
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films

the text directly from the original or copy submitted. Thus, sorne thesis and

dissertation copies are in typewriter face, while others may be tram any type of

computer printer.

The quallty of thi. ,.production i. dependent upon the quallty of the

copy .ubmitted. Broken or indistind print, colored or poor quality illustrations

and photographs, print bfeedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

ln 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 ta be removed, a nete will indicate the deletion.

OversiZe materials (e.g., maps. drawings. charts) are reproduced by

s8Ctioning the original. beginning at the upper left-hand corner and continuing

from left ta right in equal sections with small overlaps.

ProQuest Information and Leaming
300 North Zeeb Raad. Ann Arbor. MI 48106-1346 USA

800-521-0600





NOTE TO USERS

This reproduction is the best copy available.





•

•

Development of the Miniature Seismie Retleetion (MSR)
System for Nondestructive Evaluation of

Concrete Sbaft and Tunnel Linings

by

Afshin Sadri

A thesis submitted to the Faculty ofGraduate Studies and Researeh
in partial fulfillment of requirements for the

Degree ofDoetor ofPhilosophy

Depanment ofMining and Metallurgieal Engineering
McGill University
Montr~ Canada

0ecember1l 1996
C Afshin Sadri



1+1

The author bas granted a DOD­

exclusive licence aIlowiDg the
Natioaal Library ofCanada to
reproduce, 108D, distnbute or sen
copies oftbis thesis in microfonD,
pape!' or electroDic formats.

The author retaÎDS ownersbip ofthe
copyright in tbis thcsis. Neitbcr the
tbesis nor substantial extracts &am it
may he priDted or otherwise
reproduced witbout the autbor's
permission.

0-612-70192-1

L'auteur a accordé UDe licence non
exclusive permettant à la
Bibliothèque Datioaale du Canada de
reproduire, prêter, dis1nbuer ou
veadre des copies de cette thèse sous
la fOlDle de microficbel_ de
reproduction sur papier ou sur fonDat
électroDique.

L'auteur conserve la propriété du
droit dtauteur qui protège cette thèse.
Ni la thèse Di des extraits substantiels
de ceDe-ci ne cloiveDt itre imprimés
ou autrement reproduits sans son
autorisation.



•

•

ABSTRACI'

Nondestruetive evaluation of the structural integrity ofshaft and tunnel conaete

linings is the focus of this thesis. A nondestruetive testing system was assembled based

on the principle of miniature seismie reOection (MSR). The MSR system consists of

spberical tip impactors and a pair ofvertical and tangential displacement ttaDSducers.

Mechanical impact causes generation of stress p. and S-waves in the test object. The

elastie waveforms undergo multiple retleetioDS between the top and bottom of the

testing layer. The surface displacements are captured by a vertical and tangential dis­

placement transducer. The signais are transfonned from time domain waveforms to

frequency speetra. The vertical displacement transducer is sensitive to normal surface

displacements and the highest amplitude peak on the computed frequency speetrum is

related to the resonance ofthe P-wave between the top and the bouom layer. Similarly,

the tangential displacement transducer is sensitive to the horizontal surface displace­

ments, and the maximum peakvalue in the generated frequency speetrum corresponds

to the resonance of the S-wave between the two layers of the testing object. Thus,

knowing the thiclmess of the given layer, as well as the measured frequencies, aIIows P­

and S-wave velocities to be calculated. Altematively, if the thiclmess is unlmown, the

time-distance graph of the primary surface wave arrivais can- be used to calculate the

P-wave velocities and, subsequently, the thickness of the layer. The MSR response

depends on the matena! properties of the testing object. The elastie wave velocities

can be used to caJcuJate directIy the dynamic elastic properties of the test object. In this

study, simulated fractures and steel reinforcement bars were deteeted and located using

the reOeeted P-waves. In addition, the changes in elastic properties ofvarious types of

conaete 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

arder ta assess their accuracy. For the field trial, various sections of two conaete shaft

linings at different elevations were investigated and the dynamic elastic properties of

the Iinings were evaluated. Also, the thickness ofa conaete tunnelliningwas computed

using the MSR system. Finally, the MSR system was used ta compute the dynamic

elastic properties of different rock types. The system was used to monitor changes in

elastic properties of rock cores as a uniaxialload was applied on them. For the field

trial, the MSR system was used to detect the position ofdiscontinuities in a rock mass

and ta evaluate the roek's dynamic elastic properties in an underground mining envi­

ronmenL
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RÉSUMÉ

L'~aluation non destructive de l'intégrité structurale de puits et de tunnels en

~ton est le but de cette thèse. Le principe MSR (réflexion sismique l petite échelle)

est l la base d 'un sy~me non destructif construit pour les études effectuées. Le

sy~meMSR consiste en une source d'impact mécanique muni d'un bout spbmque et

de capteun à déplacements verticaux et tangentiels. L'impact de la boule spb6rique

sur une surface génère des ondes de contraintes de types P et S. Ces ondes subissent

de multiples réflexions entre deux limites de l'échantillon d'essai. Les diplacements l
la surface sont décelés à l'aide des capteurs. Par la suite, les signaux sont transform6s

du domaine du temps au domaine de fœquence par l'intermédiaire d'un logiciel

spécialisé. Le capteur l d~lacement vertical est sensible aux déplaœments normaux l
la surface. L'amplitude maximale dans la gamme fœquentielle calculée par le logiciel

correspond à la résonance de l'onde P entre les surfaces inférieure et supérieure de

l'échantillon. Le capteur tangentiel est sensible aux mouvements horizontaux sur la

surface d'essai et la résonance de l'onde S correspond à l'amplitude maximale de la

gamme fréquentiel trouvée. Les vitesses de propagation des ondes P et S peuvent 6tre

calculées à l'aide des fœquences observées si l'épaisseur de l'échantillon est connue.

Si 1tépaisseur ntest pas connue, le diagramme temps-distance des arrivées primaires

des ondes de surface est utilisé pour déterminer la vélocité des ondes P ainsi que

l'épaisseur du matériau d'essai. La réponse du sy~meMSR dépend en grande panie

des propriétés des matériaux qui composent le sp6:imen d'essai. Les v60cités des

ondes élastiques sont utilisées pour calculer les propriétés élastiques dynamiques de

l'échantillon. Lors de l'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 à été observé pendant les premiers

28 jours de cure. Les constantes élastiques déterminées à l'aide du système MSR ont

été comparées à des résuitats statiques et dynamiques obtenus par des méthodes

classiques. Des essais in situ on été effectués sur des revêtements en I*on l
différentes élévations dans une mine. Lors de ces essais, les propri~ dynamiques

ainsi que l'épaisseur du revêtement ont été ~uées. Finalement, le sy~me MSR a

été employé pour évaluer les propri6tés dynamiques Bastiques de plusieun types de

roches. Le système MSR a été utilisé pour observer le changement des propri6ta
élastiques de carottes soumises à des contraintes uni·axiales. Des essais in situ ont été

effectués pour déceler la position de discontinuités dans le rock et pour en~

ses propriét& dynamiques.
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--------------CHAPTER 1

THESIS DESCRIPI10N

1.1 INTRODUcnON

The purpose of the research presented in tbis thesis is to develop and eva1uate a

new nondestructive testing (NDT) system for monitoring the integrity of concrete

structures in an underground miniDg environment. The system funetion is based on

miniature seismic reOeetion (MSR) principles. Ta eva1uate 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 condueted on rock samples and structures to evaluate the capability of the MSR
system in condueting tests on materials other than concrete.

This chapter presents the needs for research, reviews the research objectives,

summarizes the organization ofthis thesis and finally presents a statement oforiginality
for this research worle.

1.2 RESEARCB NEEDS

The integrity of a structure depends in great part on the physical properties of its

constituentmaterials. In the caseofconcretestructures, at thedesignstage, compressive·

strength is used as the main funetional material representative. However, depending

on service and exposure conditions, propeniesotherthanstrengthinOuence the integrity

ofthe structure. Initially, the quality of the concrete structure depends on good mixing,

pouring and casting operations. Later, during the üfe cycle of the structure, concrete

properties May change as a result of its exposure ta hostile environmental conditions.

This infrastructure decay is retleeted by the development of fractures and voids within

the concrete, the reduction ofthe thiclmess which Mayreduce and effeet its load bearing

capacity, and steel corrosion of the reinforcement bars which May cause structural

failure•
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To assure that a finisbed concrete element is struetura1lyadequate for the purpose

it was designed, it bas to be monitored periodically. In praetice, cyliDdrical 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

conaete 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 nondestruetive testing (NOT) techniques bave been

developedwhicbprovideveryuseful informationasa meansofqualitycontrolofin-place

concrete. The use of NDT techniques for inspection of concrete is relatively new and

they cau Dot fully substitute for direct strength tests. However, when applied system­

aticallyand 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 nondestruetÎve testing techniques provide information on many aspects

ofcancrete structures. The NDT techniquesare used to estimate mechanical properties,

measure thickness, and locate delaminations, voids and cracks.

In general, shaft and tunnel linings are Iike hollow cytindrical or hollow half­

cylindrical concrete structures that are in contact with the surrounding rock and sofi. In
cross section, shafts are exclusively circular or elliptical and tunnellinings are circular

and/or elliptical. Concrete shaft and tunnellinings are construeted to suppon the shaft

and tunnel equipment and the walls of the excavation. For shafts, conaete is used as

a lining material since the placement is mechanized, the rate of excavation is high, and

it cao he instaUed at low cast. For tunnels, conaete is used as a means of long-term

suppon. However, the most decisive elements for the selection of conaete for sbaft

and tunnel linings are hydrogeological conditions and ground pressure. Conaete

strength is adjusted according to need, and is setbetween20and 50MPa. Watertightness

of the lining cao he achieved wiLlùn aquifers with moderate head. In difficult ground

witb higb water pressure, cast iron tubbings with concrete mande are applied. The

shafts and tunnels Mayhe fulIy or partially linedwith conaete rings. Conaete thiclmess

for the lining is generally between 0.31 m and 0.61 m, witb a minjmum tbickness of0.25

m. To be more specifie, the thickness of lining varies witb deptb tbrougbout the length

of the shaft and tunnels to accommodate the increased pressure.
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The assessment of the condition of conaete shalt and tunnellininp in under­

ground excavations is difficult sinee Most of the deterioration process takes place at the

rock-side or blind-side (at the rock/conaete interface) of the liDing. Groundwater and

variations in stress conditions are the main cause for deterioratioD and damage ta the

conaele lining. Presently, visual inspection is the Most commOD method ofmonitoring

used for detecting damaged areas in sbafts. Visual inspection is Dot a reliable metbod

due ta the Caet that Most of the degradation begins from the rock-side and by the time

the damaged area is visJble on the air-side, repair is costly. The traditional method of

evaluatingconaete condition is to extraet core samples from the structure and measure

the tbickness, locate the existing delaminations and test for strengtb and elastic prop­

erties. To prevent the problems associated with coring, nandestruetive testing (NOT)
techniques could be used ta provide the necessary information.

There are a number of NDT techniques in use, capable of detecting voids and

delaminatioDS in conaete shaft and tunnel lining; these include: pulse-echa, impaet­

echa, impulse-response, Spectral Analysis of Surface Wave (SASW), and Ground

Probing Radar (GPR) techniques. The advantage of these techniques is their ability te

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 cencrete quality at the same time.

1.3 RESEARCB OBJECTIVES

Among the NDT techniques, the impaet-echo technique was found to he the Most

promisingsystemtobe adopted forevaluating the integrityofconaete linings ina mining

environment. The impaet-echo methodwas developed in the mid-1980's for the purpose

of detection and location of defeets in concrete structures. The impact-echo technique

is based on traDsient stress P-wave propagation and retlection in conaete, wbere the

stress pulse is generated by a mechanical impact (Carino and Sansalone, 1988).

The main objective of this research projeet is ta enhance the impact-ecbo tech­

nique by adding an S-wave ttansducer and a variable size impact source ta the system.

Knowledge of P- and 5-wave parameters cau provide information about the material

properties of the conaete structure.
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Themostimponant ofthese physical properties are theireJastie properties. These

are Young's modulus of elasticity E , the modulus of rigidity G , the bulk modulus K ,

and Poisson's Ratio u, wbieh are Imawn as elastic constants. The theory ofelasticity is

an acceptedscientificand engineeringprinciple. Concrete,altercuring, aetsas anelastic

material and the theory of elasticity cao he used in determining its elastic constants.

For cenaete, E , G and u are commonly calculated from the results of standard

stalie 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 sttain values are used

to measure Young's modulus and Poisson's ratio. According to the same principle, the

shear modulus can he calculated by changing the direction of stress. K is commoDly

computed using E , Gand vvalues.

The elastic constants cao aIso he calcuJated by dynamic methods. In one such

method the velocity of propagation of stress waves in conaete is.related to its elastic

behavior. The theory is based on the assumption that conaete behaves elastically due

ta applied transient stresses which results in a very low level of straïn. The stresses

applied in dynamic methods are insignificanL

A systematic, periodie inspection of cenaete structures based on their dynamic

elastic propenies helps in monitoring the qU8Üty of the structure. Any change in the

quality of the conaete can he deteeted and further damage cao he prevented ahead of

lime. None of the available nondestruetive testing techniques are capable ofevaluating

dynamic elastic propenies ofconaete diree:tly from one available face. In Most of the

field or laboratory testing methods, P-wave velocity and density can he determined­

within 1% accuracy. However, other parameters for calculating dynamic elastie 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 willlead ta about

7% total error in the computed dynamicmodulus ofelasticity(Naikand Malhotra, 1991)

suggests that a high precision in situ NDT system, capable of determining a11 the nec­

essary parameters, is the solution ta the problem ofcenacte quality control The NOT

system presented in this thesis direetly 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 funetiODS based on the seismic reOeetioD principle. Because of

the range of frequencies used, the new technique is defined as a ''Miniature Seismic

Refleetion" (MSR) system for evaluation of cenaete structures. The MSR system is

Dondestruetive, simple ta operate, less costly, mobile, and can funetion in a mining

environment as weil as in the laboratory. The MSR system is designed to deteet and

locate cavities, voids, delamjnations and discontinuities in conaete structures. In
addition ta deteetion and locatioD of defeets, the MSR system cau aJso he used ta

evaluate the dynamic elastic properties of conaete. The system is capable of testing

cenaete structures or specimens from one directioD. The MSR system uses mea­
surements ofthe compressive and shearwave velocities. The elasticwave velocities are

extraeted from the signais by the fast Fourier transform (FFT) technique. The FFr of

the signais offers precise and rapid measurement ofwave 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 sphericaJ tip

impact devices. Each impact device contains a ball-bearing ofa certain diameterwhich

controls the range of frequencies generated by the impact on the material. The impact

devices are designed to caver a range of frequencies between 10 and 20 kHz. Each

device is able ta generate repeatable impacts with the same energy in any orientation

with respect to the testing surface.

1.4 METBODOLOGY

Following the equipment assembly, a comprehensive laboratory testing program

is carried out for evaluating the MSR system.

Laboratory experiments are arranged in arder to cvaluate the capability of the

MSR system in deteeting simulated flaws and fractures in cenaete blacks and slabs.

AIse, the behavior ofpropagated transient P- and S-waves in relationsbip with different

retleeting surfaces is studied.

The MSR system is used ta monitor cenaete cylinders ofvarious strengtbs at daily

intervals from the time of casting up te the 28-day standard c:uring pcriod. Different

cenaetemix ratios are selected in order ta model the type ofconaete usedin structures

such as shaft and tunnellinings. Concretes are tested daily for their elastic moduli, shear
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modulus, bulltmodulus, andPoisson's ratio. The results are comparedwith the standard

dynamic andstatic testingmethods. This expcriment is condueted to studythe sensitivity

of the MSR system to the physical and chemical changes causcd by different elements

affectingthe curingand bardening ofconcrete. SiDce curingcauses an increasc in eJastic

properties, the stiffening of conaete cao he monitored quantitatively tbrough changes
in elastic constants. The effeet of cement type and aggregate size on the changes in

wave velocities and elastic constants is aJso studied. Fina1ly, the relationsbip betweeD

increasing strength and elastic moduli is illustrated.

Different rock types are tested by the MSR system in laboratory conditioDS. The

purpose of this study is to investigate the capabilityof the MSR system ta evaluate other

heterogeneous materials such as rocks. The cored and black specimens are tested by

the MSR system ta evaluate the effeet ofsize and dimension onwave propagation. The

results are compared with standard dynamic and stalic te5ting techniques.

The MSR system is also used ta study the relationship between increasing stress

on rock samples and stress wave velocities, and subsequcntly dynamic elastic constants.

The resuJts of this study are compared with the changes in u1trasonic wave velocities.

The purpose of this study is ta evaluate the capability of the new system for monitoring

the dynamic changes in a mining environment and ta illustrate the relationship between

the increase in stress and the changes in p. and S-wave velocities and elastic constants.

The MSR system is a1so used to measure quality and thickness of concrete shaft

and tunnellinings. The behaviorofthe reOeetedsignais in relationshipwith the refleeting

interfaces is studied. The main emphasis is the cencrete/rock interface and the effeet

of rocks with different acoustic stiffness on the retleeted signais. The findinp 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 environmenL The findings are

compared with extraeted and tested cores in the laboratory.

1.5 TBESIS ORGANIZATION

Chapter 2 presents an overvicw of nondestructive testing techniques.

Chapter 3 descnèes the fundamental principles of e1astic bebavior of solids and

elastic waves•
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Chapter 4 descnbes the available laboratory and field techniques capable of

evaluating dynamic elastic eonstants of concrete and rocks.

Chapter 5 presents the available laboratory and field techniques used for evalu­

atingstaticelastic properties. This chapteraIso includes a comparisonbetween dynamic

and statie elastie properties.

Chapter 6 descnbes the MSR system.

Chapter 7 presents the laboratory experiments regarding P-wave measurement,

propagation behavior ofelastic waves from different reOecting surfaces, and deteetion

and location ofsimulated planar and vertical discontinuities and reinforcement bars in

concrete.

Cbapter 8 descnbes 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 tunnellinings.

Chapter 10 descnbes the results oflaboratory and field testing by the MSR system

carried out on severa! rock types with different dimensions.

Chapter Il summarizes imponant conclusions and sugest funher developments.
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1.6 STATEMENT OF ORIGINALI'IY

• The original contnbutions descnbed in this thesis relate to:

a) The assembly of an NDT system capable ofevaluating concrete specimens and

structures based on their dynamic elastic properties for the purpose of quality

control. The assembly included manufaeturing of a tangential dispJacement

transducer and a series of impact devices.. One important aspect of the system

is its capability of condueting tests from only one face of the tested abject..

b) The first application ofan NDT system based on the miniature seismic ret1ection

principle ta measure S-wave parameters and dynamic elastic properties of COD­

crete directly.

c) The fint application of an NOT system ta monitor the setting lime and curing of

conaete elements by theu dynamic elastic properties based on the miniature

seismic retlectian principle.

d) Measuring dynamic elastic properties of a shaft lining, directly based on the

miniature seismic refiection principle.

e) The fust application of an NDT system to measure dynamic elastic properties of

rocks bath in the laboratory and in the field, from one available face and based

on the miniature seismic refiection principle.
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--------------CllAPTER2

NONDESTRUCI1VE TESTING METRons

2.1 INTRODUcnON
According ta applicatioDS, tbere are three generaI categories of Dondestruetive

testing metbods used in the miniDg indusuy.

The first category includes the tests wmch estimate the in situ strength indireetly,

such as surface bardness, and direetly, sueb as penetration resistaDce and puDout

techniques. The second category includes the tests which measure the material prop­

erties of concrele and rock, sueb as moisture, density, compressive wave velocity,

modulus of elasticity, thickness, and temperature. UltrasoDic, nuclear and eleetrical

methods are in this category. The third category includes the tests wbich are used ta

deteet and locate the problem areas within concrete structures and rock masses mch

as honeycombing, fractures, flaws anddelamïnatioDS. Impaet-echo, ground penetratîng

radar, puJse-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 ofquality control and maintenance ofexcavated rock masses and

conaete support systems in miniDg. The techniques preseDted in this chapter are Dot

the only ones used, but theyare the most common that are usedby the concrete industry

and some have been approved by the standard commiuees of the professional associ­

ations 5uch aS AmericaD Cencrete Institute (ACI), Amerie&n Society for Testîng and

Materials (ASTM) and geotechnical engineering5uchas InternationalSocietyfor Rock

Mechanics (lSRM), and ASTM.

2.2 TRADmONAL TESTlNG METRODS

2.2.1 CoDcrete

Concrete technology encompasses many specifie types of mixtures and designs

which are arranged ta provide adequate structural support forvarious purposes. Once
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the concrete structure is completed, it must he verified that the finisbed strength and

modulus ofelasticity are those required for the specific purpose theywere designed for.

Another area of concem would he the effeet tilDe bas on these structures, effects such

as the generation ofcavities or the developmentoffraetures, as well as changes inelastic

properties and strength. A traditional method is to test 28-day cured cylindrical or

prismatic samples for their compressive strength. In this method, conaete mixes have
beenpreparedwith the same cenaele specifications as thOle ofstructure. Compressive

and tensile strength values can provide information on elastic hebavior and semce
performance.

The main disadvantage regarding testing of precast samples is the faet that the

test specimen may oot he representative ofconaete used in the structure. The curiDg

conditions, moisture content and mixing might not he the same for the laboratory made

specimen and the conaete used in the structure. Funhermore, the in situ stress on the

behaviorofconcrete wouldhe negJected in the precast samples. Continuous orradicaUy

changing stress conditions have various effects on the compressive and teDSile 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 extraeting cyliDdrica1

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 ta the structures (Hassani, Momayez, and Wang, 1989; Malhotra, 1984). In

case of conaete structures banicading water reservoirs or aquifers, such as dams and

shaft and tunnel liners, coring migbt cause permanent damage to the enme structure.

Figure 2-1 iIlustrates schematic drawings of concrete shaft and tunnellininp.

2.2.2 Rocks

The understanding of rocks as engineering material depends upon the under­

standingoftheir behaviorundervarious stressconditions. Nevertheless, there are many
types ofrock and many variants ofeach type, as weil as oumerous 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 ofrock masses such as the

strength and elastic constants could guide maintenance personnel to prevent funber

structural damages. Funhermore, deteetion of discontinuities, loose and separated
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rocks is imponant ta maintaining a safe wormg eDYironment for mine personneL A

traditional method for determining the tbickness, mecbanica1 properties and quality

assessment bas heen based upon the extraction ofsevera! core samples from the rock

masses and eva1uatiODS done indireetly later in laboratories. In the case ofseparations

and loose rocks, scaling bas heen used to solve immediate problems. However, bigb

costs, safety problems and tilDe limitations require the use and further development of

less costly, Dondestruetive and faster devices. Figure 2-1 iIlustrates scbematic drawinp

of a rock masse

2.3 NONDESTRUCTIVE TESTING AND EVALUATION METRODS

A series of metbods and instruments bave been developed to evaluate concrete

structures and excavated rock masses in situ and nondesttuetively. Nondestruetive

testing techniques are rapidandless costlyalternatives to the traditional metbods. Table

2-1 shows a summary of nondestructive testing and eva1uation techniques for concrete

and rocks and tbeir use. Nondestruetive testing equipment is divided into tbree pneral

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 tbat nondestruetive techniques only provide an estimated value for the

above mentioned parameters. A true valuecaoonlyheattainedbyusingdireetmethods,

where the specimen bas to he loaded ta failure. In the second category, tests are per­

formed in arder to measure concrete and rock propenies such as elastic wave velocity,

temperature, density, moisture and elastic properties. The third category of in situ

nondestruetive testing equipment is used ta locate the reinforcement steel bars or rock

batts, particuJarly imponant in the case of corroded ban in concrete, and cracks and

discontinuities, thickness, and honeycombing structures in concrete and rock masses.

Based on the literature review, the major in situ Dondestructive techniques can he
divided into eight broad sections according to tbeir fundamental principles. They are
presented in the foUowing sections.
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2.4 MECBANICAL METROnS

Some of the mechanical devices, tbat are currently available, can be used ta

measure strength or bardness ofmaterials. Other types ofmecbanical devices are used

ta detectdefeets orpropertiesofmaterialsbyuse ofstresswave propagation techniques.

Mechanical metbods are divided iota six major techniques:

2.4.1 Surfaœ llardDess Eqaipmeat

Available equipment is capable of estimatiDg the concrete and rock bardness by

impaeting the surface and measuring the indentation or rebound value. Funher cor­

relation curves ta the rock and concrete's compressive strength have been construeted

byvarious investigators (Schmidt, 1954, and Kolek, 1958). Conventional techniques are

ioexpensive and fasL The Schmidt hammer testing system and the EQUITIP bardness

tester are the two most widely used concrete and rock hardness tesling equipmenL The

performance ofboth devices is based on the rebound of their impact body as it comes

incontaetwith the concreteorrocksurface. In thecase ofthe Schmidtbammer, attempts

have been made by various researchers ta obtain empirical correlations between

strength properties and the number ofrebounds (Schmidt, 1954; Kolek, 1958; andAmi,

1972). The new Schmidt hammer is equipped with digital displays wbich enhance data

collectioD. 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 generatcs

a voltage value which is cahorated for a cenain surface hardness. This value is displayed

on the processing uniL For bath the Schmidt hammer and the EQUITIP harclDess

tester, the hardness values must he correeted 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 conaete are: the moisture content, surface conditions,

and aggregate size and type. For rocks, complex mineralogy bas to he taken iota con­

sideration. Although the use of surface hardness te5tÎDg equipment is simple and

straightforward, the accuracy of the results are bighly dependent on the correct

positioning of the devices on the specimen surface.
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2.4.2 PeIletn1ioll1lelisWlœad PaUout SyItelDl

Bath systems are semi-destruetive, but sinee in some literature tbey are c1assified

as nondestruetive techniques (MaIhotra, 1984) tbey will he briefly discussed.

The penetration technique essentiallyuses a powder-aetuated gunor driverwbich

fires a hardened alloy probe into the concrete. Later, the exposed lengtb of the probe
can he used as a measure of the concrete hardness and of the compressive streDgth of

the specimen. The Windsor probe testing system is the most widely Imawn penetration

resistance device available for both Iaboratory and in situ measurements. Thevariation

of the aggregate size, shape and hardness affects the results (MaIhotra, 1991).

The pullout system entails pulling out a steel rad from tbe bardened concrete. A

steel rod is placed in the concrete at the tilDe of CODStructiOn. Wben it is puDed. a

dynamometer measures and registers the force. The pullout test is mainly used during

the early construction phase in arder ta estimate the in situ strengtb of concrete. The

main drawback to this technique is that the tests cannot be repeated and the steel rads

have ta be pre·planted. The maximum size and shape of the couse aggregates bas a

large influence on the final results (Malhotra, 1984).

Both penetration and puUout methods are techniques for measuring compressive

strength at early stages ofconaete curing. The two systems are used sttictly for concrete

testing and there is no published records of the use of these methods to measure rock

qualities (note: rock boit puUout test is not considered in tbis category).

2.4.3 Petite Sismique Tedulique

The petite sismique method bas been designed to estimate the rock's static

modulus ofelasticity. The principle of petite sismique is based on the refractioD seismic

technique. It emphasizes the determination of the shear wave parameters, with the

most critical parameter being the frequency for the subsequent empirical com:lation

with the staticmodulus ofelasticity. The system consists ofan impactsource (preferably

a horizontaDy oriented surface force), a signal enbancement seismograpb, and a few

(minimum three) receivers (movingcoilgeophone5 oraccelerometers). The orientation

of the receivers is seleeted in a way ta deteet the sbear wave arrïvals. Later, signal

analysis is performed in the frequency domain instead of tbe traditional tilDe domain
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which maltes the data processing more accurate (BieDiawski, 1978). Despile the suc­

cessful results obtained by the petite sismique method, it bas notbeen tried on concrete

structures.

2.4.4 IDlpaet-Edio Teduliq.e

Impact-echo is a techDique developed for thickness measurement and delami­

nation location in cenaete (Sansalone and Carina, 1986; Sadri, 1992). The system is

based on a high resolution seismic reflection survey on concrete structures using an

impact source, a broad band unidireetional receiver and a waveform analyzer.

The mechanical impact generates stress pulses in the structure. The stress pulses

undergo multiple refleetions between the top and the bottom concrete layer. The

surface displacements are recorded and the frequency of the successive arrivaJs of the

retlected pulses is determined. P-wave refleetions are used for deteetion of disconti­

nuities and voids in conaete and rock structures. Discontinuities, defeets and rein­

forcements could he identified in the resulting frequency speetra, as the P-wave refleets

from their surfaces. Thus, knowing the thickness of a given layer, together with the

derived frequencies, compression and shear wave velocities cau he calculated. If, on

the otherband, the thickness is unknown, the time-distance graph ofthe primarysurface

stress wave is used to calcuJate 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 signais above 20 kHz, accurate deteetion of

defeets in structures Jess than 10 cm thick is near impossible.

2.4.5 Impalse-Response Teclulique

The impulse-response method fol1ows a principle similar to that of the impact­

eeho. A stress pulse is generated by a mechanical impact on the surface of the abject.

The force-tîme funetion ofthe hammer is recorded. A ttansducer records the VIbration

response of the surface as the refleeted waves arrive. The processing of the recorded

waveforms ofthe force and the arriving reflee:ted waveforms reveaJs information about

the condition of the structure. The impulse response of the sttueture is calculated by

dividing the Fourier transform of the retlected wave by the Fourier transform of the

force-tîme function of the impact. The technique is used te evaluate the dynamic
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stiffness ofthe conaele piles (Biggs, 1979). DiscontiDuities, voids and the base materia1

affect the impulse-response evaluation. The main drawback of the system is the size

and sbape limitation of the structure undergoiDg testiDg.

2.4.6 Speebal ADalylis 01 Sarfaee Waftl (SASW) Tecluliqae

The SASW method uses the Rayliegh wave (R-wave) to determiDe the stiffDess

promeand layer thiclmess ofthiD conaete layen. TheSASWsystemiDc1udesan impact

device, two receiving transducers, and a two-channel waveform analyzer. The char­

aeteristics of the impact device and the relative positioniDg of the transducers are

determiDedby the stiffDess and thiclmess ofthe layers. The R-wave producedby impact

contains a range of frequencies, or components of different wavelengths. This range
depends on the contact lime of impact; the shorter the contact âme, the broader the

range of frequencies or wavelengtbs. The velocity of the iDdividual frequency campo­

nents are caUed phase velocity. For the component frequency of the impacts, a plot of

phase velocityvenus W8velenglh is obtained. This curve is used to calculate the stiffDess

prome ofthe test object. The experimental results are comparedwith theoretical curves

until the results match (Nazerian and Stokoe, 1983). The main drawbacks ofSASW

are the limitation on the maximum layer thickness of the (Wo media, and the matehing

of theoretical and experimental data.

2.5 ULTRASONIC ME1HODS

Ultrasonic equipment is constructed to operate based on two different priDciples:_

resonant frequency and pulse velocity method (Blitz, 1971). Almast aD of the field and

laboratory instruments for concrete and rock evaluation malte use of pulse velocity

systems. This method operates by measuring the average tilDe taken for the ultrasoDic

wave ta travel between the source and the receiver. The distance between the two

points is divided by the travel lime, which gives the averagevelocityofcompressivewave

propagation in the material. This method is used for measuring uniformity and in some

cases the compressive strength. In addition ta quality eva1uation, u1trasonic waves c:an
he used for determining fractures and voids within structures. This is Imown as the

pulse-echo technique, which makes use of retleeted waveforms from the interfaces te

locate defeets or measure thiclmess from only one direction. UItrasonic equipment

(pulse velocity) is capable of locating discontinuities, of quaIity evaluation and of

tbickness 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 beterogeneous

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 dyDamic elastic prop­

erties. For a Vlbrating beam of known dimensions, the natural frequency of Vibration

is related ta theelasticpropenies andthedeDSityofthemedium. Tberefore, the dyDamic

elastic modulus of the material cao be calculated by measuring the natural frequency

ofvtbration ofthe samples. In addition ta the dyDamic elastic propertiesofthe conc:rete,

moisture content and the sttengtb of the samples could also be evaluated by using the

mathematical reJationsbips 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

bave been recorded on concrete columns (Gaidis and Rosenberg, 1986). The main

limitations involve the shape and size ofthe samples, wbich effeet the testiDgprocedures

(Malhotra, 1991; Lama 1978).

2.' ELECl'RICAL METROOS

The change in the eleetrical properties of the concrete and rocks such as eleettical

resistance, dieleetric constant and polarization resistance can be monitored in order ta

evaluate tbickness, moisture content, density and temperature variations. Eleettical

resistivity has been used ta measure concrete and rock tbickness by using the dialectic

difference between the concrete and the base material and two different layers ofrocks.

A change in the siope of the resistivity versus depth eurve is used to estimate the depth

ofa concrete slab or a rock layer. The dieleetric constant ofconcrele and rock increases

with any increase in the moisture contenL Capacitance instruments are used ta measure

the in situ moisture content of the concrete and rocks. Linear polarization is used ta

calculate the corrosion rate ofsteelreinforcementbars inconcrete slabs andpavements.

Problems may occur due to variability of moisture content and temperature in the

conaete and rock. The main drawback ofthe eleetrical metbods is the assumption tbat

the resistivity of cach layer is CODStant and varies slightly with depth, which is far from

reality (Hassani et al., 1989; Malhotra, 1984)•
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2.7 MAGNETIC MElBODS

Magnetic devices are available for deteeting ferromagnetic materials. For con­

crete structures these devices are used for detectiDg the position ofthe reinforcing bars,

prestressing tendons, aud Metal duets within the concrete, and can aJso be used for

identification of the corrosion of the bars. In the case of rock formations, magnetic
deviees are used ta determine ferromagnetic minerais within the rock masse

Three main techniques using differcnt magnetic principles are available for non­
destructive testing purposes: a) Magnetic Induction, b) Flux Leabge Theory, and c)

Nuclear Magnetic Resonance (NMR).

a) The Magnetie Induetïon systems operate based on the fact tbat steel rods or

anyotherferromagneticobjectswithin thespecimenaffectand in faet dista" the primary
field generated by the instrument (MaIhotra, 1984). The instrument eoDSÎSts of a

U-shaped magnetic core with two mounted coils. An a1temating current is passed

tbrough one cciI and the induced current is measured in the other coil. The presence

and distance of steel reinforeement bars and ferromagnetie mineralized zones cao he

located by their effeet on the induced current.

b) Other magnetic devices use the FluxLeakage methodology. These instruments
are sensitive to changes in magnetic lines of force (flux) flowing through the materials.
When a ferromagnetie matenal is magnetized, magnetic flux flows tbrough and com­

pletes a path between the poles. However, if the pathway is disturbed by a crack or
discontinuity, itsmagnetiepermeabilitywillhedisturbed and this results inaOuxJeabge.

The intensity offlux leakage cao he used to characterïze the various discontinuities and
their shapes.

e) Nuelear Magnetie Resonance (NMR) systems use the interaction between

nuc1ear rnagnetic dipole moments and a mapetic field. This interaction can he used
ta measure the moisture content of the materia! by detecting the signais from the

hydrogen nuclei present in water Molecules (Gorbanpoor and Shew, 1991).

