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ABSTRACT

A portable system for non-destructive evaluation of geological material

structures comprises an impact device which impacts a spherical surfaced

member against the surface of the structure. A vertical displacement

transducer and a horizontal displacement transducer detect reflected signals

from an i'nterface of the structure, the signals being processed to give a

indication of the depth of the interface from the surface of the interface and also

provide an evaluation of the physical properties of the structure.
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NON-DESTRUCTIVE EVALUATION OF GEOLOGICAL MATERIAL
STRUCTURES

Field of the Invention

This invention relates to the non-destructive evaluation of geological material

structures, and in particular relates to a portable apparatus for evaluation of such

structures in confined environments, and to the method of carrying out such

evaluation.

Background of the Invention

By geological material is meant artificial or natural materials, such as concrete
or rock.

- The assessment of the condition of concrete shaft and tunnel linings in
underground excavations is difficult since most of the deterioration processes take
place in the rock-side or blind-side (in the rock/concrete interface of the lining).
Ground water and variations in stress conditions are the main causes and can result
in deterioration and damage to the linings. The traditional method of evaluating linings
IS to extract core samples from the structure and measure the thickness, locate
delaminations and test for strength and elastic properties. However, coring is costly
and can cause further damage. It would therefore, be advantageous to be able to use

non-destructive methods of evaluation.

While seismic systems are known for evaluating underground rock formations

by reflective elastic waves, such systems, with their associated apparatus, are quite

large, and are not usable in confined spaces.

Summary of the Invention

The present invention provides a compact miniature seismic reflection system

(hereinafter referred to as MSR) which is portable and capable of being used in
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confined spaces. It is non-destructive and provides for evaluation of the conditions of
a concrete or similar structure. The condition of a back-side of a structure, positions

of any faults and inclusions in the structure, and the strength and elastic properties of
the structure are readily determined. ‘

The MSR method is based On the reflection of transient stress waves. By
studying these waves, one can determine to a high level of accuraCy, the location of
internal cracks in solid objects, in particular concrete objects. This system is also used
as a thickness measurement device for structures such as concrete slabs on grade and
shotcrete/concrete tunnel linings. The main advantage of the MSR system is the ability
to determine the dynamic mechanical properties of materials such as the dynamic
modulus of elasticity and the dynamic Poisson’s ratio by measuring the P and S wave
velocities accurately. In a further aspect, the invention comprises an impact source that

performs the loading and firing of the impact device in one motion, thus eliminating the
two-step process of loading and firing found in the traditional Impact-echo system. In
a further aspect, the method incorporates shear wave information in localizing stress

- cracks and measuring thickness.

In accordance with one aspect of the invention's portable appa‘ratus for anon-
destructive evaluation of geological material structures comprises an impactor having
a spherical impact surface for positioning against a surface of the structure, a vertical
displaCement transducer and a horizontal displacement transducer for positioning on
the surface of the structure adjacent the impactor, and processing means for
processing signals from the transducers to indicate measurements from the surface of
the structure to an interface and to indicate the physical properties of the structure.

The impactor can be adapted for manual holding against the surface.

In accordance with another aspect of the invention a method of non-destructive
evaluation of concrete and similar structures comprises impacting a spherical surface

on the surface of the structure, detecting reflected signals by a vertical displacement
transducer, detecting reflected signals by a horizontal transducer, processing signals
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from the transducers to produce a measurement between the surface and an interface
In the structure and a measurement of the physical properties of the structure.

Brief Description of the Drawings

The invention will be readily understood by the following description, in
conjunction with the accompanying diagrammatic drawings, in which:

Figure 1 is a schematic illustration of the whole apparatus;

Figure 2 is a longitudinal cross-section through a form of impact device;

Figure 3 is a cross-section through a vertical displacement transducer;
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Figure 4 is a cross-section through a horizontal displacement transducer; and

Figure 5 is a perspective view of the active elements of the transducer illustrated
in Figure 4.

