INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a ncte will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






NOTE TO USERS

This reproduction is the best copy available.






Development of the Miniature Seismic Reflection (MSR)
System for Nondestructive Evaluation of
Concrete Shaft and Tunnel Linings

by

Afshin Sadni

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of requirements for the
Degree of Doctor of Philosophy

Department of Mining and Metallurgical Engineering
McGill University
Montreal, Canada

December, 1996
© Afshin Sadri



Bl O™ o Canads

O OR K1 O Oua ON K14 04
Carada Canads
Yow @is Vowe niddrence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant i la
National Library of Canada to Bibliothéque nationale du Canada de

reproduce, loan, distribute or sell reproduire, préter, distribuer ou

copies of this thesis in microform, vendre des copies de cette thése sous

paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neitherthe  droit d’auteur qui protége cette thése.

thesis nor substantial extracts from it Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-70192-1



ABSTRACT

Nondestructive evaluation of the structural integrity of shaft and tunnel concrete
linings is the focus of this thesis. A nondestructive testing system was assembled based
on the principle of miniature seismic reflection (MSR). The MSR system consists of
spherical tip impactors and a pair of vertical and tangential displacement transducers.
Mechanical impact causes generation of stress P- and S-waves in the test object. The
elastic waveforms undergo multiple reflections between the top and bottom of the
testing layer. The surface displacements are captured by a vertical and tangential dis-
placement transducer. The signals are transformed from time domain waveforms to
frequency spectra. The vertical displacement transducer is sensitive to normal surface
displacements and the highest amplitude peak on the computed frequency spectrum is
related to the resonance of the P-wave between the top and the bottom layer. Similarly,
the tangential displacement transducer is sensitive to the horizontal surface displace-
ments, and the maximum peak value in the generated frequency spectrum corresponds
to the resonance of the S-wave between the two layers of the testing object. Thus,
knowing the thickness of the given layer, as well as the measured frequencies, allows P-
and S-wave velocities to be calculated. Alternatively, if the thickness is unknown, the
time-distance graph of the primary surface wave arrivals can be used to calculate the
P-wave velocities and, subsequently, the thickness of the layer. The MSR response
depends on the material properties of the testing object. The elastic wave velocities
can be used to calculate directly the dynamic elastic properties of the test object. In this
study, simulated fractures and steel reinforcement bars were detected and located using
the reflected P-waves. In addition, the changes in elastic properties of various types of
concrete mixes were monitored for a 28-day curing period. The MSR elastic constants
were then compared with dynamic and static values obtained by standard methods in
order to assess their accuracy. For the field trial, various sections of two concrete shaft
linings at different elevations were investigated and the dynamic elastic properties of
the linings were evaluated. Also, the thickness of a concrete tunnel lining was computed
using the MSR system. Finally, the MSR system was used to compute the dynamic
elastic properties of different rock types. The system was used to monitor changes in
elastic properties of rock cores as a uniaxial load was applied on them. For the field
trial, the MSR system was used to detect the position of discontinuities in a rock mass
and to evaluate the rock’s dynamic elastic properties in an underground mining envi-
ronment.



RESUME

L'évaluation non destructive de 1'intégrité structurale de puits et de tunnels en
béton est le but de cette thése. Le principe MSR (réflexion sismique A petite échelle)
est 2 la base d'un systtme non destructif construit pour les études effectuées. Le
syst¢tme MSR consiste en une source d'impact mécanique muni d'un bout sphérique et
de capteurs a2 déplacements verticaux et tangentiels. L'impact de la boule sphérique
sur une surface géneére des ondes de contraintes de types P et S. Ces ondes subissent
de multiples réflexions entre deux limites de 1'échantillon d'essai. Les déplacements a
la surface sont décelés a 1'aide des capteurs. Par la suite, les signaux sont transformés
du domaine du temps au domaine de fréquence par l'intermédiaire d'un logiciel
spécialisé. Le capteur 2 déplacement vertical est sensible aux déplacements normaux a
la surface. L'amplitude maximale dans la gamme fréquentielle calculée par le logiciel
correspond a la résonance de 1'onde P entre les surfaces inférieure et supérieure de
1'échantillon. Le capteur tangentiel est sensible aux mouvements horizontaux sur la
surface d'essai et la résonance de 1'onde S correspond A 1'amplitude maximale de la
gamme fréquentiel trouvée. Les vitesses de propagation des ondes P et S peuvent étre
calculées a 1'aide des fréquences observées si 1'épaisseur de 1'échantillon est connue.
Si 1'épaisseur n'est pas connue, le diagramme temps-distance des arrivées primaires
des ondes de surface est utilisé pour déterminer la vélocité des ondes P ainsi que
1'épaisseur du matériau d'essai. La réponse du systtme MSR dépend en grande partie
des propriétés des matériaux qui composent le spécimen d'essai. Les vélocités des
ondes élastiques sont utilisées pour calculer les propriétés élastiques dynamiques de
1'échantillon. Lors de 1'étude présenté dans ce document, des fissures artificielles ainsi
que des aciers d'armatures ont été détectés et localisés. De plus, le changement des
propriétés élastiques de plusieurs mélanges de béton a été observé pendant les premiers
28 jours de cure. Les constantes élastiques déterminées a 1'aide du systtme MSR ont
été comparées a des résuitats statiques et dynamiques obtenus par des méthodes
classiques. Des essais in situ on été effectués sur des revétements en béton 2
différentes €lévations dans une mine. Lors de ces essais, les propriétés dynamiques
ainsi que 1'épaisseur du revétement ont été évaluées. Finalement, le systtme MSR a
été employé pour évaluer les propriétés dynamiques €lastiques de plusieurs types de
roches. Le systtme MSR a été utilisé pour observer le changement des propriétés
élastiques de carottes soumises a des contraintes uni-axiales. Des essais in situ ont &é
effectués pour déceler la position de discontinuités dans le rock et pour en déterminer
ses propriétés dynamiques.
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CHAPTER 1

THESIS DESCRIPTION

L1 INTRODUCTION

The purpose of the research presented in this thesis is to develop and evaluate a
new nondestructive testing (NDT) system for monitoring the integrity of concrete
structures in an underground mining environment. The system function is based on
miniature seismic reflection (MSR) principles. To evaluate the capabilities of the new
system, comprehensive laboratory and field studies are carried out on concrete samples
and structures with different dimensions and specifications. Experimental studies are
also conducted on rock samples and structures to evaluate the capability of the MSR
system in conducting tests on materials other than concrete.

This chapter presents the needs for research, reviews the research objectives,
summarizes the organization of this thesis and finally presents a statement of originality
for this research work.

1.2 RESEARCH NEEDS

The integrity of a structure depends in great part on the physical properties of its
constituent materials. In the case of concrete structures, at the design stage, compressive -
strength is used as the main functional material representative. However, depending
onservice and exposure conditions, properties other than strength influence the integrity
of the structure. Initially, the quality of the concrete structure depends on good mixing,
pouring and casting operations. Later, during the life cycle of the structure, concrete
properties may change as a result of its exposure to hostile environmental conditions.
This infrastructure decay is reflected by the development of fractures and voids within
the concrete, the reduction of the thickness which may reduce and effect its load bearing
capacity, and steel corrosion of the reinforcement bars which may cause structural
failure.
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To assure that a finished concrete element is structurally adequate for the purpose
it was designed, it has to be monitored periodically. In practice, cylindrical samples of
concrete are cast and tested for the 28-day compression test, to obtain an indication of
concrete quality. However, the test specimens may not truly represent the quality of
concrete in a structure, that may vary due to the operator’s carelessness resulting in
differences in compaction and curing conditions.

As an alternative, in situ nondestructive testing (NDT) techniques have been
developed which provide very useful information as a means of quality control of in-place
concrete. The use of NDT techniques for inspection of concrete is relatively new and
they can not fully substitute for direct strength tests. However, when applied system-
atically and periodically on large concrete structures, NDT techniques provide an
excellent means of monitoring concrete quality rapidly, nondestructively and at a lower
cost than core strength tests.

The in situ nondestructive testing techniques provide information on many aspects
of concrete structures. The NDT techniques are used to estimate mechanical properties,
measure thickness, and locate delaminations, voids and cracks.

In general, shaft and tunnel linings are like hollow cylindrical or hollow halif-
cylindrical concrete structures that are in contact with the surrounding rock and soil. In
cross section, shafts are exclusively circular or elliptical and tunnel linings are circular
and/or elliptical. Concrete shaft and tunnel linings are constructed to support the shaft
and tunnel equipment and the walls of the excavation. For shafts, concrete is used as
a lining material since the placement is mechanized, the rate of excavation is high, and
it can be installed at low cost. For tunnels, concrete is used as a means of long-term
support. However, the most decisive elements for the selection of concrete for shaft
and tunnel linings are hydrogeological conditions and ground pressure. Concrete
strengthis adjusted according to need, and is setbetween 20and S0MPa. Watertightness
of the lining can be achieved within aquifers with moderate head. In difficult ground
with high water pressure, cast iron tubbings with concrete mantle are applied. The
shafts and tunnels may be fully or partially lined with concrete rings. Concrete thickness
for the lining is generally between 0.31 m and 0.61 m, with a minimum thickness of 0.25
m. To be more specific, the thickness of lining varies with depth throughout the length
of the shaft and tunnels to accommodate the increased pressure.
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The assessment of the condition of concrete shaft and tunnel linings in under-
ground excavations is difficult since most of the deterioration process takes place at the
rock-side or blind-side (at the rock/concrete interface) of the lining. Groundwater and
variations in stress conditions are the main cause for deterioration and damage to the
concrete lining. Presently, visual inspection is the most common method of monitoring
used for detecting damaged areas in shafts. Visual inspection is not a reliable method
due to the fact that most of the degradation begins from the rock-side and by the time
the damaged area is visible on the air-side, repair is costly. The traditional method of
evaluating concrete condition is to extract core samples from the structure and measure
the thickness, locate the existing delaminations and test for strength and elastic prop-
erties. To prevent the problems associated with coring, nondestructive testing (NDT)
techniques could be used to provide the necessary information.

There are a number of NDT techniques in use, capable of detecting voids and
delaminations in concrete shaft and tunnel liring; these include: pulse-echo, impact-
echo, impulse-response, Spectral Analysis of Surface Wave (SASW), and Ground
Probing Radar (GPR) techniques. The advantage of these techniques is their ability to
operate from the air-side of the concrete lining and provide the necessary information
regarding the state of the concrete for maintenance purposes. However, none of the
currently available NDT techniques can determine thickness, detect voids and dela-
minations, and evaluate concrete quality at the same time.

13 RESEARCH OBJECTIVES

Among the NDT techniques, the impact-echo technique was found to be the most
promising system to be adopted for evaluating the integrity of concrete linings in a mining
environment. The impact-echo method was developedin the mid-1980’s for the purpose
of detection and location of defects in concrete structures. The impact-echo technique
is based on transient stress P-wave propagation and reflection in concrete, where the
stress pulse is generated by a mechanical impact (Carino and Sansalone, 1988).

The main objective of this research project is to enhance the impact-echo tech-
nique by adding an S-wave transducer and a variable size impact source to the system.
Knowledge of P- and S-wave parameters can provide information about the material
properties of the concrete structure.
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The mostimportant of these physical properties are their elastic properties. These
are Young's modulus of elasticity £ , the modulus of rigidity G , the bulk modulus X,
and Poisson’s Ratio v, which are known as elastic constants. The theory of elasticity is
an accepted scientific and engineering principle. Concrete, after curing, acts as an elastic
material and the theory of elasticity can be used in determining its elastic constants.

For concrete, F , G and vare commonly calculated from the results of standard
static tests. A load is applied by a compression machine and the resulting strain on the
sample is measured by a strain gauge. The calculated stress and strain values are used
to measure Young’s modulus and Poisson’s ratio. According to the same principle, the
shear modulus can be calculated by changing the direction of stress. X is commonly
computed using £ , G and uvalues.

The elastic constants can also be calculated by dynamic methods. In one such
method the velocity of propagation of stress waves in concrete is related to its elastic
behavior. The theory is based on the assumption that concrete behaves elastically due
to applied transient stresses which results in a very low level of strain. The stresses
applied in dynamic methods are insignificant.

A systematic, periodic inspection of concrete structures based on their dynamic
elastic properties helps in monitoring the quality of the structure. Any change in the
quality of the concrete can be detected and further damage can be prevented ahead of
time. None of the available nondestructive testing techniques are capable of evaluating
dynamic elastic properties of concrete directly from one available face. In most of the
field or laboratory testing methods, P-wave velocity and density can be determined-
within 1% accuracy. However, other parameters for calculating dynamic elastic moduli
are assumed (i.e. Poisson’s ratio and/or S-wave velocity) due to the fact that the existing
methods are not capable of determining these factors from one face of the structure.
The fact that an absolute error of 0.05 in estimating Poisson’s ratio will lead to about
7% total error in the computed dynamic modulus of elasticity (Naik and Malhotra, 1991)
suggests that a high precision in situ NDT system, capable of determining all the nec-
essary parameters, is the solution to the problem of concrete quality control. The NDT
system presented in this thesis directly measures P- and S-wave parameters which are
principally sensitive to the physical properties of the tested materials.
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The new system functions based on the seismic reflection principle. Because of
the range of frequencies used, the new technique is defined as a "Miniature Seismic
Reflection" (MSR) system for evaluation of concrete structures. The MSR system is
nondestructive, simple to operate, less costly, mobile, and can function in a mining
environment as well as in the laboratory. The MSR system is designed to detect and
locate cavities, voids, delaminations and discontinuities in concrete structures. In
addition to detection and location of defects, the MSR system can also be used to
evaluate the dynamic elastic properties of concrete. The system is capable of testing
concrete structures or specimens from one direction. The MSR system uses mea-
surements of the compressive and shear wave velocities. The elastic wave velocities are
extracted from the signals by the fast Fourier transform (FFT) technique. The FFT of
the signals offers precise and rapid measurement of wave velocities and reduces human
judgement errors, which are common in waveform analysis.

Two broad band vertical and tangential displacement transducers, suitable for
capturing reflected compressive and shear waves of the desired frequencies, are the
receiving sensors of the MSR system. The MSR system has a series of spherical tip
impact devices. Each impact device contains a ball-bearing of a certain diameter which
controls the range of frequencies generated by the impact on the material. The impact
devices are designed to cover a range of frequencies between 10 and 20 kHz. Each
device is able to generate repeatable impacts with the same energy in any orientation
with respect to the testing surface.

1.4 METHODOLOGY

Following the equipment assembly, a comprehensive laboratory testing program
is carried out for evaluating the MSR system.

Laboratory experiments are arranged in order to evaluate the capability of the
MSR system in detecting simulated flaws and fractures in concrete blocks and slabs.
Also, the behavior of propagated transient P- and S-waves in relationship with different
reflecting surfaces is studied.

The MSR system is used to monitor concrete cylinders of various strengths at daily
intervals from the time of casting up to the 28-day standard curing period. Different
concrete mix ratios are selected in order to model the type of concrete used in structures
such as shaft and tunnel linings. Concretes are tested daily for their elastic moduli, shear
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modulus, bulk modulus, and Poisson’s ratio. The results are compared with the standard
dynamic and static testing methods. This experimentis conducted to study the sensitivity
of the MSR system to the physical and chemical changes caused by different elements
affecting the curing and hardening of concrete. Since curing causes an increase in elastic
properties, the stiffening of concrete can be monitored quantitatively through changes
in elastic constants. The effect of cement type and aggregate size on the changes in
wave velocities and elastic constants is also studied. Finally, the relationship between
increasing strength and elastic modauli is illustrated.

Different rock types are tested by the MSR system in laboratory conditions. The
purpose of this study is to investigate the capability of the MSR system to evaluate other
heterogeneous materials such as rocks. The cored and block specimens are tested by
the MSR system to evaluate the effect of size and dimension on wave propagation. The
results are compared with standard dynamic and static testing techniques.

The MSR system is also used to study the relationship between increasing stress
on rock samples and stress wave velocities, and subsequently dynamic elastic constants.
The results of this study are compared with the changes in ultrasonic wave velocities.
The purpose of this study is to evaluate the capability of the new system for monitoring
the dynamic changes in a mining environment and to illustrate the relationship between
the increase in stress and the changes in P- and S-wave velocities and elastic constants.

The MSR system is also used to measure quality and thickness of concrete shaft
and tunnel linings. The behavior of the reflected signals in relationship with the reflecting
interfaces is studied. The main emphasis is the concrete/rock interface and the effect
of rocks with different acoustic stiffness on the reflected signals. The findings are
compared with the available in situ and laboratory data.

Finally, the MSR system is used to evaluate the thickness and dynamic elastic
properties of a rock mass in an underground mining environment. The findings are
compared with extracted and tested cores in the laboratory.

1.5 THESIS ORGANIZATION
Chapter 2 presents an overview of nondestructive testing techniques.

Chapter 3 describes the fundamental principles of elastic behavior of solids and
elastic waves.
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Chapter 4 describes the available laboratory and field techniques capable of
evaluating dynamic elastic constants of concrete and rocks.

Chapter S presents the available laboratory and field techniques used for evalu-
ating static elastic properties. This chapter also includes a comparison between dynamic
and static elastic properties.

Chapter 6 describes the MSR system.

Chapter 7 presents the laboratory experiments regarding P-wave measurement,
propagation behavior of elastic waves from different reflecting surfaces, and detection
and location of simulated planar and vertical discontinuities and reinforcement bars in
concrete.

Chapter 8 describes the investigation carried out by the MSR system and the
standard dynamic and static systems in order to monitor the curing and stiffening of
various types of concrete cylinders and laboratory-made structures.

Chapter 9 presents the results of the field testing of the MSR system on concrete
shaft and tunnel linings.

Chapter 10 describes the results of laboratory and field testing by the MSR system
carried out on several rock types with different dimensions.

Chapter 11 summarizes important conclusions and suggest further developments.



1.6 STATEMENT OF ORIGINALITY

a)

b)

c)

d)

The original contributions described in this thesis relate to:

The assembly of an NDT system capable of evaluating concrete specimens and
structures based on their dynamic elastic properties for the purpose of quality
control. The assembly included manufacturing of a tangential displacement
transducer and a series of impact devices. One important aspect of the system
is its capability of conducting tests from only one face of the tested object.

The first application of an NDT system based on the miniature seismic reflection
principle to measure S-wave parameters and dynamic elastic properties of con-
crete directly.

The first application of an NDT system to monitor the setting time and curing of
concrete elements by their dynamic elastic properties based on the miniature
seismic reflection principle.

Measuring dynamic elastic properties of a shaft lining, directly based on the
miniature seismic reflection principle.

The first application of an NDT system to measure dynamic elastic properties of
rocks both in the laboratory and in the field, from one available face and based
on the miniature seismic reflection principle.
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CHAPTER 2

NONDESTRUCTIVE TESTING METHODS

2.1 INTRODUCTION
According to applications, there are three general categories of nondestructive
testing methods used in the mining industry.

The first category includes the tests which estimate the in situ strength indirectly,
such as surface hardness, and directly, such as penetration resistance and pullout
techniques. The second category includes the tests which measure the material prop-
erties of concrete and rock, such as moisture, density, compressive wave velocity,
modulus of elasticity, thickness, and temperature. Ultrasonic, nuclear and electrical
methods are in this category. The third category includes the tests which are used to
detect and locate the problem areas within concrete structures and rock masses such
as honeycombing, fractures, flaws and delaminations. Impact-echo, ground penetrating
radar, pulse-echo, infrared thermography and acoustic emission methods are in this
category.

This chapter presents an overall review of available nondestructive testing
methods in the fields of quality control and maintenance of excavated rock masses and
concrete support systems in mining. The techniques presented in this chapter are not
the only ones used, but they are the most common that are used by the concrete industry
and some have been approved by the standard committees of the professional associ-
ations such as American Concrete Institute (ACI), American Society for Testing and
Materials (ASTM) and geotechnical engineering such as International Society for Rock
Mechanics (ISRM), and ASTM.

2.2 TRADITIONAL TESTING METHODS

2.2.1 Concrete

Concrete technology encompasses many specific types of mixtures and designs
which are arranged to provide adequate structural support for various purposes. Once
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the concrete structure is completed, it must be verified that the finished strength and
modulus of elasticity are those required for the specific purpose they were designed for.
Another area of concern would be the effect time has on these structures, effects such
as the generation of cavities or the development of fractures, as well as changes in elastic
properties and strength. A traditional method is to test 28-day cured cylindrical or
prismatic samples for their compressive strength. In this method, concrete mixes have
been prepared with the same concrete specifications as those of structure. Compressive
and tensile strength values can provide information on elastic behavior and service
performance.

The main disadvantage regarding testing of precast samples is the fact that the
test specimen may not be representative of concrete used in the structure. The curing
conditions, moisture content and mixing might not be the same for the laboratory made
specimen and the concrete used in the structure. Furthermore, the in situ stress on the
behavior of concrete would be neglected in the precast samples. Continuous or radically
changing stress conditions have various effects on the compressive and tensile strength
of an elastic medium. Therefore the precast samples do not truly represent the con-
ditions the structure is in. Other testing techniques are applied by extracting cylindrical
core samples from the structures and by evaluating these samples directly in
laboratories. Using this method, tests are not repeatable and the procedure causes
damage to the structures (Hassani, Momayez, and Wang, 1989; Malhotra, 1984). In
case of concrete structures barricading water reservoirs or aquifers, such as dams and
shaft and tunnel liners, coring might cause permanent damage to the entire structure.
Figure 2-1 illustrates schematic drawings of concrete shaft and tunnel linings.

2.2.2 Rocks

The understanding of rocks as engineering material depends upon the under-
standing of their behavior under various stress conditions. Nevertheless, there are many
types of rock and many variants of each type, as well as numerous dynamic changes that
occur as a result of alteration of their natural condition. Laboratory and in situ tests
are the tools needed for a better understanding of rock behavior.

Detailed information about the mechanical properties of rock masses such as the
strength and elastic constants could guide maintenance personnel to prevent further
structural damages. Furthermore, detection of discontinuities, loose and separated
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rocks is important to maintaining a safe working environment for mine personnel. A
traditional method for determining the thickness, mechanical properties and quality
assessment has been based upon the extraction of several core samples from the rock
masses and evaluations done indirectly later in laboratories. In the case of separations
and loose rocks, scaling has been used to solve immediate problems. However, high
costs, safety problems and time limitations require the use and further development of
less costly, nondestructive and faster devices. Figure 2-1 illustrates schematic drawings
of a rock mass.

23 NONDESTRUCTIVE TESTING AND EVALUATION METHODS

A series of methods and instruments have been developed to evaluate concrete
structures and excavated rock masses in situ and nondestructively. Nondestructive
testing techniques are rapid and less costly alternatives to the traditional methods. Table
2-1 shows a summary of nondestructive testing and evaluation techniques for concrete
and rocks and their use. Nondestructive testing equipment is divided into three general
types:

The first category includes equipment that is able to estimate the strength, dura-
bility, hardness, elastic parameters and quality of concrete and rock. It is noteworthy
to point out that nondestructive techniques only provide an estimated value for the
above mentioned parameters. A true value can only be attained by using direct methods,
where the specimen has to be loaded to failure. In the second category, tests are per-
formed in order to measure concrete and rock properties such as elastic wave velocity,
temperature, density, moisture and elastic properties. The third category of in situ
nondestructive testing equipment is used to locate the reinforcement steel bars or rock
bolts, particularly important in the case of corroded bars in concrete, and cracks and
discontinuities, thickness, and honeycombing structures in concrete and rock masses.

Based on the literature review, the major in situ nondestructive techniques can be
divided into eight broad sections according to their fundamental principles. They are
presented in the following sections.



Figure 2-1  Schematic drawings of concrete shaft and tunnel lining and rock mass,
three main areas of concern for application of NDT & E in mining and

geotechnical engineering.
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Table 2-1 Summary of nondestructive testing and evaluation techniques for concrete and rocks and their use.
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2.4 MECHANICAL METHODS

Some of the mechanical devices, that are currently available, can be used to
measure strength or hardness of materials. Other types of mechanical devices are used
todetect defects or properties of materials by use of stress wave propagation techniques.
Mechanical methods are divided into six major techniques:

24.1 Surface Hardness Equipment

Available equipment is capable of estimating the concrete and rock hardness by
impacting the surface and measuring the indentation or rebound value. Further cor-
relation curves to the rock and concrete’s compressive strength have been constructed
by various investigators (Schmidt, 1954, and Kolek, 1958). Conventional techniques are
inexpensive and fast. The Schmidt hammer testing system and the EQUITIP hardness
tester are the two most widely used concrete and rock hardness testing equipment. The
performance of both devices is based on the rebound of their impact body as it comes
in contactwith the concrete or rock surface. In the case of the Schmidt hammer, attempts
have been made by various researchers to obtain empirical correlations between
strength properties and the number of rebounds (Schmidt, 1954; Kolek, 1958; and Arni,
1972). The new Schmidt hammer is equipped with digital displays which enhance data
collection. The EQUITIP hardness tester includes an impact device and a processing
unit with digital display. For various materials, different impact devices with variable
heads are used. The number of rebounds from the surface of the specimen generates
avoltage value which is calibrated for a certain surface hardness. This value is displayed
on the processing unit. For both the Schmidt hammer and the EQUITIP hardness
tester, the hardness values must be corrected if the impact direction is different from
the vertical direction. Conversion tables are used for this purpose. The other factors
that may influence the results for concrete are: the moisture content, surface conditions,
and aggregate size and type. For rocks, complex mineralogy has to be taken into con-
sideration. Although the use of surface hardness testing equipment is simple and
straightforward, the accuracy of the results are highly dependent on the correct
positioning of the devices on the specimen surface.
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2.4.2 Penetration Resistance and Pullout Systems

Both systems are semi-destructive, but since in some literature they are classified
as nondestructive techniques (Malhotra, 1984) they will be briefly discussed.

The penetration technique essentially uses a powder-actuated gun or driver which
fires a hardened alloy probe into the concrete. Later, the exposed length of the probe
can be used as a measure of the concrete hardness and of the compressive strength of
the specimen. The Windsor probe testing system is the most widely known penetration
resistance device available for both laboratory and in situ measurements. The variation
of the aggregate size, shape and hardness affects the results (Malhotra, 1991).

The puliout system entails pulling out a steel rod from the hardened concrete. A
steel rod is placed in the concrete at the time of construction. When it is pulled, a
dynamometer measures and registers the force. The pullout test is mainly used during
the early construction phase in order to estimate the in situ strength of concrete. The
main drawback to this technique is that the tests cannot be repeated and the steel rods
have to be pre-planted. The maximum size and shape of the coarse aggregates has a
large influence on the final results (Malhotra, 1984).

Both penetration and pullout methods are techniques for measuring compressive
strength at early stages of concrete curing. The two systems are used strictly for concrete
testing and there is no published records of the use of these methods to measure rock
qualities (note: rock bolt pullout test is not considered in this category).

2.43 Petite Sismique Technique

The petite sismique method has been designed to estimate the rock’s static
modulus of elasticity. The principle of petite sismique is based on the refraction seismic
technique. It emphasizes the determination of the shear wave parameters, with the
most critical parameter being the frequency for the subsequent empirical correlation
with the static modulus of elasticity. The system consists of an impact source (preferably
a horizontally oriented surface force), a signal enhancement seismograph, and a few
(minimum three) receivers (moving coil geophones or accelerometers). The orientation
of the receivers is selected in a way to detect the shear wave arrivals. Later, signal
analysis is performed in the frequency domain instead of the traditional time domain



which makes the data processing more accurate (Bieniawski, 1978). Despite the suc-
cessful results obtained by the petite sismique method, it has not been tried on concrete
structures.

2.4.4 Impact-Echo Technique

Impact-echo is a technique developed for thickness measurement and delami-
nation location in concrete (Sansalone and Carino, 1986; Sadri, 1992). The system is
based on a high resolution seismic reflection survey on concrete structures using an
impact source, a broad band unidirectional receiver and a waveform analyzer.

The mechanical impact generates stress pulses in the structure. The stress puises
undergo multiple reflections between the top and the bottom concrete layer. The
surface displacements are recorded and the frequency of the successive arrivals of the
reflected pulses is determined. P-wave reflections are used for detection of disconti-
nuities and voids in concrete and rock structures. Discontinuities, defects and rein-
forcements could be identified in the resulting frequency spectra, as the P-wave reflects
from their surfaces. Thus, knowing the thickness of a given layer, together with the
derived frequencies, compression and shear wave velocities can be calculated. If, on
the other hand, the thickness is unknown, the time-distance graph of the primary surface
stress wave is used to calculate the thickness. The main drawback of the impact-echo
system is the thickness limitation of the structures undergoing testing. Since, the impact
source cannot provide high frequency signals above 20 kHz, accurate detection of
defects in structures less than 10 cm thick is near impossible.

2.4.5 Impulse-Response Technique

The impulse-response method follows a principle similar to that of the impact-
echo. A stress pulse is generated by a mechanical impact on the surface of the object.
The force-time function of the hammer is recorded. A transducer records the vibration
response of the surface as the reflected waves arrive. The processing of the recorded
waveforms of the force and the arriving reflected waveforms reveals information about
the condition of the structure. The impulse response of the structure is calculated by
dividing the Fourier transform of the reflected wave by the Fourier transform of the
force-time function of the impact. The technique is used to evaluate the dynamic
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stiffness of the concrete piles (Higgs, 1979). Discontinuities, voids and the base material
affect the impulse-response evaluation. The main drawback of the system is the size
and shape limitation of the structure undergoing testing.

2.4.6 Spectral Analysis of Surface Waves (SASW) Technique

The SASW method uses the Rayliegh wave (R-wave) to determine the stiffness
profile and layer thickness of thin concrete layers. The SASW system includes an impact
device, two receiving transducers, and a two-channel waveform analyzer. The char-
acteristics of the impact device and the relative positioning of the transducers are
determined by the stiffness and thickness of the layers. The R-wave produced by impact
contains a range of frequencies, or components of different wavelengths. This range
depends on the contact time of impact; the shorter the contact time, the broader the
range of frequencies or wavelengths. The velocity of the individual frequency compo-
nents are called phase velocity. For the component frequency of the impacts, a plot of
phase velocity versus wavelength is obtained. This curve is used to calculate the stiffness
profile of the test object. The experimental results are compared with theoretical curves
until the results match (Nazerian and Stokoe, 1983). The main drawbacks of SASW
are the limitation on the maximum layer thickness of the two media, and the matching
of theoretical and experimental data.

2.5 ULTRASONIC METHODS

Ultrasonic equipment is constructed to operate based on two different principles:
resonant frequency and pulse velocity method (Blitz, 1971). Almost all of the field and
laboratory instruments for concrete and rock evaluation make use of pulse velocity
systems. This method operates by measuring the average time taken for the ultrasonic
wave to travel between the source and the receiver. The distance between the two
points is divided by the travel time, which gives the average velocity of compressive wave
propagation in the material. This method is used for measuring uniformity and in some
cases the compressive strength. In addition to quality evaluation, ultrasonic waves can
be used for determining fractures and voids within structures. This is known as the
pulse-echo technique, which makes use of reflected waveforms from the interfaces to
locate defects or measure thickness from only one direction. Ultrasonic equipment
(pulse velocity) is capable of locating discontinuities, of quality evaluation and of
thickness measurements. PUNDIT is the most commonly used ultrasonic instrument
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utilized for both field and laboratory testing. The main drawbacks are problems caused
by wave scattering and unwanted noise, which are mainly due to the heterogeneous
nature of concrete and rocks.

The principle of the resonant frequency method is based on the relation between
the natural frequency of vibration of an elastic medium and its dynamic elastic prop-
erties. For a vibrating beam of known dimensions, the natural frequency of vibration
isrelated to the elastic properties and the density of the medium. Therefore, the dynamic
elastic modulus of the material can be calculated by measuring the natural frequency
of vibration of the samples. In addition to the dynamic elastic properties of the concrete,
moisture content and the strength of the samples could also be evaluated by using the
mathematical relationships between the damping constant and the physical properties
of the specimen. This is mainly a laboratory testing procedure and representative
samples from the structures are tested for quality control purposes. However, field tests
have been recorded on concrete columns (Gaidis and Rosenberg, 1986). The main
limitations involve the shape and size of the samples, which effect the testing procedures
(Malhotra, 1991; Lama 1978).

2.6 ELECTRICAL METHODS

The change in the electrical properties of the concrete and rocks such as electrical
resistance, dielectric constant and polarization resistance can be monitored in order to
evaluate thickness, moisture content, density and temperature variations. Electrical
resistivity has been used to measure concrete and rock thickness by using the dialectic
difference between the concrete and the base material and two different layers of rocks.
A change in the slope of the resistivity versus depth curve is used to estimate the depth
of a concrete slab or a rock layer. The dielectric constant of concrete and rock increases
with any increase in the moisture content. Capacitance instruments are used to measure
the in situ moisture content of the concrete and rocks. Linear polarization is used to
calculate the corrosion rate of steel reinforcement bars in concrete slabs and pavements.
Problems may occur due to variability of moisture content and temperature in the
concrete and rock. The main drawback of the electrical methods is the assumption that
the resistivity of each layer is constant and varies slightly with depth, which is far from
reality (Hassani et al., 1989; Malhotra, 1984).
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2.7 MAGNETIC METHODS

Magnetic devices are available for detecting ferromagnetic materials. For con-
crete structures these devices are used for detecting the position of the reinforcing bars,
prestressing tendons, and metal ducts within the concrete, and can also be used for
identification of the corrosion of the bars. In the case of rock formations, magnetic
devices are used to determine ferromagnetic minerals within the rock mass.

Three main techniques using different magnetic principles are available for non-
destructive testing purposes: a) Magnetic Induction, b) Flux Leakage Theory, and c)
Nuclear Magnetic Resonance (NMR).

a) The Magnetic Induction systems operate based on the fact that steel rods or
any other ferromagnetic objects within the specimen affect and in fact distort the primary
field generated by the instrument (Malhotra, 1984). The instrument consists of a
U-shaped magnetic core with two mounted coils. An alternating current is passed
through one coil and the induced current is measured in the other coil. The presence
and distance of steel reinforcement bars and ferromagnetic mineralized zones can be
located by their effect on the induced current.

b) Other magnetic devices use the Flux Leakage methodology. These instruments
are sensitive to changes in magnetic lines of force (flux) flowing through the materials.
When a ferromagnetic material is magnetized, magnetic flux flows through and com-
pletes a path between the poles. However, if the pathway is disturbed by a crack or
discontinuity, its magnetic permeability will be disturbed and this results in a flux leakage.
The intensity of flux leakage can be used to characterize the various discontinuities and
their shapes.

c) Nuclear Magnetic Resonance (NMR) systems use the interaction between
nuclear magnetic dipole moments and a magnetic field. This interaction can be used
to measure the moisture content of the material by detecting the signals from the
hydrogen nuciei present in water molecules (Gorbanpoor and Shew, 1991).

The main drawback of these systems is that they cannot be used in heavily rein-
forced concrete elements or in tunnels with steel culvert supports, since the effect of a
secondary field cannot be eliminated as a result of the intense presence of ferromagnetic
alloys and detection and positioning of the targets is very difficult.
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2.8 ELECTROMAGNETIC METHODS

Short-pulse or Ground Penetration (or Probing) Radar (GPR) is an electro-
magnetic equivalent of ultrasonic and stress-wave reflection techniques. An antenna
transmits the EM pulses into the object. The energy travels through different materials
with different velocities. This variation of velocity has a direct relationship to the
material quality, which is controlled by the material’s dielectric properties. A change
in the material’s dielectric constant, which occurs at interfaces such as concrete and air,
or between two different rock types, causes a change in wave shape. The reflected
signals are received by the receiving antenna, separate from the transmitting antenna,
or in the same casing. Signals are positive when they are traveling from a lower to a
higher dielectric material (e.g., air to concrete) and are negative when they are traveling
from higher to lower dialectical material (e.g., concrete to air). Electromagnetic waves
are also known as microwaves or centimeter waves. An EM wave which has a range of
wavelengths between 0.3 and 30 cm corresponds to frequencies in the range of 1 to 100
GHz. The commercially available GPR systems operate with the frequencies ranging
from 20 MHz to 2 GH=z.

The radar system operates by a transmitting antenna and a receiving antenna that
collects the reflected waveforms. The control unit controls the functions of the GPR
system such as scanning speed, signal filters, amplifications and time measurements.
Ground Penetrating Radar could be used for detection of delaminations, cracks, voids,
and reinforcing steel bars within the concrete with reasonable accuracy (Momayez,
Sadri, and Hassani, 1994). The GPR has been demonstrated to be an effective tool in
measuring the thickness and geometry of pillar structures, in addition to locating faults
and shear zones in underground coal, salt and gold mines (Momayez et al., 1994; Fenner,
1995)

The resolution of the survey can be accurately set by using various antenna-signal
frequency combinations (Hassani et al., 1989; Momayez et al., 1994). The GPR could
be used for inspection of underground concrete linings, shafts and dams. The system
could aiso be used to map the cavities and fracture patterns behind the linings, partic-
ularly in the case of shafts and subway tunnels.
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2.9 INFRARED THERMOGRAPHIC METHODS

Infrared thermography, or infrared scanning, is a technique which operates based
on the capability of various materials to absorb heat. Solar radiation is the main source
of heat for surface structures. As the solar ray flows through a structure, air voids and
fracture openings absorb a larger percentage of heat than the surrounding material.
This can be monitored and registered by an infrared camera. The same principle holds
for steel reinforcement but at a different intensity (Weil, 1991).

Using infrared thermography, it is possible to locate voids, delaminations, fractures
and steel reinforcing bars. However, it is not possible to locate their exact position. Test
results are highly affected by the surrounding conditions such as time of day or seasonal
changes. Moisture content of the concrete or rocks also affects the readings (Weil,
1991). As for the underground openings and shaft linings, an artificial primary source
of heat is needed. In the tunnels, a convectional heating of the air and lining surfaces
can be achieved with diesel or gas machinery exhaust. Loose rocks in underground
excavations were successfully detected by discriminating the loose from the rock mass
using the insulating factor of the air in the fracture or parting behind the loose rocks
and the contrast between the heat absorption between the rock and the air (Yu, Henning
and Croxall, 1983). The release of toxic fumes as a result of engine exhaust is the main
drawback and it is not practical to use a infrared thermography system in a closed
environment (‘Yu, Henning and Croxall, 1983).

2.10 ACOUSTIC EMISSION METHODS

Acoustic emission or stress emission is a general term used for any transient
waveform released from a solid which is under stress. In concrete structures, the main
source of wave emission would be crack development or the slip between the concrete
and the reinforcing bars. In a rock mass fracture developments, slipping along rock
planes, or closure of voids or cavities are the main source of stress-wave emissions. On
the concrete surface a number of transducers receive and later register these low
amplitude stress waves. The variation of arrival time of waveforms registered by each
transducer is used to locate the source. Later interpretations can be performed using
the intensity of wave emission. Rock bursts, rate of subsidence, and rate of movements
along the fauits and fracture zones can be detected by placing receiving transducers
with various patterns along the excavated openings (Kat, 1988; Franklin, 1990). An
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increase in wave emission in a structure could be analyzed as an unsafe condition;
however, this is not considered as a satisfactory deduction (Ghorbanpoor, 1991; Min-
dess, 1991; Franklin, 1990). In rock masses, the same principle applies.

2.11 RADIOACTIVE METHODS

Radioactive methods are mainly used in the concrete industry. In mining, appli-
cations are limited to detection of radioactive minerals. Radioactive systems are cias-
sified into two main subgroups:

2.11.1 Radiography Technique

Using a radioactive source, this technique provides a photographic image of the
concrete which makes it possible to locate the reinforcement bars, voids, fractures, and
honeycombing. High costs associated with the source, dangerous high voltage equip-
ment, and safety factors make this technique undesirable for field use (Malhotra, 1984).

2.11.2 Radiometry Technique

Because gamma rays are capable of passing through concrete, various types of
radioisotopes are used and pre-planted within the structures at the time of construction.
Using calibrated charts the thickness, moisture content, and density of concrete can be
measured. This can be done as a result of change in the emerging intensity of gamma
rays, which are collected with the aid of a scintillometer or geigercounters. Similarly,
high operational costs and safety factors have limited the use of radiometry in the field
of nondestructive testing (Hassani et al., 1989; Malhotra, 1984).

2.12 CONCLUSIONS

In situ nondestructive testing techniques provide a great deal of information about
maintenance and support of concrete and excavated rock mass structures at relatively
low cost. In case, extra information is needed about the quality of a structure or if the
damaged areas are not visible, nondestructive testing becomes a useful tool for the field
engineers. One appealing factor about the nondestructive testing methods is that the
tests could be repeated in situ for the same area, for a majority of the cases. An overview
of nondestructive testing methods suggests thatat present no tryly nondestructive testing
technique is currently available for determining quality and thickness at the same time
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as detecting voids and delaminations, both in concrete and rocks. A number of reliable
nondestructive testing techniques exist for measuring material properties and strength
of concrete and rock. Some other nondestructive testing methods have been used to
detect and measure the delaminations, voids and thickness.
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CHAPTER 3

FUNDAMENTAL PRINCIPLES OF ELASTIC BEHAVIOR OF SOLIDS
AND ELASTIC WAVES '

3.1 INTRODUCTION

This chapter presents background information on elastic wave generation, and its
propagation, and detection. The theory of elasticity for solids and the interrelationship
between elastic constants is illustrated. The principles that effect the velocity of elastic
waves and the reasons behind signal reflection, refraction, diffraction, and radiation
pattern as an effect of the source and material quality are also discussed.

3.2 FUNDAMENTALS OF ELASTIC WAVE PROPAGATION

Tounderstand the behavior of the travelling waves in elastic medium, itis necessary
to define the quantities that describe the elastic properties of a medium.

3.2.1 Stress and Strain

As the elastic waves travel through a media, there are two principal changes
experienced by the material: first, the redistribution of internal forces and second, the
deformation of the geometrical shape. These effects are best explained in terms of the
concepts of stress and strain.

Stress is the measure of the force, F, per unit area across a surface element, A4,
within the material. In other words, the stress is defined as a limiting value of the ratio
F/ A when A tends to be infinitely small (Sharma, 1986). Therefore stress could be
expressed as:

o=lim — (3-1)

When F is normal to the stress element, the stress is called normal stress; it is called
tensile stress or compressive stress if it is directed away or into the material at the point
of application. If F is tangential to the area clement, the stress is a shearing stress and
is defined by two mutually perpendicular components that are in the plane of the area
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element. The stress at a point within a body is defined if the normal stress and two
shearing stresses are determined for three mutually perpendicular area elements which
intersect at a point. Strain is a measure of the relative deformation of a body when it
is subjected to stress. The change in size or shape characterizes strain. Strain causing
only a change in shape and no change in volume is called shear strain, whereas a change
in volume without change in shape is called dilatation or contraction. The strains
associated with the relative change in length in the direction of respective stress are
called normal strains.

€=— (3-2)

where A! is the change in length and { is the original length. In this case strain is
expressed as change in length.

3.2.2 Elastic Behavior

For safe and economical design of a structure within an excavated rock mass or
on the surface, adequate knowledge of physical properties of both the rock and the
structure is indispensable. Elastic behavior is one of the important properties thatshould
be takeninto consideration. All materials undergo deformationwhen they are subjected
to load. Excessive load results in structural failure of the material. Most of the materials
regain their original size and shape after the removal of the load when the temperature
is constant. Elasticity is the terminology used for the ability of a material to regain its
original shape and size. The return of the body to its original shape is known as elastic
deformation. When the material completely recovers its shape it is said to be perfectly
elastic and if it does not fully regain its original shape it is said to be partially elastic.