The main drawback of tbese systems is that they cannat he used in heavïly rein­

forced concrete elements or in tunnels with steel culven suppons, sincc the effeet ofa

secondaryfieldcannothe eliminatedasa resultofthe intensepresenceofferromagnetic

aIIoys and detection and positioning of the targets is very difficult.
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2.1 ELEC1'ROMAGNEI1C METROnS

Short-pulse or Ground Penetration (or Probing) Radar (GPR) is an eleetro­

magnetic equivalent of ultrasonic and stress-wave refleetion techniques. An antenna

transmits the EM pulses into the abject. The energy travels tbrougb different materials

witb different velocities. This variation of velocity bas a direct relationsbip to the

material quality, which is conttolled by the materia)'s dielectric properties. A change

in the material's dieleetric constant, which occurs at interfaces such as concrete and air,

or between two different rock types, causes a change in wave shape. The reOected

signais are received by the receiving antenna, separate from the transmitting antenna,

or in the same casiog. Signais are positive when they are traveling from a lower ta a

higher dieleetric material (e.g., air ta conaete) and are negative when theyare traveling

from higher to lower dialectica1 matenal (e.g., conaete ta air). Eleetromagnetic waves

are also lmown as microwaves or centimeterwaves. An EM wave which bas a range of

wavelengths between 0.3 and 30 cm corresponds 10 frequencies in the range of1 10 100

GHz. The commercially available GPR systems operate with the frequencies ranging

from 20 MHz ta 2 GHz.

The radar system operates by a transmitting antenna and a receiving antenna tbat

coUeets the retleeted waveforms. The control unit controls the functions of the GPR

system such as scanning speed, signal mters, amplifications and time measurements.

Ground Penetrating Radar could be used for detection ofdeJarnjnations, cracks, voids,

and reinforcing steel bars within the conaete witb reasonable accuracy (Momayez,

Sadri, and Hassani, 1994). The GPR bas been demonstrated ta he an effective tool in

measuring the thickness and geometry of pillar structures, in addition to locating faults

and sbearzones inunderground coal, salt and gold mines (Momayezetal., 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

he used for inspection of underground concrete linings, shafts and dams. The system

could also be used ta map the cavities and fracture patterns behind the liniDgs, partie­

ularly in the case of sbafts and subway tunnels.
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2.9 INFRARED THERMOGRAPHIC METBODS

Infrared thermography, or infrared scanning, is a technique which operates based

on the capability ofvarious materials to absorb heaL Solar radiation is the main source

of heat for surface structures. As the solar ray Oows tbrough a structure, air voids and

fracture openings absorb a Jarger percentage of heat than the surroundïng materiaL

This can he 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 isposs1ble ta locatevoids, delaminations, fractures

and steel reinforcing ban. However, it is Dot possible to locate tbeir exact position. Test
results are highly affeeted by the surrounding conditions such as time ofclay or seasonal

changes. Moisture content of the cenaete 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 conveetional beating of the air and lining surfaces

cao he achieved with diesel or gas machinery emausL Loose rocks in underground

excavations were successfully deteeted 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 conttastbetween theheat absorptionbetween the rockand the air (Yu, Henning

and Croxall, 1983). The release of taxic fumes as a result ofengine emaust is the main

drawback and it is not practical ta use a infrared tbermography system in a closed

environment (Yu, Henning and Croxall, 1983).

2.10 ACOUSTIC EMISSION METBODS

Acoustic emission or stress emission is a general term used for &Dy transient

waveform released from a solid which is under stress. In concrete structures, tbe main

source ofwave emission would be crack development or the slip between the conaete

and the reinforcing bars. In a rock mass fracture developments, slipping a10ng rock

planes, or closure ofvoids or cavitics are the main source ofstress-wave emissions. On

the cencrete surface a number of transducers receive and later register these low

amplitude stress waves. The variation of arrivai lime ofwaveforms registered by cach

transduccr is used 10 locate the source. Later interpretations cau be performed using

the intensity ofwave emission.. Rock bursts, rate ofsubsidence, and ratè ofmovements

along the faults and fracture zones can be deteeted by placiDg receiving transducen
with various patterns a10ng the excavated openings (Kat, 1988; Franldin, 1990). An
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increase in wave emission in a structure could he aualyzed as an 1IIIS8fe condiûon;

however, this is Dot considered as a satisfaetory deduetioD (Ghorbanpoor, 1991; Min­
dess, 1991; Franklin, 1990). In rock masses, the same principle applies.

2.11 RADIOACTIVE METBODS

Radioactive methods are mainly used in the concrete industry. In mining, appli­

cations are limited to deteetion of radioactive minerais. Radioactive systems are clas­

sified into two main subgroups:

%.11.1 Radiopaplly Teelmique

Using a radioactive source, this technique provides a photographie image of the

concrete which maltes it possible to locate the reinforcement bars, voids, fractures, and

honeycombing. High costs associated with the source, dangerous bigh voltage equip­

ment, and safety factors mate this technique undesirable for fjeld use (Ma1hotra, 1984).

%.11.1 Radiometry Teelulique

Because gamma rays are capable of passing through concrete, various types of

radioisotopes are used and pre-planted within the structures at the time ofconsuuetion.

Using cahbrated chans the thickness, moisture content, and density ofconcrete cau he

measured. This can be done as a result of change in the emerging intensity of gamma

rays, which are colleeted with the aid of a scintillometer or geigercounters. Similarly,

high operational costs and safety factors have limited the use of radiometry in the fjeld

ofnondestruetive testÎDg (Bassani et al., 1989; Malhotra, 1984).

%.u CONCLUSIONS

In situ nondestruetive testing techniques provide a great deal ofinformation about

maintenance and suppon of concrete and excavated rock mass structures at relatively

low cast. In case, extra information is needed about the qua1ity of a structure or if the

damaged areas are not visible, nondestruetive testing hecames a useful taol for the fjeld

engineers. One appea1ing factor about the nondestruetive testing methods is that the

tests couldhe repeated insitu for the samearea, ïor a majorîty ofthe cases. AnOYerview

ofnondestructive testingmethodssuggests thatatpresentno1mlxnondestruetive testing

technique is currently avai1able for determining qua1ity and tbickness at the same time
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as deteeting voids and deJaminatioDS, bath in concrete and rocks. A number ofreliable

nondestruetive testing techniques exist for measuring material properties and sttength

of concrete and rock. Some other nondestruetive testing methods have been used to
deteet and measure the deJaminations, voiels and thickness.
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FUNDAMENTAL PRINCIPLES OF ELASTIC BEHAVlOR OF SOLIDS

AND ELASTIC WAVES

3.1 1NTR0DUcnON

This chapter presents background information on elasticwave generatîon, and ils

propagation, and detection. The theory ofelasticity for solids and the interreJationsbip

between elastic CODStants is illustrated. The principles that effeet the velocity ofelastic

waves and the reasons behind signal reflection, refractioD, diffraction, and radiation

pattern as an effeet of the source and material quality are also discussed.

3.2 FUNDAMENTALS OF ELASTIC WAVE PROPAGATION

To understand the behavioroftbe travellingwaves inelasticmedium, itisnecessary

to define the quantities that descnbe the elastic propenies of a medium.

3.2.1 Stress and Straïa

As the elastic waves travel through a media, there are two principal changes

experienced by the material: 6rst, the redistribution of internai forces and second, the

deformation of the geometrical shape. These effeets are best explained in terms ofthe

concepts of stress and strain.

Stress is the measure of the force, F , per unit area across a surface element, A ,

within the material. In other words, the stress is defined as a limiting value of the ratio

F/ A when A tends to he infinitely smaD (Sharma, 1986). Tberefore stress could he

expressed as:

1- Fa= lm-
A~O A

(3-1 )

•

WhenF is normal to the stress element, the stress is calIed normal stress; it is calIed

tensile stress or compressive stress ifit is direeted away or into the material at the point

of application. IfFis tangential to the area element, the stress is a shearing stress and

is defined by two mutually perpendicular companents 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

shearingstresses are deœrmined fortbree mutually perpendicular area elementswhich

interseet at a point. Straïn is a measure of the relative deformation of a body wben it

is subjeeted to stress. The cbange in size or shape charaeterizes strain. Strain causing

only a change in shape and no change involume is caDed shear strain, whereas a change

in volume without change in shape is ca1Ied dilatation or contraction. The strains

associated with the relative change in length in the direction of respective stress are

ca1Ied Dormal strains.

âl
e=-

l
(3-2)

•

where â l is the change in length and l is the original length. In this case strain is

expressed as change in length.

3.2.2 E1astic Behavior

For safe and economica1 design of a structure within an excavated rock mass or

on the surface, adequate lmowledge of physica1 properties of bath the rock and the

structure is indispensable. Elastic behavior isoneofthe importantproperties thatshould

he taken into consideration. AIl materiaIs undergo deformationwhen theyaresubjeeted

ta load. Excessive Joad results in structural failure ofthe material. Most ofthe 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 materia! to regain its

original shape and sÎZe. The return of the body ta its original sbape is known as elastic

defonuatioD. When the maleria! completely recovers its sbape it is said to be perfeetly

elastic and if it does not fully regain its original shape it is said ta he partially elastic.

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

1. Modulus of elasticity

2. Sbear modulus

3. Poisson's ratio

4. Bulk modulus
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3.2.3 EIutle Coll.......

ln 1678 the British mathematician, Robert Hooke (1635-1703) established a

relationship between eJastjc deformation and load. In general, Hooke's Jaw states tbat

stress, a , is proportional ta strain, e . According to Hooke's Jawa perfeetly elastic body

exb1bits a linear relationship between stress and strain.

(3-3)

In 1807, Thomas Young (1773-1829), British scïentÎSt, inttoduœd a CODStant of

proportionality, E , lmown as the modulus of elasticity or Youn(s modulus and is a

measure ofa material's stiffDess. A large value ofE implies a stif(materiallike granite,

and a sman value iDdicates flexible materials such as talc. In a praetical situation wben

a material is under tensile or compressive load witbin its elastic strain raDge, the ratio

of the stress to the strain iD the direction of the applied stress is caUed modulus of

elasticity.

a
E-­

€
(3-4)

SÎDce the straiD is a dimensionless quantity and unitless, the modulus ofelasticity

is expressed by the same units as stress; in the SI system it would be Pascals.

For the sbear stresses, "t, and the shear strains, y, the CODStant of proportionality,

G is caIIed 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 pl media is zero. In SI

system, sbear modulus is expressed in Pascals.

"(
G-­

V
(3-5)

•

Inmost metals, EandGare almastconstantregardlessofthe qualityoftbematerial;

bowever, this is not true iD case ofrocks and conClete. The E value varies witb strength

and material content within the e1astie range ofthe sample because tbe stress and strain

relationship is Dot Iinear. In this case, the value of E is calculated for a specifie stress

and the corresponding strain•
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In 1811 the French matbematician Simon Poisson (1781-1840) identified the

relationship between the axial strain E a and the lateral strain E ,. The ratio ofthe lateral

strain to the axial strain is lmown as Poisson's ratio, u, wbich is a dimensionless quantity.

Poisson's ratio is a measure of geomettic change in the shape of an eJastic body. The

value ofPoisson's ratio is always positive and varies between 0.0 and 0.5. The value of

Poisson's ratio remains constant within elastie straining of the materials.

(3-6)

(3-7)

•

Ifa bodyofvolumeVis subjeeted touniform compressive stress, suchas hydrostatic

pressure, P , its volume will be decreased an amount l:!V . The bulk modulus, K, is the

ratio of the pressure to the volumetrie suain 6:. Bult modulus is a reciprocal of

compressibility. In SI system bulk modulus is expressed in Pascals.

p
K=-­

6V

V

A1though no rock or conaete is perfeetly elastie, it is olten convenîent to assume

quasi-elasticity, and apply elastic theory to the behavior of the rocks or concretes. AIl

the elastic constants are interrelated wben the materia] is continuous, isotropie,

homogeneous and PerfeetIy elastie. Rock masses are anisotropie, whieh means their

behavior is directional. The directional behavior is controlled by hedding, jointing,

microstructures and fabric orientation for rocks. Nevertheless, the elasticity in rocks is

affeeted by the rock type, porosity, particle size, and water contenL In the case of·

conaete, wbich is a beterogeneous and multipbase material, bulk porosity, porosity of

the aggregates, cement paste matrix, and the transition zone are the imponant factors

affeeting the modulus of elasticity. The known elastie constant values of rocks and

conaete suggest that the chemicaJ composition and bonding are the main factors for

variation in the elasticity values. However, in routine engineering wort, rocks and

conaete are assumed to he isotropie. In extreme anisotropie cases, onhotropic sym­
metry directions could he added to the equations and onhotropic CODStants can he

calculated.
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•

Table 3-1 musttates the interrelationship between the four eJastic COllStalltl (Telford,
1990).

Young's ModuJus Shear Modulus Poisson's Ratio Bult Modulus

(GPa) (Rigidity) (OPa)
(GPa)

E-2C(1+v) G- E (3K-2G) K- E
2(1+\1) \I- 2 (3K+G) 3(1-2\1)

9Ck 3EK (3K - E) EG
EZ(C+3k) C

S

(9K_E) \1- 6K K- 3 (3C-E)

E=-3K(1-2v) C. 3K(1-2v) (E-2C) K. 2G (1+\I)
2( 1 ... \1) v- 2G 3( 1 -2v)

3.3 ElASTlCWAVES

A wave is defined as a disturbance wbich travels through a medium. Whena stress

is suddenlyappüed (transient stress) ta an elasticbody, the correspondingdisplacement

is propagated outwards as an elastic wave. Elastic waves are aIso rcferred ta u stress
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waves. The u1trasonic waves traveling witbin 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 ofan elastic medium.

As a result of release of stress, an elastic medium undergoes two types of defor­

mations: compression and shear. In primary mode, tbree main types of elastic waves

may he observed as a resuIt of a mechanica1 sbock ta a solid:

1) Compression, longitudinal or primary (P) waves.

2) Shear, transvene or secondary CS) waves.

3) Rayleigh or (R) waves.

Compression (P) waves are charaeterized by particle motion being longitudinal.

This means that while the wave is passing through a medium, particles will Vlbrate about

an equihbrium position, in the same direction as the P-wave is travelling. These waves

involve compression and rarefaction, but no rotation of the materia! wbile they are

passing tbrough an elastic medium (Mooney, 1980; Telford, 1990).

Shear (S)waves are charaeterizedbyparticle motion beingtransverse. This means

that while the wave is passing through a medium, particle displacement will he per­

pendicular to the direction ofpropagation and motion ofS-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. Charaeteristically, their energy

level drops rapidly as the wave penetrates below the surface (Mooney, 1980; Telford,

1990).

3-6



WAVELENGTH

3-7

/ "" ) ---'"

DlRECTlON OF
WAVE PROAttGAnON

(b) (c)

Successive stages in the deCormalÎon of a block of • mataial by
compressive waves and shear waves and their partide motion. The
sequences in prosress with lime ûom top to boaom. (modified der
Pbillips 1968).
a) The black ofmataial, b) compressive waves, and c) Shar waves.

1 1 PARTICLES AT
1 1
'..4-........1 REST
1 1 POSITION

(a)

Fipre3-2

•

•



(3-8)

•
Bach of tbese waves result in a momentary displacement in the specimen it tra­

verses. P-waves bave a back-and-fonh (compression) motion that is parallel ta the

direction the wave propagates. S-waves bave a to-and-fro (shear) motion which js

perpendicular to the direction of propagation (see Figure 3-2). R-waves have a ret­

rograde elliptical type of particle motion which is in pan perpendicular and in pan
paralleJ to the surface. As a result R-waves have bath horizontal and vertical

components (Mooney, 1974 and 1980; Telford, 1990). The shape of P-, Se, and

R-wavefronts depends on the cbaracteristics of the source that is used to generate the

waves. There are three idealized types ofwavefronts: planer, cylindrical and spherical.

In the case of a point source (spherical-tipped impact source) normal ta the surface of

the media, the resulting P- and S-wavefronts are spherical and the R-wavefront is cir­

cular.

3.3.1 Wave Velocity

P-wavevelocity, Cp, is a funetion ofPoïsson's ratio, u, Young's modulus, E, and

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

c _ 1 E(l-u)
P - 'J (1 + 1)) ( 1 - 2\J)p

In bonded media, the dimensions of the specimen effect the wave velocity. In the

case of rads and thin plates, P-wave velocity can vary dependîng on the dimensions of

the specimen relative ta 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 rad is much smaller than the component wavelength(s) of the propa­

gated wave (Sansalone, 1985). In this situation, P-wave velocity is calcuJated by the

fonowing equation (Banks, 1962):

•

(3-9)



(3- 10)
• S-wave velocity, Cs, is calculated by the equation (Sharma, 1986):

CsZ~2P(~+V)
The relation between S- to P- wave velocity cao he calculated as (Sharma, 1986):

Cs_~(l-2V)
CI' 2( 1- v)

(3 - Il)

R-wave velocity, Cil, cao he related to the shear wave by the following equation (San­

salone, 1985):

C .0.87+ 1.12v xC
1 1 + V S

(3-12)

(3- 13)

•

The p. and R ..wave velocities are reJated by the foUowing equation (Sansalone, 1985):

c =- 0.87 + 1.12v 1(1 - 2\}) C
ft 1+ \J \j 2( 1- \}) f

Each of the three waves travel with different velocities. p·waves have the bigbest

velocity. S-wavevelocities are between 0.65 and 0.45ofthe P·wavevelocities, depending

on the stiffness of the materiaI. As the materiaI stiffness increases the ratio hetween

the S- and P-wave velocities încreases. For a Poisson ratio ,v, of0.2, the esta CI' ratio

would he 0.61 (Sansalone, 1985). The R-wave is the slowest ofthe three. R-waves have

a velocity ofroughly 92% ofthe S-waves (for a Poisson ratio of0.2) and 56% ofP-waves

(MooDey, 1974; Sansalone, 1985). They are easy to recognize because they bave large

amplitudes, low frequeDcies and appear last. In Most of the seismologica1 studies the

main worle has beeD done on P-waves, sinee they arrive prior ta otherwaves and cao he

recognizedwithout interfereneefrom otherwave types. p·wavcs travel througb ail tbree

types of media: solids, liquids and gues. The most familiar type of P-wave is sound.

Available nondestruetive testing equipment that employs p·waves as the principle of

their operation are ultrasonic and impaet-echo equipmeDt. On the otherband, S-waves

cau only pass through solids. They are often generated by the same sources generatîng

P-waves. In a simple comparison between P- and S-waves of the same frequency,
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5-wavesbave smaDerwavelengtbs and amplitudes tban P-waves. FUDdamentally, sbear
waves are subdivided based on their polarization charaeteristics ta radial (SV) and
traDsverse (SR) componenlS (sec Figure 3-3). SH-waves have tbeir partic1c disp1aœ­

ments paraJlel ta the boundary surface, and SV-waves have theirpartic1e displacements

lying in the incident plane. SV-waves are Dot easlly recognizable on a tilDe damai"

speetrum, since they are coupled with P-waves and the receiven are sensitive ta bath
P-waves and ta SV-waves. On the other band, SH-waves are se)f-eonsistent in a sense
tbat they do not interact with P- and SV-waves. This means tbat tbey do Dot couvert
into p. and/or SV-waves Dar do P- and/or SV-waves convert into SH-waves (Helbig,
1987). As a result, when a pure SH-wave is gènerated, a seismicsectioncan be obtained
only with SH-wave refieetioDS. R-waves can he easily recognized by their distiDpisbed
large-amplitude low-frequency signais arriving almost immediately alter 5-waves
(Helbig,1987).

Elasdc waves represent a large and diverse 5ubjeet matter. In this study our focus

will mainly be on body waves generated as a result of eleetro-acoustic transducers and
point source mecbanica1 impact sources.

vertical PI..
Of Incidence

•
Fipre3-3 Resolution ofsbearwave motion into SV and SH componcnu. (alter

Stauder, 1962 and Mooney, 1981)•
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Table 3-2 The relationship between elastic wave velocities and dynamic elastic moduH
(Telford, 1990):

YOUDg'S Modulus Shear Modulus Poisson's Ratio Bult Modulus

(GPa) (Rigidity) (GPa)
(GPa)

E_C 2 p(1+v)(1-2v) G-pC~ (~:)2_2 ( 2 4 2)
p I-v

v-
K-p c p - 3e.

(C. )22 c. -2

E - C~2p( 1+ v) C= K (C 2 4)K-C .2-_
(C~_~) C~ 3

CZ J•

Where:

Compressional Wave velocity =C p(mls)

Sbear wave velocity = C • (mis)

Density = p (kg/m3)

3.3.2 ReOectioD, Relrac:tioD ad DUfractiOD

When a P- or S-wavefront extends from the source ofdisturbance uniformly in all

directions, its energy declines with the square of the distance and the wave amplitude

reduces direetly in proponion to the distance traveled. As the wavefront reaches a

second boundary, pan ofthe elastic waves are refleeted and pan of it penetrates to the

second medium (refraeted). The concept governing the reOectîon and reftaction of

elastic waves is the same as that of the retlection of light from a mirror. Nevenheless,

despite the similarities, elastic wave retleetioDS and refractioDS are sligbtly more com­

plicated than those oflight from a mirror. In generaI, any bodywave (P- and 5-waves)

striking a boundary will generate two retleeted P- and S-wave and two refraeted P- and

S-waves. This pbenomena is caDed mode conversion and is controlled by the angle of

incidence. The reflection and refraetion are govemed by Snell's Law:
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RehclDdP.....

Behavior ofan incident P-wave at a boundary separating two media
with differentvelocities; reOeetion, refraetion and mode comemon.
(Sharma, 1986)

sini p sinR p sinR~ sinr p sinr.
-= = = =--
Cp. Cpt C.. C p2 c. z

(3- 15)

•

where R is the angle of reOeetion, i is the angle ofincidence, r is the angle ofrefraetion,

C p is the velocity of p·wave and C. is the velocity of 5-wave.

Snell's law is used for the determination of the refleeted wave path (see Figure
3-4). The amplitude of refleeted signais depends upon the interface's boundary con­

dition and the acoustie impedance, the angle of incidence, the distance of the interface

to the source, and the signa)'s attenuation rate.

The retlection of a signal from an interface between two media with different

deDSity or elastie moduli depends on the specifie aeaume impedance of the two media.

3-12



•
The correspondiDg equation in terms of amplitudes was given by Zoeppritz (1919),

where in this case the Z is the specifie acoustie impedance ofa medium, p is the density,

and W If is any elastic wave velocity (i.e. the equation is vaJid for P- or S-waves).

(3-16)

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

this equation changes for S-wave ta:

z =JF .p

z =Je .p

(3-17)

(3 - 18)

equations 3-17 and 3-18 apply only to rad waVe5.

For P-waves, the amplitude of particle motion, ARt is maximum wben the angle

of incidence of the wavefonn is nonnal ta the interface. The amplitude of particIe

motion for the refleeted wave (A.) is calculated by (Telfor~ 1990):

(3- 19)

wbere A 1 is the amplitude of motion in the incidence waveform. Z l is the acoustic

impedance of the first layer and Z 2is acoustic impedance of the refleeting layer or the

second layer.

The amplitude of the stress in the refraeted wave (AT) is given by the following

equation (Telfor~ 1990):

(3-20)
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Another imponant property provides information on the relative size of the

ampHtude ofeaeh retleeted wave compared ta the incidentwavc. The ampHtude ratios
of the refleeted P-wave (A pIA ,) and the reflected S-wave (A.I A,) compared ta the

incident wave amplitude are caDed reflection coefficients. The reflection coefficients

at a stress-free boundary (i.e. air) are found ta he (MeIntire, Birks, and Green, 1987):

(3-21)

(3-22)

wherea panda s are the anglesofrefleetedP-andS-waves respectively. Forthe retleeted

S-wave the same formula applies. In this equatioD R ppsignifies the retleetioD coefficient

for the refleeted P-wave referred ta an incident P-wave energy and R •• is a refleetion

coefficient for the refleeted 5-wave.

For an SV-wave incident at all angles below the critical angle, bath a refleeted P
mode (SP) and a refleeted SV mode (SS) generally occur. Depending on the value of

the Poisson's ratio, there are for some materials specifie values ofincident angles when

the amplitude of the retleeted SV mode is zero (SS=O). In all cases there is always a

retleeted P mode (SP) for this range of incident angles. With stress-free boundary

conditions, there is a set of refleetion coefficients for this problem as follows (McIntire,

Birles, and Green, 1987):

(3- 23)
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•

AIl parameters bave the same definitioDSas givenbefore for the retleeted P mode.

This problem, with the exception of the appearance of the critical angle phenomenoD,

is symmetrie in results ta the reOected P mode discussed earlier. For the SV-wave
incident on a stress-free boundary at incident angles greater than the critical angle, a

reOeeted longitudinal P mode (PP) cannat occur (Memtire, Bira, and Green, 1987).

Figure 3-5 shows the partitionofenergyforanincident longitudinaland transverse

waves and for severa! values of Poisson's ratio. To calculate the energy retleetion

coefficients for incident waves, the following should he known: the unit area of the

incident waves, the amplitude of reOeetionwav~ and the energy ofthe incident waVe5.

Various combinations of the horizontal and vertical source and receiven bave a

strong influence on the enhancement of the receiving signais and their amplitude.

Initia1ly, White (1965) found the relationship between the angle of incidence of the

generated wave al a stress-free surface, the angle of reOeeted wave, and the displace­

ments at the surface as a funetion of C pIC. and hence Poisson's ratio, u (sec Figure

3-6). The radiation charaeteristics ofa surface (horizontal or vertical) point source are

identical to the receiving charaeteristics of a (horizontal or vertical) receiver. Kahler

(1988) states that the inOuence ofPoÎSSOn's ratio on the source and receiver is specially

large for horizontal sources and reeeivers, bath for p. and SV-waves, while SH-waves

are not affeeted by Poisson's ratio. For a horizontal source there is no component ofP

in the z-direction. The pattern for SV-waves is complicated whereas the SH-wave

pattern is simple, for it bas no components in the x-direetion. For a vertical source, the

radiation patterns are symmetrical around the z-axîs 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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Fipre 3-6 Schematic drawing orthe radiation pattern ofa horizontal and vertical
surface point source. Left: vertical; rigbt: horizontal source, Poisson's
ratio is about 0.25.
(modified after Kahler and Meissner, 1983)
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Diffraction occun wben an elastic wave is incident upon a sbarp edge of a dis­

continuity(Le. cracktip). Thesharp comerserves as a centerofscatterÏDlwaves. These

waves bave spherical wavefronts, originating from the sbarp edge (SansaJone, 1985).

Mode conversion (transformation ofone wavetype ta another, e.g., P-wave ta S-wave)
aJso bappens at the sharp edge (see Figure 3-7).

Receiver

Fipre3-7 Wave diffraction as a result of surface opeDing crack edge and the
position ofthe ttansmitter and the receiverwith respect ta the crack
for measuring the depth of il.

•

3.3.3 TIte Elutie Wave (Body Waves) Ge_raton

E1eetro-acoustie transducers are common means of generating body waves,

particularly P-waves. Continuous, shon-duration pulses are generated by an electro­

acoustie transducer wbieh is coupled to the specimen. The signais are usuaIIy picked

by a receiving transducer (Mooney, 1974).

To use surface sources for generation of elasûc waves, a direct force, either

horizontal orvertical, is used. A vertical impact source generates p., SV·, and R·waves.

A horizontal impact source gencrates P-, SV., SH·, and R-waves (Mooney, 1974).

For a horizontal impact surface source the radiation pauem of SH-waves is at

maximum wben perpendicular ta the force, and decreases ta zero in the direction of

the force. The P- and SV-wave radiation will he zero in a plane perpendicular ta 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 ofabout 6Cr and decreases to zero in bath

vertical and horizontal directioDS. SV-wave radiation is large in the vertical direction

and remains large out to the critical angle given by sine. - C .1Cp. Beyond that the

amplitude decreases and reaches zero for the horizontal direction (Mooney, 1974;

Helbig, 1987).

Fora venical impactsurface source, the maxïmumP-wave propaptes inavertical

direction beneath the impact source, and decreases to zero in the horizontal direction

a10Dg 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 ofO.2S). This maximum

amplitude is related to the complicated radiation pattern of the SV-waves. Zero

amplitudes occur at the critical angle pen by sine. - C .1C p (which is 3S.r for a

Poisson's ratio of0.25) (see Figure 3-8). At smallangles, close tavertical, particle motion

is reeti1inear but becomes elliptical1y polarized for Jarger aDgies (Mooney, 1974; Helbig,

1987).

Maimum SY--wave
energy PfUPagatian

at 45 degree.

Vertical.' .
4· ":t>.. ..

1••- - ••'.
# ••- •• ..,

..._. a•• ,

il' :....... Oi "' .
. ...~.". .... ~... ..
.. W:-.ve.......

~..........

CrIic8ISV.......
Maxinun P ...._~

atOdeg,..

•
Fipre3-8 The resultingener8Ypropaption afP-and SV-waves from a vertical

impact source havmg sphencal wavefronts•
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For the electro-acoustic traDsducen and mechanical-impact sources (bath hori­

zontal and vertical), the generation ofelasticwaves in soUcis depends on the dimensions

ofthe generaton. Fromthe curvesofFigure 3-9, itcaobeseen that the radiation pattern

andshapeoftheultrasonicfield isa funetionofthe ratioofthediameterofthe traDsducer

ta the wavelength (2a/À) (Filipczynski, Pawlowski, and Wehr, 1966). For u1trasonic

transducen, when the wavelength is much greater than the diameter of the traDsducer

(À » 2 a) p ... , S- and R ...waves are generated. When the À - 2 a , both Se and R-waves

decrease with respect ta the p·wave radiation field. With further decrease in the

wavelength (À » 2 a), the Se 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) contraIs 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 generaton ofP· and S-waves. The proportion ofshear

wave caohe increasedbydehberatelyintroducingasymmetry(GeyerandMartner, 1969;

KissÜDger, 1961; and Nicholls, 1961). Explosive sources are mainly used in a bore hale

for evaluating rock masses.

ln a borehole, a mass falling to the bottom of the hale is aIso effective. In sueh

cases the radiation pattern of the p wave is al maximum bath downward and upward

from the point of impact. For SV waves, the radiation pattern is at maximum in a

direction 3<f from horizontal, and in general SV·waves are stronger in the horizontal

direction (Mooney, 1975; Helbig, 1987).
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Fipre 3-9 Schematic drawing ofresulting radiation pattern ofP-and SV-wave due to

ultrasœic tnnsducers and vertical implCt source on a solid. There is a
relationship betWeeD the diameter ofthe ultnsonic tnnsducer and the
fiequency ofinput signal and the radiation patterns for the body W&VeS.
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Fipre3-10 Schematic drawiDa ofresulting radiation pattern oCP-and SV-waves
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The selection of the source depends on the specific application. For concrete

structures with limited tbiclmess, eleetro-acoustic transducers and mecbanical-impaet

sources are most efficienL For rock masses, depending on the dimensions, explosive

sources, borebole-adopted sources, eleetro-acoustic transducen, and mecbanical­

impact devices are used ta generate body waVe5. Since the explosive and borebole

sources are destructive and are used in limited applications, they are Dot fewble for

eva1uation purposes. As for eJeetro-acoustic transducers, no commercial unitexis1swith

satisfaetory performance on concrete and rocks. On the other band, vertical-impact

source generaton have sufficient elastic energy ta overcome the effeets of the attenu­

ation and divergence. They are easy ta use. They are nondestruetive and the tests are

repeatable. Therefore, the mecbanical-impaet devices are the Most efficient Mean of

generating body waves in conaete and rock.

3.3.4 E1astie Wave (Body Waves) Reœiven

Geophones are velocity-sensitive elastic wave deteeton, that respond ta the

panicle velocity shifts of the testing medium. Geopbones couJd be used for deteetion

of P- and 5-waves. Special units are available that are sensitive ta either vertical or

horizontal VIbrations. Geopbones are typically moving coils suspended in a magnetic

field. The coüs are free to move relative ta the magnetic structure that is attacbed to

the deteetor case. A movement of the surface ta which the geophone is coupled, causes

it ta produce a small output voltage proportional ta the particle motion in the medium.

Geopbones are mainJy used for low-frequency elastic wave detections (Sharma, 1986;

Telfor~ 1990).

Accelerometers are detection devices that respond ta an acceleration-type

impulse. They tend ta compensate for attenuation ofhigh frequency signais travelling

in the medium. Their range cau he from 1 kHz to 2S kHz. Accelerometers are sensitive

ta borizontal, vertical and inclined VIbrations (Mooney, 1974).

Piezoeleetric transducers (such as quartz, barium titanite, lithium sulfate mono­

hydride, and polarized ccramics) convert mechanica1 defonnations into electrica1

pulses. Their use is restrieted ta higb-frequency, law-power applications due ta their

fragile nature. 80th p. and S-wave piezoelectric transducers with various band widtbs

andfrequencyranges existfordetectionpurposes (HaS$8ni, Momayezand Wang, 1989)•
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The selection of elastie wave deteeton is mainly determined by the specifie
application. Detection of low-&equency, high-power elastic waves is commonly
achieved by the geopbones and acœlerometen. For deteetion of bigh-&equency,

law-power elastic pulses, piezoelectrie traDsducers are more suitable. Different types

of piezoelectric crystals are used in traDSducers accordiDg ta the required sensitivity

criteria for each application.
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---------------CHAPTER4

METHODS OF DETERMINING DYNAMIC ELASTlC CONSTANTS

4.1 INTRODUcnON

The dynamic elastic constants can be calculated from the elastic wave velocity

measurements. In General, there are two ways to measure the elastic behaviorof rocks

and conaete under dynamic loading, namely, laboratory methods and field methods.

Laboratory methods require precast or extracted concrete samples with restricted

dimensions for measurements of the eJastic constants. In laboratory testing, repre­

sentative rock samples are extraeted from the rock mass and dimensionaUy prepared

for measurements of the dynamic modulus of elasticity. Most of the in situ testing

methods for cancrete eva1uation are at early stages of developmenL Current nonde­

str'Uetive testing techniques use theoretical models (SASW) or assumed elasticity

parameters such as Poisson's ratio or shearwavevelocities (impact-ecbo, pulse veloclty,

pulse-echo, and impulse-response) for calculating other elastic parameters sucb as

Young's moduJus. 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 revicw of the various

techniques and instrumentation used for measurements of dynamic elastic moduli for

rocks and concrete. Because of the imponanœ of some standard techniques such as

resonant frequency and pulse velocity, and due ta particular interest on the impaet-echo

technique, the details are revicwed in more depth in this cbapter.

4.1 RESONANT FREQUENCY (RF) TECHNIQUE

In 1877, Lord Rayleigh published "The Theory of Sound", and descnbed the

resonant frequency testing procedures. The first praetical applications were made by

Quimbyin 1925, who generated longitudinal VIbrations inmetal barspecimens. In 1928,

Pierce ca1culated for the first tilDe, the modu1us of elasticity of various aDoys using
cylindrical samples. Muzzey used a device in 1930, creatingmagnetostrietive effects for

generatïng longitudinal VIbrations and tested the theoretical relatioDsbip between
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naturallongitudinal frequency and the dimensions of a Vlbrating 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

funher investigations on building materials by measuring their transverse resonance

frequency. In this investigation, piezoeleetric quartz crystal wu used for the tirst time

as the detecting device. Powers, Oben, Hormbrook, and Thomson were the filSt to

conduet extensive research using Vlbrational techniques on concrete specimens in the

19305. In 1938, Powers wu the tirst researcher ta establish a standard testing system

of the resonant frequency (RF) Methode ~ 1936, Ide used rock cylinders as integral

pans of condensers by cementing foil to the base of the cylinder, and then placing the

cylinder on a steel dise with a mica strip, separating the steel from the foil. A variable

frequency was applied to the condenser thus formed until the naturallongitudinal

frequency of the specimen was attained. This value was used to calculate the elastic

constants of the rock heing tested. The results showed that for rock ofIow porosity such

as granite and other intrusive igneous rocks, the statie and dynamie values compared

favorably. However, for porous media such as sandstone, the difference between statie

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 fundamentai resonant

frequencies of rock cylinders. In 1954, Mitchell determined transverse and torsional

resonance frequencies ofvarious 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.