Description of Preferred Embodiments

The MSR system functions based on the impact-echo principle. Figure 1 shows
a schematic representation of the MSR system. In general the MSR non-destructive
testing system involves an impact source 10, two broad band displacement
transducers 12,14, an analog to digital signal converter card (A/D card) or a digital
oscilloscope 16 and a portable' computer 18. Also illustrated in Figure 1
diagrammatically, is a Fast Fourier Transform (FFT) program 20, which converts the
signals from time domain to frequency domain. The FFT program 20 is actUally part
of the programming within the computer 18 and results in outputs comprising elastic
wave velocities and dynamic elastic constants 20a and the S & P wave waveforms 20b
and 20c as shown. In practice these outputs, deriving from the FFT and other

programming in this computer can be viewed on the computer monitor, and can also

be recorded.

Similarly, the physical oscilloscope 16 can be embodied in the computer 18.

- The impact body is released to cause an impact on the surface of the media.
The impact of the spherical tip of the impact body results in generation of stress signal
into the medium. The stress signal transforms into the body waves and surface
waves, depending on the material quality .of the medium. The body waves travel into
the test object and any change in the acoustic properties of the medium results in
their reflection toward the source direction. The change of acoustic properties could
be as a resuit of any internal cracks or flaws or different material such as rocks. The
reflected wavefronts are picked up by the transducers. The vertical displacement
transducer is sensitive to the vibrations caused by the P-wavefronts at a right angle

to the surface. The tangential displacement transducer is sensitive to the vibrations
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caused by the S-wavefronts parallel to the surface. The signals are amplified and

transferred to an A/D card. The sampling rate and number of data points were

arranged as required, for each test on the A/D card. Although measuring the time
between arrivals of the P- and S-waves at the surface is complicated, the

measurements can be converted into a frequency domain spectrum. The time domain
waveforms are transferred to a portable computer to be converted into frequency
domain spectra by the fast Fourier transform (FFT) technique. The frequency spectra
IS generated by a signal processing software and displayed by the portable computer
for the required analysis. The frequency associated with the stress wave resonance

between the two surfaces (e.g. top surface/flaw or top/bottom surfaces) becomes
readily identifiable.

An impact source, or device, is illustrated in more detail in Figure 2. The device
comprises a body 10 having a loading tube 22 and a guide tube 24, an impact spring
26 and a loading spring 28. Slidable axially in the guide tube 24 is a plunger unit 30
having spaced guides 32 connected by a tube 34 and within the tube 34 is a ball 36.
The ball is held in the inner end of the tube, for example by a magnet (not shown) and

the tube is open at the outer end 38.

An ’actuating rod 40 extends axially thrOugh the body. The loading tube 22
contains the loading spring 26 which acts at its lower end 44 on the closed end 46 of
the guide tube 24. The loading tube 22 is slidable on the outside of the guidé tube
24. The duter end 46 of the actuating rod 40 extends thrOugh the outer end 48 of the

loading tube 22. The lower or inner end 50 of the actuating rod releasably engages
with the plunger unit 30.

In Figure 1 the impact device is shown in a "loaded" condition. In use, the
impact device is held against the surface of a structure to be tested, the lower or inner
end 52 against the surface. The plunger unit 30 is under a loading by the spring 26.
The plunger unit is released by pushing on the end 46 of the rod 40. The plunger unit
is forced towards the end 52 by the spring 26 but is stopped by engaging with a stop
member 54 at the end of the tube 24 just before the inner end 38 would touch the
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structure surface. This causes the ball 36 to be impelled along the tube 34 to impact
on the structure surface. The ball rebounds off of the surface.

The impact device is reloaded by pushing down the loading tube 22 over the
guide tube 24. This causes the lower or inner end of the rod 50 to reengage with the
plunger unit. The ball 26 is also again retained by the magnet. By releasing the
loading tube 22 it is pushed outward by the loading spring 28, which retracts the
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plunger unit against the impact spring 26.

The size of the impact tip will vary in accordance with the impaCt strain required.

Typical tip diameters and mass and energy constants are as follows:

Hammer
Diameter

1.3
1.5
3.0
15.0

A typical impact device has a 16.5 cm length and 3.0 cm diameter. The
four impact devices are capable of producing impacts having time durations
(contact times) between 16 to 40 us on the smooth concrete and rock

surfaces. The small diameters are used for thin slabs or thicknesses or short

length specimens and the larger diameters are applied where the rock or

Mass of Impact

Impact Energy

Body (@ = (Nmm)
11.1 27.0
10.8 24.0
5.4 11.0
19.2 , 42.0

SPECIFICATIONS OF MSR IMPACT DEVICES

Impact Strain
Concrete (mm/mm) u/g

0.77x10°
2.32x10°
2.75x10°
3.86x10°

concrete body are thick and longer wave lengths are required.

