Chapter 2
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techniques
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1 Ultrasounds through transmission

Vincent Garnier
1.1 Physical principles and theory

The ultrasonic method can be applied by the reflection or the transmission of elastic
waves in the concrete or on its surface. The first method, called “ultrasonic echo” or
“pulse echo” is explained in the next section (§2).

The second is the ultrasonic transmission method (also named “sonic pulse
velocity” measurement). It is a common technique used by many companies to
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evaluate the concrete in situ and to provide information on the quality of the con-
crete element. It allows measuring the velocity and attenuation of elastic waves. It
consists to send the ultrasonic wave from a transducer “emitter”” and to record the
signal with a separate transducer “receiver”. Typical transducers generate the wave
by exciting a piezoelectric disk.

The two transducers are generally identical in geometry and wave frequency
range. The typical frequency range used for the concrete is from 20 kHz to 300 kHz.
A usual device is proposed with 24 or 54 kHz transducers. The new devices propose
higher frequency transducers but their attenuation is important. Pressure waves
(P-waves, longitudinal waves) and surface waves (Rayleigh waves) are generally
used. Shear waves (S-waves, transverse waves) are exploited only in specific cases.

The velocity C is the most currently and easily evaluated parameter by transmis-
sion technique. C is deduced from the measurement of the time of flight t and the
distance L that the wave covers in the concrete.

c=L
t

The attenuation o is deduced from the decrease of the amplitude A and A, of the

received signal for two paths with two different lengths L and L.

20 (Al)
o= log| —
L,-L, A2

The current unit for attenuation is dB/m.

The attenuation measurement is not very easy because the contact conditions
between the transducer and the concrete are not fully repeatable. Some new air
coupling transducers (avoiding any contact) are in development today.

1.2 Correlation with the mechanical properties

Because the wave propagation is depending on the material mechanical properties,
many tests are developed to link the compressive strength f_or elasticity modulus E
with the ultrasonic velocity. Since the propagation is modified by any defect in
the material, the measurements can also inform about these defects.

The correlation with material properties can be calibrated with cores extracted
from the structure or on a cubic specimen from the same concrete as the structure.
For instance, ACI 228 1.R considers that V* is proportional to E? and to concrete
strength. It is however not possible to define a general law. European standard
EN13791 considers a polynomial relationship of order 2 between concrete strength
and velocity. In a literature study [Evangelista et al., 2003] registered, without being
exhaustive, 12 different laws (linear, exponential or power), from 1988 to 2000,
establishing a relationship between the compressive strength f and the P-waves.
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Table 2.1 Usual values of velocity and attenuation of the P-wave in a concrete

Concrete condition P-wave velocity (100 kHz) P-wave attenuation (100 kHz)
Damaged velocity < 3000 m/s > 90 dB/m
Sound velocity > 4500 m/s <30 dB/m
48001 16 1:1:2
e 1:1-1/2:3 Irregular
' " River
4700 - |A1:2:4 Aggregate
> A 1:2-1/2:5
£4600 |0 1:3:6
2
k)
% 4500 -
>
]
2 4400
a
4300
4200
L L L L L
0 10 20 30 40 50 60

Cube Compressive Strength (MPa)

Fig. 2.1 Effect of aggregate to cement ratio on the relationship between pulse velocity and com-
pressive strength (after [Naik et al., 2004])

[Popovics, 2006] explains the problem and proposes to work with the surface waves
to get an accuracy better than + 20 percent.

It is suggested to estimate material properties after having fitted a specific
correlation with velocity by using multiple regression techniques. One must keep in
mind that a lot of parameters influence the ultrasonic velocities: the aggregate size,
nature and rate, the ratio aggregate on cement or water on cement, the cement nature,
the age of the concrete, the geometry of the tested structure or beam, the curing
conditions, the porosity rate, the water contained in the pores and the cracks, the
damage and also the rebar.

Typical values of velocity and attenuation are plotted on Table 2.1. These values
depend on the wave frequency. So the transducers choice for a test can be very
important.

An example of laws depending on the ratio aggregate to cement is given by
Fig. 2.1. The figure shows that for a given value of pulse velocity, the higher the
aggregate to cement ratio, the lower the compressive strength.

A solution exploited in situ is not to give the absolute value of the velocity but
to compare the different zones (damaged or not). That allows defining the most
suspect zones of the structure on which it is important to improve the tests or to
develop some other complementary tests [Abraham and Dérobert, 2003]. It is pos-
sible either to work point by point and to move the two transducers each time, or to
move only one of the two transducers. A third possibility is to work with a series



20 V. Garnier

Fig. 2.2 Ultrasonic
Transmission device
with plane coupling probes

Fig. 2.3 Ultrasonic
Transmission device

with plane coupling probes
(Pundit from CNSFarnell)

of transducers for the reception and / or for the emission. In each case, information
got on each point is worked separately. It is also interesting to mix and to sum up
all the information in order to get an image, for example to describe the structure.
That is the ultrasonic tomography that is used to examine cracks, voids and other
internal defects [Bond et al., 2000].

Today some new improvements are proposed in the modeling of the wave’s
propagation by the wave’s homogenization, and in the signal analyses as well as in
the surface wave applications (without contact and coupling).

1.3 Measuring Equipment and Handling

The typical industrial devices contain (Fig. 2.2 and 2.3):

* An electrical pulse generator (peak voltage from 150 V to 1000 V) and amplifier
for the wave,

e an emitter transducer (mostly piezoelectric sometimes without contact).
Sometimes the emitted wave is generated by an impact with a ball or a hammer,

e areceiver transducer (only one or several on a line to be precise on the distance
value),
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* sometimes, an automatic displacement device of ultrasonic displacement to
obtain (A, B or C-scan),

e a calibration bar in metal or silica, to calibrate the measurement,

e an oscilloscope to see the signal and measure the time, or only a time
calculator.

The transducers are generally plane with contact. To get a better transmission,
the coupling is ensured by grease, paste or gel. Sometime the transducers can be
bonded directly on the concrete surface. Some transducers include a cone for the tip
to get a punctual contact that allows working, for the low frequencies, without
coupling. Another specific air coupling transducers (piezo or capacitive) with
specific amplifiers are developed to work without contact at a distance ranging
from some millimeters to some centimeters between the transducer face and the
concrete element. These transducers are new for NDT on concrete and they get rid
of the sensitive problem of coupling. Then they allow working more easily on the
attenuation properties. In some research works, the wave propagation can even
be measured generated by laser interferometer without contact.

The equipment generally offers the direct digital read-out of transit time, the
flaw detection, battery and A-C power, RS-232 output for computer uploading.
The calibration can be done with the metallic bar to adjust the time measured or by
an internal calibration.

The device can give the calculated P-wave or S-Wave velocity easily by direct
reading. The elasticity dynamic modulus E, or Poisson ratio v are calculated under
some conditions.

To estimate the material properties, the relationships between elastic constants
and the velocity of respectively ultrasonic pressure wave V, and shear wave V| are
derived from equations in an isotropic elastic medium of infinite dimensions:

V- E,(1-v) V- E,
oA pd+v)d-2v) T N2p+v)

E, = the dynamic elastic modulus (MPa)

v = the dynamic Poisson’s ratio.

p = the density (kg/m?).

V| = the pressure (longitudinal) wave velocity (km/s).
V. = the shear wave (transversal) velocity (km/s).

where:

The relation with V_is difficult to exploit because the shear wave velocity is not
easy to determine owing to the multiple scattering in the concrete. For the wave
length A generally used (from 10 to 150 mm), the concrete is a very heterogeneous
material that generates a lot of scattering of the ultrasonic waves and that perturbs
the shear waves exploitation. So the first relation is generally used to calculate the
dynamic modulus E. with a prior assumption on the Poisson ratio and the measurement
of the density.
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1.4 Guidelines, Recommendations

AIEA, Guidebook on non-destructive testing of concrete structures, Vienna 2002

ASTM C 1383 Test method for measuring the P-wave speed and the thickness of
concrete plates using the impact echo method Annual Book of ASTM Standards
Vol. 04.02, ASTM, West Conshohoken, PA, USA, 2000

ASTM C 597 — 83 (91) Standard test method for pulse velocity through concrete

BS 86 (British Standards) Recommendation for the measurement of velocity of
ultrasonic pulses in concrete, Testing concrete, BS 1881 : Part 203, 1986

D6760-02 Standard Test Method for Integrity Testing of Concrete Deep Foundations
by Ultrasonic Crosshole Testing

EN 12504-4, Testing concrete in structures — Part 4: Determination of ultrasonic
pulse velocity, Norme Européenne

1.5 Common techniques and devices

The common devices are used for concrete quality control and for the evaluation
of the dimensions of structures. Under some conditions, they can also correlate
concrete strength to standard velocity measurement, using correlation laws that
are not universal.

If their sizes are important enough, it is possible to identify honeycombs, voids,
frozen concrete, cracks, delamination and other non-homogenous areas like those
resulting from thermal, mechanical or chemical damages in concrete. In a recent
French research program [Balayssac et al., 2008], the influence on the velocity and
attenuation waves of the water saturation rate, porosity, carbonization, chloride
content and damage were tested.

An important way to assess the concrete condition is to determine the material vari-
ations in space or over time (this is mainly used for young age cemetitious materials).

Ultrasonic testing can be applied to new and old structures, columns, walls, fire
damaged areas, hydroelectric structures, bridge, piles, pipes, prefab and prestressed
beams, cylinders and other concrete forms.

For transmission of P-waves, the emitter generates the signal and starts the time
counting. The receiving transducer detects the arrival time of the leading vibration.
For the low frequencies and if the length of the wave path is known, it is possible
to measure the velocity in three directions depending on the accessibility of the
structure faces [Farnell, 2008].

* between opposite faces (direct transmission), see Fig. 2.4
* between adjacent faces (semi direct transmission), see Fig. 2.5
* on a single face (indirect or surface transmission), see Fig. 2.6

The direct technique is the most accurate and must be chosen when possible. The
difficulty is to access to the two sides. If the concrete is reinforced, the best solution is
to locate first the rebar with an electromagnetic device and thus to test between them.
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The semi direct technique is easy to use but the distance between the two transducers
is less well defined than the previous case. Its accuracy is generally below the first.

The indirect or surface technique is easily exploitable in situ with different con-
figurations. The access to only one face is simpler.

The three types of control are commonly used on site today.

To detail the indirect method, it must be said that the emitter is fixed and the
receiver is placed at different positions (x1 to x4 on Fig. 2.7) on a line and the sig-
nal is recorded for each of them. The minimum length x1 inspected has to be more
than 5 times the mean aggregates dimension. The general value is 100 mm or 150
mm. The time is plotted versus the distance (Fig. 2.8). This distance between the
emitter and the receiver is measured from centre to centre of the transducers. The
slope of the straight line gives the wave velocity. The indirect wave velocity is
lower than the direct one by about 5 % to 20 %, the difference depending on the
concrete type. To increase the measure quality, it is possible to work with a series
of fixed transducers instead of moving a unique transducer.

By indirect transmission, the slope analysis allows detecting the presence of
voids or cracks as presented in Fig. 2.9. The P-wave follows the shortest path, it is
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Fig. 2.7 Indirect method principle
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Fig. 2.8 Time of flight versus distance

diffracted by the crack tip and transmitted to the receiver. A change of slope on the
curve “time-distance” can give the position and the depth of the crack. However, in
practice, the measurement is sometimes uneasy to work out because the partial
closing or filling of the crack.

By indirect transmission, the slope analysis also allows to detect the presence of
damaged layer as presented in Fig. 2.10. The variation of the slope can give the
depth of the affected zone.

These evaluations can be perturbed by usual conditions on site:

* if the contact between the transducers and the concrete is irregular

* if the wave length is not adapted to problem: when the lengthwave is too high,
small cracks cannot be detected; reversely, when the lengthwave is too small, an
important attenuation increases the uncertainty

*if some water and /or some particles fill up the cracks, the diffraction doesn’t
occur on the crack tip.
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Fig. 2.10 Damage detection principle

1.6 Reliability and limitation of results

Many parameters influence the wave velocity. The effect of some of them is known
and can be corrected in the best case, but in industrial conditions, the best way is
often to work by comparisons between the different points of measurement or with
cores extracted from the structure.

The standards give information on how to adjust the velocity value as a function
of the lateral dimension of the concrete elements, of the rebar presence, of the
moisture and temperature.
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Many bias factors exist:

— The coupling conditions highly change the amplitude of the wave, they can
disturb the attenuation evaluation and sometimes the velocity estimation.

— The lateral boundaries of the tested structure can generate a new type of waves that
modifies the velocity of the apparent P-wave analyzed (reflected or Lamb waves).

— The presence of reinforcing steel bars can accelerate the wave if they are in the
same direction as the waves. They can also scatter the waves and decrease their
velocity when they are perpendicular.

— The moisture, the porosity and the temperature of the concrete modify the
velocity up to 20 %.

— The choice of the transducers (mainly frequency and size) can modify the
velocity by 15 or 20 %.

— The concrete nature (aggregate size, cement nature, porosity rate and density)
modify the velocity from 5 to 20 %

In any case, the technician must be qualified.

To conclude, the ultrasonic inspection by transmission is a technique accessible
that can provide information on the concrete condition. In the simple case, it enables
comparisons between different types or zones of concrete in a structure. If care is
devoted to control some experimental parameters on site, it is possible to optimize
the experimental device and the procedure to get more information attached to the
material properties.

1.7 Developments

Today a lot of developments and researches are developed in order to help the
operator to extract better and more reliable information from the transmitted ultra-
sonic waves.

— The tomography that is used in situ improves the quantity of information
concerning the defect detected or the zone tested. It allows confirmation and
increases the capability of detection.

— The Spectral Analysis of surface Waves analyzes the propagation mode of the
dispersive waves (Rayleigh and Lamb) that propagate just below the surface or
in plates. Derived from this method, the Multichannel Analysis Surface Waves
method allows the assessment of delaminations.

— The cover concrete is the first protection of the structure regarding all the aggres-
sions from the environment. It can be assessed by analysing the Rayleigh waves
with automatic devices.

— Modeling of the waves’ propagation is developed by some laboratories that are
working on the concrete homogenization. The objectives are to understand the prop-
agation in such a heterogeneous material and to predict the velocity and attenuation
of the waves. Some Finite Element Methods are also developed in this way.
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2 Ultrasonic Echo

Martin Krause and Franck Mielentz
2.1 Physical principles and theory

Shortly described, the ultrasonic echo method (also named pulse echo method)
measures the time of flight of elastic pulses, which are reflected at internal inter-
faces or are backscattered at internal objects, respectively. This method overcomes
the drawback of ultrasounds through transmission that requires access to both
surfaces. From the measured time of flight and the pulse velocity known from
calibration measurements, the depth of the scatterers and interfaces can be
deduced. Pressure waves (P-waves, longitudinal waves) as well as shear waves
(S-waves, transverse waves) are used for NDT of concrete elements. For concrete,
the typical frequency range is from 25 kHz to 300 kHz.

Generally the wave propagation velocity for a monochromatic wave (phase
velocity) can be written as:

c=A"f (1)

where c is the wave velocity, A is the wavelength and fis the frequency.

Pressure waves (P-waves) have a typical wave velocity of 4000 m/s in concrete,
thus for a frequency of 100 kHz the wavelength is 40 mm.

The reflection R of P-waves at planar interfaces is defined by the difference
of the acoustic impedance for two materials, whereas the acoustic impedance is
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a material property defined as the density p multiplied by P-wave phase
velocity:

R=22"% 2)
2, +Z1

where z is the acoustic impedance z in material 1 and 2, respectively, with:
z=pc 3)

Since the acoustic impedance of air can be neglected compared to concrete, the
reflectance at air interfaces is R = 1. When the impedance of material 2 is greater than
for material 1, the sign of R is positive. When the acoustic impedance of the material 2
is smaller than for material 1, the sign of R is negative, that means that a phase jump of
¢ = 180° appears for the reflected wave pulse. This effect allows to distinguish between
the reflection at the concrete/steel interface and reflection at the concrete/air interface.

Generally ultrasonic pulses are produced and measured with piezoelectric
probes. Thus the measured AC voltage is proportional to the sound pressure P_in
the material, which is defined by:

P =pc®{=20( “)

where z is the acoustic impedance (see (3)), @ is the angular frequency (with @ =2
n f) and { is the amplitude of particle oscillation.

The base for ultrasonic echo applications for concrete are low frequency trans-
ducers (probes, centre frequency around 100 kHz), which must transmit broadband
pulses. After basic research in the 1990’s, transducers and equipment were devel-
oped, which allow measuring the thickness of concrete elements even in single point
measurement, if the site conditions are not too difficult. This means for instance not
too dense reinforcing layers or not too bad surface conditions.

In order to measure the dimension of a reflecting area, several points can be
combined for providing an imaging result. This can be done by measuring lines
manually or by an automated scanning.

The ultrasonic echo method has the potential to locate and identify discrete defects
or objects if sufficient focusing is achieved by the transducers. Because the concrete
contains aggregates and air pores, structural noise always appears, reducing signifi-
cantly the signal to noise ratio. In order to overcome this problem, special transducers
and imaging methods based on array techniques and synthetic aperture have been
developed (and are continuously ameliorated) in research and development activities.

2.2 Measuring equipment and handling

For single point measuring, there are generally two types of equipment: transduc-
ers with planar contact on the measuring surface and dry contact transducers
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Fig. 2.1 Array consisting

of 10 broadband planar
transducers for the frequency
range of 80 kHz to 200 kHz

(point contacts). An instrument or development equipment contains four general
features:

* A Electrical Pulse generation (AC Peak Voltage between 150 V and 1000 V)

* A piezoelectric Transducer

e A receiving unit and an amplifier

* Displacement device of ultrasonic measuring curve (amplitude vs. time; A-scan)
and indication of time of flight or reflector depth.

Since the mid-1990s broadband transducers have been developed in the frequency
range of 20 kHz to 300 kHz, for P-waves as well as for shear waves. Fig. 2.1 shows
as an example ten pressure wave transducers arranged in a template to be applied as
an array. They have a planar surface, which means that coupling agent is necessary
(e.g. vaseline or glycerine) [Krause et al., 1997].

Low frequency shear wave transducers developed around 2000 have two main
advantages: firstly the shear wave is directly generated by a ceramic tip pressed to
the surface. There is no need for a delay wedge or coupling agent (dry contact).
Thus, secondly, the polarisation axis of the shear waves can directly be aligned
corresponding to the axes of symmetry [Kozlov et al., 2006].