4.1.1 Priac:iple 01RaoDut FrequeDC:Y (RF) Tecluûque

In a Vlbrating test object, the naturaI frequency of VIbration is related to the

dynamic modulus of elasticity and the density of the material. Tberefore, the dynamic

modulus of elasticity could he caIculated knowing the naturaI frequency ofVIbration of

cylindrical or prismatic bars.

The RF method is based on the standing wave phenomenon. The RF method

requires the determination oflongitudinal, Oexura1 and torsionalwave velocities. Wben

the stress waves are generated in a specimen in the foon of torsional or longitudinal

VIbrations, the retleeted waves on the surface of the specimen occur as superposition

of the (wo waves. Since the generated and reOeeted waves have the same amplitude,

superposition of these entities can result in standing waves if they are in phase. In tbis
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case, nodes will appear where the waves cancel each other, and peab will occur when

waves combine ta produce maximum amplification. When the standing waves are

presentîna medium, there is anumberofnodes definedasn. ThefoDowiDgreJationsbip

can therefore he established:

(4-1 )

wbere l is the length of the sample, À. is wavelength, and n is the number of Dodes..

Since the wave velocity cao he expressed as:

V=À·f

therefore the velocity of the standing wave could he expressed as:

V=À./=2l/
n

(4-2)

(4-3)

•

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

As mentioned before, waves can he generated in tbree ways: wbich are IODgitu...

dinal, tlexural, and torsional. The longitudinal and tlexural VIbrations are funetions of

the modulus ofelasticity, and torsionalVIbrations are funetions ofthe modulus ofrigidity

of the material. Continuous waves are introduced in the test abjects by a transmitter

or a mechanical oscillator. The frequency of these waves is systematically varied until

a resonance condition is created in the test abject. Resonance occurs wben the driving

frequency is equal ta the frequency of the fundamental mode of VIbration of the test

object. The response ofthe test abject is monitored by a receiving transducer at a close

distance from the ttansmiuer. A significant increase in the amplitude of the measured

response indicates the presence of resonance condition. The fundamenta! mode of

VIbration is identified using the ftequency atwhich tbis increase OCCUI'S.. ForIcngitudinal

waves, the transmïtter and the receiver are placed al the two ends of a cylindrica1 or

prismatic specimen, 50 that the standing wave travels from one end ta the other.. In the

case of tlexural VIbrations, waves are gencrated from the center of the sample, wbich is
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mounted on two supports, and received at one end of the sample. FinaIly, in the case

of the torsional resonance frequency, the tlansmitter and the receivcr are placcd

opposite ta eaeh other 50 tbat 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 ta identify the VIbration mode and the number of nodes n (sec Figure 4-1).

4.2.2 Loqit1ldi.a. VibratiODI

LongitudinalVIbrations couldhe used to determine the dynamie Young's modulus

ofelasticity ofcylindrica1 and prismatie rock and concrete specimens. The relationship

between the modulus of elasticity and frequency is descnbed as:

v~ 1 [2l! ,]2E=u· p = Un .p (4-4)

where V l and / l are the velocity of the longitudinal standing wave frequency,

respeetively, l is the length of the sample that the wave travels, p is the density of the

sample, n is the number of nodes, and U is a correction factor for the shape of the

sample.

4.2.3 Flaural Vibratioas

Flexural VIbrations are more widely used ta determine the dynamie Young's

modulus of elasticity sinee they are casier ta generate. The relationship between

modulus of elasticity and tlexural wave frequency f 1 is given by:

[
2nl

2 ! J2E = I.p T
Km 2

(4-5)

•

where misa constant depending on the mode ofVIbration and Tisa shape factor.

4.2.4 Tonional VibratioDs

The folloWÏDg equation is used ta relate the torsional resonance frequency, ft,

and the dynamie modulus of rigidity, G •
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In this equatioD, R is the shape factor dependiDgonthecross sectionofthe sample,

and the n is an integer that identifies the oscillation mode. The resonant frequency
testing apparatus and method for concrete bas been dcsc:ribed by ASTM C 215-85 and

is considered as a standard measurement technique.

Driwi.. C....
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1

y/! ~Ink----: 1
c 1

••.•, 1_........-- 6._.._'_,l8r__

Fipre4-1 Schematicdiagramofa typica1apparatussb~driverandpick-up
positions for the three~OfYlDratioDS. A) TraDSVerse resonance.
B) Torsional resonance. C) Longitudinal resonance. (Adapted from
ASTM C 215-85).

•

4.2.5 Other Techniques of Resonant Frequeac:y (RF) Tes1ia.

In 1986, a new method of RF measurement wu proposed by Gaidis and

Rosenberg for concrete samples. In this method the specimen is struck by a bammer

which causes the specimen to Vlbrate at its natura! 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 ofthe specimenresponse

is displayed against the frequency, and the frequency of the major peaks cau be read

direetly.
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In the experimental setup, the receiving transducer is coupIed at one end of the

sampJe with microcrystalline wax, and at the other end the specimen is struck by a

bammer. The signais are recorded to obtain the frequen'-1' response ofthe sample. The

advantage of tbis method is the greater speed of testing and the freedom of the tested

specimen ta have a wider range of dimensions.

4.2.6 Facton All'eetiJll Reso_t Frequellcy (RF) Teclmique Reprdless ofMedia

4.2.'.1 Size ud Le-eth ordie SpeeiIDea

Qben and Duvall (1941) demonsttated that for a given concrete, the value of

dynamic elastic moduli varies depending on the size ofthe specimen. Larger specimens

have lower resonance frequencies because oftheir weight and size. Kesler and Higuchi

(1954) found that longer beams with Jess re50nance 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 ta 10000

Hz. Thomton and Alexander (1987) recorded an increase in the resonant frequen'-1'

of the fundamental f1exural mode with increase of thiclmess or with decrease in the

length.

4.3 ULTRASONIC PULSE VELOCI1Y (UPV) TECHNIQUE

The development of the ultrasonic pulse velocity (UPV) technique staned in

Canada and Englandat the same lime after the Second World War. The fint instrument

wu developed by Leslie and Cheesman in Canada and wu caDed the soniscope. At

thesame limein England, an ultrasonictesterwasdeveloped byJones. 80th instruments

were simüar, apan from minor details. Since the 1960'5, UPV techniques have been

used extensively in lahoratories and in the field for testing bath concrete and rocks. The

mainapplication ofthe ultrasonic teitingequipment isto deteetOaws and discontinuities

in the medium. However, sinee the velocity of the ultrasonic waves depends on the

material quality of the medium, the ultrasonic velocities are used ta c:haraeterize the

quality and elastic properties of solids. ASTM C 597-83 descnbes the standard appa­

ratus and testing technique for pulse velocity through concrete.



•
4.3.1 PriDdple ofŒtruoaic Teduaique

AlI frequencies above 20000 cycles per second (cps) (20 kHz) can be considered

as an ultrasonic frequency, or above the audJble sound range. In praetice, ultrasonic

instrument functions in the range of 20 kHz to SO MHz for nondestruetive testing

purposes. The ultrasonic waves propagate as waves of particle VlbratioDS. U1trasonic

waves travel freely through the uniform solids and low-viscosity üquids; theyare rapidly

attenuated by voids in the media. The difference in the frequency of VIbration effeets

the attenuation rate and the wavelength ofthe signal. For a high frequency ofVIbration,

the attenuationrate is high and thewavelength is small. Fora lowfrequencyofVlbratioD,

the attenuation rate is small and the wavelength is large. In praetice, test frequencies

are selected depending the sensitMty and sound penetration. In the case of rocks and

concretes, suitable frequencies are between 20 kHz ta 250 kHz, with SO kHz heing

appropriate for the field instruments. The relationship between frequency, wavelength

and velocity is given by:

lJeloctty(cm/s) =wauelength(cm)x frequency(cps) (4-7)

(4-8)

•

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 atwhich the propagated ultrasonic

VIbrations move from point A to point B in a material, and depends on the elastic

properties of the matenal and the mode of VIbration. The ultrasonic velocity of a

materia! isdeterminedby its modulus ofelasticityand density, by the following equation:-

v=~

Note: Equation 4-8 applies only to "rod" specimen (causing a "rod wave"), where the

testing object has a diameter much Jess than the length (0< <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 he eval­

uated by measuring the ultrasonic wave velocity and density of such materials•
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The methods ofgeneratiDg ultrasonic pulses are by electro-aeoustic traDSducen.

The eleetro-acoustic traDsducers operate in two ways: a) byradio-frequency (RF) wave

trains driving the crystal at a controDed frequcncy and precise tilDe; and b) by a sbock
pulse that aDows the crystal in the ultrasoDic transducer ta resonate at its Datura! ne­
quency thus establishing the VlbralÏonal frequcncy. Dy driviDg the piezoelectric crystal

at its fundamental resonantfrequency, maximumseDSitivityisacbieved Therearc tbree

main types ofultrasonie transducers: sanie, magnetostrietive, and piezoelectric. Among

the three types oftransduœrs the piezoeleetric transducersare the Most commonlyused

transducers in the ultrasonie testing equipmenL Selection of the transducers depends

upon the specifie application and charaeteristics of the test medium.

In the UPV testing metbod, aD ultrasonic pulse is created by a traDSlDiUing

transdueer. The pulse travels thraugh the testobjeetwith a Imownlengthand iseoDceted

by a receiving transducer. The delay (travel) time is recorded by the apparatus. From

the travel time and the Imown distance (path length) between the traDSducen, the

apparent pulse velocity is caJculated (see Fipre 4-2).

IIKII"'•
......1....

•
Fipre4-Z Scbematic diagram ofUPV test circuit. (Adapted alter Naik, 1979)



• Pulse Velocity z Path Length
TransitTime

(4-9)

•

The active areas of transmitting and receiving transducen are ceupled to the test

specimen by a coupling tluid such as oil, water or glycerine. The transmitting and

receiving transducers are designed to generate and receive a straightbeamoran angular

beam where it is appropriate for the test procedure.

4.3.2 ApplicatioDs

In 1964, Bradfield and Gatfield ofED~d 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 cencrete specimen

in the laboratory. In 1968, Hawkins et al. developed a catch-pitch system for measuring

conaete thicknesses of0.18 mand 0.25 m in the laboratory. The error ofmargin of the

measurements was up ta 2% in both cases. In 1976, Weber et al. used a piteh-catch

system with a 200 kHz transmitter, developed by the Ohio State UDivenity, to conduet

field tests on conaete pavements. The error margin of resuIts wu up to 3%, however

they concluded that the system needed more adjustments for field testing. In 1977,

Forrest reponed the use of pulse-echo for measuring the length of cencrete piles. His

effons were successful in using a 12 kHz transmitter ta measure 24 m long piles. In
1983,Thonon and AIexanderdeveloped a pitch-catchsystemwith a 190kHztransmitter

and PZT receiver. Their efforts were mainly focused on equipment developmenL Slab

thickness measurements up ta 0.25 m were reponed.

4.3.3 UltrasoDic TestiDl EquipmeDt

Ultrasonic pulse velocity instruments generate and introduce an uItrasonic 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 ta travel tbrough the

specimen. The lime 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 cao he expeeted from the direct transduc:er
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arrangements. The traDsducers are coupled ta the surface ofthe specimen by aeoustic

couplants such as petroleum jelly or grease.
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Fipre4-3 Methods of UPV arran~eDt:Al direct, B) semi-direet, and C)

indirect. (Adapted from PUNDIT 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 aetivated with an eleetrica1 pulse. The gcnerated pulse travels tbrough the

transducer, its couplant agent, and iuto the material under test. The sound pulse
continues its path until it encounters a sudden change in the properties ofthe material.
The change could he caused by materia! property or a discontinuity, and in tbis case

sound signal eebos or retums back. Depending on the path length, many signaIs are
refleeted, later processed by the eleetronic circuitry, and displayed as a single reading.
The retleeted signais are monitored by the transmitter acting as a receiver (true
pulse-echo) or by a second transducer located near the pulse source (pitch-eateh). The
true pulse-echo instruments consist of a shock-puJse generator, variable attenuator,
amplifier, filter, and spectrum analyzer or oscilloscope with marker, delay, and various
gating circuits (see Figure 44). The sensitivity of the equipment is controlled by the
transducers, pulser, and the amplifier. The transmitting and receiving transducer(s)
mainly utilize piezoeleetric elements such as lead zirconate titanate (pZT) for gener­

ating and receiving the signais. The shock-puJse generator produces a burst of enerl)'

for the transmitting transducer. A pulse-repetitiondevice controls the numberofpulses
generated per unit lime, which contrais the scanning speed. The receiviDg 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 outputwith respect
to the input voltage. The receiving amplifier circuits amplify the returning signais and

modify them for display. After the amplification, the ultrasonic pulses are sent to a

speetrum analyzer or an oscilloscope for measurement and discrimination of the pulse
amplitudes. Using the lime base of the display, the pulse travel time is determined. If
the velocity of the longitudinal wave is known, the travel lime can he used ta determine
the depth of the reflecting surface:

(4- 10)

•

where ~ t is the retleeted travel tilDe, T is the depth, and C pis the P-wave velocity. The

equation could also he used for the pitch-catch system only if the distance between the
traDSmitter and receiver is smaD.
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TRUE PULSE-ECHO

41

PrrCH -cATCH

1 r__At_··1
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Fipre4-4 Schematic of puJse-ecbo and pitch-cateh techniques. (After SaDsa­
lone, 1991).

•

The lime domain anaIysis has been used in bath true puJse-echo and cateh-pitch.

4.3.4 Fadon Afl'ectiDI Pulse Velocity M..........ts .... Dyumie Elutie CoDstaats

The factors affeetiDg the elastic constants cau be dMded iDta two catel0ries: tbe
survey condition (regard1ess of the media) and the media effeet.

4.3.4.1 raeton An'ectiDl Pulse VeJoeil)' M"lIftIIIeIIts Reprdless ofMedia

a) Amume CoDtact

Improper acoustic contact mipt resu1t in wreng pulse velocity readiDgs. A goad
contact between the transducers and tbe media is usuaJIy iDduced by greue or other
couplants.
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b) Tenapenture 01Spechnell

Temperature variations between 5° ta 3O-C in the media (concrete or rock) bave

beenfoundta bave insignificanteffeetson the pulsevelocity(Jone5 andFacaoaru, 1969).

For other temperatures in concrete, RILEM recommended a correction table.

c) Moilt1lre CoDditioD 01 Specimea

The moisture condition bas tittle ta no effect on pulse velocity. However, it wu
recorded by Jones (1969) that saturated concrete bas a bigber pulse velocity tban dry

cencrete.

d) Pa'" LeD.... 01 Sperimell

Theoretically, the path length of the specimen should not bave any effect on the

pulse velocity. However, in praeticc a shorter path lengtb gives bigher pulse velocity

than a longer path length specimen. This is mainIy affeeted by the aggregate size and

the frequency range ofthe transduccrs, wbich control the attenuation rate of the signal.

Forcenaete, RILEMhas recommended the following maximum path lengths for direct
UPV testing:

a) 100 mm for concrete with a maximum aggregate size of30 mm.

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

e) Sia ud Shape of SpecimeD

UsuaIly the size and shape of the specimen has no effeet on the pulse velocity.

However, the lateraI dimension of the specimen shouId he greater than the wavelenlth

of the pulse, otherwise the resulting pulse velocity will not he accurate. In the case of

the concrete, the wavelength of the pulse must be Jarger than the maximum aggregate

size in the mix. In the case of rocks, the wavelength of the signal bas to he Jarger tban

the maximum size of the mineraIs in the rock matrix.
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4.3.4.2 Media Elred

a) CoDcrete

i) Agnpte Sïze, GradiDl, Type ud CoDteDt

It bas been established by Many researcben that the compressive strength of the
cancrete and UPV is affected by the agregate cbaracteristics (Jones, 1962; Facaoaru,

1970; Bullock, et al., 1959;Sturrup, et al., 1984; Swamy, andAl-Abmad, 1984; Andenon,

and Seals, 1981). In 1954, Jones reponed tbat for the same concrete mix proportions

with the same compressive strength, the rounded coane aggregates of limestone pe

lower pulse velocity values than of crusbed limestone, wbile crusbed granite give an

intermediate velocityvalue between the two. Jones (1962), Kaplan (1959) and Bullock

and Whitehurst (1959) established mat for the same strength level, mixes with bigher

aggregate content have higher pulse velocity values. In 1962, Jones iIlustrated that a

higher aggregate-cement ratio causes lower compressive strenlth in concrete. The

dynamic modulus ofelasticity of the concrete is affeeted by the modulus ofelasticity 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.

ü) CemeDt Type and Adlllixtures

In 1954, Jones reported that type ofcement does not influence the pulse velocity.

However, the rate of hydration bas a direct effeet on the pulse velocity. As the rate of

hydration increases, pulse velocity and strength also încrease. In 1970, Facaoaru found

that use of rapid-hardening cement results in an încrease in the pulse velocity and the

strength of the concrete. The use ofadmixtures such as calcium chIoride have similar

effeets. Admixtures increase the setting time ofthe concrcte andwill increase the carly

age strength and pulse veloclty. In a CANMET study (Malhotra and Sivasundaram,

1991), it was illustrated that incorporation of low calcium Dy ashes in a concrete mix

increases the dynamic and static moduli of elasticity in relation ta the strengtb.
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Iii) Water·to-CeJDellt Ratio

ln 1959, Kaplan reported that as the w/c ratio increases, the density, compressive

strength, Oexural strength and the pulse velocity decrease. In 1962, Jones reported that

an inaease in w/c ratio reduces the modulus of elasticity.

iv) DepeeolCompaetioD

The hand-compaeted or inadequately Vlbrated cenaete is Jess dense tban weil

compaeted concrete. Pulse veJocity depends on density. Tberefore poorly compaeted

conaete, honeycombed, and less dense cenaete result in a deaease in the pulse

veJocity. In 1962, Jones recorded a deaease in the modulus of elasticity as the volume

of entrapped air increased in a concrete mix.

v) Curial CoDditioDI ud Ale 01CoDerete

The effeet of curing and age of the conaete on pulse velocity is similar to the

strength development in conaete. Kaplan reported in 1959 that pulse velocity is higher

in the laboratory-cured sample than in site-eured specimen. In 1962, Jones recorded

the pulsevelocityrelationshipwith the age ofconcrete. Heshowedthat the pulsevelocity

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 ofelasticity increases with strength. Qbert and Duvall (1941) have shawn tbat

the change in dynamic elastic moduli is rather small after 3 to 4 days of air dryiDg.

However, it has been recorded by Malhotra (1983) tbat oyen dryiDg of the specimen

over the fint 48 hours ofcuring causes a reduetioD in the dynamic modulus ofelasticity.

A possible explanation gjven by Malbotra blames the shrinkage and microfraeturing for

the drop in the modulus of elasticity. The effeets ofCUling on the modulus of elasticity

and wave velocities are rather crucial.

b) Rocks

i) RockType

Generally, as the degree ofcompaetionincreases, thevelocityofwave propagation

and the modulus of elasticity increases. For example, velocity ofwave propagation in

Iimestone varies between 2000 mis and 6000 mis, depending on the degree of com­

paetion (I.ama, 1978).
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D) Tatare

The velocity ofa wave in a rock may be reJated to the minerai 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 he generally higher

in fine-grained rock than in coarse-grained rocks (Lama, 1978).

in) DeDlity

The pulse velocity increases as the density and the Mean atomic weight of the

rocks ïncreases. The relationship May he linear or curvilinear (Birch, 1960, 1961).

Youash (1970) and Ramana (1973) reponed an increase in the modulus ofelasticity as

the rock density increases.

iv) Porosity

ln general as the porosity of the rock increases, the puIse velocity decreases

(Ramana, 1973; Lama, 1978). Betwecn the various types of porosity in rocks, inter­

granular and interagranular, the latter bas the highest intluence on the wave velocity

variations (Gregory and Gardner, 1958). Youash (1970) rccorded a decrease in the

modulus of elasticity as porosity încreases.

v) ADilOtropy

The pulse velocity is different aloog and across layered rocks. The pulse veloclty

parallel to the layers is bigber than the pulse velocityperpendicularto the layen. Youash

(1970) recorded highervaluesofmodulus ofelasticityforfoliated sandstone cores, wben

the readings were taken parallel to the foliations. Ramana's (1973) tests on shist05C

rocks illustrated that S-wave anisotropy is of the same order as P-wave anisotropy.

vi) Stress

80th longitudinal and shear ultrasonic pulse velocities in rocks increase witb

increasing pressure. Tacher (1957), and Wyllie, Gregory and Gardner (1958) reponed

that when a specimen is under uniaxialload, the pulse velocities increase wben the

measurements are in direction of load. There is a rapid increase in the wave velocity

al low pressure due to closure of the voids and microfraetures and increase of contact
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between the minerai constituents. Under unjaxialloading the pulse velocity decreases

wben the sample reaches over 65% of its maximum strengtb due ta formation of

microfraetures.

vii) Water Coateat

The increase in water content of the rocks resu1ts in an increase in longitudinal

wavevelocity. However, the longitudinalwavevelocities incompletelysaturatedporous

rocks is lower than in sligbtly perous rocks sinec the velocity ofwaves in water is lower

than that in minerai constituents. For transverse wave velocities, the velocity remains

CODStant regardless of the degree of water content since transverse waves do not pass
througb water.

vlli) Temperature

The wave velocities and elastic constants drop with an increase of temperature

in rocks (1 ama, 1978).

4.3.5 ComparilOa BetweeD Pulse Velodty aad Resoaaat Frequeaey Teduùqaes

The main difference hetween the two methods is the range of frequencies witbin

which the wave velocity is determined in the medium. For rocks and cenacles, the RF
instruments operate in the frequencyrange of1 ta 30kHzand the pulse methodoperates

in the range of20 kHz to 250 kHz. However, Most researchers believe tbat in this range

of frequencies, elastic constants are independent of the frequency variatioDS.

Anotherdifference between the two methodswas pointedoutbyLeComte(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 traDsient waves.
However, sinee the stress and strain values in the samples are smaD, they behave elas­

tically and semi-elasticly, 50 tbat the elastic constants are Dot effeeted

4.4 SElSMIC WAVE PROPAGADON 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 he measured by swinging a sledge hammer against an outerop or by detonating

explosives in a shallow drilled baIe and observiDg the travel time ta the geophones (or
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accelerometen) placed at severa! distaDces from the source. The zero âme mot is

determined in addition ta the travel tilDes ta the FOphones and is recorded in a
waveform analyzer. P-waves are detected mainly using vertical oriented receivers and

S-wavesare deteeted USÏDltraDsverselyorientec1receivers. Theveloc:itiesarecomputed
by dividing thc source ta receiver distaDce by the arrival âmes of the signals from the

source ta thc receivcrs (see Figure 4-5).

Utilizing the rock deDSity and velocities, the dyDamic elastic COl1St8llts can he

calculated from thc equations inTable 3-2. UsiDgthe ref1ection andreflactiOD methods,

depth of the various roct beds as weB as the tbickness of overburden soil can aJso be

calc:ulated. The seismic wave propagation technique cau also he applied between drill

hales. Bath downhole hammen and explosives are used for such measurements. The
location of the borehales is seleeted according ta the shape of the rock mus and its

structure. Detection of the shear waves and problems associated with the mode COD­

vergence are the main problems associated with this teelmique.

)

T......................
a ,..

Fipre4-5 Schematic diagram for apparatus ammsement of seismic propa­
gation technique. (After Goodman, 1989)

•
4.5 PEIllE SISMIQUETECBNIQUE

In 1967, Schncider dcveloped a new in situ technique mown as petite sismique.
This method is capable ofestimatiDg the ltatie modulus of the rock mass. The petite
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sismique method uses a seismic refraetion overa distance of2 to 10 meters, and focuses

mainly on the determination of the shear wave arrivai. The petite sismique system

cousists of a signal enbancement seismograph, a horizontally oriented surface source,

and directional, moving coiI geophones witb a frequency range between 1 ta 1000 Hz
(see Figure 4-6). Bath horizontal and vertical displacement units are used, thus pro­

viding superior Ocmbility in the geophone ammgemenL For a wide frequency range

such as 200 to 1500 Hz, proper receiven must he cbosen ta eljmjoate resonance

disturbance. A horizontal surface source is used to generate shearwave polarizingtraits

ta advantage and to propagate SH-waves whicb are theoreticaDy free of the P-wave

energy (Belesky, 1984). The signal enhancement seismograph is used; the ability ta

store and sum the individual signals tbis way reduces the random background nose and

improves the arrivai of the shear wave signal (Bieniawski, 1976).

4.5.1 ApplicatioD

The original work by Schneider (1967) emphasizes shear wave parameters such

as frequency, attenuation, wavelength, andvelocity. He used plate load tests to measure

the static modulus ofelasticity and correlated the resultswith the sbearwave frequencies

obtained by the petite sismique method. Ta evaluate the petite sismique method in a

mining environment, Heuze (1981) tested pillars in an underground Iimestone mine.

This experiment was accomplished using receivers mounted on one side ofa pillar and

a source placed on the opposite end. The results indicated that a surface refraetion

survey is the optimum approach for observing sbear waves. Ilwas also concluded tbat

two main factors affect the shear wave frequencies: 1) the force-tîme funetïon of the

source, and 2) the transfer function between the source and the geophone.
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Fipre4-6 Black diagram of p:tite sismique field survey with linear array of
receivers. (Modified after Belesky, 1984)

•

4.' IMPULSE-RESPONSE TECHNIQUE

4.6.1 PriDciple

Amecbanica1 impact is generated on the surface of the specimen. The force-tïme

funetion ofthe impact is recorded. A transducer located near the impact source records

the retleeted waves from the bottom surface of the sample. The tilDe history of the

impact force and the time history of the structure's response are recorded, and the

impulse response is ca1culated. This can he accomplisbed by deconvolution Of, in the
frequency domain, by dividing the Fourier transform of the response waveform by the

Fourier transform ofthe impact force-tïme function. The cbanges in geomeuy and the

existence of flaws affect the impulse response ofa structure. In the frequency domain,

the resultant response of the structure is a funetion of the frequency component input.

Digital signal processing tecbniques are used to obtain the impulse response fonction,

which is also known as the transfer functiOD. The procedure to calcuJate the transfer
funetion is outlined by Higgs (1979). For analysis purposes, the velocity is measured
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and the resulting impulse-response spee:uum bas units af veIodaylfarce wbich are

referred to as "mability", and the spee:uum iscaDed "mobility plot". In the mobility plot,

at the frequencies corresponding ta the resonauce frequency of the structure, the
mobility values are at maximum. The difference between any two mobi1iay peab, tJ. /,

is equal to the naturallongitudinal frequenc:y. The length Lofthe pile caohe calculated

by using the foUowing equation:

(4-11)

where the C pis the P-wave velocity. At low frequenc:ies, wbere the pile and the sail are

Vlbrating together, the impulse-response provides information about the dynamic

stiffness of the soil-pile structure. At low frequencies, the iDitiai slope of the mobility

plot is approximately a straight line and the slope of tbis line represents the dynamic

OexJbility of the pile bead (see Figure 4-7). The dynamic stiffness is the inverse of the

dynamic OCXlbility.

- 1- 41
~~

4f -1z.......
E->
t:....-m
0

L= Cp:E
ZAI

FREQUENCY (Hz)

•
Fipre4-7 Idcalizedmobilityplotfar aconcrete pile. (AdaptedfromSansalone,

1991).
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4.'-2 ApplicatiODI

The impulse-response technique is used mainly to calculate the thicJmess of

concrete piles over 10.0 meters long and their dynamic stiffness charaeteristics in the

soil. However, if the longitudinal frequency response of the specimen and the P-wave

velocity are Imown, the dynamic modulus ofelasticity of the medium can he calcuJated.

In 1974, Davis and Dunn outlined the factors affecting the impulse-response technique

to he: the diameter of the pile, the quality of the concrete, and the damping charac­

teristics of the suppon or the sail. Higgs (1979) stated that for a IJD Qengthldiameter)

greater than 20, the test resuIts are not reliabJe unless the pile passes through a very

soft soil deposit into a rigid stratum. Oison et al. (1995) used the impuJse-response

technique to evaluate a conaete shaft lining in Saskatchewan. The technique was not

successful in providing information on the depth of voids and couId Dot differentiate

between the back-side voids and the near-surface delamination cracks.

4.7 SPECTRAL ANALYSIS OF SURFACE WAVES (SASW) TECHNIQUE

4.7.1 PriDciple

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

mechanicallyby an impact source on the surface ofthe specimen. Two recewers placed

a cenain distance apart monitor the surface dispJacements as the wavefront passes
tbrough them. The R-wave is the principal stress wave used in the signal analysis. This

is due ta the fact that the R-wave amplitudes are Jarger than the P- and S-wave

amplitudes on the surface. The generated R...wave contains a range offrequencies. The

contact time controls this range offrequencies; the shorter the contact time, the broader

the range of frequencies. The amplitude of R ...wave decays exponentially with deptb.

The longer the wavelength, the deeper is the penetration of the R-wave. The impact

source playsan important role in the success ofthe SASWmethod. Theimpaetis chosen

so that the high frequency components of the impact, particularly the R-wave, travel

onlythrough the top layer. Lowerfrequency components peneuate ta the second layer.

According ta the relationsbip between the elastic wave velocity and the dynamic

moduIus of elasticity, the velocity of R-waves in each layer depends on the material
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properties ineach layer. Therefore, the velocityofthe R-waves ineach layeris different

and is calIed "phasevelocity". The phasevelocity is calculatedbythe travel tilDe between

the two receivers. The ttavel time isdeterminedbrthe phase ctiffereDceofthefrequeDcy

components wben they arrive at the receivers knowiDg the distance between the two

receivers (see Figure 4-8).

Aecelver 2

-

Spectral
Analyzer

Aecelver 1

1
_ 0.5 X _1
- 1

X Variable

Hammer

fipre4-1 Schematic of the SASW technique. (After Sansalone, 1991).

X 360
Cft(/) = -= X .-/

~tl ~
(4- 12)

In this equation, C Il(/) is the velocity of the component frequency, X is the distance

between the two receivers, f is the frequency of the sine curve which is the inverse of

the period, and ~ is the phase difference which is calcuJated from:

(4- 13)

•
and~ t 1 is the navet lime between the (wo receivers and is calculated from the fonowiDg

equation:
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The wavelength, À. l' corresponding ta a component frequency, is calculated from

the following equation:

À. =C R(J) = X 360
f f " (4- 15)

•

The calculations are repeated for eacb component frequency and a plot of the

wavelength versus phase velocity is obtained; it is knawn as "dispersion curve". It is used

ta obtain the dynamic modulus of elasticity. A process called "inversion" is used ta

approximate the dynamic modulus of eJasticity.

In tbis process, the test site is modeled usmg layers of varying tbickness. Each

layer bas a different modulus ofelasticitydepending on the expeetedvalues. Bach layer

is assigned a density, Poisson's ratio, and 5-wave velocity. Using tbis information, the

solution for the R-wave propagation is determined and a theoretical dispersion curve

is calculated for the assumed layer system. The theoretica1 curve is compared with the

experimental dispersion curve. If the curves match, the problem is solved and the

assumed modulus ofelasticity is correeL Ifthere are d.iscrepancies, the assumed layered

system is changed or a newtheoretical curve is calculated. This process is repeated until

a match between the theoretical and experimental curves are obtained.

4.7.1 IJastrumeDts

The SASW system has three components: an impact source (usuaJly a hammer);

two receivers (which can he 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-hallofthe receiver spacîng

and less than three times the spacing. The spacîng between the receivers is smaU at the

beginning and the separation increases with repeated tests. The distance between the

impact source and the nearest receiver is kept Jarger than the distance between the two

receivers. The distance between the reccivers increases as the thickncss of the two­

layered system increases. The type of impact source is dependent on the tbickness of
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the two-layer system. If the layers are thin, a small hammer is used to generate shan

duration pulses with shoner wavelengths. The receivers are seleeted 50 tbat they are

sensitive to vertical surface displacements.

4.7.3 Applicatioas

The SASW bas been successfully used for the eva1uation of road prames where

the asphalt-c:oncrete 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 companent and wave

velocity was extraeted, and the elastic propenies of the layered materials were calcu­

lated. Oison eL 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 conaete/rock

interface.

4.8 IMPAcr·ECHO TECHNIQUE

The impaet-echo technique for the detection of tlaws and delamiDations in

plate-like concrete structures was developed in the mid-1980~sby Carino andSansalone

in the United States National Institute ofStandards and Technology. The method was

developed for detecting a variety of defeets in concrete structures, including plain and

reinforced concrete slabs and walIs, concrete slabs with overlays, columns with circular,

square, or reetanguJar cross-sections, as weil as square and reetanguIar beams.

Impact-echo is not commonly used for determining the dynamic elastic properties of

conaete or rocks. However, assuming an appropriate value for Poisson's ratio orshear

wave velocity and using the equations in Table 3-2, the elastic constants can he calcu­

lated, with the P-wave velocity obtained by the impaet-echo technique.

4.8.1 Priaciple

As a transient stress puise is inttoduced into a test specimenbyaspherica1lytipped

mechanical impact source, the P- and S-waves propagate into the object aloogspherical

wavefronts and R-waves propagate a10ng the surface on a circularwavefront, ceotered

at the point of impact. The internaI discootinuities, voids and the boundaries of the
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conaete cause retleetioDS of the P·and 5.waves. The retleeted waves at the surface

cause displacement, which is measured by the receiving traDSducer. If the receiving

transducer is placed close to the impact source, the dominant surface displacements are

due to the p..wave arrivais because of the radiation patterns associated with the P- and

S-waves. The P·wave is the principle elastic wave used for deteetion 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 ail

directions rather than a focused beam simi1ar to the one in the pulse-echo technique.

The P·wave arriving at the surface is reflected back into the conaete, and a transient

resonance condition is aeated as the multiple reflections occur between the top surface

of the concrete and the internai reflections from the interfaces or the bottom surface

ofconcrete. Each P·wave arrivaI on the 10psurface produces a characteristicdownward

displacemenL Therefore, the waveform is periodic, and the period is approximately

equal to the travel path (2T) divided by the P-wave velocity Cp, where T is the depth

of the retleeted surface (see Figure 4-9). Frequency has an inverse relationship ta the

periodand therefore the frequencycorresponds to the multiple reflectionsofthe P-wave

between the top surface and the reflecting interface f p , such that:

C
T=-P-

2fp
(4-16)

•

The frequency content of the surface displacements is obtained usmg the fast

Fourier transform (FFI) technique. The FFr technique is based on the principle of

the Fourier ttansfonn, 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 speetrum contains peaks al frequency values which correspond to the

dominant frequencies in the displacement waveforms. The resolution in the frequency

speetrum, that il, 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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Fipre 4-9 Principle ofthe impaet-echo technique.
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4.8.% Impact-Edlo TestiIll EqaipDleat

An impact--echosystem iscomposed ofthree maincomponents: an impaetsource,

a receiving transducer, and a digital oscilloscope or a waveform analyzer (see Figure

4-10).

4.u.l Impact Soarœ

The impact source is a critical pan of the impact--echo system. A smaIl diameter

steel sphere is used as the impactsource. The sphere is either dropped, ormechanica11y

shot at the conaete plate. The duration of a free-fall impact of a spherical source is

shan, ranging between 20 - 90~. During impact, pan of the energy is transferred ioto

the concrete as elastic wave energy. The force-tïme bistory of an impact may he

approximated as a half-sîne curve, and the duration of the impact is the "contact lime"

(lead to equation 4-17).

(4- 17)

where F max is the maximum force (N), and t c is the contact tinte of impact (s).

