. Sketch of test area EH2, located within Segment 11, Block 1.
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(b)

Figure Q.15. Test area in Eisenhower Memorial Tunnel: (a) test setup of scanner on EH2 and (b) cross section

of tunnel showing locations of the two test areas.

maintaining suction). Figure Q.15a shows the setup on the
first area, and Figure Q.15b is a photograph of a page of an
information bulletin that shows a cross section of the tunnel
with the two fields of testing marked on it. The grid spacing
was 1 in. for ultrasonic echo and IE tests and 2 in. for GPR.
The position of the test apparatus and the feet of the scanner
were marked with chalk. The lengths of the ultrasonic echo,
IE, and GPR transducers were parallel to the centerline of the
tunnel.

The results obtained from each of the three tests performed
are discussed below.

GPR Results

With the GSSI 1.5-GHz GPR antenna, the rebar mesh at a
depth between 2 in. and 3 in. was clearly detected. Moreover,
an anomaly (reflector of unknown origin) at 16-in. deep was
detected. According to the GPR results, the reinforcement
bars within the test area along the y-direction were positioned
regularly at 10-in. intervals: x =8 in., x= 18 in., x=28 in., and
x = 38 in. The ones along the x-direction had a 10-in.

distancing as well, located at y = 10 in. and y = 20 in. The
detected anomaly had an x-dimension of 10 in. extending from
x =18 in. to x = 28 in. and ran along the entire y-dimension
of the test area. Figure Q.16 is a three-dimensional (3D)
image of the volume with the slices (B-, C-, and D-scans)
positioned to reveal the anomaly and the reinforcing ele-
ments. Figure Q.17 shows a selection of the B-, C-, and
D-scans from EH2, including the detected reflectors: (a) is a
D-scan of the reinforcement bars in the y- and x-direction as
well as the anomaly, (b) and (c) are B-scans, and (d) and (e)
are C-scans showing the reinforcement bars and the anomaly
at their respective depths.

Ultrasonic Echo Results

Using ultrasonic echo, reinforcements at a depth between z=
2 in. and z = 3 in. were detected. An anomaly (i.e., a reflector
of an unknown origin) was also detected at an approximate
depth of 16 in. The reinforcement bars along the y-direction
were 10 in. apart, located at x=8 in., x = 18 in., x =28 in., and
x = 38 in. The bars along the x-direction were not very clear
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Figure Q.16. EH2, GPR: 3-D image of volume positioned to reveal anomaly, with B-scan
(a) positioned at x = 8in., C-scan (b) at z = 16.8 in., and D-Scan (c) aty = 18in.

(because of the positioning and polarization of the probe)
and thus could only be vaguely traced at y = 10 in. (Fig-
ure Q.18). Figure Q.19 is a 3-D image of the volume with the
slices (B-, C-, and D-scans) positioned to reveal the anomaly.
The local phase at rebar reflections was, as expected, between
90° and 180° (red color), indicating an impedance higher
than the surrounding concrete. The anomaly was 10 in. in
width and lay between x=18 in. and x =28 in. in the direction
of x, as seen in Figure Q.20. It ran completely across the
y-dimension of the test area. The local phase was negative,
between 0° and —110° (green, yellow), indicating an imped-
ance lower than concrete.

Impact Echo Results

IE could not register either reinforcement or the anomaly
detected by GPR and ultrasonic echo. The frequency spectra

did not have clear amplitude peaks but was rather a plateau
of many overlapping peaks (Figure Q.21). IE could not yield
any reliable information about the backwall of the tunnel lin-
ing. Assuming a shear wave velocity of 3,400 m/s, the longi-
tudinal wave velocity was approximately 5,889 m/s.

Comparison of Results

As expected, GPR proved to be the best tool in identifying and
locating the reinforcement within the EH2 test volume. Ultra-
sonic echo, however, could locate the anomaly of unknown
origin more clearly. The negative local phase of the ampli-
tudes at the mysterious reflector led to the assumption that
the anomaly would have a lesser impedance than the sur-
rounding concrete. The fact that GPR registered the anom-
aly at a depth of 16 in. led to speculations about it having a
higher impedance than the surrounding concrete. Wood
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Figure Q.17. EH2, GPR: Collection of B-, C-, and D-scans from test area displaying

main GPR results.

and air voids in such a depth could not likely be seen with
a 1.5-GHz antenna as clearly as the anomaly seen in the
radargrams.

One hypothesis is that the anomaly could be one of the
steel beams shown in Figure Q.22. This assumption raises
the question of how the local phase normally associated
with reflections from wood or air could appear. One theory
is that the concrete around the metal beams may not be
properly bonded to the steel anymore, leaving a thin layer
of air between the two mediums. The local phase reflects

the phase shift at the concrete-air interface rather than the
steel underneath.

In general, both the GPR and ultrasonic echo methods
were effective in detecting reflectors within the Eisenhower
Memorial Tunnel lining. A combination of the two result sets
would provide the most detailed and reliable results. Both
methods detected the reinforcement and an unknown anom-
aly. GPR was more effective in detecting the former and ultra-
sonic echo in detecting the latter. The backwall could not be
seen with any of the employed techniques here.
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Figure Q.18. EH2, ultrasonic
echo: 3-D image of volume
positioned to reveal anomaly,
with B-scan (a) positioned at

x = 19in., 6-in. width; C-scan

(b) at z = 14 in., 3-in. width; and
D-scan (c) aty = 4 in., 2-in. width.

Measurement Results
for Hanging Lake Tunnel

Testing in the Hanging Lake Tunnel took place on October 5
and 6, 2011. As noted in Figure Q.23, three test areas were
measured with GPR, ultrasonic echo, and IE.
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Test Area 1
Description of the Test Area

The first test area was situated in Section 56 of the tunnel and
is hereafter referred to as HL1. No referencing system for this
tunnel was available. The test area was believed to be within
Section 56 because 56/57 was marked with spray paint on the
floor, looking south on the right side of the test location (see
Figure Q.23a). On the left side, E16 was written. A repaired
crack ran across the selected test area (see Figure Q.23b). As
shown schematically in Figure Q.24, the 48-in. by 24-in. test
area was located between two joints at a distance of 27 in.
from the north joint and 56 in. from the south joint. The
scanning started at the point closest to the centerline. It then
moved away from the centerline and farther south, toward
the tunnel entrance. The grid spacing was 1 in. for ultrasonic
echo and IE testing and 5 in. for GPR testing. The length
(larger dimension) of the ultrasonic echo, IE, and GPR trans-
ducer was parallel to the centerline of the tunnel.

GPR Results

Using the GSSI 1.5-GHz GPR antenna, the reinforcement
mesh and other reinforcing elements (possibly dowels) at
depths (z) between 1 in. and 6 in. could be detected, as well as
an extended anomaly at z=12 in. Figure Q.25 is a 3-D image
of the volume with the slices (B-, C-, and D-scans) positioned
to reveal the anomaly and the reinforcing elements. At a

Reinforcement y-direction

I

<+ Reinforcement
y-direction

-180
-135
-30
45
0

45
90
135
180

Figure Q.19. EH2, ultrasonic echo: B- and C-scans, displaying
reinforcement. Reflector at 0.7 m could not be identified, as it showed

up inconsistently.
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Figure Q.20. EH2, ultrasonic echo: B-, C-, and D-scans and
corresponding local phase diagram, displaying a reflector.

L.,

25
25

Frequency in kKHz
Frequency in kHz

A-Scan
X =25 inches

Figure Q.21. EH2, IE: A- and D-scans. No information about
possible anomalies, reinforcements, or lining thickness could

be drawn.

Figure Q.22. Photograph of construction of
Eisenhower Memorial Tunnel sometime between

1968 and 1973 (Colorado DOT 2011). Steel beams

could be anomaly seen in GPR and ultrasonic

echo data.

depth of 1 in., rebar-like reflections at x= 24 in. were detected.
At this depth, reflections also appeared from a series of
shorter elements (dowels) between the two rebar-like reflec-
tions. The shorter elements were regularly spaced and ori-
ented perpendicular to the rebar-like reflections. The C-scan
in Figure Q.26¢ shows the reinforcement mesh in both direc-
tions, with the bars along the y-direction at x =6 in. and x =
38 in. The D-scans in Figure Q.27 and the B-scan in Figure Q.28
show the third rebar, along the y-direction positioned at x =
22 in., whose reflections could not be distinguished in the
C-scans because of the overlap with other reinforcing elements
present. The depth of the rebars along the y-direction was
between z=5in.and z=6in.

Besides the reinforcing elements, at a depth of z=5.5 in.,
an anomaly appeared from z= 12 in., down to z= 16 in., which
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Figure Q.23. Mark on tunnel vent floor of HL1 used as reference to identify sections (a) and location of
repaired crack across test field in relation to scanner aperture (b).

Figure Q.24. Sketch of test area, HL1, Segment 56.
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(c)

Figure Q.25. HL1, GPR: 3-D image of volume positioned to reveal anomaly and
reinforcing elements, with B-scan (a) positioned at x = 22 in., C-scan (b) at z =

12 in., and D-scan (c) aty = 1in.

led to the rise of amplitudes over an area (Figure Q.26d, Fig-
ure Q.27¢, Figure Q.28b, and Figure Q.28¢).
The backwall could not be seen in the GPR radargrams.

Ultrasonic Echo Results

The reinforcement bars could not clearly be detected in ultra-
sonic results. No usable C-scan at the depth of the reinforce-
ment. And no horizontal (the same depth) backwall could be
identified. However, a deeper reflector plane (relative to the
rebar mesh) of variable depth could be detected.

Figure Q.29 shows a D-scan taken at y =5 in. along with the
corresponding phase diagram. The reinforcement was seen
vaguely at depths between z = 4 in. to z = 6 in. However, an
anomalous reflector of mostly negative phase shift appeared
at a depth between z=12 in. and z= 16 in.

The B-scans at x = 6 in. and x = 23 in. are shown in Fig-
ure Q.30. Figure Q.31,a 3D image of the volume, gives another
view on the anomaly.

Impact Echo Results

The IE spectra contained peaks of frequencies much higher
than the expected backwall resonance frequency.

Figure Q.32 is a D-scan cut through the short side of the
rectangular test area, therefore along the length. Many fre-
quency peaks occurred within the frequency spectrum. The
first peak of the individual spectra appeared ataround 3,700 Hz
and 3,400 Hz, corresponding to depths of z=22 in. and z=
24 in., respectively (assuming a longitudinal wave velocity
of 4,000 m/s). A recurring second peak occurred at about
6,700 Hz, corresponding to a shallower reflector, at about
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Figure Q.26. HL1, GPR: C-scans with (a) rebar-like reflection, (b) reflections from two
rebars appearing close to each other with dowel-like elements in between along with
shallower part of reinforcement bar in x-direction seen aty = 12 in., (c) reinforcement

mesh in both directions, and (d) anomaly.

z=12 in. Because the amplitude spectrum along the profile
seemed rather scattered, no reliable conclusions about the
nature of the reflector could be drawn.

Comparison of Results

For this test area (HL1), GPR proved to be the only method to
identify the reinforcement mesh and the reinforcing elements.
The fine measurement grid and 3-D data collection allowed
detection of reinforcing elements overlapping each other in
some views. The ultrasonic echo technique, however, was able
to detect a deeper anomaly and establish that the anomaly
under the test area is located at different depths. The phase
diagram provided some information about the possible
nature of the anomaly, which appears to have a lower imped-
ance relative to its surrounding concrete. IE spectra contained
high-frequency energy, but no reliable information could be
extracted from either IE time histories or spectra.
Comparing the results reveals the need to employ at least
two complementary NDT techniques to locate different
reflectors within the tunnel lining. GPR is best for locating
the metallic reflectors within the penetration range of the
antenna. To locate reflectors of different acoustic impedance

such as voids and delaminations, the acoustic wave meth-
ods should be used. A change of structure seems to occur in
the middle of the test area; unusual dowel-like reinforcing
elements are present around this location and the depth of
the detected anomaly changed abruptly in the ultrasonic
results.

None of the NDT techniques that were used were able to
reliably identify the extent of the tunnel lining. Obviously, the
impedance contrast between the tunnel lining and the sur-
rounding rock formations was not detectable. The backwall
was located outside the penetration range of GPR and pos-
sibly the zone of influence of ultrasonic echo. Moreover, the
reflection and scattering effects due to the presence of rein-
forcement and anomalies weaken the propagating wave and
limit its penetration depth.

Test Area 2
Description of the Test Area

The second test area at Hanging Lake Tunnel (HL2) took
place in Segment 57 (segment number was assumed based on
the marking on the ground as shown in Figure Q.23a). The
48-in. by 24-in. test area was located 52 in. north of the joint
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Area of beams and
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Reinforcement, y-direction
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(b)
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Anomaly

(©

Reinforcement, x-direction

Figure Q.27. HL1, GPR: D-scans. Area of beams and dowels (a) as well as
reinforcement in x- and y-direction can be seen as a cut through. Reinforcement
in x-direction starts at z = 3 in. and leads to z = 5 in. Third reinforcement bar
along y-direction at x = 22 in. is located beneath other reinforcing elements at

x = 24 in. (b), which makes it difficult to distinguish them in C-scan. Image

(c) shows anomaly starting from z = 12 in. and going to z = 16 in. Image has

higher gain than other images to clarify the anomaly.
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Reinforcement along x-direction
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Anomaly
(@ (b)
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Figure Q.28. HL1, GPR: B-scans. First reinforcement bar along
y-direction at x = 6 in. (a). At x = 34 in., bar along x-direction
positioned aty = 12 in. (b) as well as anomaly at z = 16 in. is seen.
Second bar along y-direction at x = 22 in. under other reinforcing
elements and anomaly at z = 12 in. (c), and third bar along
y-direction at x = 38 in. (d) are also shown.

Reinforcement, y-direction

X
z I
Anomaly

z = 12in. / o~

z=161n.

y=5in.

Figure Q.29. HL1, ultrasonic echo: D-scan aty = 5 in. Curved anomalous reflector of
mostly negative phase detected between z = 12 in. and z = 16 in.
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Anomaly .
z=161n.

Reinforcement/beam z=5in.
z=12in.

Anomaly

Figure Q.30. HL1, ultrasonic echo: B-scans to evaluate extent of
anomaly. B-scan crossing through deeper reflector (a) and
B-scan crossing through shallower anomaly (b).

©
@

(b)

Figure Q.31. HL1, ultrasonic echo: 3-D
image of volume positioned to reveal
anomaly, with B-scan (a) positioned at
X = 6in.; C-scan (b) at z = 21 in., 4-in.
width; and D-scan (c) aty = 6in.

@

L.,

dividing segments 56 and 57. Its upper edge (toward the tun-
nel crest) was about 100 in. from the centerline. Figure Q.33
shows a sketch of HL2. An unrepaired crack ran across the
test area, as shown in Figure Q.34a. Figures Q.34a and Q.34b,
show the ZFP scanner. The scanning started at the point clos-
est to the centerline, first moving down and away from the
centerline, then south toward the tunnel entrance. The grid
spacing for both the ultrasonic echo and IE tests was 1 in. and
for GPR was 2 in. The ultrasonic echo, IE, and GPR transduc-
ers were mounted such that their length (large dimension)
was parallel to the centerline of the tunnel. One profile line of
the GPR data was missing (at y = 20 cm, or 8 in.), which
caused a discontinuity in the B-scans and C-scans. Conse-
quently, no D-scan was available for y = 8 in.

GPR Results

Figure Q.35 is a 3-D image of the volume intended to give an
overall view of the reinforcement.

25

(b)

25

Frequency in kHz
Frequency in kHz

A-Scan
x=14in.

Figure Q.32. HL1, IE: D-scan (a) and A-scan (b).
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Figure Q.33. Sketch of test area HL2, Segment 57.

(@ (b)

(©

Figure Q.34. HL2: (a) crack running across test area, (b) NDT scanner mounted on tunnel ceiling,
and (c) scanning of test area.
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Figure Q.35. HL2, GPR: 3-D image of volume positioned to reveal reinforcing elements,
with B-scan (a) positioned at x = 44 in.; C-scan (b) at z = 6.5 in., 3-in. width; and D-scan

(c)aty =0in.

In the C-scan at a depth of z=5 in., a reinforcement bar in
the general x-direction could be seen running across the test
area roughly from y = 16 in. on the south side of the area to
about y =12 in. on the north side (Figure Q.36b). The D-scan
in Figure Q.36¢ shows that this reinforcement bar ran above
the bars perpendicular to it. Figure Q.36a is the B-scan at x =
2 in., where the bar at y = 16 in. was marked.

The C-scan at z = 8 in. showed another, albeit weak,
reinforcement bar along the x-axis, at about y = 24 in. (see
Figure Q.37b). A D-scan through the bar at y=24 in. (Figure
Q.37c) and a B-scan at x=2 in. (Figure Q.37a), with the weak
reflection from the bar marked, are shown as well.

The reinforcement bars in the y-direction at a depth of
z = 6 in. are shown in Figure Q.38b. Figure Q.38c shows the
D-scan at y = 24 in. with the reinforcements marked at a
depth of 8 in. The B-scan (Figure Q.38a) through the bar at
x=9in.revealed that the bars did not run parallel to the surface

but were bent from z= 6 in. down to z= 8 in. This explained the
weak reflections over half of the C-scans at z= 6 in.

Figure Q.39 shows images resulting from the crack on the
surface, which manifested itself by a changed impedance
because of the intrusion of moisture into the very first layers of
the lining. Figure Q.39b is a slice in the depth, this time at z =
3 in. The circled area shows the reflection caused by moisture
as a result of the crack on the surface. It ran in that depth until
y=121n. (y=30 cm). The upper part until y=6 in. (y=15cm)
does not seem to fit onto the lower part. The reason for this is
a missing profile line caused by a failure during the measure-
ments, which cannot be reconstructed properly by the pro-
gram. Figure Q.39¢ shows the same reflector at a depth of
z=3in., which does not show up at the other D-scans above,
meaning it was local. The B-scan at x =19 in. (Figure Q.39a)
shows the extent of the reflector better: it was down to 3.4-in.
deep and nearly 16 in. into the field of measurement.
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Figure Q.36. HL2, GPR: B-, C-, and D-scans showing first reinforcement bar
along x-direction at depth of z = 5 in.

X =2in. z=8in.

(a) (b)

(©)

y =241in.

Figure Q.37. HL2, GPR: B-, C-, D-scans showing second reinforcement bar in
x-direction at a depth of z = 8 in.
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Figure Q.38. HL2, GPR: B-, C-, D-scans showing reinforcement bars in y-direction at

(b)

(©

z=6in.

y =241in.

depths between 6 in. and 8 in.

x =18in.
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Figure Q.39. HL2, GPR: B-, C-, D-scans showing reflections caused by presence of a

(b)

(©)

surface crack.
Copyright National Academy of Sciences. All rights reserved.

z=3in.

y=6in.

261


http://www.nap.edu/22609

262

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Shadowed area due to crack

z=6in.
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Figure Q.40. HL2, ultrasonic echo: C-scan at z = 6-in. amplitude
(a) and corresponding phase diagram (b). Missing part of
reinforcement bar is due to surface crack within test area.

Ultrasonic Echo

The reinforcement mesh could be clearly seen in the ultrasonic
echo C-scan at a depth of z = 6 in. (Figure Q.40). The corre-
sponding phase diagram is also included in Figure Q.40b. As
expected, the local phase of the reinforcement bars’ reflections
appeared mostly positive, which represented impedance higher
than the surrounding concrete, that is, steel.

The B-scan (a) and D-scans (b) in Figure Q.41 show the steel
bars in both directions. The reinforcement bar along the x-axis
at an approximate depth of z= 8 in. (Figure Q.41c) would not
be identified without previous knowledge of its existence
through GPR data. The reinforcement bars in the y-direction
were, however, easily detectable. The hole in the reinforcing bar
reflections in Figure Q.40 and Figure Q.41b are due to the pres-
ence of moisture that intruded through the surface crack. It
caused the US signal energy to be absorbed.

Figure Q.42 is a 3-D image of the volume intended to give
an overall view of the reinforcement.

Impact Echo

Some of IE spectra showed a dominant frequency peak at
about 3,600 Hz, which equals a depth of z~ 22 in. However,
in the B- and D-scans, no clear backwall could be seen. Fig-
ure Q.43 shows a typical example of the obtained IE D-scan

Reinforcement bar
x-direction

to crack
’ /N' '
z l_> z

/
O

Shadowed area due

(Figure Q.43a) and A-scan (Figure Q.43b). The IE data for this
test area yielded no reliable information about either the
thickness of the lining or the presence of possible anomalies.

Comparison of Results

Reinforcement could be detected using both GPR and ultra-
sonic echo, although GPR exhibited a clear advantage in detect-
ing deep steel bars, which could not be reliably identified in
ultrasonic echo results. The surface crack was seen in the GPR
data as a near-surface reflector, maybe because of moisture
penetrating the tunnel lining through the crack, resulting in a
change of the dielectric constant. The signature of this crack in
the ultrasonic echo data was a hole in the reflections from the
reinforcement bars. Neither GPR nor ultrasonic echo could
give any indication of the thickness of the lining. IE spectra
contained a repeated frequency peak at a frequency resonating
at a depth of about z ~ 22 in., which could possibly have been
the backwall.