The elastic constants quantify specific relationships between different types of
stresses and strains (Sharma, 1986):

1. Modulus of elasticity
2. Shear modulus

3. Poisson’s ratio
4. Bulk modulus



3.23 Elastic Constants

In 1678 the British mathematician, Robert Hooke (1635-1703) established a
relationship between elastic deformation and load. In general, Hooke’s law states that
stress, g, is proportional to strain , € . According to Hooke’s law a perfectly elastic body
exhibits a linear relationship between stress and strain.

oxe (3-3)

In 1807, Thomas Young (1773-1829), British scientist, introduced a constant of
proportionality, £ , known as the modulus of elasticity or Young’s modulus and is a
measure of a material’s stiffness. A large value of £ implies a stiff material like granite,
and a small value indicates flexible materials such as talc. In a practical situation when
a material is under tensile or compressive load within its elastic strain range, the ratio
of the stress to the strain in the direction of the applied stress is called modulus of
elasticity.

E=2 (3-4)
€

Since the strain is a dimensionless quantity and unitless, the modulus of elasticity
is expressed by the same units as stress; in the SI system it would be Pascals.

For the shear stresses, v, and the shear strains, v, the constant of proportionality,
G is called shear modulus or modulus of rigidity. The shear strain is the resulting
deformation without change of volume. The strain in this case could be expressed by
the angle of deformation. The shear modulus for liquid and gas media is zero. In SI
system, shear modulus is expressed in Pascals.

GeX (3-5)
"

In most metals, £ and G are almost constant regardless of the quality of the material;
however, this is not true in case of rocks and concrete. The £ value varies with strength
and material content within the elastic range of the sample because the stress and strain
relationship is not linear. In this case, the value of £ is calculated for a specific stress
and the corresponding strain.



In 1811 the French mathematician Simon Poisson (1781-1840) identified the
relationship between the axial strain € , and the lateral straine,. The ratio of the lateral
strain to the axial strain is known as Poisson’s ratio, v, which is a dimensionless quantity.
Poisson’s ratio is a measure of geometric change in the shape of an elastic body. The
value of Poisson’s ratio is always positive and varies between 0.0 and 0.5. The value of
Poisson’s ratio remains constant within elastic straining of the materials.

=L 3-6
e (3-6)

If a body of volume V'is subjected to uniform compressive stress, such as hydrostatic
pressure, P, its volume will be decreased an amount AV . The bulk modulus, X, is the
ratio of the pressure to the volumetric strain ‘:,—V . Bulk modulus is a reciprocal of
compressibility. In SI system bulk modulus is expressed in Pascals.

K=-— (3-7)

AV

[ 4

Although no rock or concrete is perfectly elastic, it is often convenient to assume
quasi-elasticity, and apply elastic theory to the behavior of the rocks or concretes. All
the elastic constants are interrelated when the material is continuous, isotropic,
homogeneous and perfectly elastic. Rock masses are anisotropic, which means their
behavior is directional. The directional behavior is controlled by bedding, jointing,
microstructures and fabric orientation for rocks. Nevertheless, the elasticity in rocks is
affected by the rock type, porosity, particle size, and water content. In the case of-
concrete, which is a heterogeneous and multiphase material, bulk porosity, porosity of
the aggregates, cement paste matrix, and the transition zone are the important factors
affecting the modulus of elasticity. The known elastic constant values of rocks and
concrete suggest that the chemical composition and bonding are the main factors for
variation in the elasticity values. However, in routine engineering work, rocks and
concrete are assumed to be isotropic. In extreme anisotropic cases, orthotropic sym-
metry directions could be added to the equations and orthotropic constants can be
calculated.
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Figure 3-1 Common types of elastic strain. (after Sharma, 1986)
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33 ELASTIC WAVES

Awave is defined as a disturbance which travels through a medium. When a stress
is suddenly applied (transient stress) to an elastic body, the corresponding displacement
is propagated outwards as an elastic wave. Elastic waves are also referred to as stress
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waves. The ultrasonic waves traveling within an elastic body are elastic waves. There
are two principal types of elastic waves: body and surface waves. Body waves travel
across and surface waves travel along the surface of an elastic medium.

As a result of release of stress, an elastic medium undergoes two types of defor-
mations: compression and shear. In primary mode, three main types of elastic waves
may be observed as a result of a mechanical shock to a solid:

1) Compression, longitudinal or primary (P) waves.
2) Shear, transverse or secondary (S) waves.
3) Rayleigh or (R) waves.

Compression (P) waves are characterized by particle motion being longitudinal.
This means that while the wave is passing through a medium, particles will vibrate about
an equilibrium position, in the same direction as the P-wave is travelling. These waves
involve compression and rarefaction, but no rotation of the material while they are
passing through an elastic medium (Mooney, 1980; Telford, 1990).

Shear (S) waves are characterized by particle motion being transverse. This means
that while the wave is passing through a medium, particle displacement will be per-
pendicular to the direction of propagation and motion of S-waves. These waves involve
shearing and rotation, but no volume change while they are passing through an elastic
medium (Mooney, 1980; Telford, 1990; and Helbig, 1987).

Rayleigh (R) waves are surface waves which move with marginal attenuation in
the direction of wave propagation. In R-waves the particle motion is more or less a
combination of longitudinal and transverse vibration. Characteristically, their energy
level drops rapidly as the wave penetrates below the surface (Mooney, 1980; Telford,
1990).
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Figure 3-2  Successive stages in the deformation of a block of a material by
compressive waves and shear waves and their particle motion. The
sequences in progress with time from top to bottom. (modified after
Phillips 1968).

a) The block of material, b) compressive waves, and c) Shear waves.
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Each of these waves result in a momentary displacement in the specimen it tra-
verses. P-waves have a back-and-forth (compression) motion that is parallel to the
direction the wave propagates. S-waves have a to-and-fro (shear) motion which is
perpendicular to the direction of propagation (see Figure 3-2). R-waves have a ret-
rograde elliptical type of particle motion which is in part perpendicular and in part
paralle]l to the surface. As a result R-waves have both horizontal and vertical
components (Mooney, 1974 and 1980; Telford, 1990). The shape of P-, S-, and
R-wavefronts depends on the characteristics of the source that is used to generate the
waves. There are three idealized types of wavefronts: planer, cylindrical and spherical.
In the case of a point source (spherical-tipped impact source) normal to the surface of
the media, the resulting P- and S-wavefronts are spherical and the R-wavefront is cir-
cular.

33.1 Wave Velocity

P-wave velocity, C » , is a function of Poisson’s ratio, v, Young’s modulus, £, and

mass density, p , of the material it is traversing (Telford, 1990).

_ E(l-v)
(1+v)(1-2v)p

Ce (3-8)

In bonded media, the dimensions of the specimen effect the wave velocity. In the
case of rods and thin plates, P-wave velocity can vary depending on the dimensions of
the specimen relative to the component wavelength of the propagating wave. For
rod-like specimen, the P-wave velocity is independent of the Poisson’s ratio, if the
diameter of the rod is much smaller than the component wavelength(s) of the propa-
gated wave (Sansalone, 1985). In this situation, P-wave velocity is calculated by the

following equation (Banks, 1962):

E
Crg\/; (3-9)



S-wave velocity, C s, is calculated by the equation (Sharma, 1986):

E
“TVzmaw G
The relation between S- to P- wave velocity can be calculated as (Sharma, 1986):

Cs_ [(A-2v) }
¢, Va(1-v) -1ih

R-wave velocity, C ,, can be related to the shear wave by the following equation (San-
salone, 1985):

_0.87+ l.lZUx

(o
k l+v

Cs ' (3-12)

The P- and R-wave velocities are related by the following equation (Sansalone, 1985):

0.87+1.12v [(1-2v) _
Ce I+ 2(1-v)C° (3=13)

Each of the three waves travel with different velocities. P-waves have the highest
velocity. S-wave velocities are between 0.65 and 0.45 of the P-wave velocities, depending
on the stiffness of the material. As the material stiffness increases the ratio between
the S- and P-wave velocities increases. For a Poisson ratio ,u, of 0.2, the C sto C, ratio
would be 0.61 (Sansalone, 1985). The R-wave is the slowest of the three. R-waves have
a velocity of roughly 92% of the S-waves (for a Poisson ratio of 0.2) and 56% of P-waves
(Mooney, 1974; Sansalone, 1985). They are easy to recognize because they have large
amplitudes, low frequencies and appear last. In most of the seismological studies the
main work has been done on P-waves, since they arrive prior to other waves and can be
recognized without interference from other wave types. P-waves travel through all three
types of media: solids, liquids and gases. The most familiar type of P-wave is sound.
Available nondestructive testing equipment that employs P-waves as the principle of
their operation are ultrasonic and impact-echo equipment. On the other hand, S-waves
can only pass through solids. They are often generated by the same sources generating
P-waves. In a simple comparison between P- and S-waves of the same frequency,
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S-waves have smaller wavelengths and amplitudes than P-waves. Fundamentally, shear
waves are subdivided based on their polarization characteristics to radial (SV) and
transverse (SH) components (see Figure 3-3). SH-waves have their particle displace-
ments parallel to the boundary surface, and SV-waves have their particle displacements
lying in the incident plane. SV-waves are not easily recognizable on a time domain
spectrum, since they are coupled with P-waves and the receivers are sensitive to both
P-waves and to SV-waves. On the other hand, SH-waves are self-consistent in a sense
that they do not interact with P- and SV-waves. This means that they do not convert
into P- and/or SV-waves nor do P- and/or SV-waves convert into SH-waves (Helbig,
1987). Asaresult, when a pure SH-wave is generated, a seismic section can be obtained
only with SH-wave reflections. R-waves can be easily recognized by their distinguished
large-amplitude low-frequency signals arriving aimost immediately after S-waves
(Helbig, 1987).

Elastic waves represent a large and diverse subject matter. In this study our focus
will mainly be on body waves generated as a resuit of electro-acoustic transducers and
point source mechanical impact sources.

Vertical Plone
Of Incidence

KA

incident Ray

Figure 3-3 Resolution of shear wave motion into SV and SH components. (after
Stauder, 1962 and Mooney, 1981).
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Table 3-2 The relationship between elastic wave velocities and dynamic elastic moduli
‘ (Telford, 1990):

Young’s Modulus | Shear Modulus | Poisson’s Ratio
(GPa) (Rigidity)
(GPa)

1+u)(l1-2v)
l1-v

E-cip(

E=C3%2p(1+v)

Where:

Compressional Wave velocity = C ,(m/s)
Shear wave velocity = C,(m/s)

Density = p (kg/m3)

33.2 Reflection, Refraction and Diffraction

When a P- or S-wavefront extends from the source of disturbance uniformly in all
directions, its energy declines with the square of the distance and the wave amplitude
reduces directly in proportion to the distance traveled. As the wavefront reaches a
second boundary, part of the elastic waves are reflected and part of it penetrates to the
second medium (refracted). The concept governing the reflection and refraction of
elastic waves is the same as that of the reflection of light from a mirror. Nevertheless,
despite the similarities, elastic wave reflections and refractions are slightly more com-
plicated than those of light from a mirror. In general, any body wave (P- and S-waves)
striking a boundary will generate two reflected P- and S-wave and two refracted P- and
S-waves. This phenomena is called mode conversion and is controlled by the angle of
incidence. The reflection and refraction are governed by Snell’s Law:
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Figure 3-4 Behavior of an incident P-wave at a boundary separating two media
with different velocities; reflection, refraction and mode conversion.
(Sharma, 1986)

sini, sinR, sinR, sinr, sinr,
CPI CPl CSI CDZ CSZ

(3-195)

where R is the angle of reflection, ¢ is the angle of incidence, r- is the angle of refraction,
C , is the velocity of P-wave and C, is the velocity of S-wave.

Snell’s law is used for the determination of the reflected wave path (see Figure
3-4). The amplitude of reflected signals depends upon the interface’s boundary con-
dition and the acoustic impedance, the angle of incidence, the distance of the interface
to the source, and the signal’s attenuation rate.

The reflection of a signal from an interface between two media with different
density or elastic moduli depends on the specific acoustic impedance of the two media.
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The corresponding equation in terms of amplitudes was given by Zoeppritz (1919),
where in this case the Z is the specific acoustic impedance of a medium, p is the density,
and I, is any elastic wave velocity (i.e. the equation is valid for P- or S-waves).

Z=p.C, (3-16)

For P-wave velocity, C ,acoustic impedance could be rewritten as (Telford, 1990):

Z=JE.p (3-17)
this equation changes for S-wave to:
Z=JG.p (3-18)

equations 3-17 and 3-18 apply only to rod waves.

For P-waves, the amplitude of particle motion, A ,, is maximum when the angle

of incidence of the waveform is normal to the interface. The amplitude of particle
motion for the reflected wave (A ,) is calculated by (Telford, 1990):

21-22

AksA’_Zl*Zz

(3-19)

where A, is the amplitude of motion in the incidence waveform. Z , is the acoustic
impedance of the first layer and Z ,is acoustic impedance of the reflecting layer or the
second layer.

The amplitude of the stress in the refracted wave (A7) is given by the following
equation (Telford, 1990):

22,
tz,+2,

(3-20)
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Another important property provides information on the relative size of the
amplitude of each reflected wave compared to the incident wave. The amplitude ratios
of the reflected P-wave (A ,/ A ) and the reflected S-wave (A4,/ A ;) compared to the
incident wave amplitude are called reflection coefficients. The reflection coefficients
at a stress-free boundary (i.e. air) are found to be (Mclntire, Birks, and Green, 1987):

2
sin2a,sin2a,-(i-") cos?2a,
R,,=~ - (3-21)
sin20,sin2a,+(c—:) cos?2a,
c.\2
Z(C—) sin2a,cos2a,
R, = - (3-22)

sinZ2a,sin2a,+ o cos<2a,

wherea anda , are the angles of reflected P- and S-waves respectively. For the reflected

S-wave the same formula applies. In this equation R . signifies the reflection coefficient
for the reflected P-wave referred to an incident P-wave energy and R ,, is a reflection
coefficient for the reflected S-wave.

For an SV-wave incident at all angles below the critical angle , both a reflected P
mode (SP) and a reflected SV mode (SS) generally occur. Depending on the value of
the Poisson’s ratio, there are for some materials specific values of incident angles when
the amplitude of the reflected SV mode is zero (§S=0). In all cases there is always a
reflected P mode (SP) for this range of incident angles. With stress-free boundary
conditions, there is a set of reflection coefficients for this problem as follows (McIntire,
Birks, and Green, 1987):

c,\2 A
2(5) cos2assin2a,

R

(3-23)

pp =

. . . \2 2
stn2a,,sm2a,*(c— cos“2a,
¥ ]
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. . €)% .2
251n2<1,sm2¢1,-(-) cos“2a,

Cl
Rn-

o (3-24)
2sin2a,sin2a,+ (c—:) cos?2a,

All parameters have the same definitions as given before for the reflected P mode.
This problem, with the exception of the appearance of the critical angle phenomenon,
is symmetric in results to the reflected P mode discussed earlier. For the SV-wave
incident on a stress-free boundary at incident angles greater than the critical angle, a
reflected longitudinal P mode (PP) cannot occur (Mclntire, Birks, and Green, 1987).

Figure 3-5 shows the partition of energy for an incident longitudinal and transverse
waves and for several values of Poisson’s ratio. To calculate the energy reflection
coefficients for incident waves, the following should be known: the unit area of the
incident waves, the amplitude of reflection waves, and the energy of the incident waves.

Various combinations of the horizontal and vertical source and receivers have a
strong influence on the enhancement of the receiving signals and their amplitude.
Initially, White (1965) found the relationship between the angle of incidence of the
generated wave at a stress-free surface, the angle of reflected wave, and the displace-
ments at the surface as a function of C ,/ C, and hence Poisson’s ratio, v (see Figure
3-6). The radiation characteristics of a surface (horizontal or vertical) point source are
identical to the receiving characteristics of a (horizontal or vertical) receiver. Kahler
(1988) states that the influence of Poisson’s ratio on the source and receiver is specially
large for horizontal sources and receivers, both for P- and SV-waves, while SH-waves
are not affected by Poisson’s ratio. For a horizontal source there is no component of P
in the z-direction. The pattern for SV-waves is complicated whereas the SH-wave
pattern is simple, for it has no components in the x-direction. For a vertical source, the
radiation patterns are symmetrical around the z-axis and there are no components of
SV-waves in vertical and horizontal directions and at the critical angle; also there is no
SH-wave.
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No SH

Figure 3-6  Schematic drawing of the radiation pattern of a horizontal and vertical

surface point source. Left: vertical; right: horizontal source, Poisson's
ratio is about 0.25.
(modified after Kahler and Meissner, 1983)
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Diffraction occurs when an elastic wave is incident upon a sharp edge of a dis-
continuity (i.e. crack tip). The sharp corner serves as a center of scatteringwaves. These
waves have spherical wavefronts, originating from the sharp edge (Sansalone, 1985).
Mode conversion (transformation of one wavetype to another, e.g., P-wave to S-wave)
also happens at the sharp edge (see Figure 3-7).

Surface opening crack

Figure 3.7 Wave diffraction as a resuit of surface opening crack edge and the
ition of the transmitter and the receiver with respect to the crack
or measuring the depth of it.

333 The Elastic Wave (Body Waves) Generators

Electro-acoustic transducers are common means of generating body waves,
particularly P-waves. Continuous, short-duration pulses are generated by an electro-
acoustic transducer which is coupled to the specimen. The signals are usually picked
by a receiving transducer (Mooney, 1974).

To use surface sources for generation of elastic waves, a direct force, either
horizontal or vertical, is used. A vertical impact source generates P-, SV-, and R-waves.
A horizontal impact source generates P-, SV-, SH-, and R-waves (Mooney, 1974).

For a horizontal impact surface source the radiation pattern of SH-waves is at
maximum when perpendicular to the force, and decreases to zero in the direction of
the force. The P- and SV-wave radiation will be zero in a plane perpendicular to the
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force (see Figure 3-6). For observation in a vertical plane which contains the force,
P-wave radiation is at maximum at an angle of about 60° and decreases to zero in both
vertical and horizontal directions. SV-wave radiation is large in the vertical direction
and remains large out to the critical angle given by sin@,=C,/C ,. Beyond that the
amplitude decreases and reaches zero for the horizontal direction (Mooney, 1974;
Helbig, 1987).

For a vertical impact surface source, the maximum P-wave propagatesin a vertical
direction beneath the impact source, and decreases to zero in the horizontal direction
along the surface (see Figure 3-6). The SV-wave amplitudes are strong at a particular
angle from the source (45° from the source, for a Poisson’s ratio of 0.25). This maximum
amplitude is related to the complicated radiation pattern of the SV-waves. Zero
amplitudes occur at the critical angle given by sin8,=C,/C , (which is 35.2° for a
Poisson’s ratio of 0.25) (see Figure 3-8). Atsmall angles, close to vertical, particle motion
is rectilinear but becomes elliptically polarized for larger angles (Mooney, 1974; Helbig,
1987).

Maximum SV-wave Critical SV-wave angle
.?45' I dOGI ,2. Maximum P-wave energy propegation
at 0 degree.
Figure 3-8 The resulting energy pro tion of P- and SV-waves from a vertical

impact source having spherical wavefronts.
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For the electro-acoustic transducers and mechanical-impact sources (both hori-
zontal and vertical), the generation of elastic waves in solids depends on the dimensions
of the generators. From the curves of Figure 3-9, it can be seen that the radiation pattern
and shape of the ultrasonic field is a function of the ratio of the diameter of the transducer
to the wavelength (2a /\) (Filipczynski, Pawlowski, and Wehr, 1966). For ultrasonic
transducers, when the wavelength is much greater than the diameter of the transducer
(A > 2a) P-, S- and R-waves are generated. When the A~2a, both S- and R-waves
decrease with respect to the P-wave radiation field. With further decrease in the
wavelength (A >> 2a), the S- and R-waves disappear, and the P-wave field gradually
increases (Filipczynski, Pawlowski, and Wehr, 1966) and changes its wavefront shape.
The same case applies for mechanical-impact devices. The diameter and the time
duration of the impact tip (i.e. sphere) controls the frequency (and wavelength) ranges
of the input signal (Goldsmith, 1965). Nevertheless, since the frequencies generated
by an impact source are lower than the ultrasonic range (20 kHz), all three types of
elastic wave are generated as a result of the mechanical impact on a solid’s surface (see
Figure 3-10).

Explosive sources are rich generators of P- and S-waves. The proportion of shear
wave can be increased by deliberately introducing asymmetry (Geyer and Martner, 1969;
Kisslinger, 1961; and Nicholls, 1961). Explosive sources are mainly used in a bore hole
for evaluating rock masses.

In a borehole, a mass falling to the bottom of the hole is also effective. In such
cases the radiation pattern of the P-wave is at maximum both downward and upward
from the point of impact. For SV-waves, the radiation pattern is at maximum in a
direction 30° from horizontal, and in general SV-waves are stronger in the horizontal
direction (Mooney, 1975; Helbig, 1987).
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Frequency of the transducer 20 kHz
Frequency of the transducer 80 kHz

Frequency of the transducer 150 kHz

A>>2a

‘ Frequency content of the impact 15 kHz

At all the times A << 2a

a is the dametar of the transducer or the impact sowrce.
als the wavelength.

Schematic drawing of resulting radiation pattern of P-and SV-wave due to
ultrasonic transducers and vertical impact source on a solid. Thereisa
relationship between the diameter of the ultrasonic transducer and the
frequency of input signal and the radiation pattems for the body waves.

Figure 3-9
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(a)

Figure3-10  Schematic drawing of resuiting radiation pattern of P-and SV-waves
due to the spherical tipped vertical impact source on a solid. a) The
radiation patterns are effected by the Poisson's ratio of the medium,
the spherical balls with the same diameter, b) the diameter of the
spheres effect the frequency content of the impact and the radiation
pattern.
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The selection of the source depends on the specific application. For concrete
structures with limited thickness, electro-acoustic transducers and mechanical-impact
sources are most efficient. For rock masses, depending on the dimensions, explosive
sources, borehole-adopted sources, electro-acoustic transducers, and mechanical-
impact devices are used to generate body waves. Since the explosive and borehole
sources are destructive and are used in limited applications, they are not feasible for
evaluation purposes. As for electro-acoustic transducers, nocommercial unit exists with
satisfactory performance on concrete and rocks. On the other hand, vertical-impact
source generators have sufficient elastic energy to overcome the effects of the attenu-
ation and divergence. They are easy to use. They are nondestructive and the tests are
repeatable. Therefore, the mechanical-impact devices are the most efficient mean of
generating body waves in concrete and rock.

33.4 Elastic Wave (Body Waves) Receivers

Geophones are velocity-sensitive elastic wave detectors, that respond to the
particle velocity shifts of the testing medium. Geophones could be used for detection
of P- and S-waves. Special units are available that are sensitive to either vertical or
horizontal vibrations. Geophones are typically moving coils suspended in a magnetic
field. The coils are free to move relative to the magnetic structure that is attached to
the detector case. A movement of the surface to which the geophone is coupled, causes
it to produce a small output voltage proportional to the particle motion in the medium.
Geophones are mainly used for low-frequency elastic wave detections (Sharma, 1986;
Telford, 1990).

Accelerometers are detection devices that respond to an acceleration-type
impulse. They tend to compensate for attenuation of high frequency signals travelling
in the medium. Their range can be from 1 kHz to 25 kHz. Accelerometers are sensitive
to horizontal, vertical and inclined vibrations (Mooney, 1974).

Piezoelectric transducers (such as quartz, barium titanite, lithium sulfate mono-
hydride, and polarized ceramics) convert mechanical deformations into electrical
pulses. Their use is restricted to high-frequency, low-power applications due to their
fragile nature. Both P- and S-wave piezoelectric transducers with various band widths
and frequency ranges exist for detection purposes (Hassani, Momayez and Wang, 1989).
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The selection of elastic wave detectors is mainly determined by the specific
application. Detection of low-frequency, high-power eclastic waves is commonly
achieved by the geophones and accelerometers. For detection of high-frequency,
low-power elastic pulses, piezoelectric transducers are more suitable. Different types
of piezoelectric crystals are used in transducers according to the required sensitivity
criteria for each application.
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CHAPTER 4

METHODS OF DETERMINING DYNAMIC ELASTIC CONSTANTS

4.1 INTRODUCTION

The dynamic elastic constants can be calculated from the elastic wave velocity
measurements. In General, there are two ways to measure the elastic behavior of rocks
and concrete under dynamic loading, namely, laboratory methods and field methods.
Laboratory methods require precast or extracted concrete samples with restricted
dimensions for measurements of the elastic constants. In laboratory testing, repre-
sentative rock samples are extracted from the rock mass and dimensionally prepared
for measurements of the dynamic modulus of elasticity. Most of the in situ testing
methods for concrete evaluation are at early stages of development. Current nonde-
structive testing techniques use theoretical models (SASW) or assumed elasticity
parameters such as Poisson’s ratio or shear wave velocities (impact-echo, pulse velocity,
pulse-echo, and impulse-response) for calculating other elastic parameters such as
Young’s modulus. Seismic wave propagation methods are used for in situ testing of
rocks. The resonant frequency (RF) and ultrasonic pulse velocity (UPV) techniques
are the traditional techniques used for laboratory determination of dynamic elastic
constants of rocks. This chapter contains a comprehensive review of the various
techniques and instrumentation used for measurements of dynamic elastic moduli for
rocks and concrete. Because of the importance of some standard techniques such as
resonant frequency and pulse velocity, and due to particular interest on the impact-echo
technique, the details are reviewed in more depth in this chapter.

4.2 RESONANT FREQUENCY (RF) TECHNIQUE

In 1877, Lord Rayleigh published "The Theory of Sound", and described the
resonant frequency testing procedures. The first practical applications were made by
Quimby in 1925, who generated longitudinal vibrations in metal bar specimens. In 1928,
Pierce calculated for the first time, the modulus of elasticity of various alloys using
cylindrical samples. Muzzey used a device in 1930, creating magnetostrictive effects for
generating longitudinal vibrations and tested the theoretical relationship between
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natural longitudinal frequency and the dimensions of a vibrating specimen. In 1935,
Grime generated longitudinal vibrations in building materials by tapping on one end
and recording the vibrations on the other end. In 1937, Grime and Eaton carried out
further investigations on building materials by measuring their transverse resonance
frequency. In this investigation, piezoelectric quartz crystal was used for the first time
as the detecting device. Powers, Obert, Hornibrook, and Thomson were the first to
conduct extensive research using vibrational techniques on concrete specimens in the
1930s. In 1938, Powers was the first researcher to establish a standard testing system
of the resonant frequency (RF) method. In 1936, Ide used rock cylinders as integral
parts of condensers by cementing foil to the base of the cylinder, and then placing the
cylinder on a steel disc with a mica strip, separating the steel from the foil. A variable
frequency was applied to the condenser thus formed until the natural longitudinal
frequency of the specimen was attained. This value was used to calculate the elastic
constants of the rock being tested. The results showed that for rock of low porosity such
as granite and other intrusive igneous rocks, the static and dynamic values compared
favorably. However, for porous media such as sandstone, the difference between static
and dynamic elastic moduli was up to 30%. Obert in 1946 and the U.S. Bureau of
Reclamation in 1953 developed methods for determining the fundamental resonant
frequencies of rock cylinders. In 1954, Mitchell determined transverse and torsional
resonance frequencies of various diamond drilling cores and measured the Young’s and
shear modului; Sutherland (1965) compared the static and dynamic elastic constants of
eight different rock types.

4.2.1 Principle of Resonant Frequency (RF) Technique

In a vibrating test object, the natural frequency of vibration is related to the
dynamic modulus of elasticity and the density of the material. Therefore, the dynamic
modulus of elasticity could be calculated knowing the natural frequency of vibration of
cylindrical or prismatic bars.

The RF method is based on the standing wave phenomenon. The RF method
requires the determination of longitudinal, flexural and torsional wave velocities. When
the stress waves are generated in a specimen in the form of torsional or longitudinal
vibrations, the reflected waves on the surface of the specimen occur as superposition
of the two waves. Since the generated and reflected waves have the same amplitude,
superposition of these entities can result in standing waves if they are in phase. In this
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case, nodes will appear where the waves cancel each other, and peaks will occur when
waves combine to produce maximum amplification. When the standing waves are
presentin a medium, there is a number of nodes defined as n. The following relationship
can therefore be established:

A
l=n.= -1
n.3 (4-1)

where [ is the length of the sample, A is wavelength, and n is the number of nodes.
Since the wave velocity can be expressed as:

V=A.f (4-2)
therefore the velocity of the standing wave could be expressed as:

V=7\.f=2—nl-£ (4-3)

where £ is the frequency at which the vibrations are introduced.

As mentioned before, waves can be generated in three ways: which are longitu-
dinal, flexural, and torsional. The longitudinal and flexural vibrations are functions of
the modulus of elasticity, and torsional vibrations are functions of the modulus of rigidity
of the material. Continuous waves are introduced in the test objects by a transmitter
or a mechanical oscillator. The frequency of these waves is systematically varied until
aresonance condition is created in the test object. Resonance occurs when the driving
frequency is equal to the frequency of the fundamental mode of vibration of the test
object. The response of the test object is monitored by a receiving transducer at a close
distance from the transmitter. A significant increase in the amplitude of the measured
response indicates the presence of resonance condition. The fundamental mode of
vibration is identified using the frequency at which this increase occurs. For lengitudinal
waves, the transmitter and the receiver are placed at the two ends of a cylindrical or
prismatic specimen, so that the standing wave travels from one end to the other. In the
case of flexural vibrations, waves are generated from the center of the sample, which is
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mounted on two supports, and received at one end of the sample. Finally, in the case
of the torsional resonance frequency, the transmitter and the receiver are placed
opposite to each other so that the vibrations twist and untwist the sample. An oscillo-
scope is used to determine the orientation of the standing wave in the sample, and
therefore to identify the vibration mode and the number of nodes n (see Figure 4-1).

4.2.2 Longitudinal Vibrations

Longitudinal vibrations could be used to determine the dynamic Young’s modulus
of elasticity of cylindrical and prismatic rock and concrete specimens. The relationship
between the modulus of elasticity and frequency is described as:

Vi 1[2!f¢]2
E=z=pl | -° (4-4)

where V', and f, are the velocity of the longitudinal standing wave frequency,

respectively, [ is the length of the sample that the wave travels, p is the density of the
sample, n is the number of nodes, and &/ is a correction factor for the shape of the
sample.

4.2.3 Flexural Vibrations

Flexural vibrations are more widely used to determine the dynamic Young’s
modulus of elasticity since they are easier to generate. The relationship between
modulus of elasticity and flexural wave frequency f ; is given by:

2ni2f, ?
E=[—Em—f’] oT (4-5)

where m is a constant depending on the mode of vibration and T is a shape factor.

4.2.4 Torsional Vibrations

The following equation is used to relate the torsional resonance frequency, .,
and the dynamic modulus of rigidity, G .



4pRI2f2

¢ . (4-6)

n
In this equation, R is the shape factor depending on the cross section of the sample,
and the n is an integer that identifies the oscillation mode. The resonant frequency

testing apparatus and method for concrete has been described by ASTM C 215-85 and
is considered as a standard measurement technique.
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Figure 4-1 Schematicdiagram of a typicala tus showing driver and pick-up
sitions for the three types of v:Egran'ons. A) Transverse resonance.

) Torsional resonance. C) Longitudinal resonance. (Adapted from
ASTM C 215-85).

4.2.5 Other Techniques of Resonant Frequency (RF) Testing

In 1986, a new method of RF measurement was proposed by Gaidis and
Rosenberg for concrete samples. In this method the specimen is struck by a hammer
which causes the specimen to vibrate at its natural frequency. The amplitude of the
waves is obtained by a waveform analyzer and the component frequencies are deter-
mined by the fast Fourier transform technique. The amplitude of the specimen response
is displayed against the frequency, and the frequency of the major peaks can be read
directly.
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In the experimental setup, the receiving transducer is coupled at one end of the
sample with microcrystalline wax, and at the other end the specimen is struck by a
hammer. The signals are recorded to obtain the frequency response of the sample. The
advantage of this method is the greater speed of testing and the freedom of the tested
specimen to have a wider range of dimensions.

4.2.6 Factors Affecting Resonant Frequency (RF) Technique Regardiess of Media

4.2.6.1 Size and Length of the Specimen

Obert and Duvall (1941) demonstrated that for a given concrete, the value of
dynamic elastic moduli varies depending on the size of the specimen. Larger specimens
have lower resonance frequencies because of their weight and size. Kesler and Higuchi
(1954) found that longer beams with less resonance frequency give a higher dynamic
modulus of elasticity. Jones (1962) recorded no difference between the dynamic
modulus of elasticity for different specimens having a frequency range of 70 to 10000
Hz. Thornton and Alexander (1987) recorded an increase in the resonant frequency
of the fundamental flexural mode with increase of thickness or with decrease in the

length.

43 ULTRASONIC PULSE VELOCITY (UPV) TECHNIQUE

The development of the ultrasonic pulse velocity (UPV) technique started in
Canada and England at the same time after the Second World War. The first instrument
was developed by Leslie and Cheesman in Canada and was called the soniscope. At
the same time in England, an ultrasonic tester was developed by Jones. Both instruments
were similar, apart from minor details. Since the 1960’s, UPV techniques have been
used extensively in laboratories and in the field for testing both concrete and rocks. The
main application of the ultrasonic testing equipment s to detect flaws and discontinuities
in the medium. However, since the velocity of the ultrasonic waves depends on the
material quality of the medium, the ultrasonic velocities are used to characterize the
quality and elastic properties of solids. ASTM C 597-83 describes the standard appa-
ratus and testing technique for pulse velocity through concrete.



43.1 Principle of Ultrasonic Technique

All frequencies above 20000 cycles per second (cps) (20 kHz) can be considered
as an ultrasonic frequency, or above the audible sound range. In practice, ultrasonic
instrument functions in the range of 20 kHz to 50 MHz for nondestructive testing
purposes. The uitrasonic waves propagate as waves of particle vibrations. Ultrasonic
waves travel freely through the uniform solids and low-viscosity liquids; they are rapidly
attenuated by voids in the media. The difference in the frequency of vibration effects
the attenuation rate and the wavelength of the signal. For a high frequency of vibration,
the attenuation rate is high and the wavelength is small. For a low frequency of vibration,
the attenuation rate is small and the wavelength is large. In practice, test frequencies
are selected depending the sensitivity and sound penetration. In the case of rocks and
concretes, suitable frequencies are between 20 kHz to 250 kHz, with 50 kHz being
appropriate for the field instruments. The relationship between frequency, wavelength
and velocity is given by:

velocity(cm/s) =wavelength(cm)x frequency(cps) (4-7)

It is noted from this equation that the velocity varies directly with the frequency
and the wavelength. However, wavelength and frequency vary inversely with respect
to one another. Velocity is measured using the time at which the propagated ultrasonic
vibrations move from point A to point B in a material, and depends on the elastic
properties of the material and the mode of vibration. The ultrasonic velocity of a
material is determined by its modulus of elasticity and density, by the following equation:-

V=\/_£ (4-8)
p

Note: Equation 4-8 applies only to "rod" specimen (causing a "rod wave"), where the
testing object has a diameter much less than the length (D<<L).

The velocity of ultrasonic pulses travelling in a solid depends on the density and
elastic property of the material. Therefore, the elastic quality of solids could be eval-
uated by measuring the ultrasonic wave velocity and density of such materials.
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The methods of generating ultrasonic pulses are by electro-acoustic transducers.
The electro-acoustic transducers operate in two ways: a) by radio-frequency (RF) wave
trains driving the crystal at a controlled frequency and precise time; and b) by a shock
pulse that allows the crystal in the ultrasonic transducer to resonate at its natural fre-
quency thus establishing the vibrational frequency. By driving the piezoelectric crystal
atits fundamental resonant frequency, maximum sensitivity isachieved. There are three
main types of ultrasonic transducers: sonic, magnetostrictive, and piezoelectric. Among
the three types of transducers the piezoelectric transducers are the most commonly used
transducers in the ultrasonic testing equipment. Selection of the transducers depends
upon the specific application and characteristics of the test medium.

In the UPV testing method, an ultrasonic pulse is created by a transmitting
transducer. The pulse travels through the test object with a known length and is collected
by a receiving transducer. The delay (travel) time is recorded by the apparatus. From
the travel time and the known distance (path length) between the transducers, the
apparent pulse velocity is calculated (see Figure 4-2).

TRANSDUCER
{RECEIVER)

teansoucen F
(TRANSMITTER)
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TIME
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Figure 4-2 Schematic diagram of UPV test circuit. (Adapted after Naik, 1979)



Path Length
TransitTime

Pulse Velocity = (4-9)

The active areas of transmitting and receiving transducers are coupled to the test
specimen by a coupling fluid such as oil, water or glycerine. The transmitting and
receiving transducers are designed to generate and receive a straight beam or an angular
beam where it is appropriate for the test procedure.

4.3.2 Applications

In 1964, Bradfield and Gatfield of England developed the a pulse-echo system
for measuring the thickness of concrete pavements. The transducers operated at 100
kHz and arranged as a pitch-catch system for measuring 0.3 m thick concrete specimen
in the laboratory. In 1968, Howkins et al. developed a catch-pitch system for measuring
concrete thicknesses of 0.18 m and 0.25 m in the laboratory. The error of margin of the
measurements was up to 2% in both cases. In 1976, Weber et al. used a pitch-catch
system with a 200 kHz transmitter, developed by the Ohio State University, to conduct
field tests on concrete pavements. The error margin of results was up to 3%, however
they concluded that the system needed more adjustments for field testing. In 1977,
Forrest reported the use of pulse-echo for measuring the length of concrete piles. His
efforts were successful in using a 12 kHz transmitter to measure 24 m long piles. In
1983, Thorton and Alexander developed a pitch-catch system with a 190 kHz transmitter
and PZT receiver. Their efforts were mainly focused on equipment development. Slab
thickness measurements up to 0.25 m were reported.

433 Ultrasonic Testing Equipment

Ultrasonic pulse velocity instruments generate and introduce an ultrasonic signal
into the test specimen. Later, the transmitted signal is collected by a receiving trans-
ducer. The instrument displays the delay time for the signal to travel through the
specimen. The time measurements are displayed on the instrument, in microseconds.
The transducers are usually placed on two sides of the specimen for direct measure-
ments. There are two other transducer arrangements: semi-direct and indirect (see
Figure 4-3). However, better results can be expected from the direct transducer
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arrangements. The transducers are coupled to the surface of the specimen by acoustic
couplants such as petroleum jelly or grease.

‘l-":°.‘-' B
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T
A

8
! [ﬁ h d
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4 -0 . & ° ® ». .
C
Figure 4.3 Methods of UPV arrangement: I})l_dn'ect, B) semi-direct, and C)
indirect. (Adapted from PUND manual, 1981). Note: T =

transmitter and R = receiver.
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Pulse-echo instruments create a burst or pulse of sound when a piezoelectric
crystal is activated with an electrical pulse. The generated pulse travels through the
transducer, its couplant agent, and into the material under test. The sound puise
continues its path until it encounters a sudden change in the properties of the material.
The change could be caused by material property or a discontinuity, and in this case
sound signal echos or returns back. Depending on the path length, many signals are
reflected, later processed by the electronic circuitry, and displayed as a single reading.
The reflected signals are monitored by the transmitter acting as a receiver (true
pulse-echo) or by a second transducer located near the pulse source (pitch-catch). The
true pulse-echo instruments consist of a shock-pulse generator, variable attenuator,
amplifier, filter, and spectrum analyzer or oscilloscope with marker, delay, and various
gating circuits (see Figure 4-4). The sensitivity of the equipment is controlled by the
transducers, pulser, and the amplifier. The transmitting and receiving transducer(s)
mainly utilize piezoelectric elements such as lead zirconate titanate (PZT) for gener-
ating and receiving the signals. The shock-pulse generator produces a burst of energy
for the transmitting transducer. A pulse-repetition device controls the number of pulses
generated per unit time, which controls the scanning speed. The receiving transducer
is preceded by a variable attenuator to increase the dynamic range of the instrument.
It also prevents amplifier saturation that would result in a nonlinear output with respect
to the input voltage. The receiving amplifier circuits amplify the returning signals and
modify them for display. After the amplification, the ultrasonic pulses are sent to a
spectrum analyzer or an oscilloscope for measurement and discrimination of the pulse
amplitudes. Using the time base of the display, the pulse travel time is determined. If
the velocity of the longitudinal wave is known, the travel time can be used to determine
the depth of the reflecting surface:

T==.(At).C, (4-10)

N~

where A tis the reflected travel time, T is the depth, and C . is the P-wave velocity. The

equation could also be used for the pitch-catch system only if the distance between the
transmitter and receiver is small.
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Figure 4-4 lSchen;;;i;:)of pulse-echo and pitch-catch techniques. (After Sansa-
one, .

The time domain analysis has been used in both true pulse-echo and catch-pitch.

4.3.4 Factors Affecting Pulse Velocity Measurements and Dynamic Elastic Constants

The factors affecting the elastic constants can be divided into two categories: the
survey condition (regardless of the media) and the media effect.

43.4.1 Factors Affecting Pulse Velocity Measurements Regardless of Media

a) Acoustic Contact

Improper acoustic contact might result in wrong pulse velocity readings. A good
contact between the transducers and the media is usually induced by grease or other
couplants.
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b) Temperature of Specimen

Temperature variations between 5° to 30°C in the media (concrete or rock) have

been found to have insignificant effects on the pulse velocity (Jones and Facaoaru, 1969).
For other temperatures in concrete, RILEM recommended a correction table.

¢) Moisture Condition of Specimen

The moisture condition has littie to no effect on pulse velocity. However, it was
recorded by Jones (1969) that saturated concrete has a higher puise velocity than dry
concrete. )

d) Path Length of Specimen

Theoretically, the path length of the specimen should not have any effect on the
pulse velocity. However, in practice a shorter path length gives higher pulse velocity
than a longer path length specimen. This is mainly affected by the aggregate size and
the frequency range of the transducers, which control the attenuation rate of the signal.
For concrete, RILEM has recommended the following maximum path lengths for direct
UPV testing:

a) 100 mm for concrete with a maximum aggregate size of 30 mm.
b) 150 mm for concrete with a maximum aggregate size of 45 mm.