The amplitude of the force-tinte function F max affects the displacements and

stresses in the elastic waves generated by the impact. The contact lime detennines the

frequency content of the stress pulse.

The contact tinte of an impact produced by a steel sphere as a result of free fan

on a concrete plate could he approximated by the Hertz elastic solution (Goldsmith,

1965):

•
I-v 2

J;. _ p

U p E
p
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where

p sis the density of the sphere (kglm3);

R is the radius of the sphere (m);

h is the drop height (m);
v pis the Poisson's ratio of the concrete plate;

Us is the Poisson's ratio of the steel sphere; -

Epis the Young's modulus ofelasticity for the conaete plate (N/m2); and

E • is the Youn~smodulus of elasticity for the steel

sphere (N/m2).

For example, for a conaete plate with Young's modulus of36 GPa and Poisson's ratio

of 0.2, the contact lime (in I..L S ) cau be written as:

R
te: = 0.00a58 01

(h) .
(4-21)

(4-22)

From this relationship, it is obvious that contact time is a funetiOR of the spbere

radius and is slightly affeeted by the drop heighL

The maximum force is pen by the foUowing equation:

1. 140 ( ua) 2 m s
F max =-----­

arn

where

[
1S 2 JO."nUa

a = 6 +6 m
rn 16(R)O.S( s p) s

(4-23)

•

and ms is the mass of the sphere (kg) and u° is the velocity of the sphere at impact

(mis)•
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4.U.2 ReceiYiDl Trusduœr

The receiving transducer used in impact-ecbo testing is a conical-tipped piezo­

eleetric transducer. This transducer is sensitive to the vertical surface displacemcnts

over a broad range of frequencics. The transducer consists of a small conical

piezoeleetric clcment attached to a large brass backing. The brus backing dampens

out undesirable noises. Because of its small contact area, the transducer bebaves as a

point receiver. A tbin metal strip, preferably lead, is used for acoustic couplingbetween

the transducer and the surface ofconaete. Therefore, the transducer does not require

liquid couplants.

4.U.3 W.velorm Aaalyzer

A digital oscilloscope or a waveform analyzer is used to capture the transicnt

output of the transducer, digitize the waveform, and perform signal processing.

4.&.2.4 Si"" Ac:quisitioa ud Procas.,

The capturedwaveforms cao he studied in the lime domain orcanhe transfonned

ioto the frequency domain by the use of the fast Fourier transform (FFI) technique.

The initial studies were carried out in the lime domain (Steinbeck and Vey, 1975); later

it was found that analysis is faster and simpler in the frequency domain (Sansalone,

1985). In tilDe domain analysis, the impact lime can he calculated from the distance

between the impact source and the receivcr and the lmawn velocity of R-waves in the

concrete. The retleeted P-wave could he identified and its velocity calculated. Later,

Imowing the thickness of the cencrete, according ta the lime of arrivai of the P-wave,

flaws cao he identified. In the frequency domain, the principle is based on the fact that

any waveform can be construeted by superposition of the sine curves of varying

amplitudes and frequencies, with appropriate phase shifts. The FFI' technique is used

ta obtain the frequency speetrum ofthe digital displacement waveform (Steams, 1975).

In sound conaete, the maximum amplitude in the frequency speeuum corresponds to

the multiple arrivais of the P-wave refleeted from the bottom surface. This statement

is true ifthe impact source and the receiver are close to one anotbcr and the transducer

is sensitive to the vertical displacements. The reason for tbis bigh amplitude is tbat the
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P-wave has the bighestwave velocity ofail elastic waves and for the same sampling tilDe

it creates the most rcsoDance betweeD the !Wo surfaces of coDcrete. Most of the

impaet-echo results are based on the frequeDcy speetrum analysis (see Figure 4-11).

4.8.3 DetenniJlatioa otP·Wave Velocity iD Coac:rete

Any impaet-echo analysis requites the knowledge of the P-wave velocity in the

medium. Different methods were used ta determine the P-wave velocity in concrete.

When the thickness of the eoncrete in a sound section is kDown, the frequency value of

the p ..wave from the speetrum created by the impact-eeho and equatioD 4-16 can he

used ta determine P-wave velocity (Sansalone, 1985). Altematively, ifa core is aV8Üable,

P-wave velocity can he calculated by performing impact-eeho test on the core. The

known length and the measured frequency cu he used ta 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 Carina, 1986).

The direct ultrasonie pulse velocity (UPV) method caube used, when that the IWO sides

ofthe structure are accessible. Itwu 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). li the two sides of the conaele structure are Dot acceSSIble and coring

is Dot possible (i.e. in mine shafts), the P-wave velocity is calculated from the surface

waves. Using impaet-echo ta identify the first anival P-wave in lime domain, the P-wave

velocity can he ealculated. The impact source is fixed on the surface and the receiving

transducer is plaeed on different Imown intervals on a straight line apart from the source

(starting from 200 mm away from the source). The time ofP-wave arrivais at each point

is calculated for three ta five stations. A graph is eonstructed with the lime on the y-axis

and the distance from the source on the x-axis. The slope of the construeted grapb is

used ta determine the P-wave velocity (Sadri, 1992). It was found that the P-wave

velocities measured by this method are about S% (aster than the impact-echo mea­

surements using the frequencyspeetrumanalysis. The P-wavevelocitycanbec:alculated

indireetly, using distinct and bigh amplitude R-wave arrivals in the lime domain. In this

method, !wo traDsducers are used, one placed nen ta the impact source and the other

transducer at a distance away from the first transducer (not more than 100 ta 200 mm).

The time anival of the R-wave between the !wo traDsducers is determined from the
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waveform analyzer, and the R-wavevelocity is calculated lmowiDgtbe distance between

the fint and the second transducers. AssumiDg the Poisson·s ratio ofconcrete ta be 0.2,
equation 4-13 is used to estimate P-wave velocity (Lin and Sansalone, 1994).
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Fipre4-11 Examples of frequency spectra: A) test over a solid portion of con­
crete slab; B) test over a Cüsk-shaped void. (After Saitsalone, 1989).

•

4.8.4 Erree! of tbe Variables OD Impact-Echo Results

4.8.4.1 SpaCÎDI SelMeD Impact Source ud Receiftr

For detection purposes, a small distance between the impact source and the

receiver minimizes the complications caused by the R-wave or S-wave arrivais. The

separation of the impact source and the receiver (H) are related ta the conaete

thickness (T). The best impaet-echo measurements were taken where the Htr values

were less than 0.2. Above HIT value of 0.2, bath the dîsplacement waveform and the

frequency speetrum become complicated (Sansalone, 1985). For example, at an HJT
value of1, the S-wave arrivais have a significant influence on the displacement response

(Sadri, 1992).
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4.1.4.2 11ate Daratioll oIt1ae IJapKt (CoDtId-11ate)

The time duration of the impact or the contact-tîme is a tey factor in the

impact-echo testing system. The contact-time (t c ) determines the frequency content

ofthe waves generated by the impact. The force-tilDe fonction ofthe impact ofasphere

on a plate is approximately a balf-cycle sine curve. Such an impact contains a range of

frequencies. Most of the impact energy is contained in frequencies less tban 1 .S / t C:.

The short contact-time impacts generate waves with a broader range of frequencies;

however, each component frequency bas a lower ampHtude. A short contact-time pulse
contains a bigber frequency content and shonerwave1engths; as a result smaUerdefects

cao he detected. As an approximation, the highest frequency component ofsignificant

amplitude in a pulse equals the inverse of the contact-time. For impact-echo testing of

shaUow structures, shorter contaet-times are preferable. On the other band, as the

contact-tilDes are shorter, the frequency speetra becomes more compHcated. The

longer-duration impacts generate a narrower band of lower frequency and bigber

amplitude waves. The low frequency waves (long wavelengths) travellonger (used for

thick structures), but tbey are unable to dctect smaIl flaws. The wavelength of the

waveform has ta he smaller than the dimensions ofthe f1aw in order for it ta he deteeted

(Sansalone and Carina, 1986). Also, the waves must have wavelengths equal ta the path

length of the structure. The appropriate contact-tïme is determined by computing the

required wavelengths, converting the wavelength to frequency and then choosing a
contact-lime that is short enough to generate required frequcncies. It is important ta

know that the aetual contact-tÏJDe ofa spherical source depends on thc surfacecondition

of the cenaete and the diameter of the sphere. For a givcn spberical source, the

smoother the cenaete surface and the smaller the sphere diameter, the shorter the

centact-time. Steel spheres or spherical-tipped impact sources are cenvenient impact

sources.

4.8.4.3 RelatioD BetweeD Flaw Size aad Flaw Depth

The larger the ratio is of the lateraI dimension of the Oaw over its located depth

(Drn, the casier it is to he deteeted. However, the previous work bas shawn tbat the

flaws with dimensions Iarger or equal ta one haJf of the depth of the Oaw cao he easily
deteeted (Sansalone and Carina, 1986; Sadri, 1992), with an appropriate choiœ of

impact source.
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4JI.5 Applic:atiou oflm..ct.EcIIo

Steinbeck and Vey (1975) used impact-echo for evaluatiDg conaete piles. An
impact source generated the signal on the top of the piles and an accelerometer was
used as the receiver. The signais were analyzed in the time domain. An abrupt change
in the cross section was used to mark discontinuities, voids, and delaminatioDS. In the
absence of imperfections, the thiclmess of the piles was calculated. The success ofthe
method relied on the relation betwecn the impact source and the length of the pile and
the charaeteristicsofthe sunoundingmaterials. In 1983,Carina andSansaJone initiated
theoretical andexperimentalstudies to develop impaet-echo for testing structuresother
than piles. In their laboratory studies, impaet-ecbo was used to deteet various types of
interfaces and defecu in cenaete slabs and wall structures, witb or without reinforce­
ment bars. In most of Carino and Sansalone's experiments, the specimens were con­
strueted containing tlaws at known locations.

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

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

4.8.5.1 Plate-Like Structures

a) DetectioD 01 Flaws

Proven applications involving detection of tlaws in plate structures include:
• detection ofvoids
• deteetion of planar or inclined cracks
• detection ofsballow delaminations
• deteetion of honeycombing (poorly consolidated conaete)
- deteetion ofvoids in grouted tendon duets
- determination ofsurface opening cracks
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b) Shallow DelaminadOB•

CalculatioDS and analysis for disk-shaped voids, planar cracks and inclined cracks

in a concrete slab are simüar. The impact response ofconaete structures (plate, beam,
column, ring, etc.) containing shallow cracks or delaminations (Jess than about 0.1 m

deep) is fundamentally different than the respoD5e obtained from deeper voids or

delaminatioDS. This is due to the fact that the waves generated by the impact source

excite one or more Oexural modes of VIbration of the thin concrete section above the

crack. The larger the lateraIdimension and/or the shallower the delamination, the lower

will be the tlexural frequencies. The fundamental Oexural mode ofVIbrations occurs at

a frequency that is less than the solid plate thickness frequency. The amplitude ofthese

low frequency tlexural VIbrations is very large relative ta the high frequency retlections

from the surface of the shallow delaminations. This large-amplitude, low-frequency

VIbration is a charaeteristic feature of waveforms obtained from tests over sballow

delaminations, and the frequency speetrum contains one or more large-amplitude,

lower-frequency peaks. In this case the frequency correspondence to the deptb of the

concrete is difficult ta distinguish, and as a result locating the depth ofthe delamination

May not he possible (SansaJone, Pratt, Cheng, 1992).

c) Surface OpelÙlll Cracks

The impaet-echo system bas 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 ofthe crack, the signals diffraet. The diffrae:ted P-wave

has spherica1 wavefronts and the tip of the crack aets as a wave generator. Part of the

diffraeted P-wave reaches the receiver and the top surface. The diffraeted wave reOeets

back into the plate and pan of it is incident upon the crack tip and a new diffraeted

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 speetrum at a fre­

quency defined by the equation 4-16, where T corresponds ta the depth of the surface

openingcrack. S-waves also diffract from the surface opeDing cracks and maintain their

spherical wavefront. Bath p. and S-waves continue to propagate into the plate-lite

concrete structure and retleet between the top and bottom surfaces of the plate, giving

lise to the amplitudes in the frequency speetrum corresponding ta the solid tbickness

frequencies.
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d) Void. iD Grouted TeDcIon Ducts

Laboratory studies have been conducted to detect voids in grouted tendon duets

(Sansalone and Carino, 1986, 1988; Sansalone, Lin, and Carina, 1990; Carino and

Sansalone, 1991). Presence of a thin layer of higher acoustic impedance between two

thick layers oflike acoustic impedances does Dot effeet the transmission ofstresswaves.

The metal duet between conaete and grout is an example of such a situation. The

resuIts suggest that in case of fully grouted duets, waves propagate tbrough the duets

and no reflections occur. However, in cases that air or water filled voids are present

within the grout, retleetions will occurfrom these voids. Difficulties arise when the grout

bas a higber acoustic impedance than the surrounding concrete. In such cases grouted

tendon duets affect the transmission of the stress waves, and deteetioD of the voids in
the grout is difficult (Sadri, 1995).

e) BODeycombiDl

Honeycombing refers to unconsolidated or segregated concrete. Impaet-echo

has been used for deteetion ofhoneycombing in concrete (Sansalone and Carina 1988a,

b). Refleetians and diffractions occor as the stress waves encounter the boneycombing.

AIso, a pan of the signal traverses through the honeycombing, and later as a result of

the bonom surface, a pan of it reOeets back to the surface passing again through the

honeycombing. Thus the resulting frequency speetrum contains peaks corresponding

ta the diffraeted and refleeted waves from the honeycombing and also refleeted waves

from the bottom surface. The thickness peak generally is shifted to a value less than

the solid tbickness frequency peak, because thewaves are slowerwhen theypass through

the honeycombing. To deteet honeycombing, shan duration impacts are needed to

cause significant reOeetions.

4.8.5.1 Layered Plates

Layered plate-like structures such as:

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

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

- conaete plates with steel liners;

- concrete liners for rock mines or tunnel shafts; and

- layered pavement systems where the concem is for detecting voids in the sub-
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grade beneath the cencrete using the impaet-echo (SansaJone, Lin and Carino, 1990;

Sansalone and Carino, 1989 and 1990; Lin, Sansalone and Carino, 1991). In the case
ofasphalt overlay on cenaete, the aceustic impedance ofthe concrete is about 1.5 times

greater than that of the asphalt, and the amplitude of the reOeeted wave fcom the

asphalt/concrete interface is about 20% of the incident amplitude, wbile the amplitude

of the refracted wave into the concrete is 120% of the incident amplitude (Sansalone

andCarina, 1989). Thewaves thatare refraeted into the cencrete plate aresubsequently

reflected and refraeted at the bottom surface. The refleetian and refraelion then will

occur at the concrete/asphalt interface as the reOeeted waves prapagate bac:k tbrough

the plate. In cases that the overlay is separated from the conaete, a large amplitude

occurs in the frequency spectrum as a result of refieetion from the free stress interface.

If the IWO layers are perfecùy bonded there is a low-amplitude peak on the frequen~

spectrum corresponding to the depth of the overlay and one large amplitude peak

corresponding to the total thickness (Sansalone and Carina, 1989). Ta dctermine the

depth of the flaw, the velocity of the P-wave in the overlayand in the cenaete must he

known. The depth ofthe flaw cao he calcu1atedming the following equation (Sansalone

and Carina, 1989):

c c-cT d =0 .5[ -..!!!. • pD pc ]

Id ID
(4-24)

where T dis the depth of the f1aw from the top of the overlay; C pc is the P-wave velocity

in the concrete; C po is the P-wave velocity in the overlay; fois the frequen~ value

corresponding ta the depth of the overlay, and f d is the frequency value cerresponding

to the total depth.

Ifthe velocities ofthe P-wave in the two layers are known, the frequency response

of the full thickness could he expressed as:

l
1 t = 2T 2Tc: •-.-ClIC cp"

(4-25)

•
where T c: and T 0 are the thic1messes of the cenaete and the overlay respeetively.
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4.1.5.3 Steel ReiDIordDl Ban

P-wave retleetion from a cenaete/steel interface is different from the retleetioDS
from conaete/air interface (Sansalone and Carino, 1990; Sadri, 1992), because steel

bas a bigher aceustic impedance than cenaete. The retleeted waves from the steel

interface do Dot change silO (i.e. from a tension to compressional orvice-versa) as they

do when they are incident upon an interface baving a lower acoustic impedance.

Therefore, the periodicity of the P-wave arriving at the surface is twice tbat giYen by

equation 4-16. Thus equation 4-16 cao he written as:

(4-26)

This equation is valid for calculating the location of reinforcing bars or other
objects with higher acoustic impedance than cenaete. For steel bars, the accuracy

depends upon the relationsbipbetween the diameterofthe barandits depth inconaete.
Impaet-echo cao he used for deteeting near-surface reinforcement bars (Sansalone and
Carino, 1990; Sadri, 1992; Cheng and Sansalone 1992).

Z2 Ajr

Z1<22

Z1>Z2

T=CpI4fp

T=CpI2fp

•
Fipre4-12 Effeet of interface: wave reOeetions from cenaete/steel and cen­

aete/air interfaces.
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4.8.5.4 Bar·1ike Structures (Beam ud CoIuma)

ln the plate-Iike structures the dominant response of the impact-echo is due ta

the retleetioDS between the top and bottom surface of the plate, or posstble defects. In

bar-Iike structures such as beams and columos, the side boundaries have a significant

effect on the wave propagation. When an impact is generated on one side ofa structure

such as a pile, the resultiDg waveiront is initially spherica1 but later becomes planar as
the pulse travels down the bar·like structure. The plane wave re8ection occurs at the
bottom surface, the reflected waves travel through the length and are detected by the
receiver. The length of the pile aets as a wave guide. Long-duration impacts are used

due ta the long length of the piles. The signal analysis is simple and straightforward

The transverse point impact response on concrete ban baving c:ircular, square,
and reetangularcross sections is considerablyctifferenL Wben a transverse point impact

is generated, the interpretation is more complexe The transient response of a bar

subjeeted to a transvene impact is a combinationresponse ofa numberofcross sectional

modes ofVlbration which are caused by multiple refiectioDS ofwaves in the cross section
(Lin and Sansalone, 19918, b, 1992). In this situation, the lengtb of the bar does DOt
effeet the results as long as it is greater than about three tilDes the width (Lin and
Sansalone, 19918, b). The geomeuy and shape of the cross-section contrais the shape

and the frequency of the cross-sectional mode. The presence of the defeets disrupts

the frequency pattern createdby the cross seetional modes in a $Olidbar. Once the$Olid

response is understood, the presence ofthe defeets cao be determined easily. Equation
4-16 could be used ta locate the defeets.

4.&.5.5 RoUow CyUadrical Structures

The honow cylindrical structures such as tunnel concrete liners (i.e subway tun­

nels) or the concrete shaft lining in underground mines, are surrounded by $Oil or rock.
The response of the stress waves generated by impaet-echo is greatly affeeted by the
acoustic praperties of the surraunding materials. The impact response is strang wbere

there is a relatively large difference between the acoustic impedances of the conacte
lining and the surrounding materials. The ex:perimental wort on the concrete shaft

lining at Allan potash mine in Saskatchewan by Lin and Sansalone (1994) suggests tbat

the acoustic impedances between the concrete and rock (1 Z r - Z c: / Z r + Z c: Dsbould be

greater than about 0.24. In this study it was shawn that when the acoustic impedancc
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of the concrete and surrounding rock is the same, the concrete thiclmess CBDDot he

measured. If the acoustic impedanœ of the rock is lower tban that of the concrete,

equation 4-16 is used wben the acoustic impedanœ of the rock is bigber tban cenerete,

equation 4-26 is used to explain the relation between the P-wave velocity and the fre­
quency in the cencrete liner with a cenain tbickness. DelaminatioDS between the

cencrete lining and the surrOUDding rock are easily identifiable, independent of the

rock's acoustic properties (Lin and Sansalone, 1994). The separations betwecn the

concrete/rock interface or fractures within the concrete liner (concrete/air or conere­

te/water) cau be deteeted and the equation 4-16 can he used ta determine their deptb.

4.8.5.6 EvalatioD of Settial 11me, SlreDpb ud Dyaamie Elude CoastaDts ofCoD­

crete

The impact-echo method was used by Pessiki and Carino (1988) to monitor the

development of mechanical propenies of the canerete at an early stage. The values of

P-wavevelocitiesobtainedbythe impaet-ecbo methodwere comparedwith thestandard

penetration test for determining the setting time of the cenaete. The setting time of

the concrete based on the impaet-ecbo results sbowed excellent correlation betwecn

the initial setting times obtained by the penetration resistance tests. It was shawn that

a strength-velocity relationship for a given cenaete mixture could he used subsequently

as a reliable means of estimating the strength of a conaete structure.

43 SUMMARY

Dynamic elastic constants are calcu1ated from the elastic wave velocities and

densities. In this chapter, various techniques used for generation and detectionofelastic

waves in rocks and cenaete bave been discusscd The theory, apparatus, applications

and limitations of each technique bas been given. A summary of advantages and dis­

advantages of ail the wave propagation techniques are presented in Table 4-1.
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Table4-1 A summary of techniques used ta measure dynamic modulus ofelasticity for
rocks and cancrete.
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--------------CllAPTER5

·METHODS OF DETERMINING STATIC ELASTIC CONSTANTS

5.1 INTRODUCI10N

This ebapter presents the various laboratory and in situ methods used for mea­

suring the statie modulus of elasticity parameters for rocks and concretes. AIso, the

faeton tbat influence the stalie modulus values are briefly discussed. FiDally, a brief

comparison between the dynamie andstatic modulus ofelasticityofrocks and concretes

is presented.

5.2 MEASUIŒMENT OF DEFORMATION

The defonuation of concrete or rock samples is measured witb the help of tbree

devices, wbich are meehanica1, opticaJ, and eleetrical gauges. The Most widely used are

meehanical gauges, ~ost eommonly referred to as dial gauges. These diaI gauges are

made of gean conneeted ta a shaft. When pressure is applied on this shaft, it Maves

and forces the gean to tum, thereby reeording the deformation ta the surface on whieh

the shaft is installed. In brief, meehanica1 gauges wark simiJarly to the micrometers. A

precision in the range of 0.01 to 0.001 mm is commOD.

Optica1 gauges consist ofa shan mechanical arm with a small mirror mounted on .

it whieh retleets a beam of light faDing upon it. Following the Iaw of refleetion, the

refleeted beam maves twice as fast as the shan &ml, and the magnified angular move­

ment of the reOeeted beam is measured either at some distance from the pivot point of

the system or by using an optical system therebymagnifying the displacementof the end

of the shon mechanica1 arm. A large variety of opticaJ instruments is available with

magnifications from 10 to 1000 limes, and precision ranges from S mm ta 0.002 mm.

Finally, eleetricalgauges include linearvariable differential transformers (LVOT)
and eleetricaI resistance strain gauges. These devices are based on the principle that

resistance in an eleetrical wire changes as it extends lengt.hwise, or as a movable pan
(as in a rheostat), or a change in self-inductance or capacitance ofa maveable magnetic

clement occurs.
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5.2.1 Stnss-Straia CUft

The statie 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 uojaxia.

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 ta 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 ta 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-

c) The chord modulus, knawn as average modulus in rock mechanics, is given by

the slope of a line drawn between !wo points (more or less the straight line portion) on

the stress-strain curve.

d) The initial tangent modulus is the tanlent modulus of the line drawn al the

origine The initial tangent modulus corresponds to verysmaU iDstantaneous strains and

is compared to the dynamic elastic modulus.

Poisson's ratio could he calculated for the material subjeeted to the axialload, by
measuring the ratio ofthe lateraI strain to the axial strainwithin the elastic range (usually

between 40% to 60% ofthe maximumstrength). Forconcrete, the Poisson's ratio values

range between 0.11 and 0.28, however the average Poisson's ratio for concrete is 0.20

(Finte), 1985). The Poisson's ratio values tend ta he higher at early curing stages, and

then due ta increase in strength and age, Poisson values decrease (Fintel, 1985; Sadri,

1992).

The stages of a typical stress-strain curve are imponant 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-3train curve shows an upward concavity (section

A). In concrete, below about 30 percent ofthe ultimate load, the transition zone cracks,

thatwere formed during curing, remain stable; therefore the sttess-straïn curve remains

linear. In rocks, at the intermediate stresslevel, usuallybetweenone-thirdandtwo-thirds

of the maximum uniaxial strength, most of the rocks and concretes become linearly

elastic (section B). At tbis stage an ofthe pores, cracks andjoints are closed; therefore

the strain increments become proportional to the stress values. In concrete, abave 30

percent of the u1timate load, the transition zone microcracks increase in length and the
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curve hegins ta deviate from the straight line. Until SO% of the u1timate Joad a stable

system of microcracks may he assumed in the transition zone. At SO to 60 percent of

the u1timate Joad, cracks begin to form in the matrix. Witb further ÎDcrease in stress up

to about 7S% of u1timate Joad, the cracks in the transition zone hecome unstable and

the suess-strain curve bends considerably toward the horizontal ln rocks, foDowing

tbis stale up to the peak stress value, new intergnmular, interagranular and trans­

granular microcracks forme In concrete, after 75 to 80 percent ofthe u1timate Joad, very

hiah strains are deveJoped, the crack system is hecolllÎlll continuous and rapid both in
the matrixand the transition zone. FinaIIy, the shape ofthe stress-strain curve becomes

concave downward up to failure (see Fiaure S-l).

Section B

Section C

Section A

fIj
fIj

~ A ..!.... :
~ .·•••••50%

30%

o
Strain

AB ÏI die daord ......... Imowa • averaae ......UI

os is seaat aaocIuI. '-4 Mu. stress
aD is iaitiaI taa..t aodul..
TT' is laD'- lIIOCIuI.
Section A shows pores, cracks _d joiatl are dosinl.
Sedion B "OWI pores, cncks _d joiats are dosed.
Sedion C IboWI.. cracks ud joiats are opeaia..

•
rapre5-1 A typical stress-strain CUI'Ve.
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5.3 DETERMINATION OF STATIC ElASTlC MODULUS IN CONCRE1'E: IAB­

ORATORYMETBOD

ASTMC469describes themethod ofmeasuringstaticmodulusofelasticity(chard

modulus) and Poisson's ratio ofa 6.0 in. (15.0cm)by12.0 in. (30.s cm) concrete cylinder.

The samples are loaded in longitudinal compression at a constant loading rate within

the range of 35 ~ 5 psi. Appropriate deformation (sttain) gaUles are instaDed hori­

zontally and vertically (perpendicular and parallel) ta the direction of loading for later

computation of Poisson's ratio. The generated stress-straïn curve is used ta compute

the statie Young's modulus of elasticity.

For structural design purposes, the YOUDg modulus of elasticity values are esti­

mated from empirical equations (Mehta and Montciro, 1993). These empirical equa­

tians assume a direct relationship between the density, strengtb, and elastic modulus of

eoncrete.

The ACI code (1983) expresses the elastic modulus in terms of the cencrete

strength:

3 1

E c: =O.043(w)2(j' c:)2 for j' c: ~ 40MPa (5- 1)

where W is the unitweight ofconcrete inkglm3 and j , cis concrete compressive strength

inMPa.

TheACIcommittee363 (1992) andCSAStandard(1994) baveexpressedmodulus

of elasticity in the following form:

E. =(J320(1') + 6900)(2~~0) for21 MPa ~1'.~83MPa(5- 2)

where p c: is the cancrete density in kglm3.

The following empirical equation is introduced by the AC! Building Code 318, for

concreles weighting between 90.0 (40.8 kg) and 155.0 (70.3 kg) 1b/ft3.

•
E = W 1.S x 33/' 1/2

c c: c:

5-4
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•
where the E c is the conaete modulus ofelasticity in psi, W c is the unit weight in Ib/ft3,

and f 'c is the 28-day uniaxial compressive strength of the standard cylinders. For a
concrete with a density value bctween 1400 and 2300 kg/m3 (normal weight concrete)

the following equation is used:

(5-4)

where f ' e, compressive strength of the cylinder is in lbrm2 and E c is Ibrm2• When E c

is expressed in GPa and f ' c is expressed in MPa the equatioD changes to:

(5-5)

In the CEB-FIP Code (1990), the modulus ofelasticity ofnormal weight cenaele

can be estimated from:

(5-6)

•

where the E c is the modulus of elasticity of 28-day cancrete in MPa, and f cm is the

average ~day compressive strength.

5.4 FACOORS AFFECTING STATIC MODULUS OF ElASTlCITY AND POIS­

SON'S RATIO OF CONCRETE

The modulus of elasticity of concrete is expressed as a funetion of cancrele

compressive strength. Hansen (1956), Gunzler (1970), Lewand Reichard (1978, Byfon

(1980), Oluokun et al. (1991), and Mehta (1994) bave SlUdied 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 (Byfon (1980), Zia et al. (1991), ACI committee 363 (1984),

Collins and Mitchell (1990):
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5.4.1 Agrepte

The conaetes with dense aggregate bave a bigber modulus of eJasticity. The

aggregate porosity seems ta he the main factor. This is because the aggregate porosity

determines its stiffness, wbich in tum controls the ability ofthe aggregate to restrain the

matrix strain. Different types of aggregates effect the moduJus 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 Iimestone are more porous than intermediate aggregates such as granite.

The modulus ofelasticity of the aggregates influences the modulus of elasticity ofbulk

conaetesamples. Intwo concrete mixeswith thesame strength, the modulusofelasticity

is higher for the mixwith granite type aggregate than thatwith limestone type aggregate.

The size, shape, surface texture, grading, and mineralogica1 composition cao influence

the microfraeturing and influences the stress-strain curve.

5.4.2 Cemeat Paste Matrix

PorositycontraIs the modulus ofelasticityofthe cementpaste matrÎX. The porosity

of the cement paste is controUed by the water/cement ratio, air content, mineraI

admixtures and degree of cement hydration.

5.4.3 1'raDsition ZoDe

Transition zone is a term used for the boundary between the coarse aggregates

and the cement paste. The void spaces, microfraetures, and the orientation of the

calcium hydroxide crystals are mainly concentrated in the transition zone which

influences the stress·strain reJationship in concrete.

5.4.4 TestiDC Parameten

It has been observed that the cenaete 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 Joad inOuences the stress-strain curve, the rate of

crack propagation and hence the modulus of eJasticity.
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5.4.5 POISIO.'I Ratio

In 1970, Gunzler reported tbat there was no change in Poisson's ratio at early

hours of curing (15 hours ta 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 affeeted by the concrete strength or ale. Byfon (1980) reported tbat

Poisson's ratio is lower at early ages and inCleases with increasing age and Itrength.

5.5 DETERMINATION OF STATIC ElAsrIC MODULUS IN ROCKS: IABORA·

TORY METRODS

5.5.1 The Simple CompreslÎoD Test

An unconfined compression test ona core specimen, with two smoothends having

a length-to-diameter ratio of2and 3,and a device ta measurestraiDs,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

eleetrical resistance strain gauges. The Young's modulus of elasticity, E , is obtaiDed

from the slope ofaxial stress-strain corvee Poisson's ratio, u, is obtained by dividing the

lateral strain by the axial strain.

5.5.1.1 ApplicatiODI

As early as 1883, Milne and Grey measured the value of Young's modulus for

Japanese rocks in conneetion witheanhquake research andseismology. They used rock

beams and calculated 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-sttaïn curves plotted iIlustrated hysteresis effeets. However, the variations of

temperature had no measurable effeet on the results. In 1930, Pbillips condueted a

series ofexperïments on shales, sandstones and siltstones ta study the effeetofvariation

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 pan of a larger study conceming geophysical

applications. Cyclic loading tests were made on cylinders, the load, vertical and hori­

zontal strains being measured Fromthese results, Young's modulus and Poisson's ratio

were calculated direetly. Static uniaxialloadingwas used, and the average of the results
for loading and unIoading was taken. The results showed that both Young's modulus
and Poisson's ratio increased with an increasiDg load Evans in 1935 did a study of
marble, sandstoneandconcretecylindersunderuniaxiaJ loadiDgconditions. Bothelastic

and plastic effeets were reOected in the results. The rate of loading was varied, but the

stress-strain curve proved ta he independent of time.

In 1937, a comprehensive survey of one hundred rocks from North America was

undenaken by Griffith. The cubic samples were tested for their compressive strength
and hareiness. Later, their variations witb the water content of the rocks were studied
80th compressive strength and bardness of rocks were found to reduce with increasing
water content. In this study, it was assumed that the marimum water content was equal

to the pore volume of rock. The wort was continued by Phillips (1948). The values of
y oung's modulus and Poisson's ratio were calculated. The results showed that for cyclic

loading bath Young's modulus and Poisson's ratio increased with load.

5.5.1.2 Factors Aft'ectiDl Statie Modulus 01Eluticity 01Rocks

a) SpecimeD Geometry

Inhomogeneous rocks the heigbt to diameter (bld) of the cylindrical samples may

or may not influence the modulus values (1a ma, 1978). In nonhomogencous rocks, the
bld ratio May influence the stress-strain curve, and bence the modulus values (lama,

1970). The change in modulus values is more obvious when the hld ratios increase

substantially to 3 and higher (Handin et aI., 1972). A low bld ratio rcsults in an incrcase

of confining pressure; hence the mode of fracture of the specimen decrease and the

modulus values increase (Lama and Gonano, 1976).

b) Tempenture

Temperature influences the sttess-strain curve particularly wben there is high
lateraI pressure. In tbis case the ductility of the rock increascs and affects the modulus
values Qa ma, 1978, and Goodman, 1989).
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c:) Fnctuns, Voids ...Roc:k StnId1Ire

Fractures and pores have a great influence on the calculated modulusvalues. The

large number of microfraetures and voids results in low modulus values Qama, 1970).

The modulus values for rocks stressed paraDel ta the beddings and foliations are higher

than when the stress is perpendicular ta them. Poisson's ratio is greatly infIuenced by

the opening and closing of the fractures and voids (1 ama, 1978).

d) TestiDl Panmeten

The type of 10adiDg platen (roup, smooth, shape and relative stiffness, rigid or

brush, and its diameter relative ta the specimen) influences the stress distribution in the

sampJe, and therefore effeets the modulus values (lama, 1978). Smooth, brush platens

with their diameters similar ta the testing specimen are recommended. The rate of

Joading is also an imponant testing parameterwbich influences the modulus values and

particu1arly the Poisson's ratio. The load must he applied UDiformly on the specimen.

The rate of Joading on rocks is different upon the rock type (lama, 1978). If the rock

does not behave linearly elastie, and a test is condueted at a particular stress rate, the

corresponding suain rate shall be different at different stages ofstraïn. 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 Dot exceed

more tban 5-10% between the extreme cases (lama, 1978).

5.5.1 The BraziliaD Test

The Brazilian test uses a cylindrical rock or concrete sample (where the length­

over-diameter ratio shouJd he approximately 2.5:3.0) ta calcu1ate the Poisson's ratio

and the Young's moduJus. The sample is subjeeted ta an increasingload applied paraDel

ta one of the core diameters. The strain is measured with a 9(J' strain gauge rosette

placed at the center of the sample, and oriented to record bath horizontal and vertical

strain (E;c and E y respectively). Knowing the load P, and the horizontal and vertical

deformations, itis poSSlble ta calculatePoisson's ratio andYoung'smodulusasfoBowing

(Hondres, 1959):
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nDt(uE" + E y )

where Dis the diameter, and t is the tbickness of the core sample.