Fig. 2.2 depicts some examples of dry contact transducers, which are available
as single transducers and transducer arrays in different arrangements. The fre-
quency ranges from 30 kHz to about 80 kHz (i.e. a wavelength range from about
100 mm to 33 mm for a typical wave velocity of Cs = 2700 m/s in concrete). For
manual measurements an electronic interface can be used. The probe has twelve
transmitting and twelve receiving transducers, which are working simultaneously.

For developing and optimizing low frequency ultrasonic techniques, often
arbitrary pulses are applied. A typical equipment is shown in Fig. 2.3.
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Fig. 2.2 left: Point contact transducer, right: T/R probe with 12 transmitting and 12 receiving
point contact transducers

Fig. 2.3 left: Excitation of transmitting/receiving (T/R) transducer with arbitrary function genera-
tor, power amplifier (not imaged) and oscilloscope, right: Principle sketch for working with arbi-
trary pulses and data processing

Fig. 2.4 Ultrasonic Echo
device with plane coupling
probe (for thickness
measurement of screed)

Two typical commercially available instruments are depicted in Figs. 2.4 and
2.5, left. Both permit point measurement with preferable separate transmitter and
receiving transducers. For equipment 1, these are plane coupling transducers of the
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Fig. 2.6 Thickness measurement of concrete slab using a single probe in frequency range of
100 kHz

type explained above. Instrument 2 is constructed for point contact transducers,
mainly for shear waves. Since the transducer tips are made of ceramic, they are
simply pressed at the measuring surface without any need of coupling agent. The
most frequent application for these transducers are shear waves (transverse waves)
with a centre frequency of 55 kHz. The polarisation axis of these waves can be
selected by the orientation of the device.

The handling of the electronic part of the device in Fig. 2.3 is similar to the
frequently used commercial equipment, which is applied for ultrasonic testing steel
in the frequency range between 1 MHz and 10 MHz. Fig. 2.5, right, shows as an
example a typical ultrasonic time curve (A-Scan, see below) when the transducer is
positioned above a tendon duct. The echo signals of the tendon duct and the back
wall are visible. Around the origin of the time axis surface wave signals occur.

There are several systems working with the equipment explained in chapter 2.
Typical testing tasks are e.g. measuring the thickness of concrete elements (Fig. 2.6)
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Fig. 2.7 Overview for general utilization of the terms A-scan, B-Scan, and C-Scan in ultrasonic
echo measurement

or localizing structural details. In some systems several measuring points can be
stored in lines or/and 2D-Datasets for displaying them B-scans or C-scans, respec-
tively ([Kozlov et al., 2006],[Krause et al., 1997]).

2.3 Data processing: display and imaging techniques

Generally the visualisations of ultrasonic measurement results are named A-scan,
B-scan and C-scan. To say with usual words, these are respectively: the ultrasonic
point measurement in the time domain (A-scan), an ultrasonic cross- or longitudinal
section (B-scan) or a depth section, parallel to the surface (C-scan). These three
types of visualisation are demonstrated in Fig. 2.7.

Especially in low frequency ultrasonic technique, a more general application of
the terms is used.

e A-scan: Amplitude of the measured signal vs. time (output voltage proportional
to the sonic pressure) vs. time. Three types of A-scans are used: HF-signal
(not rectified), rectified and calculated envelope function. Fig. 2.5 (right) shows
the HF Signal of an echo measurement of a tendon duct in a concrete slab.

e B-scan: Amplitude of the time signal along the measuring (or a selected) axis
showing the depth information of the reflection (alternatively named: longitudinal
or cross section of ultrasonic amplitude. It consists of a line (x-axis) of several
A-scans and corresponds to the Radargram for Radar or sonogram of geophysical
experiments. It is usually shown in a false colour (or grey scale) representation.
The y-axis is either the time of the receiver after pulse excitation or the depth after
calibrating the sound velocity (Fig. 2.8b)
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Fig. 2.8 B-scan of a measuring line above to bore holes in a concrete specimen. (a) plan speci-
men, (b) Ultrasonic B-scan of measuring line, axes in mm, (c¢) Reconstruction with SAFT (Linear
Synthetic Aperture Focusing Technique, here 2-dimensional)

(after [Schickert et al., 2003]).

e C-scan: Amplitude of the measured signal parallel to the surface at a specific
depth (alternatively named: depth section of ultrasonic amplitude). It corresponds
to the “time slices” in case of Radar results.

For physical reasons, transducers having a diameter in the order of the wave-
length or smaller produce a wave field with a large angle of aperture containing
pressure and shear waves. For this reason ultrasonic measuring and evaluation
methods known from material testing and medical diagnosis methods cannot simply
be transferred to concrete testing. Therefore scanning and imaging methods have a
special relevance in low frequency applications.

The measuring procedure depends on the testing task. For instance, for thickness
measurement of concrete elements which are not densely reinforced, simple point
measurements with handheld equipment can be applied. But in most cases the eval-
uation of data requires imaging methods, which means that the data are measured in
lines or 2-dimensional grids.

In civil engineering the direct representation of measuring data is mostly applied
for planar objects (e.g. layered structures) or wooden elements (timber). For more
sophisticated testing problems, where spatial resolution is of importance, the results
are calculated from linear ore planar measured data sets. For this, several approaches
of reconstruction calculation on the base of synthetic aperture exist (SAFT: Synthetic
Aperture Focusing Technique).

Synthetic aperture techniques offer a flexible way of focusing. A synthetic aper-
ture imitates a large transducer by sampling its area at many points. This can be done
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either by an array of transducers measuring simultaneously, or by a single transducer
approaching the aperture points in succession. Moved arrays, a combination of both,
are also possible. Apertures considered here are linear or planar representing a large
line or rectangular transducer, respectively [Schickert et al., 2003].

For focusing the pulse-echo measurements at the synthetic aperture, the received
signals are processed using the SAFT-algorithm. The SAFT-algorithm focuses the
received signals to any point of the reconstructed image by coherent superposition.
In this way, a large virtual transducer with variable focus is synthesized. A high-
resolution image results, which is two-dimensional (2D-SAFT) for the case of
linear aperture, and three-dimensional (3D-SAFT) for the planar aperture. 2D-SAFT-
images are B-scan cross sections, 3D-SAFT-images are often displayed as B-scan
or C-scan sections through the three-dimensional data field.

In Fig. 2.8c) a simple example of 2D SAFT reconstruction is demonstrated for
ultrasonic point measurements along a line of the specimen containing two drilled
holes in concrete (already mentioned for the description of the B-scan (Fig. 2.8b).
Fig. 2.8c) depicts the result of a time domain reconstruction calculation resulting in
imaging the top side of the holes at correct location and depth (example from
[Schickert et al., 2003]). Another kind of reconstruction calculation is based on
inverse scattering theory applying Fourier-Transform-SAFT (FT-SAFT) and is bet-
ter suited for three-dimensional imaging [Mayer et al., 1990].

Ultrasonic elastic wave propagation in inhomogeneous materials can also be
modelled by EFIT (Elastodynamic Finite Integration Technique). Here all elastic
material properties as well as wave mode conversions are considered down to the
mm scale [Mayer et al., 1990]. Comparing reconstruction results of synthetic data
obtained from such elastic wave equations and real experimental data enables a much
better understanding of the complex scattering processes in concrete. This may
enhance the reliability of test results ([Mayer et al., 1990], [Krause et al., 2009]).

2.4 Guidelines, Recommendations

Merkblatt fiir Ultraschall-Impuls-Verfahren zur Zerstorungsfreien Priifung miner-
alischer Baustoffe und Bauteile (B4), Deutsche Gesellschaft fiir Zerstorungsfreie
Priifung e.V., Berlin (1999)

For pulse velocity (not echo)
ASTM C 597 — 83 (91) Standard test method for pulse velocity through concrete
DIN EN 13296 Determination of ultrasonic pulse velocity (2004)

2.5 Reliability and limitations

There are additional points to be taken into account, when applying the equipment
described in §2.2.
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The performance of ultrasonic echo measurement for concrete elements has been
growing very much since the beginning of the century. The equipment is rather easy
to handle and procedures without coupling agent facilitate the measuring process.
Nevertheless during training (basic instructions) the basic knowledge about ultra-
sonic methods in the low frequency range should be communicated.

The physical parameter to be measured is the time of flight (transit time) of the
exited ultrasonic pulse in the concrete. This parameter allows calculating the depth
of the reflector. There are mainly three possibilities for measuring it:

1) Calibration at a point of known thickness of the building element,

2) Taking a core of sufficient diameter and measuring the wave velocity through
transmission mode (the radius has to be significantly larger than 1),

3) Measuring the wave velocity of subsurface waves (longitudinal or shear waves
corresponding to the applied wave mode). The homogeneity of ultrasonic wave
velocity typically varies between about 2 % (for very homogeneous concrete)
and 5 % (typical values, exceptions are possible).

Using the ultrasonic echo method one measures one or several reflectors/
scatterers inside the concrete element. If it is an air-filled layer it leads to a total
reflection of the ultrasonic waves. Because of the concrete heterogeneity, it may
be difficult to distinguish actual defects. Large aggregate have a significant scatter-
ing effect, preventing the use of a too high frequency. Because of time frequency
dependent attenuation and structural noise the pulse form depends on the length
of the ray path in concrete. For concrete, the measurement from the maximum of
the transmitting pulse to the maximum of the echo pulse seems to be the most
appropriate way. Measuring from slope of transmitting to echo pulse is only recom-
mended in case of weak structural noise.

From all those influences on the depth value, the uncertainty of the result has to
be estimated.

All low frequency transmitting transducers produce surface waves, which are
captured by the receiver. These causes disturbing signals in the beginning of the
measured time curve (compare Fig. 2.5, right, time range typically 50 ps to 100 us
after excitation). This is the reason, why the reliable measuring range of most equip-
ment is limited. Another reason for that limitation is the wavelength in concrete,
which is in the order of 30 mm to 60 mm for the most applications.

Especially when using dry contact transducers, users must be carefully with
interpretations of single point results in case of bad surface conditions. At points
with a rough surface, the transducers may oscillate in an undefined way, which will
lead to misinterpretation in the time signal.

In the frequency range used for concrete the wavelength is mostly compara-
ble to the transducer dimensions. The consequence is that not only the desired
wave mode is transmitted in the concrete, but also shear waves and Rayleigh
waves. The angle distribution of the applied transducers and the possible mode
conversions in the concrete element should be taken into account for a proper
interpretation of the results.
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Fig. 2.9 Linear array with dry contact transducers (top), principle of data aquisition (bottom)
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2.6 Developments

2.6.1 Linear Array

For automated measurement of larger surface areas linear arrays with multistatic
triggering are available ([Kozlov et al., 2006], [Drinkwater and Wilcox, 2006])
(Fig. 2.9). Together with reconstruction calculation 3D imaging of section of
building elements can be obtained very fast [Krause et al., 2008b].

Other approaches use differently controlled sensor systems [Schickert et
Hillger, 2009].

An innovative device consists of 10 lines a 4 dry contact shear wave 50 kHz-
transducers [Krause et al., 2008]. The distance of the lines is 35 mm in the current
modification. The transducers and the electronics are mounted in a handheld box
easily to be applied at concrete surfaces (Fig. 2.9 top). The ten lines are switched as
a multistatic array, meaning that one line acts as transmitter, and all others as
receiver, then the second as transmitter, and so forth as shown in Fig. 2.9 bottom.
The data transfer is organized in the way that the whole data set is measured and
stored in less than 1 second per location.

The data measured along a line can be combined to one data set and evaluated with
fast FT-SAFT (Synthetic Aperture Focusing Technique) reconstruction calculation.
Together with imaging technique, the scatterers and reflectors in the volume of
interest can be analysed quickly on site with cross and longitudinal sections, as well
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Fig. 2.10 Example of measurement with linear array and 3D imaging with FTSAFT (case of a
cross girder bridge [Taffe et al., 2005]) (a) Cuboid of the reconstructed volume, with different
sections: (b) Depth section (C-scan), (¢) Cross section (B-scan parallel x), (d) Longitudinal section
(B-scan parallel y)

as depth sections and phase evaluation. There are different SAFT approaches for
evaluation (2- and 3-dimensional).

In Fig. 2.10 one practical application is presented as an example. The aim was to
localise tendon ducts in a cross girder, which is 60 cm thick. The data were mea-
sured along a line (length 1.16 m) with a 2-cm step width (orientation of the array
is perpendicular to the measuring line).

The result was obtained with a research version of 3D-FT-SAFT reconstruction
and is depicted in Fig. 2.10 [Krause et al., 2008]. The cuboid at the right (a) repre-
sents the reconstructed volume (surface: 0.40 m x 1.26 m, depth: 0.70 m). The other
parts of the graph represent the different sections, which can be interactively adjusted
by three planes.

2.6.2 Special Techniques based on the Ultrasonic echo principle

The ultrasonic echo methods for application in civil engineering are continuously
ameliorated by several research and development activities. In the following only
few examples can be briefly mentioned. For some of the subjects more examples are
described in the corresponding chapters. The main points are:

¢ Automated scanning of large surface areas (see Fig. 2.11 [Krause et al., 2006])
e 2D and 3 D imaging with reconstruction calculation (SAFT) ([Krause et al.,
2006], [Krause et al., 2008a])
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Fig. 2.11 2D scanner
working with linear drives
and a pneumatic system to
press the point contact
transducers without
coupling agent (BAM)
[Beutel et al., 2006]

* Interpretation of the phase of the receiving signal in order to characterize the
type of a reflector (steel or air) => investigating of tendon ducts ([Krause et al.,
2008a], Krause et al., 2009], see also this book, Chapter 6)

e Application of contactless sensors as Laser Interferometer, imaging of ultrasonic
wave propagation [Algernon et al., 2008]

e Application of air coupled ultrasonic transducers [Krause et al., 2008b].

Several testing problems are now solvable with common techniques, others
with help of synthetic aperture methods (reconstruction calculation, SAFT).
Numerous testing tasks are in the intermediate state between research and
systematic application. The uncertainty of the results depends on details of the
construction work and the site condition. Several parameters influence the wave
propagation in the concrete. These are: the type and density of reinforcing bars,
the concrete composition (aggregates and pores), the mechanical properties and
the surface conditions. Each investigation corresponds to a specific structure or
building element and it is mandatory to calibrate the measurements for reliable
results. Here it is useful to describe the capability of the methods using examples
of successful NDT results, mainly at test sites.
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3 Surface waves methods

John Popovics and Odile Abraham
3.1 Physical principles and theory

The non-destructive testing (NDT) methods that use ultrasound, acoustics, seismic
wave and vibration are based on mechanical wave (also known as “stress wave”)
phenomena. Two types of mechanical waves can propagate within the body of a
solid material: P-waves (also known as pressure waves or compressional waves)
and S-waves (also known as shear waves). In addition, Rayleigh surface waves
propagate along the free surface of a solid. P-waves travel with highest velocity
and Rayleigh waves the lowest.
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The characteristics of mechanical waves, such as propagating wave velocity or
amount of wave energy reflected from an interface between two distinct media, are
a function of the elastic properties and mass density of the solid materials. For
example the velocity (speed) that these waves propagate through a material is con-
trolled by the elastic moduli (Young’s Modulus, Shear Modulus and Poisson’s
Ratio) and density of the material. Wave propagation characteristics are also influ-
enced by the severity and location of internal defects such as cracking, honey-
combing and delaminations. Thus mechanical wave measurements can be used to
provide direct information about the condition of the material or structure under
investigation.

Surface-guided waves propagate along the free surface of solid materials. In
the case of a single thick layer comprised of homogeneous material, surface-
guided P-wave, S-waves and Rayleigh surface waves propagate along the sur-
face. Rayleigh surface waves are used most often for non-destructive evaluation.
These waves are most efficiently generated by a dynamic point load, such as an
impact event, acting on a free surface of a solid. Unlike P-waves and S-waves,
most of the energy of Rayleigh surface waves is relegated to the near surface
region, to a depth of approximately one wavelength away from the surface (ACI,
2005). This near-surface behavior can be used to characterize the thickness and
stiffness of the individual components of layered structures such as tunnel lin-
ers. Surface guided wave propagation is more complicated In the case of solids
that are comprised of multiple distinct layers. The wave energy is distributed
among distinct propagating wave “modes,” which have particular characteris-
tics that depend on the structure and frequency of the wave energy. At limit
cases (e.g. thick top layer and high frequency), the modes converge to the more
simple behavior of the single half space.

3.2 Measurement equipment and procedure

The following equipment is needed to perform these tests: a wave source, wave
detection sensors, and a data acquisition and analysis system, see Fig. 2.1. The wave
source is typically provided by a local impact event, for example the impact of a
steel sphere or a hammer on the surface of concrete.

The size of the impactor controls the frequency content: smaller size provides
higher frequency contents, normally up to 15 kHz. The wave detectors are surface-
mounted sensors, usually geophones or accelerometers. These sensors measure the
surface motion that is caused by the wave propagation events. The sensors provide an
analog voltage output, which is collected over some time period to give a time domain
signal. The data acquisition system digitizes the analog signal data, performs the
analysis in either the time and frequency domain, and where needed performs the
inversion (where the unknown structure of the test material is predicted based on
collected wave data) and matching process. These processes can be carried out on
PC-based computer systems, using commercially available software platforms.
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3.3 Data analysis and interpretation

Surface-guided waves can be analyzed and interpreted in the time domain or the
frequency domain. Basic information about surface-guided wave arrival time and
amplitude can be obtained from time domain signals, but this is only effective when
the surface wave energy is principally relegated to the top surface, for example for
high frequency waves or for a thick top layer. In these cases, the Rayleigh wave
velocity of the top layer is obtained from determination for the group velocity arrival
between two sensed locations on the surface. Group velocity is the measured wave
velocity of an entire discrete packet or pulse of wave energy, as opposed to phase
velocity, which is the measured velocity of a single phase value within the wave
packet. For so-called “dispersive” materials both group and phase velocity vary
with frequency.