Impact of the impact bodies on the surface of a solid involves very short
loading times with transient pulses of only few us in duration. The short

duration, low energy transient impacts are responsible for generating low
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strains in the range of 10® high rates of loading which causes strain rates in the

range of 10*°ue/s and low stresses in the medium. The range of strain
properties generated by the impact devices are to classify MSR system as an
apparatus capable of measuring dynamic elastic properties. Knowing that the
static methods are identified by their slow rate of loading, strains in the range
of 10*, strain rates in the range of 10°ue/s and high stresses in the medium.

The transient impact of a spherical object on surface of a solid
generates P- and S-(body) waves as well as R-(surface) wave. A spherical
impact source acts as a point source which is responsible for generating
spherical body waves in a solid. The duration of the impact or contact time, t,
IS an important parameter in MSR testing. The contact 'time IS mainly controlled

by the diameter of the sphere and surface conditions of the testing surface.
The smaller the diameter of the sphere and the smoother the surface of the
testing area is, the shorter the contact time of impact will become. The contact
time controls the frequency content of the waves generated by the impact. The
force-time function of the impact can be approximated as a half-cycle sine
curve. The width of the curve is the contact time. The time-history of R-wave
produces a vertical surface displacement. The time-history of the R-wave has
the shape of the force-time function of the impact. Therefore, the force-time
function of the R-wave can be used to estimate the contact time of an impact.
A spherical impact contains a wide range of frequencies. The spherical impact
with short contact times have a broader range of frequencies but low amplitude
waves. The impacts with longer contact times have a narrower band of lower
frequencies and higher amplitude waves. The low frequencies have longer

wavelengths and travel longer and deeper in a medium. Short wavelengths

have 'the advantage of detecting small defects but the disadvantage of having
rapid attenuation and thus shallow penetration. The large diameter spheres are
used to generate impacts with longer contact times and longer wavelengths,
to detect deeper flaws or evaluate thicker structures. In order to evaluate the
integrity of a medium, at least one full wavelength should travel the path length,

back and forth, three full cycles. Thus, the choice of the impactor and its
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contact time depends on the thickness of the testing specimen and the size
and the depth of the flaw or the reinforcement bars (in the case of concrete).

The impact should generate waves having wavelengths smaller or equal to the

‘thickness of the testing specimen. To detect a flaw within a media, the

wavelengths should be smaller than its dimensions. Contact time of the impact

should always be shorter than PP- or SS-wave arrivals.

To use the correct impact source for a specimen, first the required
wavelengths should be determined. Later, the wavelengfﬁs should be

converted to frequency by the equation

1

Vi-

and knowing the elastic wave velocities in the specimen. In a solid, for a given
impact the wavelengths of compressive waves are longer than shear waves.
Therefore, the upper limit of wavelengths travelling the path length depends on
the P-wave. Thus a contact time that is short enough to generate the required
frequencies can be selected. An approximation for the upper limit on the
usable frequency range generated by a given impact is given by

af = 1.25
t

>

Table 1 illustrates the relationship between the possible contact times
that can be generated by spherical impact sources, and the range of
frequencies, af, generated by the impact. The body wave velocities of steel,
concrete, and granite were used to calculate the generated wavelengths for
each contact time. It was assumed that the surface of the specimen are

smooth and the impacts are repeatable.
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For the vertical and horizontal displacement transducers, broadband
piezoelectric transducers are more suitable for impact testings since the output

signals are less tainted with the effects of transducer resonance (Carino, 1986).
Also broadband transducers respond to signals over a wide frequency range.

Range of

Sphere | Contact P-wave- | S-wave- S-wave-
Diameter| Time | Frequenci| length length length length
(mm) (td - cs (m) (m) - (m) (m)
(k) (L)) (for a (for a (for a (fora

(kHz) velocity | velocity vclocuy velocity | velocity
ol - of of of - of

6400.0 43(0).0) 4000.0 | 2300.0 4600.0 | 2200.0
m/s) m/s) m/s) m/s) m/s) m/s)

Siceel Steel | Concrete | Concrete | Granite | Granite

mm

(-125.0

TABLE 1
A Relationship Between Contact Time,
Generated Frequencxes and Produced Wavelengths of Body Waves.