¢) Size and Shape of Specimen

Usually the size and shape of the specimen has no effect on the pulse velocity.
However, the lateral dimension of the specimen should be greater than the wavelength
of the pulse, otherwise the resulting pulse velocity will not be accurate. In the case of
the concrete, the wavelength of the pulse must be larger than the maximum aggregate
size in the mix. In the case of rocks, the wavelength of the signal has to be larger than
the maximum size of the minerals in the rock matrix.
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43.4.2 Media Effect

a) Concrete
i) Aggregate Size, Grading, Type and Content

It has been established by many researchers that the compressive strength of the
concrete and UPV is affected by the aggregate characteristics (Jones, 1962; Facaoaru,
1970; Bullock, et al., 1959; Sturrup, et al., 1984; Swamy, and Al-Ahmad, 1984; Anderson,
and Seals, 1981). In 1954, Jones reported that for the same concrete mix proportions
with the same compressive strength, the rounded coarse aggregates of limestone give
lower pulse velocity values than of crushed limestone, while crushed granite give an
intermediate velocity value between the two. Jones (1962), Kaplan (1959) and Bullock
and Whitehurst (1959) established that for the same strength level, mixes with higher
aggregate content have higher pulse velocity values. In 1962, Jones illustrated that a
higher aggregate-cement ratio causes lower compressive strength in concrete. The
dynamic modulus of elasticity of the concrete is affected by the modulus of elasticity of
the constituent materials and their relative proportions. In 1962, Jones stated that for
a given composition of cement paste, that is the w/c ratio, the elastic modulus of the
concrete increases with an increase in the percentage of the total aggregates.

ii) Cement Type and Admixtures

In 1954, Jones reported that type of cement does not influence the pulse velocity.
However, the rate of hydration has a direct effect on the pulse velocity. As the rate of
hydration increases, pulse velocity and strength also increase. In 1970, Facaoaru found
that use of rapid-hardening cement results in an increase in the pulse velocity and the
strength of the concrete. The use of admixtures such as calcium chloride have similar
effects. Admixtures increase the setting time of the concrete and will increase the early
age strength and pulse velocity. In a CANMET study (Malhotra and Sivasundaram,
1991), it was illustrated that incorporation of low calcium fly ashes in a concrete mix
increases the dynamic and static moduli of elasticity in relation to the strength.
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iii) Water-to-Cement Ratio

In 1959, Kaplan reported that as the w/c ratio increases, the density, compressive
strength, flexural strength and the pulse velocity decrease. In 1962, Jones reported that
an increase in w/c ratio reduces the modulus of elasticity.

iv) Degree of Compaction

The hand-compacted or inadequately vibrated concrete is less dense than well
compacted concrete. Pulse velocity depends on density. Therefore poorly compacted
concrete, honeycombed, and less dense concrete result in a decrease in the pulse
velocity. In 1962, Jones recorded a decrease in the modulus of elasticity as the volume
of entrapped air increased in a concrete mix.

v) Curing Conditions and Age of Concrete

The effect of curing and age of the concrete on pulse velocity is similar to the
strength development in concrete. Kaplan reported in 1959 that pulse velocity is higher
in the laboratory-cured sample than in site-cured specimen. In 1962, Jones recorded
the pulse velocity relationshipwith the age of concrete. He showed that the pulse velocity
increases rapidly and later flattens out, similar to the response of strength versus age.
In 1958, Kesler and Higuchi stated that for the same curing conditions, the dynamic
modulus of elasticity increases with strength. Obert and Duvall (1941) have shown that
the change in dynamic elastic moduli is rather small after 3 to 4 days of air drying.
However, it has been recorded by Malhotra (1983) that oven drying of the specimen
over the first 48 hours of curing causes a reduction in the dynamic modulus of elasticity.
A possible explanation given by Malhotra blames the shrinkage and microfracturing for
the drop in the modulus of elasticity. The effects of curing on the modulus of elasticity
and wave velocities are rather crucial.

b) Rocks
i) Rock Type
Generally, as the degree of compaction increases, the velocity of wave propagation

and the modulus of elasticity increases. For example, velocity of wave propagation in
limestone varies between 2000 m/s and 6000 m/s, depending on the degree of com-

paction (Lama, 1978).
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ii) Texture

The velocity of a wave in a rock may be related to the mineral constituents of the
rock and their preferred orientations (Ramana, 1973). The velocity of waves is also
influenced by the size of the grains. The velocities are recorded to be generally higher
in fine-grained rock than in coarse-grained rocks (Lama, 1978).

iii) Density

The pulse velocity increases as the density and the mean atomic weight of the
rocks increases. The relationship may be linear or curvilinear (Birch, 1960, 1961).
Youash (1970) and Ramana (1973) reported an increase in the modulus of elasticity as
the rock density increases.

iv) Porosity

In general as the porosity of the rock increases, the pulse velocity decreases
(Ramana, 1973; Lama, 1978). Between the various types of porosity in rocks, inter-
granular and interagranular, the latter has the highest influence on the wave velocity
variations (Gregory and Gardner, 1958). Youash (1970) recorded a decrease in the
modaulus of elasticity as porosity increases.

v) Anisotropy

The pulse velocity is different along and across layered rocks. The pulse velocity
parallelto the layers s higher than the pulse velocity perpendicular to the layers. Youash
(1970) recorded higher values of modulus of elasticity for foliated sandstone cores, when
the readings were taken parallel to the foliations. Ramana’s (1973) tests on shistose
rocks illustrated that S-wave anisotropy is of the same order as P-wave anisotropy.

vi) Stress

Both longitudinal and shear ultrasonic pulse velocities in rocks increase with
increasing pressure. Tocher (1957), and Wyllie, Gregory and Gardner (1958) reported
that when a specimen is under uniaxial load, the pulse velocities increase when the
measurements are in direction of load. There is a rapid increase in the wave velocity
at Jow pressure due to closure of the voids and microfractures and increase of contact
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between the mineral constituents. Under uniaxial loading the pulse velocity decreases
when the sample reaches over 65% of its maximum strength due to formation of
microfractures.

vii) Water Content

The increase in water content of the rocks results in an increase in longitudinal
wave velocity. However, the longitudinal wave velocities in completely saturated porous
rocks is lower than in slightly porous rocks since the velocity of waves in water is lower
than that in mineral constituents. For transverse wave velocities, the velocity remains
constant regardless of the degree of water content since transverse waves do not pass
through water.

viii) Temperature

The wave velocities and elastic constants drop with an increase of temperature
in rocks (Lama, 1978).

43.5 Comparison Between Pulse Velocity and Resonant Frequency Techniques

The main difference between the two methods is the range of frequencies within
which the wave velocity is determined in the medium. For rocks and concretes, the RF
instruments operate in the frequencyrange of 1 to 30 kHz and the pulse method operates
in the range of 20 kHz to 250 kHz. However, most researchers believe that in this range
of frequencies, elastic constants are independent of the frequency variations.

Another difference between the two methods was pointed out by LeComte (1963),
who focused on the way the stress and strain is imposed on the sample. The RF method
generates standing waves, whereas the pulse method generates transient waves.
However, since the stress and strain values in the samples are small, they behave elas-
tically and semi-elasticly, so that the elastic constants are not effected.

4.4 SEISMIC WAVE PROPAGATION TECHNIQUE

Dynamic elastic constants of rock masses are measured in situ based upon the
computation of seismic wave velocities through the medium. Seismic wave velocities
can be measured by swinging a sledge hammer against an outcrop or by detonating
explosives in a shallow drilled hole and observing the travel time to the geophones (or
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accelerometers) placed at several distances from the source. The zero time shot is

. determined in addition to the travel times to the geophones and is recorded in a
waveform analyzer. P-waves are detected mainly using vertical oriented receivers and
S-waves are detected using transversely oriented receivers. The velocities are computed
by dividing the source to receiver distance by the arrival times of the signals from the
source to the receivers (see Figure 4-5).

Utilizing the rock density and velocities, the dynamic elastic constants can be
calculated from the equations in Table 3-2. Using the reflection and refraction methods,
depth of the various rock beds as well as the thickness of overburden soil can also be
calculated. The seismic wave propagation technique can also be applied between drill
holes. Both downhole hammers and explosives are used for such measurements. The
location of the boreholes is selected according to the shape of the rock mass and its
structure. Detection of the shear waves and problems associated with the mode con-
vergence are the main problems associated with this technique.

=) )

—/

Figure 4-§ Schematic diagram for apparatus arrangement of seismic propa-
gation technique. (After Goodman, 1989

4.5 PETITE SISMIQUE TECHNIQUE

In 1967, Schneider developed a new in situ technique known as petite sismique.
This method is capable of estimating the static modulus of the rock mass. The petite
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sismique method uses a seismic refraction over a distance of 2 to 10 meters, and focuses
mainly on the determination of the shear wave arrival. The petite sismique system
consists of a signal enhancement seismograph, a horizontally oriented surface source,
and directional, moving coil geophones with a frequency range between 1 to 1000 Hz
(see Figure 4-6). Both horizontal and vertical displacement units are used, thus pro-
viding superior flexibility in the geophone arrangement. For a wide frequency range
such as 200 to 1500 Hz, proper receivers must be chosen to eliminate resonance
disturbance. A horizontal surface source is used to generate shear wave polarizing traits
to advantage and to propagate SH-waves which are theoretically free of the P-wave
energy (Belesky, 1984). The signal enhancement seismograph is used; the ability to
store and sum the individual signals this way reduces the random background nose and
improves the arrival of the shear wave signal (Bieniawski, 1976).

4.5.1 Application

The original work by Schneider (1967) emphasizes shear wave parameters such
as frequency, attenuation, wavelength, and velocity. He used plate load tests to measure
the static modulus of elasticity and correlated the results with the shear wave frequencies
obtained by the petite sismique method. To evaluate the petite sismique method in a
mining environment, Heuze (1981) tested pillars in an underground limestone mine.
This experiment was accomplished using receivers mounted on one side of a pillar and
a source placed on the opposite end. The results indicated that a surface refraction
survey is the optimum approach for observing shear waves. It was also concluded that
two main factors affect the shear wave frequencies: 1) the force-time function of the
source, and 2) the transfer function between the source and the geophone.
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Figure 4-6 Block diagram of petite sismique field survey with linear array of
receivers. (Modxﬁc%e after Belesky, 1984)

4.6 IMPULSE-RESPONSE TECHNIQUE

4.6.1 Principle

A mechanical impact is generated on the surface of the specimen. The force-time
function of the impact is recorded. A transducer located near the impact source records
the reflected waves from the bottom surface of the sample. The time history of the
impact force and the time history of the structure’s response are recorded, and the
impulse response is calculated. This can be accomplished by deconvolution or, in the
frequency domain, by dividing the Fourier transform of the response waveform by the
Fourier transform of the impact force-time function. The changes in geometry and the
existence of flaws affect the impulse response of a structure. In the frequency domain,
the resultant response of the structure is a function of the frequency component input.
Digital signal processing techniques are used to obtain the impuise response function,
which is also known as the transfer function. The procedure to calculate the transfer
function is outlined by Higgs (1979). For analysis purposes, the velocity is measured
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and the resulting impulse-response spectrum has units of velocity/force which are
referred to as "mobility”, and the spectrum is called "mobility plot”. In the mobility plot,
at the frequencies corresponding to the resonance frequency of the structure, the
mobility values are at maximum. The difference between any two mobility peaks, A #,
is equal to the natural longitudinal frequency. The length L of the pile can be calculated
by using the following equation:

CP
2(a16)

L= (4-11)

where the C ,is the P-wave velocity. At low frequencies, where the pile and the soil are
vibrating together, the impulse-response provides information about the dynamic
stiffness of the soil-pile structure. At low frequencies, the initial slope of the mobility
plot is approximately a straight line and the slope of this line represents the dynamic
flexibility of the pile head (see Figure 4-7). The dynamic stiffness is the inverse of the
dynamic flexibility.

MOBILITY (m/sN)

FREQUENCY (Hz)

Figure 4-7 l%egall)ized mobility plotfor aconcrete pile. (Adapted from Sansalone,
1991).
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4.6.2 Applications

The impulse-response technique is used mainly to calculate the thickness of
concrete piles over 10.0 meters long and their dynamic stiffness characteristics in the
soil. However, if the longitudinal frequency response of the specimen and the P-wave
velocity are known, the dynamic modulus of elasticity of the medium can be calculated.
In 1974, Davis and Dunn outlined the factors affecting the impulse-response technique
to be: the diameter of the pile, the quality of the concrete, and the damping charac-
teristics of the support or the soil. Higgs (1979) stated that for a L/D (length/diameter)
greater than 20, the test results are not reliable unless the pile passes through a very
soft soil deposit into a rigid stratum. Olson et al. (1995) used the impulse-response
technique to evaluate a concrete shaft lining in Saskatchewan. The technique was not
successful in providing information on the depth of voids and could not differentiate
between the back-side voids and the near-surface delamination cracks.

4.7 SPECTRAL ANALYSIS OF SURFACE WAVES (SASW) TECHNIQUE

4.7.1 Principle

The SASW method is a technique used to measure the dynamic elastic moduli
and thickness of thin concrete layers such as pavements. The method is based on the
dispersion of R-waves in layered systems. A transient stress pulse is generated
mechanically by an impact source on the surface of the specimen. Two receivers placed
a certain distance apart monitor the surface displacements as the wavefront passes
through them. The R-wave is the principal stress wave used in the signal analysis. This
is due to the fact that the R-wave amplitudes are larger than the P- and S-wave
amplitudes on the surface. The generated R-wave contains a range of frequencies. The
contact time controls this range of frequencies; the shorter the contact time, the broader
the range of frequencies. The amplitude of R-wave decays exponentially with depth.
The longer the wavelength, the deeper is the penetration of the R-wave. The impact
source plays an important role in the success of the SASW method. The impactis chosen
so that the high frequency components of the impact, particularly the R-wave, travel
only through the top layer. Lower frequency components penetrate to the second layer.
According to the relationship between the elastic wave velacity and the dynamic
modulus of elasticity, the velocity of R-waves in each layer depends on the material
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properties in each layer. Therefore, the velocity of the R-waves in each layer is different
andis called "phase velocity". The phase velocity is calculated by the travel time between
thetworeceivers. The travel time is determined by the phase difference of the frequency
components when they arrive at the receivers knowing the distance between the two
receivers (see Figure 4-8).

| O 0| Spectral
—V~ 3! Analyzer
) ®
Hammer ¢
R-Wave Receiver 1 Receiver 2
—] Leadl I 1
~/ N\ .
< > 0.5X |
dz X X Variable
o >
Figure 4-8 Schematic of the SASW technique. (After Sansalone, 1991).
X 360
CR(!)=Atf=X° ° f (4-12)

In this equation, C »,, is the velocity of the component frequency, X is the distance

between the two receivers, £ is the frequency of the sine curve which is the inverse of
the period, and ¢ is the phase difference which is calculated from:

¢=Atf(360°) (4-13)

and At is the travel time between the two receivers and is calculated from the following
equation:
423
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The wavelength, A ;, corresponding to a component frequency, is calculated from

the following equation:

Crcny 360
= =X. 4-15
7 > ( )

Ay

The calculations are repeated for each component frequency and a plot of the
wavelength versus phase velocity is obtained; it is known as "dispersion curve"”. Itis used
to obtain the dynamic modulus of elasticity. A process called "inversion" is used to
approximate the dynamic modulus of elasticity.

In this process, the test site is modeled using layers of varying thickness. Each
layer has a different modulus of elasticity depending on the expected values. Each layer
is assigned a density, Poisson’s ratio, and S-wave velocity. Using this information, the
solution for the R-wave propagation is determined and a theoretical dispersion curve
is calculated for the assumed layer system. The theoretical curve is compared with the
experimental dispersion curve. If the curves match, the problem is solved and the
assumed modulus of elasticity is correct. If there are discrepancies, the assumed layered
system is changed or a new theoretical curve is calculated. This process is repeated until
a match between the theoretical and experimental curves are obtained.

4.7.2 Instruments

The SASW system has three components: an impact source (usually a hammer);
two receivers (which can be geophones or accelerometers), and a two channel spectral
analyzer for recording and processing the waveforms. The reliable data is calculated
only for the components with wavelengths greater than one-half of the receiver spacing
and less than three times the spacing. The spacing between the receivers is small at the
beginning and the separation increases with repeated tests. The distance between the
impact source and the nearest receiver is kept larger than the distance between the two
receivers. The distance between the receivers increases as the thickness of the two-
layered system increases. The type of impact source is dependent on the thickness of
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the two-layer system. If the layers are thin, a small hammer is used to generate short
duration pulses with shorter wavelengths. The receivers are selected so that they are
sensitive to vertical surface displacements.

4.73 Applications

The SASW has been successfully used for the evaluation of road profiles where
the asphait-concrete or concrete layer was treated as a single layer (Nazarian and
Stokoe, 1984 and 1986; Nazarian et al. 1983 and 1988). Nazarian et al. (1983, 1984,
1986, and 1988) have used SASW by monitoring the surface motion at two points a
known distance apart. The information for each wavelength component and wave
velocity was extracted, and the elastic properties of the layered materials were calcu-
lated. Olson et. al (1995) used the SASW technique to evaluate the condition of the
concrete shaft lining in Saskatchewan. The SASW technique successfully provided
information about the stiffness of the lining and also the condition of the concrete/rock
interface.

4.8 IMPACT-ECHO TECHNIQUE

The impact-echo technique for the detection of flaws and delaminations in
plate-like concrete structures was developed in the mid-1980’s by Carino and Sansalone
in the United States National Institute of Standards and Technology. The method was
developed for detecting a variety of defects in concrete structures, including plain and
reinforced concrete slabs and walls, concrete slabs with overlays, columns with circular,
square, or rectangular cross-sections, as well as square and rectangular beams.
Impact-echo is not commonly used for determining the dynamic elastic properties of
concrete or rocks. However, assuming an appropriate value for Poisson’s ratio or shear
wave velocity and using the equations in Table 3-2, the elastic constants can be calcu-
lated, with the P-wave velocity obtained by the impact-echo technique.

4.8.1 Principle

As atransient stress pulse is introduced into a test specimen by a spherically tipped
mechanical impact source, the P- and S-waves propagate into the object along spherical
wavefronts and R-waves propagate along the surface on a circular wavefront, centered
at the point of impact. The internal discontinuities, voids and the boundaries of the
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concrete cause reflections of the P-and S-waves. The reflected waves at the surface
cause displacement, which is measured by the receiving transducer. If the receiving
transducer is placed close to the impact source, the dominant surface displacements are
due to the P-wave arrivals because of the radiation patterns associated with the P- and
S-waves. The P-wave is the principle elastic wave used for detection purposes by the
impact-echo system. The pulses generated by the impact source are composed of
low-frequency waves. The point impact source generates a pulse propagating in all
directions rather than a focused beam similar to the one in the pulse-echo technique.
The P-wave arriving at the surface is reflected back into the concrete, and a transient
resonance condition is created as the multiple reflections occur between the top surface
of the concrete and the internal reflections from the interfaces or the bottom surface
of concrete. Each P-wave arrival on the top surface produces a characteristic downward
displacement. Therefore, the waveform is periodic, and the period is approximately
equal to the travel path (27 ) divided by the P-wave velocity C ,, where T is the depth
of the reflected surface (see Figure 4-9). Frequency has an inverse relationship to the
period and therefore the frequency corresponds to the multiple reflections of the P-wave
between the top surface and the reflecting interface f , , such that:

Co

T=
2f,

(4-16)

The frequency content of the surface displacements is obtained using the fast
Fourier transform (FFT) technique. The FFT technique is based on the principle of
the Fourier transform, which states that any waveform can be represented as a sum of
sine curves, each with a particular amplitude, frequency, and phase shift. The resulting
amplitude spectrum contains peaks at frequency values which correspond to the
dominant frequencies in the displacement waveforms. The resolution in the frequency
spectrum, that is, the frequency difference between adjacent points, is measured by the
sampling frequency used to capture the waveform, divided by the number of points in
the waveform record. This limits the resolution of the calculated depth, since the fre-
quency and depth have a direct relationship.
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Figure 4-9 Principle of the impact-echo technique.
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4.8.2 Impact-Echo Testing Equipment

Animpact-echo system is composed of three main components: an impact source,
a receiving transducer, and a digital oscilloscope or a waveform analyzer (see Figure
4-10).

4.8.2.1 Impact Source

The impact source is a critical part of the impact-echo system. A small diameter
steel sphere is used as the impact source. The sphere is either dropped, or mechanically
shot at the concrete plate. The duration of a free-fall impact of a spherical source is
short, ranging between 20 - 90 us. During impact, part of the energy is transferred into
the concrete as elastic wave energy. The force-time history of an impact may be
approximated as a half-sine curve, and the duration of the impact is the "contact time"
(lead to equation 4-17).

o<t<t, (4-17)
where F .., is the maximum force (N), and ¢ . is the contact time of impact (s).

The amplitude of the force-time function F ., affects the displacements and

stresses in the elastic waves generated by the impact. The contact time determines the
frequency content of the stress pulse.

The contact time of an impact produced by a steel sphere as a resulit of free fall
on a concrete plate could be approximated by the Hertz elastic solution (Goldsmith,
1965):

R
tc=5-9?[p,co,+6,,)1°"(h)o,, (4-18)
1-v?
»= % (4-19)
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where

p . is the density of the sphere (kg/m3);

R is the radius of the sphere (m);

h is the drop height (m);

v, is the Poisson’s ratio of the concrete plate;

v, is the Poisson’s ratio of the steel sphere; -

E ,is the Young’s modulus of elasticity for the concrete plate (N/m2); and
E ,is the Young’s modulus of elasticity for the steel

sphere (N/m2).

For example, for a concrete plate with Young’s modulus of 36 GPa and Poisson’s ratio
of 0.2, the contact time (inu s ) can be written as:

t.=0.00858 —— (4-21)
Ch

)0.1

From this relationship, it is obvious that contact time is a function of the sphere
radius and is slightly affected by the drop height.

The maximum force is given by the following equation:

_1.140(v,)%m,

Fmax (4-22)
am
where
1Snu2 o-4
| rocroes(e. s =

and m, is the mass of the sphere (kg) and v, is the velocity of the sphere at impact
(m/s).

4-30



4.8.2.2 Receiving Transducer

The receiving transducer used in impact-echo testing is a conical-tipped piezo-
electric transducer. This transducer is sensitive to the vertical surface displacements
over a broad range of frequencies. The transducer consists of a small conical
piezoelectric element attached to a large brass backing. The brass backing dampens
out undesirable noises. Because of its small contact area, the transducer behaves as a
pointreceiver. A thin metal strip, preferably lead, is used for acoustic coupling between
the transducer and the surface of concrete. Therefore, the transducer does not require
liquid couplants.

4.8.23 Waveform Analyzer

A digital oscilloscope or a waveform analyzer is used to capture the transient
output of the transducer, digitize the waveform, and perform signal processing.

4.8.2.4 Signal Acquisition and Processing

The captured waveforms can be studied in the time domain or can be transformed
into the frequency domain by the use of the fast Fourier transform (FFT) technique.
The initial studies were carried out in the time domain (Steinbeck and Vey, 1975); later
it was found that analysis is faster and simpler in the frequency domain (Sansalone,
1985). In time domain analysis, the impact time can be calculated from the distance
between the impact source and the receiver and the known velocity of R-waves in the
concrete. The reflected P-wave could be identified and its velocity calculated. Later,
knowing the thickness of the concrete, according to the time of arrival of the P-wave,
flaws can be identified. In the frequency domain, the principle is based on the fact that
any waveform can be constructed by superposition of the sine curves of varying
amplitudes and frequencies, with appropriate phase shifts. The FFT technique is used
to obtain the frequency spectrum of the digital displacement waveform (Stearns, 1975).
In sound concrete, the maximum amplitude in the frequency spectrum corresponds to
the multiple arrivals of the P-wave reflected from the bottom surface. This statement
is true if the impact source and the receiver are close to one another and the transducer
is sensitive to the vertical displacements. The reason for this high amplitude is that the
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P-wave has the highest wave velocity of all elastic waves and for the same sampling time
it creates the most resonance between the two surfaces of concrete. Most of the
impact-echo results are based on the frequency spectrum analysis (see Figure 4-11).

4.83 Determination of P-Wave Velocity in Concrete

Any impact-echo analysis requires the knowledge of the P-wave velocity in the
medium. Different methods were used to determine the P-wave velocity in concrete.
When the thickness of the concrete in a sound section is known, the frequency value of
the P-wave from the spectrum created by the impact-echo and equation 4-16 can be
used to determine P-wave velocity (Sansalone, 1985). Alternatively, if a core is available,
P-wave velocity can be calculated by performing impact-echo test on the core. The
known length and the measured frequency can be used to compute P-wave velocity
using equation 4-16. It was found that P-wave velocities from core samples are 5%
slower than the velocities calculated from the structure (Sansalone and Carino, 1986).
The direct ultrasonic pulse velocity (UPV) method can be used, when that the two sides
of the structure are accessible. It was found that the P-wave velocities calculated by the
impact-echo are 10% slower than the velocities measured by the UPV method (San-
salone, 1985). If the two sides of the concrete structure are not accessible and coring
is not possible (i.e. in mine shafts), the P-wave velocity is calculated from the surface
waves. Using impact-echo to identify the first arrival P-wave in time domain, the P-wave
velocity can be calculated. The impact source is fixed on the surface and the receiving
transducer is placed on different known intervals on a straight line apart from the source
(starting from 200 mm away from the source). The time of P-wave arrivals at each point
is calculated for three to five stations. A graph is constructed with the time on the y-axis
and the distance from the source on the x-axis. The slope of the constructed graph is
used to determine the P-wave velocity (Sadri, 1992). It was found that the P-wave
velocities measured by this method are about 5% faster than the impact-echo mea-
surements using the frequency spectrum analysis. The P-wave velocity can be calculated
indirectly, using distinct and high amplitude R-wave arrivals in the time domain. In this
method, two transducers are used, one placed next to the impact source and the other
transducer at a distance away from the first transducer (not more than 100 to 200 mm).
The time arrival of the R-wave between the two transducers is determined from the
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waveform analyzer, and the R-wave velocity is calculated knowing the distance between
the first and the second transducers. Assuming the Poisson’s ratio of concrete to be 0.2,
equation 4-13 is used to estimate P-wave velocity (Lin and Sansalone, 1994).

Figure 4-11
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Examples of frequency spectra: A) test over a solid portion of con-
crete splab; B) test over a disk-shaped void. (After Sag:alone, 1989).

4.8.4 Effect of the Variables on Impact-Echo Resuits

4.8.4.1 Spacing Between Impact Source and Receiver

For detection purposes, a small distance between the impact source and the
receiver minimizes the complications caused by the R-wave or S-wave arrivals. The
separation of the impact source and the receiver (H) are related to the concrete
thickness (T). The best impact-echo measurements were taken where the H/T values
were less than 0.2. Above H/T value of 0.2, both the displacement waveform and the
frequency spectrum become complicated (Sansalone, 198S). For example, at an H/T
value of 1, the S-wave arrivals have a significant influence on the displacement response

(Sadri, 1992).
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4.8.4.2 Time Duration of the Impact (Contact-Time)

The time duration of the impact or the contact-time is a key factor in the
impact-echo testing system. The contact-time (¢ . ) determines the frequency content
of the waves generated by the impact. The force-time function of the impact of a sphere
on a plate is approximately a half-cycle sine curve. Such an impact contains a range of
frequencies. Most of the impact energy is contained in frequencies less than 1.5/¢..
The short contact-time impacts generate waves with a broader range of frequencies;
however, each component frequency has a lower amplitude. A short contact-time puise
contains a higher frequency content and shorter wavelengths; as a result smaller defects
can be detected. As an approximation, the highest frequency component of significant
amplitude in a pulse equals the inverse of the contact-time. For impact-echo testing of
shallow structures, shorter contact-times are preferable. On the other hand, as the
contact-times are shorter, the frequency spectra becomes more complicated. The
longer-duration impacts generate a narrower band of lower frequency and higher
amplitude waves. The low frequency waves (long wavelengths) travel longer (used for
thick structures), but they are unable to detect small flaws. The wavelength of the
waveform has to be smaller than the dimensions of the flaw in order for it to be detected
(Sansalone and Carino, 1986). Also, the waves must have wavelengths equal to the path
length of the structure. The appropriate contact-time is determined by computing the
required wavelengths, converting the wavelength to frequency and then choosing a
contact-time that is short enough to generate required frequencies. It is important to
know that the actual contact-time of a spherical source depends on the surface condition
of the concrete and the diameter of the sphere. For a given spherical source, the
smoother the concrete surface and the smaller the sphere diameter, the shorter the
contact-time. Steel spheres or spherical-tipped impact sources are convenient impact
sources.

4.8.43 Relation Between Flaw Size and Flaw Depth

The larger the ratio is of the lateral dimension of the flaw over its located depth
(D/T), the easier it is to be detected. However, the previous work has shown that the
flaws with dimensions larger or equal to one half of the depth of the flaw can be easily
detected (Sansalone and Carino, 1986; Sadri, 1992), with an appropriate choice of
impact source.
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4.8.5 Applications of Impact-Echo

Steinbeck and Vey (1975) used impact-echo for evaluating concrete piles. An
impact source generated the signal on the top of the piles and an accelerometer was
used as the receiver. The signals were analyzed in the time domain. An abrupt change
in the cross section was used to mark discontinuities, voids, and delaminations. In the
absence of imperfections, the thickness of the piles was calculated. The success of the
method relied on the relation between the impact source and the length of the pile and
the characteristics of the surrounding materials. In 1983, Carino and Sansalone initiated
theoretical and experimental studies to develop impact-echo for testing structures other
than piles. In their laboratory studies, impact-echo was used to detect various types of
interfaces and defects in concrete slabs and wall structures, with or without reinforce-
ment bars. In most of Carino and Sansalone’s experiments, the specimens were con-
structed containing flaws at known locations.

In conjunction with their experimental studies, Carino and Sansalone have per-
formed numerical studies using the finite element method. The finite element method
was used to illustrate the propagation of transient waves in bounded solids and their
interaction with flaws.

In the field study, successful results were obtained by monitoring concrete piles
and ice-skating rink slabs for flaw detection.

4.8.5.1 Plate-Like Structures

a) Detection of Flaws

Proven applications involving detection of flaws in plate structures include:
- detection of voids

- detection of planar or inclined cracks

- detection of shallow delaminations

- detection of honeycombing (poorly consolidated concrete)

- detection of voids in grouted tendon ducts

- determination of surface opening cracks
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b) Shallow Delaminations

Calculations and analysis for disk-shaped voids, planar cracks and inclined cracks
in a concrete slab are similar. The impact response of concrete structures (plate, beam,
column, ring, etc.) containing shallow cracks or delaminations (less than about 0.1 m
deep) is fundamentally different than the response obtained from deeper voids or
delaminations. This is due to the fact that the waves generated by the impact source
excite one or more flexural modes of vibration of the thin concrete section above the
crack. The larger the lateral dimension and/or the shallower the delamination, the lower
will be the flexural frequencies. The fundamental flexural mode of vibrations occurs at
a frequency that is less than the solid plate thickness frequency. The amplitude of these
low frequency flexural vibrations is very large relative to the high frequency reflections
from the surface of the shallow delaminations. This large-amplitude, low-frequency
vibration is a characteristic feature of waveforms obtained from tests over shallow
delaminations, and the frequency spectrum contains one or more large-amplitude,
lower-frequency peaks. In this case the frequency correspondence to the depth of the
concrete is difficult to distinguish, and as a result locating the depth of the delamination
may not be possible (Sansalone, Pratt, Cheng, 1992).

c) Surface Opening Cracks

The impact-echo system has been used to estimate the length of the surface
opening cracks (Sansalone and Carino, 1986 and 1988; Sadri 1992). The impact source
is placed on one side of the crack and the receiver on the opposite side. As the prop-
agating stress waves strike the tip of the crack, the signals diffract. The diffracted P-wave
has spherical wavefronts and the tip of the crack acts as a wave generator. Part of the
diffracted P-wave reaches the receiver and the top surface. The diffracted wave reflects
back into the plate and part of it is incident upon the crack tip and a new diffracted
P-wave is generated. Therefore, a resonant condition is created between the crack tip
and the receiver. This condition produces a peak in the amplitude spectrum at a fre-
quency defined by the equation 4-16, where T corresponds to the depth of the surface
opening crack. S-waves also diffract from the surface opening cracks and maintain their
spherical wavefront. Both P- and S-waves continue to propagate into the plate-like
concrete structure and reflect between the top and bottom surfaces of the piate, giving
rise to the amplitudes in the frequency spectrum corresponding to the solid thickness
frequencies.
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d) Voids in Grouted Tendon Ducts

Laboratory studies have been conducted to detect voids in grouted tendon ducts
(Sansalone and Carino, 1986, 1988; Sansalone, Lin, and Carino, 1990; Carino and
Sansalone, 1991). Presence of a thin layer of higher acoustic impedance between two
thick layers of like acoustic impedances does not effect the transmission of stress waves.
The metal duct between concrete and grout is an example of such a situation. The
results suggest that in case of fully grouted ducts, waves propagate through the ducts
and no reflections occur. However, in cases that air or water filled voids are present
within the grout, reflections will occur from these voids. Difficulties arise when the grout
has a higher acoustic impedance than the surrounding concrete. In such cases grouted
tendon ducts affect the transmission of the stress waves, and detection of the voids in
the grout is difficult (Sadn, 1995).

¢) Honeycombing

Honeycombing refers to unconsolidated or segregated concrete. Impact-echo
has been used for detection of honeycombing in concrete (Sansalone and Carino 1988a,
b). Reflections and diffractions occur as the stress waves encounter the honeycombing.
Also, a part of the signal traverses through the honeycombing, and later as a result of
the bottom surface, a part of it reflects back to the surface passing again through the
honeycombing. Thus the resulting frequency spectrum contains peaks corresponding
to the diffracted and reflected waves from the honeycombing and also reflected waves
from the bottom surface. The thickness peak generally is shifted to a value less than
the solid thickness frequency peak, because the waves are slower when they pass through
the honeycombing. To detect honeycombing, short duration impacts are needed to
cause significant reflections.

4.8.5.2 Layered Plates
Layered plate-like structures such as:

- concrete plates with overlays (either asphalt or concrete, or both);

- concrete plates with an embedment (usually a steel layer);

- concrete plates with steel liners;

- concrete liners for rock mines or tunnel shafts; and

- layered pavement systems where the concern is for detecting voids in the sub-

4-37



grade beneath the concrete using the impact-echo (Sansalone, Lin and Carino, 1990;
Sansalone and Carino, 1989 and 1990; Lin, Sansalone and Carino, 1991). In the case
of asphalt overlay on concrete, the acoustic impedance of the concrete is about 1.5 times
greater than that of the asphalt, and the amplitude of the reflected wave from the
asphalt/concrete interface is about 20% of the incident amplitude, while the amplitude
of the refracted wave into the concrete is 120% of the incident amplitude (Sansalone
and Carino, 1989). The waves thatare refracted into the concrete plate are subsequently
reflected and refracted at the bottom surface. The reflection and refraction then will
occur at the concrete/asphalt interface as the reflected waves propagate back through
the plate. In cases that the overlay is separated from the concrete, a large amplitude
occurs in the frequency spectrum as a result of reflection from the free stress interface.
If the two layers are perfectly bonded there is a low-amplitude peak on the frequency
spectrum corresponding to the depth of the overlay and one large amplitude peak
corresponding to the total thickness (Sansalone and Carino, 1989). To determine the
depth of the flaw, the velocity of the P-wave in the overlay and in the concrete must be
known. The depth of the flaw can be calculated using the following equation (Sansalone
and Carino, 1989):

Cpo Cpo=C
T4=0.5[=F=+ 22—
<R

] (4-24)

where T 4is the depth of the flaw from the top of the overlay; C ,. is the P-wave velocity

in the concrete; C , is the P-wave velocity in the overlay; £, is the frequency value
corresponding to the depth of the overlay, and f . is the frequency value corresponding
to the total depth.

If the velocities of the P-wave in the two layers are known, the frequency response
of the full thickness could be expressed as:

fe=s77 (4-25)

where 7. and T, are the thicknesses of the concrete and the overlay respectively.
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4.8.53 Steel Reinforcing Bars

P-wave reflection from a concrete/steel interface is different from the reflections
from concrete/air interface (Sansalone and Carino, 1990; Sadri, 1992), because steel
has a higher acoustic impedance than concrete. The reflected waves from the steel
interface do not change sign (i.e. from a tension to compressional or vice-versa) as they
do when they are incident upon an interface having a lower acoustic impedance.
Therefore, the periodicity of the P-wave arriving at the surface is twice that given by
equation 4-16. Thus equation 4-16 can be written as:

Co
4f,

This equation is valid for calculating the location of reinforcing bars or other
objects with higher acoustic impedance than concrete. For steel bars, the accuracy
depends upon the relationship between the diameter of the bar and its depth in concrete.
Impact-echo can be used for detecting near-surface reinforcement bars (Sansalone and
Carino, 1990; Sadri, 1992; Cheng and Sansalone 1992).

T=

(4-26)

T=Cp/afp

Figure 4-12 Effect of interface: wave reflections from concrete/steel and con-
crete/air interfaces.
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4.8.5.4 Bar-like Structures (Beam and Column)

In the plate-like structures the dominant response of the impact-echo is due to
the reflections between the top and bottom surface of the plate, or possible defects. In
bar-like structures such as beams and columns, the side boundaries have a significant
effect on the wave propagation. When an impact is generated on one side of a structure
such as a pile, the resulting wavefront is initially spherical but later becomes planar as
the pulse travels down the bar-like structure. The plane wave reflection occurs at the
bottom surface, the reflected waves travel through the length and are detected by the
receiver. The length of the pile acts as a wave guide. Long-duration impacts are used
due to the long length of the piles. The signal analysis is simple and straightforward.

The transverse point impact response on concrete bars having circular, square,
and rectangular cross sections is considerably different. When a transverse point impact
is generated, the interpretation is more complex. The transient response of a bar
subjected to a transverse impact is a combination response of a number of cross sectional
modes of vibration which are caused by multiple reflections of waves in the cross section
(Lin and Sansalone, 1991a, b, 1992). In this situation, the length of the bar does not
effect the results as long as it is greater than about three times the width (Lin and
Sansalone, 1991a, b). The geometry and shape of the cross-section controls the shape
and the frequency of the cross-sectional mode. The presence of the defects disrupts
the frequency pattern created by the cross sectional modes in a solid bar. Once the solid
response is understood, the presence of the defects can be determined easily. Equation
4-16 could be used to locate the defects.

4.8.5.5 Hollow Cylindrical Structures

The hollow cylindrical structures such as tunnel concrete liners (i.e subway tun-
nels) or the concrete shaft lining in underground mines, are surrounded by soil or rock.
The response of the stress waves generated by impact-echo is greatly affected by the
acoustic properties of the surrounding materials. The impact response is strong where
there is a relatively large difference between the acoustic impedances of the concrete
lining and the surrounding materials. The experimental work on the concrete shaft
lining at Allan potash mine in Saskatchewan by Lin and Sansalone (1994) suggests that
the acoustic impedances between the concrete androck (| 2, - Z./ Z .+ Z .[yshould be
greater than about 0.24. In this study it was shown that when the acoustic impedance
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of the concrete and surrounding rock is the same, the concrete thickness cannot be
measured. If the acoustic impedance of the rock is lower than that of the concrete,
equation 4-16 is used when the acoustic impedance of the rock is higher than concrete,
equation 4-26 is used to explain the relation between the P-wave velocity and the fre-
quency in the concrete liner with a certain thickness. Delaminations between the
concrete lining and the surrounding rock are easily identifiable, independent of the
rock’s acoustic properties (Lin and Sansalone, 1994). The separations between the
concrete/rock interface or fractures within the concrete liner (concrete/air or concre-
te/water) can be detected and the equation 4-16 can be used to determine their depth.

4.8.5.6 Evaluation of Setting Time, Strength and Dynamic Elastic Constants of Con-
crete

The impact-echo method was used by Pessiki and Carino (1988) to monitor the
development of mechanical properties of the concrete at an early stage. The values of
P-wave velocities obtained by the impact-echo method were compared with the standard
penetration test for determining the setting time of the concrete. The setting time of
the concrete based on the impact-echo resuits showed excellent correlation between
the initial setting times obtained by the penetration resistance tests. It was shown that
a strength-velocity relationship for a given concrete mixture could be used subsequently
as a reliable means of estimating the strength of a concrete structure.

4.9 SUMMARY

Dynamic elastic constants are calculated from the elastic wave velocities and
densities. In this chapter, various techniques used for generation and detection of elastic
waves in rocks and concrete have been discussed. The theory, apparatus, applications
and limitations of each technique has been given. A summary of advantages and dis-
advantages of all the wave propagation techniques are presented in Table 4-1.



Table 4-1 A summary of techniques used to measure dynamic modulus of elasticity for

rocks and concrete.

- Extensively used.

- Thedimensions of the specimen
coatrol the testing procedure.

- It is not commonly wsed in the
Gield.

- Direct P-wave velocity measurement.
- Easy to use.

- Fast measurement technique.

- Extensively used.

- Difficuit to measure S-wave
parameters.

- Usually sssumes Poisson’s ratio
or shear wave velocity for elastic
moduli measurement.

- Rapid signal attenuation prob-

- Direct elastic wave measurement.

- Used for large scale measurements.

- Could be inexpensive (i.c. hammer
seismic).

- Extensively used.

- Direct measurement of S-wave
parameters.

- Comparison of static modulus of
elasticity with S-wave parameters.

- Can be expensive (i.c. source
and receiver).

- Measures the clastic moduli of the
concrete piles and it's base material.
- Inexpensive.

- Indirect calculations of modulus
values.

- It is limited to the piles or
columnar structures.

- Capable of measuring moduius of
elasticity for thin pavement layers.
- Inexpensive.

- Calculates the clastic moduli
values by comparing with various
modeis.

- Assumes theoretical Poisson’s
ratio values for caiculations.

- Rapid R-wave attenuation in
thick concrete isyers.

- Direct measurements of P-wave
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CHAPTER 5

METHODS OF DETERMINING STATIC ELASTIC CONSTANTS

5.1 INTRODUCTION

This chapter presents the various laboratory and in situ methods used for mea-
suring the static modulus of elasticity parameters for rocks and concretes. Also, the
factors that influence the static modulus values are briefly discussed. Finally, a brief
comparison between the dynamic and static modulus of elasticity of rocks and concretes
is presented.

§.2 MEASUREMENT OF DEFORMATION

The deformation of concrete or rock samples is measured with the help of three
devices, which are mechanical, optical, and electrical gauges. The most widely used are
mechanical gauges, most commonly referred to as dial gauges. These dial gauges are
made of gears connected to a shaft. When pressure is applied on this shaft, it moves
and forces the gears to turn, thereby recording the deformation to the surface on which
the shaft is installed. In brief, mechanical gauges work similarly to the micrometers. A
precision in the range of 0.01 to 0.001 mm is common.

Optical gauges consist of a short mechanical arm with a small mirror mounted on .
it which reflects a beam of light falling upon it. Following the law of reflection, the
reflected beam moves twice as fast as the short arm, and the magnified angular move-
ment of the reflected beam is measured either at some distance from the pivot point of
the system or by using an optical system thereby magnifying the displacement of the end
of the short mechanical arm. A large variety of optical instruments is available with
magnifications from 10 to 1000 times, and precision ranges from 5 mm to 0.002 mm.

Finally, electrical gauges include linear variable differential transformers (LVDT)
and electrical resistance strain gauges. These devices are based on the principle that
resistance in an electrical wire changes as it extends lengthwise, or as a movable part
(as in a rheostat), or a change in self-inductance or capacitance of a moveable magnetic
element occurs.



§.2.1 Stress-Strain Curve

The static modulus of elasticity for a material under tension or compression is
given by the slope of the stress-strain curve for the concrete or the rock under uniaxial
load. Since the stress-strain curve for the concrete and rocks is not linear, three methods
for computation of Young’s modulus are used (see Figure 5-1).

a) The tangent modulus is given by the slope of a line drawn tangential to the
stress-strain curve at any point on the curve.

b) The secant modulus is given by the slope of a line drawn from the origin to a
point on the curve corresponding to a 40% (for rocks it is to the 50%) (ASTM DES-
IGNATION D 3148-72) of the stress at the failure load.

¢) The chord modulus, known as average modulus in rock mechanics, is given by
the slope of a line drawn between two points (more or less the straight line portion) on
the stress-strain curve.

d) The initial tangent modulus is the tangent modulus of the line drawn at the
origin. The initial tangent modulus corresponds to very small instantaneous strains and
is compared to the dynamic elastic modulus.