Time domain analysis of surface-guided waves can also be carried out using mul-
tiple sensors to receive the wave data. This method, often called “seismic refraction”,
allows the arrival of the first propagating wave front (surface guided P-wave) to be
discerned as a function of distance from the wave source. A plot of wave front arrival
time vs. distance should have linear form for a homogeneous material. Slope modi-
fications in this plot indicate the presence of a distinct subsurface layer beneath the
surface layer (Abraham and Derobert, 2003). When the wavelength of propagating
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Fig. 2.2 Illustration of multi-channel surface seismic data collected from a concrete slab: time
domain signals (left) and constructed phase velocity spectrum using the MASW method (courtesy
of Dr. Nils Ryden)

waves is of the order of the layer thicknesses, then frequency domain analysis methods
are more appropriate. Two commonly applied frequency domain methods are the
spectral analysis of surfaces method (SASW) and the multi-channel analysis of sur-
face waves method (MASW) (Ryden, 2004). One main difference between these two
analysis methods is the number of data points (collected wave signals) needed to
carry out the analysis. SASW requires only two data points, whereas MASW requires
more, on the order of tens of points, depending on the required depth of analysis and
resolution. Another important difference is the number of wave modes that are
assumed in the analysis. In the case of SASW, only one dominant wave mode is
assumed to exist. In the SASW method, the surface wave dispersion curve is com-
puted across a range of frequencies and, if needed, sensor spacing. The dispersion
curve is a plot of surface wave phase velocity as a function of frequency. The disper-
sion curve is obtained from relative phase values, as a function of frequency, of the
two measured signals. The obtained experimental dispersion curve is then matched
to that computed for a specific layered structure of known thickness and mechanical
properties. The computed curve is iteratively adjusted until a best match is obtained
between experimental results and that of the model. In the MASW method, the sur-
face/plate wave dispersion curves of all the excited wave modes are computed across
a range of frequencies. The dispersion curves are computed by processing of the
multi-channel signals that are collected from sensors placed along a line. The pres-
ence of multiple wave propagation modes is observed, providing plots of phase
velocity dispersion curves for the excited modes. The obtained experimental disper-
sion phase velocity curves are then matched to those (called pseudo-Rayleigh wave
curves) computed for a specific layered structure of known thickness and mechanical
properties. The computed pseudo-Rayleigh wave curves are iteratively adjusted until
a best match is obtained between experimental results and that of the model (Ryden,
2004). Figure 2.2 illustrates the MASW process in the case of a concrete plate above
a subgrade for which a pseudo-Rayleigh wave mode dominates.
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3.4 Reliability and limitation of results

Surface wave methods have been applied to obtain estimates of layer thickness
and stiffness in a multi-layered system such as pavements and tunnel liners. For
example the velocity of measured Rayleigh wave and refracted P-wave modes can
be used to evaluate substrata conditions: low velocity values can indicate weak
surface conditions due to scaling, spalling or minor cracking. The method can
also be applied to detect the extent of a damaged zone near the surface of the tun-
nel liner, for example that caused by internal fire to a concrete (Abraham and
Derobert, 2003).

These methods have the advantage that access to only one surface is needed.
When applied properly, the methods provide an estimate of layer thicknesses and
mechanical properties, although the accuracy of the thickness estimate is not as reli-
able as provided by other methods.

The analysis and inversion methods can be numerically intensive, and it may
not always approach the correct solution; this is especially true for the SASW
method. As a result, a considerable amount of user expertise may be needed to
apply the SASW method. Because the sensors require physical contact with the
surface of the tested specimen, the methods (using current, standard technology)
are not readily applied for rapid scanning. Also, the surface conditions may
adversely affect the results, and in some cases of extremely rough surface or lim-
ited access cannot be applied. However, recent developments in technology such
as wheeled sensor systems and contactless air-coupled sensors may provide some
solutions for the contact problem (Zhu and Popovics, 2005). Results collected
from tunnels with cast iron liners may not accurately characterize the properties
of the substrata.
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4 TImpact echo

Andrzej Moczko
4.1 Physical principles and theory

Impact-Echo is based on the use of transient stress waves. The principle of measurement
is described at Fig. 2.1. A short-duration stress pulse is introduced into the member
by mechanical impact. This impact generated three types of stress waves that propa-
gate away from the impact point. A surface wave (Rayleigh wave or R-wave) travels
along the top surface, and a P-wave and an S-wave travel into the member.

In Impact-Echo testing, P-wave is of primary importance because the displace-
ment caused by P-waves are much larger than those caused by S-waves at points
located close to impact point. When the P-wave reaches the back side of the mem-
ber, it is reflected and travels back to the surface where the impact was generated.
A sensitive displacement transducer next to the impact point picks up the distur-
bance due to the arrival of the P-wave. The P-wave is then reflected back into the
member and the cycle begins again. Thus the P-wave undergoes multiple reflections
between the two surfaces. The recorded waveform of surface displacement has a
periodicity related to the thickness (7)) of the member and the wave speed (Cp).

The frequency of P-wave arrivals at the transducer (f) is determined by trans-
forming the recorded time-domain signal into the frequency domain using the fast
Fourier transform technique (FFT). The frequencies associated with the peaks in the
resulting amplitude spectrum represent the dominant frequencies in the waveform.
These frequencies can be used to determine the distance to the reflecting interface.
As a result the thickness of the member could be defined by simple equation:

C

T=-L
2f
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and Analysis

System —(\-

Fig. 2.1 Principle of impact echo measurement
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Fig. 2.2 Calibration principle for the P-wave speed determination

Naturally, to determine the thickness of concrete element the P-wave speed
should be known. For determining the P-wave speed two methods are permitted.
One method is by determining the thickness frequency and then measuring the
actual plate thickness at that point.

Alternatively, C, may be determined by measuring the time for the P-wave to
travel between two transducers with a known separation (Fig. 2.2). The transducers
are placed 300 mm apart and the impactor is about 150 mm from one of the trans-
ducers one the line passing through the transducers. The distance L (300 mm)
between the transducers, is divided by time difference At between arrival of the
P-wave at the second and first transducers. When the wave speed is determined by
the surface measurement method, the resulting value has to be multiplied by 0.96
prior to using it to calculate thickness. Thus the correct equation for thickness
calculation in such case is:

;- 096C,
==

The same principle applies to reflection from an internal defect (delamination or
void). Thus, the impact-echo method is able to determine the location of internal
defects as well as measure the thickness of a solid member.

The P-wave generated by impact will reflect at interfaces within the concrete
where there is a change in acoustic impedance, which is defined by the density and
wave speed of a material. At a concrete-air interface, there is complete reflection of
the P-wave, and this permits the detection internal defects such as delaminations,
cavities, and honeycombed concrete.
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Fig. 2.3 (a) Impactors and
transducer (b) Acquisition
system
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4.2 Measurement equipment and handling

Up to now the number of commercially available Impact-Echo devices is limited.
The data acquisition and analysis capabilities of these systems are quite similar. In
general Impact-Echo test system consists of three components (Fig. 2.3a and 2.3b):
impactors, a receiving transducer and a portable computer with a data-acquisition
card. The impactors are hardened steel spheres attached to spring steel rods to be
operated by hand.

Typical diameters of impactors are 5, 8§ and 12.5 mm. Testing are usually
manual, performed from point to point. To do the measurement a spring is lifted
with two fingers to a selected height and released for impact. There are also pos-
sibilities to perform impacts automatically for increasing the speed of testing
what is especially suited when large areas need to be tested with close spacing
between test points.

The receiving transducer is a broadband displacement transducer. A thin sheet
(cap) of lead is used between the conical piezoelectric element and the concrete
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Fig. 2.4a-b Examples of automatic scanning devices

surface. Always the test area has to be smooth to achieve good contact between the
transducer element and concrete. A portable, computer-based, data acquisition
system is used to capture the output of the transducer, store the digitized waveforms
and perform signal processing and analysis.

It is particularly important that cap’s intent has to rest against the surface when
the handle is depressed. In general, it is recommended to start out testing with as big
size of impactor as possible that can detect the solid frequency of interest.

Should the measured frequency change compared to this frequency, a smaller
impactor is chosen subsequently, in attempt to detect the depth of the defect causing
the change of the solid frequency.

The surface at the transducer point has to be smooth. If not, it is necessary to
grind a spot. It is imperative that there is electrical contact between the transducer
tip/cap and concrete surface.

Point method of measurements has been improved by BAM (Federal Institute
for Materials Research and Testing — Germany) into a scanning test method to
visualize test results as an Impact-Echogram, similar to B-scan in ultrasonic pulse
echo (see §2.3. in Ultrasonic echo) or a GPR radargram. A self driven scanner for
horizontal surfaces was developed for both, Impact-Echo and ultrasonic sensors
(Fig. 2.4a-b).

4.3 Guidelines, references and standards

e ASTM C1383-98 — Standard Test Method for Measuring the P-Wave Speed and
the Thickness of Concrete Plates Using the Impact-Echo Method.

e Advice Notes NDT Highway Structures, UK, August 2006, Ed. Forde M., BA
86/06, Part 7, A.N. 3.1.

¢ Recommendation of Polish Highway and Road Directory concerning NDT
“in-situ” quality control of concrete bridge structures during constructing
process. Wroctaw, 1998.
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Fig. 2.5 Principle of impact-echo for thickness measurement

e Recommendation of Polish Highway and Road Directory concerning NDT
“in-situ” examination of existing concrete bridge structures. Wroclaw, 1998.

* An Impact-Echo Guideline of DGZfD (German Society of Non Destructive
Testing) — Working title: Application of Impact-Echo for NDT of construction
elements (in preparation).

4.4 Calibration and interpretation of results

The Impact-Echo method is based on monitoring the arrival of reflected stress waves
and is thus able to obtain information on the depth of the internal reflecting interface.
The main application which was stimulating development of this technique was a
need to identify the presence and depth of anomalies in concrete structures which are
accessible only from one side. In particular, the possibility of thickness measurement
of the solid plates, like pavements, asphalt overlays, slabs-on-ground and walls is
worth of interest. In such case the spectrum of solid part of testing plate is dominated
by a single large-amplitude peak — the plate thickness frequency (see Fig. 2.5).

However Impact-Echo can be also used for several other practical applications,
as an example:

 detecting the presence and depth of voids and honeycombing,

* localization of delaminated surveys of bridge decks, piers, tunnel lining elements,
cooling towers and chimneystacks,

 detecting voids below slabs-on-ground,

e detecting debonding areas between reinforcement and concrete, caused for
example by corrosion,

 evaluation of the quality of grout injection in post-tensioning cable ducts,

* integrity testing of a membrane below an asphalt overlay protecting structural
concrete.

In the case of a defect which is large enough to be detectable, the amplitude
spectrum will show two peaks (Fig. 2.6): one corresponds to reflection from the
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Fig. 2.7 Amplitude spectrum with screening effect of a large defect

interface and the other corresponds to the portion of the P-wave that travels around
the defect and reflects from the opposite surface of the plate. The frequency associ-
ated with the portion of the P-wave that travels around the defect will be shifted to
a lower value than the solid plate thickness frequency because the wave travels a
longer distance than the thickness, and this provides further evidence that a defect is
present.

If the plan area of the reflecting interface is larger (e.g. when the concrete section
is delaminated), the generated stress wave does not propagate to the bottom of the
testing plate. In such case all energy is reflected by the defect, which screens the
bottom part of the concrete plate. The impact-echo response is shifted to a higher
value and the plate thickness frequency) is not observed at all (fig. 2.7).

As it has been shown above localization of different types of defects has been
widely applied by identifying peak frequencies in the frequency spectrum.
Nevertheless, the frequency spectrum can not be always interpreted successfully,
because the peak frequencies in the frequency spectra can consists of reflections
from the boundary surfaces of the structure and those of from the defects. To improve
Impact-Echo measurements a rather new method for identification of the defects in
concrete structures has been developed, applying a scanning procedure. Thus, stack
imaging of spectral amplitudes based on impact-echo (SIBIE) was developed.
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Among other things it has been proven that SIBIE procedure could be successfully
applied for detection ungrouted tendon ducts of prestressed concrete elements,
like an example bridge girders.

4.5 Reliability and limitation of results

It is essential to ensure that the impact frequency, determined by the size of the ball
bearing, is sufficiently high to identify existing defects. The interaction of stress
waves with internal discontinuities depends critically upon the relationship between
wavelength and the dimension and depth of the discontinuity. In general stress
waves of wave length “A” will be reflected by defects having dimensions approxi-
mately equal to or greater than “A”, but will not see those that are smaller. The mini-
mum depth at which discontinuity can be detected is assumed to be equal to half the
minimum input wavelength.

Care should be also taken to ensure that the concrete surface does not crumble on
ball bearing, otherwise the longer contact time will result in a lower frequency input
signal with longer wavelength.

For P-wave speed determined by calibration with a known thickness, the error
in thickness measured by the commercially available Impact-Echo systems is
estimated to be within + 2 %. This assumes that the same P-wave speed is applicable
at all test points. In the case of thickness measurement based on measuring the
P-wave speed from surface measurements, the error in thickness dues to systematic
errors associated with the digital nature of the measurements is about + 3 %. This
assumes that the P-wave speed is uniform with depth.
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S Impulse response

Andrzej Moczko and Claus Germann Petersen
5.1 Physical principles and theory

The Impulse-Response technique was developed by Davis in the end of twentieth
century. He adapted the Pile Integrity Testing procedure (cf Chapter 4, § 2.4.1.) for
evaluating the integrity of concrete plate-like structures. A low-strain impact, pro-
duced by an instrumented rubber tipped hammer is used for sending stress waves
through the tested element. The impact causes the element to vibrate and a velocity
transducer (geophone), placed near the impact point, measures the amplitude of the
response. The technique is based on the analysis of structural mode shapes. The hammer
load cell and the velocity transducer are linked to a portable field computer with
impulse-response software for data acquisition, signal processing and storage (Fig. 2.1).
The time histories of the hammer force and the measured response velocity are trans-
formed into the frequency domain using the fast Fourier transform (FFT) algorithm.
The resultant velocity spectrum is divided by the force spectrum, to obtain the
“mobility” as a function of frequency. The graph of the mobility plotted against
frequency contains information on the condition and integrity of the structure.

SIGNAL
ANALYSER

— HAMMER WITH
INTERNAL LOAD
CELL

— GEOPHONE

Fig. 2.1 Principle of the Impulse Response measurements
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An example of typical test results is given at Fig. 2.2. The top left window is the
force-time curve obtained from the impact of the instrumented hammer. The top
right window shows the velocity-time curve obtained from the geophone in contact
with the concrete surface. The lower window shows the mobility plot obtained from
the two previous wave forms. At the bottom part of the screen shot the various
parameters calculated from the mobility plot are displayed. Mobility is expressed in
units of velocity per unit force, such as (m/s)/N. In general, the integrity of the con-
crete element under test is evaluated using parameters obtained from the mobility
plot-frequency plot over the 0-800 Hz range.

Impulse-Response testing method is mainly used for fast screening of large areas
of concrete structures with the purpose to control their structural integrity and to
determine local areas with possible flaws for subsequent detailed analysis, e.g. by
the impact-echo test, ultrasound shear waves or by invasive inspection with drilled
cores. In particular Impulse-Response inspection may be conducted for:

 locating delaminations and honeycombing in bridge decks, slabs, walls and large
structures such as dams, chimney stacks and silos,

e detecting the curling of slabs,

 detecting voids beneath concrete slabs in highways, spillways and floors,

e detecting debonding of asphalt and concrete overlays and repair patches from
concrete substrates,

 evaluating anchoring systems of wall panels.

5.2 Measurement equipment and handling

Up to now the number of commercially available Impulse-Response devices is
limited. The data acquisition and analysis capabilities of these systems are quite
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Fig. 2.3 Typical equipment

Fig. 2.4 Measurement process

similar. In general Impulse-Response test system consists of three main components
(see Fig. 2.3 and 2.4): instrumented rubber tipped hammer equipped with a load
cell, broadband velocity transducer (geophone) which must have constant sensitiv-
ity over the range 15-1000 Hz and a portable field computer with proper software
for data acquisition, signal processing and storage. Manual testing is usually per-
formed across a grid of points marked on the surface of the structure. Grid node
spacing normally ranges between 450 mm and 900 mm; however, grid spacing can
be selected as a function of the size and shape of the element to be tested.

The velocity transducer has to be placed at a distance of between 75mm and
150mm from the point of impact. The test surface can be dry, moist or wet, but not
inundated. It is necessary to remove any debris from the immediate vicinity of each
test point. If the test surface is too rough, it can prevent to achieve good contact
between the transducer and the concrete. In such a case, the surface should be
ground so that good contact is achieved and loose material removed prior to placing
the transducer on the surface.

The hammer-time graph must display a single positive voltage peak with a constant
base voltage, not necessarily triangular like on Fig. 2.2. The velocity time curve must
oscillate around zero, indicating that the transducer is stable during data acquisition.
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Fig. 2.5 Typical mobility curves in the case of a continuous material, and in the case of a void

5.3 Guidelines, references and standards

ASTM is preparing a proposal (not yet approved): ASTM C09.64 — Standard
Practice for Measuring the Integrity of Concrete Plates Using the Impulse Response
Method.

5.4 Calibration and interpretation of results

The main evaluation criterion for concrete structure integrity assessment is mobility
plot obtained directly from the measurements. The test graph of mobility plotted
against frequency from O to 800 Hz contains information on the relative quality of
the concrete in the tested element (Fig. 2.5). In the case of the defect which is large
enough to be detectable, a high mobility is measured at low frequencies (below 100
Hz). If there are not any significant delaminations or voids, mobility plot is rather
stable over the frequency range.

For a more detailed evaluation of Impulse-Response data, the following
parameters are usually used:

— Stiffness: the initial slope of the mobility frequency curve below 100 Hz defines
the dynamic compliance or flexibility of the area around the test point for a nor-
malized force input (Fig. 2.6). The inverse of this slope is the dynamic stiffness
of the structural element at the test point. It is a function of concrete quality, ele-
ment thickness and element support conditions.

— Average Mobility: the mean of the mobility measured at the point, calculated
from the mobility curve between 100 and 800 Hz is related to the density and the
thickness of a plate element (Fig. 2.6). A reduction in plate thickness corresponds
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Fig. 2.7 Stiffness and average mobility determination on a mobility curve

to an increase in average mobility, even if these two parameters are not formally
related to each other.

— Mobility Slope: this parameter is defined by calculating the linear best fit of the
frequency spectrum between 100 and 800 Hz, then dividing the 800-Hz mobility
by the 100-Hz mobility values on this linear best fit (Fig. 2.7). This parameter is
considered as a function of concrete consolidation. When mobility slope values
significantly increase, poor consolidation and honeycombing can be expected.