The vertical displacements are best detected by a sensitive piezoelectric vertical
displacement transducer. The horizontal displacements are best detected by
a sensitive piezoelectric horizontal displacement transducer. Both P- and S-
waves are detected by the two types of transducers. For the vertical

displacement transducers the vertical motion is generated by the P-wave as a
result of both displacement and propagation vectors. The S-wave is detected
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as a result of the v'ertical displacements generated by the S-wave propagation
vector. For the horizontal displacement transducer; the S-wave is detected due
to the horizontal displacements caused by the S-wave displacement vector, P-
wave is also detected by the horizontal displacement transducer, since every
time a P-wave reaches the surface (at epicenter), it disperses along the surface.
The P-wave propagation vector along the surface creates a horizontal

displacement which is detected by the horizontal displacement transducer.

The vertical displacement transducer 13, is an IQI Model 501 dynamic
piezoelectric transducers, developed by the National Bureau of Standards
(NBS) (the name has changed to United States National Institute of Standards
and Technology) illustrated in Figure 3. This transducer (described in U.S.
Patent No. 4,782,701) has become known as NBS-conical transducer, has a
response that is uniform over a wide frequency range, is directly related to
displacement, and is sensitive almost exclusively to displacement normal to the
surface. The NBS-conical transducer has a cone- shaped active element 60
made of lead-zirconite-titanate or commonly known as PZT. The aperture of
the active element is 1.0 mm in diameter, smaller than any wavelengths of
expected frequency ranges. The small contact area of the transducer makes
it act as a point receiver. The Model 501 transducer offers the exceptional
feature of very flat frequency response over the range 50 KHz to 1 MHz.
Overall, the transducer is 21.0 mm in diameter and 18.4 mm thick. Two ends
of the active element 60 are attached to silver electrodes. On one side the

active element is fixed to a cylindrical brass backing 62 filled with tin and
tungsten powder epoxy mix 44. The heavy brass backing causes dampening
of undesirable frequencies. The transducer is mounted in a housing, and the

brass backing is connected to a matching amplifier in the housing.

The horizontal displacement transducer 14 is of the form described in
U.S. Patent No. 4,782,701 and an example is illustrated in Figures 4 and 5. The
horizontal displacement transducer 14 comprises the active element 70 of PZT

and a component, matched backing in the form of a hollow brass shell 74 and
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a tin metal core 76. The active element 70 has the form of a truncated pyramid
with a 12 mm square base and a 6 mm height. The aperture, which is the
truncated end, is 0.5 mm by 2.0 mm with the smaller dimension in the direction
of polarization (the direction of maximum tangential sensitivity). This is seen in
Fig. 5. The brass shell 74 has the overall dimensions of 25.0 mm thick, 65.0
mm long, and 50.0 mm wide. A conical cavity is cut into the rear of the
backing and filled with molten tin metal. The backing and the active element
are attached by a low temperature tin-indium solder. The transducer’s
response is nearly flat and constant over 1.5 MHz (0 to 1.5 MHz) bandwidth.
The transducer captures an output voltage waveform which is proportional to
the tangential dynamic displacement. At the same time it has the minimal
output when exposed to vertical displacement. The transducer displays
directional behavior, having a null in signal output when the polarization
direction is at right angle to the direction from the source. The transducer is
mounted in a housing and the brass backing is connected to a matching
amplifier also mounted in the housing. The output signal is transferred to a
waveform analyzer by a BNC connector (maximum output voltage of +2 volts,
peak to peak).

The horizontal displacement transducer must be placed within a circle,

with the impact source being the center of it and the radius being less than the
S-wavelength. The distance between the impact source and the receiver (d)

has to be determined based on the thickness of the plate and its estimated
material properties. Once the angle of S-wave reflection is selected, the
optimum horizontal displacements can be detected by the transducer. The

piezoelectric tip of the transducer has a linear contact with the surface. The

direction of the PZT linear tip of the transducer has to be at a right angle to the
impact point.