Poisson’s ratio could be calculated for the material subjected to the axial load, by
measuring the ratio of the lateral strain to the axial strain within the elastic range (usually
between 40% to 60% of the maximum strength). For concrete, the Poisson’s ratio values
range between 0.11 and 0.28, however the average Poisson’s ratio for concrete is 0.20
(Fintel, 1985). The Poisson’s ratio values tend to be higher at early curing stages, and
then due to increase in strength and age, Poisson values decrease (Fintel, 1985; Sadri,
1992).

The stages of a typical stress-strain curve are important to note. In rocks, during
the initial application of load on the sample, pores, cracks and joints close and the
specimen becomes denser. The stress-strain curve shows an upward concavity (section
A). In concrete, below about 30 percent of the ultimate load, the transition zone cracks,
that were formed during curing, remain stable; therefore the stress-strain curve remains
linear. Inrocks, at the intermediate stress level, usually between one-third and two-thirds
of the maximum uniaxial strength, most of the rocks and concretes become linearly
elastic (section B). At this stage all of the pores, cracks and joints are closed; therefore
the strain increments become proportional to the stress values. In concrete, above 30
percent of the ultimate load, the transition zone microcracks increase in length and the
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curve begins to deviate from the straight line. Until 50% of the ultimate load a stable
system of microcracks may be assumed in the transition zone. At 50 to 60 percent of
the ultimate load, cracks begin to form in the matrix. With further increase in stress up
to about 75% of ultimate load, the cracks in the transition zone become unstable and
the stress-strain curve bends considerably toward the horizontal. In rocks, following
this stage up to the peak stress value, new intergranular, interagranular and trans-
granular microcracks form. In concrete, after 75 to 80 percent of the ultimate load, very
high strains are developed, the crack system is becoming continuous and rapid both in
the matrix and the transition zone. Finally, the shape of the stress-strain curve becomes
concave downward up to failure (see Figure S-1).

| T
% T Section C
e A
b ]
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Rock
50% { Section B
30% §|— Concrete
D
Section A
o
o
Strain

AB is the chord modulus, known as sverage modulus
OS is secant modulus 30% Max. stress

OD is initial tangent modulus

TT' is tangent modulus

Section A shows pores, cracks and joints are closing.
Section B shows pores, cracks and joints are closed.

Section C shows aew cracks and joints are opening.

Figure §-1 A typical stress-strain curve.
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53 DETERMINATION OF STATIC ELASTIC MODULUS IN CONCRETE: LAB-
ORATORY METHOD

ASTM C469 describes the method of measuring static modulus of elasticity (chord
modulus) and Poisson’s ratio of a 6.0 in. (15.0 cm) by 12.0in. (30.5 cm) concrete cylinder.
The samples are loaded in longitudinal compression at a constant loading rate within
the range of 35 + § psi. Appropriate deformation (strain) gauges are installed hori-
zontally and vertically (perpendicular and parallel) to the direction of loading for later
computation of Poisson’s ratio. The generated stress-strain curve is used to compute
the static Young’s modulus of elasticity.

For structural design purposes, the Young modulus of elasticity values are esti-
mated from empirical equations (Mehta and Monteiro, 1993). These empirical equa-
tions assume a direct relationship between the density, strength, and elastic modulus of
concrete.

The ACI code (1983) expresses the elastic modulus in terms of the concrete
strength:
E.=0.043(W)3(f’.)? forf'.<40MPa (5-1)
where Wis the unit weight of concrete in kg/m3and 7 ° .is concrete compressive strength
in MPa.

The ACI committee 363 (1992) and CSA Standard (1994) have expressed modulus
of elasticity in the following form:

i Pc ,
Ec=(3320(f'c)2+6900)(m) for2l1MPa< f'.<83MPa (S5-2)

where p . is the concrete density in kg/m3.

The following empirical equation is introduced by the ACI Building Code 318, for
concretes weighting between 90.0 (40.8 kg) and 155.0 (70.3 kg) Ib/ft3.

E.=Ww. x33f' "2 (5-3)
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where the £ . is the concrete modulus of elasticity in psi, I . is the unit weight in Ib/ft3,

and f’. is the 28-day uniaxial compressive strength of the standard cylinders. For a
concrete with a density value between 1400 and 2300 kg/m3 (normal weight concrete)
the following equation is used:

E_=S7000f". (5-4)

where f ' ., compressive strength of the cylinder is in Ib/in2 and E . is Ib/in2. When £,
is expressed in GPa and £ ' . is expressed in MPa the equation changes to:

E.=4.73JF". (S-5)

In the CEB-FIP Code (1990), the modulus of elasticity of normal weight concrete
can be estimated from:

E,=2.5%x10*f /100! (5-6)

where the £ . is the modulus of elasticity of 28-day concrete in MPa, and f .. is the
average 28-day compressive strength.

5.4 FACTORS AFFECTING STATIC MODULUS OF ELASTICITY AND POIS-
SON’S RATIO OF CONCRETE

The modulus of elasticity of concrete is expressed as a function of concrete
compressive strength. Hansen (1956), Gunzler (1970), Lew and Reichard (1978, Byfors
(1980), Oluokun et al. (1991), and Mehta (1994) have studied the changes in concrete
compressive strength and modulus of elasticity at early ages. The elastic modulus of
concrete is affected by aggregate type, water/cement ratio, cement type, temperature,
and testing parameters (Byfors (1980), Zia et al. (1991), ACI committee 363 (1984),
Collins and Mitchell (1990):
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5.4.1 Aggregate

The concretes with dense aggregate have a higher modulus of elasticity. The
aggregate porosity seems to be the main factor. This is because the aggregate porosity
determines its stiffness, which in turn controls the ability of the aggregate to restrain the
matrix strain. Different types of aggregates effect the modulus of elasticity because
different aggregate types have different modulus of elasticity and the overall modulus
of elasticity of the concrete is a combination of its material constituents. Lightweight
rocks such as limestone are more porous than intermediate aggregates such as granite.
The modulus of elasticity of the aggregates influences the modulus of elasticity of bulk
concrete samples. Intwo concrete mixes with the same strength, the modulus of elasticity
is higher for the mix with granite type aggregate than that with limestone type aggregate.
The size, shape, surface texture, grading, and mineralogical composition can influence
the microfracturing and influences the stress-strain curve.

§.4.2 Cement Paste Matrix

Porosity controls the modulus of elasticity of the cement paste matrix. The porosity
of the cement paste is controlled by the water/cement ratio, air content, mineral
admixtures and degree of cement hydration.

5.4.3 Transition Zone

Transition zone is a term used for the boundary between the coarse aggregates
and the cement paste. The void spaces, microfractures, and the orientation of the
calcium hydroxide crystals are mainly concentrated in the transition zone which
influences the stress-strain relationship in concrete.

5.4.4 Testing Parameters

It has been observed that the concrete samples that are tested in wet conditions
have approximately 15% higher modulus of elasticity values than those tested in dry
conditions. The rate of the applied load influences the stress-strain curve, the rate of
crack propagation and hence the modulus of elasticity.

5-6



5.4.5 Poisson’s Ratio

In 1970, Gunzler reported that there was no change in Poisson’s ratio at early
hours of curing (15 hours to 30 hours). Perenchio and Kilieger (1978), Carrasquillo et
al. (1981), Klink (1985), and NRMCA (1992) reported that Poisson’s ratio is affected
by age and concrete strength. However, Oluokun et al. (1990) concluded that Poisson’s
ratio is not affected by the concrete strength or age. Byfors (1980) reported that
Poisson’s ratio is lower at early ages and increases with increasing age and strength.

5.5 DETERMINATION OF STATIC ELASTIC MODULUS IN ROCKS: LABORA-
TORY METHODS

5.5.1 The Simple Compression Test

An unconfined compression test on a core specimen, with two smooth ends having
alength-to-diameter ratio of 2and 3, and adevice to measure strains, yields a stress-strain
curve. The sample is loaded between the cylindrical seats in a compression testing
machine. The uniaxial stress is increased at a rate of 0.5-1.0 MPa/s. The readings of
strains, that is the axial and the circumferential strains, are collected usually using
electrical resistance strain gauges. The Young’s modulus of elasticity, £ , is obtained
from the slope of axial stress-strain curve. Poisson’s ratio, v, is obtained by dividing the
lateral strain by the axial strain.

§.5.1.1 Applications

As early as 1883, Milne and Grey measured the value of Young’s modulus for
Japanese rocks in connection with earthquake research and seismology. They used rock
beams and caiculated the results from the standard beam theory.

Later in 1910, Adams and Coker developed a more comprehensive laboratory
testing procedure to measure Young’s modulus and Poisson’s ratio of marbles and
granites. The tests were of the uniaxial type on cubic and cylindrical samples. The
stress-strain curves plotted illustrated hysteresis effects. However, the variations of
temperature had no measurable effect on the results. In 1930, Phillips conducted a
series of experiments on shales, sandstones and siltstones to study the effect of variation
of moisture content on Young’s modulus and Poisson’s ratio. In 1933, Zisman made a
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study of the elastic constants of rocks as part of a larger study concerning geophysical
applications. Cyclic loading tests were made on cylinders, the load, vertical and hori-
zontal strains being measured. From these results, Young’s modulus and Poisson’s ratio
were calculated directly. Static uniaxial loading was used, and the average of the results
for loading and unloading was taken. The results showed that both Young’s modulus
and Poisson’s ratio increased with an increasing load. Evans in 1935 did a study of
marble, sandstone and concrete cylinders under uniaxial loading conditions. Both elastic
and plastic effects were reflected in the results. The rate of loading was varied, but the
stress-strain curve proved to be independent of time.

In 1937, a comprehensive survey of one hundred rocks from North America was
undertaken by Griffith. The cubic samples were tested for their compressive strength
and hardness. Later, their variations with the water content of the rocks were studied.
Both compressive strength and hardness of rocks were found to reduce with increasing
water content. In this study, it was assumed that the maximum water content was equal
to the pore volume of rock. The work was continued by Phillips (1948). The values of
Young’s modulus and Poisson’s ratio were calculated. The results showed that for cyclic
loading both Young’s modulus and Poisson’s ratio increased with load.

5.5.1.2 Factors Affecting Static Modulus of Elasticity of Rocks

a) Specimen Geometry

In homogeneous rocks the height to diameter (h/d) of the cylindrical samples may
or may not influence the modulus values (Lama, 1978). In nonhomogeneous rocks, the
h/d ratio may influence the stress-strain curve, and hence the modulus values (Lama,
1970). The change in modulus values is more obvious when the h/d ratios increase
substantially to 3 and higher (Handin et al., 1972). A low h/d ratio results in an increase
of confining pressure; hence the mode of fracture of the specimen decrease and the
modulus values increase (Lama and Gonano, 1976).

b) Temperature

Temperature influences the stress-strain curve particularly when there is high
lateral pressure. In this case the ductility of the rock increases and affects the modulus
values (Lama, 1978, and Goodman, 1989).
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c) Fractures, Voids and Rock Structure

Fractures and pores have a great influence on the calculated modulus values. The
large number of microfractures and voids results in low modulus values (Lama, 1970).
The modulus values for rocks stressed parallel to the beddings and foliations are higher
than when the stress is perpendicular to them. Poisson’s ratio is greatly influenced by
the opening and closing of the fractures and voids (Lama, 1978).

d) Testing Parameters

The type of loading platen (rough, smooth, shape and relative stiffness, rigid or
brush, and its diameter relative to the specimen) influences the stress distribution in the
sample, and therefore effects the modulus values (Lama, 1978). Smooth, brush platens
with their diameters similar to the testing specimen are recommended. The rate of
loading is also an important testing parameter which influences the modulus values and
particularly the Poisson’s ratio. The load must be applied uniformly on the specimen.
The rate of loading on rocks is different upon the rock type (Lama, 1978). If the rock
does not behave linearly elastic, and a test is conducted at a particular stress rate, the
corresponding strain rate shall be different at different stages of strain. It shall increase
for a rock with a stress-strain curve being convex towards the stress axis (e.g., shales and
limestones) and decrease for a rock with a stress-strain curve being convex towards the
strain axis (e.g., coals and rock salt). Nevertheless, most of the machines are capable
of giving strain rates between 10-3 to 10-4. However, the influence on the modulus
values because of changes on the platen condition and rate of loading do not exceed
more than 5-10% between the extreme cases (Lama, 1978).

5§.5.2 The Brazilian Test

The Brazilian test uses a cylindrical rock or concrete sample (where the length-
over-diameter ratio should be approximately 2.5:3.0) to caiculate the Poisson’s ratio
and the Young’s modulus. The sample is subjected to an increasing load applied parallel
to one of the core diameters. The strain is measured with a 90° strain gauge rosette
placed at the center of the sample, and oriented to record both horizontal and vertical
strain (€, and €, respectively). Knowing the load P, and the horizontal and verticai
deformations, itis possible to calculate Poisson’s ratio and Young’s modulus as following
(Hondros, 1959):
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(5-8)
where Dis the diameter, and ¢ is the thickness of the core sample.

5.53 Bending Test

The bending test is a very simple method for measuring Young’s modulus. A
beam or cylindrical sample is placed on two supports, and a load is applied at one or
two points. The modulus of elasticity can then be calculated using the following
equations:

for one-point loading:

wiL3

a8y 1) -9

for two-point loading:

wit?

E=sevin -1

where I is the load applied;
L is the length of the sample;
y is the deflection measured at the center of the sample, and / . is the moment of inertia
of the section at the centroid.

Depending on whether the cross-sectional shape of the sample is rectangular or
circular, the moment of inertia / . can be found as bh*/12 (for a rectangular beam,
where b is width and his height) or nd*/ 6 4 (for cylindrical core of diameter d). Since
rocks and concretes have different values for the modulus of elasticity when tested in
tension or COMPression, £ y4nqing €an be related to £ .o pression AN E nsi0n (Adler, 1970)
(assuming linear stress-strain behavior):
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This equation is only applicable to rectangular specimens.

(S-11)

5.5.4 Compression of Square Plates

The modulus of elasticity and Poisson’s ratio of rocks or concretes can be calcu-
lated (assuming the sample to be linearly elastic) by measuring the horizontal and
vertical strains at the center of the square plate and using the following equations (Davis
and Stagg, 1970):

B-a _
v Rac1 (S-12)
G
E=—(l+va) (5-13)
€n

where o, is the horizontal tensile stress,

€, is the horizontal strain at center,

a is the ratio of the vertical to the horizontal stress ( - :— ), and

[y

@ is the ratio of the vertical to the horizontal strain (- ).

[}

5.5.5 Triaxial Test (Solid and Hollow Cylinders)

Elastic constants can be determined from triaxial testing, using strain gauges
mounted on the exterior surface of the samples and the connections being taken out
through specially designed plates.

The relationship between the modulus of elasticity and Poisson’s ratio with the
applied axial stress, 0, , the confining pressure, p ;, and the axial strain, €, , is given by:

-2
1
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In case of a hollow cylinder, the internal pressure is zero, and the modulus of
elasticity is calculated by:

1 2Up3b2
E=—|0g,- ——— S-15
en[ ' (bz-az)] ( )

where v is the Poisson’s ratio;

b is the outside radius of the cylinder and
a is the radius of the hole.

5.6 DETERMINATION OF STATIC ELASTIC MODULUS IN ROCKS: FIELD
METHODS

There are a number of field methods available for measuring the static elastic
constants in rocks. In this section, a brief description of these methods and their
instrumentation are given.

5.6.1 Dilatometer and Gallery Tests

Dilatometers or pressuremeters are applied in drillholes for measurements of the
elasticmoduli. The instrumentis inserted in a drillhole and is expanded to apply pressure
to the drillhole walls (ISRM, 1987). The gallery test is a similar experiment conducted
in the bulkheaded section of a tunnel. Dilation of the hole is measured as a function of
the pressure, from which the deformability parameters of the ground are calculated. It
can also be used to test hollow cylinders of rock in the laboratory for measurement of
the elastic moduli.

Using the following equation the shear modulus, G , is calculated as:
nLD?

S (5-16)

G=M

where [ is the length and D is the diameter of the drillhole test section (in metric units);
x is the pressure generator constant (depending on the type of the dilatometer), and
M . is the pressure-volume relationship constant of the rock (M , is in megapascals, per
turn of the screw pump).
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In cases that the Poisson’s ratio is known and the Young’s modulus can be calculated
from:

E=2(1+vu)G (5-17)

or

£=(1+u)ApA°—u (5-18)

where p is the applied uniformed pressure;
a is the radius of the borehole, and
Au is the radial deformation.

§.6.2 Radial Jacking Tests

The radial jacking test is a large scale test for measurement of deformability of
tunnels. The loads are applied to the circumference of a tunnel by a series of jacks and
the resulting radial expansion is measured.

5.6.3 Flat Jack Test

With the flat jack test, large volume of rocks are loaded to pressures up to 70 MPa
or higher using stainless steel flat jacks with special welding details. Typically an area
of 600 cm? is selected and is cut by a saw in a linear fashion, several flat jacks are placed
in the slot, and pressure is applied to the rocks. The slot expansion displacements are
measured by electrical transducers. Readings are taken for different pressures as the
pressure rises. The results are presented graphically, and the modulus of elasticity, £,
is calculated from the graph at any given pressure by:

E=k(l—uz)3—g (5-19)
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where k is a coefficient which is determined graphically and depends on the number of
jacks and chamber configuration;

v is the Poisson’s ratio which is usually approximated, and

d p/dD is the slope of pressure versus the siot opening at the selected point.

5.6.4 Plate-Bearing Test

The plate-bearing test is the most common and least expensive large-scale in situ
test for determining the deformability in rocks (ISRM, 1981). A rigid plate, which is
built up from several concentric disks of heavy gauge steel, is pushed against a prepared
rock surface, and the settiements are measured at the surface of the plate. As the load
is increased at equal increments, the displacements are measured at the plate surface.
The load is cycled often to check the nonlinearity and the difference in loading and
unloading behavior.

(a) ()

(e)

Figure 5-2 Configurations of the methods for measuring static modulus of
elasticity: a) uniaxial and triaxial tests, b) dilatometer test, c) plate-
loading test, d) large flat-jack test, ¢) four-point beam-bending test
and f) radial_%ckingormnnelprasuﬁnnontest. (Modified after
Franklin and Dusseault, 1989).
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5.7 COMPARISON BETWEEN DYNAMIC AND STATIC ELASTIC CONSTANTS

In the case of rocks and concrete the values of dynamic elastic moduli are several
times greater than the static ones, because of the time lag of the strains behind that of
the applied stresses due to the anelasticity of the materials (Blitz, 1996). Lama (1978)
made a general comparison between the values of static and dynamic modulus of
elasticity of various rock types. He concluded that with the static method, the values of
modulus of elasticity are more scattered than values obtain by dynamic methods;
however, with the static methods the strain values are as high as 10-2 compared with
the low strain values of 10-3 obtained using the dynamic methods. Since the dynamic
methods involve low strains, a comparison of static and dynamic values is possible only
if the static values are taken at comparable stress levels. Previous workers have shown
that the dynamic values of Young’s modulus are found to be significantly greater than
the static values. The difference was explained due to the presence of voids, fractures
and cavities. Zisman (1933) and Ide (1936) explained this difference with the static
yielding being increased by deformation of discontinuities and cavities and the dynamic
methods being less influenced. They also concluded that the higher degree of com-
paction in the rocks leads to better between the dynamic and static results. Other results
such as those of the United States Bureau of Reclamation (1948), Dvorak (1957),
Sutherland (1962), Chenevert (1964), Youash (1970), Coon (1968), Rzhevsky and Novik
(1971), and Ramana (1973) agree with these results. In 1953, the U.S. Bureau of
Reclamation reported that the discrepancy between the dynamic and static values is
less for rocks with higher values of modulus of elasticity.

In concrete, the dynamic and static modulus of elasticity are different as a result
of two major factors: a) the low rate of stress and strain as a result of the dynamic loading
compared to the high rate of stress and strain in static loading; and b) nonhomogeneity
of the concrete effects the two moduli in different ways (Philleo, 1955). In general,
dynamic modulus of elasticity values are appreciably higher than static ones for all
concrete types (Neville, 1981). According to the British Code CP 110:1972, the dynamic
E 4 and static £ . modulus of elasticities in GPa could be expressed by:

E.=1.25E,~4.1 (5-20)
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The relation dose not apply for lightweight aggregate concretes and concretes
containing more than 500 kg cement per cubic meter of concrete. For light and normal
weight concrete it has been suggested that the relationship between the static and
dynamic moduli is a function of the density of the concrete (Popovics, 1973). The
dynamic Poission’s ratios for concrete are higher than static values particularly at early
curing stages.

5.8 SUMMARY

In this chapter, the various laboratory and in situ techniques for measuring static
elastic moduli for concrete and rocks are described. For each method, the test proce-
dures and the various implications are discussed. The current in situ measurement
techniques are used mainly to calculate the deformability of the rocks rather than those
of the concrete. Various in situ techniques are designed to measure the static modulus
of elasticity of rock masses or concrete structures with different dimensions and scales.
A comparison between the static and dynamic elastic moduli for rocks and concrete
suggest that in most cases the dynamic values are larger than the static values and that
is mainly due to the anelasticity of the materials, the rate of loading, and the strain rates.
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CHAPTER 6

MINIATURE SEISMIC REFLECTION (MSR) SYSTEM

6.1 INTRODUCTION

An MSR system was assembled in the Geomechanics Laboratory at McGill
University. The hardware was designed in order to be used on circular and arch-shaped
concrete structures and rock masses in the field and also laboratory size specimens. A
number of impact devices are designed to generate repeatable signals with a wide range
of frequencies into the objects. The analysis software program is developed to identify
and measure P- and SV-wave frequencies and subsequently their velocities, with the
GAUSS mathematical and statistical system using a time series analysis package.

6.2 PRINCIPLE OF MSR SYSTEM

The MSR system functions based on the impact-echo principle. Figure 6-1 shows
a schematic representation of the MSR system. In general the MSR nondestructive
testing system involves a set of impact sources, two broad-band displacement trans-
ducers, an analog-to-digital signal converter card (A/D card) or a digital oscilloscope
and a portable computer. As the mechanical switch on the top of the impact device is
activated, 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 the generation of a low
frequency stress signal into the medium. The stress signal transforms into the body
waves and surface waves. The body waves travel into the testing object and any change
in the acoustic properties of the medium results in their reflection toward the source
direction. The change in acoustic properties could be the result 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 right angies to the surface. The tangential displacement
transducer is sensitive to the vibrations caused by the S-wavefronts parallel to the sur-
face. The signals are amplified and transferred to an A/D card. The sampling rate and
number of data points are 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,

6-1



the measurements can be converted into a frequency domain spectrum. The time
domain waveforms are transferred to a portable computer to be transferred into fre-
quency domain spectra by the fast Fourier transform (FFT) technique. The frequency
spectra are generated by 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 easily identifiable.

In the following sections, the aspects of the MSR system studied in more detail
are as follows:

- The instrumentation including impact source, receiving transducers, and signal
analysis

- The test configuration between the impact source and the receiver

- The signal processing and analysis technique

63 MSR SYSTEM (INSTRUMENTATION)

63.1 Impact Source

The impact source controls the energy and the frequency content of the propa-
gating pulse. The force-time function of the impact can be approximated as a half-sine
curve (Figure 6-1). The amplitude of the force-time function affects the amplitude of
the wave particle motion as it travels through the medium. The contact-time of the
impact controls the frequency content of the pulse.

The most suitable source of body wave generation for nondestructive testing of
composite solids such as concrete and rocks is a spherical tip impact device. The
advantage of using impact generated stress waves is that a heterogeneous material like
concrete or rock appears homogeneous to the propagating waves. The impact of a
spherical tip impactor on the surface of a solid generates body waves, that have spherical
wavefronts with a wide range of frequency components (see Section 3.2.3).

The MSR system requires a set of impact devices. Each impact device has a dif-
ferent diameter spherical tip impact body. The small diameter impact bodies are used
for thin slabs or for short length specimens. The large diameter impact bodies are
applied where rock or concrete bodies are thick and longer wavelengths are required.
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For the design of the impact devices, two main requirements have to be fulfilled.
Firstly, the generated impacts have to be repeatable on the exact position with the same
intensity. Secondly, the impact source should be able to function on the ceilings, vertical,
and arch shaped walls with minimum influence from the gravitational force.

Taking the above into consideration, a series of practical impact devices were
designed and produced. Each device consists of a spherical test tip which is housed in
an impact body, an impact spring and a loading spring, a catch chuck, a release bottom,
a loading tube and a guide tube. Four impact devices with impact head diameters of
1.3, 1.5, 3.0 and 15.0 mm were manufactured (see Plate 6-1). All the impact devices
have a 16.5 cm length and a 3.0 cm diameter (see Figure 6-2). Depending on the mass
of the impact body, the resulting energy varies (see Table 6-1). The four impact devices
in theory are capable of producing impacts having time durations (contact-times)
between 16 to 140 i s on smooth concrete and rock surfaces.

Table 6-1 Specifications of MSR impact devices.

Hammer Head | Mass of Impact | Impact Energy | Impact Strain Rate on
Diameter Body (g) (Nmm) the Concrete
(mm)

We’s

0.77x 10-5

1.5 10.8 24.0 2.32x 10~
3.0 5.4 11.0 2.75x 10°5
3.86 x 10-5

6.3.1.1 Dynamic and Static Loading

Impact of the impact bodies on the surface of a solid involves very short loading
times with transient pulses of only a fewu s in duration. The short-duration, low-energy
transient impacts are responsible for generating low strains in the range of 109 pe/s
and low stresses in the medium. In the case of the seismic exploration devices, high
rates of loading cause strain rates in the range of 103 uc/s and high stresses in the
medium. In dynamic methods, low strains of 10~ mm/mm are involved with high rates
of loading. The range of strain properties generated by the impact devices are used to
classify MSR system as an apparatus capable of measuring dynamic elastic properties.
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Knowing that the static methods are identified by their slow rate of loading, strains are
in the range of 102 mm/mm, strain rates in the range of 10-3 pe/ s and high stresses in
the medium.

6.3.1.2 Contact-Time

The transient impact of a spherical object on surface of a solid generates P- and
S-(body) waves as well as R-(surface) waves. 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, ¢, is an imiportant parameter in MSR testing. The
contact-time is mainly controlled by the diameter of the sphere (Sansalone, 1985) and
the surface conditions of the testing surface. The smaller is the diameter of the sphere
and the smoother is the surface of the testing area, the shorter is the contact-time. The
contact-time controls the frequency content of the waves generated by the impact. The
notion of frequency content arises from the principle of Fourier series, where the pulse
shape can be approximated by the sum of a number of sine functions of different fre-
quencies (Carino, 1986). For a spherical impactor, the force-time function of the impact
can be calculated by equation 3-21. However, the force-time function of the impact can
be approximated as a half-cycle sine curve (Sansalone, 1985). The width of the curve
is the contact-time. The time-history of R-wave produces a vertical surface displace-
ment. 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.
Spherical impacts with short contact-times have a broader range of frequencies, but low
amplitude waves. Impacts with longer contact-times have a narrower band of lower
frequencies and higher amplitude waves. 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 a rapid attenuation and thus
shallow penetrations. Large diameter spheres are used to generate impacts with longer
contact-times and longer wavelengths, to detect deeper flaws, or to 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 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
impactshould generate waves having wavelengths smaller than or equal to the thickness
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of the testing specimen. To detect a flaw within a medium, the wavelengths should be
smaller than its dimensions. The 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 wavelengths should be con-
verted to frequency by modifying equation 3-2 to f = ;-' In a solid, for a given impact
the wavelengths of compressive waves are longer than the shear waves. Therefore, the
upper limit of the wavelengths traveling the path length depends on the P-wave. Thus
acontact-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 Sansalone and Carino, 1986 as:

= 6-1)

Table 6-2 illustrates the relationship between the possible contact-times that can

be generated by spherical impact sources, and the range of frequencies, A £, 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

surfaces of the specimens are smooth and the impacts are repeatable. In term of

thickness contact-time can be explained to be: ¢, < 2—7
P

Table6-2 Arelationship between contact-time, generated frequencies, and wavelengths
of body waves produced.
{ Sphere Range of
Diameter Frequenci
| (mm) es
@an
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Figure 6-1 The Schematic Diagram of the MSR system.
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Figure 6-2 Schematic of the hand held impact device assembly, Scale: 1:1.
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Plate 6-1 The MSR impact devices.




6.3.2 Transducers

Broadband piezoelectric transducers are more suitable for impact testing 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.

Vertical displacements are best detected by a sensitive piezoelectric vertical dis-
placement transducer. 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 as a result of the vertical 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-waves are 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.

One set of receivers was used in the MSR system: one vertical displacement
piezoelectric transducer and one tangential displacement transducer. Both transducers
are broadband and due to their small contact areas behave as point receivers.

The vertical displacement transducer is an IQI Model 501 dynamic piezoelectric
transducer, developed by the National Bureau of Standards (NBS) (the name has been
changed to the United States National Institute of Standards and Technology). This
transducer, which has become known as the 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 (Proctor, 1982). The
NBS-conical transducer has a cone shaped active element made of lead-zirconite-
titanate (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 (see Figure 6-3 and Plate 6-2a).
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 are attached to silver electrodes. On
one side, the active element is fixed to a cylindrical brass backing filled with tin and

6-9



tungsten powder epoxy mix. The heavy brass backing causes dampening of undesirable
frequencies. The brass backing is connected to a matching amplifier. The matching
amplifier is powered up by a 9 volt battery, type NEDA 1604A. The output signal is
transferred to a waveform analyzer by a BNC connector (maximum output voltage of

¥ 2 volts, peak to peak).

For the purpose of field and laboratory testings the transducer, amplifier, and the
battery were fixed into a cylindrical aluminum casing (see Plate 6-2b). The aluminum
casing is used to prevent the effect of electromagnetic disturbances and also to protect
the inner contents from the rough field environment. The conical tip of the active
element is in contact with a copper plate attached to the casing. The copper plate was
used to complete the circuit and also to protect the exposed tip of the transducer. The
tip of the transducer is in direct contact with the testing medium. Since the transducer
is pressed against the medium, it does not require the use of liquid couplants. The
vertical displacement transducer can be placed within a circle, having the impact source
at the center of it and the radius as small as the P-wavelength. The smaller the distance
between the impact source and the receiver (dy), the smoother the resulting frequency
spectrum will become. For detection purposes, dy must remain minimal and constant
throughout the survey line.

The tangential displacement transducer was originally designed by Proctor (1988).
Presently no commercial units are available. Therefore, with the inventor’s permission,
for the experimental purposes of this project, two units were constructed from the
original design (see Plate 6-3). The tangential displacement transducer consists of two
pieces: the active PZT element and a component, matched backing. The active element
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). The
backing is made out of brass and 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 were attached by a low
temperature tin-indium solder (see Figure 6-4 and Plate 6-4a). The transducer’s
response was nearly flat and constant over a 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 a minimal output when exposed to
vertical displacement (see Figure 6-5). The transducer displays directional behavior,
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having a null signal output when the polarization direction is at a right angle to the
direction from the source. The brass backing is connected to the matching amplifier.
The matching amplifier is powered by a 9 volt battery, type NEDA 1604A. The output
signal is transferred to a waveform analyzer by a BNC connector (maximum output
voltage of ¥ 2 volts, peak to peak).

For the purpose of field and laboratory testing, the transducer, amplifier, and the
battery were housed in a cylindrical metallic casing (see Plate 6-4b). The metallic casing
is used to prevent the effect of electromagnetic disturbances and also to protect the
inner contents from the rough field environment. The truncated pyramid aperture of
the active element is in contact with a copper strip that is fastened to the casing. The
tangential displacement transducer must be placed within a circle, with the impact
source being at 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 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 must be at right angle to the impact
point.

Both transducers were cased in a way that can be functional in underground sit-
uations. The small tip of the transducers requires minimum surface preparation of the
structures. Figure 6-6 and Plate 6-5 show the test configurations for the MSR transducers
in underground hollow circular concrete structure. Plate 6-6 shows the MSR system,
including the set of impact devices, transducers, and portable computer.
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Figure 6-3 Schematic of NBS conical tip vertical displacement transducer (after
Proctor, 1986).

Figure 6-4 Schematic of tangential displacement transducer (after Proctor, 1988).
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. Plate 6-2 The vertical displacement transducer; a) initial casing, b) field casing.
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half space of steel subjected to a point, unloading step-force of 23.6 N.
Distance between source and point of observation is 103 mm (after
Proctor, 1988)
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Plate 6-3 The construction of tangential displacement transducer.
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(b)

Plate 6-4 The tangential displacement transducer: a) initial casing. b) field casing.
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63.2.1 The Configuration of the Impact Source and the Receivers

The MSR technique is designed in order to evaluate the materials by an indirect
method, that is, based on the miniature seismic reflection principles, the data can be
collected successfully from the same surface from which the signal was generated into
the medium. Nevertheless, for the evaluation of the elastic properties of the concrete
and rocks, the direct method can also be used. The direct method refers to the
arrangement of the impact source and the receiver on two opposite sides of a sample.

The surface displacement waveforms are affected by the test configuration, that
is, they are affected by the position of the impact point and the position of the receiving
transducers. The distance from the impact source to the vertical displacement trans-
ducer will be referred as dy, and to the tangential displacement transducer, d;. Here T
would refer to the distance between the top surface and the reflecting interface. In the
indirect testing method, when dy/T is small, the incident and the reflected angle for
P-wave is small. At this point, based on the P-wave’s radiation pattern, reflection
coefficient and velocity, the received signal will be dominated by the P-waves. Increasing
the dy/T ratio causes a number of problems. Firstly, the arrival time for the surface
wave might interfere with the reflected P-wave. Secondly, the incident and the reflection
angles will be different, with respect to the position of the vertical displacement trans-
ducer; thus, the mode conversion signals (i.e. PS, SP, etc.) might interfere with the
reflected P-wave arrivals and their reflection coefficient. Thirdly, the total path length
of the ray path might increase, which will affect the P-wave’s velocity values. The dy
must be arranged less than the P-wave’s path length.

In the case of d;, the arrangements are more complicated. The maximum hori-
zontal displacements occur between 35° to 45° of the incident angle at the bottom of
the plate. In this case, the exact angle depends on the elastic properties of the medium.
For the reflected S-wave, the maximum displacements occur between 35° to 45° of the
reflected ray. Here, the thickness of the plate (7)) has an important role on detection
of maximum horizontal displacement on the surface. In most cases when dy/T ratio has
a value of 1.0 the reflection signals are predominantly S-waves. For example, in cases
that the maximum horizontal displacements occurs at 45° of the S-wave path, in a plate
having 0.2 m thickness, the tangential displacement transducer has to be placed 0.2 m
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apart from the impact source, to detect the maximum displacements for the S-waves.
It should also be noted that the d; must be less than the S-wavelength, for the velocity
values to be considered reliable.

633 Signal Processing and Analysis

The reflected waveforms received by the transducers are transferred to a signal
analyzer. The recorded displacement waveforms can be analyzed in the time domain.
However, this involves the operator’s skill and judgement in recognizing the waveforms.
Above all, in order to determine the depth of discontinuities or defects, one must know
the time of arrival of reflected P-waves from the internal defects and external bound-
aries. Thus, the time domain analysis is often time consuming and difficult. Toovercome
this problem, the signal analysis can be carried out in the frequency domain. The
frequency content of the digital surface displacement waveforms is obtained using the
fast Fourier transform technique (FFT). The resulting frequency spectrum shows the
amplitude of the frequencies in the waveform.

63.3.1 Signal Analysis

Impact of a spherical mass on top of a free standing solid plate results in generation
of a puise within the plate. Both P- and SV-waves reflect back and forth between the
top and bottom of the plate. The successive arrival of the waveforms at the top of the
plate results in periodic displacements received by the transducers. The P-wave com-
ponent of the pulse results mainly in vertical displacements and is received best at close
distance to the point impact source. The SV-waves also produce vertical displacements
on the surface. At this stage, using a vertical displacement transducer, the collected
displacements caused by the P-wave component of the pulse are much larger than those
caused by the SV-wave component of the pulse. The arrival of each P-wave (tension
waves) causes downward (inward) displacements at the top surface of the plate.
Therefore, a displacement waveform collected by the vertical displacement transducer
exhibits periodic downward displacements. The time between the successive downward
displacements is the time, At , , for the P-wave to propagate to the bottom of the plate
and return to the top surface. At is also known as the period of P-wave arrivals.
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2T
At, c (6-1)
In this equation T is the slab thickness, C , is the P-wave velocity, and At  is the travel
time or the period for P-wave arrivals. The frequency of the P-wave arrivals is the inverse
of the travel time or the period and is calculated by the following equation:

1

fp=a-t

(6-2)
This frequency is related to the thickness of the slab and is known as thickness frequency
(Sansalone and Carino, 1986). When A ¢ is substituted with equation (6-2), the frequency
can be expressed in terms of P-wave velocity and thickness:

L 6-3
f» 5T ( )
Also, P-wave velocity can be expressed in term of thickness and frequency of

P-wave arrivals:

C,=2T.f, (6-4)

Knowing the thickness of the plate, and measuring the frequency of arrival P-waves
from the frequency spectrum, the P-wave velocity can be calculated from the above -
equation. Using the above relationships, the thickness of the plate can be expressed

by:

Cp

T=
2f,

(6-5)
Knowing the P-wave velocity in the plate and the frequency of P-wave arrivals, the

thickness of plate can be determined. The same analysis is applicable for detecting
internal defects within the plate.

6-19



The signal analysis of the SV-wave components of the generated signals by a point
impact is quite similar to the analysis of the P-waveforms. Shear waves have the same
hemispherical wavefront characteristics as the compression waves. Arrival of shear
wave components of the pulse on the surface causes horizontal and vertical displace-
ments. The horizontal displacements are collected by a tangential displacement
transducer. The amplitude of horizontal displacements caused by the SV-wave arrivals
is larger than the displacements caused by the P-wave arrivals. The arrival of each
SV-wave causes a transverse-right displacement at the top surface of the plate, which
can be seen as an upward (outward) form in the time domain spectrum. Therefore, a
displacement waveform collected by the tangential displacement transducer exhibits
periodic outward displacements. The time between the successive outward displace-
ments is the time, At, , for the SV-wave to propagate to the bottom of the plate and
return to the top surface. At, is also known as the period of SV-wave arrivals and is

given by:

Aty = (6-6)

In this equation T is the slab thickness, C , is the SV-wave velocity, and At , is the travel
time or the period for SV-wave arrivals. The frequency of the SV-wave arrivals is the
inverse of the travel time, or the period, and is calculated by the following equation:

1

fs=§

(6-7)

This frequency is related to the thickness of the slab and is known as thickness frequency
(Sansalone and Carino, 1986). When A ¢ is substituted with equation (6-7), the frequency
can be expressed in terms of SV-wave velocity and thickness:

(4
s—-—-’ 6""8
fs 5T ( )

Also SV-wave velocity can be expressed in term of thickness and frequency of
SV-wave arrivals:
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C,=2T.f, : (6-9)

Knowing the thickness of the plate, and measuring the frequency of arrival SV-waves
from the frequency spectrum, the SV-wave velocity can be calculated from the above
equation. Using the above relationships, the thickness of plate can be expressed by:

C,

T=27.

(6-10)

Knowing the SV-wave velocity in the plate and the frequency of SV-wave arrivals, the
thickness of plate can be determined. The same analysis is applicable for detecting
internal defects within the plate.

6.3.3.2 Analog-to-Digital Signal Converter Card (A/D Card) and the Frequency
Analysis

An A/D card was used to acquire the waveforms and store the signals in the time
domain. The card was installed in a portable computer. The A/D card contains one
input channel. Each signal contains 4000 sampling points per channel. The signals were
collected in the time domain by the A/D card and saved in a portable computer. A
program was written to transform the time domain signals into frequency domain, using
the fast Fourier transform (FFT) technique. The resulting frequency spectrum contains
2048 points.

The record length of a test is determined by the number of sampling points and
the time between samples. The relationship between the sampling points and the time
interval between samples is used to determine the frequency resolution in the frequency
spectra based on the following equation:

Af=$ (6-11)

where A £ is the frequency interval, n is the number of sampling points, and r is the

time interval between the samples. The time interval between the samples, r, is used
to calculate the sampling rate.
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Sampling ra.tez% (6-12)

For example, taking 2048 samples (r) at 10 s (r) results in frequency intervals of
4.88x 10 ~°kHz and sampling rate of 100 kHz.

The selection of the r and n is affects the resolution of the frequency spectrum,

the sampling rate, and the record length. An increase inr andn values results in longer
record length and higher resolution. The frequency interval has a opposite relationship
with the sampling rate. Hence, a slow sampling rate improves the resolution in the
frequency domain. The calculations are valid as long as the transformation setup follows
this rule of thumb: the sampling rate must stay at least twice the highest frequency in
the time domain spectrum. For the thin specimen, the time interval between samples,
r , was kept small to attain the required sampling rate. In addition, to obtain a correct
response in the frequency spectrum, the P- and S-waves need to reflect three times
through the thickness of the structure or specimen. This means that the duration of
each test should be at least three times the length of each wave traveling in the media.
The required time can be calculated by dividing the velocity of the wave by twice the
thickness of the medium. For thick structures, such as shaft liner having an average of
0.6 m thickness, the required duration of the recorded signal must be lengthened. For
example in the case of shaft lining, 2048 samples at 10 us have given more accurate
results for flaw detections or thickness measurements. For thin structures or small
samples the record length can be selected to be small. For small slabs of the order of
0.25 m, 2048 at S us have worked well.

6333 Fast Fourier Transform (FFT) Program

The transformation of the digital signals from the time domain to the frequency
domain is based on the idea that any waveform can be represented as a sum of sine
curves, each with a unique amplitude, frequency, and phase shift (Telford, 1990). This
transformation can be carried out by the FFT technique. Figure 6-7 shows a simpie
transformation of time to the frequency domain by the FFT technique.

In this study, the FFT program was developed in the GAUSS mathematical and
statistical system using the time series analysis package.

The algorithm of the developed software is as follows:
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Read signal from file.
Select first 2048 points from signal and assign it to vector SIGNAL.
Call SPECTRUM function.

The inputs for SPECTRUM function are:

1) SIGNAL, the time series to be transformed.

2) WF, the windowing flag (e.g. uniform, hamming, etc.).

3) OL, the overlap function for series greater than NPS points.
4) SR, the sampling rate in Hz.

5) NPS, the number of points used in FFT.

The outputs of the SPECTRUM function are:

1) F, the frequency in the signal.
2) POWER, the power spectrum density.
3) PHASE, the phase spectrum.

Plot frequency (F) verses power spectral density (POWER).

Select P-wave or S-wave reflected frequencies.

Use equations 6-4 and 6-9 to measure P-wave and S-wave velacities.
From the velocity values and the bulk density of the medium, use the
equations in Table 3-2 to obtain the values for dynamic elastic constants.

The transformed signal is analyzed and saved in a portable computer. The portable
computer requires a math co-processor, for the signal processing calculations.