GPR proved to be the most effective NDT method to detect
the reinforcement as well as the effects of a surface crack.
Even the extent of the affected area could be detected, as the
anomaly was directly influencing the data. The crack could be
indirectly detected in the ultrasonic echo results because the
reflections from the reinforcements were shadowed by it. It is

Reinforcement bar  Reinforcement bar

X =44in.

y=12in.

y=24in.

@ (b)

(©)

Figure Q.41. HL2, ultrasonic echo: B-scan (a) and D-scans (b) and (c) showing
reinforcement in the x-direction (a) and (b) and in the y-direction (c).
Reinforcement bar along x-axis at z = 8 in. is very weak (c).
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Figure Q.42. HL2, ultrasonic echo: 3-D image
of volume positioned to reveal reinforcing
elements, with B-scan (a) positioned at

x = 10.5in., C-scan (b) at z = 8in., and
D-scan (c) aty = 12 in. Missing reinforcement
due to crack is also seen in D-scan.

a curious finding that the thickness of the lining could not be
detected by either method, as the tunnel is relatively recent.
IE, however, could provide some hints about the thickness of
the tunnel. Ground truth information on the lining thickness
would help verify the accuracy of the IE results.

Test Area 3
Description of the Test Area

The third test area at Hanging Lake Tunnel (HL3) was also
near Section 57/58 of the tunnel, which was marked as such
with spray on the floor (Figure Q.44a). The test area included
a small crack (Figure Q.44b). A transverse joint crossed
through the test field, and the area was relatively close to the

@)
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centerline of the tunnel. The field had an area of 48 in. by
24 in. The distance of the field to permanent features of
the tunnel was not measured; therefore, the sketch in Fig-
ure Q.45 has no offsets marked. The grid spacing for ultra-
sonic echo and IE was 1 in., and for GPR was 2 in. Figure Q.44c
shows an image of the ZFP scanner on the test area. During
the testing, the longer side (length) of the GPR, ultrasonic
echo, and IE transducers was set parallel to the centerline of
the tunnel.

GPR Results

Figure Q.46 shows the reinforcement in the x-direction in B-,
C-, and D-scans. One bar is at the edge of the test area. The
steel bars ran from around y =8 in. to y = 6.5 in. at a depth of
z=>51n.,and from around y =24 in. to y = 22.5 in. at a depth
of z=4 in. The transverse joint running across the test field
was encircled on the radarscans. The reinforcement bars in
the y-direction were positioned at x = 10 in., x = 24 in., and
x=42in.,ata depth of z=6in. (Figure Q.47). The scans from
the joint crossing the test field at x=6 in. in z=2 in. are shown
in Figure Q.48. Dowel-like steel elements traversing the joint
at z=3in. can be seen in the B- and D-scans.

The line scans at y = 0.45 cm (18 in.), y = 0.4 cm (16 in.),
and y=0.35 cm (14 in.) were missing.

Figure Q.49 is a 3-D image of the volume intended to give
an overall view of the reinforcing elements.

Ultrasonic Echo Results

The reinforcement running along both x- and y-directions at
about z = 6 in. could be seen in the ultrasonic echo results,
although the rebars along the x-axis at y =8 in. and y = 24 in.
did not appear as clearly as the ones along the y-axis at x =
9 in., x =24 in., and x = 40 in. (Figure Q.50). The joint could
not be identified in the ultrasonic echo results.

25

(b)

Freguency in kHz

A-Scan
x=17in.

Figure Q.43. HL2, IE: D-scan (a) and A-scan (b). First frequency
peak at 3,600 Hz could represent backwall in depth of z ~ 22 in.
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()
Figure Q.44. HL3: (a) section marking on the floor, (b) crack across the field, and (c) ZFP scanner.
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Figure Q.45. Sketch of test area HL3, segment 58, Hanging Lake Tunnel.

x=3in.

(@)

Reinforcement x-direction
—

Figure Q.46. HL3, GPR: B-, C-, and D-scans of reinforcement in x-direction
running along at a depth of z = 5in. and z = 4 in. B-scan taken at x = 3 in.
(a). C-scan at z = 4.5 in. with a width of 1.5 in. (b). D-scans taken from

(b)

—>

Reinforcement
x-direction

(©

Joint y-direction

z=4.5in.

y =8in.

y =24in.

pointsy = 8in. andy = 24 in. (c). Circled reflector is the joint.
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X =241n. l z=6Iin.
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Reinforcement y-direction

Joint y-direction

(©)

y =8in.

Figure Q.47. HL3, GPR: B-, C-, and D-scans of reinforcement bars running
along y-direction at a depth of z = 6 in. B-scan taken at x = 24 in. (a). C-scan
atz = 6in. (b). D-scan at y = 8in. (c). Circled reflector is the joint.

X =6in.

@
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(c)
Reinforcement x-direction
y =24in.

Figure Q.48. HL3, GPR: B-, C-, D-scans corresponding to location of joint at
X =6in.
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Figure Q.49. HL3, GPR: 3-D image of volume positioned to reveal reinforcing
elements, with B-scan (a) positioned at x = 8in.; C-scan (b) atz = 7 in.,
1.in. wide; and D-scan (c) aty = 16 in.

y =161in.

z=6in.

(b)

x =3in.

(c)
Figure Q.50. HL3, ultrasonic echo: B-, C-, D-scans showing reinforcement

bars running along x- and y-direction at depth of z = 6 in.
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Frequency in kHz
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Figure Q.51. HL3, IE: Typical D-scan (a) and A-scan (b). No clear
frequency peaks, which could have represented a possible backwall
or other reflectors, could be identified.

Impact Echo Results

No features were resolved on the basis of the IE results, as the
frequency peaks were generally too broad to point to any par-
ticular resonating feature (Figure Q.51).

Comparison of Results

Reinforcement could be detected with both GPR and ultra-
sonic echo, but they were much clearer with GPR. The joint
seen on the surface of the field could only be detected with
GPR, as well as two beams. None of the NDT methods resolved
the end of the tunnel lining.

Measurement Results for Chesapeake
Bay Bridge-Tunnel

Measurements in the Chesapeake Channel Tunnel (a part of
the Chesapeake Bay Bridge-Tunnel system) were taken over

two days: October 11 and 12,2011. Four test fields were tested,
three of which were located in the tunnel’s exhaust air duct
(shown in Figure Q.52). The fourth test area was on the tiles
of the tunnel wall itself.

Test Area 1
Description of the Test Area

The first test field (CPB1) was located at Station 474+27. A
sketch of the field showing its positioning in the tunnel is
shown in Figure Q.53. The 48-in. by 24-in. test area started
immediately above the pipe. A joint ran across the field, paral-
lel to its shorter side, at one-fourth its length. The center of the
ZFP scanner’s feet were at 14 in. to the left of the joint marked
Station 474+27, facing the tunnel wall and about 29 in. down
from the joint running along the tunnel. When looking north,
this joint was about 7 in. to the left of the vertical stands (cen-
terline). The tunnel’s entrance is at Station 470 south end. The

Figure Q.52. Cross section of exhaust air duct of Chesapeake Channel Tunnel.

Copyright National Academy of Sciences. All rights reserved.
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Figure Q.53. Sketch of test area CPB1, Station 474-27, Chesapeake Channel Tunnel.

backwall has a nominal thickness of 24 in., according to the
tunnel’s blueprints, and has a so-called steel skin.

The grid spacing for ultrasonic echo and IE testing was set
to 1 in., and for GPR, 2 in. During the testing, the GPR, ultra-
sonic echo, and IE transducers were positioned such that their
lengths were parallel to the centerline of the tunnel.

GPR Results

Figure Q.54 gives an overview of the reinforcement within
the volume.

The reinforcements in the y-direction ata depth of z=1.5in.
and in the x-direction at a depth of z=3 in. are depicted in the
C-scans of Figure Q.55. The transverse bars along the y-axis
were detected at x = 0 in. (i.e., under one of the shorter sides
of the test area), x =12 in., x = 24 in., and x =42 in. The longi-
tudinal reinforcement was detected at y =16 in.

Figure Q.56 includes two D-scans, one at y = 22 in. and
another one at y = 16 in. that cuts through the longitudinal
rebar appearing in Figure Q.55b. A selection of B-scans cut-
ting through the transverse rebars at x = 24 in. and x =42 in.
is shown in Figure Q.57.

Ultrasonic Echo Results

Transverse steel bars along the y-direction could be clearly
detected and identified using the ultrasonic echo technique as

well (see the C-scan of Figure Q.58 taken at z =2 in.). The
reflections from the longitudinal bar in the x-direction in the
C-scan were vaguely seen, although they could be more
clearly seen in the later B-scans. This repeating observation
resulted from the orientation of the ultrasonic echo trans-
ducer, which made it more sensitive to transverse reinforce-
ment (the polarization effect). When examining the C-scans
(Figure Q.59) at different depths, the steel skin of the tunnel
at about z = 24 in. was detected. The shear wave velocity was
adjusted to about 2,710 m/s such that the backwall reflections
occurred at the known depth of 24 in. A shallower anomaly
was detected at z= 15 in., spreading from x =20 in. to x =40 in.
and y =6 in. to y = 14 in., detected both directly and indirectly
through its shadowing of the skin reflections. The correspond-
ing phase diagrams exhibited a positive phase for the reinforce-
ment bars and steel skin and a mixture of positive and negative
angles (inconclusive) for the anomaly.

Looking at the D-scan at y = 12 in. (Figure Q.60), the rebars
and the backwall at z= 24 in. are clearly seen. About one-half
of the backwall (with x > 24 in.) exhibited weakened reflec-
tions or even missing reflections. The phase evaluation
offered more information about why the backwall reflections
appeared weaker: at a depth of around z = 16 in. was a con-
fined anomaly that shadowed the backwall reflection between
x =22 in. and x = 30 in. This anomaly was the same as seen in
the C-scan in Figure Q.59.

Copyright National Academy of Sciences. All rights reserved.
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(b)

(c) ()

Figure Q.54. CPB1, GPR: 3-D image of volume positioned to reveal
reinforcing elements, with B-scan (a) positioned at x = 38 in.; C-scan
(b) at z = 4 in., 1 in. wide; and D-scan (c) aty = 6 in.

Reinforcement bars y-direction Reinforcement bar x-direction

R

() (b)

z=1.5in. z=3in.

Figure Q.55. CPB1, GPR: C-scans depicting reinforcement bars (a) along
y-directions at z = 1.5 in. and (b) in the x-direction at a depth of about
z=3in.
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Figure Q.56. CPB1, GPR: D-scans showing reinforcement bars
(a) along y-direction at location y = 22 in. and (b) x-direction at

locationy = 16 in.

bar y-direction
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Figure Q.57. CPB1, GPR: B-scans of transverse rebar (along y-direction)
taken at (a) x = 24 in. and (b) x = 42 in.
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Figure Q.58. CPB1, ultrasonic echo: C-scan showing transverse reinforcement

in y-direction at z = 2 in.

Copyright National Academy of Sciences. All rights reserved.
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z=15in.

(b)

Figure Q.59. CPB1, ultrasonic echo: C-scans showing reflection from

anomaly (a) and tunnel skin (b).

The B-scans in Figure Q.61 were chosen to represent areas
of the test volume with and without anomaly. The left image
in Figure Q.61 is a B-scan at x = 3 in., with no anomaly. The
backwall and reinforcement bar in x-direction (at y = 16 in.)
can be clearly seen. The other B-scan was obtained by cutting
through the anomaly at x = 28 in. The backwall is missing
between y = 8 in. and y = 12 in. and some reflections from
about z = 13 in. downwards can be seen. The corresponding
phase diagrams are not conclusive.

Figure Q.62 is a 3-D image of the volume, showing the
backwall and anomaly.

Impact Echo Results

The IE spectra contained a clear thickness resonance fre-
quency peak at a frequency between 3,600 Hz and 3,400 Hz,

s

z

representing a thickness of about z=22 in. to z=24 in., assum-
ing alongitudinal wave velocity of 4,000 m/s. Figure Q.63 shows
the selected B-scan (Figure Q.63a) and D-scan (Figure Q.63b)
of the test volume along with a representative A-scan and fre-
quency spectrum. The amplitudes of the backwall echo in the
D-scan between x =27 in. and x = 46 in. were weaker than in
the area x < 27 in., indicating the presence of an inhomogene-
ity between the sensor and the backwall absorbing the wave
energy. The same was true for the B-scan between y = 0 in.
and y=8in.

Comparison of Results

While GPR proved to be the most reliable NDT method for
detecting and identifying reinforcement bars, it could not
detect a 15-in.-deep localized anomaly. The ultrasonic echo

Backwall
and
weaker
backwall
reflection

y =12in.

Figure Q.60. CPB1, ultrasonic echo: D-scan showing reinforcement and
tunnel skin. Weakened reflection from backwall is marked.

Copyright National Academy of Sciences. All rights reserved.
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Figure Q.61. CPB1, ultrasonic echo: B-scan showing
longitudinal reinforcement bar (along x-direction)
and backwall, where no anomaly was detected (a),
and where an anomaly was detected (b).

(b)

@)

Figure Q.62. CPB1, ultrasonic
echo: 3-D image of volume
positioned to reveal backwall and
anomaly, with B-scan (a) positioned
atx=29in., C-scan (b) atz =24 in.,
and D-scan (c)aty = 7 in.
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technique, however, was not as clear in detecting the steel bars
(due to the polarization effects) but indicated the presence of
an anomaly, directly and indirectly (directly by evaluating the
reflections from the anomaly and indirectly based on the
weakened and even missing backwall echo).

Both ultrasonic echo and IE could yield the thickness of
the tunnel lining. The phase diagrams allowed the ultrasonic
echo results to even indicate that the impedance of the tun-
nel’s skin was higher than that of the lining and, therefore, of
steel. This could be verified by the tunnel’s blueprint indicat-
ing the presence of a steel skin.

Considering the obtained data from all three employed
NDT methods together, a clearer picture of the geometry and
condition of the tunnel emerged.

Test Area 2
Description of the Test Area

The test area CPB2 was located on the west side of the tunnel,
facing north. It was located south of the joint marked Station
481476, and the entire area was on a single block. The 48-in. by
24-in. test area was oriented such that its length was parallel to
the centerline of the tunnel. The near and far shorter sides of the
scanning aperture were 9 in. and 49 in. south of Station 481+76.
The longer side was 47 in. away from the tunnel’s centerline,
where the vertical stands were. Figure Q.64 provides a rough
sketch of the test area and its positioning within the tunnel.

The grid spacing for ultrasonic echo and IE testing was set to
1 in., and for GPR, it was 2 in. The GPR, ultrasonic echo, and
IE transducers were oriented such that their lengths were par-
allel to the centerline of the tunnel. Note that the GPR mea-
surements for this test area were shifted 1.5 in. in the x-direction
compared with those from IE and ultrasonic echo.

GPR Results

Figure Q.65 is a 3-D image of the volume with the slices (B-, C-,
and D-scans) positioned to reveal the reinforcing elements.

Transverse reinforcement in the y-direction could be
detected at a depth of z=2.5 in. with the bars positioned at
x=01in.,x=12in.,x=241in.,and x = 36 in. Two longitudinal
steel rebars in the x-direction appeared 4-in. deep at y =8 in.
and y =24 in. The one at y =24 in. ran out of the test field and
was only partly visible.

Figure Q.66 provides C-scans showing the reinforcement
mesh at two different depths. D-scans taken at y=8 in. and y =
24 in. showed the rebars in the y-direction as well as one of the
rebars in the x-direction (see Figure Q.67). One B-scan at x =
12 in. cutting through one of the transverse rebars and a second
one at x = 16 in. cutting between the transverse rebars, showing
the longitudinal rebars, are shown in Figure Q.68.

Copyright National Academy of Sciences. All rights reserved.
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Figure Q.63. CPBH1, IE: (a) B-scan and (b) D-scan of profile lines along
y- and x-axes of field coordinate system. A-scans (right): Frequency
peaks represent tunnel lining thickness. Areas with weaker
amplitudes indicate wave energy absorbing inhomogeneity.

Figure Q.64. Sketch of test area CPB2 south of Station 481+76, Chesapeake Channel Tunnel.

Copyright National Academy of Sciences. All rights reserved.
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Figure Q.65. CPB2, GPR: 3D image of volume positioned to reveal reinforcing
elements, with B-scan (a) positioned at x = 36 in.; C-scan (b) at z = 4 in., 4 in. wide;
and D-scan (c) aty = 8in.

Reinforcement y-direction

l l l l z=25in. Reinforcement x-direction z=4in.

(@) (b)
—

Figure Q.66. CPB2, GPR: C-scans at z = 2.5 in. and z = 4 in. showing rebars
in y-direction (a) and x-direction (b).

Copyright National Academy of Sciences. All rights reserved.
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Figure Q.67. CPB2, GPR: D-scans through test volume at positions
y = 8in. and y = 24 in. showing reinforcement in y-direction (a) and in

x-direction (b).

Ultrasonic Echo Results

Figure Q.69 shows a 3-D image of the volume focusing on the
backwall and an anomaly shadowing it.

The reinforcement mesh was not clear in the ultrasonic
echo C-scans. The transverse bars along the y-axis were most
clearly seen in the C-scan at z=2 in. (Figure Q.70a), and those
along the x-axis at z = 4 in. (Figure Q.70b).

Besides the reinforcements, an anomaly at z = 20 in. (Fig-
ure Q.71a) and the backwall at z=28 in. (Figure Q.71b) could
also be detected in the C-scans. The anomaly had a phase
shift between 45° and —45° (of lower acoustic impedance
than concrete). The backwall exhibited a phase shift between
—90° and —180° (of higher acoustic impedance than concrete).

Reinforcement y-direction ]
¥ x =12in.

(@)

-0.00 -0.20 -0.40 -0.60

To analyze the ultrasonic echo data, a transversal wave veloc-
ity of 2,710 m/s was assumed (taken from the measurements
at CPB1).

By examining D-scans (Figure Q.72) and B-scans (Fig-
ure Q.73), the extent of the anomaly could be approximated
as running along the entire width of test field CPB2 (i.e.,
y-direction) but confined between x = 8 in. and x = 28 in. in
the x-direction.

Impact Echo Results

The IE spectra contained two distinct frequency peaks at
about 2,900 Hz and 4,100 Hz (see spectral A-scans of

Reinforcement x-direction

] | |

(b)

-0.00 -0.20 -0.40 -0.60

Figure Q.68. CPB2, GPR: B-scans taken at x = 12 in. and x = 16 in. showing
rebars in y-direction (a) and in x-direction (b).
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Figure Q.69. CPB2, ultrasonic
echo: 3-D image of volume
positioned to reveal backwall
and anomaly, with B-scan

(a) positioned at x = 3in.;
C-scan (b) atz = 25in., 5 in.
wide; and D-scan (c) aty = 4 in.
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Figure Q.74) corresponding to the reflector depths of z =27
in. (Figure Q.74a) and z =20 in. (Figure Q.74b), respectively.

The D-scan in Figure Q.75 shows a clear shift in the fre-
quency peak from 3,000 Hz up to 3,700 Hz, corresponding
to the approximate depths of z= 27 in. (lining thickness) and
z=21in. (anomaly).

Comparison of Results

Steel reinforcement was best located with GPR. Two reflectors
at two different depths were detected by both ultrasonic echo
and IE. Phase analysis of the ultrasonic echo results showed dif-
ferent phase shifts at the reflectors: the phase shift at the shal-
lower reflector (at 20 in.) indicated an impedance lower than
concrete, while the deeper reflector (at 28 in.) had an acoustic
impedance higher than concrete. This higher impedance is
typical of concrete-metal interfaces and leads to the assumption
of it being the echo of the metal skin surrounding the tunnel,
although the estimated depth of 28 in. does not match the

Figure Q.70. CPB2, ultrasonic echo: C-scans atz = 2in. and z = 4 in.
showing the reinforcement along (a) y- and (b) x-directions.

(C)

0

70

(b) =

z=20in.

z=28in.

Figure Q.71. CPB2, ultrasonic echo: C-scans at different depths: (a) depth of
anomaly at 20 in. and (b) depth of tunnel lining at 28 in.; image of amplitudes
(left), image of corresponding phase (right).
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Figure Q.72. CPB2, ultrasonic echo: D-scan aty = 14 in. and corresponding

phase diagram.

Reinforcement x-direction

Nin. backwall X =9in. | anomaly X =36in. backwall
Y
z +—
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y-direction
4—

Figure Q.73. CPB2, ultrasonic echo: B-scans through anomaly and
backwall taken at x = 2 in., x = 9in., and x = 36 in.
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A-Scan
y =13in.

A-Scan
y =17 in.

Figure Q.74. CPB2, IE: Spectral A-scans taken at two different
locations: (a) through anomaly and (b) through backwall.

nominal thickness of 24 in. This could be a result of errors
in the assumed concrete shear wave velocity used in esti-
mating the reflector depths to analyze the US data of CPB2,
as the shear wave velocity was assumed to be 2,710 m/s
(from CPB1).

The use of the GPR and at least one acoustic NDT
method was necessary to analyze CPB2. GPR could reliably
detect and identify the reinforcement bars. Both acoustic
methods detected the echoes from an anomaly and the
backwall. The accurate estimation of the reflector depth was
possible only when the wave velocities at test locations were
known. Neither ultrasonic echo nor IE could provide the
wave velocity of the test medium without having ground

L..

truth information. To measure the velocity profile in situ,
other methods such as high frequency spectral analysis of
surface waves or multispectral analysis of surface waves
could be employed.