— Void Index: the ratio of the peak mobility value between 0 and 100 Hz and the aver-
age mobility between 100 and 800 Hz (Fig. 2.5). Void Index it is an indicator of the
presence and degree of either severe debonding within the element or voiding. When
debonding or delamination are present within a structural element, or when there is
loss of support beneath a concrete slab on grade, the peak mobility below 100 Hz
becomes appreciably higher than the average mobility between 100 and 800 Hz.
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Fig. 2.8 Average mobility mapping on a bridge deck for detecting delamination

Results can be also presented as colour pictures showing the distribution of
particular evaluation parameters on the surface of the tested element. As an example,
a contour graph of the Average Mobility obtained by from measurements performed
on the soffit of a bridge slab that was suspected of containing delaminations are
shown at Fig. 2.8. Tests were performed on a 1 x 1 m grid. After testing, three loca-
tions were selected for drilling cores for experimental verification of the results
obtained: (1) region of low value of average mobility, (2) region of intermediate
mobility and (3) region of high mobility. Visual inspection of the cores confirmed
that low mobility corresponds to a solid section of the concrete slab and higher
values of average mobility correspond to the presence of delaminations.

5.5 Reliability and limitation of results

The main advantages of Impulse Response method are: access to only one face is
needed, equipment is commercially available, the method does not require coupling
materials and large areas can be tested in a relatively short amount of time. However,
an experienced operator is required.

As any NDT method it is not recommended to use Impulse Response to evaluate
concrete structures. The method is primarily considered as a relative method used
for screening of large surfaces. The measurements should always be supplemented
and verified with other more direct examinations. These verifications can be done
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by means of drilling cores, breaking up concrete or the use a borescope. Screening
with the impulse-response gives the possibility to identify potentially damaged areas.
Because the physical properties of concrete can vary from point-to-point in the struc-
ture due to differences in concrete age or batch-to-batch variability, the measured
mobility and dynamic stiffness can vary from point to point in a plate element of
uniform thickness.

The impulse-response technique does not give any depth indications for the
flaws. Only relative values of the various parameters can be evaluated for the struc-
ture in question, which give an indication of “good” and “bad” areas. Other tests or
invasive verification are needed to confirm the interpretation from the measured
mobility plots.

Any test results from within 300 mm of the edge of a plate-like structure should
be disregarded, because of the edge effect of the plate on the test result. The effec-
tive radius of influence of the hammer blow limits the maximum concrete element
depth or thickness that can be tested. This maximum depth can exceed 1000 mm;
however, the apparatus shall not be used beyond these limits.

Impulse Response testing procedures are not influenced by traffic noise or low
frequency structural vibrations set up by normal movement of traffic across a
structure. They are also applicable in the presence of mechanical noise created by
equipment (jack hammers, sounding with a hammer, mechanical sweepers, and
the like) impacting on the structure. Nevertheless, Impulse Response technique is
not applicable in the presence of high amplitude electrical noise, such as may be
produced by a generator or some other sources, which can be transmitted to the
data-acquisition system.
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6 Acoustic emission

Jean-Paul Balayssac and Masayasu Ohtsu
6.1 Physical principles and theory

Acoustic emission (AE) is a stress wave emission technique used to monitor defect
formation and failures in structural materials. What is the basic concept of AE?
When an acoustic emission occurs at a source within a material due to inelastic
deformation or to cracking it generates an elastic wave which can be detected by an
adapted receiver (Fig. 2.1). The signal recorded by the receiver can be affected by
the nature of the source, the geometry of the tested specimen and the characteristics
of the receiver.

Acoustic emission testing is a “passive” monitoring method in which the
detection system waits for the occurrence and capture of stress wave emissions
associated with cracking, corrosion, or wire breaks. By contrast, classical flaw
detection methods, such as those discussed in the previous sections (impact
echo, surface waves...), are considered “active” because a stress wave is sent
into the test object to identify the presence of defects. Moreover AE will be very
sensitive to defect activity when a structure is loaded beyond its service activity
in a proof test.

AE is used successfully in a wide range of applications including: detection
and locating defects in pressure vessels or leakage in storage tanks and pipes, cor-
rosion processes, removal of protective coatings... Concerning the application of
acoustic emission for concrete assessment, three famous papers were historically

Principle of the acoustic emission process
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Fig. 2.1 Principle of acoustic emission
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known, tracing back to 1960’s. In 1959, H. Rusch studied the noise emitted during
application of a compressive load in concrete. This is known as one of the first
studies of the Kaiser effect in concrete. He found that AE events were recorded
above 75% load level of failure load, and reported that generating behaviour of
AE was closely related with the volumetric change and the absorption on ultra-
sonic waves. Applied researches are still in progress for instance for the detection
of concrete reinforcement corrosion.

Even if AE is very reliable for the detection of the defects, it cannot provide
quantitative information related to the extension of the damage. So other methods
are still needed to provide such information. Moreover service environment is gen-
erally very noisy and the AE signals are usually very weak. Thus signal discrimina-
tion and noise reduction are not easy but extremely important for successful AE
applications.

6.2 Measurement equipment and handling

The most widely used sensors are resonant piezo-electric accelerometers which
convert the surface displacement into an electric signal. Resonant sensors are only
very sensitive to a certain frequency but some wide band, high sensitivity sensors
are now available. For civil engineering applications the sensor frequency is quite
low (from 20 to 150 kHz). If several sensors are used and are located around the
source, the mechanical wave will be successively received by each of these sensors,
and so it will be possible to locate this source. The system consists on sensors, con-
ditioners and a computer. The signal is amplified, conditioned and stored by a com-
puter (Fig. 2.2). The conditioner can also provide solutions for the monitoring of
additional parametric inputs.

Mainly due to practical reasons the implementation of the AE technique on site
can be difficult. One of the difficulties is linked to the necessity of using a couplant
between the sensor and the surface to ensure a good quality of the measurement and
a good reproducibility. Like the test has to be performed during a long time the
couplant qualities have to be preserved.

The number and the type of sensors (broad-band, resonant, bandwidth) must be
defined in relation with the application. If the location is necessary, the definition of
the sensor repartition grid is important. In this grid the distance between the sensors
must be defined in relation with the attenuation of the waves.

The calibration of the acquisition system is very important. The quality of the
sensor coupling and the accuracy of the source location must be assessed by mean
of an artificial AE source (HSU Nielsen, also named pencil lead break).

AE waves are detected by AE sensor, which converts dynamic motions at the
surface of a material into electric signals. Because AE signals are weak, they are
normally amplified by two amplifiers (a pre-amplifier and a main amplifier). The
signal-to-noise ratio of equipments used to be low, the amplifiers often provided
more than 1000 times gain. Lately, it is normally 100 times or so.
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The band-pass filter is employed to eliminate the noises. In civil engineering
materials, the band width from several kHz to several 100 kHz is recommended in
the measurement.

Physically, AE waves are elastic waves due to dislocation motions (discontinuity
of displacements as cracking) in a solid. As a result, they consist of P-wave (pres-
sure wave, longitudinal wave or volumetric), S-wave (transverse wave or shear),
and such other waves as surface waves (Rayleigh wave and Love wave), reflected
waves, diffracted waves and interface wave (Lamb wave and other plate waves).
The latter portion of AE waveform, in addition, is often associated with resonance
vibration of AE sensor, which turns wave motions into electrical signals.

6.3 Guidelines, references and standards

The following standards concern terminology used for AE examinations, general
principles and equipment characterisation. Regarding specific applications, stan-
dards are mainly focused on the examination of storage tanks or pressure vessels
and from the point of view of materials, fiber-reinforced polymer-matrix compos-
ites, metals and ceramics. Regarding specific examinations of concrete structures
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Japanese Standard and Recommendation are available. Some committees in RILEM
(TC 212-ACD) have recently issued recommendations.

ASTM E1316-07C — Standard Terminology for Non Destructive Examinations

ASTM C1175-99A — Standard Guide to Test Methods and Standards for Non
Destructive Testing of Advanced Ceramics

EN 13554 — Non Destructive Testing — Acoustic Emission — General Principles
EN 13477 — Non Destructive Testing — Acoustic Emission — Equipment
Characterisation Part 1 & 2

EN 1330-9 — Non-destructive testing — Terminology — Part 9: terms used in
acoustic emission testing

NDIS 2421, Recommended Practice for In-Situ Monitoring of Concrete
Structures by AE, Japanese Society for Nondestructive Inspection, JNSDI,
Tokyo, 2000

JCMS-III B5706, Monitoring method for active cracks in concrete by acoustic
emission, Federation of Construction Materials Industries, Japan, 2003.

6.4 Calibration and interpretation of results

The amount of charges measured by the sensor is translated in a transient signal in
volts (V) or dB, ; versus time. The Fig. 2.3 shows an example of a received signal,
the burst. A detected burst signal can also be named hit. After applying a threshold,
the following AE parameters can be extracted from the burst:

the maximum of amplitude: the amplitude of the maximum peak of the burst
the number of counts: number of detected burst signals over the detection threshold
the rise time: time interval between the first signal over the threshold and the
maximum peak amplitude
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— the duration: time interval between the first and the last time the detection
threshold is exceeded by a burst

— the energy: relative energy of the acoustic emission burst. The measurement of
the energy is depending on the acoustic emission equipment

— the number of counts up to the peak.

Up to now only the features previously listed were analyzed because of the
limitations of the sensors as well as the data storage and the processing capabilities.
In the recent years, wide band, high sensitivity sensors have been developed to
capture the whole waveform. In the same time, the storage and the processing of
these waveforms became possible with the advancement of computer technology.
So it is now possible to characterize the nature of the AE sources from the wave-
form analysis.

When an array of sensors is used, by extracting the arrival times of the bursts
received by each of them it is also possible to locate the source. Once a source is
located it is usual to talk about acoustic events for the hits linked to this source. The
location can be done in real-time (during the sounding) and the results can be dis-
played immediately. The location is achieved by means of specific algorithms and
several approaches can be used. Linear location, i.e. one dimensional requiring two
or more channels, planar location i.e. two dimensional requiring three or more
channels and finally volume location i.e. three dimensional requiring five or more
channels. Linear and planar locations are most widely used.

However, an important problem is how to differentiate the events of interest, for
instance those due to crack growth or corrosion, from different noises in a large
dataset. Often, the real AE events are measured in the presence of noise due to
vibration, fretting and electromagnetic interference and so, an automatic procedure
for noise rejection is required before correlating AE activities with crack initiations
or progressive failures. In many cases, traditional signal processing techniques such
as filtering, energy analysis and spectrum analysis are insufficient to achieve this
separation. One possible approach is to use statistic tools like artificial neural
networks (ANN) or wavelet analysis that are able to separate and cluster the different
events. The classification and the clustering can be done with or without supervi-
sion. Generally a main components analysis is used before the implementation of
the artificial neural network in order to reduce the number of events. Commercial
softwares are available for this kind of application.

In the case of crack detection it is possible to distinguish different modes of
cracking by the moment tensor analysis.

6.5 Reliability and limitation of results

If the attenuation is too high during the propagation towards the surrounding medium
up to the sensor the event cannot be detected.

If the environment is very noisy the extraction of relevant information is
difficult.
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Like it is a passive technique it is necessary to make a monitoring and to wait
for the occurring of damage.

The structure must be under loading to stimulate the evolution of the defect.

The choice of the sensors is a condition for obtaining reliable results.

The grid repartition of the sensors is important if the location of the events is
required.

Up to now it is difficult to give accurate quantitative information on the defect
range.

Up to now it remains difficult to cluster different events from a large dataset.

References

Breysse D., Abraham 0. (2005) Méthodologie d’évaluation non destructive de 1’état d’altération
des ouvrages en béton, D. Presses de 1’Ecole Nationale des Ponts et Chaussées, ISBN 2-85978-
405-5.

De Oliveira R., Marques A.T. (2008) Health monitoring of FRP using acoustic emission and arti-
ficial neural networks, Computers & Structures, 86, n. 3-5, p. 367-373.

Grosse C.U, Ohtsu M. (2008) Acoustic Emission Testing, Springer Editions, 408 pp.

Grosse C.U., Finck F., Kurz J.H., Reinhardt H.-W. (2004) Improvements of AE technique using
wavelet algorithms, coherence functions and automatic data analysis, Construction and
Building Materials, Vol. 18, 203-213.

Rusch H. (1959) Physical Problems in the Testing of Concrete. Zement Kalk-Gips 12, 1, 1-9.

Shigeishi M., Ohtsu M. (2001) Acoustic emission moment tensor analysis: development for crack
identification in concrete materials, Construction and Building Materials, Vol. 15, 311-319.

7 Ground Penetrating Radar

Johannes Hugenschmidt and Jean-Paul Balayssac

Ground-Penetrating-Radar (GPR) is an electromagnetic investigation method. It is
also known as Surface Penetrating Radar, Electromagnetic Reflection Method or
Radar. Main advantages of the method are that is non-destructive and fast (hundreds
of measurements per second) and that it can be used in non-contact mode.

7.1 Physical principles and theory

Radar (Radio Detection and Ranging) and Ground-Penetrating-Radar are electro-
magnetical methods. In principle GPR can be used in reflection or transmission
mode. As reflection methods are by far the widely used, the following description
will focus on this mode. The basic principle is presented in Fig. 2.1, where an
electromagnetic pulse is emitted via a transmitter antenna, reflected at the sur-
face and interior layer boundaries of an object and recorded via the receiver antenna.
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Fig. 2.1 GPR principle
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Fig. 2.2 Emitted and recorded signals

A sketch of the emitted and recorded signal is presented in Fig. 2.2 where the verti-
cal axis is a time axis.

The following description will focus on Ground-Penetrating-Radar working in
the time-domain. Systems working in the frequency-domain (stepped frequency
systems) are also available but their dissemination is rather limited.

An electromagnetic impulse is emitted via an antenna. It propagates with the
propagation velocity

v=A*f Eq. L.

with v = propagation velocity, A = wavelength, f = frequency.

In order to obtain an impulse of finite length, a range of frequencies is used.
The larger the bandwidth of this range, the shorter is the emitted impulse. GPR
antennas are therefore usually denoted by their centre-frequency. Typically
antennas with a higher centre-frequency also have greater bandwidth and shorter
pulse length.

The propagation of electromagnetic waves in materials is characterized by the
dielectric permittivity € (¢ = ¢, &), conductivity ¢ and magnetic susceptibility p
(u= . ). g, and p are constants with g = 8.85 10> A> %/ Nm* and p, = 4 © 107
N/ A% From Maxwell’s equations it can be derived that:

v=1/V(e, g, 1, 1) Eq. 2.
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In vacuum (g = p =1) this leads to

V=1/\/(£0 p,to)=2.998108 m /s =speed of light ¢ Eq. 3.

For all non-ferromagnetic materials (ferromagnetic materials are not inspected
with GPR due to their high conductivity) p_can be approximated as 1 leading to
u = . Thus, the signal velocity for such materials can be described as

v=c/e, Eq. 4.

which means that for practical purposes the signal velocity within a material depends
on ¢_only. If an electromagnetic wave hits an interface, part of the energy will be
transmitted and part will be reflected. For a plain electromagnetic wave in a low loss
material hitting at vertical incidence an interface between two materials with &, and
g,, the reflected wave can be described as

Reflected Wave = R * Incident Wave
with
R= (\/ €, — 82)/(\/ €+ \/82) = reflection coefficient Eq. 5.

This means that there is no reflection if ¢, = ¢, (materials with identical proper-
ties) and the reflection amplitude becomes negative (phase shift by 180 degrees) if
g,>¢.

The time a GPR signal requires to travel through a material layer, get reflected
and travel back through the layer is

Two-way-traveltime =twt =2 D /v Eq. 6.

with D being the thickness of the layer. If this thickness has to be computed from
twt this equation can be rearranged to

D=twtv/2 Eq. 7.

This corresponds to the usual case where the thickness is computed with a
known twt derived from the GPR data. The velocity v, necessary to compute
depths or thicknesses from twt is a priori unknown. It can be estimated using
experience or velocity tables, calibrated by comparison of twt with known thick-
nesses or by special setups during GPR data acquisition. Equation 0 is valid only
if the distance between transmitter and receiver is zero or small enough to be
neglected.

The ability of the method separating single objects (lateral resolution) is limited
by the size of the Fresnel region which characterizes the area where reflected waves
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add together constructively. Single points within this area cannot be distinguished
by the GPR signal. The radius of the Fresnel region is described as

r=V(Dv/2f) Eq. 8.

Thus lateral resolution increases with frequency f and decreases with the depth
(distance) D of the target.

7.2 Equipment and handling

Today a wide range of GPR-equipment from different manufacturers is available. A
GPR system consists of one or several antennas, a central unit usually including a
monitor for real time data display and accessories such as cables and energy supply.

Antennas

The frequency content of the emitted and recorded GPR signal is mainly defined by
the antenna. As a general rule of thumb it can be said that the higher the centre
frequency of the antenna, the better the resolution but the lower the depth of pene-
tration of the GPR signal and thus the possible depth of investigation. This means
that the choice of the appropriate antenna(s) is crucial for the success of GPR inves-
tigations. Today antennas with centre frequencies between some MHz (low resolu-
tion, high depth of penetration, for geological applications) and some GHz (high
resolution, low depth of penetration, used for non-destructive —testing) are avail-
able. Antennas can be monostatic (transmitter and receiver at fixed distance in the
same box) or bistatic (transmitter and receiver as separate units. Depending on the
antenna type and characteristics antennas are coupled to the object or used in
non-contact mode (e.g. horn antennas).

Central unit

Central units have one or several channels for using one or several antennas at the same
time. The possible data acquisition rate (number of measurements per second) depends
mainly on the central unit and can reach up to several hundred of measurements per
second. Data storage and real time display are other tasks performed by the central unit.
Often data can be processed in real time for an enhanced display of the data.

Accessories

As GPR is a fast and non-contact method, it can be used for the inspection of large
structures such as roads or bridges. In this context the knowledge of the position
of each measurement is essential. Modern surveying equipment such as GPS or
automated theodolites can provide a means for an efficient position control.

Acquisition of GPR data is only one step of a GPR survey which is followed by
data processing and interpretation. The availability of appropriate software is essential
for performing those steps satisfactorily.



7 Ground Penetrating Radar 67

Fig. 2.3 Mobile GPR-system N
(courtesy EMPA)

Example

In Fig. 2.3 a mobile acquisition system is shown which is used for the inspection of
roads and bridges. The two horn antennas (arrow 1, transmitter and receiver) are
mounted in a height of about 0.25m above the ground. This facilitates data acquisi-
tion while the vehicle is moving. The GPS-antenna (arrow 2) is sitting on top of the
GPR antennas for position control. A radio antenna (arrow 3) enables the commu-
nication of the on—board GPS-system with the GPS base-station thus ensuring an
accuracy of the position control of some millimetres.

7.3  Guidelines and standards

There is a range of standards and guidelines available describing the application of
the GPR method to concrete and related problems. A selection is listed below.