64 A COMPARISON BETWEEN THE MSR SYSTEM AND OTHER WAVE
PROPAGATION TECHNIQUES

Table 6-3 summarizes the advantages and the disadvantages of NDT elastic wave
propagation techniques in comparison with the MSR system. One advantage of the
MSR technique over traditional nondestructive methods such as RF, 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 an
additional tangential displacement transducer in the system and also the muiti-
strength/multi-diametrical impact devices. These additional enhancement features
provide the MSR system with the capability of measuring direct shear wave parameters
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and as a result the data can be used to calculate the dynamic elastic constants at every
point on the structure. The MSR system in comparison with the pulse-echo technique
uses a more accurate and easy to operate interpretation technique (frequency domain
verses time domain). In comparison with the SASW technique, the MSR system has
the capability of measuring dynamic elastic properties without assuming various models
and ratios. The MSR system in comparison with the petite sismique and seismic wave
velocity techniques operates at a smaller and more detailed scale.
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Table 6-3 A comparison between MSR system and the NDT & E techniques capable
of measuring dynamic elastic moduli.

Resonance - Calculates the natural frequency of dif- 'l'hedimealionso[mespeci—
Frequency ferent vibration modes.
- Calculstes the elastic moduli. ctlmml the
- Relatively inexpensive. -Itisnot used in the
- Extensively used. field.
- Needs to have access to the
lpacuuea from various direc-
Ultrasonic - Direct P-wave velocity measurement. -Duﬂimltmmumsanve
Pulse Velocity - Easy 1o use.
- Fast measufement technique. unlxe:‘nnmu Poisson’s
- Time saving. - wave velocity for
- Inexpensive. duucmodnu measurement.
- Extensively used. - Rapid signal attenuation
-Best functionsif it has twoside
access 1o the specimen.
Seismic Wave - Direct elastic wave measurement. - Difficult to recognize S-wave
Velocity - Used for large scaic measurements. p-mne(en.
- Coulid be inexpensive (i.c. hammer seis-| - Could be expensive (ie. §
mac‘)lwm borehole, and use of explo-
) Baz‘tunctmnmhumnde
access (o the specimen.
Petite - Direct measurement of S-wave param- | - Difficulty in generation and
Sismique eters. detection of S-waves.
- Comparison of static modulus of]- Presently in experimental
ciasticity with S-wave parameters. stages.
- It functions from one accessibie side 10 | - Can be expensive (i.c. source
the specimen. and receiver).
Impulse-Resp - Measures the elastic moduli of the con-{ - Indirect calculations of
onse crete piles and it’s base material. modulus values.
- It functions from one accessible side to| - It is limited to the piles or
the specimen. columrnrucum:.
- Inexpensive.
SASW -Capableotmasunngmoduluo(du- - Calculates the elastic moduli
for thin vnlus comparing with vari-
-lx unctions from onewcanblende to
the specimen. Anumalheocmall’om:
- Inexpensive. ratio values for calculations.
- Rapid R-wave attenuation in
thick concrete layers.
Impact-Echo - Dm measurements of P-wave] - Very thin layers (i.c below 15
cm. are difficult to detect.
ble ot detecting and locating flaws.
- ll unctions from one accessible side to
the specimen.
- Inexpensive.
- Time saving.
MSR -Dmmumennof?-mds-wm - Very thin Iayers (i.c below 15

bleo(dewc(m'mdloanngnm
-lt nndm(mln one accessible side to

-Capable of measuring the elastic con-
stants.
- Time saving.

6-25




Concrete Lining

v

On/off switch --— 9 voits battery

Amplifiera— } i
Cable to the Oscilloscope

Figure 6-6 The schematic diagram of the MSR transducer setup on an arch-shaped
concrete structure.

Plate 6-5 The impact source and the receiver on the concrete tunnel lining.
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CHAPTER 7

APPLICATION OF MSR SYSTEM FOR DETECTION IN CONCRETE

7.1 INTRODUCTION

A series of laboratory experiments was performed to investigate the capability of
the MSR system in the detection and location of delaminations and reinforcement
objects in concrete. P-wave velocity is a critical parameter in the determination of
thickness and locating flaws in concrete. A number of techniques for evaluation of
P-wave velocity of the structures will be studied. To examine the detection capability
of the MSR system, buried objects were used to simulate variations in a concrete block.
Plexiglas plates were used to simulate the presence of objects with lower acoustic
impedance than concrete, such as cracks and voids. Steel plates were used to simulate
the presence of objects with higher acoustic impedance than concrete, such as rocks
(i.e. concrete/rock interface). Steel bars were used to simulate the presence of rein-
forcement bars. The second part of this study focuses on actual detection and location
of a discontinuity within a concrete slab.

7.2 MEASUREMENT OF P-WAVE VELOCITY

For detection purposes the MSR system requires the determination of one of the
two critical parameters: thickness or P-wave velocity. In many applications the P-wave
velocity is determined by testing a portion of the structure where the thickness is known.
In this case, the known thickness, 7, and the measured frequency, f , , can be used to
calculate the P-wave velocity, by using equation 6-4.

Nevertheless, in many cases the P-wave velocity varies from place to place due to
the fact that the material quality, either concrete or rock, changes within short intervals.
An average of many points (at least five) in a flawless portion of the testing area could
provide a good estimate of the P-wave velocity. In cases that the thickness is known, it
is important to verify the P-wave velocity at each testing station. In most cases, part of
the signal passes through the flaws and reaches the back of the testing object and gets
reflected toward the transducer. Consequently, on the frequency spectra the thickness
frequency is identifiable; therefore the P-wave velocity can be calculated.
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In cases such as mine shaft and tunnel linings where the exact thickness is not
known, it is possible to calculate the P-wave velocity by indirect methods. In indirect
methods surface waves are used to calculate P-wave velocity. The measurements are
done in time domain. One such method is the determination of P-wave velocity by the
R-wave velocity (Lin and Sansalone, 1993). In this method two transducer units (two
vertical or tangential, or one of each) are arranged on the surface so that the R-wave
velocity through a specific distance of concrete could be determined. The impactsource
should be positioned adjacent to one of the transducers. In fact, one of the transducers
could be used as the triggering mechanism of the system. Figure 7-1a shows a schematic
drawing of the test configuration, and Figure 7-1b shows typical results which consist of
the recorded waveform by each transducer. Since the R-wave has a large amplitude it
is easily recognizable. The time difference, At, between the arrival of the R-wave at
the first transducer and its arrival at the second transducer can be used to calculate the
R-wave velocity, C ,:

d,

CR:E

7-1

where d . is the distance between the two transducers. By modifying equation 3-13 to

the following equation, P-wave velocity can be estimated:

C = l1+v [2(1-v)
P 0.87+1.12vV (1-2v)

Ce (7-2)

For this technique the value of Poisson’s ratio uhas to be assumed. For concrete

a Poisson’s ratio of 0.2 can be used for the calculations. Hence, equation 7-2 can be
rewritten as:

C,=1.79C, (7-3)

To measure the P-wave velocity by this technique the distance between the two
transducers, d ;, should be kept small (i.c. between 10 to 20 cm) since at greater distances
the sharp downward displacement that characterizes the beginnings of the R-wave
becomes more rounded, and it is difficult to recognize the beginning of the wave.
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A portion of a concrete block was tested for evaluation of P-wave velocity, using
the R-wave signals. The transducer separations were at 0.2 m and the impact device
was placed 0.05 m away from the trigger transducer. The time delay between arrivals
of the R-waves was 120 us . R-wave velocity was calculated to be 1667 m/s. Using
Poisson’s ratio of 0.2 for concrete in equation 7-3, the P-wave velocity was calculated to
be 2983 m/s. To compare the estimated P-wave velocity by the R-wave technique with
the P-wave velocity of the concrete block in that area, equation 6-4 was used. On the
frequency spectra, a frequency of 3223 Hz was indicative of P-wave reflections from the
other end of the concrete block. Knowing the thickness to be 0.55 m, the velocity of the
P-wave was calculated to be 3545 m/s. The estimated P-wave velocity by the R-wave
technique shows a 16% discrepancy with the thickness P-wave velocity.

Using R-wave velocity to estimate P-wave velocity has two major drawbacks:

a) For the calculations, the value of Poisson’s ratio is assumed. A discrepancy
between the real and assumed values causes errors which results in errors in location
of the objects within the structure.

b) As was discuss before, concrete and rocks are not homogeneous materials.
Particularlyin the case of concrete, aggregate segregation due to gravity and poor mixing
is a common phenomena which causes the wave velocities to be higher at the lower part
of the structure. Therefore, estimating the P-wave velocity by the surface R-waves can
result in erroneous velocity values.

There is an alternative technique to measure P-wave velocity directly. The tech-
nique is based on measurements of the first P-wave arrival. The impact on the surface -
results in the propagation of the body waves both on the surface and within the solid.
Using two transducers and an impact source the velocity of the first P-wave arrival can
be calculated.

Figure 7-3a shows a schematic illustration of the test configuration, and Figure 7-2
shows typical results which consist of the waveform recorded at each transducer. In this
technique, the impact source remains in one position all the time. Next to the impact
source one of the transducers functions as the base transducer and registers the zero
time or the time of impact. The position of the second transducer (or the mobile
transducer) is changed after each reading. The station intervals for the second trans-
ducer is kept constant along a linear array.
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The first wave to arrive at the second transducer is that of the direct surface P-wave
travelling along the concrete surface. Figure 7-2a shows the recorded waveform for the
base transducer. Figures 7-2b to 7-2e illustrate the mobile transducer output as the
distance between the impact source and receiver increase. The surface P-wave appears
first 0.2 m away from the impact source. Before this distance, the large R-wave amplitude
interferes with recognition of the first arrival P-wave. Readings were takenupto 0.5 m
distance between the impact source and the receiver.

To calculate the P-wave veiocity, the travel-time graph was plotted with station
spacing on the abscissa and time of first arrival P-wave on the ordinate (Figure 7-3b).
The slope of the best fit line would give the velocity of the P surface wave. Comparing
the calculated wave velocity value from the graph (3334 m/s) and the estimated P-wave
velocity by the R-wave velocity technique (2983 m/s) with the thickness P-wave velocity
(3545 m/s) clearly shows that the wave velocity obtained from the travel-time graph is
in better agreement with the thickness P-wave velocity. The P-wave velocity obtained
from the travel-time graph is only 6% smaller than the thickness velocity.

Calculation of the P-wave based on first arrival and travel-time graph is a more
reliable technique than the R-wave technique. The fact that surface P-wave velocity is
6% slower than the thickness velocity can be explained based on the aggregate segre-
gation that occurs at the time of casting.

Based on the results shown in this section it is evident that P-wave velocity can be
calculated even if there is only access to one side of the structure. P-wave velocity
calculated from the travel-time graph and the frequency value of the reflected P-wave
can be used in equation 6-5 in order to calculate concrete thickness where it is not
available.
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Figure 7-1 Schematic test configuration for R-wave velocity measurement (a), waveforms
captured by the vertical displacement transducer for measuring R-wave
velocity (b).
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Figure 7-2 Waveforms captured by the vertical displacement transducer for measuring
surface first arrival P-wave velocity .
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Figure 7-3 Schematic test configuration for P-wave velocity measurement (a), travel-time
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73 FUNDAMENTAL PRINCIPLES GOVERNING THE MSR SYSTEM

The MSR system functions based on the fundamental principles discussed in
Chapter 3. The purpose of this section is to expand on some of the fundamental
principles governing the MSR system. Hence the following aspects of MSR system will
be considered in more detail:

- The impact response in a solid plate
- The reflections, surface displacement response, and radiation patterns

7.3.1 Impact Response in a Solid Plate

To describe the impact response of a spherical object on the surface of a solid
plate, first we assume the plate to have infinite dimensions but a certain thickness (elastic
half-space) with a free boundary. In this case, an elastic half-space which adjoins a
medium which do not transmit elastic waves, the system of waves consists of course of
incident and reflected waves only. The impact results in generation of a stress signal
within the plate. In a solid plate, the stress signal will be transferred to multi-component
stress waves. In an elastic medium, stress waves behave according to the elastic prop-
erties of the medium, and thus can be identified as elastic waves. The two main com-
ponents of the stress signal are the P- and S-waves. Both waves are generated from the
hypocenter of the impact and propagate within the solid. As the body waves (P- and
S-waves) propagate into the material along spherical wavefronts, their velocity is
affected by the medium’s material properties. The material properties affecting the P-
and S-wave velocities are elastic modulus of the material £ , Poisson’s ratio v, and the
material density p (see equations 3-8 and 3-10). An abrupt change in the physical
properties of the material causes reflection of the body waves. This boundary is known
as an acoustic interface and is a boundary between two materials with differing acoustic
impedances (density x velocity). Internal cracks, voids and the boundaries of the test
object will cause reflection (echos) of the body waves between the two interfaces. A
complete description of the propagation of elastic waves in solids can be found in
Chapter 3. The arrival of these reflections at the surface where the impact was generated
causes displacements.

The displacements are measured by the receiving transducers in successive
waveform format. The wave arrivals correspond to impulsive changes in the signal, in
the time domain spectra. This response includes the normal surface displacements,
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caused by the P- and S-wave arrivals, the horizontal surface displacements caused by
the S-waves, multiple reflected waves (PP, SS, PPP, SSS, etc.), and mode-converted
waves (PS, SP, PSP, SPS, etc.).

In this section the course of incident and reflection for the P-wave and S-wave
having spherical waveforms, generated by a transient impact in an elastic half-space
adjacent to a free space, and another elastic half-space will be discussed.

73.1.1 Reflected P-waves

The P-wave starts its path as a compre-ssion wave (having compressive stress at
the wavefront), causing a downward displacement. The P-wave has a higher velocity
than the S-wave and is characterized by in-line particle motion. This means the P-wave
particle motion is in the same direction as the ray path.

The spherical P-wave can also be described by its displacement vector and prop-
agation vector. In the case of the P-wave, both displacement vector and propagation
vector move within the same plane.

Figure 4-12 illustrates effect of interface materials on the P-wave reflections. The
compression wave reaches the bottom boundary (free surface) and is reflected back as
a tension wave (T). The returning P-wave reaches the top surface of the plate as a
tension wave (T) and starts the second reflection cycle as a compression wave (C). At
this stage the reflected P-wave at the surface is a PP-wave and has gone through a
compression/tension (CT) reflection mechanism. This cycle repeats to a point that all
the energy is attenuated. On the time domain spectra this phenomena can be seen as
the amplitude of the surface reflections caused by the periodic P-wave arrivals decrease.

The CT wave mechanism is true only if both surfaces of the plate have free
boundaries, or in case of the bottom boundary, it is in contact with a material with lower
acoustic impedance than the solid plate (i.e. concrete/water). In the case that the lower
boundary is in contact with a material with higher acoustic impedance than the testing
plate (i.e. concrete/steel), reflection mechanism changes. In this case the P-wave enters
the plate as a compressional wave (C) but as it reflects back from the lower boundary,
the wave mechanism remains compressional (C). Thus, the P-wave reaches the top
surface as a compression wave (C) and when it gets reflected from the free surface
boundary, its mechanism changes to tensional (T). In this case, the reflection mechanism
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for the first cycle of the P-wave is compression/compression (CC). At a free boundary
(i.e. solid/air), almost all of the incident energy (100%) in a P-wave is reflected back.
However, in the case of an interface with a material having higher acoustic impedance
than the testing material (i.e concrete/steel), part of the incident energy of the P-wave
transmits into the second boundary, part of it refracts, and part of it reflects. The amount
of the reflected incident P-wave energy is controlled by the difference in the acoustic
impedance of the two materials. The greater the difference in impedances, the greater
the amount of reflected energy there is.

73.1.2 Reflected S-waves

The shear wave because of its properties of polarization can be subdivided into
the SH and SV types, both of which have transverse particle motion and travel with the
same velocity. However, as was discussed in Chapter 3 (Section 3.3) the SH-waves
cannot be generated by a vertical pointimpact source and only the SV-wave is generated
by a vertical point impact source.

The SV-wave is generated at the time of impact, below the hypocenter and dis-
perses along a spherical wavefront. The shear wave’s propagation vector is similar to
the P-wave propagation vector. Nevertheless, maximum SV-wave energy propagates
diagonally to the incident angle (see Figure 3-8). The SV-wave has no vertical dis-
placement component, but transverse particle motion. In the case of shear wave, the
displacement vector and the propagation vector do not act in the same plane, but in
two planes perpendicular to one another.

The velocity of the SV-wave is smaller than that of the P-wave and it follows the
P-wave along the ray path. Same as the P-wave, the SV-wave’s reflection properties
are governed by the acoustic characteristics of the reflecting boundary. At first we
assume the acoustic properties of the reflection surface are lower than the elastic
half-space plate that the wave travels through (e.g. concrete/air). As the SV-wavefront
starts its traverse through the solid, the medium is displaced transversely around the
direction of propagation. As a result, SV-wave generates particle motion normal to its
ray path. Moreover, since the particle motion moves from left to right of the ray path
at any given instant, SV-wave is responsible for generating shear stresses as the wave
moves along. When the SV-wave reaches the bottom layer of the plate, the transverse
motion changes direction from left to right (T) or vise versa. The returning SV-wave
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reaches the top surface of the plate as a transverse-left (T)). Therefore, the first SV-wave
reflection (SS-wave) mechanism is a transverse-left/transverse-right (T|Ty). At the top
the displacement vector creates a tangential displacement to the surface. The polarity
of the receiving SV-waveform at the surface is similar to the wave generated by the point
impact source.

When the elastic half-space plate is in contact with an elastic half-space plate with
acoustic properties stiffer than the initial plate (e.g. concrete/steel), the reflection
mechanism of the displacement vectors is different than the earlier case. When the
acoustic impedance of the second layer is higher than the first layer, the transverse-left
(or right) mechanism (T}) created by the impact do not change to a transverse-right
(T;), and remains as transverse-left (T]). Therefore, the first cycle of SV-wave (SS-
Wave) creates a mechanism with a transverse-left/transverse-left (T|T|). For the dis-
placement mechanism, the polarity of the S-wave remains as it was generated by the
impact.

73.2 The Resulting Surface Displacements

The displacements on the surface of the elastic half-space are vertical and tan-
gential to the surface. Both P- and SV-wave arrivals generate normal surface dis-
placements as a result of arrival of their propagation vectors. The P-wave arrivals result
in vertical displacements as response to its displacement vector. Therefore, both
P-waves’ propagation and displacement vectors cause vertical displacements on the
surface. The SV-wave arrivals result in horizontal displacements caused by its dis-
placement vector but the SV-wave’s propagation vector causes surface diagonal dis-
placements.

733 Displacement Magnitude and Radiation Pattern

The displacement magnitude of the two elastic waves and their radiation pattern
are affected by the angle of incident, frequency of the transient pulse, and the elastic
properties of the elastic half-space plate. In this case the angle of incident is always at
zero degrees. The frequency of the impact pulse has an effect on the displacement
magnitude of both P- and SV-waves. The lower the frequency of impact, the higher the
displacement magnitude will be. The elastic properties of the medium affect the
radiation pattern and displacement magnitude of the body waves (see Figure 3-10).
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The displacement magnitudes are different for P- and SV-waves. The displace-
ment magnitude of the P-wave is not uniform along the spherical wavefront. The dis-
placements are maximum below the impact area and along the centerline of the plate,
under the hypocenter, and the intensity reduces almost to zero at the top surface of the
plate. The horizontal displacements caused by the SV-wave are minimal at the center
of the plate, under the hypocenter, becoming larger along rays located at increasing
angles from the centerline (see Figure 3-8). Between 35° to 45° from the centerline the
SV-wave displacements are at maximum,; the intensity reduces to zero at the top surface
of the plate. The displacement intensity of the SV-wave is more sensitive to the elastic
properties of the medium. Also within the 35° to 45° angles there is a discontinuity
(critical angle) in the displacements in the spherical SV-wavefront (see figure 3-8).

For the P-wave the compressive stress is greatest at the centerline and decreases
toward the surface of the plate. For the SV-wave, the shear stress is equal to the state
of equal biaxial tension and compression. Therefore, the shear stress is lowest at the
centerline and increases toward the 35° to 45° angle (depending on the elastic properties
of the medium). At this range the shear stress is at maximum and reduces toward the
surface.

In general, most of the resuiting energy generated by the spherical impact is
transferred as a P-wave rather than an SV-wave.

7.4 OBJECT DETECTION AND LOCATION IN CONCRETE

Simulated flaws and fractures in addition to steel reinforcement bars were posi-
tioned in known locations within a large concrete block. Figure 7-4 shows the schematic
illustration of the concrete block and the object orientations within it. Plate 7-1 shows
the casting of the concrete block. The dimensions of the concrete block were 2.24 m x
0.97 m x 0.55 m. After concrete mix was poured in to the cast, it was covered with a
plastic sheet for 7 days and kept in the laboratory environment (i.e., ambient temper-
ature of 22 = 1°C and relative humidity of 50 = 10%). A concrete vibrator helped the
mix to layout uniformly and it also reduced the possibility of additional voids forming
within the concrete. The concrete mix specifications were:

Cement type 10
Concrete type 35 MPa
Average aggregate size 14 mm
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The maximum aggregate size  80mm s 20
Air content S to 8%
Water/cement ratio 0.36

A number of objects were constructed in the concrete cast to simulate flaws,
reinforcement, fracture and concrete/rock interface. The acoustic properties of each
object were predetermined by the UPV and RF techniques and are listed in Table 7-1.

Table 7-1 Physical properties and acoustic properties of the objects used in the locating
experiment.

Material Specific acoustic | Young’s Modulus
impedance of elasticity
(kg/m2s) (GPa)

Three main setups were created:

a) A pair of square plates with 12.6 mm thickness were placed next to one another,
one made of steel and the other one of plexiglas. Both plates were located 25 cm from
the bottom, 30 cm from top, and attached to the bottom through a 4 cm thick wooden
stand. The bottom of the plate was connected to the wooden stand through a hollow
steel pipe.

Both plates were chosen to have the same exact dimensions, but different mate-
rials. The characteristics of the reflected P- and S-waves would be related to second
material’s specific acoustic properties. In this exercise steel plate simulates rocks having
higher acoustic properties than concrete block, and plexiglas plate simulates rocks with
lower acoustic properties than concrete.

b) Steel reinforcement bars were placed in three locations. Each bar was 12 mm
in diameter. The first set of bars was placed 16.0 cm from the top. The two other sets
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were placed on top of one another. The second set was placed at 31.0 cm from the top,

and the third set was placed at 90° to the second set, having a distance of 16.0 cm from
the top.

This design was made to test the performance of MSR in locating the steel bars,
even with complex arrangements.

c) A19.8cm long and 6 mm thick rectangular shaped piece of plexiglas was placed
perpendicularly down from the surface of concrete slab. The plate was placed to sim-
ulate an opening or a fracture. The objective of this exercise was to measure the depth
of the fracture using the diffracted P-waves from the tip of the plate.
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Above: casting of the concrete block, below: initial testing by MSR system.
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Figure 7-4 The three dimensional, plan view, and cross section of the concrete block
with simulated flaws in it.
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7.4.1 Steel and Plexiglas Plates in a Concrete Block

Study of planar square plates in a 0.55 m concrete block was carried out. Knowing
that any abrupt change in acoustic properties of a material causes body waves to reflect,
both P- and S-waves were used to detect the plates. Figure 7-5 shows a typical dis-
placement waveform captured by the vertical displacement transducer and Figure 7-6
shows a typical displacement waveform captured by the tangential displacement
transducer, on the 0.55 m thick concrete block. Figure 7-7a and d illustrates the vertical
transducer and the impactor’s configuration for detecting the steel and plexiglas plates.
The distance between the transducer and the impact source was 0.05 m. The P-wave
velocity in the concrete was 3920 m/s. Figures 7-7b and c illustrates the waveform and
frequency spectra obtained by the vertical displacement transducer on the top of the
stee] plate. The P-wave velocity in concrete was calculated using equation 6-4 and the
distinct amplitude value in the frequency spectra (3564 Hz), and knowing the concrete
block’s thickness value of 0.55 m. For the S-wave velocity, two different values were
obtained for the concrete: one on top of the plexiglas plate having a frequency of 2637
Hz, giving a velocity of 2901 m/s, and one on top of the steel plate with a frequency of
2051 Hz giving a velocity of 2256 m/s.

In this case the concrete is in contact with the plexiglas plate and the acoustic
properties of the plexiglas plate is lower than the concrete block (see Table 7-1). The
P-wave causes a compression/tension stress characterization as it traverses into an
object. The S-wave causes a transverse-right/transverse-left stress characterization as
it moves into an object. At an interface where the underlying material has a lower
acoustic impedance than concrete (e.g. air), the initial P- and S-waves changes sign, that
is, the compression in the case of the P-wave changes to tension and in the case of S-wave
the transverse-left reflects as transverse-right or vice versa (see Section 7.3.1 for more
details). Figure 7-7a and 7-7a show the sign changes for the P- and S-waves. In this
case, for the P-wave every time it reaches the transducer, it is a tension wave. The
tension wave causes an inward displacement of the surface which can be seen in the
displacement waveform captured by the vertical displacement transducer in Figure 7-7b.
The frequency of the tension waves at the surface is C , /2T (see Section 7.3.1.1). On
the resulting frequency spectra in Figure 7-7c, the large amplitude peak at 6689 Hz
corresponds to the successive reflection of the P-waves from the plexiglas plate. Using
equation 6-5 and P-wave velocity of 3920 m/s, the position of the plate can be calculated
to be at 0.29 m from the top.
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For the S-wave every time the wave reaches the tangential displacement trans-
ducer, it is a transverse-left wave which can be seen as an outward impression in the
displacement waveform (Figure 7-8b). The frequency of the transverse-left waves at
the surface is C,/ 2T (see Section 7.3.1.2). Therefore, equation 6-10 was used to cal-
culate position of the plate in concrete. Figure 7-8c illustrates the resulting frequency
spectra from the impact on the top of the plexiglas plate. The large amplitude at 4736
Hz corresponds to the reflection of the successive S-waves from the plexiglas plate.
Using the value of 2901 m/s as the velocity of the S-wave from that region (see Figure
7-8c), the position of the plate was calculated at 0.31 m from the top.

In the case that the P- and S-waves incident upon a material with acoustic prop-
erties than concrete, their sign do not change (see Section 7.3.1.1 for more detail).
Figures 7-7d and 7-8d show the signs of the P- and S-waves as they travel between the
steel plate and the top surface of a concrete block. Figure 7-7e shows that the reflected
P-wave from the steel plate has an upward displacement upon arrival at the vertical
displacement transducer. In the case of the P-wave, the compression wave remains a
compression wave upon incident on top of the steel plate. As the compression wave
reaches the top, itchanges toa tension wave. The tension wave repeats the cycle without
changing its sign as it reflects from the concrete/steel boundary. Thus the period of the
tension wave arrives at the surface is twice as long as the plexiglas case. The frequency
of the tension wave would be:

c

f T ﬁ (7 - 4) -

S-wave follows the same principle as the P-wave when it reflects from a secondary
surface with higher acoustic properties than concrete block. It takes twice as long for
the transverse-left wave to reach the tangential displacement transducer. Therefore
the frequency of the transverse-left wave would be:

C,

fe=o7 (7-5)
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To calculate the position of the steel plate in the concrete equations 7-4 and 7-5
can be used with slight modifications. Equation 7-4 was modified by Sansalone (1985)
to equation 4-26 for depth calculation of steel bars. However, S-waves can also be used
for depth calculation when equation 7-5 is rewritten as:

c
T= 47'_ (7-6)
The distinct amplitude peak value of 3271 in the frequency spectra in Figure 7-7f
captured by the vertical displacement transducer was used to calculate the position of
the steel plate at 0.30 m. Note that the P-wave velocity used for this calculation is 3920
m/s. Using equation 7-5 and S-wave velocity of 2256 m/s, the position of the steel plate
was calculated as 0.25 m from the top.

This study was carried out to investigate the behavior of the body waves upon
incident on materials with lower and higher acoustic impedance than concrete. The
plexiglas was used to artificially simulate the presence of air or rocks with lower acoustic
stiffness than concrete and the steel plate was used to simulate the presence of rocks
with higher acoustic stiffness than concrete. Overall the results obtained by the vertical
displacement transducer are in better agreement with the actual position of the plates
in the concrete. Table 7-2 is a summary of the results calculated by the MSR system
and the actual position of the objects in the concrete block.
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7.4.2 Detection of the Steel Reinforcement Bars

In this section the MSR system was used to detect the position of the steel rein-
forcement bars in the concrete block. Throughout the tests the vertical displacement
transducer was used to detect the P-wave reflected waveforms. Two series of tests were
conducted:

a) Three bars were placed at 0.09 m spacing (Figure 7-9a).
b) Two bars were placed at a 90° angle to one another at a corner of the concrete block
forming a cross (Figure 7-10a).

The purpose of this survey was to confirm the capability of the MSR system in
detecting of the small diameter steel reinforcement bars within concrete.

7.4.2.1 Three Parallel Steel Reinforcement Bars

Three steel reinforcement bars were placed parallel to one another in a linear
array (Figure 7-9a). Each bar was 0.39 m long and 0.012 m in diameter. The third bar
atposition (d) was located 0.13 m away from the edge of the concrete block. The location
of the bars from the top of the block varied: at location (b) the steel bar was at 0.170
m, at location (c) it was 0.176, and at location (d) the steel bar was located 0.184 m from
the top.

Animpactdevice with a 3.0mm diameter was used as the impact source, generating
impacts with an average of 65 1 s contact-time. Figure 7-9b shows the typical waveform
captured by the vertical displacement transducer on the top of the steel reinforcement
bars. Figure 7-9c is the resulting frequency spectra at position (a) (see Figure 7-9a),
where the concrete block has no reinforcement bars. Using the 0.55 m thickness of the
block, 3125 Hz as the peak frequency value, the velocity of the P-wave was calculated
based on equation 6-4 to be 3438 m/s. Due to the nature and type of the steel bars as
the reflection surface (which was discussed in previous sections), equation 4-26 was used
to calculate the depth of reinforcement bars. Figure 7-9d is the frequency spectra
generated from the MSR results at the top of the first bar, at location (b). The large
amplitude value at 5125 Hz is related to the multiple P-wave reflections from the top
of the steel bar. The calculated depth of the steel bar is 0.168 from the top. Note that
the second peak is related to the position of the steel bar at position (c). Figure 7-9¢
shows the frequency spectra related to the waveform collected on top of the second
steel barat (c). In this frequency due to the fact that all of the steel bars are positioned
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at a closed spacing, three distinctive peaks are shown. The second steel bar’s position
was calculated by using the value of 6445 Hz at 0.174 m from the top surface. The two
other frequency values at 4932 Hz and 8300 Hz correspond to the position of the steel
bars at points (a) and (d). Figure 7-9f shows the frequency responds of the MSR system
on top of the third steel bar at position (d). The velocity of the P-wave at this location
is slightly different than the three previous positions. At position (d) the velocity of
P-wave is 3491 m/s which is calculated using the peak frequency of 3174 Hz in the fre-
quency spectra. The second frequency peak in the spectra at 4688 Hz is related to the
P-wave reflections from the steel bar at location (d). The position of the steel bar at
this location was calculated to be 0.186 m. The second distinct peak in the frequency
spectra is related to the position of the steel bar at location (¢).

In this exercise the steel reinforcement bars were located accurately within the
concrete block. The line of survey was selected to be perpendicular to the longitudinal
direction of the steel bars. The highest amplitude in the frequency spectra beside the
thickness frequency was indicating the shortest distance between the vertical dis-
placement transducer and the upper surface of the buried object. Table 7-3 shows a
comparison between the actual position of the reinforcement bars and the calculated
values by the MSR.

Table 7-3 A comparison between actual position of the parallel steel bars and the
calculated values by the MSR.

Actual Position of the [
Reinforcement Bars
Position | Position | Position |

(b) (©) ) |
0.170m | 0.176m | 0.184m

Calculated Position of the |
Reinforcement Bars by MSR J\
Position | Position | Position |
(b) (c) (d)
0.168m | 0.174m | 0.186 m

1
]
t

7.4.2.2 Two Crossing Reinforcement Bars

In most of the structures, particularly the concrete shaft linings, complex rein-
forcements are necessary to secure the integrity of the design. The purpose of this
exercise was to study the capability of the MSR system to detect and locate crossed
reinforcement bars.
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Two sets of steel reinforcement bars were placed in the concrete block, crossing
one another at a 90° angle (see Figure 7-10a). The steel bars were 0.38 m long, 0.012
m in diameter and were separated by 0.09 m at each set. The upper set was placed
0.180 m from the top surface and the second set was placed 0.355 m from the top surface
(see Figures 7-4 and 7-10a).

In this exercise, two different impact sources were used to generate the stress
pulses. In the case of the upper steel bars the impact source with a 3.0 mm diameter
was used, generating pulses with 70 u s contact-times. For the steel bars at the lower
position a source with higher energy impacts was necessary. Therefore, the impactor
with 15.0 mm diameter was used, generating impacts with an average of 95 u s.

Figure 7-10b shows the waveform response captured by the vertical displacement
transducer on top of the crossing bars generated by the 3.0 mm diameter impact device.
In the corresponding frequency spectra at Figure 7-10c, 3027 Hz is the thickness fre-
quency, 4785 Hz is the reflection from the steel bar that the vertical displacement
transducer was placed on top, and 6934 Hz is the reflection from the adjacent steel bar
placed 0.09 m away. The position of the steel bar at the top layer was calculated to be
at 0.174 m using the P-wave velocity of 3330 m/s. The steel bars at the lower level are
invisible to the pulses generated by the high frequency impact source because of the
high attenuation rate.

Figure 7-10d shows the waveform response captured by the vertical displacement
transducer on top of the crossing bars generated by the 15.0 mm diameter impact device.
In the corresponding frequency spectra at Figure 7-10e, 3271 Hz is the thickness fre-
quency and 2539 Hz is the reflection from the steel bar that the vertical displacement
transducer was placed on top of it at the lower position. The position of the steel bar
at the lower layer was calculated to be at 0.350 m using the P-wave velocity of 3598 m/s.
The steel bars on the top layer are invisible to the pulses generated by the low frequency
impact device since the wavelength of the pulses are too long. Table 7-4 shows a
comparison between the actual position of the reinforcement bars and values calculated
by the MSR system.
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Table 7-4 A comparison between actual position of the crossed steel bars and the
calculated values by the MSR.

: Actual Position of the L Calculated Position of the ‘
: Reinforcement Bars Reinforcement Bars by MSR |

| Top Steel Bar | Lower Steel Bar | Top Steel Bar | Lower Steel Bar |

7.43 Depth of Simulated Vertical Opening Crack

A vertical opening crack in concrete block was simulated using a 6 mm thick
plexiglas plate hung from the top surface at the time of casting (see Figures 7-4 and
7-11a). The plexigias plate was 0.198 m vertically deep into the concrete block.

The impact source was located on one side of the crack and the vertical dis-
placement transducer was placed on the opposite side (see Figure 7-11a). Both the
impact source and the receiver were placed 0.1 m away from the crack. The impact
source was 15.0 mm in diameter, generating an average contact-time of 95 u s.

After emission of stress waves by the impact source, diffraction of incident waves
occurs at the bottom edge of the plexiglas, which acts as a source for the generation of
cylindrical waves (Sansalone, M., 1985). Figure 7-11a shows the diffraction of P- and
S-wave at the bottom end of the crack. The diffracted P-wave is the first wave to arrive
at the transducer. On the other side of the crack, the incident wave is not capable of
penetrating the crack. The only waves capable of penetrating this shadow zone are
diffracted waves. The diffracted S-wave is the second wave arriving at the transducer.
Both P- and S-waves reflect downward from the surface of the concrete. In their
pathway, part of their energy diffracts, back to the surface from the edge of the crack.
This cycle repeats itself, which gives rise to a resonance condition with the frequency of
the P-wave arrival at the receiver corresponding to the approximate depth of the crack.

In addition to the arrival of the diffracted waves, reflected P-waves generated by

the initial pulse generate a resonance with a frequency which is twice the thickness of
the slab.
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Figure 7-11b illustrates the frequency spectra obtained from the MSR test. There
are two distinct high amplitude peaks. The largest amplitude at 3564 Hz is caused by
theresonance of the P-wave between the top and bottom of the concrete block. Knowing
the thickness of the slab to be 0.55 m the velocity of the P-wave was calculated, using
equation 6-4, which was 3920 m/s. A large amplitude frequency peak at 10010 Hz is the
frequency which corresponds to the resonance of the P-wave reflection from the top of
the slab and the diffraction at the bottom of the crack. This value is twice the distance
from the tip of the crack to the surface due to the close approximation of the impactor
and receiver. In this case, a frequency value of 10010 Hz corresponded to a depth of
0.196 m, which is close to the measured depth at 0.198 m. Table 7-5 illustrates a com-
parison between the actual depth of the crack and calculated value using MSR system.

'tlt'lnbll& ;if. A comparison between actual position of crack and the calculated values by
e

Actual Position | Calculated Position
of the | of the
Crack by MSR
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Figure 7-11 The position of the simulated vertical opening crack in the concrete block (a),
and the related frequency spectrum (b) generated by the vertical displacement
transducer. .
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7.5 DETECTION OF A PLANAR FRACTURE IN A CONCRETE SLAB

This laboratory exercise was carried out in order to demonstrate the capability
of the MSR system to detect the position of an actual planar fracture within a plate-like
concrete slab. In addition the slabs’ average dynamic Young’s modulus, shear modulus,
bulk modulus, and Poisson’s ratio were calculated. A 3.0 mm diameter impact source
capable of generating an average contact-time of 75 u s was used to generate stress
pulses.

7.5.1 Results and Discussion

A plate-like concrete slab having dimensions of 2.6 mx 1.4 m x 4.6 m was cast with

three different types of concrete mixes. The poor-strength concrete was sandwiched
between the two high-strength concretes, to facilitate formation of a fracture halfway
from the top of the slab. The fracture was formed uniformly in the middle of the slab
having a zigzag wavy shape with respect to the surface (see Figure 7-12a). The main
objective of this exercise was to measure the distance of the fracture from the top surface.
To achieve this goal a grid of 0.2 m by 0.2 m was drawn on the top surface of the slab
(see Figure 7-12b). The grid was selected in a order for the MSR signals to scan and
cover as much of the area as possible. The average velocity of the P-wave velocity in
the concrete was found to be 4300 m/s. The P-wave velocity was calculated from the
peak value in the frequency spectra, known thickness, and equation 6-4. The vertical
displacement transducer was used for this assessment. The thickness variations are
presented in longitudinal cross sections of the concrete slab according to each scanning .
line. Figure 7-13 shows the cross sections of the survey lines with the calculated position
of the planar fracture by the MSR.

To measure the dynamic elastic constants of the slab, shear wave velocities were
captured on eight different positions by a tangential displacement transducer. An
average value of 2561 m/s was calculated for the shear wave velocity.

Knowing the relationship between the stress wave velocities with the density and
the elastic moduli (see Table 3-2), the Young’s modulus, Poisson’s ratio, shear modulus
and bulk modulus of the slab was calculated. The average mass density of the concrete
was calculated at 2300 kg/m3.
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The Poisson’s ratio of the slab was calculated to be 0.23.

The Young’s modulus of the slab was calculated to be 37.0 GPa.
The shear modulus of the slab was calculated to be 15.0 GPa.
The Bulk modulus of the slab was calculated to be 22.0 GPa.
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7.6 SUMMARY AND CONCLUSIONS

This chapter has described the implementation of the MSR system in detecting
flaws, steel reinforcement bars, and vertically positioned crack in concrete. The
assembled MSR system described in Chapter 6 was used to conduct the experiments in
this chapter. The experiments demonstrated that:

1. The function of the MSR system for detection purposes is limited to the
knowledge of one of two variables: thickness or P-wave velocity. In the case in which
the thickness is known, the velocity can be calculated by the frequency of the P-wave
reflections from the back of the plate. Otherwise, the P-wave velocity should be cal-
culated by the indirect methods. The P-wave velocity was estimated indirectly by using
surface R-waves. Also the P-wave velocity was indirectly calculated using the first arrival
of surface P-wave velocities. The two values of P-wave velocities from the indirect
methods were compared with the P-wave velocity obtained by the reflected waveform
from the bottom of the block. From the results it can be concluded that there will always
be a discrepancy between the velocity of the reflected signals and that of the surface
waves due to the heterogeneity of the concrete. However, the velocity obtained by the
first surface P-wave arrival is in better agreement with the reflected P-wave in com-
parison with the estimated P-wave velocity computed from the R-wave velocity.

2. The displacement waveforms and their frequency spectra were used throughout
this study in order to detect and locate the simulated flaws and delaminations in the
concrete block. The S-wave as well as P-wave were used in order to study the reflection
behavior of the body waves from lower and higher acoustic stiff plates than the initial
block. Simulated planar flaws were detected by P- and S-wave with great accuracy.

3. Steel bars are normal constituents of a concrete structure, used for reinforce-
ment particularly in underground concrete linings. Two sets of reinforcement bars, one
in a tight parallel formation and the second set in a top and bottom crossed formation
were imbedded in a concrete block. The position of both sets were detected by the
vertical displacement transducer and the P-wave reflections with great accuracy.

4. A simulated vertical opening crack was placed in the concrete block at the time
of casting. Using the vertical displacement transducer and the impact device on both
sides of the crack on the surface, the depth of the opening crack was calculated with
great accuracy.
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5. A realistic planar fracture was created half-way across a concrete slab. A
chessboard survey grid was marked on top of the slab. The vertical displacement
transducer was used to outline the position of the planar fracture in the concrete. The
tangential displacement transducer was used to provide shear wave parameters. Having
assumed an average density value for the concrete slab, the average values for the elastic
constants of the slab were calculated.

The work discussed in this chapter has established the basis of the MSR as a
nondestructive testing system for the detection of different types of flaws and delami-
nations in concrete blocks in laboratory conditions.
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CHAPTER 8

APPLICATION OF THE MSR SYSTEM FOR MEASURING THE
QUALITY OF CONCRETE

8.1 INTRODUCTION

An investigation was conducted to evaluate the effectiveness of using the MSR
system to monitor quality of concrete mixes. Upon initial mixing, fresh concrete is a
fluid like material. Through the physical and chemical reactions collectively termed
hydration, this fluid like mix changes to a hardened mass. The hardening of concrete
occurs during what is known as the setting period. The beginning and the end of con-
crete’s setting period or setting time is not clearly known. The setting time of the concrete
is understood by its stiffening. The stiffening of concrete can be quantified by the
increase in body wave velocities, gain in elastic constants, and strength.

In this chapter the MSR system will be used to monitor the setting time of concrete.
Monitoring of concrete’s stiffening is carried out by the MSR system on the cylindrical
samples. Six types of concrete mixes with the different strength capabilities were
monitored for their 28 days curing period. Furthermore, the effects of aggregate size
and cement type on the elastic properties will be studied by the MSR system. The MSR
tests were carried out to evaluate elastic properties of wall and columns, in situ. The
ability of the MSR system to measure concrete setting times in situ can be used as a
means of quality control of the structures. The results of the body wave dynamic elastic
moduli determinations were compared with the standard resonant frequency (RF) test
described in ASTM C 215. The results from standard dynamic and static tests were
compared with the results obtained by the MSR system. Also the ultrasonic velocities
were compared with the stress waves generated by the MSR system. Finally, a concrete
block was evaluated and the results of elastic moduli obtained by the MSR system were
contoured.
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8.2 SAMPLE PREPARATION

Compressive strength gain and development of elastic constants of six different
types of concrete mixes were studied. Details of concrete mix used in this experiment
are listed in Table 8-1. The curing condition was kept the same (air-dried curing) for
all the mixes. The dynamic and static elastic properties of the mixes were obtained by
various methods. The Grindosonic apparatus was used to obtain the dynamic elastic
properties of the mixes by the RF technique. Prismatic samples, 400 mm x 100 mm x
100 mm, were cast in plexiglas molds designed to enable demolding without disturbing
the concrete at an early vulnerable age. Concrete cylinders, 152 x 305 mm, were cast
in special cardboard cylinder molds designed to enable demolding at very early ages
without disturbing the concrete. The static tests, MSR tests, and UPV tests were con-
ducted on the same types of samples (concrete cylinders with 152 x 305 mm dimensions).
All of the cylinders were hand rodded in accordance with ASTM C 31 (1988). All of
the specimens were covered with plastic sheets for 24 hours after casting and kept in
the laboratory environment (i.e., ambient temperature of 22+ 1°Cand relative humidity
of 50 = 10%). The specimens were demolded 24 hours after casting. Air-dried curing
was achieved by leaving the specimens in the laboratory at normal temperature and
humidity condition.