Both transducers are cased in a way that can be functional in

underground situations. The small tip of the transducers requires minimum
surface preparation of the structures.
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The MSR technique is designed in order to evaluate the materials by
indirect method. That is, based on the miniature seismic reflection principles
the data can be collected successfully from the same surface the signal was
generated into the medium. For the evaluation of the elastic properties of
concrete and rocks, the direct method can also be used. In the direct method

the impact source and the receiver are on two opposite sides of a sample.

For optimum signals, the tangential transducer is spaced from the
impact device by a distance equal to the thickness being measured, although

circumstances may make such optimum positioning impossible.

The signals are processed in the computer in a normal manner, and in

accordance with well known programs.

A COMPARISON BETWEEN THE MSR SYSTEM AND OTHER WAVE
PROPAGATION TECHNIQUES

One advantage of the MSR technique over traditional non-destructive
methods such as resonance frequency, ultrasonic pulse velocity (UPV), and
impulse-response techniques is that accurate readings may be obtained from
a free surface regardless of the dimensions and condition of the concrete
structure. The main advantage of the MSR system over the impact-echo
technique is the presence of additional tangential displacement transducer in
the system and aiso the multi-strength/multi-diametrical impact devices. These
additional enhancement features provides the MSR system with the capability
of measuring direct shear wave parameters and as a result the data can be
used to calculate the dyhamic elastic constants of the testing structure at every
point on the structure. The MSR system in comparison with the pulse-echo
techniques uses a more accurate and easy 1o operate interpretation technigue
(frequency domain verses time domain). In comparison with the SASW
technique, MSR system has the capability of measuring dynamic elastic
properties without assuming various models and ratios. The MSR system in
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comparison with the petite sismique and seismic wave velocity techniques
operates in a smaller and more detailed scale. Table 2 below illustrates the

above-referred to advantages and disadvantages.

Technique ncrete

Resonance
Frequency

Dynamic Modulus of Elasticity-Measuring Techniques

Advantages Disadvantuges -
Lab. | Field | |

- Calculates the natural frequency of dif- | - The dimensions of the speci-
[erent vibration modes. men - -

- Calculates the clastic modul, control the testing procedure,
- Relatively inexpensive, - - It is not commonly used in the
- Extensively used. v ficld, ;

‘ * - Needs to have access (o the

specimen {rom various direc-
tions.

L
El;
o

-
-

| Ultrasonic

- Direct P-wave velocily measurement.
Pulse Velacity

- Easy to use,

- Fast measurcment technique.
- Time saving.,

- Inexpensive.

- Extensively used.

- Difficult to measure S-wave
paramectcrs.

- Usually assumcs Poisson's
ratio or shear wave velocity for
clastic moduli measurement.

- Rapid signal aticnualtion
problem,

- Best functionsifit has twoside
access {0 the specimen.

Scismic Wave
Velocity

- Direct clastic wave measurement.
- Used for large scale measurements.

- ?ould be inexpensive (l.e. hammer seis-
mic). |

- Extensively used.

- Dilficult 1o recognize S-wave
paramelers.

- Could be expensive (i.c.
borchole, and use of explo-
SEVCS). | '

-Best functionsifit has twoside
access (o the specimen,

Pelite

- Direct measurement of S-wave param-
Sismique

clers. |
- Comparison of static modulus of
clasticity with S-wave parameters,

- It functions from onc accessible side to

- Dilficulty in generation and
detection of S-waves, |

- Presenlly in experimental
stages. ,

- Can be expensive (l.c. source

the specimen. and receiver).
[mpulse-Resp - Measurces the clastic moduli of the con- | - Indirect calculations of
onsc crete piles and it's basement material. | modulus values.
- It functions from one accessible side to] - It is limited 10 the piles or
the specimen. columnar structures.

- Inexpensive.

- Capable of measuring modulus of clas-
ticity for thin pavement layers.

- It functions [rom onc accessible side to
the specimen.

- lnexpensive,

- Calculates the elastic moduli
values by comparing with vari-
ous models. - .

- Assumes theoretical Poisson’s
ratio values for calculations,

- Rapid R-wave attenuation in
thick concrete layers.

- Very thin layers (i.c below 10
cm. are difficult to dctect.

- Direct
paramecters.

- Capable of detecting and locating (laws.
- It functions (rom one accessible side to
the specimen.
- Inexpensive.
- Time saving.

mecasurements of P.-wave

=« Very thin laycrs (i.c below 10
cm. are difficult to detect.