(5-7)

(5-8)

5.5.3 BeadiRe Test

The bending test is a very simple metbod for measuring YOUDg'S modulus. A

beam or cylindrical sampJe is placed on two supports, and a Joad is applied at one or

!Wo points. The modulus of elasticity cao then he calculated using the foUowing

equations:

for one-point loading:

for two-point (oading:

WL 3

E=--­
48(y 1z)

(5-9)

(5- 10)

•

where W is the load applied;

L is the lengtb of the sampJe;

y is the detleetion measured al the center ofthe sample, and 1 z is the moment ofinertia

of the section at the centroid.

Depending on whether the cross-seetional shape of the sample is reetangular or

circular, the moment of inertia 1 z cao he found as b h J / 12 (for a reetangular beam,

whereb iswidth andhis height) ornd 4 /64 (for cylindrical core ofdiameterd). Since

rocks and concretes have different values for the modulus of elasticity when tested in

tension or compression, E fI.nding can be related to E compr".lanand E '.lUioll (Adler, 1970)

(assuming Iinear stress-strain bebavior):
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• E . _ 4(E comp'....E e....... )
et.MlIltl ~ ~ 2( E compruio. + E e....... )

This equation is only applicable to reetangular specimcns.

(5 - Il)

5.5.4 eo.pressioD orSquare Plates

Thc modulus of elasticity and Poisson's ratio of rocks or cenacles can he calcu­

Iated (assuming the sample to he linearly elastic) by measuriDg the horizontal and

vertical sttains at the centerofthe square plate and using the following equations (Davis

and Stagg, 1970):

(3-a
v-~-

f3a-l

where aIl is the horizontal tensile stress,

Ellis the horizontal strain at center,

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

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

(5-12)

(5- 13)

5.5.5 Triaxial Test (Solid ud RoIIow Cylillden)

E1astic constants can he determined from triaxial testing, using strain gauges

mounted on the enerior surface of the samples and the connections heing taken out

thraugh speciaDy dcsigned plates.

The relationship between the modulus of elasticity and Poisson's ratio with the

applied axial stress, al' the confining pressure, P 3, and the axial strain, el' is given by:

•
(a l -2vP3)E------

El
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In case of a hollow cylinder, the internai pressure is zero, and the modulus of

elasticity is calculated by:

(5- 15)

where v is the Poisson's ratio;

b is the outside radius of the cylinder and

a is the radius of the bole.

5.6 DETERMINATION OF STADC ElASTlC MODULUS IN ROCKS: FIELD

METBODS

There are a number of field methods available for measuring the statie elastie

constants in rocks. In this section, a brief description of these methods and their

instrumentation are given.

5.6.1 Dilatometer aad GaUery Tests

Dilatometers or pressuremeters are applied in drillholes for measurements of the

elasticmoduli. The instrument is insenedinadrillhole andisexpanded to applypressure

to the drillhole walls (ISRM, 1987). The gallery test is a similar experiment condueted

in the bulkheaded section ofa tunnel. Dilation of the hole is measured as a function of

the pressure, from which the deformability parameten ofthe 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:

G=M nLD
2

r x (5- 16)

•
where L is the length and D is the diameter of the driIlhole test section (in metrie units);

x is the pressure generator constant (depending on the type of the diJatometer), and

M r is the pressure..volume relationship constant ofthe rock: (M r is in megapascals, per

tum of the screw pump).
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In cases tbat the Poisson's ratio is Imawn and the YOUDg'S modu1us cau be calcuJated

from:

E = 2( 1 + v)G

or

a
E=(l+v)L1p­

L1u

where p is the applied uniformed pressure;

a is the radius of the borehole, and

6 u is the radial deformation.

(5- 17)

(5- 18)

5.'.2 Radial JackiDI Tests

The radial jacking test is a large scale test for measurement of deformability of

tunnels. The loads are applied ta the circumference ofa tunnel by a series ofjacks and

the resulting radial expansion is measured.

5.6.3 Flat Jack Test

With the fiat jacktest, large volume ofrocks are loaded to pressures up ta 70 MPa

or higher using stainless steel fiat jacks with special weldiDg details. Typically an area

of600 cm2 is selected and is cutby a saw in a linear fashion, several fiat jacks are placed

in the slot, and pressure is applied to the rocks. The slot expansion displacements are

measured by eleetrical transducers. Readings are taken for different pressures as the

pressure rises. The results are presented graphically, and the modulus ofelasticity, E ,

is calculated from the graph at any given pressure by:

(5 - 19)
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• where k is a coefficient which is determined arapbically and depends on the number of

jacks and cbamber configuration;

\J is the Poisson's ratio whicb is usuaDy appmximated, and

cl.p / cl. D is the slope of pressure versus the slot opening at the seleeted point.

5.6.4 PIate-BeariDl Test

The pJate-bearing test is the Most common and Jeast expensive Iarge-scale in situ

test for determining the deformability in rocks (ISRM, 1981). A rigid plate, whicb is

builtup from several concentric disks ofheavysauge steel, is pushed apinst a prepared

rock surface, and the settlements are mcasured at the surface of the plate. As the load

is increased at equal increments, the displacements are measured at the plate surface.

The Joad is cycled olten ta check the DOnlinearity and the difference in loadiDg and

unIoading behavior.

(cl)(c)

--- -
-~~~-

(b)(a)

(e) (1)

•
Ficure5-% Configurations of the metbods for measuriDg ltaÛC modulus of

elasticity: a) Miaxial and triaxiaI tests, b) dilatometer test, c) plate­
Joading test, d) large tlat-jack test, e) four-point beam-beD~test
and f) radial iack:ing or tUIUle1 pressurizauoD test. (Modified after
Franklin and Dusseault, 1989)•
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5.7 COMPARISONBEIWEENDYNAMlCANDSTADCELASTlCCONSTANTS

In the case ofrocks and cenaete the values ofdynamic elastic moduli are severa!

times greater than the static ones, because of the time lag of the strains bebind tbat of

the applied stresses due to the anelasticity of the materials (Blitz, 1996). 1ama (1978)

made a general comparison between the values of statie and dynamic: modulus of

elasticity ofvarious 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 statie methods the strain values are as high as 10-2 compared with
the low strain values of 10-5 obtained using the dynamic: metbods. Since the dynamie

methods involve low strains, a comparison ofstatie and dynamie values is posstble only

if the static values are taken at comparable stress levels. Previous workers have shawn

that the dynamic values of Young's modulus are found ta he significantly greater than

the statie values. The difference was explained due ta the presence ofvoids, fractures

and cavities. Zisman (1933) and Ide (1936) explained tbis difference with the static

yielding heing increased by deformation ofdiscontinuities and cavities and the dynamic

methods being Jess influenced. They also concluded that the bigber degree of com­

paction in the rocks leads to betterbetween the dynamie andstatic resuJts. Otherresults

sucb as those of the United States Bureau of Reclamation (1948), Dvorak (1957),

Sutherland (1962),Cheneven (1964), Youash (1970), Caon(1968), RzhevskyandNovik

(1971), and Ramana (1973) agree with these results. In 1953, the U.S. Bureau of

Reclamation reponed that the discrepancy between the dynamic and static values is

Jess for rocks with higher values of modulus of elasticity.

In concrete, the dynamic and static modulus of elasticity are different as a result

ofIWO majorfactors: a) the lowrate ofstress and strain as a result ofthe dynamic loading

compared ta the high rate ofstress and strain in stalic loading; and b) nonhomogcneity

of the concrete effeets the IWO moduli in different ways (philIeo, 1955). In gcncraJ,

dynamic modulus of elasticity values are appreciably higher than statie ones for ail

concrele types (Neville, 1981). According to the British Code CP 110:1972, the dynamic

E ci. and static E c modulus of elasticities in GPa could he expressed by:

(5-20)
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The relation dose not apply for Iightweight aggregate concretes and concretes

containing more than 500 kg cement per cubie Meler ofconcrele. For light and normal

weigbt conaete it bas been suggested that the relationship between the static and

dynamic moduli is a function of the density of the cenaete (Popovics, 1973). The

dynamic Poission's ratios for cenaete are bigher than statie values panicularly at early

curing stages.

5.1 SUMMARY

ln this ehapter, the various laboratory and in situ techniques for measuring st8tie

elastic moduli for cenaete and rocks are descnbed. 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

ofelasticity of rock masses or concrete structures with different dimensions and scales.

A cemparison between the stalic and dynamic elastic moduli for rocks and cenaete

suggest that in most cases the dynamic values are larger than the static values and that

is mainly due to the anelasticity ofthe materials, the rate ofloading, and the strain rates.
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--------------CHAPTER 6

MINIATURE SEISMIC REFLEcnON (MSR) SYSTEM

6.1 INTRODUcnON

An MSR system was assembled in the Geomechanics Laboratory at McGill
University. The hardware was designed in order ta he usedon circular and arch-shaped

concrete structures and rock masses in the field and also laboratory size specimens. A
number ofimpactdevices are designed ta generate repeatable signais with a wide range

offrequencies into the objects. The analysis software program is developed to identify

and measure P- and SV-wave frequencies and subsequendy their velocities, with the

GAUSS mathematical and statistical system using a lime 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 convener card (AID card) or a digital oscilloscope
and a portable computer. As the mechanical switch on the top of the impact device is

aetivated, the impact body is released ta 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 ioto the testing object and any change

in the acoustic properties of the medium results in their retleetion toward the source

direction. The change in acoustic properties could he the resuJt of any internai cracks

or tlaws or different materia! such as rocks. The retlected wavefronts are picked up by

the transducers. The vertical displacement transducer is sensitive to the VIbrations

caused by the P-wavefronts at rigbt angles to the surface. The tangential displacement

transducer is sensitive to the vibrations caused by the S-wavefronts paraDe) to the sur­

face. The signais are amplified and transferred to an AID card. The sampling rate and

numberofdata points are arranged as required, for each teston the AID card. Although

measuring the lime between arrivais ofthe P- and S-wavcs at the surface is complicated,
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the measurements can be convened iota a frequency domain speetrum. The time

domain waveforms are transferred to a ponable computer to be transferred iota fre­

quency domain speetra by the fast Fourier transform (FFI') technique. The frequency

speetra 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/tlaw or toplbottom surfaces)

becomes easily identifiable.

In the foUowing 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

6.3 MSR SYSTEM (INSTRUMENTATION)

6.3.1 Impact Source

The impact source contrais the energy and the frequency content of the propa­

gating pulse. The force·tinte function of the impact can be approximated as a haJf·sine

curve (Figure 6-1). The amplitude of the force-lime funetion affects the amplitude of

the wave particle motion as it travels through the medium. The contact-tilDe of the

impact contrais 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 usiog impact generated stress waves is that a heterogeneous materiallike

concrete or rock appears homogeneous to the propagating waves. The impact of a

spherica1 tip impactoron the surface ofa solid generates bodywaves, thathave spherica1

wavefronts with a wide range of frequency components (see Section 3.23).

The MSR system requires a set of impact devices. Each impact device bas a dif·

ferent diameter spherica1 tip impact body. The small diameter impact bodies are used

for thin slabs or for shon length specimens. The large diameter impact bodies are

applied where rock or cancrete bodies are thick and longer wavelengtbs are required.
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For the design of the impact devices, two main requirements bave ta he fuIfi1led.

Firstly, the generated impacts bave ta he repeatable on the exact position with the same

inlensity. Secondly, the impact source sbould be able ta function on the ceilings,vertical,
and arcb sbaped waUs with minimum influence from the gravitational force.

Taking the above into consideration, a series of practica1 impact devices were

designed and produced. Each device consists of a spherica1 test tip which is housed in

an impact body, an impact spring and a loading spring, a catch cbuck, a release bottom,

a loading tube and a guide tube. Four impact devices with impact bead diameters of

1.3, 1.5, 3.0 and 1S.0 mm were manufaetured (see Plate 6-1). AlI the impact devices

have a 16.5 cm length and a 3.0 cm diameter (sec 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 tilDe durations (contaet..times)

between 16 ta 140 ~ s on smooth concrele and rock surfaces.

Table 6-1 Specifications of MSR impact devices.

HammerHead Mass of Impact Impact Energy Impact Straîn Rate on

Diameter Body (g) (Nmm) the Concrete

(mm) ~E/S

1.3 11.1 27.0 0.77 x UrS

1.5 10.8 24.0 2.32 x UrS

3.0 5.4 11.0 2.75 x 10-5

15.0 19.2 42.0 3.86 x 10-5

6.3.1.1 Dynamie and Static: Loadinl

Impact of the impact bodies on the surface of a salid involves very shan loading

times with transient pulses ofonly a few~ s in duration. The shon-duration, low-energy

transient impacts are responsible for generating low strains in the range of 10-5 ~E / S

and low stresses in the medium. In the case of the seismic exploration devices, bigh

rates of loading cause strain rates in the range of 10+5 ~€/S and high stresses in the

medium. In dynamic methods, low strains of 10-5 mmImm are involved with high rates

of loading. The range of strain properties generated by the impact devices are used ta

classify MSR system as an apparatus capable ofmeasuring dynamic elastic properties.
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Knowing that the static metbods are identified by tbeir slow rate of loading, suains are

in the range of10-2 mm/mm, strain rates in the range of 10-3 ~E / S and bigb stresses in
the medium.

U.l.2 CoDtact-11me

The transient impact of a spherical abject on surface of a solid generates P- and

S-(body) waves as weil as R-(surface) waves. A spherical impact source aets as a point

source which is responsible for generating spherical bodywaves in a solid. The duration

of the impact or contact-time, t c:, is an iniportant parameter in MSR testing. The

contact-tÏJDe 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 shoner is the contact-time. The

contact-time contrais the frequency content ofthe waves generated by the impact. The

notion offrequency content arises from the principle ofFourier series, where the pulse

shape can he approximated by the sum of a number of sine funetions of different fre­

quencies (Carino, 1986). Fora spherical impactor, the force-tîme function ofthe impact

can he calculated by equation 3-21. However, the force-tilDe funetion of the impact cao

he approximated as a half~cle sine curve (Sansalone, 1985). The width of the curve

is the contaet-time. The time-history of R-wave produces a vertical surface displace­

ment. The time-history of the R-wave bas the shape of the force..time function of the

impact. Therefore, the force-time function of the R-wave cao he used ta estimate the

contact-time of an impact. A spherical impact contains a wide range of frequencies.

Spherical impacts with shon contact-times have a broader range offrequencies, but low

amplitude waves. Impacts with longer contact-times have a narrower band of lower

frequencies and higher amplitude waves. Law frequencies have longer wavelenlths

and travellonger and deeper in a medium. Shan wavelenlths have the advantage of

detecting small defects but the disadvantage of having a rapid attenuation and thus

shallow penetrations. Large diameter spheres are used ta generate impacts with longer

contaet-times and longer wavelen8ths, ta deteet deeper tlaws, or ta evaluate thicker

structures. In arder ta evaluate the integrity of a medium, at least one full wavelength

should travel the path lengtb, back and fonh, three full cycles. Thus, the choicc of the

impactor and its contact-time depends on the thickness of the testing specimen and the

size and the depth of the tlaw or the reinforcement bars (in the case ofconaete). The

impactshouldgeneratewaves bavingwavelcnlths smallerthanorequaI ta the tbickness



•
of the testing specimen. To detect a tlaw within a medium, the wavclcngths should he

smaller than its dimensions. The contact-time of the impact should always he sbotter

tban PP- or SS-wave arrivais. Ta use the correct impact source for a specimen, first the

required wavelengths sbould he determined. Later, the wavelengths should he COD­

vened to frequen(.)' by modifying equatioD 3-2 to 1 = ~. In a solid, for a given impact
the wavelengtbs ofcompressive waves are longer than the shear waves. Therefore, the

upper limit of the wavelengths traveling the patb length depends on the P-wave. "Ibus

a contact-tïme that isshanenougb tagenerate the requiredfrequencies caohe 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 illusuates the relationship between the possible contact-tilDes that can

be generated by spherical impact sources, and the range offrequencies, t! l, generated
by the impact. The body wave velocities of steel, concrete, and granite were used ta

calculate the generated wavelengths for each contact-tîme. It was assumed that the

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

thickness contact-tïme can be explained to be: t c: < ~T •
p

Table6-1 Arelationship betweencontact-tilDe,generatedfrequencies, andwavelengths
of body waves produced.

Sphere Contaet-T Range of p·wave· S-wave- P-wave· S-wave- P-wave- S-wave-
Diameler ime Frequenci length length lengtb length Icngtb lengtb

(mm) (t J es (m) (m) (m) (m) (m) (m)
~) (~f) (fora (fora (fora (fora (fora (fora

(kHz) velocity velodty veloc:ity velocity velocity velocity
of of of of of of

6400.0 4300.0 4000.0 2300.0 4600.0 2200.0
mis) mis) mis) mis)

O=te O=teSteel Steel Concrete CoDcrete

1.4 10 0-125.0 0.05 0.03 0.03 0.02 0.04 0.02
2.9 lS 0-83.3 0.08 O.OS 0.05 0.03 0.06 0.03
4.8 2S 0-50.0 0.13 OJ)9 0.08 O.OS 0.09 0.04
6.4 35 0-35.7 0.18 0.12 0.11 0.07 0.13 0.06
7.9 4S 0-27.7 0.23 0.16 0.14 0.08 0.17 0.08
9.5 55 0-22.7 0.28 0.19 0.18 0.10 0.20 0.10
11.1 65 0-19.2 0.33 0.22 0.21 0.12 0.24 0.11
12.7 75 0-16.7 0.38 0.26 0.24 0.14 0.28 0.13
13.4 8S 0-14.7 0.44 0.29 0.27 0.16 0.31 0.15
14.9 9S 0-13.2 0.48 0.33 0.30 0.17 0.39 0.17
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l'âpre 6-2 Scbemalic of the blad held iml*t device usembly, Scale: 1:1.
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Plate 6-1 The MSR impact devices.
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6.3.2 Transducen

Broadband piezoeleetric transducers are more suitable for impact testing sinee

the output signaIs are less tainted with the effeets of transducer resonance (Carino,

1986). Also, broadband transducers respond to signais over a wide frequency range.

Vertical displacements are best deteeted by a sensitive piezoeleetric vertical dis·

placement transducer. Horizontal displacements are best deteeted by a sensitive

piezoeleetric horizontal displacement transducer. BathP- 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 resuJt of bath displacement and propagation

veetors. The S-wave is deteeted as a resuIt of the vertical displacements generated by

the S-wave propagation veetor. For the horizontal displacement transducer, theS-wave

is deteeted due ta the horizontal displacements caused by the 5-wave displacement

veetor. p·waves are aIso detectedby the horizontal displacement transducer, sinceevery

time a P·wave reaches the surface (at epicenter), it disperses along the surface. The

P-wave propagation veetor along the surface creales a horizontal displacement which

is deteeted by the horizontal displacement transducer.

One set of receivers was used in the MSR system: one vertical displacement

piezoeleetric transducer and one tangential displacement transducer. Soth ttansducers

are broadband and due ta their small contact areas behave as point receivers.

The vertical displacement transducer is an IQI Model 501 dynamic piezoeleetric

transducer, developed by the National Bureau ofStandards (NBS) (the name bas been

changed to the United States National Institute of Standards and Tecbnology). This

transducer, which has become known as the NBS-conica1 transducer, has a response

that is uniform over a wide frequency range, is direetly related to displacement, and is

sensitive almost exclusively to displacement normal to the surface (proetor, 1982). The

NBS-conical transducer has a cene shaped active element made of lead-zirconite­

titanate (cemmonly known as PZT). The apenure of the active element is 1.0 mm in

diameter, smallerthan anywavelengtbsofexpectedfrequencyranges. Thesma1l contact

area of the transducer mates it aet as a point receiver (see Figure 6-3 and Plate 6-2a).

The ModelSOl transducer offers the exceptional feature ofveryOat frequency response

over the range 50 kHz ta 1 MHz. OveraD, 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 cylindrica1 brass backiDg filled with tin and
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tungsten powder epoxymix. The heavy brass backing causes dampening ofundesirable

frequencies. The brass backing is conneeted ta a matching amplifier. The matehing

amplifier is powered up by a 9 volt battery, type NEDA 1604A The output signal is

transferred ta a waveform analyzer by a BNe connector (maximum output voltage of

~ 2 volts, peak ta peak).

For the purpose offield and Iaboratory testings the transducer, amplifier, and the

battery were fixed into a cylindrica1 aluminum casing (see Plate 6-2b). The aluminum

C8Sing is used to prevent the effect of eleetromagnetic disturbances and also to proteet

the inner contents from the rough field environmenL The conica1 tip of the active

element is in contact with a copper plate attached to the casing. The copper plate was

used ta complete the circuit and aIso 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 docs not require the use of liquid couplants. The

venical displacement transducer cao he 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 (dv), the smoother the resulting frequency

speetrum will become. For deteetion purposes, dv must remain minimal and constant

throughout the survey line.

The tangential displacement transducerwas originally designed by Proctor (1988).

Presently no commercial units are available. Therefore, with the inventor's permission,

for the experimental purposes of this projeet, two units were constructed from the

original design (see Plate 6-3). The tangential displacement transducer consists oftwo

pieces: the active PZT clement and a component, matched backing. The active element

has the form ofa truncated pyramid with a 12 mm square base and a 6 mm heigbt. The

apenure, which is the truncated end, is 0.5 mm by 20 mm with the smaller dimension

in the direction of polarization (the direction of maximum tangential sensitivity). The

backing is made out ofbrass and has the overall dimensions of 25.0 mm thick, 65.0 mm

long, and 50.0 mm wide. A conical cavity is cut mta the rear of the backing and fil]ed

with molten tin Metal. The backing and the active clement were attached by a low

temperature tin-indium solder (see Figure 6-4 and Plate 6-48). The transducer's

response was nearly Oat and constant over a 1.5 MHz (0 ta 1.5 MHz) bandwidth. The

transducer captures an output voltage waveform which is proportional ta the tangential

dynamic displacement. At the same lime it has a minimal output when exposcd to

venica1 displacement (see Figure &-5). The transducer displays direetional bebavior,
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having a nuD signal output wben the polarization direction is at a tipt angle ta the

direction from the source. The brass backing is conneeted to the matcbillg 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 BNe connector (maximum output

voltage of~ 2 volts, peak to peak).

For the purpose of field and laboratory œsling, the transducer, amplifier, and the

batterywere boused ina cylindrical metallic casing (see Plate 6-4b). The metallic casiDg

is used to prevent the effect of eleetromagnetic disturbances and aJso to protect the

inner contents from the rough field environmenL The truncated pyramid apenure of

the active element is in contact with a copper strip tbat is fastened to the casing. The

tangential displacement transducer must he placed witbin a circle, witb the impact

source being at the center of it and the radius heing less than the S-wavelenltb. The

distance between the impact source and the receiver (dt> bas to he determined based

on the tbickness ofthe plate and material properties. Once theangle ofS-wave retlectioD

is selected, the optimum horizontal displacements cao he deteeted by the traDsducer.

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

direction of the PZT linear tip of the transducer must he at right angle to the impact

point.

Bath transducers were cased in a way tbat cao he funetional in underground sit­

uations. The smal1 tip of the transducers requires minimum surface preparation of the

structures. Figure 6-6and Plate 6-S sbowtbe test configurationsfor the MSRtraDsducers

in underground hoUow circular concrete structure. Plate 6-6 shows the MSR system,

including the set of impact devices, transducers, and ponable computer.
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Fipre 6-3 Schematic ofNBS conical tip vertical displacement tnnsducer (der
Proctort 1986).
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Fipre 6-4 Schematic of ungential displlCelllent transducer (derProctort 1911).
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(a)

(b)

Plate 6-1 The vertical displacement transducer; a) initial casing. b) field casing.
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• Plate 6-3 The construction oftangential displacement transducer.
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(a)
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(b)

PI.ate 6-4 The tangentiai displacement transducer: a) initiai casing. b) field casing.
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U.2.1 The CoDftpratiOD orthe Impact Sourœ ud die Receiftn

The MSR technique is designed in arder to evaluate the materials by an indirect

method, that is, based on the miniature seismic refIeetion principles, the data cao be

collected successfully from the same surface from which the signal wu generated into

the medium. Nevenheless, for the evaluation of the elastic properties of the concrete

and rocks, the direct method tan also he used. The direct method refers ta the

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

The surface displacement wavefonns are affected by the test configuration, tbat

is, they are affected by the position of the impact point and the position of the receiving

transducers. The distance from the impact source ta the vertical displacement trans­

ducer will be referred as dv, and ta the tangential displacement transducer, dt. Here T
would refer to the distance between the top surface and the refleeting interface. In the

indirect testing method, when dv/T is small, the incident and the refleeted angle for

P-wave is smalI. At this point, based on the P-wave's radiation pattern, reflcction

coefficient and velocity, the received signalwill he dominatedbythe P-waves. Incrcasing
the dv/T ratio causes a number of probJems. Firstly, the arrivai time for the surface

wave might interfere with the reOected P-wave. Secondly, the incidentand the refleetion

angles will be different, with respect ta the position of the vertical displacement trans­

ducer; thus, the mode conversion signais (i.e. PS, sr, etc.) might interfere with the

reOected P-wave arrivals and their reOection coefficient. Thirdly, the total path length

of the ray path might increase, which will affect the P-wave's velocity values. The dv
must he arranged Jess than the P-wave's path length.

In the case of db 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 propcrties of the medium.

For the retlected S-wave, the maximum displacements occur between 35° ta 45° of the

retlected ray. Here, the thickness of the plate (T) has an imponant raIe on detection

ofmaximum horizontal displacement on the surface. In most cases when dtffratio has

a value of 1.0 the refleetion signals are predominantly S-waves. For example, in cases

that the maximum horizontal displacements occurs at 45° of the S-wave patb, in a plate

having 0.2 m thickness, the tangential displacement transducer bas ta he placed 0.2 m

6-17



•

•

apan from the impact source, ta deteet the maximum displacements for the 5-waves•

It should also he noted that the dt must he less than the S-wavelength, for the velocity

values ta be considered reliable.

U.3 Sipal ProcessÏD.aDd ADalysis

The retleeted waveforms received by the transducers are transferred to a signaI
analyzer. The recorded displacement waveforms can he analyzed in the lime domaine

However, this involves the operator's skill andjudgement in recognizing the waveforms.

Above ail, in order to determine the depth ofdiscontinuities or defecu, one must Imow

the time of arrivai of reOeeted P-waves from the internai defects and extemal bound­

aries. Thus, the tilDe domain analysis isoften time consumingand difficult. Toovercome

this problem, the signal analysis cao he carried out in the frequency domaine The

frequency content of the digital surface displacement waveforms is obtained using the

fast Fourier transform technique (FFT). The resulting frequency speetrum shows the

amplitude of the frequencies in the waveform.

6.3.3.1 Sipal Analysis

Impact ofa spherical mass on top ofa free standing solid plate results ingeneration

of a pulse within the plate. 80th P- and SV-waves retleet back and forth between the

top and bottom of the plate. The successive arrivai of the waveforms at the top of the

plate results in periodic displacements received by the transducers. The P-wave corn...

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

dispIacements caused by the P-wave component of the pulse are much larger than those

caused by the SV-wave component of the pulse. The arrivai of each P-wave (tension

waves) causes downward (inward) displacements at the top surface of the plate.

Therefore, a displacement waveform colleeted by the vertical displacement transducer

exhtbits periodic downward displacements. The time between the successive downward

displacements is the time, ~ t p , for the P-wave to propagate ta the bottom of the plate

and retum to the top surface. Ô t p is also known as the period of P-wave arrivais•

6-18



• ~t =2T
p C

p
(6-1)

In this equation T is the sla~ thiclmess, C p is the P-wave velocity, and ~t p is the travel

time or the period for P-wave arrivais. The frequency ofthe P-wave arrivais is the inverse

of the travel time or the period and is calculated by the following equation:

(6-2)

This frequency is related to the thickness ofthe slab and is knawn as thickness frequency

(Sansalone andCarino, 1986). When~ t is substitutedwithequation (6-2), the frequency

can be expressed in terms of P-wave velocity and thickness:

(6-3)

Also, P..wave velocity cau be expressed in term of thickness and frequency of
P..wave arrivais:

Cp = 2T.f p (6-4)

Knowing the thickness of the plate, and measuring the frequency of arrivaI P..waves

from the frequency speettum, the P-wave velocity cao he calcu1ated from the above .

equation. Using the above relationships, the thickness of the plate cao he expressed
by:

(6-5)

•

Knowing the P-wave velocity in the plate and the frequency of P-wave arrivais, the

thickness of plate can be determined. The same analysis is applicable for deteeting

internai defeets within the plate.
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The signal analysis ofthe SV-wave components ofthe generated signaisby a point

impact is quite similar to the anaIysis of the P-waveforms. Shear waves have the same

hemispherical wavefront charaeteristics as the compression waves. Anival of shear

wave components of the pulse on the surface causes horizontal and vertical displace­

ments. The horizontal dispJacements are collected by a tangential displacemeDt

transduœr. The amplitude ofhorizontal dispJaœments caused by the SV-wave arrivais

is Jarger than the displacements caused by the P-wave arrivais. The arrivai of each

SV-wave causes a transverse-right dispJacement at the top surface of the plate, which

can he seen as an upward (outward) form in the tilDe domain speetrum. Tberefore, a

displacement waveform colleeted by the tangential displacement transducer exlubits

periodic outward displacements. The tilDe between the successive outward displace­

ments is the time, ~ t s , for the SV-wave to propagate to the bottom of the plate and

return to the top surface. ~ t s is also known as the period of SV-wave arrivais and is

given by:

2T
~t =­

s Cs
(6-6)

In this equation T is the slab thickness, C s is the SV-wave velocity, and~ t s is the travel

rime or the period for SV-wave arrivais. The frequency of the SV-wave arrivais is the

inverse of the travel time, or the period, and is calculated by the following equation:

(6-7)

This frequency is related ta the thickness ofthe slab and is known as thickness frequency

(Sansalone and Carina, 1986). When~ t is substitutedwithequation (6-7), the frequency

can be expressed in terms of SV-wave velocity and thickness:

(6-8)

•
Also SV-wave velocity can he cxpressed in term of thickness and frequency of

SV-wave arrivais:
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•
(6-9)

Knowing the thickness of the plate, and measuring the frequency of arrival SV-waves
from the frequency speetrum, the SV-wave velocity can be calculated from the above

equation. Using the above relationships, the thickness of plate cao he expressed by:

Cs
T=-

2fs

Knowing the SV-wave velocity in the plate and the frequency of SV-wave arrivals, the

thickness of plate can he determined. The same analysis is applicable for deteeting

internai defeets within the plate.

6.3.3.2 AaalOi-to-Diptal Sipal CoDverter Card (ND Card) ud the Fnqaeacy

ADalysis

An AID card was used to acquire the waveforms and store the signais in the tinte

domain. The card was installed in a portable computer. The AID card contains one

input channel. Each signal contains 4000 sampling points per channel. The signais were

coUected in the rime domain by the AID card and saved in a portable computer. A

program was written ta transform the time domain signais into frequency domain, using

the fast Fourier transfann (FFT) technique. The resulting frequency speetrum contains

2048 points.

The record length of a test is determined by the number of sampliDg points and

the lime between samples. The relationship between the sampling points and the tilDe

interval between samples is used to detennine the frequency resolution in the frequency

speetra based on the fallowing equation:

1
fj,f =-

nr
(6 - Il)

•

where Ô f is the frequency interval, n is the number of sampling points, and r is the

lime interval between the samples. The tilDe interval between the samples, r, is used

to calculate the sampling rate.
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For example, taking 2048 samples (n) at 10 Il s (r) results in frequency intervaJs of

4.S8x 10 - 5 kHz and sampling rate of 100 kHz.

The selection of the r and n is affects the resolution of the Û'equency spectrum,

the sampling rate, and the record lenlth. An increase in r and n values results in longer

record lenlth and higher resolution. The frequency interval bas a opposite relationship

with the sampling rate. Hence, a slow sampling rate improves the resolution in the

frequency domain. The ca1culations arevalid as longas the transformationsetup foUows

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 tilDe interval between samples,

r , was kept smaU to attain the required sampling rate. In addition, ta obtain a correct

response in the frequency speetrum, the P- and s.waves need to reOeet 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 cao he calcuJated 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 he lengthened. For

example in the case of shaft lining, 2048 samples at 10 Ils have given more accurate

resuIts for tlaw detections or thickness measurements. For thin structures or small

samples the record length can he seleeted to he small. For small slabs of the arder of

0.25 M, 2048 at 5 ~ s have worked weU.

6.3.3.3 Fast Fourier Tnmslorm (FIT) Proaram

The transformation of the digital signals tram the time domain ta 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 cao he carried out by the FFr technique. Figure 6-7 shows a simple

transformation of lime to the frequency domain by the FFr 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 foUows:
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Read signal from me.

Select tirst 2048 points from signal and assign it ta veetor SIGNAL

CalI SPECIRUM functioD.

The inputs for SPECIRUM funetion are:

1) SIGNAL, the time series to he transformed.

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

3) OL, the overlap functioD far series greater than NPS points.

4) SR, the sampling rate in Hz.
5) NPS, the number of points used in FFr.

The outputs of the SPECIRUM 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 64 and ~9 to measure P-wave and S-wave velocities.

From the velacity values and the bulk density of the medium, use the

equatians in Table 3-2 ta 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 calculatians.

6.4 A COMPARISON BE'IWEEN THE MSR SYSTEM AND OIBEk WAVE

PROPAGAnON TECHNIQUES

Table t).3 summarizes the advantages and the disadvantages ofNDT 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 abtained from a free

surface regardless of the dimensions and condition of the concrete structure. The main

advantage af the MSR system over the impact-echo technique is the presence of an

additianal tangential displacement transducer in the system and also the multi­

strengthlmulti-diametrica1 impact devices. These additional enbancement features

provide the MSR system with the capabilityofmeasuring direct shearwave parameters
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and as a result the data can he 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 lime domain). In comparison with the SASW technique, the MSR system bas

the capabilityofmeasuringdyDamic elastic properties without assumingvarious 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.• ........,
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x x
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Figure 6-6 The schematic diagram ofthe MSR transducer setup on an arch-shaped
concrete structure.

Plate 6-5 The impact source and the receiver on the concrete tunnellining.
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Figure 6-7 Example ofa frequency spectrum obtained fram a time domain waveform

using the FFr technique. a) digital time domain wavefo~ and b) ftequency
spectrum
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Plate 6-6 The MSR system.
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--------------CHAPTER 7

APPUCATION OF MSR SYSTEM FOR DETECI10N IN CONCRETE

7.1 INTRODUcnON

A series of laboratory experiments was performed to investigate the capability of

the MSR system in the deteetion and location of delaminations and reinforcement

objects in concrete. P·wave velocity is a critica1 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 ta simulate variations in a concrete black.

PlexigJas 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 impcdance 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 deteetion and location

of a discontinuity within a concrete slab.

7.2 MEASUREMENT OF P·WAVE VELOCI1Y

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 ponion ofthe structurewhere the thiclmess is knawn.

In this case, the known thickness, T , and the measured frequency, f p , cau be used to

calcuJate the P-wave velocity, by using equation 6-4.

Nevenheless, 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 ofMany points (at least five) in a Oawless portion of the testing area could

provide a good estimate of the p·wave velocity. In cases that the thickness is Imown, it

is important to verify the P-wave velocity at each testing station. In Most cases, pan of

the signal passes through the Oaws and reaches the back of the testing object and gets

reOeeted toward the traIlSducer. Consequently, on the frequency speetra the thickness

frequency is identifiable; therefore the P...wave velocity can he caJc:ulated.