Table8-1 Composition and properties of the six concrete mixes used in the experiments.

mmmmm
Cement (Type 10), kg/m

Fine aggregates, kg/m3 1100 | 1060 | 1005 | 920 900 870
| 6 mm coarse aggregates,kg/m3 | 640 | 655 | 675 | 675 | 710 | 720
| 12 mm coarse aggregates, kg/m3| 210 215 225 225 235 240

Total water, /m3 175 | 175 | 175 | 180 | 165 | 145
PDA 25 XL, ml/m3 840 | 905 | 1080 | 1285 | 1393 | 1487 |
(water-reducing agent)
Superplasticizer, I/m3 . . - - 26 | 384
Density, kg/m3 2230 | 2300 | 2320 | 2410 | 2360 | 2470

28th days UCS

82



83 DETERMINATION OF COMPRESSIVE STRENGTH, STATIC YOUNG'S
MODULUS AND POISSON’S RATIO OF DIFFERENT CONCRETE MIXES

The compressive strength tests were carried out at frequent intervals during the
first 28 days in order to determine the influence of early-age hydration on compressive
strength and elasticity gain. After the first 24 hours, the cylinders were end faced by
grinding (see Plate 8-1a). The compressive strength and the static dynamic elastic
properties of the cylinders were determined using a standard compressive testing
machine (MTS Model 315.03) with a maximum loading capacity of 4600 kN (sce Plate
8-1b). The cylinders were tested under strain control as was advised by the ASTM C
39-86 (1988). The axial strain was measured by MTS extensometers (Model 632.94),
with 200 mm gauge lengths, placed on opposite faces of the specimen. A total of about
200 cylinders were tested in compression for this study.

83.1 Compressive Strength

Figures 8-1 through 8-3 show the variations of average compressive strengths of
BN20, BN25, BN30, BN3S, BN40, and BNS50 concretes with age for the air-dried curing
condition. The average compressive strength gain at an early age is higher for the
samples with higher compressive strengths, which can be due to higher rate of hydration.
For the BN40 and BN50 concretes there is a retardation in compressive strength gain
for the first 24 hours which is due to the presence of superplasticizer in their mixes.
After this retardation period there is a rapid increase in strength gain for these two types
of samples. Figure 8-4a illustrates that strength gain continues for all concrete batches
after the 28 days testing period.

83.2 The Stress-Strain Response

Cylindrical samples were tested at ages of 1, 2, 3, 4, 5, 6, 7, 14, 21, and 28 days.
Figures 8-1 through 8-3 illustrate the calculated stress-strain responses for the BN20,
BN25,BN30, BN35, BN40and BNSOconcretes. Atthe very early stages the stress-strain
responses indicate very low elastic moduli, low compressive strengths, and relatively
high strains. The graphs exhibit a change of stress-strain response during the 28-day
curing. Between the age of 1 day and 28 days strain changes slightly. The stress-strain
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curve changes to a more linear and steeper form as the compressive strength increases.
The higher strength concretes (BN40 and BN50) have higher peak strains than the lower
strength concretes.

833 Young’s Moduli

The chord elastic modulus was calculated for the six different types of mixes from
the measured stress-strain responses, in accordance with ASTM C 469-87 (1988).
Figures 8-4b through 8-7b show the variation of the chord and initial tangent modulus
for the various mixes at different ages for the six different concretes. Also in these
figures the values of the modulus predicted are shown by using the expression given in
the ACI Code (1983) and ACI Committee 363 (1992) (see Section 5.3, equations 5-1
and 5-2). In all six cases the modulus predicted is overestimated. This overestimation
is particularly obvious in the case of BN30 and BN3S5 concretes. Nevertheless, the ACI
363 expression pravides a reasonable estimate of the average modulus of elasticity for
the low and high strength concretes. The data illustrates a rapid gain in chord and initial
tangent modulus for the first seven days curing period. For the low-strength concrete
batches (BN20 and BN25) the initial tangent modulus is higher than the chord modulus
for the 28 days curing period. For the rest of the batches the gap between the two
modulus values narrow. For the BN40 and BN50 the initial tangent moduli are in very
good agreement with the predicted moduli. Figure 8-7b shows the variation of the
average chord, initial tangent, and predicted modulus versus the average compressive
strength from day 1 to an age of 28 days for all the batches. The data indicate a pro-
gressive increase in elastic moduli with compressive strength. Eventhough the elastic
moduli increases with compressive strength, the relationship is not linear.

83.4 Poisson’s Ratio

Figures 8-8 through 8-10 show the development of the Poisson’s ratio with time
for the six concrete batches. The axial and diametrical strains were measured by the
MTS extensometers. Forall the batches there is a rapid gain in Poisson’s ratio between
two to seven days of curing period. BN40 illustrates an unusual drop in Poisson’s ratio
between 6 to 14th days. After this dramatic gain, the Poisson’s ratio reaches an stable
and steady value throughout the rest of the curing period.
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8.4 DETERMINATION OF DYNAMIC ELASTIC CONSTANTS OF CONCRETES

8.4.1 Determination of MSR Response

The 3.0 mm diameter spherical tip impact device was used as the impact source.
Surface displacements were monitored by the vertical and tangential broadband
transducers. The distance between the impact source and the vertical displacement
transducer was kept at 5.0 cm for all tests (see Plate 8-2). The tangential displacement
transducer was placed near the edge of the cylinders, approximately 7.0 cm away for all
of the tests (see Plate 8-3). An A/D card was used for acquisition of the waveforms.
Subsequently, the recorded waveforms were collected in a portable computer for further
analysis. The A/D card was operating at a 2048 data points, recorded at a sampling
frequency of 200 kHz (sampling intervals of S s). Thus, the total duration of the record
is 10240 u s . From equation 6-12, the frequency interval in the frequency spectrum is
0.098 kHz, which allows the wave velocities to be computed to the nearest 30 m/s. The
effect of the low frequency (below 1000 Hz) transducer assembly resonance and the
R-wave frequency were filtered out. The waveforms were difficult to interpret prior to
the first 24 hours of setting time.

In Appendix C, Figures C-1 through C-20 show the frequency spectra for some of
the MSR tests made on the six different types of mixes. The spectra on the left sides
are measured from the waveforms captured by the vertical displacement transducer
and the spectra on the right sides are measured from waveforms captured by the tan-
gential displacement transducer. The frequency range shown in each spectrum is from
1000 to 10000 Hz, with the exception of P20d1 which ranges between 2000 to 3000 Hz.
Note that on each frequency spectrum the frequency peak was used to compute the
velocity plots in Figures 8-11 through 8-13.

In Appendix C, as can be seen in Figures C-1 through C-20, early frequency spectra
are characterized by large amplitude low frequency peaks. As the concrete matures,
the resonance frequency of the body waves in the cylindrical specimens increases.
Hence, the frequency peak values increase with concrete maturity.

Once the peak corresponding to the resonance frequencies of P- and S-waves were
identified, the development of the velocities can be easily followed. Equation 6-4 and
the peak frequency values from the spectra generated by the vertical displacement
transducer were used to calculate the P-wave velocities. Similarly, equation 6-9 and the
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peak frequency values from the spectra generated by the tangential displacement
transducer were used to calculate S-wave velocities. Figures 8-11 through 8-13 show
the development of the P- and S-wave velocities as the time progresses through the
resulting frequency spectra. The MSR velocity determinations were attempted at an
age as early as 24 hours (day 1). Prior to the first 24 hours most of the data, particularly
in the case of S-waves, were scattered. For the early hours in the case of BN20, BN40,
and BN50 it was impossible to determine which frequency in the spectrum corresponds
to the resonance frequency of the waveforms. In this study to be able to compare all
the data obtained from different techniques, all the values after the first 24 hours were
considered. For all the six mixes, there is a rapid increase in P- and S-wave velacities
for the early curing days. However, after the early dramatic increase in wave velocities,
there is a decrease in the rate of velocity increase. This change in the rate of wave
velocity increase occurs earlier for the S-waves. This means that the rapid rate increase
in S-wave velocity drops faster than the P-wave. In the case of the S-waves the period
for rapid gain of velocity varies between the shortest at second days (BN50) to longest
atsixthdays (BN20). For the P-waves this period of rapid gain of velocities ends between
five to seven days.

At any given time the wave velocities are higher for the higher strength concretes.
This difference can be attributed to the coarser aggregate content and cement content
of the higher strength concretes. As it is evident in Table 8-1, the higher strength
concretes contain higher amounts of coarse aggregates and cements in their mixes.

Once the elastic wave velocities were computed from the frequency spectra, they
can be used to determine the mechanical properties of the six mixes for the curing period.
Equations in Table 3-2 and the density values from Table 8-1 were used to calculated
values of dynamic elastic constants for the concrete mixes.

In Chapter 3 it was seen that stress wave velocities within a solid depend upon the
elastic moduli. The elastic moduli of early-age concrete increases with age as the cement
paste matures. Figures 8-14 through 8-16 show the progressive gain of elastic parameters
for the six concrete mixes with time. Overall, the gain in elastic parameters is similar
to the gain in elastic wave velocities. More specifically, the increase in Young’s modulus
is similar to the increase in P-wave velocities with time. Also, the increase in shear
modulus is similar to the increase in S-wave velocity with time. The bulk modulus shows
a rapid increase for the first two days, followed by an adjusting period of two to three
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days, and finally a smooth linear relationship with time. In the case of BN25, BN40, and
BNSO the adjusting period is shown by an early drop and later gain of bulk modulus
within three days. For BN20, BN30, and BN35 the gain in bulk modulus is steady,
however the values are slightly scattered.

In general, the elastic moduli of a composite depends on the elastic moduli of
individual components in it. A concrete mix is composed of coarse and fine aggregates,
cement paste and water. At an early age the concrete is a fluid-solid mixture. Later on
as the chemical reactions between the coarse and fine aggregates start, a large number
of water-filled pores are left behind. At this stage, stress wave velocities are low. The
water in the pores is used eventually by the cement to create cement gel. Cement gel
reacts with the aggregates and interlocks the components of the mix. As the volume of
pores decrease the interlocking between cement and aggregates increase. Hence, the
stress wave velocities and consequently the elastic moduli increase. The increase in
elastic moduli as hydration proceeds is attributed to the reduction of porosity of the
paste, and to the increase in the degree of interlocking between the cement paste and
aggregates.

Figures 8-8 through 8-10 show the development of Poisson’s ratio computed by
the MSR system. The values of Poisson’s ratiodemonstrate scattering by sharp increases

and decreases for the first seven days. After the first seven days the Poisson’s ratio of
the samples are almost consistent.

Over a period of 28 days the values for elastic wave velocities and elastic constants
were monitored by the MSR system. The computed results clearly show the develop-
ment of the elastic properties with concrete maturity. It was also observed that for the
concretes having higher compressive strength values, the elastic wave velocities and the
values of Young’s, shear and bulk moduli are higher. However, the values for Poisson’s
ratio does not show a clear correlation with concrete stiffness.
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Plate 8-2 Arrangement of vertical displacement transducer and the impact device on
concrete cylinders.

Plate 8-3 Arrangement of tangential displacement transducer and the impact device on
concrete cylinders.
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8.4.2 Determination of Resonant Frequency (RF) Response

The Grindosonic apparatus was used for testing the resonant frequency of the
prismatic concrete specimens (see Plate 8-4). A more detail description of the Grin-
dosonic instrument and testing methodology is given in Appendix A. The testing
apparatus functions based on the ASTM C 215 (1986) requirements. The prismatic
samples were 400 mm x 100 mm x 100 mm in dimension. Tests were conducted with
samples resting on a foam rubber mat. The top face of each specimen was struck at its
central point with a thin circular steel rod. The piezoelectric detector was held in contact
with the samples at the center of one of the side faces. Dampening of the vibrations
depends on the elastic properties of each sample. The flexural, torsional, and longi-
tudinal frequencies of the six different concrete specimens were collected at regular
daily intervals during the curing period. By utilizing the dimensions and density of the
samples, dynamic Young’s modulus, shear modulus, Poisson’s ratio and bulk modulus
were calculated for each sample at regular daily intervals.

Figures 8-14 through 8-16 show the development of elastic constants calculated
by the RF technique. Similar to the MSR and the static values the values of elastic
constants calculated by the RF technique increase rapidly for the first seven days. This
sharp increase in elastic properties reduces its rate and the relationship becomes more
smoother as the sample matures. Overall, the data obtained by the RF system are more
scattered for the first seven days than for the rest of the curing period. This can be
observed particularly in the case of BN50.

Figures 8-8 through 8-10 show the development of Poisson’s ratio computed by
the RFtechnique. For the Poisson’s ratio, the values for the first seven days are scattered.
For each batch the behavior of the Poisson’s ratio is different. For BN20 there is a sharp
increase up to the second day and then the Poisson’s ratio drops gradually until it sta-
bilizes at the 21st day. For BN25 there is a drop in Poisson’s ratio from first to second
day then it increases until the seventh day and then it stabilizes. For the BN30 there is
a sharp increase in Poisson’s ratio until the seventh day and then it stabilizes. BN35
behaves similar to the BN25. For BN40 there is a drop for the Poisson’s ratio from first
to second day, then there is a sharp increase followed by a drop and later it stabilizes
by the 28th day. For the BNSO the Poisson’s ratio increases by the second day then
decreases and stabilizes by the 21st day. Over the 28-day curing period it was clearly
observed that the values of elastic constants computed by the RF technique were
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increasing as the concrete batches matured. It was also observed that the Young’s, shear
and bulk modulus of the stronger batches were higher. However, the computed Pois-
son’s ratio does not show a clear relationship with concrete stiffness.

8.43 Comparison of MSR and Resonant Frequency (RF) Resuits

Figures 8-14 through 8-16 show a comparison between the values of dynamic elastic
parameters computed by the MSR system and RF technique. For all the six concrete
mixes the gain in elastic properties, whether calculated by the MSR system or the RF
technique, follows the same pattern with time. For BN25, BN30, BN35, BN40, and
BNS50 the values of Young'’s, shear and bulk moduli are higher when they were obtained
by the RF technique than for the same parameters computed by the MSR system. In
the case of BN20 the values computed by the MSR system are higher than the values
obtained by the RF technique. In other words, in the case of very weak concrete, BN20,
the values of MSR are higher than the values of RF. For the weak, intermediate and
strong concretes RF values are higher than the MSR values. The discrepancy between
the MSR values and the RF values are greatest for BN20. For BN25 the gap between
the values obtained by the two system reduces. For BN30, BN3S and BN40 there is only
an small gap between the values obtained by the two systems and the progress and gain
of elasticity for the three batches can be seen to be almost identical. In the case of BN50
the gap between the results obtained by the MSR and the RF increases, particularly in
the case of Young’s and bulk moduli. Also, the elasticity values obtained by the RF
show more scattering for the first five days of curing than the values obtained by the
MSR system.

In case of monitoring the Poisson’s ratios with time by the two systems, in Figures
8-8 through 8-10, the values obtained by the MSR system are less scattered than those
obtained by the RF technique. However, for both techniques the Poisson’s ratio values
for the first seven days are not stable and do not follow a regular trend. Table 8-2 shows
the comparison between the MSR and the RF data.
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Plate 8-4 The resonance frequency test equipment used in monitoring the concrete samples.

Plate 8-5§ UPV test equipment used for monitoring the concrete cylinders.
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Figure 8-7
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Table 8-2 A general comparison between MSR and RF data.

As for the instrumentation, the RF testing requires access to the three surfaces of
the testing area, while the MSR system only requires access to one side of the testing
area. The RF technique provides the elastic characteristics of concrete depending on
the size and shape of specimen. The MSR system on the other hand, only requires the
knowledge of thickness of the specimen and the calculations can be done independent
of shape of the samples.

8.4.4 Determination of Ultrasonic Pulse Velocity (UPV)

Measurements of UPV were made using a PUNDIT instrument with 50 kHz
transducers (see Plate 8-5). A more detail description of the PUNDIT apparatus and
testing methodology is given in Appendix B. The digital display of the equipment was
used for recording the travel times in microseconds. Wave velocities were determined
by measuring the time taken for an ultrasonic puise to traverse the sample. The
cylindrical samples were placed between the UPV transmitter and receiver. The 0.3 m
length of the cylinders were the transmission length. The first measurements of the
ultrasonic P-wave velocities were conducted 24 hours after initial mixing. Prior to the
first 24 hours, most of the collected data were scattered. Figures 8-11 to 8-13 show the
development of pulse velocities in the six different concrete mixes. The results indicate
that the setting times are different for various types of concrete mixes. For all the batches
the P-wave velocities increase rapidly for the first seven days. After this period of
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dramatic increase, there is a decrease in the rate of velocity increase. That is after the
first seven days, the ultrasonic wave velocities for most of the batches reach a stable
value. However in the case of BN20 and BN25 the UPV value still increases with time
but the rate is very small. In the case of BN40 and BN50 due to presence of super-
plasticizer the UPV values stabilize after the first four days of curing.

Over the 28-day curing period it was observed clearly that the UPV values for
higher strength concrete batches are higher. The higher velocities can be attributed to
coarser aggregate and cement contents of the higher strength concretes.

8.4.5 Comparison of MSR and UPV Results

Figures 8-11 through 8-13 show the increase of body wave velocities with curing
time obtained by the UPV and MSR systems. Forall the six concrete mixes the ultrasonic
wave velocities are higher than the P-waves velocities determined by the MSR system.
This difference between the P-wave velocities measured by the two techniques was
expected, and has been demonstrated by others (Philleo, 1955; Sansalone, 1985, and
Sadri, 1992). The reason for this difference is not well established yet. However, it is
clear that the frequencies of the reflected stress waves generated by the impact can be
used to monitor the development of P-and S-wave velocities.

Table 8-3 A general comparison between MSR and UPV P-wave velocity data.
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One reason for this difference could be due to the propagation characteristics of
the ultrasonic and stress waves. In making velocity measurements by the UPV and the
MSR techniques, because of the fact that concrete contains about 75% aggregate by
volume, the velocity is measured along a path three-quarters of which lies in aggregate
and only one-quarter in cement paste. It is expected that the velocity measurements
are mainly sensitive to the properties of aggregates rather than cement paste. Also,
usually aggregates have higher elastic properties than the paste. The high frequency
UPV travel along a narrow beamwidth, but the stress waves generated by the MSR
system travel along a broader beamwidth. In the case of the ultrasonic pulses, the narrow
beamwidth of the signal is more sensitive to the aggregate properties. On the other
hand, the broader beamwidth stress pulses travel through a larger portion of the concrete
and are more effected by either cement paste, voids and aggregates. One advantage of
the MSR signals is their quality in seeing the properties of the specimens more globally
than the ultrasonic pulses.

The UPV technique is fast and effective for measuring the P-wave velocities in the
concrete where two sides of the test specimen are accessible. However, since the
ultrasonic pulses are highly affected by the aggregate properties in a narrow beamwidth,
elastic modulus values calculated by the ultrasonic wave velocities might not reflect the
global properties of the concrete. The use of couplants such as petroleum geily and
grease in the case of UPV testing is essential while in the case of the MSR system no
couplant is required to provide good contact between the transducers and the concrete
surface. The relatively high-frequency ultrasonic pulses (50 kHz standard) are more
severely attenuated than the lower frequency stress pulses of the MSR. This can limit
the capability of the UPV systems in monitoring areas with a long pathlength (thick
specimens or structures). Table 8-2 shows the comparison between the MSR and the
UPYV P-wave velocities.
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8.4.6 Comparison of Static and Dynamic Elastic Constants

Figures 8-4b through 8-7a show the initial tangent and chord modulus, and the
dynamic Young’s modulus computed by the MSR and the RF systems. For all the
batches the values of chord modulus is smaller than the dynamic Young’s modulus. The
discrepancies between the dynamic and static values were expected and the known
explanations are given in detail in Section 5.7. The dynamic methods should not be used
to check or evaluate the static methods. The two methods are independent of one
another. The dynamic methods deal almost entirely with elastic parameters of concrete
composition but the static measurements are complicated by inelastic deformations,
microfractures and pores. Also, various methods are affected by the heterogeneity of
concrete in different ways. However, it is important to compare the results of newly
assembled MSR system with expected results obtained by various systems to evaluate
the validity of the data computed by the MSR.

In comparing the results obtained in this study, except BN20, the Young’s moduli
obtained by the MSR are closer to the chord modulus than the RF values. This can be
seen in the case of BN50 where the RF values are up to 38% higher than the chord
modulus whereas the MSR values are 28% higher. This could be related to the fact
that the strains generated by the MSR system is higher than that of the RF system.

The Poisson’s ratio obtained by the MSR, for all the different concrete mix is in
close agreement with the static values, compared to the Poisson’s ratios obtained by the
RF technique. The biggest discrepancy can be seen in the case of BN30. Only in this
case, the RF values show better agreement with static values. Table 8-4 shows the.
comparison between the MSR, static and predicted data.

8.4.7 Comparison of Static and Dynamic Elastic Constants with Strength

Figure 8-7b shows all the values of Young’s modulus versus compressive strength
for the six concrete mixes obtained by various techniques. From the graph it can be
seen that there is a clear correlation between the values of elastic moduli and the
compressive strength. Both dynamic and static values obtained in this study constantly
increase with the increase in compressive strength. The values of elastic moduli for the
MSR and RF techniques are more scattered when the compressive strengths are above
40 MPa. From Figure 8-7b it can be concluded that the MSR data are well correlated
with the values obtained by other standard techniques.
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The graphin Figure 8-7b shows that the empirical relationship established by Pauw
(1960) maybe used for the values obtained by the MSR system as well as other dynamic
and static techniques. Pauw’s relationship states that for mature concrete the modulus
of elasticity of concrete, E ., is proportional to the square root of compressive strength
fc,or

E.==f. (8-1)

The results from Figure 8-7b suggests that the above relationship is also true for
immature concrete.

Table 8-4 A general comparison between MSR, static and predicted data.

MSR >Static |
MSR>Static |
MSR >Static
MSR > Static |
MSR > Static
MSR>Static

MSR >Static
MSR >Static
MSR > Static

MSR <Static
MSR <Static
MSR > Static
MSR > Static
MSR >Static
MSR >Static

MSR > Static

MSR > Static
MSR > Static

| MSR <Static

8.5 EFFECT OF AGGREGATE SIZE AND CEMENT TYPE ON THE MSR

To study the effect of aggregate size and cement type on the MSR’s body wave
velocities, a series of tests was conducted. Two different concrete batches were mixed
and cured in the same environment. Both concrete types were 30 MPa; however in
order to see the effect of aggregate size on the wave velocities one of the batches was
prepared having 20.0 mm size aggregates (BN A) and the other batch was prepared with
10.0 mm size aggregates. Cement type 30 was used in both mixes in order to compare
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the effect of fast curing on the changes in stress and ultrasonic wave velocities. The rest
of the mix specifications were kept similar for both batches. The concrete mix speci-
fications were:

BNA:

Cement type 30
Concrete type 30 MPa
Average aggregate size 20 mm
Slump 130 mm
Air content 6 to 8%
Water/cement ratio 0.47
Density 2260
BNB:

Cement type 30
Concrete type 30 MPa
Average aggregate size 10 mm
Slump 120 mm
Air content 6 10 8%
Water/cement ratio 0.47
Density 2175

Concrete cylinders with 152 x 305 mm dimensions were cast. A total of 72 concrete

cylinders were cast, half of which were from BNA batch and the other half were from
BNB batch. All of the cylinders were hand-rodded in accordance with ASTM C 31
(1988). All of the specimens were covered with plastic sheets for 24 hours after casting
and kept in the laboratory environment (i.e., ambient temperature of 22 + 1°C and
relative humidity of 50 = 10%). The specimens were not demolded and were kept in
the same condition for the 28-day curing period. Curing was achieved by leaving the
specimens in the laboratory temperature and humidity condition. The curing conditions
were kept the same, air-dried curing, for both mixes.
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The 28-day unconfined compressive strengths of the cylinders were determined
using a standard compressive testing machine (MTS Model 315.03) with a maximum
loading capacity of 4600 kN. The cylinders were tested under strain cortrol as was
recommended by the ASTM C 39-86 (1988). The axial strain was measured by MTS
extensometers (Model 632.94), with 200 mm gauge lengths, placed on opposite faces
of the specimen. The maximum 28th day compressive strength of BNA was 38.0 = 0.7
and for the BNB was 39.0 + 0.5 MPa.

Figure 8-17a shows the stress-strain responses for the BNA and BNB concretes
for the 28th day. The graphs exhibit a difference between the stress-strain response of
the two batches for the 28th day curing. The stress-strain responses indicate similar
compressive strengths for both batches. However, BNA demonstrates higher elastic
moduli and relatively lower strains than BNB.

The UPV and MSR readings were collected at daily intervals. The testing speci-
fications and instrumentation for both techniques were kept the same as in the previous
exercise. The travel times of the ultrasonic waves were used along the 0.3 m length of
the cylinders to calculate the P-wave velocities. The frequency responses of the body
waves on the concrete cylinders were collected using vertical and tangential displace-
ment transducers. The A/D card collected 2048 data points, recorded at a sampling
frequency of 100 kHz (sampling intervals of 10 us). Thus, the total duration of the
record is 20480 u s . From equation 6-12, the frequency interval in the frequency spec-
trum is 0.049 kHz, which allows the wave velocities to be computed to the nearest 15
m/s. The stress wave velocities were calculated using equations 6-4 and 6-9 and the_
peak frequency values from the spectra generated by the vertical and tangential dis-
placement transducers.

Figure 8-17b shows the development of the P-wave velocities obtained by the UPV
and the MSR systems, and the S-wave velocities computed by the MSR system as the
time progresses, from the resulting frequency spectra. The MSR and the UPV velocity
determinations were attempted at an age as early as 24 hours (day 1) and the readings
were collected for the next 28 days. As was expected from the previous study, the wave
velocities increase as the concrete mixes cure during the 28 days period. Also similar
to the results obtained from the previous study, the P-wave velocities computed by the
UPV system are higher than the P-waves velocities derived by the MSR system. For all
three wave types the velocities for the BNA are higher than the BNB concrete mix.
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Notice that the size of coarse aggregates for the BNA batch are twice larger than for
the BNB batch. Using the MSR system, at the 28th day the P-wave velocity of the BNA
is 1.5% and the S-wave is 2.4% higher than BNB. For the same period, the ultrasonic
waves computed for the BNA are 2.9% higher than the BNB.
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For the mixes in this study cement type 30 was used. Cement type 30 has quick
setting properties. This means in comparison to the batches in the previous study, where
cement type 10 was used, the BNA and BNB batches reach maturity in shorter time
period. This change in cement type is detectable by the MSR and UPV systems.
Comparing the velocity/age graphs from the previous study to the graphs obtained from
BNA and BNB it can be seen that the period of dramatic increase in wave velocities is
almost absent in Figure 8-17b. Because of the cement type, the rapid increase in wave
velocities occur during the first 24 hours and prior to the testing period. However, in
comparison between the UPV and MSR wave velocities, the UPV results are less
affected by the cement type, having a sharp increase up to the second days.

Equations in Table 3-2 and the density values were used to compute the dynamic
elastic properties of the two mixes having the body wave velocities were obtained by
the MSR system.

Figure 8-18a shows the development of the Poisson’s ratio for the two mixes with
time. Similar to the results from the previous study, values of Poisson’s ratio are scattered
for the early-age concretes. The graphs indicate that the change in aggregate size and
cement type does not have a substantial influence on the development characteristics
of the Poisson’s ratio. However, the Poisson’s ratio of the BNB is slightly higher for the
28th day concrete than the BNA.

Figure 8-18b shows the development of the Young’s, shear, and bulk moduli with
maturity of the two concrete batches. As was expected from the previous study, the
elastic parameters increase with curing time. Similar to the development of the P- and
S-wave velocities in BNA and BNB, there is an absence of primary sharp increase in
elastic parameters. This means that the use of fast-curing cement type 30 affects the
development of the dynamic elastic parameters computed by the MSR system. For all
cases, the elasticity values obtained for the BNA are larger than the BNB. These results
confirm the relationship between stress-strain and elastic modulus for the two batches
that was discussed previously.
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From the results in this study it can be concluded that change in aggregate size
influences the body wave velocities generated by the MSR system as well as the ultrasonic
waves generated by the UPV technique. However, the ultrasonic wave velocities are
more sensitive to the change in aggregate size. Evidently, the increase in aggregate size
influences the density and consequently the values of elastic constants, which were also
detected by the MSR system. This is clearly explained by the fact that for the same
volume of mix there more coarse aggregates per volume in the cylinder. Since, the
elastic properties of the coarse aggregates are higher than the cement paste, the wave
velocities and elastic constants of the mix with larger aggregate size are higher. Also it
can be concluded that the MSR readings are affected by the cement type of the mixes.

8.5.1 Comparing Cylindrical Values With Structural Values Obtained by the MSR

In order to understand the influence of shape and dimension on the MSR readings,
one standing wall and a column were cast using the BNA and BNB mix proportions.
The wall had a dimension 4.8 m x 1.55 m x 0.3 m. The column was 0.6 x 0.45x 0.8 min
dimension. The wall was cast with the BNA mix and the column was cast with BNB mix.
The frames were removed three days after casting. The MSR tests were conducted on
the side of the wall where the thickness was 0.3 m. On the column the MSR system was
placed on the side of the column where the thickness was 0.6 m. The 15.0 mm diameter
impact device was used to genératc the stress pulses. Both vertical and tangential dis-
placement transducers were used to collect the surface displacements. The transducers
and the impact device were placed on the same side of the structure. The distance
between the impact source and the vertical displacement transducer was kept at 5.0 cm
for all tests. The tangential displacement transducer was placed approximately 10.0 cm
away from the impact device for all of the tests. Three points on each structure were
tested at a 10.0 cm interval. An A/D card was used for acquisition of the waveforms.
Subsequently, the recorded waveforms were collected in a portable computer for further
analysis. The A/D card collected 2048 data points and recording at a sampling frequency
of 200 kHz (sampling intervals of S us). Thus, the total duration of the record is 10240
i s . From equation 6-12, the frequency interval in the frequency spectrum is 0.098 kHz,
which allows the wave velocities to be computed to the nearest 30 m/s. The effect of
the low frequency (below 1000 Hz) transducer assembly resonance and the R-wave
frequency were filtered out.



In Appendix C, Figures C-21 and C-24 show the displacement waveforms and the
computed frequency spectra for the tests conducted on the wall and the column after
21 days of curing. Figures C-25 and C-26 show the displacement waveforms and the
computed frequency spectra for the tests conducted on the cylinders having the same
mix proportions as of the wall and the column after 21 days of curing.

The highest peak value from each spectrum was used for velocity calculations. The
spectra computed from the signals on the wall and column are as clear as the spectra
obtained from the cylinders. The distinct high peak frequency values are the result of
body wave resonance from the opposite side of the test specimens. However, the extra
distinct peak values in the wall and column spectra are due to the presence of the steel
reinforcement bars. The same peaks are not present in the spectra computed from
cylinders.

Tables 8-5 and 8-6 represent the elastic wave velocities measured on the cylinders,
the wall and the column. As it was expected from the previous study, in all cases the
wave velocities for the BNA are higher than for the BNB. Comparing the results of
wave velocities obtained from the wall with the cylindrical values of the same mix, the
wallvelacities are higher. For the wall, the value of P-wave is 5% higher than the cylinder,
and the S-wave 4%. In the case of the column, the cylindrical values are higher: 5%
for the P-wave and 11% for the S-wave.

Table 8-5 The sample calculations of velocity measurements obtained by the MSR on
the cylinders.
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Table 8-6 The sample calculations of velocity measurements obtained by the MSR on
the wall and the column.

34.7 3632

The result on the BNA confirms the previous conclusions by Sansalone (1985) and
Pessiki (1987), that the values of stress P-wave velocities in the structures are higher
than the cylindrical values. In the case of the BNA, the P- and S-values for the wall are
higher than the cylindrical values. The higher wave velocities of the BNA in the case
of the wall could be due to the dimensions of the test specimen or better mixing and/or
curing conditions. In the BNB case, the higher wave velocities of the cylinders could be
the result of better mixing and/or curing condition in comparison with the velocities
obtained in the column. The Poisson’s ratio for the structures are higher than the
cylindrical values at all the time but the trend in Young’s modulus values follow the wave
velocities: higher for the wall in the case of the BNA and higher for the cylinder in the
case of BNB. However, from the results of this experiment we can conclude that the
cylinder values are different than the in situ structural values. The difference between
the cylindrical values and structural values is even higher when the concrete is cast in
the field. The cylinders are cast and cured in laboratory conditions using skilled labor.
The placing, consolidation and curing of concrete takes place in the field using labor
which is relatively unskilled. The resulting field product is, by its very nature and con-
struction method, highly variable. For this reason, a better evaluation of the mechanical
properties of concrete structures should be carried out by the in situ testing. In the
following chapter (Chapter 9) the MSR system will be used to evaluate mechanical
properties of shaft and concrete linings in the field. This is to evaluate the capabilities
of the MSR system, operating as an in situ nondestructive testing device.
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8.6 CONTOURING OF A STRUCTURE BASED ON ELASTIC MODULI

In many cases due to poor mixing and curing conditions at casting time or later as
a result of environmental changes, the strength and the load-bearing capacity of the
concrete structures change. One way to evaluate the integrity of the structure is to
evaluate its elastic moduli. In many cases a drop in elastic moduli means a drop in load
bearing capacity and strength of the structure. Using the MSR system, concrete
structures can be contoured based on their elastic moduli.

A2.25 mx 1.0 mx 0.5 m plate was cast using a 40 MPa concrete mix. The average

density of the concrete was calculated to be 2100 kg/m3 throughout the plate. The
preliminary studies indicated that there is a large variation of wave velocities throughout
the plate.

A 0.1 x 0.1 cm grid was placed on the top surface of the concrete plate. Both

vertical and tangential displacement transducers were used to determine the P- and
S-wave velocities. Equations 6-4 and 6-9 were applied to calculate the reflected body
wave velocities. The 3.0 mm diameter impact device was used to generate impacts with
an average of 65 us contact-time. Equations in Table 3-2 were used to calculate the
dynamic modulus of elasticity for each testing point. The distance between the impact
source and the receiver was kept constant at 0.1 m for both transducers. A total of 189
points on the surface were examined by the MSR system. Figure 8-19a shows a typical
frequency spectrum generated from the waveform outputs captured by the vertical
displacement transducer and Figure 8-19b illustrate a typical frequency spectrum
generated from the waveform outputs captured by the tangential displacement trans-
ducer, on the 0.5 m thick concrete plate. Figure 8-20 shows contouring of a concrete
plate based on its dynamic elastic moduli.
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the waveforms captured by the tangential displacement transducer at the same
station (b).
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8.7 SUMMARY AND CONCLUSIONS

The work presented in this chapter clearly demonstrates that the MSR system is
a feasible means of measuring the setting time and dynamic elastic properties of con-
crete. The following conclusions are made from the laboratory work on different
concrete specimens:

1. The development of the P- and S-wave velocities by the MSR system and the
UPVs were monitored and related to the setting time of six different concrete mixes for
a period of 28 days. It was shown that the UPV values are higher than the stress P-wave
velocities at all times for the six different mixes. After the first day, the velocities began
to increase dramatically and the development of velocities could be easily followed.

2. The dynamic and static moduli of elasticity were computed by the various
techniques. The elastic parameters evaluated by MSR and RF techniques were higher
than the results obtained by the static technique. However, the results obtained by the
MSR system are in better agreement with the static values. It was shown that the values
of Poisson’s ratio for the early-age concrete is scattered and does not show a clear
correlation with strength. The development of elastic parameters could be easily fol-
lowed by the MSR system.

4. It was shown that for evaluation purposes, the MSR system only uses one surface
of the testing specimen while the UPV system uses two surfaces and the RF technique
uses three surfaces. This makes the MSR system more practical than the two other
techniques.

5. Itwas shown that like the other dynamic and static methods, the results obtained
by the MSR system can be correlated to the compressive strength.

6. The MSR system is sensitive to changes in setting time caused by the cement
type. The use of fast curing cement was seen by the change in the rate of maturity which
was reflected in the elastic wave velocities and elastic constants.

7. It was shown that the influence of aggregate size on the elastic parameters can
be detected by the MSR system.

8. The elastic wave velocities and dynamic elastic constants were computed by the
MSR system on actual structural elements such as a column and a wall. It was shown
that the MSR system is capable of evaluating these structures’ setting time as well as
the cylindrical samples made from the same mix.
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9. A poorly cast concrete block was monitored by the MSR system for the body
wave velocities in a chessboard survey fashion. The global state of the block was rep-
resented by contouring dynamic elastic moduli which was shown to be an easy inter-
pretation method for controlling the quality of the concrete block and possibly concrete
structures.



CHAPTER 9




CHAPTERY

APPLICATION OF THE MSR SYSTEM ON SHAFT AND TUNNEL
CONCRETELININGS

9.1 INTRODUCTION

Assessment of the condition of concrete linings in underground excavations is
difficult since most of the deterioration processes take place in the rock-side or blind-side
(i.e.in the rock/concrete interface) of the lining. Groundwater and variations in stress
conditions are the main cause for deterioration and damage to concrete linings.

The studies presented in this chapter demonstrate that the MSR system can be
used for integrity testing of mine shaft and tunnel linings. In the first section, results
obtained from experimental studies on two concrete shaft liningsare presented. Various
sections of shaft linings at different elevations were investigated and their elastic
properties at each point are calculated. In the second section, thickness of tunnel lining
was calculated. For both cases, the effect of surrounding rocks on the signals were
studied.

The MSR outputs were compared with results obtained byindependent laboratory
testing of core samples extracted from the structures.

9.2 THEMSR SYSTEM

The field MSR system used in the projects throughout this chapter, includes a
series of spherical tip, spring loaded impact devices (ranging between 0.5mm and 25.4
mm in diameter), one broad band vertical displacement transducer and the associated
amplifier, one broad band tangential displacement transducer and the associated
amplifier, a data acquisition A/D board, and a portable computer. A sampling frequency
of 100 kHz was used throughout the experiments, and a total signal length of 2048 points
was used for the calculations. The analysis software program was developed on the
GAUSS mathematical and statistical system using the time series analysis package to
identify and measure P- and S-wave frequencies and velocities. In the frequency
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spectrums, the values below 1000 Hz were clipped (using a high pass filter), since they
were related to the frequency of the R-wave, the electrical and mechanical vibrations
of the structure and the resonance frequency of the transducers.

93 APPLICATION OF THE MSR ON TUNNEL SHAFT LINING

The main objective of this project was to study the capability of MSR for evaluating
the quality of underground concrete linings. The quality of the linings were evaluated
based on their mechanical properties, particularly the dynamic elastic constants. The
shaft No.2 of CCP Mine [(Central Canada Potash Inc.) as of January 1995 (after
completion of these tests) the CCP Mine was bought by the International Minerals &
Chemicals Corp. (IMC)} and shaft No. 2 at the Allan Division of PCS (Potash Corpo-
ration of Saskatchewan Inc.) in Saskatchewan were considered ideal for this study. CCP
and Allan mines are two of the nine potash mines in Saskatchewan. The potash ore is
located in a depth of 1021 to 1036 meters within a potash deposit known as Patience
Lake Member of the Prairie Evaporate Formation. The deposit is of a Devonian age
(350 - 400 million years old) (Molavi, 1987). Figure 9-1 illustrates position of the two
Mines and the geological stratification of the potash ore.

The vertical accessibility to the testing stations were provided by the personnel
carrier cages. Both sites were production shafts, causing unique time constraints for
MSR testing. The external ring of shaft No. 2 at the Allen mine is covered by various
types of rocks, mainly of a sedimentary nature. The inner concrete surface was smooth
invarious sections and there was no evidence of spalling (Plate 9-1). By visualinspection,
the concrete linings in both shafts appeared to be in good condition. The thickness of
the linings for both shafts were known from the available plans. In the case of Allan’s
shaft No. 2 drilling was conducted to confirm the lining thickness at various levels.

93.1 CCP Mine

Shaft No. 2 of CCP Mine is a production shaft that extends down to 1090 m. The
shaft was constructed in 1965. The concrete used for the lining was sulfate-resistant
having a compressive strength of 34.47 MPa (AMC, 1965). The maximum size of the
aggregate was 0.2 to 0.9 cm. The top 100.0 m of the shaft had a 0.51 m thick concrete
lining. Thick reinforcement bars and mesh-form, positioned 5.1 cm from the inner
surface and 5.1 cm from the outer ring (AMC, 1965) (Figure 9-2). The concrete has a
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bulk density of 2700 kg/m3 (AMC, 1965). The top 30.5 m of the concrete lining is
surrounded by overburden consisting of glacial till. The MSR tests at CCP Mine were
conducted in the top 9.1 m of the concrete shaft lining. In this exercise, the thickness
of the shaft lining was taken from plans provided by the shaft personnel.

9.3.1.1 Experimental Setup

The equipment was placed on the top of the personnel career cage (Plate 9-2).
The tests were conducted from the top of the cage. In this case both the semi-spherical
tipped hammer and the mechanical impact devices were used (o generate the initial
stress pulse. The contact-time generated by the mechanical impact device was ranging
between 40 to 75 u s (Figure 9-3b). The contact-time generated by the semi-spherical
tipped hammer was ranging between 300 to 340 u s (Figure 9-3a). The MSR readings
were taken from two different locations on the accessible side of the concrete lining.
The vertical displacement transducer was placed 5 to 10 cm from the impact device for
all the tests performed (Plate 9-3). To collect the reflected S-waves, the tangential
displacement transducer was placed at a distance equal or half of the thickness of the
lining (Plate 9-4). The analysis was done in frequency domain, taking the thickness
values from the shaft plan. Two sets of equations were used, equations 6-4 and 6-9 were
applied forevaluation of elastic wave velocities and equation 4-26 was used for detection
of steel reinforcement bars within the concrete.
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Figure 9-1 3) The position of the Allan (1) & CCP (2) mines in addition to the isopach
map of Prairie Evaporite, b) The cross-section through Prairie Evaporite
(After Molavi, 1987).
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Figure 9-2 Schematic diagram of CCP Mine shaft depicting MSR testing location and
the position of the reinforcement bars.
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Plate 9-1 Concrete shaft lining.

Plate 9-2 Personnel carrier cage.