Test Area 3
Description of the Test Area

As seen in the sketch in Figure Q.76, a joint near Station
486+67 ran almost through the middle of the test area,
hereafter referred to as CPB3. The area was on the east
side of the tunnel, opposite the two other test fields (CPB1
and CPB2). The test area was 48 in. long and 24 in. wide,

25

Frequency in kHz

A-Scan
x=1in.

A-Scan
x =10in.

Figure Q.75. CPB2, IE: Spectral D-scan (along x-axis) along with two
selected spectral A-scans representing different depths.
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Figure Q.76. Sketch of CPB3, Station 486+67 Chesapeake Channel Tunnel.

extending 22 in. south and 26 in. north of the joint. The test
field started at an offset of 24 in. from the centerline of the
tunnel.

The grid spacing for ultrasonic echo and IE testing was
1in.and for GPR testing was 2 in. The length of the GPR, ultra-
sonic echo, and IE transducers was parallel to the centerline
of the tunnel during the scanning.

GPR Results

The reinforcement mesh could be easily seen in GPR
C-scans. The transverse rebars in the y-direction were spaced
12 in. from each other and were positioned at x = 2 in.,

Reinforcement y-direction

x=141in.,x=26 in., and x =38 in. at a depth of z= 1.6 in.,
as shown in Figure Q.77. The longitudinal ones in the
x-direction were at y = 0 in., y = 18 in., and z = 3 in.-deep
(see Figure Q.77).

The D-scans taken at y =22 in. and y = 18 in. (Figure Q.78)
clearly showed that the rebars in the y-direction ran above
those in the x-direction.

The B-scan taken at x = 26 in. (Figure Q.79) showed the
cross section of one of the transverse rebars (along the
y-direction). The one taken at x = 16 in. revealed only longi-
tudinal rebars (along the x-direction).

Figure Q.80 is a 3-D image of the volume as a summary of
the reinforcing elements.

Reinforcement x-direction

oo b

z=1.6in.

z=3in.

@) (b)

Figure Q.77. CPB2, GPR: C-scans taken at (a) z = 1.6 in. showing reinforcement
bars in y-direction and (b) z = 3 in. showing rebars in x-direction.
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Figure Q.78. CPB3, GPR: D-scans taken aty = 22 in. (a) and
y = 18in. (b) reveal reinforcement bars in both directions.

Ultrasonic Echo Results

Three of the four transverse reinforcement bars (in the
y-direction) could be detected in the ultrasonic echo C-scan at
z=2-in.deep,at x=2 in.,x= 14 in.,and x =38 in. (Figure Q.81).
An anomaly was present in the middle of the field starting at a
depth of z =2 in. Examining deeper C-scans confirmed the
existence of an anomalous reflector (Figure Q.82). At a depth of
about z=25 in. (Figure Q.83), the backwall with a positive phase
(indicating an impedance higher than the surrounding con-
crete) could be detected. Between x = 16 in. and x = 38 in., the
backwall echo was missing because of the shadowing effect of
the earlier-described anomaly reflector. To analyze the ultra-
sonic echo data of CPB3, the shear wave velocity 2,710 m/s of
CPB1 was assumed.

Reinforcement y-direction| x = 26 in.

(@)

-0.00 -0.20 -0.40 -0.60

A D-scan taken at y = 16 in. is shown in Figure Q.84. This
view reveals multiple reflections from the anomaly at z=6 in.,
z=101n.,z= 15 in., and z = 20 in. with changing phase. The
backwall echo was missing because the anomaly shadows the
deeper reflectors. The multiple reflections with their chang-
ing phase gave indications of only one anomaly. However,
this could not be verified.

A linear reflector of unknown origin was observed at
x = 26 in. at the same depth as the backwall (marked with a
question mark in both Figure Q.84 and Figure Q.85). Note
that at x = 26 in., the joint ran across the test field. As the
reflector was not seen in the D-scans produced by the raw
data, this was likely an artificial feature produced by the
SAFT algorithm.

Reinforcement x-direction

l l x=161n.

(b)

-0.00 -0.20 -0.40 -0.60

Figure Q.79. CPB3, GPR: B-scans at x = 26 in. (a) and x = 16 in. (b) reveal

reinforcement rebars in both directions.
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(b)

(c) (a)

Figure Q.80. CPB3, GPR: 3-D image of volume positioned to reveal
reinforcement, with B-scan (a) positioned at x = 45 in.; C-scan (b) at
z = 4.5in., 4-in. width; and D-scan (c) aty = 0 in.

X Anomaly
o ] z=2in.

Figure Q.81. CPB3, ultrasonic echo: C-scan at z = 2 in., showing reinforcement
bars in y-direction as well as anomaly between x = 16 in. and x = 38 in.
(marked). Corresponding phase diagram (right).

Anomaly

z=4in.

Figure Q.82. CPBS3, ultrasonic echo: C-scan obtained at depth of 4 in. Reflector
is confined between x = 14 in. and x = 36 in.
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T z=25in.

Figure Q.83. CPBS3, ultrasonic echo: C-scan at z = 25 in. reveals backwall
echo. Between x = 16 in. and x = 36 in., echo is missing due to presence

of shallower anomaly.

The B-scans did not provide additional information on the
anomaly. As seen in Figure Q.85, the backwall of the tunnel
lining could be clearly seen at z=25 in. in the B-scan taken at
x = 1.5 in. The transverse rebar in the y-direction was also
clearly seen. In contrast, the B-scan at x =20 in. contained no
backwall echoes, as expected from the D-scan, but no further
information about the anomaly itself.

Figure Q.86 shows a 3-D image of the volume focusing on
the backwall and its shadowed area, as well as the shallow
anomaly.

Impact Echo Results

As seen in Figure Q.87, IE showed tunnel lining thickness
resonance frequency except between x =13 in. and x =30 in.,
where the echo was disturbed. The typical spectral and tem-
poral A-scans from the sound (x = 5.5 in.) and disturbed
regions (x = 20 in.) are compared in the figure. While the
sound spectrum contained one clearly dominant frequency,

-

Anomaly

the disturbed spectrum contained multiple peaks, mostly of
frequencies lower than that of the thickness resonance fre-
quency. The thickness resonance frequency appeared at about
3,200 Hz, corresponding to a depth z=25 in.

Comparison of Results

GPR could provide a clear picture of the reinforcement bars
in both directions, while ultrasonic echo could only reveal the
ones in the y-direction, except the one at x = 26 in. This was
due to the polarization effects due to the orientation of the
ultrasonic echo transducer. The ultrasonic echo could, how-
ever, reveal the presence of a localized anomaly. That anomaly
could not be detected using GPR. The anomaly appeared
between x = 14 in. and x = 30 in. Ultrasonic echo results
indicated multiple reflections with changing phase shifts,
suggesting a shallow delamination. The IE frequency spectra
were disturbed at the location of the anomaly, containing
frequency peaks of lower frequencies than that of the backwall

Anomaly

Reinforcement

y-direction

Backwall

a T

y=161in.

Missing backwall echo

Figure Q.84. CPBS3, ultrasonic echo: D-scan aty = 16 in. Backwall can be
seen where anomaly does not shadow it. Reinforcement in y-direction is
seen at z = 3 in. Reflector of unknown origin is positioned at x = 26 in. at

backwall’s depth.
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x=15in.

x =20in.

Figure Q.85. CPB3, ultrasonic echo: B-scans showing backwall
at z = 25 in. and reinforcement in y-direction (a) and through
anomaly that caused backwall echo to disappear (b).

echo, also indicating the presence of shallow delamination.
However, the nature of the anomaly could not be con-
firmed. Both acoustic methods detected the backwall at
approximately z =25 in.

Shallow reinforcements were best seen using GPR. Defects
indicating a change of impedance from concrete to a material

(©)

(b)

(@

Figure Q.86. CPB3, US: 3-D
image of volume positioned to
reveal backwall and its shadowed
area due to a shallow anomaly.
With B-scan (a) positioned at

x = 21in., C-scan (b) atz = 25in.,
and D-scan (c) aty = 12in.

softer than the surrounding tunnel lining could be detected by
the acoustic methods: ultrasonic echo and IE. A delamination-
like anomaly was indicated. The depth of the anomaly was dif-
ficult to estimate, as ultrasonic echo analysis showed multiple
reflections of the defect within a cone broadening with depth.
IE spectra contained peaks of lower frequencies, indicating a
shallow reflector.

Test Field 4
Description of the Test Area

The last set of measurements at Chesapeake Channel Tun-
nel was taken inside the tunnel itself. The testing took place
overnight, as traffic control measures were needed. Mea-
surements were taken on tile-covered tunnel walls. The tiles
were 2 in. by 2 in.

Test area CPB4 was located between Station 486+28 and Sta-
tion 487, close to the north end of the tunnel, where an anom-
aly was previously detected in SPACETEC thermal images. As
seen in Figure Q.88, the scanner’s feet were mounted on the
wall near the joint. The test field was larger, covering a 48-in. by
36-in. area. The spacing for ultrasonic echo and IE was set at
1 in., and for GPR at 2 in. During the testing, the GPR, ultra-
sonic echo, and IE transducers were oriented such that their
length was parallel to the centerline of the tunnel. The mea-
surement started in the lower right corner of the test field.
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Figure Q.87. CPBS3, IE: D-scan of volume (a) and selected A-scans

representing echo from sound areas (b) and from areas with

anomalies (c).

Figure Q.88. Test area CPB4 near Station 486+28.
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(b)
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Figure Q.89. CPB4, GPR: 3-D image of volume positioned to reveal reinforcement, with
B-scan (a) positioned at x = 11 in.; C-scan (b) at z = 10 in., 4-in. width, and D-scan

(c)aty =4in.

The scanner moved upward and then left (south). Figure Q.88
shows snapshots of the test area and measurement system.

GPR Results

Figure Q.89, a 3-D image, summarizes the reinforcing elements
within the volume.

Steel bars were found in both the x- and y-directions in
GPR C-scans. The bars in the y-direction appeared to be
spaced 12 in. apart, at x=0in.,x=12 in.,, x=24 in., x =36 in.,
and x=48 in., running from 7-in. to 8-in. deep. The bars in the
x-direction were at y =4 in., y = 12 in., and y =30 in., at z =
61in.,z=101n.,and z=_8 in., respectively. Figure Q.90 includes
several C-scans at various depths.

Two D-scans taken at y=2.5 in. and y = 12 in. are shown in
Figure Q.91.

Figure Q.92a is a B-scan showing the rebars in the x-direction
cut at x= 18 in. Three rebars at different depths can be distin-
guished. Figure Q.92b is a B-scan taken at x =12 in., showing
one bar in the y-direction. The rebar does not run parallel
to the surface but is curved, which explains why the rebars
are seen at different depths in the C-scans. The rebar curves

from z =8 in. at x = 0 in. up to z = 6 in. at x = 36 in. The
rebars in the x-direction run above and under those in the
y-direction.

Ultrasonic Echo Results

The automatic scanning using ultrasonic echo provided no
useful information about the condition of the lining at CPB4.
Information about the bonding of the tiles could have been
gained by analyzing the individual A-scans. However, the
ultrasonic echo transducer was too large (4 in. by 3 in.) com-
pared with the size of the tiles (2 in. by 2 in.). The grid location
and spacing had to be adjusted such that meaningful data (one
A-scan per tile) could be obtained. However, the measure-
ments were interrupted by an unforeseen weather condition,
and no further measurements could be obtained.

Impact Echo Results

Intensifying foggy weather conditions interrupted the testing
during IE data collection because the tunnel had to be fully
opened to traffic. Therefore, only four scan lines were taken.
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Figure Q.90. CPB4, GPR: C-scans at different depths: (a) z = 1.6 in., (b)z = 6
in.,(c)z=7in., (d)z=28in.,and (e) z = 10in.
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Figure Q.91. CPB4, GPR: D-scans of steel bars along (a) x- and
(b) y-directions. Rebars in x-direction run above and under bars in
y-direction.

Steel bars x-direction

Steel bar y-direction

Figure Q.92. CPB4, GPR: B-scans taken at (a) x = 18in. and (b) x = 12 in.
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Figure Q.93. CPB4, IE: (a) D-scan, (b) typical A-scans for area with
seemingly debonded tiles, and (c) A-scans for area with seemingly

bonded tiles.

Earlier manual measurements indicated that IE is able to
evaluate the bonding between tiles and walls when A-scans of
individual tiles are analyzed. In the case of automated scan-
ning, the analyzed signal is the average of 20 signals recorded
close to the source. The dimension of the receiver is 4 in. by
3 in., which covers the area of two tiles. Therefore, evaluating
the condition of the bonding of one tile on the basis of auto-
matically collected A-scans is not exact. The grid location and
spacing had to be adjusted such that meaningful data (one
A-scan per tile) could be obtained. However, because of the
interruption of the measurements, this was not possible.

Figure Q.93 illustrates one of the D-scans along with two
representative spectral and temporal A-scans, showing signals/
spectra from apparently debonded and bonded areas.

Comparison of Results

GPR signals were not disturbed by the presence of the tiles
and could capture the reinforcement mesh behind the lining.
The IE signals carried useful information about the bonding

condition at tile-concrete interface and occasionally about the
lining itself. The grid location and spacing had to be adjusted
such that meaningful ultrasonic echo data (one A-scan per
tile) could be obtained. However, the measurements had to be
suddenly stopped.
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Estimated Depths to Defects
from Nondestructive Testing

Table R.1. Eisenhower Memorial Tunnel, Colorado (10/3/2011 to 10/4/2011)

First Layer Suspected Suspected Suspected Other
Reinforcement Backwall Delamination Crack Unknown

Segment 8 +17 ft, Eastbound

UST measured depth | 4.2 in. (to center) | na | na | na | 16.2 in.

Segment 8 +22.5 ft, Eastbound

UST measured depth | 3.7 in. to 5.1 in. (to center) | na | na | na | 17.21in.
Segment 10 +6.5 ft, Eastbound
UST measured depth | 4.1 in. (to center) | na | na | na | 16.11in.
Segment 11 +3.4 ft, Eastbound
BAM’s GPR measured depth 2in.to 3in. na na na 16 in.
BAM’s ultrasonic echo measured depth 2in.to 3in. na na na 16 in.
BAM'’s IE measured depth na na na na na
Note: BAM = Federal Institute for Materials Research and Testing; GPR = ground-penetrating radar; |E = impact echo; na = not applicable; UST = ultrasonic
tomography.
290

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

291
Table R.2. Hanging Lake Tunnel, Colorado (10/5/2011 to 10/6/2011)
First Layer Suspected Suspected Suspected Other
Reinforcement Backwall Delamination Crack Unknown
Segment 58 +Unknown Distance, Eastbound
BAM’s GPR measured depth 4in.to6in.to 3in. na na na na
BAM'’s ultrasonic echo measured depth 6in. na na na na
BAM’s IE measured depth na na na na na
Segment 57 +4.2 ft, Eastbound
BAM’s GPR measured depth 5in.to 8in. na na <3in. na
BAM’s ultrasonic echo measured depth 6in. na na <6in. na
BAM’s IE measured depth na na na na 22in.
Segment 57 +3.4 ft, Eastbound
UST measured depth 4.6in.t06.2in. 27.6in. 12.3in. Cracks extending na
(to center) to depth of
delamination
Segment 57 +2.2 ft, Eastbound
BAM’s GPR measured depth 1in.to 6in.to 3 in. na na na 12in.to 16 in.
BAM’s ultrasonic echo measured depth 4in.to 6 in. na na na 12in.to 16 in.
BAM'’s IE measured depth na 22in.to 24 in. na na 12in.
Segment 54/55 Joint, Eastbound
UST measured depth 3.6 in. (to center) na na na Possible voids
9in. deep
Segment 49 +11 ft, Eastbound
UST measured depth 4.3in.t0 5.1in. 29.6 in. to 32.4 in. na na na
(to center)
Segment 49 +6 ft, Eastbound
UST measured depth 3.7 in. (to center) 24.5in.1029.6 in. na na na
Segment 55 +16 ft, Eastbound
UST measured depth 29in.to 5.1in. na 8in.to 20 in. Cracks extending na
(to center) to depth of
delamination

Note: BAM = Federal Institute for Materials Research and Testing; GPR = ground-penetrating radar; IE = impact echo; na = not applicable; UST = ultrasonic tomography.
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Table R.3. Chesapeake Channel Tunnel, Virginia (10/11/2011 to 10/13/2011)

First Layer Suspected Suspected
Reinforcement Backwall Delamination Suspected Crack Other Unknown
Station 471 +80 ft, Southbound
UST measured depth 24in.to4.4in. 24.7 in. na na na
(to center)
Station 473 +56 ft, Southbound
UST measured depth 2.3in. (to center) 24.4 in. na na na
Station 474 +27 ft, Southbound
BAM’s GPR measured depth 1.5in.to 3in. na na na na
BAM’s ultrasonic echo measured depth 2in. 24 in. na na 15in.
BAM’s IE measured depth na 22in. to na na Indirectly
24 in.
Station 474 +27 ft, Southbound
UST measured depth 2.0in.to 2.6in. 241 in. na 9.0 in. Possible voids from
(to center) surface to 9-in.
deep in isolated
area
Station 481 +76 ft, Southbound
BAM’s GPR measured depth 2.5in.to 4 in. na na na na
BAM’s ultrasonic echo measured depth 2in.to4in. 28 in. na na 20 in.
BAM’s IE measured depth na 27 in. na na 20in.
Station 486 +67 ft, Northbound
UST measured depth 2.2in. (to center) 24.1in.to 19.2in. and Cracks extending to na
26.01in. 2.2in.in two depth of deepest
locations delamination
BAM’s GPR measured depth 1.6in.to 3in. na na na na
BAM’s ultrasonic echo measured depth 2in. 25in. na na 2in.
BAM’s IE measured depth na 25in. na na Indirectly
Station 486 +67 ft, Southbound
UST measured depth 2.0in.t0 3.0in. 24.3in. to na 8.6 in. na
(to center) 26.0in.
Station 491 +25 ft (Area Extended from Southbound to Northbound)
UST measured depth 2.7 in.t0 3.21in. 22.7 in. to 17.7 in. 9.8 in. na
(to center) 25.9in.
Station 488 (Southbound Tile Lining)
UST measured depth 43in.to 7.7 in. 25.0in. to 15.7 in. na na
(to center) 30.0in.
Station 486 +9 ft (Southbound Tile Lining)
UST measured depth 4.8in.t09.4in. 28.1in. to na 8.6 in. na
(to center) 31.0in.
Between Station 486 +28 ft and Station 487 (Southbound Tile Lining)
BAM'’s GPR measured depth 6in.to 10in. na na na na
BAM’s ultrasonic echo measured depth na na na na na
BAM’s IE measured depth na na na na Bonded and
debonded tiles
Station 481 +76 ft, Southbound
UST measured depth 2.0in.t0 3.6 in. 26.6 in. to 20.2 in. na na
(to center) 28.4 in.

Note: BAM = Federal Institute for Materials Research and Testing; GPR = ground-penetrating radar; IE = impact echo; na = not applicable; UST = ultrasonic tomography.
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Concrete Permeability Laboratory Study

Introduction

Ground-penetrating radar (GPR) has been widely used for sub-
surface characterization by geologists, archeologists, and engi-
neers. For civil engineering applications in pavements, GPR has
been used to determine pavement and soil layer thickness and
moisture content. The use of GPR in cementitious materials
such as concrete, however, is still rather limited. Concrete is a
widely used construction material made by combining cementi-
tious materials with water, which forms a nanoporous network
and binds aggregates together. The porous cementitious matrix
contains hydration products and water that exists in the bulk
state in the macropores or physically and chemically bound to
the pores that fall in the micropore size range. The pore struc-
ture of cementitious materials controls mechanical properties,
from compressive strength to other time-dependent mechani-
cal behaviors such as creep.

Concrete structures suffer long-term deterioration from
various environmental exposures. For example, in cracked
concrete tunnel linings surrounded by moisture-bearing
materials, moisture may infiltrate through the crack to the
tunnel tiles if present and possibly delaminate them. Perme-
ability of concrete directly influences the capability of the
concrete to withstand chemical attack internally and is thus
of great interest to engineers. The ability to determine the
condition of concrete and whether any anomalies exist inter-
nally without having to perform destructive testing will allow
engineers to conduct inspections at a much lower cost and in a
shorter period of time. Engineers have to destructively obtain
concrete cores from the field to determine properties such as
moisture content and permeability.

The characteristics of electromagnetic wave propagation in
materials are dependent on many factors, one of which is the
dielectric properties of the material. The interaction of electro-
magnetic waves in composite materials, such as cementitious
materials, is inherently complex, in part because of the differ-
ence in electrical properties of constituents within a composite.

293

The dielectric properties of materials directly affect the propa-
gation of electromagnetic waves. To interpret output from GPR,
a thorough understanding of the dielectric properties of the
material is required. The solid constituents of porous materials
usually have low relative permittivity. However, the porous
matrix itself may contain various amounts of water, which
greatly influences the dielectric properties in the bulk scale
because of water’s high relative permittivity.