•
ln cases such as mine shaft and tunnellinings where the exact thiclmess is not

known, it is possible to calc:ulate 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 JUch 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 50 that the R-wave

velocity through a specific distance ofconcrete could he determined The impactsource

should he positioned adjacent ta one of the transducers. In faet, one ofthe transducers

couldhe used as the triggering mechanism ofthe system. Figure 7-1ashows a schematic

drawing of the test configuration, and Figure 7-lb shows typical results which consist of

the recorded waveform by each ttaDSducer. Sînce the R-wave has a large amplitude it

is easily recognizable. The time difference, li. t , between the arrival of the R-wave at

the fust transducer and its arrivai at the second transducer cao he used to calcuJate the

R-wave velocity, CR:

(7- 1)

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

the foUowing equation, P-wave velocity can he estimated:

1.. v _ / 2( 1 - \J)

C p =0.87 .. 1. 12 \J 'V (1 - 2 \J ) C R
(7-2)

For this technique the value of Poisson's ratio v has to he assumed. For cencrete

a Peisson's ratio of 0.2 cao he used for the calcu1atioDS. Bence, equation 7-2 cao he

rewritten as:

(7-3)

•

Ta measure the P-wave velocity by this technique the distance between the two

transducers, d r, shouldhe keptsmall (i.e. between 10ta 20cm) sinceatgreaterdistances

the sharp downward displacement that charaeterizes the beginnings of the R-wave

becomes more rounded, and il is difficu1t to recognize the beginning of the wavc.
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A portion of a concrete block wu tested for evaluation of P-wave velocity, using

the R-wave signaIs. The transducer separations were at 0.2 m and the impact device

was placed O.OS m away from the trigger transducer. The time delay belWeen arrivaIs

of the R-waves was 120 ~s. R-wave velocity was calculated to he 1667 mis. Using

Poissonts ratio of0.2 for conaete in equation 7-3, the P-wave velocity was calculated ta

he 2983 mis. Ta compare the estimated P-wave velocity by the R-wave technique with

the P-wave velocity of the conaete black in that area, equation 6-4 was used. On the

frequency speetra, a frequency of3223 Hzwas indicative ofP-wave refiections from the

other end ofthe concrete black. Knowing the thickness ta he O.sS m, the veloclty of the

P-wave was calcu1ated to he 3S45 mis. The estimated P-wave velocity by the R-wave

technique shows a 16% discrepancy with the thickness P-wave velocity.

Using R-wave velocity ta 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 erron which results in erron in location

of the abjects within the structure.

b) As was discuss before, concrete and rocks are not homogeneous materials.

Particularly in the case ofconcrete, aggregate segregationdue ta gravityand poormixing

is a common phenomena which causes the wave velocities ta he higher at the lower pan

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 tirst P-wave arrivai. The impact on the surface ­

results in the propagation of the body waves bath on the surface and within the solid.

Using two transducers and an impact source the velocity of the fint P-wave arrivai can

he calcu1ated.

Figure 7·3a shows a schematic illustration of the test configuration, and Figure 7-2

shows typical results which cousist ofthe waveform recorded al each transducer. In this

technique, the impact source remains in one position all the lime. Next ta the impact

source one of the transducers functions as the base transducer and regjsters the zero

lime or the lime 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 anay•
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The fintwave ta arrive at thesecond transducer is thal ofthedirect surface P-wave

travelling along the cenaele 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

fint 0.2m awayfrom the impactsource. Before this distance, the large R-waveamplitude

interferes with recognition of the fint arrival P-wave. Readings werc taken up to 0.5 m

distance between the impact source and the receiver.

Ta calculate the P-wave veiocity, the travel-time graph was ploued with station

spacing on the abscissa and lime offirst arrivaI P-wave on the ordinate (Figure 7-3b).

The slope of the best fit line would give the velocity of the P surface wave. CompariDg

the calculated wave velocity value from the graph (3334 mis) and the estimated P-wave

velocity by the R-wave velocity technique (2983 mis) with the thickness P-wave velocity

(3545 mis) cIearly 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 arrivaI 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 shawn in this section it is evident that P-wave veJocity cao he

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

cao be used in equation 6-5 in arder to calculate cenaete thickness where it is not

available.
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captured by the vertical displacement transducer for measuriDgll-wave
velocity (b).
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Fipre 7-2 Wavefonns captured by the vertical displacement transducer for measuring
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FilUft 7-3 Schematic test configuration for P-wave velocity measurement (a), travel-time
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7.3 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 goveming the MSR system. Henee the foUowing aspects ofMSR system will

he considered in more detail:

- The impact response in a salid plate

- The refleetions, surface displacement response, and radiation patterns

1.3.1 Impact RespoDse iD. SoUd ,late

Ta descnbe the impact response of a spherical object on the surface of a salid

plate, firstwe assume the plate ta have infinite dimensionsbuta certain thickness (elastic

half·space) with a free boundary. In this case, an elastic half-space which adjoins a

medium which do not ttaDSmit elastic waves, the system ofwaves cODSÎSts of course of

incident and refleeted waves only. The impact results in generation of a stress signal

within the plate. In a solid plate, the stress signal will he transferred ta multi-component

stress waves. In an elastic medium, stress waves behave according ta the elastic prop­

enies of the medium, and thus cao he identified as elastic waves. The two main com­

ponents of the stress signal are the P- and S-waves. Bath waves are generated from the

hypocenter of the impact and propagate within the solide As the body waves (P- and

S-waves) prepagate iota the materia! along spherical wavefronts, their velocity is

affeeted by the medium~smaterial propenies. The material propenies affeeting the p.
and S-wave velocities are elastic modulus of the material E , Poisson's ratio u, and the

material density p (see equatioDS 3-8 and 3-10). An abrupt change in the physical

properties of the material causes refleetioD ofthe bodywaves. This boundary is known

as an acoustic interface and is a boundary between two materials with differing acoustic

împedances (density x velocity). InternaI cracks, voids and the boundaries of the test

object will cause refiection (echos) of the body waves between the two interfaces. A

complete description of the propagation of elastic waves in solids cao be found in

Chapter3. The anival ofthese reflectionsat the surfacewhere the impactwasgenerated

causes displacements.

The displacements are measured by the receiving traDsducers in successive

waveform formaL The wave arrivais correspond ta impulsive changes in the signal, in

the time demain speetra. This response includes the normal surface displaeements,
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caused by the P- and S-wave arrivais, 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 retleetioD for the P-wave and S-wave

having spherical waveforms, gencrated by a transient impact in an elastic half-space

adjacent to a free space, and another elastic balf-space will he discussed.

7.3.1.1 Reftected p·waves

The P-wave starts its path as a compression wave (hamg compressive stress at

the wavefront), causing a downward displacemenL The P-wave has a higher veloclty

than the S-wave and is charaeterized 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 he descnbed 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 refleetians. The

compression wave reaches the bottom boundary (free surface) and is retleeted back as

a tension wave (T). The returning P-wave reaches the top surface of the plate as a

tension wave (T) and stans the second reOeetion cycle as a compression wave (C). At

this stage the retleeted P-wave at the surface is a PP-wave and bas gone through a

compression/tension (CI) retleetion mechanism. This cycle repeats to a point that all

the energy is attenuated. On the time domain speetra this phenomena can he seen as

the amplitude ofthe surface reOections caused by the periodic P-wave arrivais decrease.

The cr wave mechanism is true only if bath surfaces of the plate have Cree

boundaries, or in case ofthe bottom boundary, it is in contactwith a materia! with lower

acoustic impedance than the solid plate (i.e. concrete/water). In the case that the lower

boundary is in contact with a matena! witb higher acoustic impcdancc than the testing

plate (i.e. cenacte/steel), reflection mechanism changes. In this case the P·wave enten

the plate as a compressional wave (C) but as it reflcet5 back from the lower boundary,

the wave mechanism remains compressional (C). Thus, the P-wave reaches the top

surface as a compression wave (q and when it gets retleeted from the Cree 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 ail of the incident energy (100%) in a P-wave is reOected back.

However, in the case of an interface with a material having higher acoustic impedance

than the testing material (i.e concrete/steel), pan of the incident energy of the P-wave

transmits into the secondboundary, partofit refraets, and panofit reOeets. The amount

of the reOected 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 reOected energy there is.

1.3.1.2 Renected S-waves

The shear wave because of its properties of polarization can be subdivided into

the SH and SV types, both ofwhich 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 bya vertical point impactsource and onlythe SV-wave is generated

by a vertical point impact source.

The SV-wave is generated at the tilDe of impact, below the hypocenter and dis­

perses aloog a spherical wavefront. The shear wave's propagation vector is similar ta

the P-wave propagation vector. Nevenheless, 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 panicle 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 ta one another.

The velocity of the SV-wave is smaller than that of the P-wave and it foUows the

P-wave along the ray path. Same as the P-wave, the SV-wave's reflection properties

are govemed by the acoustic charaeteristics of the reflecting boundary. At first we

assume the acoustic properties of the refiection 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 maves 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 (Tr) or vise versa. The returning SV-wave
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reaches the topsurface ofthe plate as a traDsverse-left (TÙ. Therefore, the firstSV-wave

reOeetion (SS-wave) mechanism is a traDsverse-leftltransverse-right (TITr). At the top

the displacement veetor creates a tangential displacement ta the surface. The polarity

ofthe receivingSV-waveform at the surface is simi1ar to the wave generated bythe point

impact source.

When the elastic half-space plate is in contact with an eiastic half-space plate with

acoustic propenïes stiffer than the initial plate (e.g. concrete/steel), the refleetion

mechanism of the displacement veetors is different than the eartier case. When the

acoustic impedance of the second layer is bigher than the fint layer, the transverse-Ieft

(or right) mechanism (Tù created by the impact do not change to a transverse-right

(Tr), and remains as transverse-teft (TÙ. Therefore, the first cycle of SV-wave (SS­

Wave) creates a mechanism with a ttansverse-leftltransverse-left (TITÙ. For the dis­

placement mechanism, the polarity of the S-wave remains as it was generated by the

impact.

7.3.2 The ResultiDI Surface Displacements

The displacements on the surface of the elastic half-space are venical and tan­

gential to the surface. Both P- and SV-wave arrivais generate normal surface dis­

placements as a result ofarrivaI oftheir propagation vectors. The P-wave arrivals result

in venica1 displacements as response ta its displacement vector. Therefore, bath

P-waves' propagation and displacement vectors cause venical displacements on the

surface. The SV-wave arrivais result in horizontal displacements caused by its dis­

placement vector but the SV-wave's propagation veetor causes surface diagonal dis­

placements.

7.3.3 DisplacemeDt Mapitude 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 traDsient pulse, and the elastic

propenies of the elastic balf-space plate. In tbis case the angle of incident is always at

zero degrees. The frequency of the impact pulse has an effeet on the displacement

magnitude ofboth p. and SV-waves. The lower the frequency ofimpact, the higher the

displacement magnitude will he. The elastie 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 spherica1 wavefront. The dis·

placements are maximum below the impact area and along the centerline of the plate,

under the hypocenter, and the intensity reduces aImast 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 hypoœnter, 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 ta zero at the top surface

of the plate. The displacement intensity of the SV·wave is more sensitive ta the elsstic

properties of the medium. Also witbin the 3SO 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 ta the state

of equal biaxial tension and compression. Therefore, the shear stress is lowest al 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 resulting energy generated by the spherical impact is

transferred as a P-wave rather than an SV-wave.

7.4 ORJEer DETECI10N AND LOCATION IN CONCRETE

Simulated Oaws and fractures in addition to steel reinforcement bars werc posi­

tioned in known locations within a large conacte black. Figure 7-4 shows the schematic

illustration of the cenaete block and the object orientations within il. Plate 7-1 shows

the casting of the conaete black. The dimensions of the conaete black were 2.24 m x

0.97 m x O.sS m. After conaete 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 %: tOC and relative humidity of 50 :k tO%). A cenacte Vlbrator helped the

mix to layout unifonnly and it also reduced the posstbility of additional voids forming

within the conaete. The cenaete mix specifications were:

•
Cement type

Cenaete type

Average aggregate size

10

35MPa

14 mm
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The maximum aggregate me
Air content

Water/cement ratio

8Omm*20
5t08%
0.36

•

A number of objects were constructed in the concrete cast to simulate Daws,

reinforcement, fracture and concrele/rock interface. The aeoustic properties of eaeh

object were predetermined by the UPV and RF techniques and are listed in Table 7-1.

Table 7-1 Physical properties and aeaustie propenies ofthe abjects used in the locating
experiment.

Materia! Density P-wave Specifie acoustie Young's Modulus

(kglm3) velocity impedanee of elasticity

(mis) (kglm2.s) (GPa)

Air 1.205 343 0.413 -
Wood 371 1579.2 0.58><106 3.9
Plexiglas 1214 2396.0 2.9xl()6 S.7
Concrele 2385 4000.0 9.2Xl06 34

Steel 7810 4614.3 36.0><106 102

Three main setups were created:

a) A pairofsquare plates with 12.6 mm thicknesswere plaeed next to one another,

one made of steel and the other one ofplexiglas. Both plates were located 2S cm from

the bottom, 30 cm from top, and attaehed 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.

80th plates were chosen to have the same exact dimensions, but different mate­

rials. The charaeteristics of the reDected P- and S-waves wouJd he related to second

material's specifie acoustic properties. In tbis exercise steel plate simuJates rocks having

higher acoustic properties than concrete block, and plexiglas plate simuJates rocks with

lower acoustic properties than concrete.

b) Steel reinforcement bars were placed in three locations. Eaeh bar was 12 mm

in diameter. The first set ofbars was placed 16.0 cm from the top. The two other sets
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were placed on top ofone another. The second setwas placed at 31.0 cm from the top,

and the tbird set was placed at 9()D to the second set, having a distance of 16.0 cm from

the top.

This design was made ta test the performance of MSR in IOC8ting the steel bars,

even with complex arrangements.

c) A 19.8 cm long and 6 mm thick reetanguJar shaped piece ofplexiglas was placed

perpendicularly down from the surface of conaete slab. The plate was placed to sim­

ulate an opening or a fracture. The objective of this exercise was ta measure the depth

of the fracture using the diffracted P-waves from the tip of the plate.
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Plate 7-1 Above: casting ofthe concrete black, below: initial testing by MSll system.
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Figure 7-4 The three dimensional, plan view, and cross section orthe concrete black

with simulated flaws in it.
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7.4.1 Steelud PleDllas Plates iD • CoDcrete Block

Studyofplanar square plates in a 0.S5 m conaele blockwu carried out. Knowing
tbat any abrupt change in acoustic properties ofa material causes body waves to reOeet,

bath P- and s.waves were used to detect the plates. Figure 7-S shows a typical dis­

placement waveform captured by the vertical displacement transducer and Figure 7-6

shows a typical displacement wavefonn captured by the tangential displacement

ttansducer, on the O.s5 m thick concrete block. Figure 7-7a and d illustrates the vertical

transducer and the impactor's configuration for deteeting the steel and plexiglas plates.

The distance between the transducer and the impact source was O.OS m. The P-wave

velocity in the cenaete was 3920 mis. Figures 7-7b and c iIIustrates the waveform and

frequency speetra obtained by the vertical displacement transducer on the top of the

steel plate. The P-wave velocity in conaete was calculated using equation 6-4 and the

distinct amplitude value in the frequency speetra (3564 Hz), and lcnowing the concrete

block's thickness value of O.s5 m. For the S-wave velocity, two different values were

obtained for the concrete: one on top of the plexiglas plate having a frequency of2637

Hz, giving a velocity of 2901 mis, and one on top of the steel plate with a frequency of

2051Hz giving a velocity of 2256 mis.

ln this case the conaete is in contact with the plexiglas plate and the acoustic

properties of the plexiglas plate is lower than the conaete block (see Table 7-1). The

P-wave causes a compression/tension stress charaeterization as it traverses into an

objecte The s.wave causes a ttansverse-right/transverse-Ieft stress charaeterization as

it moves into an object. At an interface where the underlying material has a lower

acoustic impedance than cancrete (e.g. air), the initial P- and S-waves changes sign, that

is, the compression in the case ofthe P-wave changes ta tensionand in the case ofS-wave

the transverse-Ieft retleets 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 tilDe it reaches the transducer, it is a tension wave. The

tension wave causes an inward displacement of the surface which cao he seen in the

displacementwaveform capturedbytheverticaldisplacement transducer inFigure 7-7b.

The frequency of the tension waves at the surface is C p /2T (see Section 7.3.1.1). On

the resulting frequency speetra in Figure 7-7c, the large amplitude peak at 6689 Hz
corresponds ta the successive refiection of the P-waves from the plexiglas plate. Using

equation 6-5 and P-wave velocityof3920 mis, the position ofthe plate caobe calcuJated

ta he 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-Ieft wave which can he seen as an outward impression in the

displacement waveform (Figure 7-sb). The frequency of the transverse-Ieft waves at

the surface is C • /2T (see Section 7.3.1.2). Tberefore, equation 6-10 was used to cal­

culate position of the plate in concrete. Figure 7-Sc illustrates the resulting frequency

speetra 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 mis as the velocity of the S-wave from that regioR (see Figure

7-Sc), 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 matenaI with acoustic prop­

eroes than concrete, their sign do not change (see Section 7.3.1.1 for more detaIl).

Figures 7-7d and 7-Bd show the signs of the p- and 5-waves as they travel between the

steel plate and the top surface of a concrele black. Figure 7-7e shows that the refleeted

P-wave from the steel plate has an upward displacement upen arrivaI at the vertical

displacemenl 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, it changes to a tensionwave. The tension wave repeats the cycle without

changing its sign as il refleets from the concrete/steel boundary. Thus the period of the

tension wave arrives al the surface is twice as long as the plexiglas case. The frequency

of the tension wave would he:

(7 - 4).

S-wave follows the same principle as the P-wave when il refleets from a secondary

surface with higher acoustic properties than conaete block. It takes twice as long for

the transverse-Ieft wave to reach the tangential displacement transducer. Therefore

the frequency of the transverse-Ieft wave would he:

•

c.
f --s 4T
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Ta caIculate the position of the steel plate in the cenaete equatioDS 7-4 and 7-5

can be used with slight modifications. Equation 7-4 was modified by Sansalone (1985)

ta equation 4-26 for depth calculation ofsteel bars. However, S-waves can also he used

for depth calculation when equation 7-5 is rewritten as:

c.
T-­

4/.
(7-6)

•

The distinct amplitude peak value of 3271 in the frequency speetra in Figure 7-7f

captured by the vertical displacement transducer was used ta calculate the position of

the steel plate at 0.30 m. Note that the P-wave velocity used for this calculation is 3920

mis. Using equation 7-5 and S-wave velocity of 2256 mis, the position of the steel plate

was calculated as 0.25 m from the top.

This study was canied out ta investigate the behavior of the body waves upon

incident on materials with lower and higher acoustic impcdance than concrete. The

plexiglas was used to anificially simulate the presence ofair 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 aetual position of the plates

in the cancrete. Table 7-2 is a summary of the results calculated by the MSR system

and the actual position of the objects in the conaete block.

Table 7·1 A comparison between the aetual position of the plates and the caJcu1ated
values by the MSR.

Actual Position of the Plates Calculated Position of the Plates by MSR

ByP-wave ByS-wave

Plexiglas Steel Plexiglas Steel Plexiglas Steel

O.3m O.3m O.29m O.30m O.31m O.2Sm
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7.4.2 DetedioD ortlae Steel ReiIlrorœmeDt Ban

In this section the MSR system was used to deteet the position of the steel rein­

forcement ban in the canaete black. Throughout the tests the vertical displacement

transducerwas used to deteet the P-wave refleeted waveforms. Two series oftests were

conducted:

a) Three bars were placed at 0.09 m spacing (Figure 7-9a).

b) Two bars were placed at a 9()D angle to one another al a corner of the canaete black

forming a cross (Figure 7-108).

The purpose of this survey was ta canfirm the capability of the MSR system in

deteeting of the small diameter steel reinforcement bars within canaete.

7.4.2.1 Three ParaDel Steel ReiDrorcemeDt Ban

Three steel reinforcement bars were placed parallel to one another in a linear

anay (Figure 7-9a). Each barwas 0.39 m long and 0.012 m in diameter. The third bar

al position (d) wu located0.13 maway from the edge ofthe canaete black. The location

of the bars from the top of the black 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 barwas located 0.184 mfrom

the top.

An impact device with a 3.0mm diameterwas used as the impactsource, generating

impacts with an average of65 ~ s contaet-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 speetra at position (a) (see Figure 7-9a),

where the concrete black has no reinforcement ban. Using the 0.55 m thickness of the

black, 3125 Hz as the peak frequency value, the velocity of the P-wave was calculated

based on equation 6-4 ta he 3438 mis. Due ta the nature and type of the steel bars as
the reflection surface (which was discussed in previous sections), equation 4.26was used

ta calcu1ate the depth of reinforcement bars. Figure 7-9d is the frequency speetra

generated from the MSR results at the top of the tirst bar, at location (b). The large

amplitude value at 5125 Hz is related to the multiple P-wave refieetions 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-ge

shows the frequency speetra related to the waveform coDeeted on top of the second

steel barat (c). In this frequency due to the fact that ail ofthe steel bars are positioned
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at a closed spacing, three distinctive peaks are shawn. The second steel bars position

was calcu1ated 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 7-9fshows the frequency responds ofthe 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 veloclty of

P-wave is 3491 mis which is calcu1ated using the peak frequency of 3174 Hz in the Cre­

quency spectra. The second frequency peak in the speetra at 4688 Hz is related to the

P-wave retlections from the steel bar at location (d). The position of the steel bar at

this location was calcu1ated ta be 0.186 m. The second distinct peak in the frequency

speetra is related ta the position of the steel bar at location (c).

In this exercise the steel reinforcement bars were located accurately within the

concrete block. The line ofsurvey was selected ta be perpendicular to the longitudinal

direction of the steel bars. The highest amplitude in the frequency speetra 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 aetual position of the reinforcement bars and the calculated

values by the MSR.

Table 7·3 A comparison between aetual position of the paral1el steel bars and the
calcu1ated values by the MSR.

Aetual Position of the Calculated Position of the

Reinforcement Bars Reinforcement Bars by MSR

Position Position Position Position Position Position

(h) (c) (d) (h) (c) (d)

0.170 m 0.176 m O.l84m 0.168 m O.174m O.l86m

7.4.2.1 Two CrossÎng ReÎnlorœment Bars

In most of the structures, particu1arly 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 deteet and locate crossed

reinforcement bars.
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Two sets of steel reinforcement bars were placed in the concrete black, crossing

one another at a go- angle (see Figure '-108). 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 setwas placed 0.355 mfrom the top surface

(see Figures 7-4 and 7-108).

ln this exercise, two different impact sources were used ta 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 IJ. s contact-tilDes. 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 J.L s.

Figure 7-l0b shows the waveform response captured by the vertical displacement

transducer on top ofthe crossing bars generated by the 3.0mm diameter impact device.

ln the corresponding frequency speetra at Figure 7-lOc, 3027 Hz is the thickness fre­

quency, 4785 Hz is the retlection Ô'om the steel bar that the vertical displacement

transducer was placed on top, and 6934 Hz is the retleetion from the adjacent steel bar

placed 0.09 m away. The position of the steel bar at the top layerwas calculated ta he

al 0.174 m using the P-wave velocity of 3330 mis. The steel bars at the lower level are

invisible ta the pulses generated by the high frequency impact source hecause of the

high attenuation rate.

Figure 7-lOd shows the waveform response captured by the vertical displacement

transduceron top ofthe crossingbarsgenerated by the 15.0 mmdiameter impactdevice.

In the corresponding frequency speetra at Figure 7-tOc, 3271 Hz is the thickness fre­

quency and 2539 Hz is the refleetion 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 ta be at 0.350 m using the P-wave velocity of3598 mis.

The steel bars on the top layer are invisible ta 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 aetual position ofthe reinforcement bars and values calculated

by the MSR system.
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Table 7-4 A comparison between aetual position of the crossed steel bars and the
calcu1ated values by the MSR.

Actual Position of the Calcu1ated Position of the

Reinforcement Ban Reinforcement Bars by MSR

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

O.l80m 0.35S m O.174m O.3S0m

7.4.3 Deptb 01 Simulated Vertical OpeDiDI Crack

A vertical opening crack in concrele black was simulated using a 6 mm thick

plexiglas plate hung from the top surface al the time of casting (see Figures 7-4 and

7-11a). The plexiglas plate was 0.198 m vertically deep into the concrele black.

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 1-11a). 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 J,ls.

After emission of stress waves by the impact source, diffraction of incident waves

occurs at the bottom edge of the plexiglas, which acu 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 diffraeted P-wave is the tirst wave to arrive

at the transducer. On the other side of the crack, the incident wave is not capable of

penetrating the crack. The ooly waves capable of penetrating this shadow zone are

diffracted waves. The diffracted S-wave is the second wave arriving at the transducer.

Bath P- and S-waves reOect downward from the surface of the concrete. In their

pathway, pan of their energy diffraets, back to the surface from the edge of the crack.

This cycle repeats itself, which gives rise ta a resonance condition with the frequency of

the P-wave arrivai at the receiver corresponding ta the approximate depth ofthe crack.

ln addition to the arrivai of the diffraeted waves, retleeted 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 7-1Ib iIlustrates the frequency speetra obtained from the MSR test. There

are two distinct bigb amplitude peaks. The largest amplitude at 3564 Hz is caused by

the resonanceofthe P-wave betweenthe topandbottomoftheconcrete bloclt. Knowing

the thickness of the slab ta he O.SS m the velocity of the P-wave wu calculated, using

equation 6-4, which was 3920 mis. A large ampHtude frequCDcy peak at 10010Hzis the

frequency which corresponds ta the rcsoDance ofthe P-wave reOeetion from the top of

the slab and the diffraction at the bouom of the crack. This value is twice the distance

from the tip of the crack to the surface due ta the close approximation of the impactor

and receiver. In this case, a frequencyvalue of 10010 Hz corresponded ta a depth of

0.196 m, which is close ta the measured depth at 0.198 m. Table 7-S iIlustrates a com­

parison between the aetual depth of the crack and ca1cu1ated value using MSR system.

Table 7.$ A comparison between aetual position ofcrack and the calcu1ated values by
theMSR.

Aetual Position Calculated Position

of the of the
Crack Crack by MSR

0.198 m 0.196 m
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7.5 DETECI'ION OF A PLANAR FRACTURE IN A CONCRETE SIAB

This laboratory exercise was carried out in order to demonstrate the capability

ofthe MSR system to detect the position ofan aetual planar fracture within a plate-like

conaete slab. Inaddition the sIabs' average dynamic Young's modulus, shearmodulus,

bulk modulus, and Poisson's ratio were calcu1ated. A 3.0 mm diameter impact source

capable of generating an average contact-time of 7S IJ. s was used ta generate stress

pulses.

7.5.1 Results and DiscussioD

A plate-like cancrele slab having dimensions of2.6 m x 1.4 m x 4.6 m was castwith

three different types of concrele mixes. The poor-strength cancrete was sandwiched

between the two high-strength concretes, ta facilitate formation of a fracture ha1fway

from the top of the slab. The fracture was formed uniformly in the middle of the slab

having a zigzag wa\')' shape with respect to the surface (see Figure 7-12a). The main

objective ofthis exercisewas to measure the distanceofthe fracture from the topsurface.

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 seleeted in a arder for the MSR signais 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 mis. The P-wave velocity was calculated from the

peak value in the frequency speetra, 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 ta each scanning _

line. Figure 7·13 shows the cross sections of the survey lines with the calcu1ated position

of the planar fracture by the MSR.

Tc measure the dynamic eJastic constants of the slab, shear wave veJocities were

caplured on eight different positions by a tangential dispJacement transducer. An

average value of 2561 mis was caJculated for the shear wave veloclty.

Knowing the relationship between the stress wave velocities with the density and

the elastic moduli (sec Table 3-2), the Young's modulus, Poisson's ratio, shear modulus

and bulk modulus of the slab was calcu1ated. The average mass density of the concrete

was calcuJated at 2300 kglm3.
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The Poisson's ratio of the slab wu calculated ta he 0.23.
The Young's modulus of the slab was caIculated ta he 37.0 GPa.
The shear modulus of the sJab was calculated to be 15.0 GPa.
The Bult modulus of the slab was calculated to he 22.0 GPa•
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7.' SUMMARY AND CONCLUSIONS

This chapter bas descnbed the implementation of the MSR system in deteeting

Oaws, steel reinforcement bars, and vertically posiûoned crack in concrete. The

assembled MSR system descnbed in Chapter 6 wu used to conduet the experïments in

this chapter. The experiments demonstrated that:

1. The function of the MSR system for deteetion purposes is limited ta the

Imowledge of one of two variables: tbickness or P-wave velocity. In the case in which

the tbiclmess is Imown, the velocity cao he calculated by the frequency of the P-wave

reOections from the back of the plate. Otberwise, the P-wave velocity should he cal­

culated by the indirect metbods. The P-wave velocity wu estimated indireetly by using

surface R-waves. Also the P·wave velocitywas indireetlycalculatedusing the tirst arrivai

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 reOeeted waveform

from the bottom ofthe block. From the rcsults it can he concluded that there will aJways
he a discrepancy between the velocity of the reOeeted signaIs and tbat of the surface

waves due to the heterogeneity of the concrete. However, the velocity obtained by the

tirst surface P·wave arrivaI is in better agreement with the reOeeted P-wave in com­

parison with the estimated P-wave velocity computed from the R-wave velocity.

2. The displacementwaveforms and theirfrequencyspeetra were used throughout

this study in order to detect and locate the simulated Oaws and delaminations in the

concrete block. The S-wave as weil as P-wave were used in order to study the reOeetion

behavior of the body waves from lower and higher acoustic stiff plates than the initial

black. Simulated planar tlaws were detected by P- and 5-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 ofreinforcement bars, one

in a tight paraDel formation and the second set in a top and bottom crossed formation

were imbedded in a conaete block. The position of both sets were detected by the

vertical displacement transducer and the P·wave retleetions with great accuracy.

4. A simulated vertical opening crackwas placed in the concrete black at the lime

of casting. Using the vertical displacement transducer and the impact device on bath

sides of the crack on the surface, the depth of the opening crack was calculated with

great accuracy.
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s. 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 iD the concrete. The

tangentialdisplacement transducerwas used to provide shearwave parameters. Raving

assumed an average densityvalue for the concrete slab, the averagevalues for the elastic

constants of the slab were calculated.

The work discussed in this chapter bas established the basis of the MSR as a

nondestructive testing system for the deteetion of different types of tlaws and delami­

nations in concrete blocts in laboratory conditions.
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--------------CHAPTER8

APPUCATION OF THE MSR SYSTEM FOR MEASURING THE
QUALITY OF CONCRETE

8.1 INTRODUCI10N

An investigation was condueted to evaluate the effeetivenes5 of using the MSR

system to monitor quality of concrete mixes. Upon initial mixing, fresh conaete is a

tluid like material. Tbrough the physica1 and chemica1 reaetioDS collectively termed

hydration, this fluid Iike mix changes ta a bardened masse The bardening of cenaele

occurs during what is knawn as the seUing periode The beginning and the end of con­

crete's settingperiodorseUingtime is not clearlyknown. The settingtimeofthe cenaete

is understood by i15 stiffening. The stiffening of concrete cao he quantified by the

increase in body wave velocities, gain in elastic constants, and strength.

ln this chapter the MSRsystemwill be used to monitor the setting time ofconcrete.

Monitoring of cencrele's stiffening is carried out by the M5R system on the cylindrical

samples. Six types of concrete mixes with the different strength capabilities were

monitared for their 28 clays curing periode Furthermore, the effeets of aggregate size

and cement type on the elastic properties wiD he studied by the MSR system. The MSR

tests were canied out to evaluate elastic properties of wall and columns, in situ. The

ability of the MSR system ta measure conaete setting limes in situ cao be used as a

means ofquality control of the structures. The results of the bodywave dynamic elastic

moduli determinations were compared with the standard resonant frequency (RF) test

descnbed 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. FinaDy, a cenaete

blockwas evaluated and the results ofeJastic moduli obtained by the MSR systemwere

cantoured.
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8.2 SAMPLE PREPARADON

Compressive strength gain and development of elastic constants of six different

types of cencrete mixes were studied. Details of concrete mix used in tbis ex:periment

are Iisted in Table 8-1. The curing condition was tept the same (air-dried curing) for

ail 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 IDJD, were cast in plexiglas molds designed ta 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 COD­

dueted on the same types ofsamples (concrete cylinderswith 152x 305 mmdimensions).

AlI of the cylinders were band rodded in accordance with ASTM C 31 (1988). AlI of

the specimens were covered with plastic sheets for 24 hours after casting and tept in
the laboratory environment (i.e., ambient temperature of22* 10Cand relative humidity

of 50 s 10%). The specimens were demolded 24 bours after casting. Air-dried curing

was achieved by leaving the specimens in the laboratory at normal temperature and

humidity condition.

Table1-1 Composition and propenies ofthe sixcancrete mixes used in the experiments.

Charaeteristics BN20 BN2S BN30 BN3S BN40 BN50

Cement (Type 10), kglm3 260 290 345 410 44S 475

Fine aggregates, kglm3 1100 1060 100S 920 900 870

6 mm coarse aggregates, kglm3 640 655 675 675 710 720

12 mm coarse aggregates, kglm3 210 215 22S 225 235 240

Total water, 11m3 175 175 175 180 165 145

PDA 2S XL, mVm3 840 90S 1080 1285 1393 1487
(water-reducing agent)

Superplasticizer, lIm3 - - - - 2.6 3.8-4

Density, kg/m3 2230 2300 2320 2410 2360 2470

28thdaysUCS lOt:1.0 15z0.5 20z1.0 30z1.5 S,,*2.0 6Ot:2.2
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8.3 DETERMINATION OF COMPRESSIVE STlŒNGm, STATle YOUNG'S

MODULUS AND POISSON'S RATIO OF DIFFERENT CONCRETE MIXES

The compressive strength tests were carried out at frequent intervals during the

tirst 28 days in arder ta determine the influence of early-age hydration on compressive

strength and elasticity gain. After the tirst 24 hours, the cylinders were end faced by

grinding (see Plate S.la). The compressive strength and the statie dynamic elastic

properties of the cylinders were determined using a standard compressive testing

machine (MTS Mode1315.03) with a maximum loading capacity of 4600 kN (see Plate

8-1b). The cylinders were tested under strain control as was advised by the ASTM C

3g.86 (1988). The axial strain was measured by MTS extensometers (Mode1632.94),

with 200 mm gauge lengths, placed on opposite faces of the specimen. A total ofabout

200 cylinders were tested in compression for this study.

8.3.1 Compressive StreDIÔ

Figures 8-1 through S.3 show the variations of average compressive strengths of

BN20, BN2S, BN30, BN35, BN40, and BN50 conaetes with age for the air.ooed curing

condition. The average compressive strength gain at an early age is higher for the

sampleswith highercompressive strengths, which can be due to higher rate ofhydration.

For the BN40 and BN50 conaetes 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

ofsamples. Figure 8-4a illustrates that strength gain continues for ail concrete batches

after the 28 days testing period.

8.3.2 The Stress-StraiD RespoDse

Cylindrical samples were tested at ages of 1, 2, 3, 4, 5, 6, 7, 14, 21, and 28 days.

Figures S.1 through S.3 illustrate the calculated stress-strain responses for the BN20,

BN25, BN30, BN35, BN40and BN50concretes. At the verycarlystages the SU'ess-strain

responses indicate very low elastie moduli, low compressive strengths, and relatively

high straîns. The grapbs exlubit a change of SU'ess-straïn response during the 28-day

curing. Between the age of 1 day and 28 days strain changes sligbtly. The stress-strain

S.3
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curve changes ta a more linear and steeper fonn as the compressive strength mcreases.
The higherstrengthconcretes (BN40and BNSO) have higberpeakstraiDs than the lower

strength concretes.