- Direct measurements of P- and S-wave
parameters.

- Capable of dctecting and locating flaws,
- It (unctions from one accessible side 1o
the specimen.

- Capable of mcasuring the elastic con-
stants,

- Time saving.

- =
_ N - [ncxpensive.
TABLE 2

A Comparison Between MSR System and the NDT & E
Techniques Capable of Measuring Dynamic Elastic Moduli

X
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The apparatus, and method, as described, is useful for manual use
inside fairly large diameter bores, such as concrete pipes, concrete lined bores,

and similar structures, being small enough to be carried by operators into such
structures. It is possible to reduce the size of the impact device, and
transducers, such that they can be mounted on a carrier member for passage
through smaller bores, with positioning and actuation of the impact device and

transducers, by remote control.

While primarily considered for use in artificial material structurés, such
as concrete lined bores, concrete pipes and dther structures, the invention can
also be used with respect to natural materials. For example, the invention can
be applied in bores in rock and with respect to other rock structures. Faults

IN the rock and deterioration in joints between rock members, can be detected.

The apparatus provides information of varying forms depending upon
the actual situation. The signals impacted to the structure by the impact
devices are reflected by an interface. Such an interface can be of many forms.

Thus in a concrete pipe, the interface can be between the pipe and the
surrounding structure. Deterioration of the outside surface of the pipe can be

detected. The interface can be formed by a crack in the structure, such as a

concrete pipe, or wall, or in an rock structure. An interface can occur at a void

in a structure. It can be formed by an inclusion, such as reinforcement. Any
change in the homogeneous structure can result in an interface and can be

detected, and its position measured.

It can also be arranged that the impact device produces a signal
indicative of actuation. This signal can be produced by making of contacts in
the impact device. This signal can be input to the computer by a connection
80 (Figure 1). '
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. Portable apparatus for the non-destructive evaluation of geological

" material structures comprising:
-an impact device having an impact member with a spherical impact

surface, said impact device including means for projecting said impact
member into contact with a surface of said geological material structures;

a vertical displacement transducer and a horizontal displacement
transducer for positioning on said surface of said structures, for detection of

reflected waves from an interface in said structure, and processing means for
processing signals from said transducers to indicate measurements from said

surface of said structures to said interface and to indicate physical properties

of said structure.

2. Apparatus as claimed in claim 1, said impact device adapted for

manual holding against said surface of said structure.

3. Apparatus as claimed in claim 1, said transducers adapted for

manual holding against said surface of said structure.

4. Apparatus as claimed in claim 1, said impact device comprising
a tubular body having an inner end for contact with said surface of said
structure, a plunger unit in said tubular body and spring means urging said
plunger unit toward said inner end, an actuating member releasably retaining
said plunger unit withdrawn from said inner end against said spring means,
said impact member releasably retained in said plunger unit, release of said
plunger unit moving said plunger unit towards said inner end and propelling

said impact member to impact on said surface of said structure.

5. Apparatus as claimed in claim 4, said impact member comprising

a ball.
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6. Apparatus as claimed in claim 1, said processing means iIncluding
analogue to digital conversion means.

7. Apparatus as claimed in claim 6, said processing means including
time domain to a frequency domain conversion means.

8.  Apparatus as claimed in claim 1, said impact device including
means for producing a signal indicating actuation of said impact device.

9. A method for the non-destructive evaluation of geological material
structures comprising:

impacting a spherical surface on a surface of a structure:

detecting reflected signals from an interface in said structure by a
vertical displacement transducer:

detecting reflected signals from an interface in said structure by a
horizontal displacement transducer: and

processing signals from said transducers to produce a measurement
between said surface and said interface and a measurement of the physical

properties of the structures.

10.  The method as claimed in claim 9, including holding said impact
device and said transducers against said surface of said structures.

11.  The method as claimed in claim 9, including converting analogue
signals from said transducers to digital signals.

12.  The method as claimed in claim 11, i'ncluding converting said
signals from time domain to frequency domain.

13.  The method as claimed in claim 9, including producing a signal
indicative of impacting said spherical surface against said surface of said
structure.
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14.  The method as claimed in claim 9, including Impacting a ball
forming said spherical surface against said surface of said structure.
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