The microstructure of cementitious materials is compli-
cated, with dimensional scales spanning many orders of mag-
nitudes. This complexity, however, may be exploited to allow
engineers to indirectly determine moisture content and pore-
size distribution from dielectric response, from which trans-
port properties of cementitious materials may be inferred.
Such understanding is required to develop moisture content
and permeability correlation to dielectric response, and sub-
sequently, development of nondestructive testing (NDT) using
GPR for various types of concrete structures. In this research,
the researchers sought to understand fundamental electrical
properties of composite cementitious materials for electro-
magnetic waves at microwave frequencies through experimen-
tation and modeling. The dependence of dielectric response of
cementitious materials to pore structure and moisture content
is examined in this appendix.

Background and
Literature Review

Materials that conduct charges poorly in the presence of an
electric field are known as dielectrics. The charges do not
move freely under an applied electric field. Instead, the
charges polarize; they align with the field polarity, such as is
found in the case of a parallel plate capacitor. The ability for
the material to polarize is defined as the relative permittivity
of the material. Relative permittivity is often referred to as
dielectric constant in the literature. The term complex permit-
tivity will be used in the rest of this appendix, which quantifies
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the relative permittivity €, as a function of the dielectric
response of the different materials within the cementitious
composite that may or may not contain an imaginary part.
This will be explored in greater detail in the theory section.

The dielectric response of soils has long been a research
interest in fields such as geophysics, geotechnical engineering,
archaeology, and so on. Soils are porous mediums containing
one or more fluids in their pore space. A model for soil mois-
ture and its associated relative permittivity was developed by
Wobschall (I). Applications of GPR in civil engineering
applications are well documented see (2—8). Comprehensive
reviews on GPR were written by Saarenketo and Scullion on
pavements (7) and Huisman et al. on soil moisture content
determination (9). Many previous researchers have deter-
mined composite dielectric response empirically, e.g., Topp
et al. (10). Other methods have also been developed for esti-
mation of moisture content, where the moisture content was
determined by solving an inverse problem with GPR data
(2, 11, 49). In cementitious materials, the dielectric response
was studied by Lee and Zollinger (49) and Miura et al. (12) who
examined a range of frequencies to determine degree of hydra-
tion. Various mixture laws have been suggested to model the
dielectric response of mixtures of sand, gravel, and water with
known constituent properties (13) for use in cementitious
materials, but the models were not validated with concrete or
cement measurements.

For measurement of concrete permeability in the laboratory,
rapid chloride ion permeability (ASTM C1202) is widely used,
but the results can be significantly affected by differences in the
pore-solution chemistry between different concrete samples.
Jones and Grasley (14-16) developed dynamic pressurization
and radial flow-through techniques for measurement of intrin-
sic concrete permeability with cylindrical samples. With this
technique, however, cores have to be taken from an existing
structure, and full saturation may be hard to achieve. Basheer
and Nolan (17) developed in situ air permeability measurement
techniques. However, permeability obtained from the tech-
nique is highly dependent on internal relative humidity (RH),
and only the surface permeability can be obtained.

For pavement engineering applications, GPR operates by
measuring reflected electromagnetic waves from different layers
that result from impedance mismatch between the layers. The
GPR has a transmitting antenna operating at a certain fre-
quency and a receiving antenna that records the reflected waves
in the time domain. Air-coupled GPR has an antenna that is
situated at some distance from the pavement surface separated
by air. The layers are assumed to be perfect dielectrics with no
losses associated with propagation of the electromagnetic wave
through them, which greatly simplifies the analysis of pave-
ment thickness and determination of a composite dielectric
constant. Such an assumption cannot be made in concrete
materials because concrete has a nonnegligible loss component
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in complex permittivity. The measured loss tangent for satu-
rated concretes range from up to 0.5 between frequencies
200 MHz and 6 GHz. The theory section will outline the limi-
tations of time domain reflectometry methods (TDR) in deter-
mining the dielectric response of concrete materials.

Dielectric relaxation is the time/frequency dependent dis-
sipation of electromagnetic wave energy in materials that
results from effects such as dipolar relaxation at the frequen-
cies of interest in this research. At low frequencies, water
molecules polarize almost instantaneously to an alternating
electric field without any loss. Dielectric relaxation occurs at
higher frequencies (~14 GHz) when the rotation of water
molecule dipoles lags behind the alternating electric field,
causing dissipation of electrical energy in the applied electric
field through heat. Figure S.1 shows the complex permittivity
of pure water and water containing conductive ionic species
at a concentration commonly found in the pore solution of
mature concrete (18).

This literature review is not intended to be a comprehen-
sive review of all of the completed work on the topic of dielec-
tric relaxation. Research on dielectric relaxation on organic
materials will likely be of little relevance to cementitious
materials. Relevant work done on the dielectric relaxation
constituents in cementitious materials, including bulk water
and water in confined spaces such as porous glass and soils,
will be the focus in this literature review.
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Figure S.1. Complex permittivity of water
modeled after empirical equations in work
of Meissner and Wentz (19). Abscissa is
frequency (GHz) in log scale, and dielectric
constants (real and imaginary) are on
ordinate. Dashed line indicates effect of
minimal salt addition to complex permittivity
of water, where at low frequencies a loss
resulting from conduction is most apparent.
The dashed red and solid blue lines that
start at 80 at 0.01 GHz are for €'; the other
two lines are for €".
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Dielectric relaxation of materials typically depends on fre-
quency of the applied electric field and temperature, where
lower temperature lowers the relaxation frequency. Jonscher
(20) has written a thorough review on dielectric relaxation of
solids. For more complex materials, a review on the concepts
and measurement methods are described in the work of
Feldman et al. (21). While the properties of bulk water con-
taining conducting species at various concentrations (i.e., sea-
water) have been extensively studied over a wide temperature
and frequency range (19, 22-27), the behavior of water near
interfaces is known to be drastically different (21, 28-32). For
confined water such as that found in nanoporous mediums,
the physical and electrical properties change dramatically. The
dielectric response of water near interfaces can be found in a
thorough review by Michot et al. (31). A survey of loss mech-
anisms (both conduction and polarization) was given in the
work of deLoor (33). At current frequency range (>50 MHz)
of interest, mechanisms that affect losses include bound
water relaxation, bulk water relaxation, and conduction. Clay
materials contain structural water, and selected clays’ dielec-
tric properties were studied by Ishida et al., where nonbound
water, bound water, and interfacial polarization were identi-
fied as mechanisms for dielectric relaxation (34).

Other types of porous materials may possess a solid skele-
ton that resembles porous glass, which is not granular like
most soils. Experimental work on dielectric relaxation in satu-
rated porous media has been studied with controlled porous
glass. Some of the work done on the characterization of water
dynamics with porous glasses, for example, Feldman et al. (28)
studied porous sodium borosilicate glass between 20 Hz and
1 MHz at different temperatures. A change in relaxation time
resulting from water was observed between different pore sizes.
The dynamics of water are hindered by the presence of inter-
faces. Such a shift in relaxation time was also observed in the
work of Feldman et al. (30) on porous glass.

Both early and mature age cement paste dielectric responses
at microwave frequencies have been previously studied by the
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use of waveguide methods (35-38). Previous studies on cement
pastes have focused on the evolution of dielectric response of
cement paste due to hydration (37). For determination of
moisture content and permeability, the microstructure of the
cement paste must be considered. A representative volume ele-
ment of a hydrated cement paste is shown in Figure S.2.

The solid matrix consists of calcium silica hydrates (CSH),
which contain physically bound water in nano-sized pores,
and chemically bound water that is a part of the CSH struc-
ture. Capillary pores are filled with water containing various
ions, and interfaces exist within the boundary between the
bulk pore water and solid phases. In addition, interfaces are
found within the CSH structure itself, often in very small
length scales. Waters contained in these different length scales
have different dielectric relaxation times, as demonstrated in
pervious works on complex permittivity in other types of
porous media.

Theory

The interaction between matter and electromagnetic waves is
described by Maxwell and Garnett’s equations (39). For dielec-
trics, the constitutive equation of material response under the
presence of an electric field is given as Equation S.1:

D=gE+P (S.1)

where Dis the electric displacement field, €, is the permittiv-
ity of free space,é is the electric field, and P is the polariza-
tion of the material as a function of the applied electric field.
In a dielectric material under the presence of an electric field,
the molecules in a dielectric material polarize by aligning
along the applied field. At small field strengths, material
behaves linearly at the presence of an electric field. The
polarization P for linear materials is defined as Equation S.2:

P= xesoﬁ (S.2)

Figure S.2. Schematic of an arbitrary fully saturated pore
network. Water near and immediately adjacent to solids has
different properties compared with that of bulk water.
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where 7, is the electric susceptibility of the material. Dielectric
displacement can thus be written as shown in Equation S.3:

D=g,(1+%.)E=¢eoe,E (S.3)

where €, is the relative permittivity of the material. In an isotro-
pic, homogeneous material, €, is a scalar. Cementitious materi-
als are assumed to be isotropic and homogeneous for this
investigation because the wavelength is 15 mm at 6 GHz
assuming a refractive index of 3.2, which is much longer than
any inhomogeneity found in cementitious materials. A perfect
dielectric will have no dissipation of electrical energy. Materials
experience dielectric dispersion/loss when polarization cannot
follow an alternating electric field at certain frequencies. This
time dependency of polarization can be written as shown in
Equation S.4:

P(t)=¢, j xe (t—t")E(t")dt’ (S.4)

whereP(1) is now a convolution of electric susceptibility (time-
dependent) integral of a time-dependent electric field with
reduced time ¢”. Dielectric displacement from Equation S.4 can
then be written in the frequency domain by applying integral
transform as shown in Equation S.5:

D(w)=¢' (0)&E(0)=E&(0)E() (S.5)

where D(m)is the dielectric displacement, €(w) is the abso-
lute permittivity, E(®) is the electric field, and €*(®) is the
complex permittivity in the frequency domain, respectively.
€7(m) has real and imaginary parts and is written as shown in
Equation S.6:

& (w)=¢/(0)+iel(®) (8.6)

where €/(®) is the real part of the complex permittivity, i is
the imaginary number, and €(®) is the imaginary part of
the complex permittivity. The real part of complex permittiv-
ity indicates the ability for a material to polarize, thus storing
charge. The imaginary part of complex permittivity describes
losses in the electrical energy resulting from conduction and/
or the lag in the polarization of molecules at certain frequen-
cies (dipolar losses). Pure water, for instance, is a good insula-
tor that has a fairly constant complex permittivity (i.e., real)
up to the GHz range of frequency.

In a parallel plate capacitor electrical energy is stored on
each side of the plates under an applied electric field. When a
dielectric material is inserted between the plates, the charges
within the material polarize. Charges in a dielectric material
require a finite amount of time to reorient to the direction of
an applied electric field. At microwave frequencies, molecules
such as water cannot align to the externally applied electric
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field. This delay causes dissipation in electrical energy. This
relaxation time is normally many orders of magnitude larger
than that observed in mechanical stress relaxation. For water,
the relaxation time is in the order of picoseconds, whereas
for viscoelastic materials such as polymeric materials, it is
many orders of magnitude above picoseconds. This time-
dependent response can be represented with empirical mod-
els such as the classical Debye model (40). When discharged,
the material returns to the nonpolarized state over time,
and the time required for relaxation is governed by the
relaxation time. When an alternating field is applied to a
material, the rate of polarization cannot follow the field at
certain frequencies as a result of different mechanisms,
causing dielectric relaxation.

Ground-Penetrating Radar
Theory of Operation

A linearly polarized electromagnetic wave sent by a transmit-
ting antenna (incident wave) to the surface layer of a concrete
layer is partially transmitted into the concrete from refraction,
while the rest is reflected on the surface. The reflection is due to
an impedance mismatch between the two layers, meaning they
have different refractive indices, which is a function of complex
permittivity. Figure S.3 illustrates the propagation of the elec-
tromagnetic wave from an air-coupled system into concrete.

As a simplification, several assumptions can be made: the
concrete has no steel reinforcement; the electromagnetic wave
will entirely dissipate while traveling in the concrete (i.e., no
reflection from the second interface or any reflection from the
second interface is dissipated); only two layers of air and con-
crete exist; the concrete has a uniform moisture profile (i.e.,
constant complex permittivity through depth); and the wave
propagates perpendicular to the concrete layer. The electromag-
netic wave propagating through a one-dimensional space (z)
and time (#) is given as shown in Equation S.7:

E(z,t)= Ege-zeil@-$2) (S.7)

Figure S.3. GPR wave pulse reflection and
refraction from concrete slab.
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where z is the location from the origin, ¢ is the time, E; is half
of the magnitude of the wave, 0. is the attenuation factor, and
B is the phase coefficient. In a no-loss propagation medium
such as air, oo and J are given as shown in Equation S.8:

B =m~Uer = O~/ o€ = M/Ho (S.8)

where 1, is the magnetic permeability of free space in units in
Newton Ampere?, and , is the relative magnetic permeabil-
ity of a material. For nonmagnetic materials, p, = 1. The ratio
of the magnitude of the incident wave and reflected wave is
the reflection coefficient given as shown in Equation S.9:

m—n
Nz = - 2 (S.9)
m+mn

where # is the refractive index of a particular layer, and sub-
scripts 1 and 2 denote the air and concrete layers (i.e., air
and concrete), respectively. The variable n is defined by
Equation S.10:

n=+&W, (S.10)

Because air and concrete are nonmagnetic and assuming
that the bedrock layer is nonmagnetic, the refractive indices
are given as shown in Equations S.11 and S.12:

M =VErair =1 (Sl 1)
1y =\ conc (©) =&, (W) +ig, (©) (8.12)

The reflection coefficient of a boundary can thus be rewritten
as shown in Equation S.13:

1-ve (o) +ig, (0)”

nlz - ’ ”
1+\/e, (o) +ie, ()

(S5.13)

Note that the reflection coefficient is complex because the
concrete layer has an imaginary part in complex permittivity.
Because the GPR operates by measuring the time and magni-
tude of the reflected wave, the time and magnitude of the
arriving wave pulse will change as a function of both the real
and imaginary part of the complex permittivity. In short, the
ratio of the magnitude of the incident and reflected wave rep-
resents the complex permittivity in imperfect dielectrics such
as concrete. Using the magnitude of the incident and reflected
wave to compute a complex permittivity with no-loss parts
will lead to an over prediction of the real part of the relative
complex permittivity.

In reality, if the electromagnetic wave does not entirely dis-
sipate, the refracted wave through the concrete/air interface
can be recorded in the time domain. Two phenomena occur
during this time: attenuation of electromagnetic power and
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decrease in electromagnetic phase velocity in the reflected
wave from the second interface. The assumption of perfect
dielectric layers means that no attenuation occurs because the
electromagnetic wave energy is stored and released as the elec-
tromagnetic wave propagates without losses from conductor
or dipolar reorientation. The reflected wave in the concrete/
bedrock layer resulting from an imperfect dielectric will there-
fore have a smaller magnitude. In the case where the waveform
is not completely dissipated in the concrete, the ratio of the inci-
dent wave within the concrete and from the reflected wave on
the concrete/bedrock surface cannot be used to compute the
dielectric constant of the bedrock layer. Without calibration,
doing so will lead to an erroneous complex permittivity of the
bedrock layer, and any determination of thickness will not be
valid. In both cases, no information is given about the imagi-
nary part of the concrete with TDR. If a perfect conductor exists
behind the concrete where the incident wave is completely
reflected at the interface between the concrete and the conduc-
tor, the decrease in amplitude of the electromagnetic wave can
be used to compute the imaginary part of the complex permit-
tivity in the concrete.

Despite ample evidence of the dielectric relaxation of nano-
porous, saturated media being strongly affected by the pore
structure, the GPR systems evaluated in this research can only
determine the magnitude of complex permittivity on the sur-
face, and not the individual real and imaginary parts.

Modeling of Composite Complex Permittivity

As mentioned in previous sections, composite properties of
the cement paste depend on the properties of the individual
phases’ complex permittivity. The problem of determining
effective properties of a medium is the problem of homogeni-
zation of partial differential equations, which considers well
separated but different length scales to obtain an effective
tensor for the constitutive properties of the composite in the
bulk scale. Homogenization requires knowledge of the micro-
structure and can be numerically intensive, and both of the
aforementioned limitations are not considered in the scope of
this research. The research team instead seeks the bounds
and models of the effective tensors with known or inversely
determined/backcalculated properties in each of the composite
constituent phases, either to validate the experimental results in
the case of composite viscoelastic properties of rubber-filled
cement paste, or to gain insights into relations between the
microstructure of cement paste in relation to complex permit-
tivity. Equations for composite complex permittivity bounds
for two-phase and three-phase materials will be presented.
The bounds for real-valued tensors were derived by Hill (41);
more restrictive bounds were derived by Hashin and Shtrikman
(42) by solving for the composite constitutive property in an
assembly of coated spheres, provided the spheres do not disturb
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the surrounding field and the constitutive property of the
phases are positive and real. The bounds are subsequently
derived using Hashin—Shtrikman’s variational principles. All of
these derivations assume that the externally applied stimulant/
field is static in nature. In the literature, bounds were derived for
conductivity tensors and various other constitutive properties,
all of which are completely analogous to effective complex per-
mittivity, and as such, the bounds can also be applied to effective
complex permittivity problems.

As mentioned in the background section, relative permit-
tivity can be complex. To find the bounds of a composite
complex effective tensor, several researchers developed varia-
tional principles by transforming the frequency domain D
and E (complex) into real equations. Lossy constituents rep-
resented by complex permittivity contain positive values for
the imaginary part, and when the imaginary part of the com-
posite is a positive definite, variational principles can be
applied (43). This method was used to derive bounds for a two-
phase, complex bulk modulus. Analytic methods can also give
tight bounds in the complex plane and were used by Bergman
to derive complex permittivity for a two-phase material (44).
Finally, for a three-phase complex composite material, the field
equation recursion method (45) was used to bound the com-
posite complex permittivity.

Composite Constituents

Consider a case of a saturated cement paste. An illustration
was shown previously in Figure S.2. The simplest case is a
composite containing only water, with no geometrical effect
on its dielectric properties, and solid. First, bounds for a two-
phase composite with known dielectric properties for its con-
stituents are developed and compared with experimental data.
Then one examines the case of a three-phase composite where
the geometrical effects on the dielectric properties of water are
considered, namely, a distinct separation between confined
water and bulk water. The experimental data are compared to
the bounds and an effective medium theory model, where the
properties of the confined water are determined. Last, the
moisture content in a partially saturated case are modeled as a
four-phase composite consisting of air, in addition to solid
and water subject to various levels of geometric confinement.
The complex permittivity of water used in the model is as
shown in Figure S.1. The solid is assumed to be the oven-dried
complex permittivity of the specimens (€,=6), and the air has
a relative permittivity of €, = 1.

Bounds on Complex Permittivity
of a Two-Phase Composite

Before considering the more complicated cases, let us assume
a completely saturated cementitious matrix with water and a
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hydrated cement matrix with relative complex permittivities
of &, () and €%,,(®), respectively. Individual phases in the
hydrated cement paste are not expected to have drastically dif-
ferent complex permittivities. In fact, most of the solid phases
have high resistivity (negligible ohmic losses) and negligible
dipolar losses, which give the solid, hydrated cement paste a
real relative permittivity only. Water within the pore space is
assumed to behave like bulk water. Complex variables in terms
of the complex permittivity of composite constituent phases
and effective composite complex permittivity are defined by
Bergman (44) as shown in Equations S.14 and S.15:

s(m)sw (S.14)
Eem (®) =€y ()

and

(o)) = (@) =€ (@) 519

€lem ()

where €% (®) is the effective complex permittivity of the com-
posite. For a two-phase isotropic composite with known vol-
ume fractions (from porosity) and complex permittivities,
the bounds in F(s) are derived with the analytic method and
are given as shown in Equations S.16 and S.17:

(o) =—— 2= o
s(m)(s(w)—so _E(l_q)))
and
) O(s(®w)—s0)
b ((D) = (S(m)_so)(s(w)_ l(l—q)))— (d_ 1) (l_q))(l —50)
d d
(S.17)

where d is the dimension of the system (in this case, d =3 for
a three-dimensional system), s, is a variable that defines the

(d-1)

bound, and ¢ is the porosity. For F}, 0 <5, < , and for

-1

F,, < sy < 1. Bounds on the effective composite permit-

tivity can be found by solving Equations S.16 and S.17 for
el ().

Bounds on Complex Permittivity
of a Three-Phase Composite

The complication arises when water under geometric confine-
ment in nanoscale pores exhibits more drastically dynamic
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properties than bulk water, such that the dynamics of water
molecules are hindered, as mentioned in the literature review.
This geometrical confinement is well documented in the litera-
ture. With this consideration in mind, pore water in the cement
paste is separated into two phases, and the research team
defined the additional phase as confined water, with an associ-
ated complex permittivity €%, (®). The bounds are derived with
the field recursion method described by Milton (45) and given
as shown in Equations S.18 through S.20:

1 < 00=po) O
Scem ecem ecem
Im[ } Im[ } Im[}
E€cem — Eeff €cem — Ecw ((»0) E€cem — Ebw (0‘))
(S.18)
1 < Opow
[ Ea (®) } [ ) }
Im B — m —:
Eaw () — Eert Ecw (M) = Epy (M)
o
+Im[ ) } (S.19)
8cw((ro)_gcem
Eeff (0)) = flecw ((1))+f28bw ((D)+ f3>€cem
~ [ fi cos(8)+ f> sin(8)— f; (cos(8) +sin(0))]’
‘c“( e 2(9)+‘°"’Wf( (0 G2 (0)
+ 8;“‘ (cos(8) +sin(6))? (5.20)

where the parameter 6 describes the bounds and varies from
0t0 2, f; = 0(1 — o), fr=Opuw f5 = 0, and py,, is a new dimen-
sionless variable that represents the volume fraction of bulk
water within the water in the pore space. All of the relative
permittivities of the individual components can be frequency
dependent. The reader is directed to (45) for a thorough
review of the theory and derivation of the bounds.