— ASTM D4748-06 Standard Test Method for Determining the Thickness of Bound
Pavement Layers Using Short-Pulse Radar

— ASTM D6087-07 Standard Test Method for Evaluating Asphalt-Covered
Concrete Bridge Decks Using Ground Penetrating Radar

— ASTM D6429-99(2006) Standard Guide for Selecting Surface Geophysical Methods

— ASTM D6432-99 Standard Guide for using the Surface Ground Penetrating
Radar Method for Subsurface Investigation

— DGZfP, Merkblatt iiber das Radarverfahren zur Zerstérungsfreien Priifung im
Bauwesen (B10), Deutsche Gesellschaft fiir Zerstorungsfreie Priifung e.V.,
Berlin (2001) (Technical guideline, in German)

— The Concrete Society, Technical Report 48, Guidance on Radar Testing of
Concrete Structures
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7.4  Data processing, calibration and interpretation

Data processing is an essential step within a GPR survey. The optimal processing
sequence depends on the GPR data, the object under inspection and the problem to
be solved by the GPR survey. Some common aims of data processing are:

— Improvement of signal/noise ratio

— Correction of surface reflection to time/depth zero

— Migration (correction of the position of reflection energy that has been reflected
sideways)

— Gain correction (amplification of signals depending on twt)

An example of a simple processing sequence applied to data acquired on an
industrial railway track embedded in concrete is presented in Fig. 2.4 (raw data) and
Fig. 2.5 (processed data). The length of the section shown is 3.0 metres, the vertical
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Fig. 2.6 Data with interpretation

time scale is 12 nanoseconds. The processing sequence included a bandpass filter
(improvement of signal/noise ratio), the correction of the reflection at the concrete
surface (black band in Fig. 2.4) to time 0, migration (focussing of energy that has
not been reflected vertically but sideways) and gain correction (amplification with
respect to twt).

In Fig. 2.6 the original time scale has been replaced by a depth scale. In order to
do this the signal velocity within the material has to be calibrated with a core,
obtained from the GPR data or estimated. In this example an estimated signal veloc-
ity within concrete of 0.08 m/ns was used for time-depth conversion.

Interpretation is the final step of a GPR inspection during which reflections are
related to physical structures within the object. The many reflections distributed on
the whole profile at 0.2 m in Fig. 2.6 have been interpreted as single bars of a layer
of rebar, while the two reflections at 22.8 m and 24.6 m have been interpreted as
sleepers embedded in concrete.

7.5 Applications, reliability of results and limitations

The GPR method can be applied to a wide range of problems, such as:

— Determination of layer thicknesses: concrete cover of rebar, asphalt pavement,
concrete tunnel walls, subbase and geological layers

— Locating of structures: rebar, tendons or tendon ducts, anchors, dowels, cavities. ..

— Identification of material properties: humidity, chloride content, voids, air con-
tent. In general, it can be stated that the investigation of material properties is
more demanding than the investigation of structural elements and in many cases
still under development. In this case, other characteristics of the the GPR signal
can be analyzed, like the direct wave propagation and its attenuation (Sbartai
et al., 2007).
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(Daniels, 2004) gives a detailed description of GPR and its applications.

Several studies have investigated the accuracy of GPR results [(Hugenschmidt
and Mastrangelo, 2006), (Maser et al., 1994), (Maser (1996), (FDoT, 2000), (Willet
and Rister, 2002), (Al Qadi et al., 2003)]. There are several limitations restricting the
use of GPR and the accuracy of results. We have seen (equation 0) that a sufficient
contrast in material properties is required if the interface between two materials has
to be investigated. Without such contrast the boundary will not appear in the GPR
data. If the thickness of a certain layer has to be investigated, the signal velocity
within this layer has to be known (equation 0). If the velocity is calibrated with a
single core and used for the time to depth conversion, this implies the assumption of
constant velocity within the layer. This assumption is used successfully in many
cases. However, it should be kept in mind that existing velocity variations will lead
to errors in the result for the layer thickness.

The attenuation of the GPR signal within materials is caused by many factors,
the electrical conductivity being an important factor for practical purposes. GPR
waves in conducting materials lead to stray currents reducing the depth of penetra-
tion of GPR signals. Within certain limits this can be avoided using low frequency
antennas (in most materials lower frequency waves experience less damping) but
this will lead to a reduced resolution (equation 0) and may therefore not be
feasible.

As described above interpretation links reflections in GPR data to physical struc-
tures within the object under inspection. In many cases an unambiguous relation
between reflections and physical structures is not straightforward. In such cases it is
anecessity to have additional information such as cores or plans available to support
the interpretation, in all other cases the availability of such additional information is
still desirable.
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8 Capacitive technique

Xavier Dérobert
8.1 Physical principles and theory

The principle consists in placing two electrodes (or more) on the outer surface of a
medium, and applying an electric current between them through a resonant circuit.
The combination electrodes/medium forms a capacitor, and changes in capacitance
are indicative of internal constituents of the medium (like the nature of its compo-
nents or the moisture content).

Indeed, the configuration of a conventional parallel plate capacitor would require
a contact with the material under study from two opposite sides (Fig. 2.1).

Fig. 2.1 The simplest type of
capacitive probe is based on

the so-called parallel plate e
capacitor <>
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Fig. 2.2 Configuration of a capacitive sensor designed for cover concrete

As a first approximation (the result is only valid when the spacing between the
plates is much smaller than their dimensions), the value of the capacitance C (in
Farad) is obtained from the following formula:

C=¢g_ € Sle Eq. 1.

where S [m?] is area of the electrodes, e [m] the distance between them, g, [~ 8.854
10> Em'] the permittivity of vacuum, and ¢, the dielectric constant which deter-
mines some kind of ability to store electric charge.

For the application related to measurements of the moisture content of cover
concrete, the difference is that the electrodes of the sensor are placed next to one
another (Fig. 2.2), in order to provide a sufficient penetration depth of the electric
field between sensing and driven devices on one side of the material under study.
Then, this configuration can be seen as the result of gradually opening the angle
between two electrodes of a parallel plate capacitor (Fig. 2.2, from left to right).

However, for measurements carried out from the surface, neither the volume of
investigation, nor the penetration depth are precisely defined (which can vary from
few millimeters to several centimeters depending to the geometry of the electrodes).
Actually, the situation is complex, because the system appears as a heterogeneous
mixing of dielectric materials and conductors. As a consequence, there is no ana-
Iytical formulation (like for the parallel plate capacitor) giving the value of the
capacitance as a function of the characteristics of the investigated media, and one
has to calibrate the measurements on known homogeneous materials.

Spaces on both sides of the electrodes intervene, and the resulting layout doesn’t
constitute a single capacitor but a set of two capacitors in parallel. The first one (Ci)
incorporates the medium under survey and the second one (Ce) the surrounding
environment (principally air and Plexiglas making up the probe), so that the total
capacitance is the sum.

The capacitance is determined by means of a (high frequency) resonant circuit
delivering an alternative voltage. The resonant frequency shift is then obtained by a
mere frequency analyzer. The relationship between the capacitance and the resonant
frequency shift can be obtained, knowing the inductance of the circuit. For practical
reasons, since we are interested in the changes (whereas Ce is a constant, provided
that some precautions are taken to prevent “hands effect” and interference of exter-
nal electrical field by adding a screen), we can deal with Ci, the capacitance of the
inside volume.



8 Capacitive technique 73

Fig. 2.3 Prototype of a capacitance probe for measuring the water content of flat concrete struc-
tures, with its sets of electrodes

8.2 Measuring equipment and handling

Applications of capacitive techniques have been various in the civil engineering
field, from the estimation of water content of soils (Eller and Denoth, 1996; Johnson
et al. 2004), including the ice-water phase transition (Fen-Chong et al., 2006), and
the snow (Louge et al., 1998) study, to the dielectric characterization of concrete
mixing (Al-Qadi et al., 1995; Diefenderfer et al., 1998).

This technique has already been studied over few decades in the French
network of Public Works Laboratories, initially for the measurement of water
content in soils (Baron and Tran, 1977; Blaszczyk et al., 1993), and afterwards
on reinforced concrete before being adapted to post-tensioned structures
(Dupas et al., 2001; Iaquinta, 2004). Lately, capacitive measurements were
performed on concrete slabs, stored in homogeneous known water content
(Derobert et al., 2008).

In order to minimize the influences of temperature and ionic conduction, the
oscillator of the resonant circuit operates at 65 MHz. Practical reasons (related to
the transmission of information over long distances) require the implementation of
a frequency divisor to decrease the signal towards lower frequencies in the range of
5000 Hz.

The current system can have the possibility of employing different configurations
of electrodes in order to reach various depths of penetration, as illustrated on the
Fig. 2.3: large plates (70*40 mm, 40 mm spacing), average size plates (70*10 mm,
10 mm spacing) and small plates (70*5 mm, 5 mm spacing).
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Fig. 2.4 Comparison of electric potential calculations for a 70 mm-thick slab of 500x500 mm. On
the left side, equipotential surfaces for: large, average size and small plates. On the right side are
shown the corresponding vertical cross section plots in the center of the concrete slab

8.3 Data processing, calibration and interpretation

The main purpose, when employing electrodes of varied dimensions and spacing, is
to reach different penetration depths in order to acquire an information about the
gradient of moisture inside the cover concrete. Unfortunately, because of a strong
dependency on the intrinsic material characteristics, it is rather difficult to delimit
the investigation.

However, we can have an indication of the inspected volume by considering the
three arrangements of electrodes placed in the center of the upper face of a concrete
slab (homogeneous), as displayed on the Fig. 2.4a-c. These numerical simulations
were conducted with the commercial finite elements software package FEMLAB
2.3 [FEM 03].

Basically, we handled a three-dimensional electrostatics model of the system
with linear homogeneous isotropic materials. Modeling the electric field is carried
out using the electric potential V, calculated from the Laplace equation (eq. 2).
Regarding the boundary conditions, the electrodes are equipotential surfaces, and
the remainder is considered as insulated electrically

AV =0 Eq. 2.

From a qualitative point of view, the intensity of the electric field is extremely
variable according to the configuration, in particular along the depth in the sample.
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Fig. 2.5 Normalized
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function of the thickness
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Furthermore, the influence of the probe ranges from several centimeters (for that
equipped with the larger set of electrodes), to a few millimeters (when the device
is mounted with the smaller plates). Figure 2.5 presents the normalized capaci-
tance values as a function of the concrete thickness coupled with the three sets of
electrodes.

These values should be regarded as an order of magnitude (it may depend on the
moisture content), but it can be taken as a good indicator of the penetration depth of
the sensors (the effective penetration depth being identified at 5% reduction of from
the maximum capacitance — arbitrary choice). Then we can estimate to 5-7 mm, 2-3
cm and 7-8 cm the depth penetration of the small, the average and the large size
electrodes respectively.

Calibration can be done on homogeneous materials, which dielectric constants
are known and non frequency dependent. For that, measurements were done with
the panel of electrodes on PTFE, PVC, granite, marble and limestone respectively,
thus corresponding to increasing dielectric constant. Results are presented in
Fig. 2.6, and show linear relations between the measured frequency and the electro-
magnetic property of homogeneous media. The measurements are subtracted to a
reference done in the air in order to remove the effect of the environment, including
the sensor itself and the hand of the operator. The slopes of each calibration curve
express the capacitance or the sensitivity of each electrode to the dielectric constant
of the surveyed medium.

The various slopes showing the sensitivity of the electrodes are due to their
dimension — and then their capacitance values — associated to the chosen frequency
band in the resonant circuit of the sensor.

Then, capacitive measurements done on concretes, and transformed in dielectric
constant values due to the calibration curves from Fig. 2.6, can provide information
on the moisture of the mixing, the dielectric constant being related to the volumic
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Fig. 2.6 Capacitive calibration of the set of electrodes on homogeneous media

water content of such material. Moreover, the variation of depth penetration of the
set of electrodes can give an indication of the hydric gradient with depth.

8.4 Limitations and reliability

The most important limitations of the technique are related to the flatness of the concrete
surface, the absence of knowledge of the location of the reinforcement and the need of
calibration on the concrete material itself in order to obtain water content values.

Concerning the flatness of the surface, all the effects due to the building of the
concrete structure, such as border of successive formworks presenting steps, or
important spherical voids due to air bubbles, can lead to important errors.

For accurate measurements, we have to get the information of the location of the
rebar in order to do punctual measurements in the center of the reinforcement mesh.
Indeed, the presence of rebar in the coupling volume under the electrodes induces a
slight decrease of the measurement values, which could be interpreted as a dryer
material than the reality.

Then, the knowledge of an equivalence of dielectric constant remains insufficient
to get water-content accurate values. Knowing the strength of concrete (C25,
C40,...) can give a good indication of the relation between the capacitive measure-
ments and the water content, but keeping in mind that the nature of the aggregates
themselves biases the relation.

For the second aspect more related to the reliability, the relative measurements
induce a strong limitation of the temperature influence and prevent any “hand effect”.
Moreover, the average of elementary measurements (~5) a few centimeters around the
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measurement location decreases the noise in the value and strongly diminishes the
influence of the size of aggregates in the mixing considered as homogeneous material.

At last, this technique is limited to the water content estimation of homogeneous
concrete which thickness should remain above 10 cm.
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9 Electrical resistivity measurement

Jean-Francois Lataste
9.1 Physical principle and theory

Electrical resistivity measurements on reinforced concrete are used to assess prob-
ability of corrosion. They are sensible to factors influencing rebar corrosion (salt
and moisture) and allow a more accurate interpretation of electrochemical measure-
ment results (polarization resistance or half cell potential measurement).

Due to their sensitivity to on site concrete parameters, research is now oriented
to the use of electrical resistivity to assess concrete conditions directly.

Electrical conduction in porous materials is described by the empirical Archie’s
law (Archie, 1942):

p=a¢p s Eq.1
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Table 2.1 parameters of Archie’s law, after (Naar, 2006)

a m

Parameter Depend on lithology Depend on cementation n

Value for rocks 0.6 to 2 (increases 1.3 to 2.2 (increases About 2
with porosity) with cementation)

Value for concretes 0.1t00.8 4.6 2.43

where p_is the resistivity of rock, ¢ the porosity, p  the resistivity of the fluid in the
rock, s the saturation degree, a, m and n are three constants linked to the studied
material.

This empirical relation has been established for rocks, but works show it is
possible to use for concrete. Parameters have then to be determined (Table 2.1).

The measured resistivity is linked to nature and volume of fluids in concrete
(parameters p , and s of Archie’s law), but also to microstructural parameters of
concrete (porosity, interconnectivity of pores, tortuosity (Andrade et al., 2000)).
Thus, electrical resistivity is considered as an indicator of concrete transfer proper-
ties. Recent works suggest using it as an indicator of durability to characterize
concretes (Baroghel Bouny et al., 2004).

Any significant change in porosity (between different types or because of an
alteration) influence electrical resistivity properties of concrete. Any interface either
electrically insulator or conductive can also have consequences for resistivity
measurements.

9.2 Measurement techniques and handling

9.2.1 Laboratory

The laboratory measurement of the resistivity of concrete can be done using two
probes or four probe equipment. In a two probe arrangement the sample (poured in
mould, or from coring) is saturated by water and put between two metallic probes
(equipped with moistened sponges to improve electrical contact — see Fig. 2.1).
An electrical current (I in amperes) is injected between the probes and the potential
difference (AU in volts) is measured. The electrical resistance (R in Ohm) is calcu-
lated by Ohm’s law:

R=AU/I Eq.2

The pressure on probes is constant and fixed by the constant mass. A calibration
of sponge resistivity is done (a measure with the two sponges and without any sam-
ple), to extract the exact resistance of sample:

=R-R Eq. 3.

sample sponges
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1- sample

2- sponges

3- metallic probes

constant mass

Fig. 2.1 Two probe laboratory electrical resistivity measurement device

Fig. 2.2 Four-probe
laboratory electrical
resistivity measurement
device

Measurement can also be done with a four probe arrangement. Only the device
change, the principle is the same. The potential measurement is done at separate
electrodes (Fig. 2.2.). Main advantage is the independence from any contact resis-
tances (RSP(mges in the formulation above). The measurement cell is somewhat more
complicated, but accuracy is significantly higher. For impedance measurements
(see §9.2.4) in the low frequency range the use of four electrode arrangements is a
requirement.

Finally, the resistivity (p in Ohm.m) of material is deduced integrating geometri-
cal factors (or cell factor): height (/ in m), and section (S in m?):

P =R S/1 Eq. 4.

Resistivity is independent of geometry and size of sample. The technique
allows characterisation of concrete under controlled conditions. This resistivity is
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Fig. 2.3 Electrical resistivity
measurement device for cover R
concrete characterization

concrete

rebar

representative of average properties of material at the scale of sample. A resistivity
variation in the sample cannot be characterised.

This method is proposed to assess properties of initial concrete as a conformity
test for new concrete, as for example today compressive strength test.

9.2.2 On site measurement of cover concrete resistivity

Electrochemical measurements to detect corrosion activity in reinforced concrete
are strongly influenced by the concrete’s resistivity. Simple two probe measure-
ments are providing the required information. Resistance (R in Ohm) between a
probe at the concrete surface (generally a little disc with D its diameter in m) and
the reinforcement is measured (Fig. 2.3). The resistance (R in Ohm) is calculated
from the potential drop measured by an electrical current impulse (Feliu et al.,
1990). The resistivity (p in Ohm.m) is given as:

p=2RD Eq. 5.

This approach is generally used simultaneously to electrochemical measure-
ments because it needs to connect probe to reinforcement. The measure has to
be done right to the rebar. It complete electrochemical measurement (corrosion
rate).

9.2.3 On site measurement with four probe devices

General on site resistivity measurement have to be done with four probe devices.
This approach is used to detect factors conditioning reinforcement corrosion
(moisture, salts, etc.) and probability of corrosion (Polder et al., 2000). Some others
applications have been developed independently of the rebar corrosion study (Sirieix
et al., 2007), (Klysz et al. 2000).

An electrical current is between two probes (I in A). The potential difference
(AU in volts) is measured between two separate ones. By using Ohm’s law R = AU
/ I, the measured resistance (R in Ohm) is calculated. The size and geometry of the
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Table 2.2 devices for on-site measurements of electrical resistivity

Device Geometrical factor

Wenner configuration

a a a

k=2-mw-a

A

cl Pl 2]

Square configuration
a

ay C2 m
=g L 2ma
a Pl 2— \/5

electrode arrangement are taking into account to calculate the apparent resistivity
(p,in Ohm.m), by the geometrical factor k (in m):

p,=kR Eq. 6.