8.3.3 Youa"s ModuH

The chord elastic modulus was calculated for the six different types ofmixes from

the measured stress-straïn response5, iD accordance with ASTM C 469-87 (1988).

Figures 8-4b tbrough g.7b show the variation of the chard 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 predieted are shawn by using the expression giveD in

the AC! Code (1983) and ACI Committee 363 (1992) (see Section S.3, equations S-l

and 5-2). In ail six cases the modulus predieted is overestimated. This overestimation

is panicularly obvious in the case ofBN30 and BN3S conaetes. Nevenheless, the ACI

363 expression provides a reasonable estimate of the average modulus of elasticity for

the low and high strength concretes. The data illustrates a rapid gain in chard and initial

tangent modulus for the tirst seven days curing periode For the low-strength concrete

batches (BN20 and BN2S) the initial tangent modulus is higher than the chard modulus

for the 28 days curing periode For the rest of the batches the gap between the two

modulus values narrow. For the BN40 and BNSO the initial tangent moduli are in very

good agreement with the predicted moduli. Figure 8-7b shows the variation of the

average chard, initial tangent, and predieted modulus versus the average compressive

strength from day 1 ta an age of 28 days for ail the batcbes. The data indicate a pro­

gressive increase in elastic moduli with compressive strength. Eventhougb the elastic

moduli increases with compressive strength, the relationship is not lînear.

8.3.4 Poisson's Ratio

Figures 8-8 through 8-10 show the development of the Poisson's ratio with time

for the six concrcte batches. The axial and diametrical straiDs were measured by the

MTS extensometers. For ail the batches there is a rapid gain in Poisson's ratio between

two to seven days of curing periode BN40 illustrates an unusual drop in Poisson's ratio

between 6 ta 14th days. After this dramatic gain, the Poisson's ratio reaches an stable

and steady value througbout the rest of the curing periode
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8.4 DETERMINATION or DYNAMIC EL\snc CONSTANTS OF CONCRETES

8.4.1 DetenniDatioD oIMSR RespoDse

The 3.0 mm diamcter spherical tip impact device wu 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 displacemenl

transducerwas kept at S.O cm for ail tests (sec Plate 8-2). The tangential displacement

transducerwas placed near the edge of the cylinders, approximately 7.0 cm away for all

of the tests (see Plate 8-3). An AID card was used for acquisition of the waveforms.

Subsequendy, the recordedwaveformswere collected ina portable computerforfunher

anaIysis. The AID card wu operatiDg at a 2048 data points, recorded at a sampling

frequency of200 kHz (sampling intervals ofS IJ.s). Thus, the total duration ofthe record

is 10240 ~ s . From equation 6-12, the frequency intervaJ in the frequency speetrum is

0.098 kHz, which allows the wave velocities to he computed to the nearest 30 mis. The

effeet of the low frequency (below 1000 Hz) transdueer assembly resonance and the

R-wave frequency were mtered out. The waveforms were diffieult ta interpret prior to

the fint 24 hours of setting tïme.

In Appendix C, Figures C-1 through C-20 show the frequency speetra 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 speetra on the rigbt sides are measured from waveforms captured by the tan­

gential displacement transducer. The frequency range shawn in each speetrum is from

1000 ta 1()()()() Hz, with the exception ofP2Odl which ranges between 2000 to 3000 Hz.
Note that on each frequency speetrum the frequency peak was used ta compute the

velocity plots in Figures 8-11 through 8-13.

ln AppendixC, as cao he seen inFigures C-l through C-20, earlyfrequencyspeeua

are charaeterized by large amplitude low frequency peaks. As the cenaele matures,

the resonance frequency of the body waves in the cylindrical specimens increases.

Renee, the frequency peak values increase with conaete maturity.

Once the peak correspondingto the resonance frequencies ofP- and S-waveswere

identified, the development of the velocities cao be easlly foDowed. Equation 6-4 and

the peak frequency values from the speetra generated by the vertical displacement

transducer were used to calcuJate the P-wave velocities. Similarly, equatioD 6-9 and the
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peak frequency values from the speetra generated by the tangential displacement

transducer were used ta calcu1ate S-wave velecities. 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 heurs (clay 1). Prier to the tint 24 hours most ofthe data, particularly

in the case ofS-waves, were scattered. For the carly hours in the case ofBN20, BN40,

and BNSO itwas impossible ta determine which frequency in the speetrum corresponds

to the resonance frequency of the waveforms. In this study to he able to compare ail

the data obtained from different techniques, ail the values after the first 24 hours were

considered. For ail the six mixes, there is a rapid increase in P- and S-wave velocities

for the early curing days. However, after the early dramatic inerease 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 (BNSO) ta longest

at sixthdays (BN20). For the P-waves this periodofrapid gain ofvelocities ends between

five to seven days.

At any given time the wave velocities are higher for the higher strength concretes.

This difference can be attnbuted to the coarser aggregate content and cement content

of the higher strenlth conactes. 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 speetra, they

caohe used ta determine the mechanical properties ofthe sixmixesfor the curingperiod.

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 ofearly-age concrete inereaseswith age as the cement

pastematures. Figures 8-14 through8-16showthe progressivegainofelasticparameters

for the six concrete mixes with tïme. 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 tilDe. Also, the increase in shear

modulus is similar ta the increase in S-wave velocitywith time. The bulk modulus shows

a rapid increase for the tint two days, followed by an adjusting period of two ta three
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days, and finally a smooth Iinear relationship with tilDe. In the case ofBN2S, BN40, and

BNSO the adjusting period is shawn by an early drop and later gain of bulk modulus

within three days. For BN20, BN30, and BN3S the gain in bulk modulus is steady,

however the values are slightly scattered.

In general, the clastic moduli of a composite depends on the elastic moduli of

individual components in il. A concrete mix is composed ofcoarse and fine aggregates,

cement paste and water. At an early age the concrete is a Ouid-solid mixture. Later on

as the chemical reactions between the coarse and fine aggregates stan, a large number

ofwater-611ed 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

reaets with the aggregates and interlocks the components of the mix. As the volume of

pores decrease the interlocking between cement and aggreptes ÏDcrease. Hence, the

stress wave velocities and consequently the elastic moduli increase. The increase in

elastic moduli as hydration proceeds is attributed to the reduetion of porosity of the

paste, and to the increase in the degree of interlocking between the cement paste and

aggregates.

Figures 8-8 thraugh 8-10 show the development of Poisson's ratio computed by

the MSR system. Thevalues afPoissan's ratio demanstrate scaueringbysharp increascs

and decreases for the first seven days. After the tirst seven days the Poisson's ratio of

the samples are almost consistent.

Over a period of28 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 ofYoung's, shear and bulk moduli are bigher. However, the values for Paisson's

ratio does not show a clear correlation with conacte stiffness.
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Plate 1-2 Arrangement ofvertical displacement tnnsducer md the impact device on
concrete cylinders.

Plate 1-3 Arrangement oftangential clisplacement tnnsducer and the impact device on
concrete cylinders.
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1.4.1 Detel'llliDatioD ofResuMat Frequeacy (RF) RespoDIe

The Grindosonie apparatus was used for testing the resonant frequency of the

prismatic conaete specimens (see Plate 8-4). A more detail description of the Orin­
dosonic instrument and testing methodology is given in Appendix A. The testing

apparatus functions based on the ASTM C 215 (1986) requirements. The prismatie

samples were 400 mm x 100 mm x 100 mm in dimension. Tests were condueted with

samples resting on a foam rubber maL The top face ofeach specimen was struck at its

central pointwith a thin circularsteel rode The piezoeleetricdeteetorwas held incontact

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 tlexural, torsional, and longi­

tudinal frequencies of the six different cenaete specimens were coUeeted 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 ta the MSR and the statie 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. OveraU, the data obtained by the RF system are more

scattered for the first seven days than for the rest of the curing period. This cao he

observed particularly in the case of BNSO.

Figures 8-8 tbrough 8-10 show the development of Poisson's ratio computed b)t

the RFtechnique. Forthe Poisson's ratio, the valuesfor the firstseven days are scattered.

Foreach batch the behaviorofthe Poisson's ratio is different. ForBN20 there is a sharp

increase up to the second day and then the Poisson's ratio drops graduaUy until it sta­

bilizes al the 21st day. For BN2S there is a drop in Poisson's ratio from first ta 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. BN3S

behaves similar ta the BN2S. For BN40 there is a drop for the Poisson's ratio from first

ta second day, then there is a sharp ÏDClease followed by a drop and laler it stabilizes

by the 28th day. For the BN50 the Poisson's ratio increases by the second day then

decreases and stabilizes by the 2151 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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increasingas the concretebatebes matured. Itwas also observedthat the Young's, shear

and bulk modulus of the stronger batches were bigher. However, the computed Pois­

son's ratio does not show a clear relationsbip with concrete stiffness.

1.4.3 ComparisoD ofMSR ad Rao_t Frequeacy (RF) Renlts

Figures 8-14through8-16sbowacomparison between thevalues ofdynamic elastic

parameters computed by the MSR system and RF technique. For aIl 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 BN2S, BN30, BN3S, BN40, and

BNSO the values ofYoung's, shear and bulk moduli are higherwhen theywere obtained

by the RF technique than for the same parameters computed by the MSR system. In
the case of BN20 the values compuled by the MSR system are bigher than the values

obtained by the RF technique. Inotherwords, in the case ofveryweak concrete, BN20,
the values of MSR are bigher than the values of RF. For the weak, intermediate and

stroog conaeles RF values are higher than the MSR values. The discrepancy between

the MSR values and the RF values are greatest for BN20. For BN2S 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

ofelasticity for the three batches can be seen 10 be almast identical. In the case ofBNSO

the gap between the resuIts obtained by the MSR and the RF inaeases, 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 abtained by the

MSRsystem.

In case ofmonitoring the Poisson's ratios with time by the two systems, in Figures

8-8 through 8-10, the values obtained bythe MSR system are Jess scattered than those

obtained by the RF technique. However, for bath techniques the Poisson's ratio values

for the first seven days are not stable and do oot foUow a reguIar trend. Table 8.2 shows

the comparison between the MSR and the RF data.
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Plate 1-4 The resonance fi'equency test equipment used in monitoriD& the concrete samples.

Plate 1-5 UPV test equipment used for monitoring the concrete cylinders.
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Table ..2 A general comparison between MSR and RF data.

u E G K

GPa GPa GPa

BN20 MSR>RF MSR>RF MSR>RF MSR>RF

BN2S MSR<RF MSR<RF MSR<RF MSR<RF

BN30 MSR>RF MSR<RF MSR<RF MSR<RF

BN35 MSR<RF MSR<RF MSR<RF MSR<RF

BN40 MSR>RF MSR<RF MSR<RF MSR>RF

BN50 MSR<RF MSR<RF MSR<RF MSR<RF

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 testiDg
area. The RF technique provides the etastie charaeteristics of conuete depending on
the size and shape ofspecimen. The MSR system on the other band, only requires the
knowledge of thickness of the specimen and the calculations can he done independent
of shape of the samples.

8.4.4 Determination of Ultnsonic: Pulse Velodty (UPV)

Measurements of UPV were made using a PUNDIT instrument with 50 kHz
transducers (see Plate 8-5). A more detai1 description of the PUNDIT apparatus and
testing methodology is given in Appendix B. The digital display of the equipment wu
used for reeording the travel limes in microseconds. Wave veloc:ities were determined

by measuring the lime taken for an ultrasonic pulse ta 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 tint measurements of the
ultrasonic P-wave velocities were conducted 24 hours after initial mixing. Prior to the
first 24 hours, most of the colleeted data were scattered. Figures 8-11 ta 8-13 show the
development ofpulse velocities in the sixdifferent concrete mixes. The results indicate
that the settingtilDesare differentforvarious types ofconcretemixes. ForaD thebatehes
the P-wave velocities increase rapidly for the 6rst seven days. After tbis period of
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dramatic increase, there is a decrease in the rate ofveloc:ity increase. That is after the

fint seven days, the ultrasonic wave velocities for mast of the batches rcach a stable
value. However in the case ofBN20 and BN2S the UPV value still increases with time
but the rate is very small. In the case of BN40 and BNSO due to presence of super­
plasticizer the UPV values stabilize after the fint four days ofcuring.

Over the 28-day curing period it was observed clearly tbat the UPV values for
higher strength concrete batches are higher. The highcr velocities cao he attnbuted to

coarser aggregate and cement contents of the bigher strength concretes.

1.4.5 ComparilOD 01MSR ad UPV Raalts

Figures 8-11 through 8-13 show the increase of body wave velocities with curing

timeobtainedbythe UPVandMSRsystems. Forail thesixconcrete 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 (philIeo, 1955; Sansalone, 1985, and
Sadri, 1992). The reason for this difference is not weil established yet. However, it is

clear that the Û'equencies of the reOeeted stress waves generated by the impact cao he

used to monitor the development of P-and S-wave velocities.

Table 8-3 Ageneral comparison between MSR and UPV P-wave veloc:ity data.

Cp

mis

BN20 MSR<UPV

BN2S MSR<UPV

BN30 MSR<UPV

BN35 MSR<UPV

BN40 MSR<UPV

BNSO MSR<UPV
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One reason for this difference could he due to the propagation characteristics of

the ultrasonic and stress waves. In maldng velocity measurements by the UPV and the

MSR techniques, because of the ract that cancrete contaîns about 75% aggrepte by

volume, the velocity is measured along a path tbree-quaners ofwhich lies in aggregate

and only one-quaner in cement paste. It is expected that the velocity measurements

are mainly sensitive to the propenies of aggregates rather than cement paste. AIso,

usually aggregates have higher elastic properties than the paste. The high frequency

UPV travel along a oarrow beamwidth, but the stress waves generated by the MSR

systemtravel aloog a broaderbeamwidth. Inthe caseoftheultrasonicpulses, the narrow

beamwidth of the signal is more sensitive to the aggregate properties. On the other

band, the broaderbeamwidthstress pulses travel through a largerponionofthe concrete

and are more effected by either cement paste, voids and aggregates. One advantage of

the MSR signais is their quality in seeing the propenies of the specimens more globally

than the ultrasonic pulses.

The UPV technique is fast and effective for measuring the P-wave velocities in the

conaete where two sides of the test specimen are accessible. However, since the

ultrasonic pulses are highly affeeted bythe aggregate properties in a narrowbeamwidth,

elastic modulus values calculated by the ultrasonic wave velocities might not refleet the

global properties of the concrete. The use of couplants such as petroleum gelly and

grease in the case of UPV testing is essential wbile 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 (SO kHz standard) are more

severely attenuated than the lower frequency stress pulses of the MSR. This can limir
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

UPV P-wave velocities.
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8.4.6 ComparisoD ofStatie ud Dyumie EIastle CoDstaats

Figures 8-4b through 8-7a show the initial tangent and chard modulus, and the

dynamic Young's modulus computed by the MSR and the RF systems. For all the

batches the values ofchord modulus is smaller than the dynamic Young's modulus. The

discrepancies between the dynamic and static values were expeeted and the known

explanatioDS are given in detail in Section S.7. The dynamic methods should not he used

ta check or evaluate the static methods. The twa methods are independent of one

another. The dynamic methods deal almost entirelywith elastic parameters ofconcrete

composition but the static measurements are complicated by inelastic deformations,

microfraetures and pores. Also, various methods are affeeted by the heterogeneity of

concrete in different ways. However, it is important to compare the results of newly
assembled MSR system with expeeted results obtained by various systems ta evaluate

the validity of the data computed by the MSR.

In comparing the resuIts obtained in this study, except BN20, the Young's moduli

obtained by the MSR are doser ta the chard modulus than the RF values. This cao he

seen in the case of BNSO where the RF values are up ta 38% higher than the chord

modulus whereas the MSR values are 28% higher. This could he related to the faet

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 ail the different conaele mix is in

close agreement with the static values, compared to the Poisson's ratios obtained by the

RF technique. The bigest discrepancy cao be seen in the case of BN30. 0nIy in this

case, the RF values show beuer agreement with st8tic values. Table 8-4 shows the­

comparison between the MSR, static and predieted data.

8.4.7 ComparisoD of Static and Dyumie mastic CoDs1aIIts with StreD&th

Figure 8-7b shows aIl the values ofYoung's modulus versus compressive strength

for the six concrete mixes obtained by various techniques. From the graph it cao he

seen that there is a clear correlation between the values of elastic moduli and the

compressive sttength. Bath dynamic and stalic values obtained in this stucly constantly

increase with the inaease in compressive strengtb. The values ofelastic moduli for the

MSR and RF techniques are more scauered when the compressive strengtbs are above

40 MPa. From Figure 8-7b it cao be concluded that the MSR data are weB correlated

with the values obtained by other standard techniques.
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• Thegraph inFigure 8-7b shows that the empirica1 relationship cstablishedbyPauw

(1960) maybe used for the values obtained by the MSR system as weU as other dyDamie

and statie techniques. Pauw's relationship states that for mature conaete the modulus

of elasticity ofconaete, E c, is proportianal ta the square root ofcompressive sttength

f c, or

(8- 1)

•

The results fram Figure 8-7b suggests that the above relationship is aIso true for

immature concrete.

Table 8-4 A general comparison between MSR, statie and predieted data.

u E Cltort1 E f. Tan. E AC/363

GPa GPa GPa

BN20 MSR>Static MSR>Static MSR<Static MSR>Static

BN25 MSR>Static MSR>Static MSR<Static MSR>Static

BN30 MSR>Static MSR>Static MSR>Static MSR>Static

BN3S MSR<Static MSR>Static MSR>Static MSR>Static

BN40 MSR<Static MSR>Static MSR>Static MSR>Static

BNSO MSR<Static MSR>Static MSR>Statie MSR>Static

8.5 EFJîECf OF AGGREGATE SIZE AND CEMENT TYPE ON THE MSR

To study the effeet of aggregate size and cement type on the MSR's body wave

velocities, a series of tests was condueted. Twa different cenaete batches were mixed

and cured in the same enviranmenL Both conacte types were 30 MPa; however in

order ta see the effeet of aggregate size on the wave veloc:ities one of the batches was

prepared having 20.0 mm size aggregatcs (BNA) and the otherbatc:hwas preparedwith

10.0 mm size aggregates. Cement type 30 was used in bath mixes in order to compare
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the effeet offast curing on the changes in stress and ultrasonic:wave velocities. The rest

of the mix specifications were kept similar for bath bate:hes.. The concrete mix speci­

fications were:

BNA:

Cement type

Conaete type

Average aggregate size

Slump

Air content

Water/cement ratio

Density

BNB:

Cement type

Conc:rete type

Average aggregate sitt

Slump

Air content

Water/cement ratio

Density

30
30MPa
20 mm
130 mm
6t08%

0..47

2260

30
30MPa
10 mm
120 mm
6t08%
0..47

2175

•

Conaete cylinders with 152x 305 mm dimensions were cast.. A total of72c:onc:rete

cylinders were cast, half of whic:h were from BNA batc:h and the other half were from

BNB batc:h.. AlI of the cylinders were hand-rodded in ae:cordance with ASTM C 31

(1988).. AlI of the specimens were c:overed with plastic: sheets for 24 hours after casting

and kept in the laboratory environment (i..e.., ambient temperature of 22 * tOC and

relative humidity of 50 % 10%). The specimens were not demolded and were kept in

the same condition for the 28-day c:uring period. Curing was ac:bicved by leaving the

specimens in the laboratorytemperature and bumiditycondition. The curingconditions

were kept the same, air-dried c:uring, for bath mixes.

8-34



•

•

The 28-day unconfined compressive strengths of the cylinders were determiDed

using a standard compressive testing machine (MTS Mode1315.03) with a maximum

loading capacity of 4600 kN. The cylinders were tested under strain control 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 s 0.7

and for the BNB was 39.0 s 0.5 MPa.

Figure 8-17a shows the stress-strain responses for the BNA and BND concretes

for the 28th day. The graphs exlubit a difference between the stress-straîn response of

the two batcbes for the 28tb day curing. The stress-straîn responses indicate similar

compressive strengths for bath batches. However, BNA demonstrates higher elastic

moduli and relatively lower strains than BNS.

The UPV and MSR readings were colleeted at daily intervals. The testing speci­

fications and instrumentation for both techniques were kept the same as in the previous

exercise. The travel limes of the ultrasonic waves were used aloog the 0.3 m length of

the cylinders to calculate the P-wave velocities. The frequency responses of the body

waves on the conaete cylinders were coUeeted using vertical and tangential displace­

ment transducers. The AID card coUeeted 2048 data points, recorded at a sampling

frequency of 100 kHz (sampling intervals of 10 Jls). Thus, the total duration of the

record is 20480~ s . From equation 6-12, the frequency interval in the frequency spec­

trum is 0.049 kHz, which alIows the wave velocities te be computed to the nearest 15

mis. The stress wave velocities were calculated using equations 6-4 and 6-9 and the.

peak frequency values from the speetra generated by the venical and tangential dis­

placement transducers.

Figure 8-17b shows the developmentofthe P-wave velocities obtainedby the UPV

and the MSR systems, and the 5-wave velocities computed by the MSR system as the

time progresses, fram the resulting frequency speetta. The MSR and the UPV velocity

determinations were attempted at an age as early as 24 hours (day 1) and the readings

were celleeted for the next 28 days. As was expeeted from the previous study, the wave

velocities increase as the cenaete mixes cure during the 28 days periode Also similar

to the results obtained from the previous study, the P-wave velocities computed by the

UPV system are bigher than the P-waves velocities derived by the MSR system. For an
tbree wave types the velocities for the BNA are higher tban the BND concrete mix.
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Notice that the size of coarse aggregates for the BNA batch are twice larger than for
the BNB bateh. 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 u1trasonic

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

seUing properties. This means incomparison te the batches in the previousstudy, where

cement type 10 was used, the BNA and BNB batches reach maturity in shoner tinte

periode This change in cement type is deteetable by the MSR and UPV systems.

Comparing the velocity/age grapbs from the previous study ta the grapbs obtained from

BNA and BNB it cao he seen that the period of dramatic increase in wave velocities is

almost absent in Figure 8-17b. Recause of the cement type, the rapid increase in wave

velocities occur during the first 24 hours and prior ta the testing periode However, in
comparison between the UPV and MSR ~ave veloclties, the UPV results are less

affeeted by the cement type, baving a sharp increase up to the second days.

Equations in Table 3-2 and the density values were used ta 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 previousstudy, valuesofPoisson's ratioarescanered

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 charaeteristics

of the Poisson's ratio. However, the Poisson's ratio of the BNB is slightly higher for the

28th day concrete than the RNA

Figure 8-18b shows the development of the Young's, shear, and bulk moduli with

maturity of the two concrete batches. As was expeeted from the previous study, the

elastic parameters increase with curing lime. Similar ta 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 paramcters computed by the MSR system. For a1l

cases, the elasticityvalues obtained for the BNAare larger than the BNB. Thcsc rcsults

confirm the relationship bctween strcss-sttain and elastic modulus for the two batcbes

that was discussed previously.
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From the results in this study it cao he concluded that change in aggregate size
infiuences thebodywavevelocitiesgeneratedbytheMSRsystemasweUas the ultrasonic

waves generated by the UPV technique. However, the ultrasonic wave velocities are

more sensitive to the change in aggregate size. Evidendy, the increase in aggregate size

influences the density and consequently the values ofelastic constants, which were aIso

deteeted 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 coane aggregates are higher than the cement paste, the wave

velocities and elastic constants of the mix with larger aggregate me are higber. Also it

can he concluded that the MSR readings are affeeted by the cement type of the mixes.

8.5.1 Comparing Cylindrical Values Witb Structural Values ObtaiDed by the MSR

In orderto understand the influence ofshape and dimension on the MSR readings,

one standing wall and a column were cast using the BNA and BND mix proportions.

The wall had a dimension 4.8 m x l.sS m x 0.3 m. The column was 0.6 x 0.45 x 0.8 m in

dimension. The wall was cast with the BNAmixand the column was castwith BNB mix.

The frames were removed three days after casting. The MSR tests were condueted on

the side of the wall where the thickness was 0.3 m. On the column the MSR system was

placed on the side ofthe column where the thickness was 0.6 m. The 15.0 mm diameter

impact device was used ta generate the stress pulses. Bath 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 tept at 5.0 cm

for all tests. The tangential displacement transducer wu 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 AID card was used for acquisition of the waveforms.

Subsequently, the recorded waveformswerecoUeeted inaportable computerforfunher

analysis. The AID card colleeted 2048data points and recordingat a samplingfrequency

of200 kHz (sampling intervals of5 ilS). Thus, the total duration of the record is 10240

1.1s. From equation 6-12, the frequency interval in the frequency speetrum is 0.098 kHz,

which alIows the wave velocities to he computed ta the nearest 30 mis. The effeet of

the low frequency (below 1000 Hz) transducer assembly resonance and the R-wave

frequency were filtered ouL
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In Appendix C, Figures C21 and C24 show the displacement waveforms and the

computed frequenc::y spee:tra for the tests condueted on the wall and the column after

21 days of curing. Figures C2S and C26 show the displacement waveforms and the

computed frequency speetra for the tests condueted on the cylinden having the same

mix proportions as of the wall and the column alter 21 days of curiDg.

The highest peakvalue from eachspeetrumwas used forvelocity caJcu1ations. The

speetra computed from the signais on the wall and column are as clear as the speetra
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 speetra are due to the presence of the steel

reinforcement bars. The same peaks are not present in the speetra computed from

cylinders.

Tables S.S and 8-6 represent the eJasticwave velocities measured on the cylinders,

the wall and the column. As it wu expeeted nom the previous study, in aJJ cases the

wave velocities for the BNA are higher than for the BNB. Comparing the results of

wave velocities obtained from the waJI with the cylindrical values of the same mix, the

wallvelocities are higher. For thewall, thevalue ofP-wave is S% higher thanthe cylinder,

and the S·wave 4%. In the case of the column, the cylindricaJ values are higher: 5%

for the P-wave and 11% for the S-wave.

Table 8-5 The sample calculations ofvelocity measurements obtained by the MSR on
the cylinders.

Cylinder

Mix:BNA Mix:BNB

Age

(day) Cp C. v E Cp C. v E

(mis) (mis) aPa (rn/s) (mis) GPa

21 3955 2431 0.20 32.0 3838 2373 0.19 28.9
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Table 8-6 The sample calculations ofvelocity measurements obtained by the MSR on
the wall and the column.

Wall &. Column

Mix:BNA Mix:BNB

Age

(day) Cp C. \) E Cp C. \) E

(mis) (mis) GPa (mis) (mis) GPa

21 4160 2519 0.21 34.7 3632 2108 0.25 23.9

The result on the BNA confirms the previous conclusionsbySansalone (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

cylindricalvalues at all the time but the trend in Young's modulus values foUow 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 cao 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 cenaete takes place in the field using labor

which is relatively unslalled. The resulting field produet is, by its very nature and con­

struction method, highlyvariable. For this reason, a better evaluation ofthe mechanical

properties of cenaete 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 conaele 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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.., CONTOURING OF A STRUCTURE BASED ON EIASTIC 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 he contoured based on their elastic moduli.

A 2.25 m x 1.0 m x 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

preliminarystudies indicated that there is a large variation ofwavevelocities throughout

the plate.

A 0.1 x 0.1 cm grid was placed on the top surface of the conaete 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 calcuJate the retlected body

wave velocities. The 3.0 mm diameter impact device was used to generate impacts with

an average of 65 ~ s contaet-time. Equations in Table 3-2 were used to calculate the

dynamic modulus ofelasticity for each testing point. The distance between the impact

source and the receiver was kept constant at 0.1 m for bath transducen. A total of 189

points on the surface were examined by the MSR system. Figure 8-19a shows a typical

Û'equency speetrum generated Û'om the waveform outputs captured by the vertical

displacement transducer and Figure 8-19b illustrate a lypical frequency speetrum

generated from the waveform outputs captured by the tangential displacement trans­

ducer, on the 0.5 m thick conaete plate. Figure 8-20 shows contoming of a conaete

plate based on its dynamic elastic moduli.
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1.7 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 dyDamic elastic properties of con­

crete. The following conclusions are made Û'om 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 ta the setting time ofsix different concrete mixes for

a period of 28 days. It was shawn that the UPV values are higber tban the stress P·wave

velocities at all limes for the six different mixes. After the first day, the velocities began

to increase dramatically and the development ofvelocities could he easily foUowed.

2.. The dynamic and statie moduli of elasticity were computed by the various

techniques. The elastie parameters evaluated by MSR and RF techniques were higher

than the resuIts obtained by the static technique. However, the results obtained by the

MSR system are in better agreement with the statie values. It was shawn tbat the values

of Poissonts ratio for the early-age conaete is scattered and docs not show a clear

correlation with strength. The development of etastie parameters cOuld he easüy fol­

lowed by the MSR system..

4.. Itwas shown that for evaluation purposes, the MSRsystem onlyuses one surface

of the testing specimen while the UPV system uses IWO surfaces and the RF technique

uses three surfaces. This maltes the MSR system more practical than the two other

techniques.
.

5. Itwas shown that like the other dynamie and statie methods, the results obtained

by the MSR system cao he correlated to the compressive strength.

6. The MSR system is sensitive ta changes in setting tilDe caused by the cement

type. The use offast curing cement was seen by the change in the rate ofmaturitywhich

was reOeeted in the elastic wave velocities and elastie constants.

7.. It wu shown that the intluence of aggregate size on the elastie parameters cau

he deteeted by the MSR system.

8.. The elastie wave velocities and dynamie elastie constants were computed by the

MSR system on aetual structural clements such as a column and a wall. It was shawn

that the MSR system is capable of eva1uating these structures' seuing time as weB as

the cylindricaJ samples made from the same mix.
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9. A poorly cast concrete black was monitored by the MSR system for the body

wave velocities in a chessboard survey fashion. The global state of the black was rep­

resented by contouring dynamic elastic moduli which was shawn to he an easy inter­

pretation method for controlling the quality ofthe concrete black and posstblyconcrete

structures•
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--------------CHAPTER9

APPLICATION OF THE MSR SYStEM ON SIIAFI' AND TUNNEL
CONCRETELININGS

9.1 INTRODUCTION

Assessment of the condition of concrete linîngs in underpound excavations is

difficultsince most ofthe deterioration processes taIœ place in the rock-5Ïde orblind-side

(Le. in the rocklconcrete 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 tbis chapter demonstrate tbat the MSR system CID be

used for integrity te5tÎDg of mine shaft and tunnel linings. In the first sectiOD, results

obtained from experimental studies on two concrete shaft liningsare presented. Various

sections of shaft linings at düferent elevations were investipted and tbeir elastic

properties at each point are calculated. In the second section, thickness oftonnel lining

wu calcu1ated. For bath cases, the effect of surrounding rocks on the signais were

studied.

The MSR outputs were compared with results obtained byindependent Iaboratory

te5tÎDg of core samples extraeted from the structures.

9.1 THEMSR SYSTEM

The field MSR system used in the projects tbroughout this cbapter, includes a

series of spherical tip, spring loaded impact devices (ranging between O.S mm and 2S.4
mm in diameter), one broad band vertical displaœment transduccr and the associatcd
amplifier, one broad band tangentïal displaœment transducer and the associatcd
amplifier, a data acquisition AID board, and a portable computer. A sampling frequency

of100 kHz wu uscd throughout the experimcnts, and a total sipallengtb of2048 points

wu used for the calculations. The analysis software program wu developed on tbe

GAUSS matbematical and statistical system using the time series analysis package to

identify and measure P- and S-wave frequcncies and velocities. In the frequency
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speetrums, the values below 1000 Hz were c1ipped (using a high pass filter), since they

were related to the frequency of the R-wave, the eleetrical and mechanical VIbrations

of the structure and the resonance frequency of the transducers.

9.3 APPUCATION OF THE MSR ON TUNNEL SIIAFI' LINING

The main objective ofthis projeetwas to study the capabilityofMSRfor evaluating

the quality of underground cancrete 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 Ine.) as of January 1995 (after

completion of these tests) the CCP Mine was bought by the International Minerais "

Chemicals Corp. (IMC)] and shaft No. 2 at the Allan Division of PCS (Potash Corpo­

ration ofSaskatchewan Ine.) inSaskatchewan 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 IWO

Mines and the geological stratification of the potash ore.

The vertical accessibility ta the testing stations were provided by the personnel

carrier cages. Bath sites were production shafts, causing unique lime constraints for

MSR testing. The extemal ring of shaft No. 2 at the Allen mine is covered by various

types of rocks, mainly ofa sedimentary nature. The inner concrete surface was smooth

invarious sections and there was no evidence ofspalling(Plate 9-1). Byvisual inspection,

the concrete linings in both shafts appeared ta he in goad condition. The thiekness of

the linings for both shafts were lmown from the avai1able plans. In the case of AIlan's

shaft No. 2 drilling was condueted ta confirm the lining thickness at various levels.

9.3.1 CCP Mine

Shaft No. 2 of CCP Mine is a production shaft that extends down ta 1090 m. The

shaft was construeted in 1965. The concrete used for the lining was sulfate-resistant

having a compressive strength of 34.47 MPa (AMe, 1965). The maximum size of the

aggregate was 0.2 ta 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, positîoned 5.1 cm from the inner

surface and 5.1 cm from the outer ring (AMe, 1965) (Figure 9-2). The concrete bas a
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bulk density of 2700 kgIm3 (AMC, 1965). The top 30.5 m of the concrete lining is

surrounded by overburden consisting of glacial till. The MSR tests al CCP Mine were
condueted in the top 9.1 m of the concrete shaft lining. In this exercise, the thickness

of the sbaft lining wu taken from plans provided by the shaft personnel.

9.3.1.1 ExperimeDtaI Setup

The equipment wu placed on the top of the personnel career cage (plate 9-2).

The tests were condueted from the top ofthe cage. In this case bath the semi·spherical

tipped hammer and the mechanical impact devices weœ used to generare the initial

stress pulse. The contact-lime generated by the mechanical impact device wu ranging

between 40 ta 7S ~ s (Figure 9-3b). The contact-lime generated by the semi-spherical

tipped hammer wu ranging between 300 ta 340~s(Figure9-3a). The MSR readings

were taIœn from two different locations on the accessible side of the concrete lining.

The vertical displaœment transclucer wu placcd S ta 10 cm from the impact device for

ail the tests performed (plate 9-3). To collect the œflected S-waves, the tangential

displacement transducer was placed al a distance equal or balf of the thickness of the

lining (plate 9-4). The anaIysis wu done in frequency domain, taking the thickness

values from the shaft plan. Two sets ofequations weœ used, equations 6-4 and 6-9 were

applied for evaluation ofelastic wave velocities and equation 4-26wuused for detcction

of steel reinforcement bars witbin the concrete.
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Plate 9-1 Concrete shaft lining.

Plate 9-2 Personnel cmier cage.
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Plate 9-3 Measurement ofP-wave, using vertical displacement transdu~ al CCP Mine.

Plate 9-4 Measurement of5-wave, using tlDsentiai displacement transducer; at CCP Mine.
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'.3.1.2ResuIIs and Dise"ssioD

Figures 9-4 and 9-' show samples of collected waveforms by the vertical and

tangential displacement waveforms and their calculated frequency specba from the
concrete shaft lining at the CCP Mine. The P- and S-wave velocities were calculatcd

using the distinct peak value from frequency spectta determined using the time-domain

signais collected by the vertical and tangential displacement transducers, respectively.