To use the derived bounds, cement pastes of different
water-to-cement (w/c) ratios are first modeled with known
porosities (invariant with frequency) and compared with the
measurement results. For a two-phase system, the pore water
in the cement paste is assumed to behave like bulk water,
without any geometrical confinement effect. Then for a
three-phase system, the research team extends the modeling
of bounds along with an effective medium theory where the
pore water is separated into two phases: bulk water and con-
fined water. With the known complex permittivities of bulk
water and cement paste, and the assumption that a certain
percentage of confined water exists in the structure (from
desorption isotherms), the properties of confined water can
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be fitted to the effective medium theory model and compared
with the bounds of a three-phase material. An effective
medium model of four phases (solid, bound water, confined
water, and air) is used to develop collections for predicting
moisture content versus complex permittivity and is com-
pared to experimental results.

Effective Medium Model for Three-
and Four-Phase Composites

In some cases, the bounds given in the previous sections
are not useful for modeling purposes because the bounds
themselves are overly broad, such as the bounds given in the
three-phase composite case. To model moisture content of
hardened cement paste, the Bruggeman formula (46) is used,
assuming a three-dimensional space. The assumption is that
interfacial polarization occurs at a much lower frequency
(~1 MHz) and is neglected at this frequency range as shown
in Equation S.21:

m

—E&e
Z —— =0 (S.21)
— € +2€eff

where m is the number of phases in the composite. For m =3
(three-phase composite), Equation S.21 is written as shown
in Equation S.22:

Ebw — Eeff Ecw — Eeff Ecem — Eeff

fi + £ +f5 =0

Epw T+ 28eff Ew t+ zgeff €cem T 28eff

(5.22)

For m =4 (four-phase composite), Equation S.21 is written as
shown in Equation S.23:

, Ebw — Eeff , Ecw — Eeff , Ecem — Eeff
fi + /12 + /3
Epw T+ zeeff Ew t+ zgeff €cem T+ zeeff
Eair — Eeff
+fi———=0 (S.23)
Eair + 2"geff

f1iis used to denote that the previously given formulations of f;
are different. S denotes the state of saturation of the pore space,
where f1=S0(1 = p), f2= SOpuw f5=f= ¢, and f3 = (1 = 5).
€. 1N Equations S.22 and S.23 can be solved analytically with
different roots, and because the components of a complex €.¢
have to have positive values for both real and imaginary com-
ponents, only the positive root is the valid solution. For a three-
phase saturated cementitious composite system, the bound
water complex permittivity €, is determined from the satu-
rated case by setting €. equal to an experimentally determined
value at a given frequency. To predict the response €. as a func-
tion of saturation, €. from Equation S.23 can be solved by
using the €, determined from a three-phase case.
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Laboratory Testing

The desorption isotherm of specimens was determined with
the mass loss method, where the specimens were placed in
an RH-controlled chamber at constant temperature and the
mass loss was recorded. Porosity was determined by com-
pletely drying the specimen in an oven. For relative and com-
plex permittivity, the effective range of penetration of the
percometer was determined. The operating frequency of
the percometer was 40 MHz to 50 MHz with the probe
selected. The percometer (Figure S.4) operates on the princi-
ple of time domain reflectometry for determination of relative
permittivity. For the determination of complex permittivity
with respect to frequency, a coaxial dielectric probe was used.
The method of operation for the coaxial dielectric probe was
described in the work of Blackham and Pollard (47). Dielec-
tric measurements at frequencies between 200 MHz and
6 GHz were performed with a coaxial dielectric probe and vec-
tor network analyzer manufactured by Hewlett Packard
(Agilent), model numbers 85070B and HP8753C, with the
S-parameter test set, respectively. This method is hereafter
referred to as VNA. Previous testing indicated that the change
in complex permittivity ceased after about 7 days with cement
pastes from the same type of cement, regardless of the w/c ratio.
Nevertheless, all specimens tested were mature (>28 days).

Materials

The following materials were used for fabrication of concrete
specimens: ASTM Type 1 portland cement, crushed limestone

Figure S.4. Determination of
percometer penetration depth with
cement paste cast on stainless
steel at different thicknesses. Probe
of percometer uses a frequency of
40 MHz to 50 MHz.
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Table S.1. Mixture Designs for Concrete Specimens

Mass per Volume

(kg/m?3) Mixture A1 | Mixture A2 | Mixture A3
Water to cement 0.4 0.5 0.6
Water 210 210 210
Cement 525 420 350
Coarse aggregate 907 907 907

Fine aggregate 692 780 839

as coarse aggregate, and river sand as fine aggregate. The same
type of cement was used in cement paste specimens.

Concrete

Specimens were made with embedded RH sensors for mea-
surement of relative complex permittivity at the concrete sur-
face with the percometer, and VNA 0.4-, 0.5-, and 0.6-w/c
concrete specimens were fabricated. The specimen dimensions
were 12 in. in diameter and approximately 6 in. tall. Plastic tub-
ings were covered with a fibrous filter and inserted into a cylin-
drical tube normally used in construction, and concrete was
cast around the tube. A plastic petri dish cover was placed onto
the center of the fresh concrete surface on the top. This ensured
that the coaxial dielectric probe had a flat, smooth surface for
measurement. These mix designs are shown in Table S.1.

Specimens were covered for curing for 24 hours in a moist
curing room before demolding. Specimens were wrapped on
the bottom and the sides with tape to allow drying on the top
surface of the specimen only. The specimens were then placed
in a 100% RH moisture curing room for 28 days before test-
ing. Specimens were placed in an air conditioned laboratory
for drying. Wires containing the RH sensors on one end were
placed in the plastic tubes and sealed. RH and temperature
were measured with a data logger, and data were downloaded
from the logger periodically. (See Figure S.5.)

Figure S.5. Concrete specimen illustration.
RH sensors on end of wires were placed in
plastic tubes and sealed with rubber tape to
prevent moisture from escaping.
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Measurements were taken with the percometer periodi-
cally. The coaxial probe (from VNA) was placed in a holder
and calibrated before testing. During testing, the specimen
was moved underneath the probe. The probe was then placed
in contact with the concrete with minimal movement to the
cable to ensure accurate and repeatable measurements. The
data were recorded with the software provided by the manu-
facturer on the computer. A total of four readings were made
on the measurement area/surface each time, and the averaged
reading was reported.

Cement Paste

For the cement paste specimens, the mixing procedure fol-
lowed procedures in ASTM C305-06. Two types of specimens
were fabricated: one for testing with the VNA and the other
for determination of penetration depth of the percometer.
Fresh paste was placed into plastic petri dishes after mixing
and covered to prevent moisture loss. Specimens with w/c
ratios ranging from 0.4 to 0.6 were fabricated at 0.1-w/c
increments. Specimens were demolded at the earliest possible
time and placed in deionized (DI) water to ensure saturation
and to remove as many ions from the pore water as possible
to remove effects that result from conducting ionic species.
All of the specimens were placed in saturated DI water to cure
for at least 28 days. The permeability of the specimens was
determined by the dynamic pressurization method (16) with
solid cylindrical specimens. Each cement paste specimen was
tested three times at the point where the probe made contact
on slightly different locations of the specimen surface, as
illustrated in Figure S.6. Mass loss for 0.4-, 0.5-, and 0.6-w/c
ratios was measured by pulverized, mature specimens for
desorption isotherm determination.

Figure S.6. Complex permittivity
determination with dielectric probe. Small-
diameter side of specimen (0.4 w/c) is also
bottom of casting surface in petri dishes,
providing smooth surface for probe.
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After calibration, the specimen was placed on the bottom
of the probe and the data were recorded. Four areas were
tested near the center of the specimen. After testing the cement
paste specimens at a saturated state, the specimens were placed
in controlled RH chambers (saturated salt solution). Speci-
mens were tested 30 days after being placed in the chambers.
For the percometer testing, 0.4-w/c paste was cast on a stain-
less steel plate. Readings were taken at different time intervals
because the specimen was cast. The thickness ranged from
3 mm to 37 mm. The specimen was placed in a bucket par-
tially filled with water for curing.

Porous Ceramics

Porous ceramic specimens were also purchased for testing.
Porous ceramics were manufactured from ball clay, and the
chemistry is proprietary. Permeability of specimens was pro-
vided by the manufacturer. A total of four specimens were
purchased from the manufacturer for testing. Two were placed
in DI water and vacuum saturated for 24 hours for testing
with the VNA. The specimens had a diameter of 25.4 mm and
a height of 10.26 mm. For desorption isotherm measure-
ments, two specimens were saturated with DI water, and their
mass loss was measured with a precision scale. The specimens
had a diameter of 50.8 mm and a height of 7.14 mm.

Test Results

Figure S.7 illustrates the data from the desorption isotherm
of 0.4 w/c, 0.5 w/c, and 0.6 w/c. The cement with higher w/c
tended to have a lower saturation level as a function of RH.
The initial weight of the specimen (saturated surface dry) was
obtained by determining the point at which the mass loss

1 T T T T T
—e—0.4 w/c
—=—0.5w/c
0.8 |——0.6 w/c
—>—15 bar
—+—5 bar
L o6t -
c
kel
[
=}
< 0.4 - i
[}
0.2 + i
0 f Il Il Il
40 50 60 70 80 90 100

RH (%)

Figure S.7. Desorption isotherms from
fabricated cement paste specimens.

As expected, larger pores were found in
higher-w/c-ratio specimens.
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started to equilibrate by diffusion rather than evaporation of
water on the specimen holder and specimen surface. Satura-
tion was determined from the amount of free water in the
specimens. At full saturation, S = 1, and when pores were
completely emptied, S = 0. Pore sizes can be determined from
sorption isotherms (48); and a sharp decrease in mass loss at
higher RH levels indicates that more large pores are present,
which is an indication of a high w/c ratio. For the concrete
blocks, the measured RH is shown in Figure S.8.

RH in Concrete Specimens Versus Time

The measurements of internal RH in the concrete blocks along
with the ambient RH are shown in Figure S.8. For the 0.4- and
0.6-w/c specimens, the abnormal fluctuations in the ambient

or Within Tunnel Linings

RH were caused by a malfunctioning air conditioning system in
the laboratory.

Even with the top sensors situated only about 9 mm from
the surface for all of the specimens tested, the RH level did
not significantly decrease until about 100 hours after they
were placed in the laboratory. This indicated that the surface
moisture content was significantly lower compared with the
moisture content within the concrete. A moisture gradient
was present in the concrete specimens.

Relative and Complex Permittivity
of Concrete Specimens

As the manufacturer noted, the measured €, is reliable when
the material conductivity is under a certain threshold. For the

100 T T T T 100 100 T T T T 100
-4 80
—_ 7] 60 —_
I 3 T 2
hd = @ =
440
——Sensor 1 — Sensor 1
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Figure S.8. Concrete RH measurements as a function of time. Note difference in drying rate
between 0.4-w/c specimens and 0.5-w/c specimens. The 0.6-w/c specimens had water
entrapped in sensor tube, and readings were erroneous.
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Figure S.9. Percometer readings on
concrete specimens as a function of time.
Note that despite variation in ambient RH,
decrease in relative permittivity (possibly
a complex reading) does not vary.

surface probe used in this research, <2,000 uS/cm is the rec-
ommended value. Values beyond that will affect the measure-
ments. Most likely, the measured value from the percometer is
actually the magnitude of the complex permittivity when the
material is lossy. For the percometer measurements, the mea-
sured €, readings of concrete versus time elapsed since drying
are shown in Figure S.9 and the readings of cement paste versus
thickness of cement paste are shown in Figure S.10.

The corresponding probe’s range of readings for €, is
between 1 and 40. When the range is exceeded, no reading is
shown on the percometer, and it is represented by €, = 80 for
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Figure S.10. Real part of permittivity as
function of cement paste specimen
thickness.
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comparison purposes. The range of penetration for a wet
cement paste specimen is shown to be about 10 mm to 15 mm
for cement paste. The complex permittivity is likely lower than
that in the case of concrete, because of the presence of aggre-
gates, and in partially saturated systems. In both of the cases
mentioned, the depth of penetration will be higher.

The results from complex permittivity testing of concrete
slabs with VNA are shown in Figure S.11 for the real part of
complex permittivity and Figure S.12 for the imaginary part of
complex permittivity. Very little difference between the magni-
tude and shape of complex permittivity was observed with
respect to frequency. Even with known ambient moisture, the
amount of moisture within the tested area (with respect to
depth) was not known. The measured complex permittivity
from VNA followed the same trend compared to measured
relative permittivity from the percometer, which suggested that
the w/c and ambient RH fluctuation does not drastically affect
the decrease in recorded relative permittivity.

Recall from Figure S.8 that the RH levels on the top sensors
(~9 mm from the surface) did not drop until after about
100 hours. Yet drastic changes in complex permittivity were
recorded for all of the specimens. Because the coaxial dielectric
probe had a permittivity-dependent sample size requirement
from the manufacturer of the probe (4 mm for |€f|=25,9 mm
for |€7| = 5), the measured complex permittivity was probably
primarily due to the moisture content of the first few milli-
meters at the surface. The research team hypothesized that after
casting of the concrete specimens, the bleed water on the sur-
faces of the fresh concrete specimens would effectively increase
the w/c ratio of the concrete surface layer. The internal RH of the
specimens also support this hypothesis, as the top sensors of the
specimens stayed at a high RH level for an extended period, even
though the top sensor was merely ~9 mm away from the surface
and drastic drops in magnitude of complex permittivity were
recorded. This means that the recorded complex permittivity
was most influenced by only the change in RH on the first few
millimeters of the surface. The measurements from the con-
crete specimens thus only gave a qualitative measure of correla-
tion between complex permittivity and moisture content.

Complex Permittivity of Cement Paste
Specimens at Room Temperature

Since the measurement of concrete surface complex permit-
tivity cannot be used to correlate RH level, moisture contents
of cement paste specimens were conditioned to determine
correlations between moisture content and complex permit-
tivity. Figure S.13 and Figure S.14 show the complex permit-
tivity of 0.4-, 0.5-, and 0.6-w/c specimens, respectively, at
room temperature.

The differences in magnitude of the dielectric constants were
noticed in all of the frequency ranges, which also scaled with the
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Figure S.11. Real part of complex permittivity from concrete specimens: 0.4 w/c,

0.5 w/c, and 0.6 w/c.

w/c ratio, that is, a higher w/c ratio resulted in a higher €” and €”.
However, the loss part of permittivity appeared to be much less
sensitive to change in moisture content, with the 0.6 w/c being
the only exception. The real part of complex permittivity should
be used to correlate moisture content with complex permittiv-
ity because of its high sensitivity to relatively small changes in
moisture content. The saturation was obtained from converting
RH by desorption isotherms, as shown in Figure S.7.

Complex Permittivity of Saturated
Cement Pastes and Porous Ceramics
at Different Temperatures

Porous ceramic discs were also tested with VNA to deter-
mine dependence of pore size distribution on the complex

permittivity. The pore size distribution for the porous ceramic
discs was expected to be narrower than that of cement paste.
The research team hypothesized that the narrow pore size
distribution found in the ceramic discs would affect the
dielectric dispersion in the confined water in the pore space,
whereas in cement paste, a range of pore sizes would be
found, and therefore a clear indication between water perme-
ability and complex permittivity would not be observed in
cement paste. Complex permittivity of porous materials con-
taining water was previously studied; confined water has
restricted dipole-dipole movement. This can be observed in
the relaxation time of water at different temperatures, where the
relaxation occurs at lower frequencies as temperature is low-
ered. To verify, measurements were made for water-saturated
porous ceramics, and results are shown in Figure S.15.
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Figure S.12. Imaginary part of complex permittivity from concrete specimens: 0.4 w/c,

0.5w/c, and 0.6 w/c.

For the imaginary part of complex permittivity, confined
water did not seem to play a role in relaxation for the five-bar
specimens because of the lack of a peak at the lower frequen-
cies. For 15-bar specimens, a higher loss part was found at
lower frequencies. Five-bar specimens had larger pores per
volume (see desorption isotherm in Figure S.7). The complex
permittivity with respect to frequency of porous ceramics
was distinctly different from that observed in cement paste.
For cement paste, the complex permittivity appeared to be
well represented by an exponential decaying function with no
bulk water relaxation component, whereas a distinct change
in complex permittivity was observed due to bulk water
relaxation in both porous ceramic specimens. For the 15-bar
specimen with smaller pores, an exponential decay at the
lower frequencies was observed, which is hypothesized to

result from the small amount of confined water in the porous
ceramic, similar to that observed in the cement paste.

Modeling of Relevant
Material Properties with
Experimental Results

Complex Permittivity Bounds and Prediction
with Effective Medium Theory

With known values of porosity for each of the materials,
complex permittivity of bulk water and a measured value for
the complex permittivity of the solid phase, Equations S.16
and S.17 can be used to solve for the bounds of composite
relative permittivity, €%. The bounds can then be plotted on
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Figure S.13. Real part of complex permittivity for cement paste specimens:

0.4 w/c, 0.5 w/c, and 0.6 w/c. OD = oven dried.

the complex plane for comparison. Figure S.16 shows the dif-
ference between measured values at different frequencies ver-
sus the complex permittivity predictions from a two-phase
composite.

The two-phase composite assumption, while able to produce
restrictive bounds on the complex plane, was not able to predict
value of the composite complex permittivity. The experimen-
tally measured complex permittivity on the complex plane fell
outside of the bounds from the model. Assuming the dielectric
response of a saturated hardened cement paste as composite
material containing only two phases made up of solids and bulk
water was clearly not a valid assumption.

A three-phase composite bound and the effective medium
theory (Equation S.22) were used to determine the response
of an additional phase of confined water by fitting the
complex permittivity of bulk water to the experimentally
determined value. The dielectric response of pore water was

assumed to be described by two distinct phases of bulk and
confined water, with different complex permittivity. The
resulting bounds from Equations S.18, S.19, and S.20 are illus-
trated in Figure S.19 for a 0.4-w/c specimen at 1 GHz at room
temperature.

The bounds were obtained by fitting the experimental data
point at each frequency (in the case of Figure S.17, at 1 GHz)
by varying the properties of the confined water, which is a
complex-valued quantity. The bounds shown in Figure S.17
are much wider than those shown in Figure S.16 because of
the different method of derivation. The confined water was
assumed to be a discrete phase, and its volume fraction was
determined from the desorption isotherm. Water contained
in <20 nm pores was assumed to be confined water, and the
volume fraction as a function of the total pore volume was
used as a model parameter for the confined water. The com-
plex permittivity of the confined water was determined by
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adjusting the real and imaginary components at each fre-
quency and was fitted to the experimentally measured com-
plex permittivity on the complex plane (i.e., Figure S.17, but
at different frequencies). The modeled complex permittivity
of the confined water as a function of frequency for each of
the materials is shown in Figure S.18.

The modeled real part of complex permittivity of confined
water for 0.6-w/c specimens was significantly higher. The
research team hypothesized that the additional air bubbles
introduced by mixing on a rotating shaft to prevent excessive
bleeding of the specimen greatly increased the effective water
content of the specimen when tested with the coaxial dielec-
tric probe. Increasing the value of porosity ¢ used in model-
ing for 0.6 w/c reduced the real part of complex permittivity
to a level comparable to 0.4 w/c and 0.5 w/c. The most inter-
esting finding from this three-phase composite model is that
the predicted imaginary part of complex permittivity of con-
fined water was significantly higher for a 0.4-w/c specimen

than for a 0.5-w/c or 0.6-w/c specimen. This implies that
the confined water cannot be assumed to be a discrete phase
being independent from the microstructure and porosity.

Modeling of Cement Paste Moisture Content

Because the surface relative permittivity from GPR used in this
research obtains the relative permittivity from reflected wave
amplitudes, having the knowledge of complex permittivities at
different moisture contents will allow engineers to determine
moisture content from GPR readings. Figure S.19 shows the
magnitude of complex permittivity of 0.4-w/c through 0.6-
w/c cement pastes at different moisture contents. The moisture
content was converted from saturation because the porosity of
the materials was previously determined. By plotting the asso-
ciated moisture content for all of the materials (0.4, 0.5, and
0.6 w/c) at the two frequencies near the operating frequency of
the air-coupled GPR, a linear relationship between volumetric
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Figure S.17. Three-phase composite
bounds of 0.4 w/c at 1 GHz. The red dot
represents the experimentally obtained data
plotted on the complex plane. The dashed
line represents a bound from Equation S.21,
whereas the solid lines represent the
bounds from Equations S.19 and S.20. The
solid black dots represent the parallel
and series model, with one of the solid
black dots being the predicted composite
complex permittivity from Equation S.22.

moisture content and the real part of complex permittivity was
observed. Figure S.13 and Figure S.14 show the different w/c
versus complex permittivity for specimens conditioned to dif-
ferent RH. Using the values of porosity at each different w/c,
degree of saturation, S, can be readily converted to volumetric
moisture content, MC. The correlation between laboratory
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Figure S.19. Empirical fit and modeled
magnitude of complex permittivity as a
function of moisture content at 1 GHz
and 2 GHz. Model used averaged &,
and points from all measurements

(0.4 w/c through 0.6 w/c) were plotted
on same graph.

measurements and MC and the model prediction from solving
for the effective composite complex permittivity €., with Equa-
tion S.23 are shown in Figure S.19.