In homogeneous material the apparent resistivity equals true electrical resistivity.
In structures with layers, inclusions or property variations, a mixed (“apparent”)
resistivity is measured. True values can be approximately calculated from sets of
measurements with different spatial sensitivity and mathematical inversion: this is
called electrical resistivity tomography, still in development on concrete.

Two different electrode configurations are generally used (Table 2.2). The elec-
trode distance a (m) influences the depth of investigation. Many devices are using a
= 0,05 m. By this way, concrete is characterised on the first few centimetres.

9.2.4 Frequency Domain Methods

Electrical resistivity measurements are normally done using direct current, in most
cases alternating direction to avoid electrode polarisation. Using alternating cur-
rents at various frequencies additional parameters can be derived. Most of them are
related to solid/liquid interfaces, thus providing information about the microstruc-
ture of concrete.

High frequency methods (several kHz — several MHz, Electrical Impedance
Spectroscopy, EIS) can be used to assess the dielectric constant € (Ping Gu et al., 1993).
The technique consists in the measure of electrical responses (not only resistivity)
of concrete for several signal frequencies. This technique is currently focused
on the study of concrete hardening (Ping Xie et al., 1993), or on the system
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Table 2.3 Corrosion speed probability from resistivity measurements

Electrical resistivity (Ohm.m) Probability of corrosion speed

> 1000 — 2000 Negligible (concrete is too dry)

500 — 1000 Weak

100 - 500 Moderate to high (when steel is active)

< 100 Resistivity is not the driving factor of corrosion

rebar-concrete in the aim of rebar corrosion study (Koleva et al., 2008). The method
is not well adapted to on site investigations, even some results are on monitoring of
concrete structures (Ozyurt et al., 2006).

Low frequency applications (several mHz — several kHz, Spectral Induced
Polarisation, SIP) are currently under research. Results from other material as
masonry indicate, that SIP might be able to provide information about porosity and
geometry related parameters as permeability or formation factors (F=a ¢ ™ineq.1)
as well as a method to distinguish between saturation and salt contamination effects
(Kruschwitz, 2008).

9.3 Calibration, data processing, interpretation of results

As many factors are influencing the electrical resistivity the interpretation is mainly
based relative variations. For characterisation of probability of corrosion by electrical
resistivity, threshold values are proposed for on site assessment. The method mea-
sures only the presence of factors influencing rebar corrosion, which have both
similar effects on resistivity: moisture and salts. Both decrease electrical resistivity
(Table 2.3). But many cases prove the limitation of interpretation based on these
thresholds. So today, engineers prefer to adapt the treshold values in each case by a
visual inspection of rebars (opening a window in concrete).

9.4 Reliability and limitation of results

Resistivity of concrete is influenced by many parameters, linked with the material
properties, with the structure or with the environment:

— Parameters depending on the concrete composition: cement type (Hammond and
Robson, 1955), water/cement ratio (Hammond and Robson, 1955), (Whittington
et al., 1981), aggregate (nature, quantity, etc.) (Millard, 1991),(Morris et al.,
1996)

— Environmental factors: temperature (Spencer, 1937), moisture (Wolf and Lauer,
1980), salt ingress (Saleem et al., 1996)

— Geometrical effects: influence of rebar and edges (Millard, 1991), (Lataste et al.,
2003b).
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Table 2.4 Some electrical resistivity ranges for concrete

Influence of concrete Electrical resistivity (Ohm.m)
Ordinary Portland Cement (35MPa) 500 — 1400
Self compacting concrete (35MPa) 300 — 1000
High Performance concrete (65MPa)* 850 — 1500
Fibre Reinforced Concrete 80 — 400
Influence of conditions Electrical resistivity (Ohm.m)
Ordinnary
Environment Portland Cement Other concrete
Very wet, spayed atmosphere 50 -200 300 - 1000
Natural atmosphere 100 — 400 500 - 2000
External atmosphere (she Itered 200 - 500 1000 — 4000
concrete, 20°C/80%HR)
Carbonated concrete 1000 and more 2000 and more
Internal atmosphere ( 20°C, 50%RH) 3000 and more 4000 and more

* Containing slag (>65%), or fly ashes (>25%), or silica fume (>5%)

The variation ranges for the resistivity depending on the value taken by some of
these parameters are provided at Table 2.4. These multiple influences restrict the
interpretation to the delineation of relative variations of resistivity. An isolated
value of resistivity cannot be interpreted. However variations in time or geometry
(lateral variations or in depth) make it possible to assess material or structure
characteristics.

9.5 Guidelines for use, references, standards

Currently there are nor guidelines, references or standards available.
Recommendations can be found. They give some elements allowing reliability of
resistivity measurements (Polder et al., 2000) (Chlortest, 2006)

9.6 On-going developments: problems under research,
new questions, specific developments

Electrical resistivity is sensitive to many factors which are important for the
assessment of concrete structures. Porosity, humidity and salt (e.g. chlorides) are
three main parameters leading the electrical behaviour of material. So, resistivity
has the potential to be used as an indicator for durability and to characterise the
material. There for this this measure might be considered as laboratory confor-
mity test in the future.

Main problem for interpretation of on site measurements in terms of the damage
detection and assessment is to separate quantitatively the various factor influencing
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the measurement. This point was studied in the frame of the French ANR-SENSO
project, where two possibilities were identified:

— better definition of parameters a, m, and n for concrete in the Archie law
(for inverse analysis of measurements);

— using resistivity in combination with other techniques to assess values of poros-
ity or saturation rate of concrete.

Others topics in progress are: on site crack investigation (Lataste et al., 2003a),
characterisation of steel fibers in FRC (Lataste et al., 2008) (Ozyurt et al., 2006),
electrical resistivity tomography (Chouteau et al., 2002), EIS for rebar corrosion
assessment (Koleva et al., 2008), application of SIP techniques (Kruschwitz, 2008).
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10 Infrared thermography

Didier Defer and Christiane Maierhofer
10.1 Physical principles and theory

Infrared radiation covers the spectral range from 0.78 to 1,000 um. For standard
application in infrared thermography, a range from 1.5 to 14 wm is used. This type
of radiation is mainly emitted by the object itself. Spectral range and intensity of the
emitted radiation depend on the temperature, which describe the molecular move-
ment, and the emissivity. For a black body, the spectrum of thermal radiation can be
described by Planck’s law (Eq. 1):

1.

. [exp(f%) - 1} Eq. L.

LI;Llack,body (T) —
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Fig. 2.1 Spectra of blackbody radiation vs wavelength for different temperatures

Table 2.1 Normal total emissivity at 20° C for classical building materials

Dry soil
Materials Rough concrete Asphalt Red brick Plaster Wet soil
€ 0.92 0.93 0.93 091 0.9

0.95

where [2“*-**¥(T) is the spectral brightness (W.m?.um™.sr") emitted by the black
body, A is the wavelength (m) and C1 and C2 are two constants of radiation.

Fig. 2.1 shows the appearance of spectra of radiation of black bodies for various
temperatures.

The emissivity € is the ratio between the radiated power emitted by a general
structure in relation to the power emitted by an ideal radiator (black body). For a
black body, the radiated power is independent of material properties and depends
only on its temperature. Therefore, the emissivity of a blackbody is always 1. The
emissivity of real structures varies between 0 and 1 (0 < €< 1) and depends more or
less on the temperature, the wavelength, the polarisation and the angle to the
normal. This dependency is influenced by the surface properties like roughness and
contamination. For each body, the directed spectral emissivity is equal to the directed
spectral absorptivity (Kirchhoff’s law). Table 2.1 shows typical values of emissivity
for some building materials.

At ambient temperatures, a large part of this radiation is situated in the spectral
range between 1.5 and 20 um where the human eye is insensitive. To detect this radia-
tion, infrared cameras are used which include one detector or a detector array (focal
plane array, FPA) to convert this radiation into an electric signal. Two atmospheric
transmission windows are used (3 to 5 um or 8 to 12 um). For FPAs, each detector
receives radiation from a small solid angle (instantaneous field of view, IFOV).

The radiometric equation (Eq. 2) describes the calculation of temperature from
the measured radiation intensity. A camera which observes an object (Fig. 2.2)
receives radiation that is made up of three parts: the radiation emitted by the object

at a constant temperature T, the radiation of the environment at the temperature T,
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Fig. 2.2 Composition Observed 2ke
of the radiation received
by the camera

Emitted radiation

Atmospheric
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Reflected
radiation

Caméra
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reflected by the object (if the emissivity is < 1) and the radiation emitted by the
atmosphere between the object and the detector.

=1, [e, I, +A-g ) ]+A-1, )] Eq. 2.

atm

where the three parts ¢ 1, (1-g) I and+ (1-7, )1 respectively correspond to
the surface emission, the reflected variation and the atmospheric emission, with:

I’ = radiation detected by the camera [W.m™2.s1]

I, = radiation of the object itself [W.m?.sr"]

I, = radiation of the environment [W.m>.sr"']

L = radiation of the atmosphere [W.m™.sr"]

&, = emissivity of the object

T, = coefficient of transmission of the atmosphere

The atmospheric transmission t__is a function of the distance between the sur-
face under test and the camera and the atmospheric properties. For short distances,
it can be approximated by 1. Beyond several metres the absorption and emission of
the atmosphere itself can no longer be neglected. The humidity affects transmission
in a great deal.

When the parameters of the radiometric equation are estimated, the average tem-
perature of the surface may be deduced. The quality of the estimation of tempera-
ture values is directly linked to the validity of the hypotheses and the accuracy with
which the various parameters are determined.

The methods of auscultation by infrared thermography may be classified in two
categories:

* Passive methods, for which no additional source of heat is used specifically to
carry out the auscultation.

* Active methods, for which the diffusion of heat is provoked by artificial means,
set up to carry out the auscultation.

The characteristics of these two categories will be discussed in the following.
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10.2 Measuring equipment and handling: the infrared camera

In the 1990s, focal plane arrays (FPA) were developed and the increase of array
size, thermal resolution and image repetition frequency during the last ten years has
accelerated the applications in several areas. Adjusted to the area of application and
to the environmental conditions, different IR cameras can be used which are mainly
distinguished by the detector types. Among others, these detectors are characterized
by their spectral range, spatial resolution, noise equivalent temperature difference
(NETD, thermal resolution), integration time and long term stability. With these
detectors, commercial IR cameras with a full frame rate of up to 1 kHz for a FPA
size of 256 x 256 were achieved. For lower frame rates, larger arrays (1024 x 1024)
can be used. The maximum thermal resolution (NETD) is less than 15 mK.

For a thermographic study, the choice of camera’s position results of a compro-
mise between spatial resolution and size of observed area. Numbers of detectors
(pixels) and optic system of the camera are parameters of the choice. The required
objective has to be selected (wide angle, normal, tele). For example, with an objec-
tive of 24°x18° (horizontal field of view x vertical field of view) and a matrix of
320x240 detectors, the IFOV is 1.3 mrad. If the camera has a distance of one meter
from the surface, the observed area is a 40 x 30 cm? rectangle. Each pixel corre-
sponds to a 1.3 x 1.3 mm? rectangle.

If possible, the camera should be positionned following the surface normal. Before
starting data acquisition, the camera should be switched on for at least 30 min.

10.3 Data processing, calibration and interpretation

Infrared thermography allows observing a field of temperature on a surface. The
information is extracted from gradients observed at the surface at one time.
Information may also be deduced from evolutions of the temperature field with
time. Temperature gradients or variations can only be observed if the system is sub-
mitted to heat transfer.

When considering the investigation of civil engineering structures by infrared
thermography, we are faced with difficulties which make the exploitation of numer-
ical values of temperature difficult. The temperature of the environment is an ideal
that is hard to establish. The emissivity of the material is not known with great accu-
racy and it might vary along the surface and with the angle of observation. However
surfaces of non-metallic elements in civil engineering have high emissivities and
low reflection coefficients. Strong reflections due to direct sunlight for example
must be avoided. Most of the applications developed up to now for testing of struc-
tural elements or buildings involve qualitative exploitation. They aim to interpret
temperature differences. In a quantitative procedure, the analysis of absolute
temperatures is envisaged.

In case of on-site applications, the influence of rain, fog and wind has to be
considered.
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Fig. 2.3 Study of waterproof covering: visible image (left) and infrared image (right)

10.4 Passive thermography applied to the investigation
of discontinuities

10.4.1 Principles

Temperature gradients at the surface may denote the presence of an anomaly
under the surface of the material when the surface is exposed to the environment
(sunshine, variation of the daily ambient temperature, etc.). If the surface is sub-
mitted to a thermal variation, the heat diffuses inside the material. The presence
of a discontinuity such as a delamination, cavity or crack introduces a change of
thermal properties which alters heat transfer. For instance, a hotter zone might
appear at the surface depending on the thermal properties. Conversely, if there is
heat loss (cooling), the signature will be a cold layer. Heat diffusion may also be
modified by contrasting thermo-physical properties within the material.

The following example concerns the investigation of a waterproof covering on a
bridge. The defects of adhesion of the covering are easily detected by using infrared
thermography. The parts that have come unstuck appear warmer at the surface (see
Fig. 2.3-right). Natural environmental effects are sufficient to generate a serious
temperature contrast. Figure 2.4 shows the case of a concrete structure reinforced
by composite plates. Preliminary thermography studies can be used to control the
quality of reinforcement.

10.4.2 Limits and reliability

For detecting inhomogeneities, the following conditions must be satisfied:
First, the thermo-physical properties of the defect and the material must be
contrasted enough.
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Fig. 2.4 Study of the quality of interface between concrete and composite reinforcing plates:
visible image (left) and infrared image (right)

For estimating the detectability of defects and inhomogeneities in structures, the
heat transfer can be described by the thermal wave propagation (harmonic heating
process with wavelike temperature field) (Maldague and Moore, 2001). In this
model, the reflectivity of thermal waves at interfaces is determined by the differ-
ences between the effusivities of the contiguous materials. For the one-dimensional
case, the reflection coefficient R of a plane thermal wave for transmission from
medium 1 to medium 2 is equal to:

_a-6 _ VI)ICI)LI _szcz/lz

- e te, \/plclﬂ’l +\/po22'2

12

Thus, for a successful detection of inhomogeneities, there must be a sufficient
difference between the thermal properties of medium 1 and 2. The larger the differ-
ence between the effusivities of the two media, the higher the thermal signature of
the inhomogeneities is. For instance, the reflection coefficient at a concrete/air inter-
face is about 100%, while the reflection coefficient of a concrete/steel interface is
about -24%.

The second condition is on size: at a given depth, defects can be detected only
when they are large enough. Typically, the size must be at least equal to the depth.

The third condition for detectability is linked to the heat wave penetration depth.
The study of the heat wave propagation shows that a sinusoidal variation at the surface
is propagated in the material with amplitude which decreases exponentially with the
depth. The depth at which the amplitude is decreased to e™! is the penetration depth p:

p=V@/nf)

where p is the depth of penetration (m), a is the thermal diffusivity (m2.s™), f is the
thermal excitation frequency (Hz).

At the surface, the response to thermal excitation is not sensitive to the pres-
ence of a discontinuity if its depth exceeds three times the penetration depth.
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For example, a day-night cycle can be assimilated as a first approximation to a
sinusoidal variation of 1.16 x10 Hz. For concrete, the depth of penetration
corresponding to this frequency is of the order of 10 cm. This means that defects
deeper than 30 cm cannot be easily detected. Thus lower frequencies are required.
For example, the response to the annual seasonal cycle can highlight anomalies
situated at a few metres in depth. Day/night variations are often used for the detec-
tion of defects located near the surface.

Results of a simulation is presented there. A concrete slab in which a void is
present at depth e is submitted to a 24h-harmonic thermal excitation. The imposed
heat flux on the upper surface follows a sinusoidal variation. Fig. 2.5 show surface
temperatures evolutions. In this case, a 1-cm thick air gap is situated 5 cm from the
surface and above sound material.

The temperature time variations appear to be more contrasted above the delami-
nated zone, which are warmer during the day and colder during the night. The
simulations show that the morning (6h) and the late afternoon (18h) are the most
interesting times of the day, since they enable the highest temperature differences
between the zones with and without a defect to be observed (see Fig. 2.6).
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Fig. 2.7 Study of a concrete siding: visible image (left) and infrared image (right)

The fourth condition is to have a thermal excitation whose amplitude is sufficient.
The thermal contrast may be reduced if the convection at the surface that is too strong
(e.g. due to wind).

Figure 2.7 illustrates the investigation of a concrete facing installed on the edge of
a lock. Delaminations are detected by a thermogram recorded at the end of the day.

10.5 Investigations with active thermography

10.5.1 Principles

Active infrared thermography methods are based on the active heating or cooling of
the structures under test to provide an unsteady temperature gradient (Maldague and
Moore, 2001). In civil engineering, two of these active methods, impulse-thermog-
raphy (IT) and pulse phase thermography (PPT), have been proven to be very useful
for the investigation of structures close to the surface.

Experimental set-up and data acquisition are identical for IT and PPT: the sur-
face of the structure to be investigated is heated by using a radiation source (also
other energy sources are applicable depending on the testing problem) as visualised
in Fig. 2.8. After switching off the heating source, the cooling down behaviour is
recorded in real time with an infrared camera. The propagation of the heat depends
on the material properties like thermal conductivity, heat capacity and density. If
there is an inhomogeneity in the near surface region of the object with different
thermal properties, the heat flow will slow down or accelerate in these local areas.
While observing the temporal changes of the surface temperature distribution with
the infrared camera, near surface inhomogeneities will be detected if they cause
measurable temperature differences on the surface.

The main approach of IT in analysing the thermal data was to interpret the func-
tion of surface temperature versus cooling time (see Fig. 2.9) for selected areas with
and without inhomogeneities. These selected transient curves were compared and
difference curves (difference between transient above a void and transient above a
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Fig. 2.9 Transient curves above a reference point and above a defect and the respective difference
curve with a maximum temperature A7, at a distinct time ¢
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sound area) were calculated as shown in Fig. 2.9. The difference curves usually
have a maximum of the temperature difference AT __ at a distinct time t__, which
depends mainly on the difference of the thermal properties, the depth of the void and
the heating time. For solving the Inverse Problem, i. e. to get information about the
thermal and geometrical properties of the detected defect from the difference curves,
numerical simulations are performed (Maldague and Moore, 2001).

PPT is based on the application of the Fast Fourier Transformation (FFT) to all
transient curves of each pixel. Thus, one obtains amplitude and phase images for all
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frequencies. Amplitude images show the internal structure of a specimen up to a
maximum available depth depending on the frequency (low pass filter behaviour).
Phase images show the internal structure within a certain depth range depending on
the frequency (band pass filter behaviour) [(Maldague and Moore, 2001), (Maldague,
2001), (Wedler et al., 2003), (Maldague, 1993)].