Plate 9-4 Measurement of S-wave, using tangential displacement transducer, at CCP Mine.
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Figure 9-3  Estimating the contact time of impact on the concrete shaft lining, a)
impact by a semi-spherical tip hammer, b) impact by an impact device.
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9.3.1.2 Resuits and Discussion

Figures 9-4 and 9-5 show samples of collected waveforms by the vertical and
tangential displacement waveforms and their calculated frequency spectra from the
concrete shaft lining at the CCP Mine. The P- and S-wave velocities were calculated
using the distinct peak value from frequency spectra determined using the time-domain
signals collected by the vertical and tangential displacement transducers, respectively.
The spectra were produced by transformation of time-domain signals to frequency
domain, using FFT technique. The thickness frequency is clearly distinguishable in the
frequency spectrum. The thickness frequency is related to the resonance of P- and
S-wave signals between the two surfaces of concrete lining (Figures 9-4b and 9-5b). The
frequency of the compressive wave signal for the 0.508 m thickness of the concrete lining
was found to be 4345.0Hz. The frequency of the shear wave signal for the 0.508 m
thickness of the concrete lining was found to be 2490.0 Hz. In this case, the stress
characteristics of reflected signals change at both interfaces. This means the concrete
lining has a higher acoustic impedance than glacial till. When the waves reach the
concrete/till boundary both P- and S-waves change sign, i.e. in the case of the P-wave
the incident compression wave changes to tension wave and for the S-wave, the incident
transverse-right (or left) changes polarity. For both waves, the changed waveforms
reach the transducers, where reflection again occurs. The P-waves reflect back as
compression wave and the S-wave reflects as transverse-right. The signs change to the
same form as the incident waves. In this case, equations 6-4 and 6-9 are used for the
velocity calculation. The P- and S-wave velocities were calculated to be 4415 m/s and
3535 m/s, respectively. Having the density (provided from the Associated Mining
Construction Limited: the contractors for constructing the shaft) of the concrete and
the P- and S-wave velocities, dynamic elastic properties of concrete lining could be
calculated using the equations in Table 3-2. The dynamic elastic properties obtained
by the MSR system at the CCP Mine are listed in Table 9-1.
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Figure 9-4 Sample of one a) time-domain and it's b) frequency spectrum collected by
vertical displacement transducer in CCP Mine.
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Figure 9-§ Sample of one a) time-domain and it's b) frequency spectrum collected by
tangential displacement transducer in CCP Mine.
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Table 9-1 The mass density and dynamic elastic properties of CCP Mine’s concrete
shaft lining calculated using MSR values.

Mass density 2700 kg/m3
P-wave velocity 4415 m/s
S-wave velocity 3535 m/s
Young’s modulus 44.0 GPa

| Poisson’s ratio 0.25
| Shear modulus 17.4 GPa
| Bulk modulus 29.3GPa

Other frequency values in the tangential and vertical displacement spectra are
related to either presence of reinforcement bars or flaws and delaminations within the
concrete lining (Figures 9-4b and 9-5b). To detect the position of any object, the resulting
spectra from the vertical displacement transducer wasused. On the frequency spectrum
obtained by the vertical displacement transducer, two other significant values exist
(Figure 9-4b). Assuming that the frequency values are related to the reflections from
the reinforcement bars, equation 4-26 was used for calculations. The two values at
2587.0 Hz and 7421.9 Hz mark the presence of the reinforcement bars within the
concrete lining. The location of the two sets of inner and outer reinforcement bars were
identified at 0.43m and 0.15m respectively. The position of the reinforcement bars for
the outer mesh was documented to be at 0.46 m and the inner mesh to be at 0.05 m.
Therefore, the other frequency amplitudes are related to the reinforcement bars and
no voids or delaminations were detected.

9.3.2 Allan Mine

The MSR in the Allan Mine was used to evaluate the in situ dynamic elastic
properties of the shaft lining at three stations. Shaft No. 2 of Allan Mine isa production
shaft and extends down to 975.4m, and is4.9m in diameter. The shaft was constructed
in the 1960s. The concrete design specification for the Allan’s shaft lining was
sulfate-resistant with 34.47 MPa compressive strength and a density of 2590 kg/m3
(AMC, 1965).
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Figure 9-6 illustrates a schematic diagram of Allan Mine’s shaft No.2. The shaft
lining was tested in three locations at 640.0 m, 823.0m, and 914.4 m of the shaft with
variable concrete thicknesses: 0.58m, 0.58m, and 0.57-0.61m. The information about
the position and thickness of the reinforcement bars were not available. The shaft is
extended down to the depth of 975.4 m located in Prairie Evaporite Formation.
Immediately overlaying the Prairie Evaporite formation iscarbonates, shale and glacial
till. The lining at the first two test sites at 640.0 m and 823.0 m was surrounded by
limestone and the third site at 914.4m was surrounded by halite. The P wave velocities
of these rocks were calculated in the laboratory by the UPV technique and are listed in
Table 9-6.

9.3.2.1 Experimental Setup

The equipment was placed on the top of the personnel career cage (Plate 9-5).
The tests were conducted from the top of the cage. The semi-spherical tipped hammer
with 2.54cm diameter was used in all three locations to generate the initial stress puises.
The contact-times of impacts were calculated between 280to 35011 s. The MSR readings
were taken from two different locations on the accessible side of the concrete lining at
each station. For the detection of the P-wave displacements, the vertical displacement
transducer was placed S5 to 10 cm away from the impact source (Plate 9-6). To detect
the S-wave vibrations, the tangential displacement transducer was placed at a distance
equal to the thickness of the lining (Plate 9-7). The signals were captured and stored
in the portable computer for later analysis.

9.3.2.2 Results and Discussion

Figures 9-7 to 9-12 show examples of displacement waveforms and frequency
spectra collected by the vertical and tangential displacement transducers at each station
in Allan Mine’s shaft No.2. The frequency spectra were calculated from the data col-
lected by the vertical and tangential transducers at each station using FFT technique.
The available thickness values from drilling were used in the calculations. Based on the
distinct frequency values in each spectra, the P-and S-wave velocities were determined
for the three stations and are listed in Table 9-2. Equation 6-4 and 6-9 were used to
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calculate P- and S-wave velocities. Having the mass density from the extracted cores
and the P- and S-wave velocities, dynamic elastic constants of concrete lining were
calculated using the equations in Table 3-2.

Table 9-2 The mass density and dynamic elastic properties of Allan Mine’s concrete
shaft lining calculated using MSR values at three stations.

| Station at
1 640.0 m

| Station at
| 823.0m

| Station at
i 914.4

If the concrete and rock have similar acoustic impedance (velocities and density),
Z, little energy reflects back from the interface, provided there isa good contact between
the rock and concrete (Z3=Z1). When the rock has a higher acoustic impedance than
concrete (Z2>Zj), most of the energy enters the rock and little energy reflects back
from the rock/concrete interface. In this case, the P- and S-wave signals do not change
their polarity, i.e.in the case of P-wave, compression remains compression at the air-side
(transducer side). The reflected signal, in this case, has the same characteristics as the
signal reflected from concrete/steel interface. In areas where concrete has a higher
acoustic impedance than rock (Z3 <Zj), or the concrete and rock do not have a good
contact (bonding) most of the energy will be reflected from the interface. In this case,
both P- and S-waves change signs at the air-side, i.e. for P-wave changes from
compression (o tension at the transducer side. The acoustic impedance (Z3) of the
rocks in contact with the concrete lining for the three testing stations were calculated
and are listed in Table 9-3.
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Figure 9-6 Schematic diagram of PCS Allan Mine shaft depicting the MSR testing

locations.

9-15



Time-Domain Waveform Response of Vertical Displacement Transducer
o6

L4

(0.6)

0 500 1000 1500 2000 2500

Frequency Spectrum of the Vertical Displacement Transducer

10000

Figure 9-7 Example of a a) time domain and it's b) frequency spectrum by vertical
displacement transducer in Allan Mine at 640.0 m station.
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Time-Domain Waveform Response of Tangential Displacement Transducer
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Figure 9-8 Example of a a) time domain and it's b) frequency spectrum by tangential
displacement transducer in Allan Mine at 640.0 m station.
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Figure 9-9 Example of a a) time domain and it's b) frequency spectrum by vertical
displacement transducer in Allan Mine at 823.0 m station.
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Figure 9-10 Example of a a) time domain and it's b) frequency spectrum by tangential
displacement transducer in Allan Mine at 823.0 m station.
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Figure 9-11 Exampie of a a) time domain and it's b) frequency spectrum by vertical
displacement transducer in Allan Mine at 914.4 m station.

9-20



Time-Domain Waveform Response of Tangential Displacement Transducer

04
02+
e
l .
o2
©.8
() %00 1000 1500 2000 2500
Time () z 105
(@)
Frequency Spectrum of the Tangential Displacement Transducer
16
ral
3
12
3 ' =0.61m
Josl Ce=2302m 6873

10000

Figure 9-12 Example of a a) time domain and it's b) frequency spectrum by tangential
displacement transducer in Allan Mine at 914.4 m station.
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Table 9-3 The values of density, P-wave velocity and acoustic impedance for sur-
mundmgsrocksatAnanhﬁneformethreemnonsandtheconcmeacousnc

@y
(kg/m2.5)

12.9% 106

12.0x 106

11.5x 106

The values of acoustic impedance for the concrete are higher than those of the
surrounding rock at the 640.0m and 914.4 m stations. For the testing station at 823.0
m the acoustic impedance of the rock is slightly higher than concrete. However, studying
the frequency spectrums from the 823.0m station indicates a strong signal reflection.
The frequency values for both P- and S-waves can be used with the thickness and
equations 6-4 and 6-9 to calculate velocity values. Knowing at this station the rock has
higher acoustic impedance than concrete (see Table 9-3), it can be assumed that the
concrete and rock in this area are not well bonded. As for the frequency spectrums
obtained from the other two stations, the signals have been reflected from a boundary
with lower acoustic impedance than of concrete (Z7 <Zi) (see Table 9-3). In all three
cases equations 6-4 and 6-9 were used to calculate the elastic wave velocities.

Core samples of approximately 3.18cm in diameter were extracted from the lining
from the same levels the MSR tests were conducted. The cores were tested at the Core
Laboratories in Calgary for acoustic velocities (P- and S-waves), densities, porosity,
permeability, and dynamic elastic constants. Two samples were taken from each level,
one from the air-side of the concrete and one near the rock-side. Samples 21-1A, 1B
were extracted from 640.0 m, 26-2A, 1B from 823.0m, and 30-2A, 2B from 914.4m.
The system used by the Core Laboratory to measure elastic waves is an UPV device
having automatic pore pressure and confining pressure controller.
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The acoustic velocities are measured at the specific pressures (12.5,16.5,and 19.5
MPa for samples extracted from 640.0 m, 823.0 m, and 914.4 m respectively and 0.5
MHz (500 kHz) frequency. Porosity, permeability, and grain density were measured at
the same specific pressures. The porosity ranges from 6.8% to 10.6% in the cores,
permeability ranges from 0.016to 0.075 mD, while density only varies slightly between
2560 and 2600 kg/m3. These data are listed in Table 9-4. The P-wave velocity in the
cores range from 4496 m/s to 4641 m/s, while the S-wave velocity ranges from 2688 m/s
to 2745 m/s. The Cp/Cs ratio, Poisson’s ratio, bulk modulus, and shear modulus are
calculated from the velocity and density data and are listed in the Table 9-4.

Table 9-4 The values obtained by the UPV technique from the concrete core samples.
Velocities and Mechanical Properties of PCS Concrete Cores

(Temperature = 25 °C)




For comparison purposes, the results obtained by the MSR system and the
laboratory UPV technique are listed in Table 9-5. It can be seen that the MSR results
follow the trend of UPV values but that they are consistently lower except for the
Poisson’s ratio and bulk modulus values for the station at 823.0meters. Results obtained
by MSR show that P-wave velocities obtained from the laboratory measurement are
higher by 4.4% at the first station, 8.5% at the second station, and 10.0% higher at the
third station. For S-waves the UPV values are higher by 3.2% at the first station, 17.6%
at the second station, and 8.9% at third station. One reason for this could be that the
MSR impact device generates higher strain rates in the concrete than the UPV high
frequency pulse generator, which results in lower velocities and consequently lower
clastic values. Both P- and S-wave velocities obtained in the laboratory and field drop
progressively with increasing depth. However, the MSR readings are more consistent.
The calculated dynamic elastic constants obtained by the MSR are generally lower than
the values obtained by the UPV technique. Similar to the wave velocities, elastic
constants decrease as the depth increases.

In the frequency spectrums obtained by the two transducers, other significant
peaks exist (Figures 9-7b to 9-12b). These frequency values are related to the existence
of reinforcement bars and potential discontinuities or voids within concrete structures.
However, since the information about the location of the reinforcement bars in the
concrete shaft lining at the Allan Mine was not available, the determination of position
of these reinforcement bars and later comparison with the actual values was not possible.
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Plate 9-6 Measurement of P-wave, using vertical displacement transducer, at
Allan Mine.
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Plate 9-7 Measurement of S-wave, using tangential displacement transducer, at Allan
Mine.

Plate 9-8 The S.T.C.UM. underground tunnel system with concrete lining.
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Table 9-§ A comparison between the values obtained by the MSR and laboratory
measurements.

MSR Field
Measurements

Measured | Measured

Cp Cs
(m/s) (m/s)

4418 2662

9.4 APPLICATION OF THE MSR ON THE CONCRETE TUNNEL LININGS

In this section, the MSR system was used to examine the thickness of concrete
tunnel linings of the Societe de Transport de la Communate Urbaine de Montreal
(S.T.C.U.M.)underground subway (Metro). The tunnel was constructed in 1965 (see
Figure 9-13). Since the construction of the subway system, due to the circulation of
saline water, the outer section of the concrete lining has undergone extensive deterio-
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ration. Figure 9-14 shows a schematic diagram of the concrete lining and deterioration
of the lining’souter ring. The deteriorated tunnel section is located about 30.0meters
below the surface (Plate 9-8). The reduction of the concrete thickness at the rock-side
is not uniform. Most of the damage has been done at the rock/soil interface with the
lining. Nevertheless, the concrete’s deterioration has a great influence on the integrity
of the tunnel lining system. As a solution, the thickness of the lining has to be identified
and the damaged areas should be repaired and reinforced. However, to prevent
extensive damage a continuous monitoring of the tunnel lining would be beneficial.

In order to estimate the lining’s thickness, the average P-wave velocities in the
concrete should be known. In this case, the vertical displacement transducer was used.
An average P-wave velocity of 4330 = 42 m/s for the concrete was calculated from the
areas where the thickness is known. Knowing the velocity of the P-wave in the lining,
and the frequency of the resonated waves between the two surfaces of the lining and
using equation 6-5,the thickness of the lining was calculated at each survey station. To
examine the results, the calculated thickness values were compared with a number of
cores extracted from the concrete lining. The concrete core samples were extracted by
the S.T.C.U.M.tunnel maintenance personnel and inspected in the laboratory for the
thickness measurements, flaw detections, and mechanical properties. The results from
the laboratory evaluation of the cored samples are listed in Table 9-6. The core values
for the concrete thickness vary between 0.43m to 0.74 m.
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Table 9-6 The results from laboratory evaluation of concrete core samples from the
tunnel lining.
Separation
of
Rock/Concrete
Interface

Yes No
X

e
2

0.27, 0.39
0.31
0.28, 0.48
0.27, 0.43
0.18, 0.31
0.31, 0.47
0.31, 0.52

AR A A AR A A A R R A R

9.4.1 Experimental Setup

Access to the site was provided between 2 and S a.m.,while the subway was not
functioning. The testing site was halfway between Laurier and Mont-Royal stations on
Line No. 2 (Plate 9-9 also see Figure 9-13). The concrete mix was cured for a 28 days
35.0MPa strength. According to the original drawings, besides in the roof there is no
indication of reinforcement bars in the structure (see Figure 9-14). This area of the
lining was subjected to extensive damage caused by groundwater infiltration at the triple
contact between the surrounding rock, overburden, and the concrete (Plate 9-10).
Trenton limestone is the rock type surrounding the tunnel lining and the overburden is
a mixture of post-glaicial sands and clays (Clark, 1952).

9-29



A hydraulic lift was used to provide easy access to the roof and the sides of the
tunnel (Plate 9-11). There was evidence of spalling and the surface was rough.

For the thickness measurements only the vertical displacement transducer was
used. The 3.0 mm impact device was used to introduce the transient stress signals into
the lining. The contact-time of impacts were between 45to 75 s. The distance between
the impact device and the receiver was kept less than 0.2times the assumed thickness
of the structure (5 to 10 cm) all the time. The collected waveforms captured by the
vertical displacement transducer were stored in a portable computer. The frequency
spectra were generated by using the FFT technique.

The thickness of the concrete tunnel lining was evaluated at 20 testing stations.
Each station was 0.3 m apart, and in total an area of 2.50mZ on the upper east side of
the tunnel was surveyed by the MSR system. Four parallel lines, Line A, B, C,and D
were surveyed. On each line 4 to 6 stations were examined.

Table 9-7 The values of density, P-wave velocity and acoustic impedance for rock and
soil surrounding the concrete tunnel lining and the concrete acoustic impedance.

Limestone

Sand & Clay

9.4.2 Results and Discussion

Both surrounding materials (limestone, sand and clay) have lower acoustic
impedance than the concrete. Therefore, the reflected signals from the concrete/rock
and concrete/soil interfaces are strong and clear. In the frequency spectra, the single
clear high peak corresponds to multiple reflections of P-wave signals from the con-
crete/rock or concrete/soil interface. Figures 9-15 and 9-16 illustrate the frequency
spectra collected from the tunnel lining. A constant 4000 Hz narrow width signal in the
spectra is related to the AC electrical current in the tunnel and is ignored in the cal-
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culations. Using the average P-wave velocity of 4330 + 42 m/s (density 2310 kg/m3), the
distinct peak frequency from each spectra, and equation 6-5,thicknesses for the concrete
lining in various areas were calculated and are listed in Tables 9-8 and 9-9. The values
listed in Tables 9-8 and 9-9 suggest a thickness variation between 0.45to0 0.67m.

A comparison between the calculated (0.45 to 0.67) and cored thickness values
(0.43 to 0.74) indicates a reasonable correlation, considering the cores were not
extracted at the same place where the MSR tests were conducted. The MSR results
indicate that the concrete lining has an irregular outer shape at the contact with the
surrounding rock. On the frequency spectra a number of distinct frequency peaks
suggest the possibility of presence of voids and fractures in concrete (see Figure 9-15,
Line A-1,2,and 3;Line B-4 and 5;and Figure 9-16,Line C-1 and 4;and Line D-4) which
can be confirmed by the cored samples. These points were identified from their high
frequency distinct peaks in the frequency spectra, which is indicative of potential flaws.
However, the exact position of the flaws can not be confirmed since the coring was not
conducted at exact positions where the MSR tests were conducted. The results from
this study suggests that the MSR system is capable of determining concrete thickness
of the underground lining structures with considerable accuracy.

Table 9-8 The thickness and flaw measurements calculated by the MSR data for lines
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Figure 9-13 Montreal Metro and position of the Mont-Royal and Sherbrooke stations.
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Figure 9-14  Schematic diagram of Montreal Metro concrete tunnel lining.
Note: The drawing is not into scale.
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Plate 9-10 Extensive deterioration of the concrete tunne! lining.
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Plate 9-11 The MSR testing of the concrete tunnel lining.
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Figure 9-15 The frequency spectra calculated from the MSR survey on Lines A and B.
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Figure 9-16 The frequency spectra calculated from the MSR survey on Lines C and D.
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’g:abl‘e:l 969 The thickness and flaw measurements calculated by the MSR data for lines
and D.

Thickness
Frequency
(Hz)

4541
4297
3711
3662
3662

3711

9.5 SUMMARY AND CONCLUSIONS

A series of tests was conducted by the MSR system on the production shafts at the
CCP and Allan Mines of Saskatchewan and concrete tunnel lining at Montreal’s
underground subway. The following conclusions are drawn from the field experimen-
tations in this chapter:

1. For shaft linings, concrete thickness was known. Using the thickness values,
the dynamic elastic properties of the concrete linings were evaluated at various locations.
In the case of the CCP Mine, the position of the reinforcement bars was confirmed by
MSR readings. In the case of the Allan Mine, due to lack of information, the location
of the rebars or possible defects could not be determined. However, the dynamic elastic
properties of concrete lining was evaluated. The in-situ results obtained by the MSR
system were compared to the laboratory values calculated by the UPV technique on
the extracted core samples at different levels. The trend of the results are similar,
however, the MSR values are generally lower than the UPV readings. One advantage
of the MSR technique over traditional methods such as resonant frequency or pulse
velocity is that accurate readings may be obtained from a free face (in situ) regardless
of the dimension and condition of the concrete structure. A continuous and periodic
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survey of shaft linings by the MSR system can help detect the beginning and growth of
a problem in a structure, and hence repairing can be done prior to expansion of the
problems leading to a structural damage.

2. For the tunnel lining, the average P-wave velocity of the concrete was calculated
in the areas with known thickness. The MSR results were analyzed to identify significant
reflected P-wave peaks. Using the P-wave velocity and distinct peak from the frequency
spectra, the concrete thickness was calculated at various positions. On the frequency
spectra a number of flaws were identified. Both thickness and flaw measurements by
the MSR system are within the acceptable range which were confirmed by the testing
of extracted cores. The results in this field study showed the ability of the MSR system
to evaluate concrete lining thickness and integrity. As for the concrete shaft lining, a
continuous and periodical monitoring of the lining can foresee the deteriorations and
help prevent structural damages.

3. The MSR equipment assembly is well suited for the underground testing envi-
ronment. The method of analysis is accurate and rapid. One important advantage of
the MSR system is its capability of measuring elastic wave velocities from the air-side
of the shaft. The MSR results in these two projects were encouraging and confirmed
that the system can be used as an in situ nondestructive testing technique in order to
evaluate the thickness, elastic properties and integrity of the concrete linings in an
underground environment.
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CHAPTER 10

APPLICATION OF THE MSR SYSTEM FOR EVALUATING
MECHANICAL PROPERTIES OF ROCKS

10.1 INTRODUCTION

The mechanical properties of rocks under different conditions must be taken into
consideration in the design of mining and geotechnical structures. In general, estimates
of the elastic constants are used to determine the load-bearing capacity of desired rock
types. The purpose of this study is to investigate the capability of the MSR system to
evaluate the elastic properties of rocks. Here the MSR system is used to determine the
clastic constants of igneous rock blocks and cores. In order to confirm the MSR results
and for comparison purposes, standard laboratory static and dynamic tests were con-
ducted. In the case of dynamic methods, RF and UPV instruments were used. In
addition, the cored rock samples were be loaded to failure in stepwise intervals. Ateach
step, the samples loaded up to a percentage of the maximum strength and then unloaded
to zero. At zero load the samples were tested by the MSR system to evaluate their
elastic properties. For comparison purposes, the samples were also tested by the UPV
instruments. The main objective of these tests was to study the sensitivity and appli-
cability of the MSR system in relation to mechanical changes in the rocks. Finally, the
MSR system was used in a field study to measure the thickness of separations on the
back of a potash opening in an underground mine in Saskatchewan. The location of
the discontinuities were confirmed by drilling.

10.2 TESTING OF ROCK SPECIMEN FOR ELASTIC PROPERTIES

The purpose of this research was to study the capability of the MSR system in
evaluating the elastic properties of the rocks. This laboratory study was conducted in
two parts. In the first part, five blocks of igneous rocks were tested by the MSR system.
To study the effect of dimension and shape of the specimens on the results, the cored
samples of the same rock types were also tested. The calculated results of elastic
constants from the MSR readings were compared with the values of elastic constants
calculated using standard UPV and RF methods. These results were also compared
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with the values of static elastic moduli and Poisson’s ratio. In the second part of the
laboratory study, cored rock specimens were cyclically loaded and unloaded. At each
cycle, ten percent load was added until the sample failed. When the sample was unloaded
the MSR and the UPV testings were conducted. The purpose of this experiment was
to examine the capability of the MSR system in testing samples under dynamic conditions
aswell as to compare the behavior of the UPV and MSR systems under the same dynamic
loading/unloading conditions.

10.2.1 Physical Properties of Rock Specimens

A total of five different intrusive igneous rock types, namely a white granite, a red
granite, a charnokite, a diorite and a gabbro, were selected for testing (Plate 10-1). The
rocks were isotropic, homogeneous and without any visible internal fractures. Dry
density and porosity were determined for all the rock types following the procedure
outlined in the standard laboratory techniques recommended by the International
Society for Rock Mechanics Commission (ISRM) on "Standardization on Laboratory
and Field Tests" (1981); the results are listed in Table 10-1.

10.2.2 Petrographic Analysis

One sample from each rock type was cut and polished, and thin-sections were
prepared and studied under a light-transmitting microscope. Various magnifications
were used to study the constituents of the rock sample.

White granite (UGIS Classification) is hollocrystaline, hypidiomorphic, medium
grained and essentially equigranular. The rock consists of 30% plagioclase, 35% quartz,
25% K-feldspar, 8% biotite, and 2% trace minerals and opaques. The average crystal
size is between 2 to 4 mm in diameter. The rock is also known as Stanstead granite,
coming from the Bebee region of the province of Quebec.

Red granite (UGIS Classification) is hollocrystaline, hypidiomorphic, medium
grained and essentially equigranular. The rock consists of 25% plagioclase, 35% quartz,
35% K-feldspar, 3% biotite, and 2% trace minerals and opaques. The average crystal

size is between 2 to S mm in diameter. This red granite was originally extracted from
the Canadian Shield in the northern part of the province of Ontario.
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Charnokite (UGIS Classification) or amphibole rich granite is hollocrystaline,
hypidiomorphic, large-medium grained and essentially inequigranular. Charnokite is
also called: hypersthene granite. The rock is made of 5% plagioclase (0.5-4 mm), 35%
K-feldspar (0.5-20 mm), 25% quartz (2-9 mm), 30% hornblende-amphibole (0.5-5 mm)
and 3% biotite (0.5- 2 mm). This charnokite is from the Parc Laurentide region of the
province of Quebec.

Diorite (UGIS Classification) is hollocrystaline, hypidiomorphic, medium-fine
grained and essentially equigranular. The rock is made of 76% plagioclase, 8% quartz,
6% K-feldspar, 5% pyroxene, 3% amphibole, and 2% trace minerals and opaques. The
average crystal size is between 2 to 7 mm in diameter. This diorite came from the south
western region of the province of Ontario.

Gabbro (USGS Classification) is hollocrystaline, hypidiomorphic, medium-fine
grained and essentially inequigranular. A more precise name for this rock is
hornblende-pyroxene gabbronorite. The rock consists of 70% hornblende-amphibole
(5-15 mm), 25% pyroxene (3-5 mm), 3% muscovite (0.5-1 mm), and 2% trace minerals
and opaques. This gabbro is from the Ste. Xenon region of the province of Quebec.

Table 10-1 The physical characteristics of the rock specimens.

Bulk Density Dimensions
(Kg/m3) Ixwxh
(m)

2660 0.61x0.31x0.31

0.62x0.32x0.32
0.62x0.32x0.21
0.62x0.32x0.30
0.61x0.31x0.21
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10.23 Observation of Dynamic and Static Elastic Moduli

10.23.1 The MSR System

The MSR tests were conducted both on the large block samples and cored spec-
imen. The block dimensions are given in Table 10-1. Figure 10-1 shows schematic
drawing of the MSR experimental setup on the rock blocks. The spherical tip spring
loaded impact device having a diameter of 3.0 mm was used as the impact device. The
impacts were responsible for generating a contact-time between 40 to 45 u s, which
results in generating input frequencies between 18to 25 kHz. The vertical displacement
transducer was placed at a distance of 5.0 cm from the impact device for all the tests
performed. To collect the reflected S-waves at their maximum amplitude, the tangential
displacement transducer was placed at a distance equal to the thickness of the blocks.
The A/D card was used for acquisition of the waveforms. Subsequently, the recorded
waveforms were collected in a personal computer for further analysis. A sampling
frequency of 100 kHz was used throughout the experiment and the total signal length
retained for analysis was 2048 points, having 10 s intervals. This value corresponds to
a resolution of 0.0488 kHz in the frequency spectra. A high pass filter was used to
remove the 1.0 kHz resonance frequency of the transducers and the effect of the R-wave
signals.

The frequency content of the collected waveforms was determined by the FFT
technique. The frequency spectra contain peaks at various frequency values. In the
spectra for the waveforms collected with the vertical displacement transducer, the
dominant frequency peak corresponds to the P-wave resonance between the top and
the bottom of the blocks. In cases where the tangential displacement transducer was
used, the dominant frequency peak corresponds to the S-wave resonance between the
two surfaces. In Appendix D, Figures D-1 to D-3 show examples of the captured
waveforms and the corresponding frequency spectra on the rock blocks. Equations 6-4
and 6-9 were used to calculate the P- and S-wave velocities. The equations in Table 3-2
were used with the calculated wave velocities to determine the dynamic elastic constants
of each rock block. Table 10-2 shows the values of body wave velocities, elastic moduli
and Poisson’s ratio of the rock blocks. The values of the P-wave velocities of the five
different rock blocks for the comparison purposes with the cored samples and UPV
values are listed in Table 10-4.
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Figure 10-1 Schematic representation of experimental setup used to evaluate the P- and
S-wave parameters in rock blocks.

Plate 10-1 e Five different igneous rock specimens.
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Table 10-2 The dynamic modulus of elasticity and Poisson’s ratio data derived by the
MSR technique on the block size samples.

Dynamic Poisson’s Ratio
Young’s Modulus
of Elasticity
MSR
(GPa)

2565+98 43.6+1.3 0.26+0.01
3138+41 62.8:2.5 0.23+0.01
3134249 61.0+1.8 0.15+0.02
3056+38 64.4+2.8 0.17+0.03
3330+54 66.9+0.5 0.2120.02

Three 9.6 cm diameter samples from each rock type were cored. The vertical and
tangential displacement transducers were used to collect P- and S-wave parameters.
Figure 10-2 shows the schematic drawing of the MSR test setup on the rock cores. Both
the transducers and the impact source were placed on the same sides of the cored
samples. Dominant frequency peaks were representatives of the P-wave and S-wave
reflections from back of the cores detected by the vertical and tangential displacement
transducers, respectively. In Appendix D, Figures D-4, D-7, D-11, D-15, and D-20, at
the top show the captured waveforms and the calculated frequency spectra for the rock
cores were there was zero applied load. Knowing the thickness of the cored samples,
equations 6-4 and 6-9 were used to calculate the body wave velocities from the resulting
maximum amplitude peaks at the frequency spectra. The P-wave velocities of the cored
samples obtained by the MSR system are listed in Table 10-4 for the comparison pur-
poses with rock block and UPV values.
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Figure 10-2 Schematic representation of experimental setup used to evaluate the P- and
S-wave parameters in rock cores.
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Table 10-3 The dynamic modulus of elasticity and Poisson’s ratio data derived by the
MSR technique on the core samples.

Dynamic Poisson’s Ratio
Young’s Modulus
of Elasticity
MSR
(GPa)

402670 | 2750+84 35.0+0.5 0.26+0.01
464566 | 2741232 48.3:1.1 0.24+0.01
4155+5 | 255151 42.0:2.0 0.19+0.02
5395+42 | 3183+52 63.12.6 0.23+0.01
5172+36 | 3166+53 64.9:+1.2 0.20+0.03

10.23.2 The Ultrasonic Pulse Velocity (UPV) Technique

The UPV tests were carried out both on the block and core specimens. Ultrasonic
P-wave velocities were obtained by direct method using the Pundit system (C.N.S.
Electronics Ltd.). A more detail description of the instrumentation and the testing
technique is given in Appendix B. The samples were placed between two P-wave
piezoelectric transducers operating at 50.0 kHz (direct method). Petroleum jelly was
used at the contact between the rock specimens and the transducers, in order to establish
goaod acoustic coupling. The ultrasonic pulse was created at one end of the samples and
detected at the other end by a receiving transducer. The time that pulse travels from
the initial point to the destination transducer was measured by the instrument. Knowing
the length of the core samples, the P-wave velocities of cores and block samples were
determined. The P-wave velocities were abtained for the three samples from each rock
type and are listed in Table 10-4.
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Blocks

Table 10-4 A comparison between the ultrasonic compressional wave velocity values
and compression wave velocity values obtained by the MSR system.

UPV
PUNDIT
(direct method)
(m/s)

MSR

system
(m/s)

PUNDIT
(direct method)
(m/s)

system
(m/s)

4112+124
4800+106
4596+5S
5748:87
5401+59

4481+86
5281+74
4881+22
4863+64
5500+12

419682
4891+75
4693+24
5783+66
6207+48

402670
4645+66
4155+5
5395+42
5172+36

10.233 The Resonant Frequency (RF) Technique

The RF tests were conducted on prismatic specimens cut and prepared with
specific dimensions. The dynamic modulus of elasticity and Poisson’s ratio were
obtained using the Grindosonic RF instrument (J.W. Lemmens Inc.). A detail
description of the instrumentation and testing technique is presented in Appendix A.
The dimensions of rock samples were 50 x 50 x 240 mm. The samples were struck by
a rubber tip steel rod in order to generate mechanical vibrations in the prisms. The
samples were placed on a dampening rubber pad. The piezoelectric receiver was held
incontactwith the sample’s surface. The detected signals were amplified and transferred
to the instrument. The instrument’s output is related to the elastic and dampening
properties of each specimen; therefore the instrument output (r-value) was used to
calculate the elastic properties of each rock type. The values of dynamic elastic moduli
calculated by RF method are listed in Table 10-5.
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Table 10-5 ic modulus of elasticity and Poisson’s ratio using the Grindosonic
instrument technique.

Dynamic Poisson’s ratio
Young’s modulus
of elasticity
by
Grindosonics
(GPa)

White granite 42.2:3.4 0.24:0.04
Red granite 57.442.1 0.23+0.03
Charnokite 48.2:2.9 0.25:0.04
Diorite 84.9:8.1 0.20:0.03
Gabbro 75.6+1.6 0.25+0.02

10.2.3.4 Static Testing

The procedure recommended by the International Society for Rock Mechanics
(ISRM, 1981) was used to calculate the modulus of elasticity and Poisson’s ratios for
each specimen. Three samples were extracted from the specimens listed in Table 10-1
for uniaxial testing. The samples were prepared to be 50.8 mm in diameter and 101.3
mm in length. The ends were lapped flat and parallel to each other and normal to the
core axis. Strain gauges, two parallel and two perpendicular to the longitudinal axis of
the specimen, were installed to measure the amount of axial and diametrical strains.
The strain values were used to calculate Poisson’s ratio for each sample. The installation
procedure was carried out following the manufacturer’s recommended guideline
(Micro-Measurements Group, Inc.). For all the specimens, type CEA-06-12UN-120
strain gauges were used. The strains were monitored and recorded by a computer based
measuring equipment. The maximum unconfined compressive strength and Young’s
modulus of elasticity were calculated by analyzing the data collected by the RDP 2500
kN servo-controlled hydraulic stiff testing machine using a loading rate of 0.7 MPa/sec
(see Plate 10-2). All of the specimens were tested under strain control, as recommended
by the ISRM. The stress-strain curves were plotted for each sample and used to compute
three values for Young’s modulus, the tangent modulus (£ ), secant modulus (£ ,,J) and
the average modulus (£ ,,). Table 10-6 shows the average values of unconfined com-
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pressive strengths for the five rock types. Figures 10-3 to 10-5 show examples of
stress-strain curves for the five rock types. Table 10-7 shows the calculated static
modulus of elasticity and Poisson’s ratio for the five rock types.

Table 10-6 The values of unconfined compressive strength
for the rock samples tested samples.

Uniaxial
compressive

strength

(MPa)

143.3+6
205.2:4
131.4+3
216.526
235.2+5

Table 10-7 The static modulus of elasticity and Poisson’s ratio of the five rock types.

10.2.3.5 Results and Discussion

E, E 4o Poisson’s

(GPa) (GPa) (GPa) ratio
White granite 53.222.5 56.2+0.8 37.2+33 0.27+0.03
Red granite 61.3+2.4 61.5+1.1 45.7+3.1 0.27+0.02
Charnokite 54.71.9 50.9+0.9 32.7£2.1 0.17:0.01
Diorite 67.2+24 65.31.7 48.4+2.6 0.26+0.01
62.7+2.1 49.1223 | 0.22:0.01

The analysis of the data is concentrated on two aspects: first, the relationship
between the P-wave velocities obtained by the UPV and the MSR systems from the
rock samples, and second, a comparison between the dynamic elastic properties
obtained by the MSR system and the RF technique with static elastic constants. Tables

10-11



10-1, 10-2, 10-3, 10-4, 10-5 and 10-7 present the results of the velocity measurement and
the determination of static and dynamic modulus of elasticity and Poisson’s ratio using
traditional techniques and the MSR technique.

With the exception of diorite, the P-wave velocities obtained by the MSR system
on the rock blocks are higher than the P-wave velocities of the same samples when they
were cored. The UPYV values obtained from the cored samples are higher in all cases
than the velocities obtained from the rock blocks.

A comparison between UPV and MSR compressive wave velocity values shows
that in the case of cored samples the ultrasonic values are higher than MSR value
between 4 to 16%. In the case of block specimens, with the exception of diorite (UPV
values are higher up to 15%), the MSR values are higher than the UPV values between
2 t0 9%.

By comparing the frequency spectra obtained by the MSR system it is evident that
the interpretation of the results from cores samples are much simpler than interpretation
of rock blocks. For the cores, the multiple reflected P- and S-waves dominates the
response of the specimen, and therefore the corresponding frequency appears as the
highest peak in the frequency spectrum. In the block specimen, the corresponding P-
and S-wave frequency amplitudes are not as strong and clear as in the case of cored
specimens.

As was expected, the dimensions, type and physical properties of rock specimen
have a significant influence on the P-wave velocities. However, these effects are not
equally shared by the UPV and MSR systems. The signal attenuation rate for the’
ultrasonic pulse is greater than the MSR pulse. The confined dimensions of the cored
specimens positively enhance the amplitudes in frequency spectra generated by the
MSR signals. In the case of UPV values, shorter cored samples provide higher velocity
values than unconfined long block specimens. This is due to higher rate of attenuation
in the block samples, which is a result of their large dimensions, in relation to the short
cored samples. The UPV results on the cored samples are higher than the MSR values.
The reason is due to the difference in strain rate, the higher pulse frequency of the
PUNDIT in comparison with MSR impact pulses, and higher sensitivity of the MSR
transducers. The PUNDIT uses the threshold approach to trigger its time of arrival
measurement unit.
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Despite the good overall correlation obtained between the dynamic and static
Young’s moduli, a reliable value for the ratio between the static and dynamic values
cannot be inferred from there. The fact that the difference between the static and
dynamic values obtained by various methods are large in some cases indicates that there
are a number of effects influencing the behavior of the rocks. Most likely these include
the stress-strain rate, chemical weakening of the bonds along grain boundaries, presence
of microfractures, and the shape and orientation of voids and pores.

A comparison of the values for the modulus of elasticity obtained from the dynamic
methods shows that both Grindosonic and MSR produce estimates that are within an
acceptable range. If one considers the results of the static tests, however, it can be seen
that for stronger rock types (i.c. gabbro, diorite and red granite), the values of the
Young’s modulus obtained from the MSR are closer to their static counterparts (£ ,and
E .,). The same comparison cannot be made for the values measured with the Grin-
dosonic instrument.

Using the MSR system, in most cases the values of dynamic Young’s moduli taken
from the block specimens are higher than the values calculated for the cored samples.

Poisson’s ratios from the MSR system are close to the static values. The largest
discrepancy in the Poisson’s ratios from the Grindosonic compared to the static values
is from the charnokite samples.

The results of this comparative study suggest that the MSR technique can be used
to assess the elastic properties of the rocks. The MSR system offers an advantage over
the UPV and RF techniques in that only one side of the test object needs to be accessible.
Another advantage of the MSR testing technique is the ease by which the tests can be
carried out to a high degree of repeatability on an particular sample. The tests by the
MSR system require minimum sample preparation as it is in the case of RF, and do not
require any couplants as is required in the case of UPV testing. It is, therefore, possible
to use the system for in situ testing of a rock sample over a long period of time, without
any detrimental (e.g. microfracturing) effects being caused by the propagation of the
low energy level stress pulses through the samples.

10-13



Final Phne

m -
b White Gnnito
1490 -
10 =
w wp_ .
g | Initial Phase
- 2r
-
@ r
S @bk
@0 i UCS =1468MP
ol \ Eungers = 54.5 GPa
[ Esworage = 6.7 GPs
ol -35.7 GPa
! Pm = 0.26
3cm 0.00 o2 0.0 * 0.00¢
Strain (mm/mm)
o Final Phase
Red Granite
X0 -
£l
- Initial Phase
e ot
=
@ ! UCS =2063 MPa
Etangent =60.2 GPa
o Eaverage =603 GPa
s Esscast =449 GPa
Poisson = 0.27
o A 2 o 4 e L I
0.000 com oo aam 0004

Strain (mm/mm)

Figure 10-3 Samples of stress-strain curves for the white and red granite.
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Plate 10-2 The RDP servo-controlled hydraulic stiff testing machine.
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10.2.4 Effect of Loading/Unloading Cycles on Elastic Constants

10.2.4.1 Experimental Technique

This study was based on the assumption that compressive stress would damage
rock specimens and thus change the modulus of elasticity, strain, and elastic waves
characteristics. Beside permanent strain, elastic constants and elastic wave velocities
were determined using the MSR system. For the purposes of comparison, compressive
wave velocities were also calculated by the UPV technique. To evaluate the efficiency
of the MSR system as a tool to detect the critical state of the rock, the specimens were
subjected to compressive loading and then tested with the UPV technique and the MSR
system. The critical state occurs when the rock is extensively fractured as a result of
stress and itis very unstable. Five intrusive igneous rock types - white granite, red granite,
charnokite, gabbro, and diorite - were used in this study.

The 2500 kN, RDP servo-controlled rock mechanics test system was used for the
cyclic testing (see Plate 10-2). The machine is programmed to apply loading to a
specimen by controlling the stress. The maximum load to be applied on the sample
along with the frequency of loading/unloading process was determined based on the
maximum load-bearing capacity of each rock type. For each cycle the load wasincreased
by 10%. The 9.6 cm diameter cylindrical core samples are used for the tests. The length
of the samples varied from 19.5 to 22.7 cm. The ends of the cores were ground flat and
parallel.

The elastic wave velocities were determined at the end of each cycle (zero load),
using the MSR system in order to determine the corresponding dynamic moduli. A 3.0
mm diameter spherical tip impact device was used to generate stress pulses on the
samples. The impact device was kept the same for all performed measurements. The
contact-time of the impact was measured to be between 40 to 45 p s, responsible for
generatinginput frequencies between 18 to 25 kHz and wavelengths less than 0.2 meters.
Bothvertical and tangential displacement transducers were used to collect P-and S-wave
displacements. Respectively the transducers were placed 5.0 cm away from the impact
source on the same surface. The limited shape and dimensions of the specimens
accommodated the detection of the reflected waves, particularly the S-waves. Asin the
previous exercise, the A/D card was used for acquiring the waveforms. The recorded
waveforms were collected in a personal computer for further analysis. A sampling
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frequency of 100 kHz was used throughout the experiment and the total signal length
retained for analysis was 2048 points, having 10 u s intervals. Hence, a resolution of
0.0488 kHz in the frequency spectra was established. A high pass filter was used to
remove the 1.0 kHz resonance frequency of the transducers and undesirable R-wave
frequencies. The P-wave velocities were measured using the UPV technique. The
readings were taken after each unloading, directly, were the 50.0 kHz transmitting and
receiving transducers were placed at two opposite sides of the specimen toward the
longitudinal direction. Tests for all rock types have been repeated at least three times
in order to check the repeatability of the results.