The modeled response with Equation S.23 also uses an aver-
age value of complex permittivity of confined water, which
could introduce significant error. The predictions made with-
out using an averaged complex permittivity of confined water
can be found in Figure S.20.

The modeled magnitude of complex permittivity slightly
improved when the model used the corresponding €, from
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Figure S.18. Modeled confined water complex permittivity versus frequency.
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Figure S.20. Empirical fit and modeled
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from all measurements was plotted

on same graph.

each of the w/c ratios instead of an averaged value. The complex
permittivity from modeling was higher than the experimental
values at lower RH. This could be attributed to the fact that even
after 2 months of drying, the specimen dimension prevented
the specimen from having a fully equilibrated moisture state
through depth. It is also possible that the Bruggeman formula
does not accurately represent the effective complex permittivity
of cementitious materials. Nevertheless, the magnitude of the
complex permittivity as a function of moisture content can
apparently be represented as a linear relation.

Conclusion

The dependence of complex permittivity on the moisture con-
tent of cementitious materials, including concrete and cement
paste, was systematically evaluated by microwave dielectric
spectroscopy and a percometer. The depth of penetration of the
percometer was determined for a saturated cement paste, and
the depth of penetration was expected to increase for partially
saturated cement paste and concrete. The operator is cautioned
that for concrete, the measured value of the real part of relative
permittivity from the percometer will likely deviate from the
actual value because of the effect of conducting ionic species on
electromagnetic wave propagation and reflection. Multiphase
composite models were used to validate experimental results on
cement paste at various levels of saturation. The model was able
to replicate the measured trends between moisture content and
magnitude of complex permittivity, with deviations from the

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

model attributed to the inability to control the internal RH of
tested cement paste specimens in a reasonable amount of time.

The properties of the confined water were used to estimate
the percentage of confined water by fitting the complex per-
mittivity model to the measured experimental values of a
saturated 0.3-w/c paste. The permeability was estimated by
considering the Kozeny-Carmen equation.

The frequency dependent dissipation of electromagnetic
waves in water in a bulk state and confined spaces, known as
dielectric relaxation, has the potential to provide valuable
parameters to the pore structure of a material; and transport
properties such as permeability can be inferred from pore
structures. Dielectric relaxation occurs when the polarization
of charge within dielectric materials subjected to a time-
dependent alternating electric field cannot follow the electric
field because of frictional losses, and the electromagnetic
wave energy in the propagating wave is dissipated. Mecha-
nisms associated with dielectric relaxation of the porous
medium consisted of bulk water, interfacial, and ionic relax-
ation components. Bulk water relaxation is due to the rota-
tion of water molecules in the bulk water, presumably not
affected by interfaces. Interfacial relaxation occurs when
water molecules restrained in confined spaces relax at a dif-
ferent rate than those of bulk water. Ionic relaxation occurs at
low frequencies.
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Radar Specifications for Air-Coupled
Ground-Penetrating Radar Antennae

These specifications are based on the ground-penetrating
radar (GPR) reflection from a large metal plate. A typical metal
plate reflection (MPR) is shown in the upper part of Figure T.1.
The amplitude of reflection (i.e., volts) is measured from the
maximum positive peak to the preceding negative. No filtering,
averaging, or signal clean up, such as sky wave removal (and
reflection subtraction), is allowed.
Performance specifications are as follows:

1. Noise-to-Signal Ratio Test. The antenna will be positioned
at its reccommended operating height (between 12 in. and
18 in.) above a minimum square foot (4 ft by 4 ft) metal
plate. The radar unit shall be turned on and allowed to oper-
ate for a 15-min warm-up period. After warm up, the unit
shall be operated at maximum pulse rate, and fifty (50) radar
waveform pulses shall be recorded. The recorded waveforms
shall then be evaluated for noise-to-signal ratio. The noise-
to-signal ratio is described by the following equation:

Noise Level (A,)
Signal Level (A )

<0.05 (5%)

The signal level, A,,, is defined as the average metal
plate reflection amplitude as measured from the peak to
the preceding minimum. The noise level, A,, is defined as
the worst-case maximum amplitude occurring between 1
and 10 ns after the surface echo. The noise level is mea-
sured from any positive peak to either the preceding or
trailing negative, whichever is greater. The noise-to-signal
ratio shall be less than or equal to 0.05 (5%).

2. Signal Stability Test. The same test configuration shall be
used as described in the noise-to-signal ratio test. Fifty
(50) traces shall be recorded at the minimum data rate of
25 traces per second. The signal stability shall be evaluated
using the following equation:

Amax — Amin
Zma 7m0 <0.01 (1%)

AAVG
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where A, is defined as the maximum amplitude for all
50 traces, A, is defined as the minimum amplitude for all
50 traces, and Ay is defined as the average trace amplitude
of all 50 traces.

The signal stability test results for the GPR shall be less
than or equal to 1%.

. Long-Term Signal Stability. The same test configuration

shall be used as described in the noise-to-signal ratio test.
The radar shall be switched on with no warm up and
allowed to operate for 2 hours continuously. At a minimum,
a single waveform shall be captured every 2 min, 60 in total.
The amplitude of reflection shall be calculated and plotted
against time. To check for signal drift, the time at which the
metal plate reflection occurs shall be captured and plotted
against time. For the system to be performing adequately,
the amplitude should remain constant after a short warm-
up period, and the system should have little or no drift.
The stability criterion is as follows:

Ay — A
ey 720.20.03 (3%)

20
where A, is the amplitude measured at 20 min, and A, is
any amplitude measured after 20 min.
The drift criterion is as follows:

Fany — ¢
2 "% <0.05 (5%)
t20
where 1, is the time when the peak metal plate reflection
occurs at 20 min, and ¢,,, is the time when the MPR occurs

in any trace after 20 min.

. Variations in Time Calibration Factor. The same test con-

figuration shall be used as described in the noise-to-signal
ratio test. Fifty (50) traces shall be collected, and the height
of the antenna shall be measured. The test shall be repeated
at two other heights. Typically, heights of approximately
12 in., 16 in., and 20 in. are used. The time delay from the
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Figure T.1. Examples of acceptable and unacceptable metal plate reflections.
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end reflection at the tip of the antenna to the metal plate
reflection shall be is measured for each trace, and their mean
is time f; (where the subscript represents height position
at 7). The difference between t, and t, represents the time to
travel a fixed distance in air. For bistatic antennae, the travel
distance must be calculated on the basis of the system geom-
etry. The factor C, is calculated by dividing the distance by
the time difference (e.g., in. per nanosecond). The factor C,
represents the same between heights 2 and 3. The variation
in time calibration factor is as shown below:

C-GC,
Mean of C, and C,

<0.02 (2%)

The variation in time calibration factor shall be less
than or equal to 2%.

. End Reflection Test. The same test configuration and results
from the noise-to-signal ratio test shall be used. The ampli-
tude of the end reflection directly preceding the metal plate
reflection shall be measured. This is a measure of the ade-
quacy of system tuning. The size of the end reflection shall be

Ag

<0.15 (15%)

mp

where A; is the mean of the amplitude of end reflection
defined as any peak occurring from 1 ns to 5 ns before the
metal plate reflection, and A,,, is the mean of the ampli-
tude of reflection from the metal plate.

The end reflection in the metal plate test shall be less
than 15% of the amplitude of the metal plate reflection.

. Symmetry of Metal Plate Reflection. The same test con-
figuration as used in the noise-to-signal ratio test shall be
used. Two different criteria have been established for sym-
metry, as described below:

6.1. The first criterion is that the time from the maximum
negative peak following the surface reflection to the
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zero crossing point shall be measured. This time (¢))
is shown in Figure T.1. The required specification is

t;<0.7ns

An example of metal plate reflections that pass
and fail this specification are shown in Figure T.1.

6.2. The second criterion is based on the symmetry of the
legs of the metal plate reflection. The amplitude is
measured from the positive peak to both the preced-
ing and trailing negative. The specification is

Amin/ Amax >0.95 (95%)

where A, and A, are the minimum and maximum
metal plate reflections measured using the preceding
or trailing negatives. The ratio should be at least 95%.

7. Concrete Penetration Test. The antenna shall be placed at

its recommended operating height above a 6-in.-thick
concrete block. The concrete block shall be nonreinforced,
have a minimum age of 28 days, and have a minimum
3,000 psi compressive strength. The block shall be 3 ft
(36 in.) by 3 ft (36 in.) or greater to ensure that all the GPR
energy enters the concrete. The concrete block shall be
placed on top of a metal plate. Two hundred (200) traces
shall be recorded. The reflection amplitude from the top
and bottom of the concrete block shall be measured. The
concrete penetration test is defined by the following
equation:

A ottom
220N 5 0.25 (25%)

top

where A, is the mean of the measured return amplitude
from the top of the concrete slab, and Apyom is the mean
of the measured return amplitude from the metal plate.

The concrete penetration test results for the GPR
should be greater than or equal to 25%.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Portable Seismic Property Analyzer Slab Tests

Introduction

A survey of several concrete slabs constructed by the Texas
A&M Transportation Institute (TTI) was carried out with a
portable seismic property analyzer (PSPA) within the frame-
work of the second Strategic Highway Research Program
(SHRP 2) Renewal Project RO6G. Eleven concrete slabs and
13 shotcrete slabs were involved in this study. The dimensions
of the slabs and defects are more optimized toward the applica-
tion of ground-penetrating radar (GPR). The concrete slabs
were evaluated on November 9 and 10, 2011, and the shotcrete
slabs were assessed on November 10 and 11,2011. The scope of
this University of Texas at El Paso study was to evaluate the
performance of the PSPA in locating defects inside concrete.

The PSPA used in the study was developed primarily for test-
ing pavement sections. As part of this study, the PSPA was mod-
ified to be more user-friendly for implementation in tunnels. A
second set of tests were carried out on January 28 through 31,
2013, to test the viability of the new version on some of the slabs
tested previously with the traditional PSPA.

Given the desire of SHRP 2 to develop user-friendly
devices, the results presented here are as reported by the
PSPA in the current state without further advanced analy-
ses using an experienced expert analyst. The lessons learned
are being incorporated in the new version of the PSPA under
development.

Description of PSPA
and Testing Methods

The PSPA is a portable device that can perform two simultane-
ous tests: impact echo (IE) and ultrasonic surface wave (USW).
The traditional PSPA is a box containing a solenoid-type
impact hammer and two high frequency accelerometers
(Figure U.1a). All controls and data acquisition are in a com-
puter connected to the box. The two receivers allow the calcula-
tion of the Vp using the USW method. The test at a single point
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is simple and takes less than 30 s. The impact duration (contact
time) is about 60 us and the data acquisition system has a sam-
pling frequency of 390 kHz. The advantage of combining the
two methods in a single device is that once the test is performed,
the variations in the modulus (an indication of the quality of
concrete) and return resonance frequency (an indication of the
full thickness or depth of delamination) of a slab can be assessed
concurrently.

As shown in Figure U.1b, the PSPA has been redesigned to
make it more user-friendly and compact for tunnel work. The
new PSPA is self-contained as it does not need an external per-
sonal computer to collect data. The waveforms collected in the
field are stored in a removable flash memory. The new
PSPA is also lighter compared with the traditional PSPA (8 1b
versus 16 1b). Data collection with the new PSPA is a two-hand
operation, which can accommodate the curvature within the
tunnel more easily. Data acquisition with the new PSPA is on
average two to three times faster than the traditional one. The
new PSPA is also equipped with three receivers to better opti-
mize the data collection for the combined IE/USW methods.
The receivers are spaced at —3 in., 3 in., and 9 in. from the source.
The power source for the device is six AAA batteries in a
container that can be carried on the operator’s belt.

Impact Echo Method

The IE method is one of the most commonly used non-
destructive testing (NDT) methods in detecting delamination
in concrete (Carino et al. 1986). This method is based on strik-
ing a plate-like object such as a tunnel lining with an impactor
that generates stress waves at frequencies up to 20 kHz to
30 kHz and collecting signals with a receiver (Figure U.2a).
By using a fast Fourier transform (FFT) algorithm, the
recorded time domain signal is converted into a frequency
domain function (amplitude spectrum), and the peak fre-
quency is monitored. For an intact point on a slab or an
intact portion of a slab, the thickness (/) is then determined
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(b)

Figure U.1. Portable seismic property analyzer.

from the compression wave velocity (V,) and the return
frequency (f) as shown in Equation U.1I:

h=oc£

2f

where o is about 0.96 for concrete slabs.

Amplitude

For a deep and relatively small delaminated location in a
concrete slab, the return frequency may shift to a higher fre-
quency corresponding to the depth of the delamination. As
(U.1) shown in Figure U.2a, a shallow or a deep but extensive and
severe delaminated area is usually manifested by a low peak
frequency, indicating that little or no energy propagates toward
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.
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Source: Gucunski and Maher 1998.

Figure U.2. Schematic illustration of test methods.
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the bottom of the deck and a flexural mode dominates the fre-
quency response. In this case, Equation U.1 is not applicable to
measure the depth of delamination because it is influenced by
several factors.

Ultrasonic Surface Waves Method

The USW method is used to estimate the average velocity of
propagation of surface waves in a medium on the basis of the
time at which different types of energy arrive at each sensor
(Figure U.2b). The velocity of propagation, Vy, is typically
determined by dividing the distance between two receivers, AX,
by the difference in the arrival time of a specific wave, At.
Knowing the wave velocity, the modulus can be determined
from shear modulus, G, through Poisson’s ratio (v) by using
Equation U.2:

E=2(1+V)G (U.2)

Shear modulus can be determined from shear wave velocity,
Vs, by using Equation U.3:

G=Tv; (U.3)
g

The modulus from surface wave velocity, Vi, first converted
to shear wave velocity can be determined by Equation U.4:

Vs =Vr(1.13-0.16V) (U4)

In the USW method, the variation in velocity with wave-
length is measured to generate a so-called dispersion curve.
For a uniform or intact concrete slab, the dispersion curve
shows more or less a constant velocity within the wave-
lengths not greater than the thickness of the slab. When a
delamination or void is present in a concrete slab or the
concrete has deteriorated, the average surface wave velocity
(or modulus) becomes less than the actual one because of
interference caused by the defect. In this case, the velocity
or modulus obtained may be called an apparent velocity or
modulus.

Description of Slabs

An overall view of the test slabs is shown in Figure U.3, and their
characteristics are summarized in Table U.1. Two sets of slabs
were tested in this study. Each slab was 6 ft by 6 ft. The first set
of specimens included six intact concrete slabs with thicknesses
of 12in.,15in., 18 in.,and 24 in., and three defective 15-in.-thick
slabs with embedded 1-ft by 1-ft delaminated zones in the cen-
ter of the slabs. The last three slabs contained defects at depths
of 1in., 2 in., and 3 in. from the top surface. Two other concrete

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

317

Figure U.3. Overall view of TTI slabs.

slabs in this set were 15 in. thick with embedded air voids and
water voids at a depth of 8 in.

The second set of slabs was shotcrete slabs that included four
intact slabs with thicknesses of 4 in., 6 in., 8 in., and 12 in. and
five 12-in.-thick delaminated slabs. The 1-ft by 1-ft delaminated
areas were embedded at the center of each slab at depths of 1 in.,
2in.,3in., 4 in., and 8 in. from the top surface. Four other shot-
crete slabs contained air voids and water voids with different
sizes at different depths.

Data Collection Process

The testing schemes of different slabs are shown in Figure U.4.
Every intact slab was assessed through 11 testing lines equally
spaced at 4-in. intervals. On each line, 11 points were tested
at every 4 in. Therefore, 121 data points were collected
for each intact slab (Figure U.4a). A similar scheme was used
for the defective slabs except that data were collected at
143 points, as shown in Figure U.4b. Each test slab took
about 1 h to test and about 30 min to interpret and develop
the contour maps.

All slabs were investigated using the traditional PSPA in
2011. At each point, the PSPA source was placed on the grid
point. The near and far receiver spacing from the source
were 4 in. and 10 in., respectively. For reporting the USW
results, the coordinate was shifted 7 in. (half the distance
between the two receivers and the source). For the IE
results, the coordinate was shifted 2 in. (half the distance
between the source and Receiver 1). Some of the slabs, as
indicated in Table U.1, were assessed again in 2013 with the
new PSPA. Similarly, the PSPA source was placed on the test
point. Based on the source and receivers spacing, the coor-
dinate was shifted 6 in. for reporting USW results and 1.5 in.
for IE results.

Copyright National Academy of Sciences. All rights reserved.
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Table U.1. Characteristics of TTI Slabs
Tested with | Tested with
Thickness Type of Depth of Traditional New PSPA
Slab Information (in.) Defect Size of Defect (ft by ft) Defect (in.) | PSPA (2011) (2013)

Concrete | Slab 1 12 Intact NA NA Yes Yes

Slab 2 18 Intact NA NA Yes Yes

Slab 3 12 Intact NA NA Yes Yes

Slab 4 24 Intact NA NA Yes Yes

Slab 5 24 Intact NA NA Yes No

Slab 6 15 Intact NA NA Yes Yes

Slab 7 15 Delamination | 12 by 12 2 Yes Yes

Slab 8 15 Delamination | 12 by 12 3 Yes Yes

Slab 9 15 Delamination | 12 by 12 1 Yes No

Slab 10 15 Air void 12 by 12 8 Yes Yes

Slab 11 15 Water void 12 by 12 8 Yes Yes

Shotcrete | Slab 1 4 Intact NA NA Yes No

Slab 2 6 Intact NA NA Yes Yes

Slab 3 8 Intact NA NA Yes Yes

Slab 4 12 Air void 12V by 9%, 17V4 by 14342 7.5 Yes No

Slab 5 12 Water void 11 by 10%2, 15% by 1422 7.5 Yes No

Slab 6 12 Air void 12V by 12, 143 by 17V? 3 Yes Yes

Slab 7 12 Water void 10% by 10%2, 15%2 by 14%42 3 Yes No

Slab 8 12 Delamination | 12 by 12 8 Yes Yes

Slab 9 12 Delamination | 12 by 12 4 Yes Yes

Slab 10 12 Delamination | 12 by 12 3 Yes No

Slab 11 12 Delamination | 12 by 12 2 Yes Yes

Slab 12 12 Delamination | 12 by 12 1 Yes No

Slab 13 12 Intact NA NA Yes Yes

Note: NA = not available.
2The first set of numbers indicates the void, and the second set indicates the bag that encapsulates the void.
Test Results
y : The USW and IE results from different concrete and shotcrete
- T 6 T . T 6 T slabs are presented and compared in this section. A detailed
PEERTC 1&# 63726 descript%on of the data reductiqn process was provified ina
T . companion report related to testing in actual tunnels in Colo-
. ] rado and Virginia (see Appendix P). As such, they are not
X w g repeated here.
l
Intact Concrete Slabs

l @ l (b) Figure U.5 contains the traditional PSPA results from Slab 1.

Figure U.5a is a picture of the slab on the day of testing. The
slab was visually uniform with a smooth finish. The acquired
waveforms from the two PSPA receivers at the center point of
the slabs are shown in Figure U.5b. Because of the size of the

Figure U.4. Testing schemes of different slabs.
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specimens, reflections from the vertical boundaries are appar-
entin the later portions of the signals. The PSPA software con-
tains appropriate filters to minimize the effect of these
reflections as long as the PSPA is located an adequate distance
from the boundary.

Because the IE and USW methods used in this study are
point inspection methods, contour maps are more useful for
visualizing the results than individual evaluations. The contour
map of the variations in the average modulus (from a depth of
2 in. to nominal thickness of the slab) from the USW tests is
shown in Figure U.5c. The slab exhibited a fairly uniform mod-
ulus. The mean average modulus of the slab was 6,400 ksi with
a standard deviation of about 375 ksi. Similarly, the contour
map of the dominant return frequency from the IE method, as
shown in Figure U.5d, was also uniform. In addition to the
planar contour maps, the USW and IE line scans (B-scans)
along the centerline are also shown in Figure U.5. The USW
B-scan (Figure U.5e) is in the form of variation in modulus with
wavelength, which can qualitatively be viewed as a scaled varia-
tion of modulus with depth. In this case, the variation in modu-
lus with depth is small. The spectral B-scan of the IE results
(Figure U.5f) is in the form of variation of normalized ampli-
tude with frequency. Throughout the width of the slab, a fre-
quency of about 7.7 kHz (manifested as a red band) corresponds
to the 12-in. thickness of the slab. The thickness reported from
IE tests was 11.9 in. with a standard deviation of 0.8 in.