10.5.2 Measurement equipment and handling (general)

The experimental set-up consists of a thermal heating unit, an infrared camera and
a computer system, which enables digital data recording in real time.

For the civil engineering applications, the heating pulse is realised as a square
pulse, which can be described as a superposition of different frequencies with vary-
ing amplitudes.

In most cases, infrared radiators have be proven to be the most suitable sources,
being fast and efficient and generating a homogeneous temperature increase. For
this, the heating procedure is usually done dynamically by moving the radiators
(computer-controlled) at an appropriate distance from the surface and by using an
automatic scanner system to obtain the best possible homogeneous heating. The
heating time varies from several seconds up to 60 min. It must be considered that the
surface temperature should not rise higher than 50°C to avoid any damage. This
temperature has to be even less for sensitive surfaces. The cooling down process of
the surface is observed with an infrared camera. This camera and the related soft-
ware for data acquisition and analysis should at least fulfil the following
conditions:

— availability of recording of sequences of thermal images with a minimum frame
rate of 1 to 10 Hz to record fast cooling down processes;

— known file format of thermal sequences for further data analysis;

— extraction of transient curves (temperature as a function of time for one pixel)
must be possible;

— for on-site measurements, the heating source has to be placed close to the surface
under investigation (distance 10 to 20 cm) and should be moveable to obtain a
homogeneous heating. A respective power supply must be available.

An operational test should be performed measuring the surface temperature of a
known object (reference object). A first thermogram of the surface to be investi-
gated should be recorded to have a reference image in more or less thermal equilib-
rium. During the whole time range of data recording, it should be ensured that
nothing and nobody is crossing in the area between camera and observed surface.

10.5.3 Data Processing related to impulse-thermography (IT)

Data processing related to IT is performed if qualitative and quantitative information
is needed about inhomogeneities and defects near below the surface.
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As raw data, temporal sequences of thermograms are available containing
information about environmental and measurement parameters in the header. The
single steps of IT data processing are the following:

— Correction of temperature data related to surface emissivity and environmental
parameters, if this has not been already performed on-site;

— enhancement of the signal to noise ratio, e. g. by averaging of thermograms or
spatial or temporal filtering;

— location of defect areas by visual examination of the thermograms. Contrast
areas can be accentuated by edge filtering or through further steps of image
processing;

— transformation of geometrical parameters (size and position of measurement
area, planar size and position of inhomogeneities or defects);

— selection of transient curves (temperature of a pixel as a function of time during
cooling down) of pixels above sound and defect area, calculation of the differ-
ence curve;

— calculation of maximum thermal contrast AT and the respective time t__after
the switching off of the heating source by analyzing the temporal variation of
contrast, as on Fig. 2.9;

— from calibration curves and/or numerical simulations, the Inverse Problem
can be solved, e. g. quantitative information can be obtained about the depth
(concrete cover). But this is only possible if a lot of prior knowledge is
available, e. g. the thermal properties of sound and defect material must be
known.

10.5.4 Data processing related to Pulse-phase thermography

Data processing related to PPT is also performed if qualitative and quantitative
information are needed about inhomogeneities and defects near the surface. In PPT,
non unique emissivity at the surface and indirect reflection have a reduced influence
on the results. The sensitivity to deeper defects is thus enhanced.

As raw data, temporal sequences of thermograms are available containing infor-
mation about environmental and measurement parameters in the header similar to
IT. The single steps of PPT data processing are the following:

— Correction of temperature data related to surface emissivity and environmental
parameters, if this has not been already performed on-site;

— enhancement of the signal to noise ratio, e. g. by averaging of thermograms or
spatial or temporal filtering;

— calculation of Fast Fourier Transformation (FFT) of each transient curve result-
ing in amplitude and phase spectra. For enhancing the frequency resolution, zero
padding of the transient curves can be performed (enhancing the transient curves
in total time range with room or offset temperature). Since most of the informa-
tion in the spectra is included in the very low frequencies, zero padding is
essential;



96 D. Defer and C. Maierhofer

30to 50 °C 23.0t0 33.6°C 21.8 bis 28.2°C 21.1 bis 26.1 °C

0 Hz 0.98x10%Hz 4.39x10% Hz 9.76x10%Hz

L
&
) il T

L4 ¥ -

e O e s -

0.49x10* Hz 0.98x10“Hz

9.76x10* Hz 48.8x104 Hz

Fig. 2.10 Images built at respective times ( 0, 34.5, 68.5 and 102.8 min after 30 min heating time):
thermograms (top), amplitude images (middle) and phase images (bottom). The concrete specimen
contains voids at varying depth from 2 to 8§ cm

— for each frequency, amplitude and phase can be presented for each pixel resulting
in amplitude and phase images. Thus also in amplitude and phase images can be
presented in sequences (as a function of frequency).

As an example, selected thermograms, amplitude and phase images of the
concrete test specimen with voids at different depths are shown in Fig. 2.10. In
the phase image at the lowest frequency in Fig. 2.10, all defects can be clearly
seen with better contrast as in the time sequences. With increasing frequency, the
deeper defects disappear in the amplitude as well as in the phase images, but
earlier in the amplitude images.

The data processing described above might lead to identify inhomogeneities
inducing after thermal activation a lower or a higher surface temperature than in the
sound area. As mentioned above, the thermal properties and the depth of these inho-
mogeneities can only be determined if comprehensive prior-knowledge is available.

In most cases, further quantitative results will be available only on the depth of
inhomogeneities or defects, which will have more or less large relative errors.
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10.6 Guidelines and Standards

For the applications of active thermography for concrete testing, at time there are no

standards. Guidelines for the investigation of historic masonry structures have been

developed during the EC funded project ONSITEFORMASONRY and will be

enhanced by the RILEM TC SAM.

In the following, related standards concerning passive and active thermography are
listed:

ASTM C 1046, Standard practice for in-situ measurement of heat flux and tempera-
ture on building envelop components, 1995

ASTM C 1060, Standard practice for thermographic inspection of insulation instal-
lations in enbvelope cavities of frame buildings, 1990

ASTM C 1153, Standard practice for location of wet insolation in roofing systems
using infrared imaging, 2003.

ASTM D 4788, Standard test method for detecting delaminations in bridge decks
using infrared thermography, 2003

DGZfP-B, Guideline for thermographic investigations at building elements and
building structures, Edition 1993-10 (in german)

DGZfP-TH 1, Characterization of thermography systems, Edition 1999-03 (in german)

DIN 54162, Non-destructive testing — Qualification and certification of personnel
for thermographic testing — General and special principles for level 1, 2 and 3,
Edition 2006-09

DIN 54190-1, Non-destructive testing — Thermographic testing — Part 1: General
principles, Edition 2004-08

DIN 54190-2, Non-destructive testing — Thermographic testing — Part 2: Equipment,
Edition 2005-08

DIN 54190-3, Non-destructive testing — Thermographic testing — Part 3: Terms and
definitions, Edition 2006-02

DIN EN 13187 Thermal performance of buildings — Qualitative detection of ther-
malnirregularities in building envelopes — Infrared method, Edition 1999-05
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11 Radiography

Jean-Paul Balayssac
11.1 Physical principles and theory

Radiography in civil engineering can concern a lot of structures. Theoretically the
limitations are only related to the penetration depth of the rays and to the exposure
rate of the emitter. It can be used on concrete, reinforced or prestressed concrete,
stone, mortar and steel.

Like it is a transmission technique, it needs to access to the two opposite faces of
the structure. One face is highlighted by the source and the sensitive film is placed
on the other one. In radiography, the radiation is either X-ray or gamma-ray. Gamma
rays are emitted by an artificial source (Cobalt 60 or Iridium 192). In the case of
X-rays, accelerators are used to obtain higher energy. For usual applications, the
radiation attenuation through the material is measured with a sensitive film located
on the opposite face (Fig. 2.1).

Field applications of radiography include the detection of reinforcement loca-
tion, voids, cracks, the quality of grouted post-tensionned tendons and the failure of
cables. As well, radioscopy is a different form of radiography in which the transmit-
ted radiation is converted into a visible light and recorded by a video camera.
Radioscopy has been used in France for the detection of grouting defects.

Classically, industrial radiography is able to observe:

— the presence of cavities inside the concrete

— the presence of grout inside the prestressing ducts and also its defects
— the localization of tendons

— the localization of the reinforcement and the diameter of the rebars

— the discontinuities of the ducts

— the broken wires or cables in some cases.

11.2 Measurement equipment and handling

The source is chosen in relation with the scope of the investigation (size of the tar-
get, thickness of the concrete element, implementation conditions and radioprotec-
tion). The weight of the source is linked to its power of penetration through the
material. Table 2.1 gives examples of source characteristics. The picture of Fig. 2.2
illustrates an example of a source of Iridium 192.

The choice of the source depends on the exposure time, the thickness of the ele-
ment and the required resolution.

For the receptors, the use of photographic films (emulsion) is very usual and the
different categories of films are defined by standards. The film is always associated to
a filter and a reinforcing screen. The choice of the film is done regarding the thickness
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Fig. 2.1 Principle of radiography

Table 2.1 Source characteristics

Source Radioactive half-life Weight of the source (kg) Maximal thickness (cm)
Iridium 192 74 days 25 30
Cobalt 60 5.3 years 120 40
Cobalt 60 5.3 years 350 65
X-rays 45 to 120 130

Fig. 2.2 Source of
Iridium 192

of the element, the required sensitivity and also the exposure time. The image quality
depends on the emitter, the distance between the source and the film, the incidence
of the rays, the choice of the film, the reinforcing screen and the filter. The distance
between the source and the film depends on the thickness of the element.
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Fig. 2.3 An example of radiogram and interpretation — sounding of an internal tendon [NF A 09-202]

The use of radioactive sources being very hazardous, specifically trained and
accredited persons for implementing the technique and for protection aspects are
required. A protection area must be defined around the sounded structure and it is
necessary to move away all the persons from it, during the entire test. It can be dis-
turbing for the users, particularly if the structure is a flat building.

11.3 Guidelines, references and standards

NF A 09-202 : principes généraux de 1’examen radiographique, a I’aide de rayons
X et gamma, des matériaux béton, béton armé et béton précontraint

NF EN 1330-3 : Essais nos destructifs — Terminologie — Partie 3 : Termes pour le
contrdle radiographique industrielle (indice de classement : A09-020-3)

BS 1881: Part 205, Recommendations for radiography of concrete, British Standards
Institute, London, 1986.

11.4 Calibration and interpretation of results

The optical density related to the grey levels of the sensitive film is analysed. The
quality of the images is generally good because the attenuating characteristics of
steel, concrete, and air differ greatly (Fig.2.3).

The radiographic techniques can provide very useful information because of
their ability to observe cross-sectional images of the object. They are applicable for
every kind of concrete structures. However, these methods currently pose the prob-
lem of safety and other limitations. With further advancements in portable radiogra-
phy equipment for field applications, such devices could have widespread use.
In particular, safety increasing, and imaging speed advances to permit practical
scanning rates should greatly improve the technique.
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11.5 Reliability and limitation of results

Despite its high interest of providing an image of the internal structure of concrete,
radiography has several limitations:

Being a technique by transmission, two faces of the structure must be accessible

Depth limitation: 60 cm for penetration of gamma rays is a limit, but 120 cm can
be reached with X-rays

Only small surfaces can be sounded due to the limited size of sensitive film

The time of exposure is rather long (especially for gamma-rays)

Steel bars (cables or reinforcement bars) can mask the target

Important weight of the usual radiation sources can prevent the investigation of
some parts of a structure

The use of radioactive source being hazardous, a safety area is required around
the structure. It is sometimes impossible to restrain the access of the
surroundings

The implementation of the technique is expensive if very large areas need to be
sounded (especially with X-rays). For this reason, radiography is sometimes
relegated for use in specific conditions only

The image does not provide any information about the depth of the defect.
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12 Rebound hammer

Markus Fischli and Andrzej Moczko

The Rebound Hammer was developed in 1948 and patented in 1950 by Ernst
Schmidt, a Swiss engineer. The device is based on the rebound principle, which is
an indicator of the hardness of concrete. In the rebound hammer test, a spring loaded
mass has a fixed amount of energy imparted to it by extending the impact spring to
a fixed position, this is achieved by pressing the plunger against the surface of the
concrete under test. Upon release, the mass impacts on the plunger, rebounds and
the distance traveled by the mass expressed as a percentage of the initial extension
of the spring, is called the rebound number. The rebound distance is measured on
an arbitrary scale marked from 10 to 100 (Kolek, 1958, Carino, 1974). Schmidt
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standardized the hammer blow by developing a spring-loaded hammer and devised
a method to measure the rebound. Several models of the device were built (Greene,
1954) and patented, with further developments.

12.1 Physical Principle and Theory

The Rebound Hammer (Proceq, 2007a) is principally a surface hardness tester.
With this instrument the user presses a plunger against the surface under test and
a spring then releases a mass to impact on the plunger. Inside the instrument a
spring provides a defined impact energy for each measurement. After the impact
the mass rebounds a certain distance and this is shown on the scale by a pointer.
Before removing the instrument from the concrete element the impact mecha-
nism can be locked by the locking button and the rebound value R be read. The
position of the pointer indicates the rebound as a percentage of forward hammer
travel. Equation 1 explains how the rebound value R is calculated:

E. 2
refleted _ 40y 1/2Dx§ — 100.X_R @))
Eforward 1 / 2D)C0 xo

where D is a spring constant, E, _ is the energy before the impact, E_, . is the
energy following the impact, X is the displacement at triggering of impact and x,, is
the displacement following the impact (rebound distance).

Figure 2.1 shows the moment of the impact of the hammer mass 14 on the
plunger 1. Other main parts are impact spring 16, the pawl 13 which releases the
hammer mass, and pointer 4.

The most suitable surfaces for testing by this method are vertical faces of the
concrete structure, which means the impact is produced in horizontal direction.
Impact directions up and down on horizontal surfaces plus at angles of 45° up and
down are also possible. For these measurements a correction of the measured values
due to gravity has to be considered.

The classic “R”-value is the mechanical travel of the hammer mass on rebound.
It is affected by its friction on the guide rod, the friction of the drag pointer on the
scale, the influence of gravity during its travel, the relative velocity between unit and
mechanical parts. The R value is measured as characteristic of the energy that is not
absorbed by the material under test.

Some years ago a development led to a new instrument that combines inno-
vative ideas with the advantages of the classical rebound hammer. The new
instrument (Proceq, 2007b) measures the velocity of the hammer mass immedi-
ately before and after the impact and calculates the quotient Q (Fig. 2.2, Eq. 2).
Based on the same physics the measurement is not affected by friction between
hammer mass and guide rod and the one of the pointer and there is no need to

R=100-
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compensate for the impact direction. Equation 2 explains how the rebound value

R is calculated:
EFE ecte 1 / 2 .
Sl Q. |k =100 & )
Efmward 1/ 2”nVO vO

where the rebound value Q is expressed as a function of the respective kinetic ener-
gies before (E, ) and after (E_, ) the impact. These two quantities depend on
the mass m of the hammer and on the respective velocities immediately before (v, )
and after (v,) the impact.

An ergonomic housing accommodates the impact mechanism and the optical
absolute velocity encoder that measures the velocity of the hammer mass. There are
integrated electronics as well as the LCD that process the data and display the con-
crete strength plus all other information of the measurement series. The impact
spring initiates an impact of the hammer mass on the plunger. According to the
surface hardness of the concrete element the rebound velocity of the hammer mass
is lower or higher.

0=100-

12.2 Measuring Equipment and Handling

The Rebound Hammer is a portable instrument that can easily be operated by one
person. Inside the cylindrical housing there is the impact mechanism that activates
the plunger which protrudes from the housing on the front end. The plunger has to
be pressed perpendicularly against the surface of the test specimen and the pressure
has to be increased until the hammer impacts. Inside the instrument the impact
spring provides a constant impact energy for each measurement, which is 2.207
N.m for the normal (Type N) hammer. After the impact the mass rebounds a certain
distance and this is shown on the scale by a pointer. Before removing the instrument
from the concrete element the impact mechanism can be locked by the locking
button and the rebound value be read. The position of the pointer indicates rebound
as a percentage of forward hammer travel.

The instrument is immediately ready for the next measurement. The plunger can
be placed on the desired measuring spot which according to the standards should be
at least 25mm away from the previous one. The instrument is pressed towards the
concrete surface. This unlocks the impact mechanism and the instrument housing is
moved away from the structure under the force of the loading spring. At the end
position the concrete test hammer is automatically loaded and ready for the next
impact. Because of the influence of surface condition on test results, if the surface
is too rough it should be smoothened with a grinding stone.

For structures with low strength and wall thickness below 100mm the Model L
with smaller impact energy was developed. The normal energy would damage the
structure or the reading could be affected. The instrument is basically the same but
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Fig. 2.4 Measurement with
the new device developed
(Q measurement)

the impact energy is only 0.635 N.m, i.e. one third of the one of the standard Model
N. For both types there are also the versions NR and LR that register the readings as
a graph on a paper roll.

In modern versions of rebound hammer an electronic measuring unit has been
added to help ensure proper test results which can be recorded for later review or
uploaded to a personal computer. The scale is replaced by a displacement sensor
which measures the rebound value. Impact direction, carbonation depth can be
entered in addition to other options and the unit is capable of direct statistical analy-
sis as shown in Fig. 2.3.

With the new device (Q measurement, Fig. 2.4), the measuring procedure is the
same as with the classic rebound hammer. The user can perform test series of a
specified number of impacts. Manual cancellation of obvious outliers is possible.
Operation with the “one button” user interface is simple. To obtain a reading in units
of compressive strength the user can select the desired unit, the length of the series
and the averaging mode, carbonation depth (if applicable), conversion curve for
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concrete mixture and form factor. At the end of the series the instrument will display
the average Q value converted to the desired concrete compressive strength unit.
The instrument is suitable for testing a wide variety of concrete, mortar, rock on site
as well as in the laboratory. It is handy for difficult to access or confined test areas
(i.e. working overhead) and especially convenient for testing on tunnel linings as
measurements are independent of impact direction.

12.3 Calibration and Interpretation of Results

An initial test series at the Swiss Federal Materials Testing and Experimental
Institute (EMPA) was successful and application was made to patent the instrument
world-wide. A correlation was developed between the compressive strength of stan-
dard cubes and rebound number. The first successful reports appeared in 1951. The
new method of non-destructive concrete testing was acclaimed throughout the
world. DIN 4240 was published in 1962 dealing with the SCHMIDT Hammer and
its use.