10.2.4.2 Results and Discussion

The vertical and tangential output signals’ frequency spectra were derived from
each readings. The frequency spectra were different depending on the rock type and
the state of loading/unloading cycle. For each specimen, the frequency spectra had
multiple peaks, however the highest amplitude corresponded with the P- or S-wave
displacements reflected from the bottom surface. In the Appendix D, Figures D-4 to
D-25 show examples of the captured waveforms and the corresponding frequency
spectra for the rock samples evaluated by the MSR system at the end of each unloading
cycle. As the load increases, the number of fractures in the rocks increase and the body
wave velocities decrease. Slower velocities cause resonance of the waves from top to
bottom of the cores to decrease. The frequency values in the spectra particularly drops
after 65% of maximum compressive strength of the samples. The presented data exhibit
a consistent trend concerning decrease of frequency values with increasing load.

Figures 10-6 to 10-10 shows the accumulated results of body wave velocities and
elastic constants for the rock samples. In general, both P- and S-wave velocities decrease
with increasing load. However, depending on the rock type, this decrease varies. It can
be seen that both P- and S-wave velocities have a nonlinear dependence on axial stress.
Figures 10-11 to 10-13 show the effect of the loading/unloading cycles on the P-wave
velocities of the rock samples detected by the UPV technique. There is a difference
between the trend of P-wave velocities collected by the MSR and UPV techniques. For
the ultrasonic readings, the data describe three distinct phases. At the first phase or
the pore closure stage, there is a sharp increase in wave velocities as the load increases.
This increase in velocity is due to the closure of voids and micro-fractures at the beginning
of stress-strain curve which is caused by the axial load. In the second phase or the elastic
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stage, the velocity decreases slightly, which indicates the creation of new fractures. In
the third phase or the failure stage, the velocity decreases sharply, particularly after
90% of the maximum uniaxial strength of the rocks. For the MSR readings, the pore
closure stage reflecting the increase of velocity values is absent. The absence of the first
phase in MSR data is due to the fact that the input frequency of the impact device is
lower than that of the UPV transmitter. The high frequency ultrasonic pulse is sensitive
to the initial fractures and voids in the rocks. The MSR signals have lower range of
frequencies and view the samples more globally; therefore small voids and fractures do
not effect the output frequencies as much as with ultrasonic pulses. The velocities
determined by the pulse velocity technique are more dispersed than the velocities
determined by the MSR system, due to the fact that the ultrasonic pulses have smaller
wavelengths than the stress pulses. The shorter wavelength ultrasonic pulses are more
sensitive to the small changes that occurs along their raypath therefore in the case of
rocks the velocity values exhibit a more scatter nature than the MSR velocity readings.

The Young’s modulus and shear modulus decrease with the increasing load. The
changes in the two moduli are well recorded by the MSR system. The bulk modulus
increases in the failure stage where the volume of samples expands. The Poisson’s ratio
at the failure stage also increased drastically since the ratio of the longitudinal to dia-
metrical strains changes more rapidly as a result of uniaxial loading. For all rock types
the modulus values suggest that the beginning of a critical stage (failure stage) to be
between 60 to 70% of the maximum load-bearing capacity of the samples. Based on
the ultrasonic P-wave velocity values this critical stage is only evident after 75 to 80%
of the maximum load-bearing capacity of the samples. The discrepancy can be explained
based on the areas the UPV and MSR signals cover when they propagate in a sample.
MSR signals cover a wider area than UPV signals; therefore MSR signals are more
sensitive to the physical changes occur in a sample.

Based on the result of this study it is concluded that the MSR system can be used
to determine the P- and S-wave parameters and the dynamic elastic constants in a
dynamic loading/unloading conditions. The MSR signals view a broader area than UPV
signals; therefore they can detect the critical stage (failure stage) at an earlier time.
Nevertheless, the MSR signals are not very sensitive to the presence of pores and voids
at the early loading/unloading cycle.
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103 FIELD EXPERIMENTS

In this section, a two-layer separation of potash ore in one of the openings in an
underground potash mine was studied by the MSR system. The results of these tests
located the precise position of the discontinuities which was confirmed subsequently by
drilling. Both the velocities of P- and S-waves were obtained and the dynamic elastic
properties of the ore was calculated.

103.1 Detection and Evaluation in Underground Potash Mine

Two discontinuities were identified in the back of an opening in the Allan Division
of PCS (Potash Corporation of Saskatchewan Inc.) potash mine. Drilling located the
position of these fractures to be at 45.7 cm and 86.4 cm. The mineralogy of the potash
ore was identified as 33.7% halite, 63.1% sylvite, and 3.2% clay size minerals. The mass
density of the potash ore was calculated from the cored sample in the laboratory and
was 2130 kg/m3.

Plate 10-3 and Figure 10-14 show the MSR test configuration on the back of an
opening in the Allan potash mine. A spherical tip hammer of 2.54 cm diameter was
used as the impact source. Vertical and horizontal surface displacements were moni-
tored with the broadband vertical and tangential displacement transducers. The sen-
sitive piezoelectric elements were placed in direct contact with the rock surface. The
surface displacement signals were captured, processed and stored using a A/D card and
a portable computer. A high pass filter was used to remove the 1.0 kHz resonance
frequency of the transducers. A sampling frequency of 100 kHz was used throughout
the experiment and the total signal length retained for analysis was 2048 points, having
10u sintervals which corresponds to a resolution of 0.0488 kHz in the frequency spectra.

10.3.2 Results and Discussion

Figures 10-15 to 10-20 show captured waveforms by the vertical and tangential
displacement transducers and their frequency spectra for the potash ore. In order to
evaluate the accuracy of the MSR, the thickness of the first fracture at 45.7 cm was
known from the drilling. Using the frequency peak value and the thickness, the velocity
of the P-wave was calculated using equation 6-4. For the second fracture the P-wave
velocity from the first layer was used and the thickness of the second layer was calculated.
The thickness of the second layer was calculated at 85.0 cm using equation 6-5. Mea-
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surement of the second discontinuity by drilling at 86.4 cm correlates with the calculated
values at 85.0 cm. The discrepancy between the actual position of the discontinuity and
the calculated value by the MSR is only 1.4 cm (1.6% error). Having the accuracy of
the MSR data being confirmed, the values of P- and S-wave velocities were collected
on three nearby locations and the values of elastic constants were calculated. Table
10-8 shows the values of the P- and S-wave velocities and also values of elastic constants
calculated by the MSR system.

Table 10-9 presents the results of velocity measurements and the determination
of dynamic elastic constants in the laboratory using the UPV technique. In the case of
potash ore the ultrasonic wave velocities are 5 to 9% higher than the values obtained
by the MSR. The MSR system was used successfully to determine the position of the
second discontinuity and the potash ore’s dynamic elastic properties, in situ.

Table 10-8 The value of P- and S-wave velocities and elastic constants measured on
the potash ore by the MSR system.

P-wave velocity Poisson’s
S-wave velocity | (kg/m3) | Modulus | Modulus Ratio Modulus
(m/s) (GPa) (GPa) (GPa)

| 4043 2310 317 132 0.19 17.0

0.19
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Table 10-9 The value of P- and S-wave velocities and dynamic elastic constants mea-
sured on the various salt rocks using UPV technique in the laboratory.

P-wave velocity
S-wave velocity
(m/s)

4280
2530

4530
2600

4450
2430
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Figure 10-14 Schematic diagram of MSR test configuration on the potash ore at
Allan Mine.
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Figure 10-15 Example of a time domain and it's b) frequency spectrum collected by
vertical displacement transducer collected from the potash ore in Allan
Mine.
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Figure 10-16 Example of a time domain and it's b) frequency spectrum collected by
vertical displacement transducer collected from the potash ore in Allan
Mine.
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Time-Domain Waveform Response of Tangential Displacement Transducer
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Figure 10-17 Example of a time domain and it's b) frequency spectrum collected by
tangential displacement transducer collected from the potash ore in Allan
Mine.
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Time-Domain Waveform Response of Tangential Displacement Transducer

03
62

01

©.1)
©2) -
0

03)

r'y

500 1000 1500 2000 2500
Time 5) x10°*

(2)

Frequency Spectrum of the Tangential Displacesment Transducer

0.8
ifs = 2783.2 Hz
=046 m
= 2560.5 mvs|

06 |-
»
3
Foaf
E
<

02+

0 - me-a_—
0 2000 4000 6000 8000 10000
Frequency (Hz)

Figure 10-18 Example of a ime domain and it's b) frequency spectrum collected by
tangential displacement transducer collected from the potash ore in Allan
Mine.
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Figure 10-19 Example of a time domain and it's b) frequency spectrum collected by
vertical displacement transducer collected from the potash ore in Allan
Mine.
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Time-Domain Waveform Response of Tangential Displacement Transducer
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Figure 10-20 Example of a time domain and it's b) frequency spectrum collected by
tangential displacement transducer collected from the potash ore in Allan
Mine.
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10.4 SUMMARY AND CONCLUSIONS

The work presented in this chapter clearly demonstrates that the MSR system is
aviable means of measuring the elastic properties of rocks in the laboratory and in the
field. It was also demonstrated that the MSR system can be used to determine the
position of discontinuities in a rock mass. From the results presented in this chapter
the following specific conclusions can be drawn:

1. The MSR system can be used to evaluate the elastic properties of rock blocks
and cores. Comparing the results obtained by the MSR system on the rock blocks with
the cored rocks suggests that the body wave velocities are faster in the blocks. The
frequency spectra generated as a result of the MSR tests on the cored samples are higher
in amplitudes than the calculated spectra from the rock blocks. This is mainly due to
higher signal attenuations in the case of rock blocks. Comparing the resulits of the MSR
tests with standard static tests and accepted dynamic tests such as UPV and REF, it is
shown that the MSR data produce the most consistent set of values for elastic constants.

2. In a series of experiments on five igneous rock types, by loading and unloading
the cored samples to their maximum unconfined compressive strength, the MSR system
was successfully used to evaluate the sample’s elastic properties in regular intervals.
The P-wave velocities calculated by the MSR system were compared to the P-wave
velocities obtained by the UPV technique. In this comparison it was indicated that the
UPYV values are more scattered than the MSR values and the lower frequency MSR
signals see the sample more globally than the higher frequency UPV signals.

3. In an attempt to locate the position of discontinuities in an underground rock
mass, it was demonstrated that the vertical displacement transducer can successfully be
used to evaluate the thickness of a rock mass within less than 2% error. It was also
demonstrated that the MSR system can be used to calculate the elastic properties of
the rock mass in situ.

4. In addition, the MSR data were obtained in a fraction of the time required by
other testing methods because of minima! sample preparation requirements and data
processing techniques.
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CHAPTER 11

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

1L1 SUMMARY

This thesis describes the development of a new nondestructive testing system for
evaluating the integrity of concrete shaft and tunnel linings. The new system functions
based on the miniature seismic reflection (MSR) principle which has been inspired from
the well-established impact-echo nondestructive testing technique. The MSR system
includes a series of spherical tip mechanically triggered impact devices and a pair of
vertical and tangential displacement transducers. The signals are transformed from
time domain waveforms to frequency domain spectra. Laboratory and field testing
programmes were conducted to establish the capabilities of the new system. The lab-
oratory programme consisted of the following:

i) Assembly of an experimental MSR system, including manufacturing of a
tangential displacement transducer and aseries of impact devices for finding
delaminations, defects and reinforcement bars in concrete and assessing the
quality of concrete elements based on their dynamic elastic properties.

ii) Direct and indirect measurements of P-wave velocity in concrete.

iii) Studying the effect of interface materials on the reflection mechanism of P-
and S-waves.

iv) Detection and location of simulated planar and vertical discontinuities and

steel reinforcement bars in concrete.

v) Investigating the curing and maturity of various concrete cylindrical samples
for a 28-day period based on the changes registered by the MSR system on
their P- and S-wave velocities and elastic properties.

vi) Comparison of the concrete curing resulits obtained by the MSR system to
the results obtained by standard dynamic and static tests.
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vii)

viii)

ix)

x)

Studying the effects of cement type and aggregate size on concrete curing
based on the MSR system.

Studying the effect of shape and dimension of concrete testing specimens
on the wave velocities and dynamic elastic properties obtained by the MSR
system.

Investigating the capabilities of the MSR system in determining the dynamic
clastic properties of various rock types with variable core and block
dimensions.

Comparison of the results obtained by the MSR system on the rock samples
to the values obtained by the standard static and dynamic techniques.

Studying the effects of stress increase on the rock samples by the changes
in elastic wave velocities obtained by the MSR system.

The laboratory tests were followed by in situ field measurements using the MSR

system. The objectives of the field programme consisted of the following:

i)

Investigating the capabilities of the MSR system in evaluating the integrity
of shaft linings based on their computed dynamic elastic properties. The
results of these experiments were compared to independent laboratory
studies.

Studying the capabilities of the MSR system in measuring the thickness of
a concrete tunnel lining. The results of this experiment were compared with
the extracted cores from the lining.

Measuring the thickness of discontinuities in a rock mass in an underground
mining environment.

11.2 CONCLUSIONS

The following conclusions were reached based on the results of the comprehensive

laboratory and field studies.

11.2.1 Instrumentation

A transient point impact on a surface causes the generation of P-, S- and R-waves.

P- and S-waves travel on the surface and into the tested object. An abrupt change along
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the raypath of the P- and S-waves causes signals to reflect back to the original surface.
On the original surface, the arriving waveforms generate displacements indicating the
characteristic particle motions of each wave type. The velocity of the P- and S-waves
are controlled by the material properties of the tested object. With the MSR system,
which includes a pair of broadband piezoelectric transducers, a series of spherical tip
mechanically triggered impact devices, and an A/D data acquisition card, the quality of
the concrete specimens and structures can be determined by analyzing the P-and S-wave
parameters.

The broadband piezoelectric vertical displacement transducer is the best detector
of the P-wave signals. This transducer is manufactured so that it is sensitive to normal
surface displacements. It is capable of detecting S-wave signals as well. The broadband
piezoelectric tangential displacement transducer is, however, mainly sensitive to surface
horizontal motions. Nevertheless, the later transducer is also capable of detecting
vertical surface displacements.

The contact-time of the impact is a key element of the MSR system. Contact-time
mainly depends on the diameter of the spherical impact device. However, the stiffness
of the testing object and the force of impact affects the time duration of impact.
Contact-time controls the frequency content of the waves generated by the impact.
Therefore, contact-time controls the wavelength of the P- and S-wave signals. For the
results to be valid, the wavelength of the signals must be smaller than half the path length
of the signals. Therefore, instead of one, a series of impact devices were included in
the MSR system with different impact head diameters capable of generating a .«nge of
contact-times on the testing objects.

The efficient assembly of the MSR system was proven to be capable of operating
in both laboratory and field environments.

11.2.2 Determination of P-Wave Velocity

It was established that for interpretation purposes the P-wave velocity or the
thickness of the test specimens must be known prior to any accurate determination. In
the case in which the thickness of the tested specimen is known, the P-wave velocity can
be determined directly using equation 6-4. In cases in which the thickness of the testing
specimen is not known, P-wave velocity can be calculated by indirect methods. The
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indirect methods include: a) estimate of the P-wave velocity based on the R-wave
parameters, and b) calculation of the surface P-wave velocity based on the travel-time

graph.

11.23 Principles Governing the MSR System

The frequency spectrum analysis based on the application of the FFT technique
on the waveforms simplifies signal interpretation significantly. In a flawless test spec-
imen, for the signals captured by the vertical displacement transducer, the peak
amplitude in the frequency spectrum represents the frequency of the resonated P-waves.
For the signals captured by the tangential displacement transducer, the peak amplitude
in the frequency spectrum represents the frequency of the resonated S-waves. The
reflected P-waves in an infinite plate are best captured when the distance between the
impact source and the receiver are minimum [i.e. not more than 0.2 times the thickness
of the plate (Sansalone, 1985)]. The S-waves in an infinite plate are best captured ata
distance away from the impact source. The optimum distance between the impact
source and the tangential displacement transducer is calculated based on the elastic
properties of tested objects. In the case of concretes having an estimated Poisson’s ratio
between 0.15 to 0.25, the optimum distance between the impact source and the receiver
is from 0.8 to 1.0 times the thickness of the plate.

The shape and dimensions of the testing specimen can affect the propagation of
the signals. In finite cylindrical samples having a length/diameter ratio of 2:1, the
amplitude of the arriving signals are magnified. The sides of the samples act as guiding
channels for the waveforms. In this case, the distance relationship between the impact
source and the receiver is not critical and they can be placed in any respective positions.

11.2.4 Detection and Location of Objects

The results of laboratory investigations show that the MSR system is capable of
detecting and locating planar flaws, steel reinforcement bars, and depth of vertical
surface opening cracks. It was also shown that the vertical displacement transducer
based on the P-wave reflections is a suitable sensor for detection of discontinuities and
defects.
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The results of the laboratory investigations indicate that the reflection charac-
teristics of the P- and S-wave signals relies on the acoustic characteristics of the reflecting
interface. For material interfaces with higher acoustic stiffness than concrete, the period
of arriving signals is twice as long as that of material interfaces with lower acoustic
stiffness.

11.2.5 Concrete Maturity

A strong correlation was found between the curing of concrete cylindrical samples
and the wave velocities and dynamic elastic constants computed by the MSR system.
The results presented in this thesis clearly indicate that the MSR system is a feasible
means of measuring the dynamic elastic properties and quality of the early-aged con-
crete.

In a comparison between the P-wave signals generated by the MSR system and
the P-wave signals generated by the UPV techniques, it was shown that ultrasonic wave
velocities are higher than the MSR wave velocities. It was also concluded that the signals
generated by the MSR system view the testing objects more globally than the ultrasonic
signals.

It was also shown that in most cases the dynamic elastic constants computed by
the resonance frequency technique are higher than the values generated by the MSR

system.

The difference between the wave velocities obtained by the MSR system and UPV
technique could be explained based on the time lags in the strains (see Section 5.7). The
time lag of the strains behind that of the applied stresses generated by the MSR system
are shorter than the time lag of the strains behind that of the applied stresses in the case
of the UPV technique. Therefore, the wave velocities generated by the MSR system
are slower than the wave velocities generated by the UPV technique. The same
explanation is valid in comparison of the time lag of the strains generated by the MSR
system and the RF technique. Therefore, the elastic constants computed by the MSR
system are lower than the elastic constants computed by the RF technique. Also it has
to be noted that the wave velocities in heterogeneous media are frequency dependent
and in the case of the UPV technique the signal frequencies are higher than of those
generated by the MSR system.

In general, the static elastic moduli were lower than the dynamic elastic moduli.
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The MSR system was also shown to be sensitive to the influence of aggregate size
and cement type in the mix.

Overall, it was proven that the MSR system is capable of monitoring the curing
and setting time of early-aged concrete. The curing of the concrete elements are
recorded by the MSR system based on progressive changes in P- and S-wave velocities
and dynamic elastic constants.

11.2.6 Concrete Shaft and Tunnel Linings

The MSR equipment assembly is well suited for an underground testing envi-
ronment. The method of analysis is accurate and rapid. One important advantage of
MSR is its capability of measuring elastic wave velocities and dynamic elastic properties
directly from the air-side of the shaft.

It was also shown that the MSR system is capable of measuring thickness variations
in the tunnel lining with reasonable accuracy.

11.2.7 Application of the MSR System on Rocks

The MSR system was used to evaluate various rock types in the laboratory. It was
shown that the MSR system is capable of determining dynamic elastic properties of
rocks when they are in cored or block shapes. The values of elastic wave velocities were
shown to be higher in the block-shaped rock samples than in the cylindrical samples.

The MSR system was used to monitor the changes that occur as a result of uniaxial
load on rock cores. These changes were recorded based on the elastic wave velocities
and elastic constants. It was shown that in comparison with the UPV values, the MSR
values are less scattered and indicate the failure stage earlier.

The MSR system was successfully used to locate a two layer separation of potash
ore in an underground environment. The results from the recent tests located the
position of discontinuities which was confirmed by drilling.

The P- and S-wave velocities were also used to evaluate the elastic properties of
potash ore in situ.
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113 FURTHER RESEARCH

The experimental assembly of the MSR system was designed to operate in both
laboratory and field situations. However, a more rugged and field oriented design is
needed for long term in situ tests.

The major drawback of the MSR system is its limited speed in collecting data. At
this time the MSR system is capable of collecting 3 to 5 readings per minute. An
improved version of the MSR system should be assembled in order to scan shaft and
tunnel linings more rapidly.

In this thesis the application of the MSR system was limited to only a number of
rock types with no visible structures. A more comprehensive testing program is needed
to study the application of the MSR system on different rock types and structures.
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-APPENDIX A

GRINDOSONIC

The description of the Grindosonic apparatus was taken from “"Nondestructive
Determination of Young’s Modulus and Its Relationship with Compressive Strength,
Porosity and Density” by R. J. Allison (1987) and **"Grindosonic Measurement &
Calculations of Elastic Properties of Concrete Test Pieces” by J. W. Lemmens, Inc.
(1989).

1 The Basic Principle

"The Grindosonic apparatus (Figure A-1) is a new device capable of determining
rock, concrete, and composite strength. It utilizes the principle that elasticity theory
can be applied to the solid masses, and it directly measures the fundamental vibration
frequency of a sample of known dimensions following shock excitation. The measured
elastic material properties can be calibrated to determine the material’s hardness and
strength. The device, an example of ultrasonic pulse velocity testing equipment (Neville,
1981), analyses the transient vibration of test a specimen. The sample is struck to set
up a mechanical vibration pattern rather than being subjected to continuous flexure.
This pattern is converted to an electronic signal via a piezoelectric detector held in
contact with the test piece surface. The signal is amplified by the apparatus before being
fed by the instrument input. If it exceeds the predetermined minimum level required
for analysis, the time of eight wave passes is measured. A short interval between striking
the sample and measurement prevents the analysis of spurious initial wave patterns
which have complex harmonics and which occur when the test piece is initially struck.
The lapsed time appears in the equipment display panel and is known as the r-value."*”

"The vibrating sample experiences dampening relative to its elastic properties.
The decay of a vibration pattern set up in a hard, rigid test piece will take much longer
than the same flexure in a soft material of similar dimensions. The result given by
Grindosonic therefore constitutes a direct measure of sample rigidity or hardness.
However, the natural frequency of vibration is determined by specimen shape and

Al



several other physical constants. Consequently, by utilizing detail of the dimensions and
weight of a specimen together with its r-value determined by the Grindosonic, Young’s
modulus of elasticity, shear modulus, Poisson’s ratio, bulk density, seismic velocity and
a variety of other parameters can be calculated."*”

2 Sample Preparation and Constraints

"Grindosonic testing relies on accurate sample preparation. Test pieces can be
cut to a variety of shapes including bars, cylinders and circular discs. Some variables
used in the analysis do have specific nominal limits. For example, when preparing
bar-shaped samples the length-to-thickness ratio should be greater than three and the
width of the bar should be less than one-third the length (Figure A-2). Beyond these
limits the calculations gradually lose accuracy. Careful sample preparation is of the
utmost importance because the variations in cross-sectional area and non-square edges
cause significant changes in the vibration pattern.” *

3 Apparatus

The test apparatus consists of a compact electronic instrument and a suitable
vibration detector.

3.1 Compact Electronic Instrument

The electronic part of the instrument consists of amplifier, electronic analyzer,
digital display, the selector features and a serial output port.

3.2 Vibration Detector

"The piezoelectric vibration detector is made of a sensitive piezoelectric element
and electronic preamplifier. It will cover the entire frequency range of the Grindosonic
and will be used almost exclusively by manual operation. A white dot indicates the
direction of maximum sensitivity, which should be observed during the measurement.
The dot is always held in the direction of the vibration."**



4 Measurement of Fundamental Vibration Frequencies

"The position of the transducer and the receiver in order to measure flexural,
torsional and longitudinal vibration are shown in Figure A-3. The test specimens were
placed on rubber strips in order to avoid excessive external dampening. A small plastic

hammer or a screwdriver handle could be used to generate various desirable vibra-
- L 2 4
tions."



Figure A-1 The Grindosonic apparatus.

Figure A-2 The experimental setup for Grindosonic.
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Figure A-3 The position of the impact source and receiver in order to measure flexural,
torsional, and longitudinal (from top to bottom) vibrations.
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-APPENDIX B

PUNDIT (Portable Ultrasonic Nondestructive Digital Indicating Tester)

The description of PUNDIT apparatus was taken from “"The Ultrasonic Pulse
Velocity Method" by Tarun R. Naik and V. M. Malhotra (1991) and **"PUNDIT
Manual" by C.N.S. electronics Ltd. (1985)

"PUNDIT consists of a mean of producing and introducing a pulse into the concrete
(pulse generator and transmitter), and a means of accurately measuring the time taken
by the pulse to travel through the concrete. The equipment may also be connected to
a cathode ray (CR) oscilloscope. The equipment is portable and simple to operate."”
The PUNDIT carrying case is 180 x 110 x 160 mm and it weighs 3.2 kg. It is included
with rechargeable batteries and carrying case. The range for operating ambient tem-
perature for PUNDIT is between (° to 45°C (Figure B-1).

"The transit time is displayed on a 4 digit, 12.7 mm Transflective Liquid Crystal:

Two ranges of time measurements are available on the instrument, namely-

a) 0.1 to 999.9 microsecs in units of 0.1 microseconds.
b) 1 to 9999 microsecs in units of 1 microsecond."”"

The PUNDIT comes with two transducers, one to transmit and one to receive the
uitrasonic pulse. Both transducers are 50 mm in diameter and 42 mm long. "They have
atypical resonant frequency of 54000 cycles per second (cps) for concrete testing. These
consist of lead zirconate totanite ceramic (PZT-4) piezoelectric elements housed in
stainless steel cases."” Other transducers with different resonance frequencies are also
available for special applications. These would be high frequency transducers with
150000 cps and low frequency transducers with 24000 cps. "The instrument comes with
an internal, rechargeable, nickel-cadmium battery, which can provide power for about
6 h of continuous operation. A constant current charger is built into the instrument to
allow the battery to be recharged from an A.C. power supply.” *
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1 The Basic Principle

"The velocity of ultrasonic pulses travelling in a solid material depends on the
density and elastic properties. The quality of some materials is sometimes related to
their elastic stiffness so that the measurement of the ultrasonic pulse velocity in such
materials can often be used to indicate their quality as well as to determine their elastic
properties."**

2 Applications

"The pulse velocity method of testing may be applied to the testing of plain,
reinforced and prestressed concrete, whether it is precast or cast in situ. The mea-
surement of pulse velocity may be used to determine:

a) the homogenity of the concrete,

b) the presence of voids, cracks or other imperfections,

c) changes in the concrete which may occur with time (i.e. due to the cement hydration)
or through the action of fire, frost or chemical attack,

d) the quality of the concrete in relation to specified standard requirements, which
generally refers to its strength.””

3 Coupling

"Accuracy of transit time measurement can only be assured if good acoustic cou-
pling between the transducer face and the concrete surface can be achieved.” * Various
types of couplants are availabie in the market: petroleum jelly, grease, liquid soap, and
kaolin-glycerol paste.

4 Transducer Arrangement

"There are three possible ways in which the transducer may be arranged, as shown
in Figure B-2, A through C. These are (a) direct transmission; (b) semi-direct trans-
mission; and (¢) indirect or surface transmission.

The direct transmission method, Figure B-2 "A’, is the most desirable and the most
satisfactory arrangement because maximum energy of the pulse is transmitted and
received with this arrangement. The semi-direct transmission method, Figure B-2 'B’,
can also be quit satisfactory. However, care should be exercised that these transducers
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are not too far apart, otherwise the transmitted pulse might attenuate and a pulse might
not be received. This method is useful in avoiding concentrations of reinforcements.
The indirect or surface transmission method, Figure B-2’C’, is least satisfactory because
the amplitude of the receiving signal may only be 3% or less than that received by the
direct transmission method."*
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Figure B-2 Various types of transducer arrangements for PUNDIT: A) direct,
B) semi-direct, and C) indirect .
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APPENDIX C
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Figure C-19 The MSR computed frequency spectra for BNSO, day S to 7.
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Figure C-21  The displacement waveforms and the frequency spectra for the wall
with BNA mix composition, generated by the MSR.
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BNB Mix for the Column
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Figure C-22  The displacement waveforms and the frequency spectra for the column
with BNB mix composition, generated by the MSR.
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Figure C-23  The displacement waveforms and the frequency spectra for the cylinders
with BNA mix composition, generated by the MSR.
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Figure C-24  The displacement waveforms and the frequency spectra for the cylinders
with BNB mix composition, generated by the MSR.
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. Table C-1 The sample calculation of compressive strength, initial tangent modulus,
chord modulus and Poisson’s ratio.
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Table C-2 The sample calculation of compressive strength, initial tangent modulus,
chord modulus and Poisson’s ratio.
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Table C-3 The sample calculation of compressive strength, initial tangent modulus,
. chord modulus and Poisson’s ratio.
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Table C-4 The sample calculation of compressive strength, initial tangent modulus,
chord modulus and Poisson’s ratio.

Poisson’s
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. Table C-§ The sample calculation of compressive strength, initial tangent modulus,
chord modulus and Poisson’s ratio.
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Table C-6 The sample calculation of compressive strength, initial tangent modulus,
chord modulus and Poisson’s ratio.
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. Table C-7 The sample calculation of elastic constants obtained by the MSR system.
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Table C-9 The sample calculation of elastic constants obtained by the MSR system.
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Table C-10 The sample calculation of elastic constants obtained by the MSR system.
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‘ Table C-11 The sample calculation of elastic constants obtained by the MSR system.
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Table C-13 The sample calculation of elastic constants obtained by the RF technique.

°°.°0°'°I°. . 2 .

MR LL S,
23385

hirpapaboby

¢ N
oqhmhhugmh

- JardrER Y- XV R RY N T
00 0O GO 00 00 90 00

G



. Table C-15 The sample calculation of elastic constants obtained by the RF technique.

Age BN30
(days) Young’s Shear Bulk Poisson’s
modulus modulus modulus ratio
(GPa) (GPa (GPa)

1 7.17 1.6 14 0.14
2 16.8 42 43 0.16
3 19.6 5.0 4.5 0.20
4 20.1 54 4.6 0.21
] 20.7 54 4.8 0.21
6 21.1 54 4.8 0.24
7 214 54 4.8 0.23
14 21.8 54 49 0.23
21 22.0 55 4.9 0.23
28 22.0 5.5 49 0.23

RBREYoaunsw=

® cn



Table C-17 The sample calculation of elastic constants obtained by the RF technique.

Pk b e fd b b o ek D D
ON\I\INO\I\OBO

coooLO0OOO

>N T- XV Y ST
SE858588 8¢
PN ST

C33



. Table C-19 The sample calculation of elastic wave velocities obtained by the MSR and
UPV systems.
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Table C-20 The sample calculation of elastic wave velocities obtained by the MSR and
UPV systems.
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‘ Table C-21 The sample calculation of elastic wave velocities obtained by the MSR and
UPYV systems.

Table C-22 The sample calculation of elastic wave velocities obtained by the MSR and
UPYV systems.
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Table C-23 The sample calculation of elastic constants obtained by the MSR system.
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Figure D-1 Samples of collected waveforms and the corresponding frequency spectra for
the vertical and tangential displacement transducers on white and red granite
blocks.
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Figure D-3 Samples of collected waveforms and the cotresponding frequency spectra for
the vertical and tangential displacement transducers on chamokite and diorite
blocks.
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Figure D-3 Samples of collected waveforms and the corresponding frequency spectra for
the vertical and tangential displacement transducers on gabbro block.
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Figure D-4 The samples of waveforms collected by the vertical and tangential
displacement transducers and the corresponding frequency spectra for the
load/unloading cycles of white granite.
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Figure D-§ The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the white granite.
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Figure D-6 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement

transducers for the white granite.
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Figure D-7 The samples of waveforms collected by the vertical and tangential

displacement transducers and the corresponding frequency spectra for the
load/unloading cycles of red granite.
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Figure D-§ The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the red granite.
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Figure D-9 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the red granite.
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Figure D-10 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the red granite.
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Figure D-11 The samples of waveforms collected by the vertical and tangential
displacement transducers and the corresponding frequency spectra for the
load/unloading cycles of chamokite.
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Figure D-12 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement

transducers for the chamokite.

D12




. 1:
I I

Figure D-13 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the chamokite.
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Figure D-14 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement

transducers for the chamokite.
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Figure D-15 The samples of waveforms collected by the vertical and tangential

displacement transducers and the corresponding frequency spectra for the
load/unloading cycles of diorite.
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Figure D-16 The samples of the comresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the diorite.
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Figure D-17  The samples of the corresponding frequency spectra for the loading and
unioading cycles collected by the vertical and tangential displacement
transducers for the diorite.
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Figure D-18 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the diorite.
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Figure D-19  The samples of the corresponding frequency spectra for the loading and
unloading cycles coliected by the vertical and tangential displacement
transducers for the diorite.
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Figure D-20 The samples of waveforms collected by the vertical and tangential

displacement transducers and the corresponding frequency spectra for the
load/unloading cycles of gabbro.
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Figure D-21 The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the gabbro.
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Figure D-22  The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the gabbro.
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Figure D-23  The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement

transducers for the gabbro.
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Figure D-24  The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential dispiacement
transducers for the gabbro.
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Figure D-2§ The samples of the corresponding frequency spectra for the loading and
unloading cycles collected by the vertical and tangential displacement
transducers for the gabbro.
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Table D-1 Examples of values computed by the MSR system for white granite.

3990.8
4077
4077

3962.1

4048.3
4077

3962.1

3904.7

35.89
35.89
35.89
34.92
35.10
34.92
36.37
34.96
36.56
17.39

#DIV/O!
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Examples of values computed by the MSR system for red granite.

Table D-2

Load (kN) ] % Load | Cp (m/s)] Cs im/s) | Poisson | E (GPs) | K (GPa) | G (GPa)
0 0] 4580.6 | 2702.6 | 0.23 ] 47.01 ] 29.34 | 19.06
20 4 | 4580.6 | 2702.6 | 0.23 | 47.01 | 29.34 | 19.06
40 8 | 4580.6 | 2731.2 | 0.22 | 47.67 | 28.80 | 19.47
0 12| 4580.6 | 2731.2 | 0.22 | 47.67 | 28.80 | 19.47
80 16| 4580.6 | 2731.2 | 0.22 | 47.67 | 28.80 | 19.47
100 20 | 4609.4 | 2760.1 | 0.22 | 48.54 | 28.94 | 19.88
150 30 | 4580.6 | 2731.2 | 0.22 | 47.67 | 28.80 | 19.47
170 34| 4609.4 | 2731.2 | 0.23 | 47.87 | 29.49 | 19.47
200 40 | 4609.4 | 2731.2 | 0.23 | 47.87 | 29.49 | 19.47
250 50 | 4609.4 | 2731.2 | 0.23 | 47.87 | 29.49 | 19.47
300 60 | 4609.4 | 2731.2 | 0.23 | 47.87 | 29.49 | 19.47
350 70| 4494.1 | 2040.2 | 0.37 | 29.77 | 38.23 | 10.86
400 80 | 4465.4 | 1896.1 | 0.39 | 26.09 | 39.53 | 9.38
450 90 | 2880.9 | 16955 | 0.24 | 18.53 | 11.66 | 7.50
500 100 | 2361.8 | 1388.5 | 0.24 | 12.44 | 7.85 | 5.03

Load (kN) | 9% Load | Cp (mis) ] Cs (m/s) | Poisson ] E (GPa) | K (GPa) ] G (GPa)
0 0.00 | 4711.7 | 2779.9 | 0.23 | 49.74 | 31.05 | 20.17
20 571 | 4653.9 | 2779.9 | 0.22 | 49.32 | 29.64 | 20.17
40 11.43 | 4682.4 | 2779.9 | 0.23 | 49.53 | 30.33 | 20.17
80 17.14 | 4682.4 | 2808.8 | 0.22 | 50.20 | 29.77 | 20.59
80 22.86 | 4682.4 | 2808.8 | 0.22 | 50.20 | 29.77 | 20.59
100 28.57 | 4682.4 | 2808.8 | 0.22 | 50.20 | 29.77 | 20.59
150 42.86 | 4682.4 | 2808.8 | 0.22 | 50.20 | 29.77 | 20.59
200 57.14 | 4682.4 | 2779.9 | 0.23 | 49.53 | 30.33 | 20.17
250 71.43 | 4671.6 | 2808.8 | 0.22 | 50.12 | 29.51 | 20.59
300 85.71 | 4653.9 | 2837.7 | 0.20 | 50.61 | 28.51 | 21.02
350 | 100.00 | 4509.4 | 2490.9 | 0.28 | 41.47 | 31.48 | 16.19
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Table D-3 Examples of values computed by the MSR system for charnokite.

_Load (kN) | % Load | Cp (m/s) | Cs (m/s) | Poisson | E (GPa) | K (GPa) | G (GPa) |

0 0.00 | 4153.5 | 2488.3 | 0.22 | 40.79 | 24.29 | 16.72
50 10.59 | 41344 | 2450 | 0.23 | 39.85 | 24.54 | 16.21
100 21.19 | 4115.2 | 2564.9 | 0.18_| 42.00 | 22.04 | 17.76
150 31.78 | 4115.2 | 25457 | 0.19 | 41.65 | 22.39 | 17.50
200 42.37 | 4115.2 | 2564.9 | 0.18 | 42.00 | 22.04 | 17.76
250 52.97 | 4096 | 2546.7 | 0.19 | a1.48 | 21.97 | 17.50
300 63.56_| 4096 | 25649 | 0.18 | 41.83 | 21.62 | 17.76
350 74.15_| 4096 | 2392.4 | 024 | 38.36 | 24.69 | 15.45
400 84.75 | 4058 | 2373.4 | 0.24 | 37.72 | 2a.18 | 15.21

—0.31_| 3184

#DIV/Ol | #DIV/OI

Load (kN) | 9% Load | Cp (mis) | Cs (m/s) | Poisson | € (GPs) | K (GPa) | G (GPa)
0 0.00 | 41595 | 2574 | 0.19 | 42.56 | 22.86 | 17.89
20 412 | 410356 | 25564 | 0.18 | 41.72 | 2196 | 17.63
40 8.25 | 4066.2 | 2536.8 | 0.18 | 41.05 | 21.47 | 17.38
) 12.37_| 40289 | 2499.4 | 0.19 | 40.05 | 21.34 | 16.87
80 16.49_| 40289 | 2494.4 | 0.19 | 39.96 | 21.43 | 16.80

100 20.62 | 4028.9 | 25618.1 | 0.18 | 40.39 | 21.00 | 17.12
150 30.93 | 40289 | 24944 | 0.19 | 3996 | 21.43 | 16.80
200 41.24 | 4028.9 | 2518.1 | 0.18 | 4039 | 21.00 | 17.12
250 5155 | 40289 | 2536.7 | 0.17 | 40.71 | 20.66 | 17.37
300 61.86 | 4010.2 | 2536.7 | 0.17 | 40.53 | 20.26 | 17.37
350 72.16 | 3991.6 | 2499.4 | 0.18 | 39.72 | 20.63 | 16.87
400 82.47 | 3991.6 | 2406.1 | 0.21 | 37.97 | 22.18 | 15.63
450 92.78 | 39543 | 23688 | 0.22 | 36.97 | 2202 | 15.15
485 100.00 0 1305.7 | _1.00 | #DIv/ot | _6.14 | 4.60
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Table D-4 Examples of values computed by the MSR system for diorite.
| Load (kN) | % Load | Cp (m/s) | Cs (m/s) | Poisson | E (GPa) | |G (GPa) |

Load (kN) | 9% Load | Cp (m/s) | Cs (m/s) | Poisson | E (GPa) | K (GPa) | G (GPa)

0 0.00 5436.5 | 3107.5 0.26 71.15 48.87 28.29
20 3.64 5322 3150.3 0.23 71.55 | 44.22 29.08
40 7.27 5322 3150.3 0.23 71.65 | 44.22 29.08
60 10.91 5322 3150.3 0.23 71.55 | 44.22 29.08
80 14.55 5322 3121.7 0.24 70.68 | 44.92 28.55

100 18.18 | 5293.5 | 3150.3 0.23 71.29 | 43.33 29.08

150 27.27 | 5293.5 | 3121.7 0.23 70.43 | 44.03 28.55
200 36.36 | 5293.5 | 3121.7 0.23 70.43 | 44.03 28.55
250 45.45 | 5293.5 | 3150.3 0.23 71.29 | 43.33 29.08
300 54.55 | 5293.5 { 31503 0.23 71.29 | 43.33 29.08
350 63.64 | 5264.9 | 3121.7 0.23 70.18 | 43.15 28.55

400 72.73 | 5264.9 | 3121.7 0.23 70.18 | 43.15 28.55
450 81.82 | 3605.3 | 2721.3 -0.16 36.36 9.15 21.70
500 90.91 2520.9 1.00 #DIV/O1 | -24.83 18.62

550 100.00 2520.9 1.00 #OIV/O0! | -24.83 18.62




Table D-§ Examples of values computed by the MSR system for gabbro

lm % Load | Cp (m/s) | Cs (m/s) | Poisson | E (GPa) | K (GPa) | G (GPs) |
5208 | 3117.2
5147.1 | 3096.6
5147.1 | 3096.6
5126.9 | 3096.6
5127 | 3096.8
5127 | 3076
5106.4 | 3096.6
5106.4 | 3076
5106.4 | 3076
5085.8 | 3076
5085.8 | 3076
5085.8 | 3097.5
5085.8 | 3076
5065.2 | 3076
5066.2 | 3035.1
5044.9 | 3014.6
4511.7 | 2501.9
2091.8

65.88
65.23
64.80
65.02
64.59
64.59
64.79
64.37
63.94
64.15
63.52
60.78
55.40
43.04
#01V/0!
#0I1V/0!
#DIV/0!
#01V/0!
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Table D-6 Examples of values computed by the MSR system for gabbro

. 3163 64.83

3163 64.83
3163 64.83
3143 64.14
3143 64.14
3143 64.14
3143 63.94

3143 63.94

3123 63.25

3143 63.73
2762.7 53.10
2762.7 53.10
2782.7 53.68
1701.6 . #DIV/O!
1581.5 . #DIV/O!
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Table D-7 Examples of values computed by the UPV.

White granite
. Load (kN) | % Load | Cp (m/s)
0 0.0 | 4195.8
15 5.7 | 4225.4
30 11.5 | 4255.3
45 17.2 | 4316.5
60 22.9 | 4363.6 .
75 28.6 | 4347.8 ) 4935.8
90 34.4 | 4347.8 . 4958.5
105 40.1 | 4363.6 . 4958.5
120 45.8 | 4363.6 . 5004.7
135 51.5 | 4363.6 . 5004.7
150 57.3 | 4428.0
165 63.0 | 4411.8
180 68.7 | 4270.5
195 74.4 | 4363.6
210 80.2 | 4332.1
225 85.9 | 4332.1
240 91.6 | 43165
255 97.3 | 41522
262 100.0 | 4013.4
Charnokite
Load (kN) | % Load | Cp (m/s)
0 0.0 | 4693.0
15 6.3 | 4693.0
30 12.6 | 4713.7
45 18.8 | 4755.6
60 25.0 | 4819.8
75 31.3 | 4908.3
90 37.5 | 4908.3
106 438 | 4776.8
120 50.0 | 4755.6
135 56.3 | 4755.6
150 62.5 | 4755.6
165 68.8 | 4755.6
180 75.0 | 4755.6
195 81.3 | 4755.6
210 87.5 | 4755.6
225 93.8 | 4755.6 .
240 100.0 | 4458.3 6257.3
6257.3
6257.3
6257.3
5700.0
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Table D-8 Examples of values computed by the UPV.

Gabbro
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