Figure U.6 shows the same results from the new PSPA on
Slab 1. Unlike in 2011, the slab contained some micro cracks.
Figure U.6a again shows the slab on test day. The time records
from the new PSPA are similar or slightly higher quality than
those from the traditional PSPA (Figure U.6b). The planar con-
tour maps of the variations in the average modulus from the
USW method and the dominant return frequency from the IE
method are shown in Figures U.6¢ and U.6d, respectively. The
mean average modulus of the slab was 4,590 ksi with a standard
deviation of about 560 ksi. The average modulus from 2011 is
greater than that from 2013. Aside from material degradation
manifested as micro cracks, the reasons for such differences are
under investigation. The higher standard deviation can be
attributed to the new micro cracks observed in the slab. The
average dominant return frequency is around 7.3 kHz through
the entire slab, which is similar to the dominant frequency
observed in 2011. A minor defect in the slab manifested in the
IE planar contour map in Figure U.5d between —2 in. and 42 in.
of the centerline manifests itself more prominently in the USW
and IE B-scans of Figures U.6e and U.6f, respectively.

Slab 2 was an 18-in.-thick intact slab and contained two
cracks. Figure U.7 compares the severity of the cracks in two
years of testing. Compared with 2011, the cracks had pro-
gressed significantly by 2013. The traditional and new PSPA
results from Slab 2 are shown in Figures U.8 and U.9, respec-
tively. The interaction between the cracks and seismic wave
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propagation is rather complex. When the source—receiver
array is parallel to the crack, the USW modulus variation and
the IE response spectrum are marginally affected in the cur-
rent software. When the crack is between the source and the
first receiver, the USW modulus is typically greater than nor-
mal because of the travel path of the wave. Similarly, when the
crack is between the two sensors, the reported USW modulus
is lower than normal. To maintain the regularity of the testing
program, we chose to carry out the tests on a rigid grid and
not adjust the location of the sensors to avoid the cracks. As
reflected in Figure U.8¢, the PSPA sensors crossed the cracks at
only a few points. For example, at a coordinate of —4 in. in
Figure U.8e, the crack is propagating deep within the slab. The
mean of the obtained average modulus with the traditional
PSPA of this slab was about 5,980 ksi with a standard deviation
of about 533 ksi. The IE thickness was about 16.3 in.; but as
shown in Figure U.8f, the return frequency was very consistent,
and with one core, the thickness could be readily calibrated to
the actual thickness.

The mean average modulus from the new PSPA (Figure U.9a)
is around 5,130 ksi with a standard deviation of about 586 ksi.
The dominant frequency peak is uniform in Figure U.9b. The
average dominant frequency is around 4.9 kHz; therefore, the
slab thickness estimates were similar to the previous results.

Slab 3 (Figure U.10) was supposed to be similar to Slab 1.
The average modulus was about 5,997 ksi with a standard
deviation of about 750 ksi. The average thickness was about
11.4 in. Slab 3 was placed on a steel plate with a 1-ft by 1-ft
hole in 2012 (Figure U.11a). The objective was to identify the
NDT methods that could detect the hole. The USW and IE
results in Figures U.11b and U.11c demonstrate an intact slab,
and the hole in the steel plate could not be detected as antici-
pated. The mean average modulus of 5,500 ksi with a standard
deviation of 622 ksi was obtained. The average IE dominant
frequency of around 7.6 kHz is quite similar to those measured
by the traditional PSPA.

Slabs 4 and 5 were each 24-in. thick. The IE method as con-
figured in the traditional PSPA cannot detect thickness in
excess of 18 in. Thus, detection of slab thickness was not pos-
sible for these two slabs, as reflected in Figures U.12 and U.13.
However, the quality of the concrete, except in isolated points,
was high with mean average moduli of 5,900 ksi. Slab 4 was
also tested with the new PSPA and the results are shown in
Figure U.14. The mean average modulus dropped to 4,560 ksi.
Similar to the traditional PSPA, with the source—receiver con-
figuration of the new PSPA the detection of the bottom of the
slab was not feasible.

Finally, with the traditional PSPA, the 15-in.-thick intact
slab 6 yielded an average modulus of 6,220 ksi (Figure U.15¢)
with a thickness of 14.2 in. (Figure U.15). The new PSPA gave
an average modulus of 5,230 ksi for Slab 6 (Figure U.16a).
The average dominant frequency measured with the new
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Figure U.6. Contour maps of acquired results from new PSPA for concrete Slab 1
(12-in.-thick intact slab).
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(a) Slab view in 2011

(b) Slab view in 2013

Figure U.7. Crack progression on Slab 2 in a
two-year period: (a) in 2011 and (b) in 2013.

PSPA was close to that measured with the traditional PSPA
(Figure U.16b).

Delaminated Concrete Slabs

Slab 7 (Figure U.17a) was similar to Slab 6, with a delamina-
tion embedded at a depth of 2 in. from the top surface. A
comparison of the time records in Figures U.15b and U.17b
clearly demonstrates the differences in the time records from
an intact area and a delaminated area. With a few days of
experience, the operator can readily detect the delamination
by simply looking at the time signals. The delaminated area is
clearly detectable in both the USW and IE results from the
traditional PSPA in Figures U.17c through U.17f. The USW
and IE results acquired with the new PSPA (Figure U.18) pro-
vide similar delamination maps. However, the IE results from
the new PSPA in Figure U.18b provide a clearer indication of
the delaminated area.

The same statements can be made for the traditional PSPA
results from Slab 8 (Figure U.19) with delaminated zones at
nominal depths of 3 in. By comparing the amplitudes of the
waveforms in Figures U.17b and U.19b, one can roughly esti-
mate that the delamination in Slab 7 is shallower than the one
in Slab 8. The delamination in Slab 8 is readily approximated
in both the USW results and IE results from the traditional
PSPA in Figures U.19¢ and U.19d. Slab 8 was also investigated
with the new PSPA. Similar to the traditional PSPA results,
the new PSPA is able to detect the delamination through
USW and IE contour maps (Figure U.20).

In the design of the PSPA, the assumption has been that a
1-in.-deep delamination can be readily detected by tapping,
and a device may not be needed during field testing. Slab 9
(Figure U.21a) was only tested by the traditional PSPA. One
unexpected result was observed: the presence of the 1-in.-
deep delamination was obvious from the amplitude of time
records in Figure U.21b and the USW results in Figure U.21c
but was not reflected in the IE interpretation in Figure U.21d.
This simply occurred because of the high-pass filters applied
to the IE results. The vibration frequency was so low that it
was eliminated from the signal.

Concrete Slabs with Voids

Slabs 10 and 11 (Figures U.22 through U.26) contained voids
at a depth of 8 in. from the surface of the specimens. As
reflected in Figure U.22, slab 10 contained several surficial
cracks. Comparing Figures U.22a and U22.b, these cracks
progressed between 2011 and 2013. The cracks are reflected
in the USW results from the traditional and new PSPAs (Fig-
ures U.23c and U.24a). The progression of the vertical crack
during the 2-year period can be observed in the USW map in
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Figure U.8. Contour maps of acquired results from traditional PSPA for concrete Slab 2
(18-in.-thick intact slab).
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Figure U.10. Contour maps of acquired results from traditional PSPA for concrete Slab 3
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Figure U.11. Contour maps of acquired results from new PSPA for concrete Slab 3
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Figure U.12. Contour maps of acquired results from traditional PSPA for concrete Slab 4

(24-in.-thick intact slab).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

Depth (in.)

() Slab 5

6500
<
= 6000
2
c
>
8 5500
5 2
o
£ 5000 3
3 =
g g
= 4500 5
a —
o 4000 &
2 =
?
c 3500
o
'_
3000
-20 -16 <12 -8 -4 0 4 8 12 16 20
Longitudinal Distance from Center (in.)
(c) Average modulus from USW
2 6500
3
6000
4
5 5500 2
B
6 5000 S
7 £
I o
8 I 4500 g
=
9 4000 Z
10
3500
11
12 3000
-20 -16 -12 -8 -4 0 4 8 12 16 20

Longitudinal Distance from Center (in.)
(e) USW B-scan along centerline

Longitudinal Distance from Center (in.)
(f) 1E Spectral B-scan along centerline
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Figure U.15. Contour maps of acquired results from traditional PSPA for concrete Slab 6
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Figure U.16. Contour maps of acquired results from new PSPA for concrete Slab 6
(15-in.-thick intact slab).
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Figure U.17. Contour maps of acquired results from traditional PSPA for concrete Slab 7
(15 in. thick, delaminated at 2 in.).
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Figure U.19. Contour maps of acquired results from traditional PSPA for concrete Slab 8
(15 in. thick, delaminated at 3 in.). (Continued on next page.)
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Figure U.20. Contour maps of acquired results from new PSPA for concrete Slab 8
(15 in. thick, delaminated at 3 in.).
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Figure U.21. Contour maps of acquired results from traditional PSPA for concrete Slab 9

(15 in. thick, delaminated at 1 in.).
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(a) Slab view in 2011 (b) Slab view in 2013
Figure U.22. Crack progression on Slab 10 in a 2-year period of testing.
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Figure U.23. Contour maps of acquired results from traditional PSPA for concrete Slab 10
(15 in. thick with air void at 8 in. deep). (Continued on next page.)
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Figure U.24. Contour maps of acquired results from new PSPA for concrete Slab 10
(15 in. thick with air void at 8 in. deep).
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Figure U.25. Contour maps of acquired results from traditional PSPA for concrete Slab 11
(15 in. thick with water void at 8 in. deep).
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Figure U.26. Contour maps of acquired results from new PSPA for concrete Slab 11

(15 in. thick with water void at 8 in. deep).

Figure U.24a. The manifestation of the deep void was not
readily detectable from the USW results with the traditional or
new PSPA (Figures U.23c and U.24a). According to the princi-
ples of wave propagation, the detection of voids with USW
becomes less effective as the depth of the defect increases. In this
case, surface waves propagated along a cylindrical front, and as
such, they became less sensitive to horizontal discontinuities
with depth.

However, the air void was clearly mapped in contour maps
of dominant frequency from the IE method with both the tra-
ditional and new PSPAs (Figures U.23d and U.24b). The void
seems to have propagated beyond the boundaries intended.
Similar results can be observed for Slab 11 with the water-filled
void in Figures U.25 and U.26 from the traditional and new
PSPAs, respectively.

Intact Shotcrete Slabs

By nature, shotcrete is quite variable in its properties. The tra-
ditional and new PSPA results from four intact shotcrete slabs
with thicknesses of 4 in., 6 in., 8 in., and 12 in. are shown in
Figures U.27 through U.33. The thicknesses of the 4-in. and
6-in. slabs could not be ascertained with the IE results from the
traditional and new PSPAs because of the source—receiver con-
figurations in both PSPAs. The thickness of Slab 3 and Slab 13
(thicknesses of 8 in. and 12 in.) was estimated as 9.8 in. and
13.1 in., respectively, with the traditional PSPA using the prop-
erties of concrete and dominant frequency. The new PSPA
seems to be more promising in detecting the bottom of Slab 13;
the IE method gives an average thickness of 11.5 in. for Slab 13
with the thickness of 12 in. However, the new PSPA could not
estimate the thickness of 8 in. for Slab 3 accurately. Unlike the
concrete slabs, the reported thicknesses from the traditional
and new PSPAs resulted in high standard deviations, making

the IE method suitable for only a rough estimation of the
thickness of shotcrete. The reason is the rough surface of
shotcrete slab that makes a poor contact between the sensors
and the surface.

The average and standard deviation of the modulus from
the traditional and new PSPAs of each intact shotcrete slab
are shown in Table U.2. The average moduli varied signifi-
cantly among the slabs, and the standard deviation increased
(uniformity of construction decreased) as the shotcrete slab
became thicker. Generally, the mean average modulus for
each slab decreased from 2011 to 2013.

Delaminated Shotcrete Slabs

Five 12-in.-thick slabs (Slabs 8 through 12) were similar to
Slab 13, except that they contained 1-ft-square delaminated
zones at depths varying from 8 in. to 1 in. from the top sur-
face. Some of the delaminated slabs were selected for investi-
gation with the new PSPA. The results from the tested slabs
are shown in Figures U.34 through U.41. These slabs exhib-
ited nonuniform finishes and contained microcracks (often)
and macrocracks in a few cases.

By simply comparing the waveforms in Figures U.34b, U.36,
U.38, U.39, and U.41 with the time record in Figure U.32b
(intact Slab 13), one can conclude that Slabs 8 through 12
were delaminated. The higher amplitude in time records in
Figures U.39b and U.41b indicate very shallow delamination.
Therefore, the operator could roughly interpret time signals
at the time of testing.

As reflected in Figures U.34¢, U.35a, U.36¢, and U.37a, USW
results from the traditional and new PSPAs were not as promis-
ing in estimating deep delamination as they were in locating
shallower ones (Figures U.38 through U.41). However, the 8-in.-
deep and 4-in.-deep delaminated zones were clearly detectable

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

338

0.1 T T T T T
—— 1st Receiver
— 2nd Receiver
N
©
E
c
=l
s
(]
©
[8)
o
<
-0.15 ! ! ! ! !
(@ Sab1 0 05 1 15 2 25
Time(s) x 10"

(b) Waveform obtained from PSPA at center point

10

20 20
g 16 16
g 12 z g
Q =
£ > E 12 25 3
S 8 3 & 2
£ L O =]
o
S e o : 5
Q — = a
e 0 Z 8 ko]
© o % c
E -4 Q = g
a} = 3 15 2
o -8 = 8 =
g ] 3 I
0-12 ~ % N
c g -12
S 16 S
=-1 T

-20

20 -16 -12 -8 12 16 20 -20

-20 -16 -12 -8 12 16 20
Longitudinal Dlstance from Center (in)

(d) Dominant frequency from |E

Longltudlnal Dlstance from Center (in)
(c) Average modulus from USW

4000
3500 -
3 )
: _ 2
B ‘I 3000 g g S
c 3 = oy =
2 53 5 >
a) 2500 ¢ g =1
2 - 8
= @
2000
1500
-20 -16 -12 -8 -4 12 16 20 20 -16 12 -8 4 0 4 8 12 16 20
Longitudinal Dlstance from Center (in) Longitudinal Distance from Center (in)
(e) USW B-scan along centerline (f) 1E Spectral B-scan along centerline

Figure U.27. Contour maps of acquired results from traditional PSPA for shotcrete Slab 1
(4-in.-thick intact slab).
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Figure U.30. Contour maps of acquired results from traditional PSPA for shotcrete Slab 3
(8-in.-thick intact slab). (Continued on next page.)
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Figure U.32. Contour maps of acquired results from traditional PSPA for shotcrete Slab 13
(12-in.-thick intact slab).
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Figure U-33. Contour maps of acquired results from new PSPA for shotcrete Slab 13

(12-in.-thick intact slab).

in the contour maps of the dominant return frequency from
the IE method with both the traditional and new PSPAs (Fig-
ures U.34d, U.35b, U.36d, and U.37b). The IE results from the
new PSPA indicate a more confined area for the 2-in.-deep
delamination in Slab 11. The size of detected delamination
in Slab 11 with the traditional PSPA was bigger than it was
expected to be.

Shotcrete Slabs with Voids

Slabs 4 through 7 contained different sizes of bags that simu-
lated air-filled voids and water-filled voids at different depths. In
Slabs 4 and 5, the voids were embedded at a depth of 7.5 in.
from the surface and in Slabs 6 and 7 at a depth of 3 in. Slab 6
was tested with the new PSPA. Again, the time signals in Fig-
ures U.42b through U.44b are significantly different from the
time records of a similar intact slab (Slab 13) in Figure U.33b.
As in the case of concrete slabs, the USW method lost its
resolving power as the defects were placed deeper. As shown

Table U.2. Average and Standard
Deviation of Moduli of Intact

Shotcrete Slabs
USW Modulus (ksi)
Traditional
PSPA New PSPA
Slab | Average | SD Average SD
1 3,460 386 | Nottested | Not tested
2 4,178 549 3,440 506
3 3,607 506 3,610 464
13 4,401 684 3,990 777

in Figures U.42c and U.43c, the deep voids were not as readily
detectable from the USW results as were the shallower ones
with the traditional and new PSPAs, shown in Figures U.44c,
U.45b, and U.46¢. The deep and shallow voids were mapped
in contour maps of the dominant frequency from the IE
method with the traditional and new PSPAs (Figures U.42d,
U.43d, U.44d, U.45b, and U.46d). The voids in Slabs 6 and 7
were apparently bigger than intended, and they shifted when
the slabs were constructed.

Estimation of Depth of Defects

One of the goals of this study was to estimate the depth of
defects, especially the shallow ones (less than 4 in.). For severe
defects like the ones installed in the TTI slabs, the flexural
mode of vibration controls the responses obtained from the
IE method. However, as demonstrated in two concurrent
SHRP 2 Renewal projects (RO6A for concrete and RO6C for
hot-mix asphalt) the depth-to-defect can be estimated from
the USW B-scans. To demonstrate this concept, the USW
B-scans from the traditional PSPA for the defective concrete
and shotcrete slabs were recontoured, as seen in Figures U.47
through U.48. The recontouring process was needed because,
as reflected in Azari et al. (2012), the previous contour maps
were optimized to accentuate the existence of the defects. The
reported depths of defects are shown with a black solid line in
Figures U.47 and U.48.

Given the limitation of the minimum depth of investiga-
tion of the PSPA (2 in.), the depths of delamination were fairly
accurate for Slabs 7, 8,and 9. Figures U.47b and U.47c indicate
that the delaminated zone extended beyond the intended
areas. As was previously discussed, the predictive power of the
USW method diminished with depth. As reflected in Fig-
ure U.47d, the quality of the concrete above the 8-in.-deep air
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Figure U.34. Contour maps of acquired results from traditional PSPA for shotcrete Slab 8
(12 in. thick, delaminated at 8-in. depth).
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Figure U.36. Contour maps of acquired results from traditional PSPA for shotcrete Slab 9
(12 in. thick, delaminated at 4-in. depth). (Continued on next page.)

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

346

2 5 x 10
3
4
>
5 3
2 -
g ° 5 I
£ 7 z )
5 g g
a 8 c =
= g
9 = .
@,
10 =
11
12
-24-18-12 -9 6 3 0 3 6 9 12 18 24 24 -18-12 9 -6 3 0 3 6 9 12 18 24
Longitudinal Distance from Center (in) Longitudinal Distance from Center (in)
(e) USW B-scan along centerline (f) |E Spectral B-scan along centerline
Figure U.36. (Continued.)
4500
5 <
5 g
3 4000 3
8 3
€ IS
8 o
= W
(O] (O]
8 13500 S
8 8
2 o
a a
(O] []
5 43000 o
(0]
> >
g 1)
@ g -12
= =
-18
2500 -24-18-12 9 6 -3 0 3 6 9 12 18 24
Longitudinal Distance from Center (in) Longitudinal Distance from Center (in)
(a) Average modulus from USW (b) Dominant frequency from IE

Figure U.37. Contour maps of acquired results from new PSPA for shotcrete Slab 9
(12 in. thick, delaminated at 4-in. depth).
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Figure U.38. Contour maps of acquired results from traditional PSPA for shotcrete Slab 10
(12 in. thick, delaminated at 3-in. depth).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

348

0.6 -
1st Receiver
04} 2nd Receiver ||
__ 02
N
Ky
S
~ 0
c
=]
g
o -0.2f
[)
(8]
o
<

0.4}

-0.6f

-0.8

(a) Slab 11 0 05 1 15 2 25

Time(s)

3

x10°

(b) Waveform obtained from PSPA at center point

" ' 9000
_ ¥ 4 V'S
5 o A o B VI
2 o] ‘ \ , o
c = o
5 > A TN I |
° O 4 5
g - UNah -
@ o = >
&= = . . 6000 —~
5 = 3 A T | 7
£ 5 g N g
S o N -
() = [a) >
> = 2 LT A 2
5 5§ aEr \ 02
s = %” -' ‘ I
12 ~
c c
< [ ' 3000
§ g V. .
18L 4 1 2000
24-18-12 9 6 -3 0 3 6 9 12 18 24 24-18-12 9 6 3 0 3 6 9 12 18 24
Longitudinal Distance from Center (in) Longitudinal Distance from Center (in)
(c) Average modulus from USW (d) Dominant frequency from |E
2
3
4
>
5 g g
o = 3
-~ 6 2
£ R 5
s 7 < 2 g
g o 9] 2
% =] >
o 8 c g 3
= e el
9 = [ =
@, <
= Q.
10 &
11
12
-24-18-12-9 6 -3 0 3 6 9 12 18 24 2500 24 -18-12 9 6 -3 0 3 6 9 12 18 24
Longitudinal Distance from Center (in) Longitudinal Distance from Center (in)
(e) USW B-Scan along center line (f) |E Spectral B-Scan along center line

Figure U.39. Contour maps of acquired results from traditional PSPA for shotcrete Slab 11
(12 in. thick, delaminated at 2-in. depth).
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Figure U.40. Contour maps of acquired results from new PSPA for shotcrete Slab 11
(12 in. thick, delaminated at 2-in. depth).
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Figure U.41. Contour maps of acquired results from traditional PSPA for shotcrete Slab 12
(12 in. thick, delaminated at 1-in. depth). (Continued on next page.)
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Figure U.42. Contour maps of acquired results from traditional PSPA for shotcrete Slab 4
(12 in. thick, with air void at 7.5-in. depth). (Continued on next page.)
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Figure U.43. Contour maps of acquired results from traditional PSPA for shotcrete Slab 5
(12 in. thick, with water void at 7.5-in. depth). (Continued on next page.)
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Figure U.44. Contour maps of acquired results from traditional PSPA for shotcrete Slab 6
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Figure U.46. Contour maps of acquired results from traditional PSPA for shotcrete Slab 7
(12 in. thick, with water void at 3-in. depth).
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Figure U.47. USW B-scan along centerline for concrete slabs.
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Figure U.48. USW B-scan along centerline for shotcrete slabs. (Continued on next page.)
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Figure U.48. (Continued.)
void was quite low, manifesting as severe cracking on the slab References

surface (see Figure U.23). The manifestation of the water-
filled void at the same depth in Slab 11 could be detected;
however, once again the quality of the concrete above that void
was lower than the intact areas. Similar results were obtained
in the defective shotcrete slabs in Figure U.48. The depths of
the defects could be quantitatively estimated from the new
B-scans only in an approximate fashion. However, the USW
B-scans provided information about the change in quality of
concrete placed after the installation of the defects. That is why
the indication of defect (lower modulus) in some of the slabs
started a few inches above the top of the defects.
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Receiver, Pulse-Echo Technique for Flaw Detection in Concrete. ACI
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Gucunski, N., and A. Maher. 1998. Bridge Deck Condition Monitoring
by Impact Echo Method. Proc., International Conference MATEST
’98—Life Extension, Brijuni, Croatia, pp. 39—45.
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Analysis of SPACETEC Data

Broken tiles on the interior of a tunnel (especially on the
roof) are hazardous to vehicles passing through the tunnel
at 55 mph. Routine tunnel maintenance measures include
examination of tiles and detection and repair of loose tiles.
The current state of the practice is visual inspection and
hammer tapping of the tiles. Before this field investigation,
the Chesapeake Bay Bridge-Tunnel (CBBT) owners had
employed one engineer for 1 month to evaluate the bond-
ing of roof tiles in the Chesapeake Channel Tunnel with the
hammer sounding method. Broken and loose tiles were
found and marked as such.