However, as other investigators began to develop correlations between strength
and rebound number, it became evident that there was not a unique relationship
between strength and rebound number (Kolek, 1959). This lead to the often-stated
recommendation that a correlation should be developed using the same concrete and
forming materials as used in construction. Without such a correlation, the rebound
hammer is useful only for detecting gross changes in concrete quality throughout a
structure (Carino, 1994). The issues of reliability of the rebound measurement and
of calibration are key issues.

The rebound number is first very sensitive to the very local properties of con-
crete, i.e. to the fact that the impact occurs just above an aggregate or a volume of
cement paste. Thus, a series of measurements must be performed in a limited area
around the same point, whose values are averaged such as to obtain a representative
value for R. For instance, ASTM C 805 requires that 10 rebound numbers be taken
for a test.

The first correction corresponds to the direction of impact (horizontal, vertical up
and down), for which the calibration curve (which expresses the estimated compressive
strength as a function of rebound number) must be shifted, as shown on Fig. 2.5. The
test hammer symbols in the diagram indicate the impact direction and the respective
conversion curve. In many countries cubes of 150x150x150mm are used as test speci-
mens for which conversion curves are available as well.

A common factor that influences the reading is the carbonation of the concrete
which starts from the surface and penetrates into the structure. Rebound numbers on
a carbonated surface can be as much as 50% higher than non-carbonated surfaces.
Correction factors have been proposed by (Tanigawa et al., 1988) and in japanese and
chinese guidelines (AlJ, 1983, JGJ/T 23-2001), but their values are very different and
the more efficient way to compensate for this effect remains the calibration of the
rebound values against the strength of core specimens taken from the structure.
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Fig. 2.5 Conversion curve
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Many other factors have been recognized as influencing the rebound number, the
most influent being (Evangelista et al., 2003):

— the moisture condition, a dry surface giving higher values,
— the surface texture, a smoother surface giving higher values than a rough one,
— the type of aggregate.

The influences of these factors are so great that it is very unlikely that a general
calibration curve relating rebound hammer to strength, as provided by the equipment
manufacturers, will be of any practical values, event by using a series of corrective
coefficients. It is the reason why the EN 13791 has chosen a different approach for
calibration: it gives a “basic curve” linking the rebound number and the estimated
strength and the calibration process consists in shifting this basic curve accordingly to
the results given by comparing the values of rebound number and true core strength
measured at a given number of points. This calibration method does not explain why
one has to shift the curve but is able to account for the effect of any influential factor.

On the innovative device which measures energy and gives a Q factor instead of R,
the correlation between the Q value and the compressive strength of a concrete element
is represented by another conversion curve which covers a large range of concrete
strengths (from 10 MPa up to 100 MPa). The use of the device is easier because the
effect of the direction of the test and that of the carbonation depth can be automatically
corrected. The issue of calibration is however the same. A more precise derived com-
pressive strength can be achieved by creating site specific (custom) conversion curves.

12.4 Reliability and Limitation of Results

Owing to its simplicity, speed and low cost the rebound hammer is, by far, the most
widely used non destructive test device for concrete. Another main advantage of
rebound measurement for strength estimation is that this technique has a more direct
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Fig. 2.6 Test anvil with
hammer under test

link with mechanical properties of concrete than most others. But this simplicity can
be misleading and results sometimes in careless handling. For instance, manual cor-
rections for impact direction can occasionally be “forgotten”. Such omissions are
less likely with the improved electronic concrete test, since such corrections are
made automatically, providing these have been switched on.

A periodic function test is indispensable, since concrete dust penetrates the instru-
ment and can change the characteristics of the impact. A function test must be carried
out on a calibrated test anvil Fig. 2.6 before and after important assignments. Every
1000 — 2000 test impacts, the instrument should be thoroughly cleaned and then
checked on the test anvil. If the readings get smaller than the lower limit the mecha-
nism of the hammer usually has to be cleaned which can be done by the user. If the
readings persist to be too low the hammer needs re-calibration. This should be done
by a certified service centre in order to perform the calibration in the right way.

The test anvil is standardized. EN 12504-2 specifies the steel block with a hard-
ness of minimum 52 HRC, a mass of 16 + 1 kg and a diameter of approximately 150
mm. Typical R-values are 81 for N-type and 75 for L-type hammers, tolerance is
+/-2R. Each anvil is calibrated with selected Master Equipment and the calibration
of Rebound hammers and anvils is traceable back to the Master Anvil.

According to the European standard a minimum of 9 dm? of concrete surface
with 10 cm thickness is needed. The rebound hammer Model N can be used on
surfaces of concrete elements of any direction that have a minimal thickness of
100mm and are fixed with the structure, or if the thickness is less the specimen must
be rigidly supported or Model L must be used. Moreover, the temperature during the
tests must be between 10 and 35°C.
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Statistical evaluations of test results should also be performed according to
national specifications and requirements.

The evaluation of concrete compressive strength using the rebound hammer
gives in any case valuable information about the quality of concrete. Another appli-
cation of this technique consists in the localization of the coring zone for optimizing
the number of cores to be tested in a laboratory

However, there is a large variance in opinions as to the accuracy of estimating the
compressive strength. In any case, the accuracy can be increased by performing a
proper calibration, such as to reduce the main causes of bias. The FHWA guide
(FHWA, 1997) states that for a properly calibrated device, the accuracy is +/- 15 to
20 percent for test specimens cast, cured and tested under laboratory conditions and
that it is approximately +/- 30 to 40 percent for in place compressive strength.
Malhotra considers that the uncertainty is more probably +/- 25% in a structure
(Malhotra and Carino, 2004).

This variety of opinions is explained because experimental correlations and cor-
relation curves have not been established in a standard context. The type of con-
crete, shape and size of reference specimens (cores taken from the structure or cubes
or cylinders from the laboratory) have widely varied. More often carbonation and
moisture have not been controlled. It results a wide variety of calibration curves,
which are not strictly valid for extrapolation in a different context. It is the reason
why another calibration approach is proposed by EN 13791, in which the exact cor-
relation curve is not a priori known, but built on the basis of few additional destruc-
tive tests.

One also must note that since the rebound number is indicative of the near-sur-
face properties of concrete (about 3 centimeters), it may be not indicative of the bulk
concrete in a structure. It is influenced by local properties (air voids, higher content
in cement, carbonation, effect of formwork and curing conditions...).

12.5 Guidelines for Use and Standards

The method is covered by several standard specifications including:

e ASTM C 805, Standard test method for rebound number of hardened concrete,
in: Annual book of ASTM standard, ASTM C805-85, Detroit, 1994.

e BS 1881 - Part 202 - Recommendations for surface hardness tests by the rebound
hammer, BSI, UK 1986.

* DIN 4240, Kugelschlagpriifung von Beton mit dichtem Gefiige, Richtlinien fiir
die Anwendung, 4-1962.

e EN 12504-2, Testing concrete in structures — Part 2. Non destructive testing —
determination of rebound number, 2001.

e EN 13791, Assessment of in-situ compressive strength in structures and precast
concrete, CEN, Brussels, 28p., 2007.

e JGJ/T 23-2001, J 155-2001, Technical specification for inspection of concrete
compressive strength by rebound method, 2001 (in Chinese).
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Some guidelines are also available:

e AlJ, Architectural Institute of Japan, Manual of nondestructive test methods for
the evaluation of concrete strength, p. 26, 1983 (in japanese)

e FHWA, Guide to non destructive testing of concrete, FHWA-SA-97-105,
USDOT, Washington DC, 1997.

e Malhotra V.M., Carino N.J., Handbook on non destructive testing of concrete,
CRC Press, 2004.
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13 Pull-out testing
Andrzej Moczko

This technique is the only not fully non destructive technique described in this
section. It was however considered useful to describe it briefly, since (a) it is of
common practice in structural assessment and (b) it provides an output directly
correlated with mechanical properties of concrete. Thus, this test can bring valu-
able information on the material condition, either used alone or in combination
with other (non destructive) techniques.

13.1 Physical principles and theory

The fundamental principle behind pull-out testing is that accurate estimation of the
strength on-site can be obtained, as the peak-force (the pull-out force) correlates
accurately to the concrete compressive strength measured by standard cylinders or
cubes in the laboratory.

A metal insert is either cast into fresh concrete or installed into hardened con-
crete. When an estimate of the in-place strength is desired, the insert is pulled by
means of a jack reacting against a bearing ring. The pullout strength is determined
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Fig. 2.1 General principles of the pull-out test

by measuring the maximum force required to pull the insert from the concrete mass.
Alternatively, the insert is loaded to a specified load to verify whether a minimum
level of in-place strength has been attained. It is essential to ensure that the dimen-
sions of the pull-out test shall be determined according to Fig.2.1.

The diameter of the insert head (d2) is the basis for defining the test geometry.
The insert head diameter shall be greater than or equal to 2/3 of the nominal maxi-
mum size of aggregate. A typical value is 25 mm. The thickness of the insert head
and the yield strength of the metal shall be sufficient to prevent yielding of the
insert during test. The sides of the insert head shall be smooth. The length of the
pullout insert shaft shall be such that the distance from the insert head to the con-
crete surface (4) equals the diameter of the insert head (d2). The diameter of the
insert shaft at the head (d1) shall not exceed 0.60 d2. The counter pressure ring
shall have an inside diameter (d3) of 2.0 to 2.4 times the insert head diameter (d2),
and shall have an outside diameter (d4) of at least 1.25 times the inside diameter.
Usually diameter of such ring is assumed to be about 55 mm. The thickness of the
ring (¢) shall be at least 0.4 times the pullout insert head diameter. Finally, inserts
are pulled out using a hydraulic pull machine reacting against a counter pressure
ring and the force required to pull-out the insert is measured (Petersen, 1997,
Petersen and Poulsen, 1993).

Internal rupture during pull-out test is a multistage process where three different
stages, each with different fracture mechanisms, can be observed. In the first stage,
at a level of about 30-40% of ultimate load, tensile cracking begins, starting from
the notch formed by the upper edge of the insert’s head. These cracks run out in the
concrete at pronounced open angle (Fig. 2.2). The total length of these first cracks
is typically 15-20 mm from the edge of the insert’s head. In the second stage of
internal rupture a multitude of stable microcracks are formed in the above men-
tioned truncated zone. These cracks run from the top of the insert’s head to the
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Fig. 2.2 Schematic damage
and cracking pattern during
the pull-out test

bottom of the counter pressure ring. The formation of this second cracking pattern
is similar to that of vertical microcracks inside a concrete cylinder or cubes during
ordinary uniaxial compression tests.

Finally, when the load reaches ultimate value, third stage of rupture occurs. This
forms a tensile/shear crack running all the way around from the outside edge of the
insert head to the inside edge of the counter pressure ring. Since the second micro-
cracking stage of rupture is responsible for and directly correlated with the ultimate
load in this testing procedure, it can be accepted that pull-out force is directly pro-
portional to the compressive strength of concrete (Krenchel, 1982, Krenchel and
Shah, 1985). Moreover, it can be observed that the failure obtained in such test is
caused by crushing of the concrete. This fracture mechanism has been also con-
firmed by nonlinear finite element analysis (Ottosen, 1981).

There are two basic categories of pull-out tests: one which involves an insert
having to be cast into the concrete and the other where the expanding ring insert is
fixed into a drilled hole and undercut groove in the hardened concrete.

The first procedure is mainly used to obtain a reliable estimation of the in-
place strength of concrete in newly cast structures, with following main
applications:

e determining whether in-place concrete strength is sufficient for early application
of loads, such as due to formwork removal or application of prestressing.

¢ determining whether the in-place strength is sufficient for terminating curing and
thermal protection.

The second pull-out procedure, based on the post-installed inserts, has been
developed for determining on site compressive strength of existing concrete struc-
tures. In this case following practical application can be considered:

e evaluation of the actual compressive strength in existing concrete structures
during technical surveys,

 verification of in-place strength when strength of standard-cured specimens fails
to meet acceptance criteria,

* testing of the residual strength of concrete elements prior to further loading,

e quality control of the structure after completion.
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Fig. 2.3 Insert hardware

13.2 Measurement equipment and handling

In the case of testing focused on the estimation of the in-place strength of concrete
in newly cast structures special inserts (Fig.2.2) have to be casted into the fresh
concrete. Cast-in-place inserts shall be made of metal that does not react with
cement. The insert shall consist of a cylindrical head and a shaft to fix embedment
depth. The shaft shall be attached firmly to the center of the head. The insert shaft
shall be threaded to the insert head so that it can be removed and replaced by a spe-
cial bold relevant to pullout the insert. Such inserts can be installed as inserts nailed
to formwork (Fig. 2.3 — type 1), as inserts attached to formwork cutouts (Fig.2.3 —
type 2) or as floating inserts (Fig. 2.3 — type3). The inserts shall be embedded into
the fresh concrete by means that ensure a uniform embedment depth and a plane
surface perpendicular to the axis of the insert shaft.

Load is applied through a manually operated hydraulic pull-machine. The load-
ing rate must be uniform, so that the nominal normal stress on the assumed conical
fracture surface increases at a rate of 70 + 30 kPa/s. For a pullout test system in
which d2 =25 mm and d3 = 55 mm, the specified stress rate corresponds to a load-
ing rate of approximately 0.5 + 0.2 kN/s. If the insert is to be tested to rupture of the
concrete, the test is carried on until rupture occurs. If the insert is to be tested only
to a specified load to verify a minimum in-place strength, the specified uniform rate
is kept until the specified pullout load is reached. The specified load is maintained
for at least 10 seconds. The pull-out force is recorded and correlated to compressive
strength by means of a general calibration curve.

Application of pull-out technique for testing existing concrete structures needs
different procedures of insert preparation. In the first stage, using special staff of
equipment, a 18.4 mm diameter hole is drilled perpendicular to the surface, outside
reinforcement disturbance. Next a recess (slot) is routed in the hole to a diameter of
25 mm and at a depth of 25 mm. A special split ring is inserted through the hole in
the recess until it fits in the inside diameter of the recess and expanded by means of
a special expansion tool (Fig. 2.4). Finally, the insert is pulled out using a pull
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Fig. 2.4 Ring expansion
hardware

Fig. 2.5 Applying the
loading on the insert

machine reacting against a counter pressure ring (Fig. 2.5). As a result of the mea-
surements pull-out force is defined and similar procedure, as in the case of in place
casted inserts, is applied for determining concrete in-situ compressive strength.

13.3 Guidelines, references and standards

ASTM C900-06, Standard Test Method for Pullout Strength of Hardened Concrete.

ACI Committee 228, In-place Methods for Determination of Strength of Concrete,
Technical Committee Document 228.1R-03, American Concrete Institute, PO
Box 19150, Detroit, MI 48219, 2003, p. 44.

Canadian Standard CSA A23.2, Methods of Test and Standard Practices for
Concrete, Test Procedure A23.2-15C — Evaluation of concrete strength in-place
using the pullout test.

EN 12504-3: 2005, Testing Concrete in Structures, Part 3: Determination of ,,Pull-
out” Force.



13 Pull-out testing 115

Fig. 2.6 Some examples L B B I S S S
of calibration curves r : Cube Strength Correlatlons 1
for cubes : H ; : Z.

Cube Strength, MPa

Pullout Load, kN

Fig. 2.7 Some examples 120 T
of calibration curves : Cylinder Stength Correlatlons ]
for cylinders 100

80 F

60 |

40

Cylinder Strength, MPa

20 |

Pullout Load, kN

13.4 Calibration and interpretation of results

Several investigations have shown that the pull-out measurements provides an accu-
rate estimate of in-place strength because the peak pullout force has a well-defined
correlation to compressive strength measured using standard cylinders (Fig. 2.6) or
cubes (Fig. 2.7).

More than 20 years of correlation experience from all over the world indicates
close agreement, suggesting that one general correlation is applicable for all nor-
mal density concrete mixtures [(Bickley, 1982), (Carino, 1990), (Petersen and
Poulsen, 1993), (Petersen, 1997)]. It is only for lightweight aggregate concrete and
for mixes with maximum aggregate size larger than 40 mm that such relationships
are not valid.
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As an example, two following calibration equations can be assumed as a relevant
approximation of the curves shown with relation to cube strength:

focwy =1.41P=2.82  for strength under 50 MPa
Soew =1.59P—=9.52  for strength over 50 MPa

The general correlations shown in Fig. 2.8 is a more resent proposal of calibra-
tion suggested by (Carino, 1990) and recommended by equipment producer, provid-
ing sufficient accuracy for all normal density concrete mixtures. It is however
necessary to mention that project specifications may require development of mix-
ture specific correlations.

13.5 Reliability and limitation of results

Inserts shall be located in those portions of the structure that are critical in terms of
exposure conditions and structural requirements. When pull-out tests are used for
other purposes, the number of tests shall be determined by specification but at least
3 measurements for one testing area. Pull-out test locations shall be separated so
that the clear spacing between inserts is at least seven times the pullout insert head
diameter. Clear spacing between the inserts and the edges of the concrete shall be at
least 3.5 times the head diameter. Inserts shall be placed so that reinforcement is
outside the expected conical failure surface by more than one bar diameter, or the
maximum size of aggregate, whichever is greater. It is not allowed to perform
pull-out tests for frozen concrete.

Experience indicates that pull-out strengths are of lower value and more vari-
able for manually-placed surface inserts than for inserts attached to formwork. In
the case of post-installed inserts it is crucial to remove free-standing water from
the hole at the completion of the drilling and undercutting operations. Protect the
hole from ingress of additional water until completion of the test. Penetration of
water into the failure zone could affect the measured pullout strength; therefore,
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water must be removed from the hole immediately after drilling, grinding, and
undercutting operations.

For concretes with a maximum aggregate size of 38 mm, tested by means of
pull-out method, with assumption that the confidence level is equal to 95 % and for
an average of at least 4 tests, the estimated compressive strength based on the
general correlations indicated is within + 6 % of the strength measured from
standard specimen tests (cylinders or cubes). The average coefficient of variation
for individual result is about 8% for normal density concrete.

If the range of tests results exceeds the acceptable range, further investigation
should be carried out. Abnormal test results could be due to improper procedures or
equipment malfunction. The user should investigate potential causes of outliers and
disregard those test results for which reasons for the outlying results can be identi-
fied positively. If there are no obvious causes of the extreme values, it is probable
that there are real differences in concrete strength at different test locations. These
differences could be due to variations in mixture proportions, degree of consolida-
tion, or curing conditions.
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