During the first round of field evaluation using the
SPACETEC scanner in April 2011, a thermal anomaly (an
isolated hot spot) around Station 483 that did not correspond
to any known or marked loose tiles was detected. Manual
measurements using impact echo (IE) and ultrasonic echo
were carried out to investigate the bonding of tiles at the loca-
tion of the thermal anomaly.

Both IE and ultrasonic echo tests were conducted on the
selected eight-tile by eight-tile grid covering the location of the
detected anomaly. IE was carried out on an adjacent four-tile by
four-tile grid. Measurements were taken on individual tiles and
repeated three times. Data analysis was done in time domains,
examining the time histories of the signal recorded on each tile.
Frequency spectra as well as the short-time Fourier transform-
based spectrograms were calculated and examined. The envel-
opes of the US signals depicting their attenuation rates were also
calculated.

To showcase the data corresponding to the areas of good
bonding and possible debonding, two rows of the eight-tile by
eight-tile grid were selected for presentation here. Figures V.1
to V.3 provide the IE test results corresponding to the tiles on
the sixth row (from the top) of the eight-tile by eight-tile grid,
illustrating the time histories, spectra, and short-time Fourier
transform (STFT) spectrograms. The time signals in Fig-
ure V.1 attenuate rapidly (the impact energy propagates in the

358

lining); and the frequency spectra in Figure V.2 are broadband
with spectral energy centered on 50 kHz. Four records (one on
the top left and three at the bottom left) depict additional fre-
quency peaks of lower frequencies as well. Time and frequency
features can be seen simultaneously in the spectrograms of
Figure V.3. These characteristics in time and frequency
domains are indications of good bonding between the tested
tiles and the underlying lining.

Figures V.4 through V.6 provide the IE test results corre-
sponding to the tiles on the third row (from the top) of the
eight-tile by eight-tile grid, including the time histories,
spectra, and spectrograms. In contrast to those shown in Fig-
ure V.1, the time signals of Figure V.4 show little or no atten-
uation. The frequency spectra in Figure V.5 contain multiple
equally spaced frequency peaks. Both measured time and
frequency features are expected for loose tiles, as the debond-
ing from the tunnel lining leads to multiple reflections of
the acoustic energy between the tile and the underlying
lining.

The individual records obtained on each tile were analyzed
in both time and frequency domains, and their assessed
bonding conditions were color coded and superimposed on
the thermal image in Figure V.7. In this figure, green indicates
well-bonded tiles, while loose tiles are marked with orange-
to-red spots. A comparison of the obtained results reveals
that the tiles at the thermal anomaly detected by SPACETEC
as a noticeable warm spot were diagnosed as debonded by IE
measurements.

Ultrasonic echo measurements were taken on the same
eight-tile by eight-tile grid (the eight-tile by eight-tile grid
only) as described for IE testing. The ultrasonic echo time
histories and spectra obtained on the sixth row of the tiles
(from top) are shown in Figures V.8 and V.9, respectively. The
ultrasonic echo time histories and spectra obtained on the
third row of the tiles (from top) are shown in Figures V.10
and V.11, respectively.
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Figure V.1. Time histories of IE signals along the sixth row of the eight-tile by eight-tile grid at about Station 483
of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.2. Frequency spectra of IE signals along the sixth row of the eight-tile by eight-tile grid at about
Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.3. STFT spectrograms of IE signals along the sixth row of the eight-tile by eight-tile grid at about
Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.4. Time histories of IE signals along the third row of the eight-tile by eight-tile grid at about Station 483
of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.5. Frequency spectra of IE signals along the third row of the eight-tile by eight-tile grid at about
Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.6. STFT spectrograms of IE signals along the third row of the eight-tile by eight-tile grid at about
Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC data was detected.
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Figure V.7. Visual image (left) and thermal image (right) at about Station 483 of the
Chesapeake Channel Tunnel. Bonding conditions of tiles around the location of the
thermal anomaly (warm spot) evaluated on the basis of IE measurements are color
coded and superimposed on the thermal image.
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Figure V.8. Ultrasonic echo time histories along the sixth
row of the eight-tile by eight-tile grid at about Station 483
of the Chesapeake Channel Tunnel, where the thermal
anomaly in SPACETEC data was detected.
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Figure V.9. Frequency spectra of ultrasonic echo signals along the sixth row of the eight-tile by eight-tile
grid at about Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC
data was detected.
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Figure V.10. Ultrasonic echo time histories along the third
row of the eight-tile by eight-tile grid at about Station 483
of the Chesapeake Channel Tunnel, where the thermal
anomaly in SPACETEC data was detected.
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Figure V.11. Frequency spectra of ultrasonic echo signals along the third row of the eight-tile by eight-tile
grid at about Station 483 of the Chesapeake Channel Tunnel, where the thermal anomaly in SPACETEC

data was detected.

The characteristics of the ultrasonic echo signals were sim-
ilar to those of the IE signals: when the tiles were loose, the
time signals were less attenuated. The spectral energy in the
frequency spectra on bonded tiles were centered on 50 kHz
(which is about the center frequency of the transducer). The
spectra obtained on presumably debonded tiles were broader,
showing multiple peaks. Ultrasonic echo amplitudes were
generally higher on debonded tiles. However, given the vari-
ability of the pressing pressure during hand measurements,
no reliable correlation between the ultrasonic echo ampli-
tude and debonding condition could be concluded.

The individual ultrasonic echo signals were analyzed,
and their bonding conditions were color coded and super-
imposed on the thermal image of Figure V.12. Similar to the
IE results, the manual ultrasonic echo measurements indi-
cated the presence of loose tiles where a thermal anomaly

(warm spot) by SPACETEC was registered. It appears that
loose tiles can be detected as thermal anomalies in SPACETEC
thermal images.

To further investigate this hypothesis, the thermal and
visual images obtained from the SPACETEC scanner along
one direction were compared with the manual hammer
sounding maps provided to the research team by CBBT own-
ers. An example of such comparisons obtained at about Sta-
tion 475 is given in Figure V.13. Thermal anomalies (marked
green) seemed to correspond well to the tiles deemed as loose
(or debonded) during the hammer sounding survey.

A statistical analysis was performed to establish the sensi-
tivity of thermal and visual imaging to the debonding of tiles
on the tunnel ceiling, as detected by hammer sounding. Both
thermal and visual images were used to find anomalies in
SPACETEC survey results. Data collected along one direction
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us

Figure V.12. Visual image (left) and thermal image (right) at about Station 483 of
the Chesapeake Channel Tunnel. Bonding conditions of tiles around the location
of the thermal anomaly (warm spot) evaluated based on ultrasonic echo (US)
measurements are color coded and superimposed on the thermal image.

Figure V.13. Comparison of anomalies detected in SPACETEC visual and thermal images (left) against results of
manual hammer sounding survey conducted by tunnel owners (right) at about Station 475. Thermal anomalies
are superimposed on the hammer sounding map as green-colored tiles, while broken tiles seen on visual
images are shown as red-hatched areas. The hammer sounding data and the SPACETEC data were collected in
opposite directions; to compare the data sets, the plan sheet images had to be reversed.
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(southbound) was used for this analysis. The sensitivity was
calculated according to Equation V.1:

Sensitivity = TP/(TP + FN) (V.1)
where TP and FN stand for true positives and false negatives,
respectively. Given the nature of the available data, only the
sensitivity could be estimated here. The hammer sounding
results were assumed to give the true number and location of
debonded tiles. That means anomalies detected by SPACETEC,
where no delaminated tiles were marked, were considered
false alarms.

Sensitivity was calculated separately for defect groups of
various sizes (tile counts) as shown in Figure V.14. The overall
sensitivity (independent of the defect size) was obtained as
0.71, or 71%. Ninety-seven percent of areas including more
than 50 tiles could be detected, compared with 55% for areas
covering less than 50 tiles. A visual comparison of thermal and
visual anomalies versus the delaminated tiles is provided in
Figures V.15 through V.37. In these figures, thermal anomalies
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are superimposed on hammer sounding maps at various loca-
tions along the tunnel. The hammer sounding maps were
flipped because the hammer sounding data and the thermal
anomaly data were collected in opposite directions.

An additional analysis was performed to investigate why
some of the debonded areas were not detected in SPACETEC
data. Very small debonded areas covering less than 20 tiles
seem not to be always detectable in thermal images obtained
during this particular survey. Reflection of light from the sur-
face of tiles (at certain scanning angles) and the interference
with the temperature gradient in front of the air vents were
found to be the top two factors why larger debonded areas were
not detected.

This analysis suggests that a combination of thermal and
visual imaging offers a reliable alternative to the tedious
practice of hammer sounding on individual tiles. The great
advantage of such scanning operations becomes obvious
considering the speed of the SPACETEC survey (about 1 h at
1.5 km/h, or 1 mph) compared with that of hammer sounding
(one man-month).

1.00
1.00
1.00
1.00
0.74
1.00
0.61
0.75
0.70
0.49
Sensitivity

Figure V.14. Sensitivity of SPACETEC thermal and visual imaging to
debonded tiles as detected by manual hammer sounding. Sensitivity
is calculated for defect areas of various sizes (tile count).
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Figure V.15. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 470+00 and 472+23.
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Figure V.16. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 472+23 and 474+57.
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Figure V.17. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 474+57 and 477+07.
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Figure V.18. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 477+07 and 479+28.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

369

e 1R HOTATE THL A

008 HOMTATE 341 HITAM

s
e
e

Figure V.19. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 479+28 and 481+63.
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Figure V.20. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 481+63 and 484+01.
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Figure V.21. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 484+01 and 486+28.
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Figure V.22. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 486+28 and 488+53.
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Figure V.23. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 488+53 and 490+ 75.
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Figure V.24. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 490+75 and 492+85.
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Figure V.25. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 492+85 and 495+23.
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Figure V.26. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 495+23 and 497 +64.
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Figure V.27. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 497+64 and 499+82.
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Figure V.28. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 499+82 and 502+ 20.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22609

Mapping Voids, Debonding, Delaminations, Moisture, and Other Defects Behind or Within Tunnel Linings

374

2840 MNTANE 3 HETAM

LNMMET TICH LIMG

[
et —
e

Figure V.29. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 502+20 and 504+ 60.
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Figure V.30. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 504+60 and 506+ 86.
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Figure V.31. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 506+86 and 509+21.
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Figure V.32. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 509+21 and 511+57.
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Figure V.33. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 511+57 and 513+90.
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Figure V.34. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 513+90 and 516+24.
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Figure V.35. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 516+24 and 518+49.
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Figure V.36. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 518+49 and 520+84.
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Figure V.37. Visual comparison of thermal anomalies and delaminated tiles (as detected by hammer sounding)
between Stations 520+84 and 522+48.5.
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Findings and Applications of the BAM

Detecting Delaminations
and Voids

Delamination-like anomalies were detected by the Federal
Institute for Materials Research and Testing (BAM) at three
test sites in two different tunnels. At Hanging Lake Tunnel,
Segment 56 (BAM-HL1), ground-penetrating radar (GPR)
detected an anomaly at a depth of 12 in. The GPR C-scan (at
a depth of 12 in.) and D-scan are shown in Figures W.1 and
W.2, respectively. The anomaly size was at its largest (24 in. by
20 in.), as shown in Figure W.1.

The same anomaly was detected in the ultrasonic echo
records, as shown in Figure W.3, D-scan taken at y =5 in., and
Figure W.4, B-scans at x =6 in. and x =23 in. Figure W.3 shows
the anomalous reflector at a depth between z=12 in. and z =
16 in. The phase evaluation of the anomalous reflector pointed
to an acoustic impedance lower than that of concrete (similar
to air-concrete interfaces). A three-dimensional (3-D) view of
ultrasonic data, including the anomaly, is shown in Figure W.5.

Two other anomalies were found within the test areas of
the Chesapeake Channel Tunnel. The first one at Station 474+27
(BAM-CPB1) was only detected with ultrasonic echo. This
anomaly was detected directly at z = 15 in., spreading over
about 20 in., from x = 20 in. to x = 40 in. (Figure W.6a), and
indirectly because of the suddenly weakened backwall reflec-
tion (Figure W.6b). The D- and B-scans shown in Figure W.7
depict the location of the anomaly within the lining. The
phase evaluation at detected reflections was not conclusive.
Therefore, no reliable conclusions could be made about the
nature of the anomaly.

The 3-D image in Figure W.8 illustrates the location of the
anomaly within the test volume.

Another anomaly at Station 486+67 (BAM-CPB3) was
detected by both the ultrasonic echo and impact echo (IE)
techniques.

In the ultrasonic echo data, the anomaly manifested itself
directly as an anomalous reflector at depths from z =2 in. to

379

z=4in. and indirectly as the missing backwall echo between
x =16 in. and x = 38 in,, as seen in Figure W.9. The phase
evaluation indicated an acoustic impedance lower than that
of the surrounding concrete.

D-scans cutting through the length of the test area showed
multiple reflectors in the volume above the missing backwall
echoes at z= 6 in., z= 10 in,, z = 15 in,, and z = 20 in., with
changing phases (Figure W.10). Multiple reflections with their
phase jumping between negative and positive are typically
indications of shallow delamination (Shokouhi et al. 2005).

The 3-D image of Figure W.11 illustrates the missing back-
wall echo and the anomalous reflections above it.

Figure W.12 presents a spectral D-scan and two selected IE
A-scans (spectra). The tunnel lining thickness resonance fre-
quency can be seen throughout the D-scan, except between
x=13 in.and x= 30 in., where the echo is disturbed. Two typi-
cal spectral and temporal A-scans from the sound (x=5.5in.)
and disturbed (x =20 in.) regions are compared in this figure.
While the sound spectrum contains one clearly dominant fre-
quency, the disturbed spectrum contains multiple peaks, mostly
of frequencies lower than that of thickness resonance fre-
quency, indicating shallow delamination (2). The thickness
resonance frequency appears at about 3.2 kHz, corresponding
to a depth of about z=25 in.

The three data sets discussed above were combined as shown
in Figure W.13. Data combination was achieved by weighing
and adding the three different data sets. Depth-varying weights
were assigned to each data set to account for the different
resolution and penetration depths associated with each
method. A combined image of IE, ultrasonic echo, and GPR
data at y=15in. is shown in Figure W.14. The image provides
a concise combined presentation of all the useful information
provided by each method: the reinforcement from GPR and
ultrasonic echo, a reflector at z= 4 in. at x = 32 in. from ultra-
sonic echo, and the backwall from ultrasonic echo and IE. In the
area of missing ultrasonic echo backwall echoes, the disturbed
IE spectra are seen.
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Figure W.1. BAM-HL1, GPR: C-scan showing anomaly at
depth, z = 12 in. Encircled area is about 24 in. by 20 in.

HL = Hanging Lake.

Figure W.2. BAM-HL1, GPR: D-scan showing extension of
anomaly from z = 12 in. to z = 16 in. Slice was taken aty = 6 in.

HL = Hanging Lake.

Anomaly

y=5in.

Figure W.3. BAM-HL1 ultrasonic echo: D-scan taken aty = 5 in. Curved
anomalous reflector of mostly negative phase was detected between
z = 12in. and z = 16 in. HL = Hanging Lake.
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Figure W.4. BAM-HL1, ultrasonic echo: B-scans to evaluate extent of
anomaly within tunnel lining: (a) B-scan crossing through deeper part
of reflector, and (b) B-scan crossing through shallower part of
reflector. HL = Hanging Lake.

A surface crack was detected at one of the test fields at
Hanging Lake Tunnel (Segment 57). In the GPR results, the
crack manifested itself as a change in electromagnetic imped-
ance, most likely because of the intrusion of moisture into the
lining. Figure W.15 presents a collection of GPR B-, C-, and
D-scans with the cracked zone marked on each scan.

The circled areas mark the reflections at the location of
the surface crack. The reason for the seeming mismatch of the
first 6 in. in the C-scan was a missing profile line caused by a
failure during the measurement process, which resulted in
artifacts in the reconstructed images. Figure W.15c shows the
reflector at a depth of z= 3 in. The B-scan at x = 19 in. (Fig-
ure W.15a) shows that the reflector extended down to a depth
of 3.4 1in.

In the ultrasonic echo data, the crack was indirectly detected,
where a part of the longitudinal reinforcement was missing

Figure W.5. BAM-HL1, ultrasonic
echo: 3-D image of volume positioned
to reveal anomaly, with B-scan

positioned at x = 6 in., C-scan at (Figure W.16). As the ultrasonic echo only detected the anom-
z = 21 in. (4 in. thick), and D-scan at aly indirectly, the technique could not specify the depth of the
y = 6in. HL = Hanging Lake. crack or the dimension of the possible moisture intrusion.
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Figure W.6. BAM-CPB1, ultrasonic echo: (a) C-scans showing anomaly directly
at a depth of 15 in., and (b) indirectly as a weakened backwall reflection.
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z Backwall,
anomaly, and

weakened
backwall
reflection
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(b) X =28in. =

3.0 L0

Figure W.7. BAM-CPB1, ultrasonic echo: (a) D-scan aty = 12 in., and

(b) B-scan at x = 28 in. depicting anomaly and weakened backwall reflection.
No conclusive information could be drawn from phase diagram. (Image
reversed to compare data collected in opposite directions.)
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z=2in.

z=4in

Figure W.8. BAM-CPB1, ultrasonic

echo: 3-D image of volume

positioned to reveal backwall and

anomaly, with B-scan positioned at

x =29in., C-scan at z = 24 in., and

D-scanaty =7in. (O

20

o

(©)

=

Figure W.9. BAM-CPBS3, ultrasonic echo: C-scans
showing anomaly at (a) z = 2 in., (b) z = 4 in., and
(c) missing backwall echo at z = 25 in.
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Missing backwall echo

Figure W.10. BAM-CPBS3, ultrasonic echo: D-scan aty = 16 in. showing
multiple anomalous reflections with depth as well as missing backwall
echo. Phase values jumped between positive and negative, from reflection
to reflection.
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Figure W.11. BAM-CPBS3,
ultrasonic echo: 3-D image of
volume positioned to reveal z
backwall and its shadowed area ﬁ
resulting from apparent shallow 5
anomaly. B-scan is positioned at =
x =21in., C-scanatz = 25in., B
and D-scan aty = 12in. @
= [ =
A-Scan A-Scan
X=6in. x =20in.

Figure W.12. BAM-CPBS3, IE: D-scan (a) and selected A-scans
representing echo from sound section (b) and from area with
anomaly (c).
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@ (b) (©) y=15in.

Figure W.13. BAM-CPB3: Individual D-scans aty = 15 in. for each
nondestructive testing (NDT) method: (a) IE, (b) ultrasonic echo, and (c) GPR.

Figure W.14. BAM-CPB3: Combined IE-ultrasonic echo-GPR
D-scanaty = 15in.
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z=3in.

x =18in.

(C) (b)

(©)

y=6in.

Figure W.15. BAM-HL2, GPR: C-, D-, and B-scans showing reflections
caused by presence of a surface crack. HL = Hanging Lake.

l_’ X Shadowed area due to surface crack z=6in.
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Figure W.16. BAM-HL2, ultrasonic echo: (a) C-scan at
z = 6in. and (b) D-scan at x = 44 in., showing missing
echoes of longitudinal reinforcement resulting from
surface crack. HL = Hanging Lake. (Image reversed to
compare data collected in opposite directions.)
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