The spectta were produced by transformation of time-domain signais 10 frequency

domain, using FFI' technique. The thickness frequency iscIearly distinguishable in the

frequency spectrum. The thickness frequency is reIated 10 the resonance of P- and

S-wave signals between the two surfaces ofconcrete lining (Figures 94b and 9-Sb). The

frequency ofthe compressive wavesignal for the O.'OSm thickness ofthe concrete lining

wu found 10 be 4345.0Bz. The frequency of the shear wave signal for the O.'OS m

thickness of the concrete lining was found to be 2490.0 Hz. In this case, the stress

cbaracteristics of retlected signals change at both interfaces. This means the concrete

lining bas a higher acoustic impedance than glacial tille When the waves reacb the

concreteltill boundary bath p- and S-waves change sign, i.e. in the case of the P-wave

the incident compression wave changes 10 tension wave and for the S-wave, the incident

transverse-right (or left) changes polarity. For both waVe5, the changed waveforms

reach the transducers, where retlection again accon. The P-waVe5 retlect back as

compression wave and the S-wave retlects as transverse-right. The signs change 10 the

same fomt 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 mis and

3535 mis, respectively. Having the density (provided from the Associated Mining

Construction Limited: the contraeton for constructing the shaft) of the concrete and

the P- and S-wave velocities, dynamic e1astic properties of concrete lining could be

calculated using the equations in Table 3-2. The dynamic e1astic properties obtained

by the MSR system at the CCP Mine are listed in Table 9-1 .
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Table 9-1 The mass density and dynamic elastic properiies of CCP Mine's concrete
sbaft lining calculated using MSR values•• Mus density

P-wave velocity

S-wave velocity

Young's modulus

Poisson'5 ratio

Shear modulus

Bult modulus

2700 kglm3

4415 mis

3535 mis

44.00Pa

0.15
17.40Pa

29.30Pa

•

Other frequency values in the tangential and vertical dîsplaœment spectra are

related 10 either presence ofreinforcement bars or tlaws and delaminations within the

concrete lining (Figures 9-4b and 9-Sb). To deteet the position ofanyabject, the resulting

spectra from the vertical displacement transduœr wu used. On the frequency spectrum

obtained by the vertical displacement transducer, two other signific:ant values exist

(Figure 9-4b). Assuming that the frequency values are reIated tG the reflections from

the reinforcement bars, equation 4-26 wu 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 ofthe two sets ofinner and outer reinforcement bars were
identified at 0.43m and 0.15m respectively. The position ofthe reinforcement bars for

the outer mesh wu documented to be at 0.46 m and the inner mesh to be al 0.05 m.

Tberefore, the other frequency amplitudes are related 10 the reinforcement bars and

no voids or delaminations were deteeted.

9.3.2 Allan Mille

The MSR in the Allan Mine wu used 10 evaluate the in situ dynamic eJastic

properties ofthe shaft lining at three stations. Sbaft No. 2 ofAllan Mine isa production

shaft and extends down to 975.4 m, and is4.9m in dîameter. The shaft wu construeted

in the 19605. The concrete design specification for the Allan's shaft lining wu
sulfate--resistant with 34.47 MPa compressive strength and a density of 2590 kglm3

(AMe, 1965).
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Figure 9-6 illustrates a schematic diapam of Allan Mine's shaft No.2. The shaft

lining wu tested in tbree locations at 640.0 m, 823.0 m, and 914.4 m of the shaft witb

variable concrete thicknesses: 0.58 m, 0.S8m, and 0.S7-Q.61m. The information about

the position and thickness of the reinforcement bars were Dot available. The sbaft is
extended down ta the depth of 975.4 m located in Prairie Evaporite Formation.

Immediately overlaying the Prairie Evaporite formation is carbonates, shale and glacial

tille The lining at the tint two test sites al 640.0 m and 823.0 m wu surrounded by

limestone and the tbird site al 914.4m was surrounded by halite. The P wave velocities

ofthese rocks were calculated in the Iaboratary by the UPV technique and ue listed in

Table 9-6.

9.3.2.1 Experimental Setup

The equipment wu placed on the top of the personnel eareer caae (plate 9-S).

The tests were conducted from the top of the cage. The semi-spherical tipped hammer

with 2.S4cm diameter wu used in aIl three locations ta generate the initial stress pulses.

The contact-tirnes ofimpacts were calculated between 28010 3S0J,ls. The MSR readings

were taken from two different locations on the accessible side of the concrete URing at

each station. For the deteetion of the P-wave displaœments, the vertical displacernent

transducer wu placed S 10 la cm away !rom the impact source (plate 9-6). To detect

the S-wave vibrations, the tangential displacement transducer wu placed at a distance

equal to the thiclmess of the lining (plate 9-7). The signais were captured and stored

in the portable computer for later analysis.

9.3.2.2 Results and Discussion

Figures 9-7 ta 9-12 show examples of displaccment waveforms and frequency

spectra collected by the vertical and tangential displaœment transduccrs 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 al cach station using FFr technique.

The available thiclmess values from drilling were used in the calculations. Bascd on the

distinct frequency values in each spectra, the P- and S-wave velocities were determined

for the tbree stations and are listed in Table 9-2. Equation 6-4 and 6-9 weœ uscd to
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calculate P- and S-wave velocities. Raving the mass clensity from the extraeted 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 clensity and dynamic eIastic properties of Allan Mine's concœte
shaft lining calculated using MSR values al tbree stations.

Cp Concrete Poisson's Density Young's Sbear Bult
Cs lbickness Ratio (kgIm3) Modulus Modulus Modulus

(mis) (m) (OPa) (OPa) (OPa)

Station al 4418 0.58 0.22 2S9S 44.4 18.4 26.4

640.0 m 2662

Station al 4248 0.58 0.31 2S9S 33.8 12.7 29.6

823.0 m 2209

Station at 4050 0.61 0.19 2S6S 38.3 16.0 20.6
914.4 2502

If the concrete and rock have similar acoustic impedance (velocities and density),

Z, little energy reflects back from the interface, provided there isa goad contact between

the rock and concrete (Z2= Z1). When the rock bas a higher acoustic impedance than
concrete (22) 21), most of the energy enten the rock and little energy reflects back

from the rocklconcrete interface. In this case, the P- and S-wave signais do not change

their polarity, i.e.in the case ofP-wave, compression remains compression at the air-sicle

(transducer side). The retlected signal, in this case, bas the same characteristics as the

signal reflected from concretelsteel interface. In areas where concrete bas a higher

acoustic impedance than rock (Z2 < 21), or the concrete and rock do nol have a goad

contact (bonding) most of the energy willbe retlected from the interface. In this case,

both P- and S-waves change silOS at the air-side, i.e. for P-wave changes from

compression to tension at the transducer sicle. The acoustic impedanc:e (Z2> of the

rocks in contact witb the concrete lining for the tbree testing stations 'Nere calculated

and are listed in Table 9-3.

9-14



•

Ijm:stoœ

6otO.o.

-I=t==*=~--f 123.0.

Note: The drawing is not iota scale.

•

SbaftNo. 2 Cross Scâiœ

Fipre 9-6 Scbematic diagram orpcs Allan Mine sbIft depieting the MSR. testing
locations.

9-15



•

250020001000 1500
'n.e(I)a.1 ..

500

T.....no-·jn W.mo.... RapoaIe .IVerticaI Dilplaee-t Trusducer

0.8

0.4

JO~""'''''''~~~~~~rwI-»e.~'''~~~r'P~~,.-. --t

1(0.2)

(0.4)

(0.6) '------""-----"'------""----_......--_.......o

(a)

2.5

2

i'.5

t
t 1

0.5

0
2000 lOGO

Pa 4 'c.Ba)
1000 ooסס1

(b)

Fipre 9-7 &ample ofa a) time domain and it's b) ftequency spectrum by vertical
displacement transducer in Allan Mine al 640.0 m station.



• n.......Wavefona Ra.... oIT....tIaI D..pl.....t t'nIIId..r
1.5 ,..------------------------.

€ 0.5

t~
(1)

<1.5) 0
500 1000 1SOO

n..(.)....

(a)

2000 2500

frequeacy Spectrua of the Tupa"" Dilp.......t 1'nIIIducer
100r--------------------------,

eo

i 60

t.
.1 40

20

2000 4000 6000
F...~(IIa)

(b)

10000

•

Fipre 9-1 Example ofa a) lime domain and its b) &equency spectrum by tangential
displacement transducerin Allan Mine at 640.0 m station.

9-17



• 'l'IIIIe-......Wavefora .......atVerdcal D.....c.....TraId..r
1.5 ,..------------------------.,

r:I----'-I+-=HHb-ffI~IPtA~~PMI",.,IW'~~~~~.-.IIIlIo-----__t
!

(0.5)

(1)

(1.5) '--- ---io ......... ........ ---'

o 500 1000 t 500 2000 2500
11IIe(.)....

(a)

fnqueacy Speca.,... 01..Vertical D..p......' Tnaaducer
5~------------------------,

4

2.000 4.000 I.a
r......,(III)

(b)

1.000 10.000

Fipre 9-9 Example ofa a) time domain and it's b) fiequency spectnJm by vertical
displacement transducer in Allan Mine al 823.0 m station.

• 9-18



•
1üDe-Dlnain wawrona lIeIpoaa ~TanIe'di"Di.....' ...Tl'llllduœr

1,...-----------------------,

250020001000 1500
11IIIe (1) • le -S

(a)

500

0.5

1 0 1--....1-+-..p.e~'r':Ir~~~~....._...........- ...........--___t

"i
~

(0.5)

Frequeacy Spectrual of the TUleatiaI Displacellltllt T......ducer
2.5r----------------------~

2

0.5

oL.--.....J-. .....::..:.:.=--__J.....:::::c:::::::::::=:::a...c=~~_ __l

2000 4000 6000
Fa; ., (lia)

8000 10000

(b)

Fipre 9-10 &ample ofa a) time domain ad its b) fi'equency spectnuD by taIlgential
displacement transducer in Allan Mine al 823.0 m station.

• 9-19



• ..............Wa"'__ ....... .rVerdalDII... K ••' 1'nIIId.er
lr------------------------~

(0.5)

(1)~ __" .....r... ........ ....... ___'

o !GO 1000 1_
'n..(.) ....

(a)

2r-------------------------,
F....-cy Spectnm"" Vertal D.......e.ITnIIId.er

3320.2

10.0001.0002.000
o~_.....r...--_-.....r... ...:::10.__:::;;; ..z....&........l~__--'

0.5

1.5

i
1.1
~

(b)

Figure 9-11 Example ofa a) lime domain and it's b) ftequency spedrUDl by vertical
displacement traIlSducer in Allan Mine Il 914.4 m station.

• 9-20



•
o.•

(O••)

o

1.6

1.4

1.2

i
1

1.0.8

1 0.6

0.4

0.2

0
2000

500 1000 1500
'n.e(.)....

(a)

eooo
"....-,.(111)

(b)

2000

1000 10000

•

Fipre 9-12 Example ofa a) time domain and it's b) ftequency spectrum by taIlgential
displacement uansducer in Allan Mine al 914.4 m station.

9-21



•

•

Table 1-3 The values of density, P-wave velocity and aœustic impedance for sur­
roundings rocks al ADan Mine for the tbree statiœ'5 and the concrete acoustic
impedanœ.

Depth Litbology Density Cp Rock Concœtc
inm (kg/m3) (mis) Acoustic Acoustic

Impedance Impedance

(Z2> (ZI)

(kgIm2.s) (kgIm2 .s)

640.0 Limestone 2370 38S(). 9.1x 106 12.9x 106

823.0 Limestone 2920 47S0 13..9x 106 12..0x 106

914.4 Halite 2110 4200 1.lx 106 11..Sx 106

The values of acoustic impedance for the concœœ are bigher tbaD tbose of the
surrounding rock al the 640.0 m and 914.4 m stations. For the testing station al 823.0

m the acoustic impedance ofthe rock is slighdybigber tban concrete. However, studying

the frequency spectrUmS from the 823.0 m station indicares a strong signal reflection.

The frequency values for bath p.. and S-waves can be used with the thickness and
equatiODs 6-4 and 6-9 to calculate velocity values.. Knowing al tbis station me rock bas

higber acoustic impedanœ tban concrete (sec Table 9-3), it can be assumed tbat the

concrete and rock in this area are not weil bonded.. As for the frequency spectrums

obtained from the other two stations, the signais bave been retlected from a boundary

with lower acoustic impedanœ than of concrete (Z2<Zl) (see Table 9-3). In all tbree

cases equations 6-4 and 6-9 were used to calculate the elastic wave velocities.

Core samples ofapproximatdy 3 .. 18cm in diameœr were extraeted ûom the lining

from the same levels the MSR tests were conducted. The cores were tesœd al the Core

Laboratories in Calgary for acoustic velocitics (P- and S-waves), densities, porosity,

permeability, and dynamic elastic constants.. Two samples wcre taIœn from each 1evel,

one from the aïr-sicle of the concrete and one near the rock-sicle.. 5amples 21-IA, lB

were extraeted from 640.0 m, 26-2A, lB from S23..0m, and 3O-2A,2B from 914.4m.

The system used by the Core Laboratory to measure eIastic waves is an UPV deviœ

baving automatic pore pressure and confining pressure contmller•
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The acoustic velocities are measured al the specifie pressures (12.5, 16.5,and 19.5

MPa for samples extraeted from 640.0 m, 823.0 M, and 914.4 m respectively and 0.5

MHz (500 kHz) fœquency. Porosity, permeability, and grain density were measured al

the same specific pressures. The porosity ranles from 6.8S tG 10.6S in the cores,

permeability ranges from 0.016 to 0.075 mD, wbile density only varies slilbdybetwecn

2560 and 2600 kglm3• l'bese data are listed in Table 9-4. The P-wave velocity in the

cores range from 4496 mis tG 4641 mis, while the S-wave velocity ranges from 2688 mis

to 2745 mis. The Cp/Cs ratio, Poisson's ratio, bulk modulus, and sbear modulus are

caleulated from the velocity and density data and are 1isted in the Table 9-4.

Table9-4 The values obtained by the UPV teelmique from the concrete core samples.

Velocities and Mechanical Properties of PCS Concrete Cores

(Temperature = 2S oC)

Sample Overburden Porosity Permeability Density Cp Cs

No. Pressure (") (mD) (kgIm3) (mis) (mis)

(MPa)

21-1A 12.5 7.67 0.016 2600 4817 2809

21-1B 12.5 9.24 O.07S 1590 4425 2680

26-1B 16.5 8.24 0.048 2600 4428 2589

26-2A 16.5 6.80 0.032 2590 4853 2787

30-2A 19.5 8.07 0.017 2570 4609 2807

30-2B 19.5 10.62 0.024 2560 4383 2658

Sample Cp/Cs Poisson's Young's Sbear Bulk

No. Ratio Ratio Modulus Modulus Modulus

(GPa) (GPa) (GPa)

21-1A 1.715 0.24 51.2 18.9 30.5

21-1B 1.651 0.21 45.0 16.9 23.5

26-1B 1.710 0.24 43.3 16.0 25.5

26-2A 1.741 0.25 SO.8 18.8 31.9

3O-2A 1.642 0.21 48.5 18.7 15.4

30-2B 1.649 0.21 43.7 16.2 22.4
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For comparison putpOSCS, the results obtained by the MSR system and the

laboratory UPV technique are listed in Table 9-S. Il cu be seen that the MSR results

follow the trend of UPV values but tbat tbey are consist.mtly lower except for the

Poisson's ratio and bulk modulus values for the station al 823.0meters. Results obtained

by MSR show tbat P-wave velocities obtained from the Jaboratory measurement are
higber by 4.4~ al the first station, 8.S" al the second station, lDcl 10.0~ higber al the

third station. For S-waves the UPV values are bigber by 3.2" at the first station, 17.6"

al the second station, and 8.9" al third station. One œason for tbis could be mat the

MSR impact device generates bigber strain rates in the concrete tban the UPV bigh

frequency pulse generator, which results in lower velocities and consequently lower

elastic values. Bath P- and S-wave velocities obtained in the laboratory and field drop

progressively witb increasiDg deptb. However, the MSR radings are more consistent.

The calculated dynamic elastic constants obtained by the MSR are generally lower tban

the values obtained by the UPV technique. Sîmilar ta the wave velocities, eIastic

constants dec:rease as the depth increases.

In the frequency spectrums obtained by the two transducers, otber 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 ban in the

concrete sbaft lining at the Allan Mine wu Dot available, the determination ofposition

ofthese reinforcement bars ancllater comparison wim the aetual values wu Dot possible.
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Plate 9-6 Measuœment of P-wav~UsiDg vertical displacement~ Il

Allan Mine.

9-25



•

•

Plate 9-7 Measurement of S-wavc, uSÎng tangential displacement transducef, al Allan
Mine.

Plate 9-1 The S.T.C.UM. undersmund tunnel system with concrete 1iDing.
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Table 9-5 A comparison between the values obtained by the MSR and Iaboratory
measuœments.

Depth Concrete Desktop Laboratory MSRField

m Corïng Study Measurements Measurements

Observed Planed Measured Measured Measured Measured

Thickness Thickness Cp Cs Cp Cs

(m) (m) (mis) (mis) (mis) (mis)

0.58 0.61 4620 2750 4418 2662
-

640.0

0.58 0.61 4640 2680 4248 2209

823.0 0.55 0.74

0.61 0.56 4500 2125 4050 1502
914.4 0.57 0.69

0.57

Laboratory M5RField

Measurements Measurements

Deptb u E G K u E C K

m (OPa) (OPa) (OPa) (OPa) (OPa) (OPa)

640.0 0.23 48.1 17.9 27.0 0.22 44.4 18.4 26.4

823.0 0.15 47.0 17.4 28.7 0.31 33.8 12.7 29.6

914.4 0.21 46.1 17.5 23.9 0.19 38.3 16.0 20.6

'.4 APPLICAnONOF TBEMSR ON TBECONCRETE TUNNEL LlNlNGS

In this section, the MSR system wu used to examine the thiclmess 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 wu constructed in 1965 (sec

Figure 9-13). Sînce the construction of the subway system, due to the circulation of

saline water, the outer section of the conc:rete lining bas undergone extensive deteri~
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ration. Figure 9-14 shows ascbematic diapam of the concrete üning and deterioration

of the lining'souter ring. The deteriorated tunnel section islocated about 3O.0meters

below the surface (plate 9-8). The reduction of the concrete tbickness at the rock-sicle
is not uniforme Most of the damage bas been done at the rock/soil interfaœ with the

lining. Nevertbeless, the concrete's deteriorabon bas a great influence on the integrity

ofthe tunnel lining system. As a solution, the tbiclmess of the lining bas to be identified

and the damaged areas sbould be repaired and reinforœd. However, to prevent
extensive damage a continuous monitoring of the tunnel lining would be beneficial.

In order to estimate the lining's tbiclmess, the average P-wave velocities in the

concrete should be known. In this case, the vertical displacement transducer wu used.

An average P-wave velocity of 4330 =*: 42 mis for the concrete wu calculated from the

areas where the thickness is known. KnoWÎng the velocity of the P-wave in the lining,

and the frequency of the resonated waves between the two surfaces of the liniDg and

using equation 6-5, the tbickness of the lininl wu calculated al each survey station. To

examine the resu1ts, the calculated thickness values wae compued with a number of

cores extraeted from the concrete lining. The concrete core samples were extraeted by

the S.T.C.U.M.tunnel maintenance personnel and inspected in the Iaboratory for the

thickness measurements, flaw deteetions, 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 0.43 m to 0.74 m•
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Table '-' The results from laboratory evaluation of CODcrete core samples from the
tunnel liDing.

Sample Concrete Concrete Presence of Flaw Separation

No. Thickness Segregation Flawsin Depth of

(cm) Concrete (m) Rock/Concrete

Interface

Yes No Yes No Yes No

N-1 68.6 X X X

N-2 SO.8 X X X

N-3 72.4 X X X

L-3 63.S X X 0.27, 0.39 X

J-32 43.2 X X 0.31 X

0-35 53.3 X X 0.28, 0.48 X

0-12 71.1 X X 0.27, 0.43 X

F-33 55.9 X X 0.18, 0.31 X

E-21 58.4 X X 0.31, 0.47 X

C-12 73.7 X X 0.31, 0.52 X

9.4.1 ExperimeDtal Setup

Access ta the site was provided between 2 and Sa.m., while the subway was not

functioning. The testing site was balfway between Laurier and Mont-Royal stations on

Line No. 2 (plate 9-9 also see Figure 9-13). The concrete mix wu cured for a 28 days

35.0MPa strength. According ta the original drawings, besides in the roof tbere is no

indication of reinforcement bars in the structure (see Figure 9-14). This ara of the

lining wu subjected to extensive damage caused bygroundwater infiltration al the triple

contact between the surrounding rock, overburden, and the conc:rete (plate 9-10).

Trenton limestone is the rock type sunoundiDg the tunnel lining and the overburden is
a mixture ofpost-glaicial sands and clays (Clark, 1952)•
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A hydraulic lift WU used to provide easy access to the roof and the sicles of the

tunnel (plate 9-11). There wu evidence of spaIling and the surface wu rough.

For the tbickncss measurements oo1y the vertical displacement transducer wu
used. The 3.0 mm impact device wu used to introduce the transient stress signais into

the lining. The contaet-time ofimpacts were between 4S to 7S IJ. s. The distance between

the impact device and the receiver wu kept less than 0.2times the assumed thickness

of the structure (S to 10 cm) ail the tîme. The coUected waveforms captured by the

vertical displaœment transducer were stored in a portable computer. The frequency
spectra were generated by using the FfT technique.

The thiclmess of the concrete tunnel lining wu evaluated al 20 testing stations.

Each station was 0.3 mapart, and in total an area of2.50m2 on the upper eut sicle of

the tunnel was surveyed by the MSR system. Four parallel lines, Line A, B, C, and D

were surveyed. On each Une 4 ta 6 stations were examinai.

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.

Medium Dry Cp Rock Concrete

Density (mIs) Acoustic Acoustic

(kg/m3) Impedance Impedance

(Z2> (Zl)

(kgIm2.s> (kglm2.s)

Limestone 2690 2400 6.4X 106 10.0< 106

Sand" Clay 1601 800 1.~106 10.0< 106

9.4.2 Results and Discussion

80th sunounding materials (limestone, sand and clay) have lower acoustic

impedance than the concrete. Therefore, the retlected signals from the concretelrock

and concretelsoü interfaces are strong and clear. In the frequency spectra, the single

clear high peak corresponds to multiple retlections of '-wave signals from the con­

crete/rock or concretelsoil ïnterfaœ. Figures 9-15 and 9-16 illustrate the frequency
spectra collected from the tunnel lining. A c:onstant 4000 Hz narmw width signal in the

spectra is related to the AC electrical current in the tunnel and is ipored in the cal-
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culations. Using the averaae P-wave velocity of433O:*: 42 mis (density 2310 kglm3), the

distinct peak frequency from each spectra, and equation 6-5,tbicknesses 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 sugest a tbickness variation between 0.45 to 0.67 m.

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 wae not

extraetcd at the same place wheœ the MSR tests 'Nere conducted. The MSR results
indieate tbat the conerete lining bas an irreguIar outer shape al the contact witb the

surrounding rock. On the frequency spectra a number of distinct frequency peaks

suggest the poSSlbility of presence ofvoids and fractures in concrete (see Figure 9-1S,

Line A-l, 2,and 3; Une B4 and 5;and Figure 9-16,Line C-l and 4; and Une 04) whicb

can be confirmed by the cored samples. Tbese points were identified from their high
frequency distinct peaks in the frequency spectra, which is indicative ofpotential flaws.
However, the exact positiOll of the f1aws cao not be confirmed since the coting wu Dot
conducted at exact positions where the MSR tests were condueted. The results from

this study sugests tbat the MSR system is capable of cletermining concrete thickness
of the underground lining structures with considerable accuracy.

Table N The thickness and flaw measurements caIculated by the MSR data for lines
A and B.

Station Thickness Calculated Flaw Station Tbickness Calculated Flaw

No. Frequency Thickness Deptb No. Frequency Thickness Depth

(Hz) (m) (m) (Hz) (m) (m)

A-l 4053 0.S3 0.31 8-1 4346 O.SO -
A-2 3809 0.57 0.40 8-2 4053 0.S3 -
A-3 4102 0.53 0.30 B-3 4199 0.52 -
A-4 3809 0.S7 - B-4 4004 0.S4 0.33

A-S 3223 0.67 - B-S 4S41 0.48 0.28
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Fi...9-13 Monual Mecro and position ofthe Moat-RoyallDd 5berbroolœ stations.
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Limestone, sand and clay

Concrete Lining

Fipre 9-14 Schematic diagram ofMontreal Metro conaete tunnellining.
Note: The drawing is not inta scale.
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Plate 9-9 The survey zone: half way between ~Iont-Royal and Sherbrooke stations..

Plate 9·10 Extensive deterioration of the concrete tunnellining.
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Plate 9-11 The ~[SR testing of the concrete tunnellining.
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Table"9 The tbiclmess and tlaw measurements calculated by the MSR data for liDes
CandD.

Station Thickness Calculated Flaw Station Thickness Calculated FJaw

No. Frequency Thiclmess Depth No. Frequcncy Thiclmess Depth
(Hz) (m) (m) (Hz) (m) (m)

C-1 4541 0.48 0.28 D-l 4785 0~4S -
C-2 4297 0.50 - D-2 4590 0.47 .
C-3 3711 0.58 - P.3 3906 0.55 -
C-4 3662 0.59 0.33 D-4 4443 0.49 0.33,

C-5 3662 0.59 - . - - 0.22

C.t» 3711 0.58 - . - - -

9.5 SUMMARY AND CONCLUSIONS

A series oftests wu condueted by the MSR system on the production shafts at the

CCP and Allan Mines of Saskatchewan and cencrete tunnel lining at Montreal's

underground subway. The following conclusions are drawn from the field experimen­

tations in this chaptcr:

1. For shaft linings, cencrcte thickness was Dawn. Using the thickness values,

the dynamicelastic properties oftheconcrete liningswcre evaluatedatvarious 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 ta lack of information, the location

ofthe rebars or possible defeets could not he determined. However, the dynamic elastic

properties of concrele lining wu evaluated. The in-situ results obtained by the MSR

system were compared ta the laboratory values calculated br the UPV technique on

the extraeted core samples al different levels. The trend of the results are $ÛDiJar,

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 he 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 cao belp detect the beginning and growtb of

a problem in a structure, and bence repairing cao he done prior to expansion of the

problems leading to a structural damage.

2. For the tunnellining, the average P-wavevelocityofthe concretewu calculated

in the areaswitb known thickness. The MSR resultswere analyzed te identifysignificant

refleeted P-wave peaks. Using the P-wave velocityand distinct peak from the frequency

speetra, the cenaete tbiclmess was calcu1ated at various positions. On the frequency

spee:tra a number of f1aws were identified. 80th thickness and Oaw measurements by

the MSR system are witbin the acceptable range whicb were cenfirmed by the testing

of extraeted cores. The results in tbis field study sbowed the ability of the MSR system
to evaluate cencrete lining tbickness and integrity. As for the cenacte shalt lining, a

continuous and periodical monitoring of the lining cao foresee the deterioratioDS and

belp prevent structural damages.

3. The MSR equipment assembly is well suited for the underground testing envi­

ronment. The method of analysis is accurate and rapide 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 (wo projeets were encouraging and confirmed

that the system can he used as an in situ nondestructive testing technique in order to

evaluate the thickness, elastic properties and integrity of the cencrete linings in an

underground environment.
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--------------CHAPTER10

APPUCATION OF THE MSR SYSTEM FOR EVALUATING

MECHANICAL PROPERTIES OF ROCKS

10.1 INTRODUcnON

The mechanical properties of rocks under different conditions must be taken iute

consideration in the design ofmining and geotechnical structures. Ingeneral, estimates

of the elastic constants are used ta determine the load-bearïng capacity ofdesired rock

types. The purpose of this study is te investigate the capability of the MSR system te

evaluate the elastic properties ofrocks. Here the MSR system is used 10 determine the

elastic constants of igneous rock blacks and cores. In arder te confirm the MSR results

and for comparison purposes, standard laboratory statie and dynamic tests were con­

dueted. In the case of dynamic methods, RF and UPV instruments were used In
addition, the cored rock samples were he loaded to fallure in stepwise intervals. At each

step, the samples loaded up to a percentage ofthe maximumsttengtb and thenunloaded

ta zero. At zero load the samples were tested by the MSR system to evaluate tbeir

elastic properties. For comparison purposes, the samples were also tested by the UPV
instruments. The main objective of tbese tests was ta study the sensitMty and appli­

cability of the MSR system in relation ta mechanical changes in the rocks. Finally, the

MSR system wu used in a field study to measure the thiclmess of separations on the

back of a potash opening in an underground mine in Saskatchewan. The location of

the discontinuities were confirmed by drillins.

10.2 TESTING OF ROCK SPECIMEN FOR ELASTIC PROPERTIES

The purpose of tbis research was to study the capability of the MSR system in

evaluating the elastic properties of the rocks. This laboratory study wu condueted in

(wo pans. In the first pan, five blacks ofigneous rocks were tested by the MSR system.

Ta study the effcet 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 elastie constants

calculated using standard UPV and RF mcthods. These results werc aJso compared
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with the values of statie elastie moduli and Poisson's ratio. In the second pan of the

laboratory study, cored rock specimens were cyc1ica1ly loaded and unIoaded At each

cycle, tenpercentloadwasaddeduntil the sample failed. Whenthesamplewasunloaded

the MSR and the UPV testings were condueted. The purpose of this experïment wu

to examine the capabilityoftheMSRsystemîntestingsamplesunderdynamieconditions

aswellastocompare the behavioroftheUPVandMSRsystemsunderthesamedynamic

loading/unloading conditions.

10.2.1 .hysical Properties orRock SpecimeDs

A total oflive different intrusive igneous rock types, namely a white granite, a red

granite, a chamokite, a diorite and a gabbro, were seleeted for testing (plate 10-1). The

rocks were isotropie, homogeneous and without any visible internai fractures. Dry

density and porosity were determined for ail the rock types foUDWing the procedure

outlined in the standard Iaboratory techniques recommended by the International

Society for Rock Mechanics Commission (lSRM) on ''Standardization on Laboratory

and Field Testsft (1981); the results are listed in Table 10-1.

10.2.2 Petrographie ADalysis

One sample from each rock type wu 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 Oassification) is hollocrystaline, hypidiomorpbie, medium

grained and essentiallyequigranular. The rock consists of30% plagioclase, 3S% 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 Ouebec.

Red granite (UGIS Cassification) is hoDoc:rystaline, bypidiomorphic, medium

grainedand essentiallyequigranular. The rock coDSÏSts of2S% plagioclase, 3S% quartz,

35% I{-feldspar, 3% biotite, and 2% trace minerais and opaques. The average crystal

size is between 2 to 5 mm in diameter. This red granite was originally extraeted from

the Canadian Shield in the nonhem part of the province ofOntario.
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Cbamokite (UGIS Cassification) or amphibole rich granite is hollocrystaline,

hypidiomorphic, large-medium grained and essentially inequigranular.. Chamokite is
aIso called: hyperstbene granite. The rock is made ofS% plagioclase (O.s-4mm), 3S%

K-feldspar (0..5-20 mm), 15% quartz (2-9 mm), 30% hornblende-amphibole (O..5-S mm)

and 3% biotite (0.5- 2 mm).. This chamokite is from the Parc Laurentide region of the

province of Ouebec.

Diorite (UGIS Cassification) is hoDocrystaline, hypidiomorphic, medium-fine

grained and essentiaDy equigranular. The rock is made of76% plagioclase, 8% quartz,

6% K-feldspar, S% pyroxene, 3% amphibole, and 2% trace minerais and opaques.. The

average crystal size is between 2 ta 7 mm in diameter. This diorite came from the south

western region of the province of Ontario.

Gabbro (USGS Cassification) is hoDocrystaline, hypidiomorphic, mediUJD-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 (O.S-l mm), and 2% trace minerais

and opaques.. This gabbro is from the Ste. Xenon region of the province of Quebec..

Table 11-1 The physica1 charaeteristics of the rock specimens..

Rock Type Bulk Density Dimensions Maximum Porosity

(Kg/m3) IXwXh Crystal Sîze (%)
(m) (cm)

White granite 2660 0..61xO.31xO.31 1.5 1..4

Red granite 2610 0..62><0.32><0.32 1.2 0..9
Chamokite 2700 0.62><0.32><0..21 4..4 2.1
Diorite 2930 0.62><0.32><0.30 0.5 0.5
Gabbro 2700 0.61xO.31xO.21 0..9 0.7
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10.2.3 Obsenatioa ofDyumie ad Stade Elastic ModuD

10.2.3.1 The MSR System

The MSR tests were conducted bath on the large block samples and cored spec­

imen. The black dimensions are given in Table 10-1. Figure 10-1 shows scbematic

drawing of the MSR experimental setup 00 the rock blacks. The spberical tip spring

loaded impact device baving a diameter of 3.0 mm was used as the impact device. The

impacts were respoDSlble for generatïng a contact-tïme between 40 ta 4S J.I. S, which

results in generating input frequencies between 18ta 2S kHz. The vertical displacement

ttansducer was placed at a distance of s.o cm from the impact device for ail the tests

performed. Ta coUea the reflected S-wavesattheirmaximum amplitude, the tangential

displacement ttansducer was placed at a distance equal ta the tbickness of the blacks.

The AID card was used for acquisition of the waveforms. Subsequently, the recorded

waveforms were coUected in a personal computer for further analysis. A sampling

frequency of 100 kHz was used througbout the experîment and the total signallength

retained for analysis was 2048 points, having 10 J.I. s intervals. This value corresponds ta

a resolution of 0.0488 kHz in the frequency speetra. A high pass IDter was used ta

remove the 1.0kHz resonance frequency ofthe transducers and the effectofthe R-wave

signais.

The frequency content of the collected waveforms was determined by the FFI'
technique. The frequency speetra contain peaks at various frequency values. In the

speetra for the waveforms colleeted with the vertical displacement transducer, the

dominant frequency peak corresponds ta the P-wave resonance between the top and

the bottom of the blacks. 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 0.1 to 0.3 show examples of the captured

waveforms and the correspooding frequency speetra on the rack blacks. Equations 6-4

and 6-9were used to calculate the P- and S-wave velocities. The equations in Table 3-2

were used with the calculatedwave velocities ta determine the dyDamic elastic constants

ofeach rack black. Table 10-2 shows the values ofbodywave velocities, elastic moduli

and Poisson's ratio of the rack blacks. The values of the P-wave velocities of the live

different rack blacks for the comparison purposes witb the cored samples and UPV

values are listed in Table 10-4.
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Table 10-2 The dynamic modulus of elasticity and Poisson's ratio data derived by the

MSR technique on the black size samples.

Rock Type P-wave S-wave Dynamic Poisson's Ratio

Velocity Velocity Young's Modulus

of Elasticity

MSR
(GPa)

White granite 4481=*86 2565*98 43.~1.3 0.26*0.01

Red granite 5281=*74 3138s41 62.8*2.5 O.23s0.01

Chamokite 4881=*22 3134=*49 61.&1.8 0.15=*0.02
Diorite 4863::t64 3056t38 64.4=*2.8 0.17=*0.03
Gabbro 5500z12 3330zS4 66.9:A:O.5 0.21=*0.02

Three 9.6 cm diameter samples from eacb rock type were cored. The vertical and

tangential displacement transducers were used ta coneel P- and S-wave parameten.

Figure 10-2 shows the schematic drawing ofthe MSR test setup on the rock cores. Bath

the ttansducers 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

refleetions from back of the cores detected by the vertical and tangential displacement

transducers, respectively. In Appendix D, Figures D-4, 0.7, 0.11, 0-15, and 0-20, at

the top show the captured waveforms and the calculated frequency speetra for the rock

cores were there was zero applied load. Knowing the thickness of the cored samples,

equations 6-4 and 6-9were used to calculate the bodywave velocities from the resulting

maximum amplitude peaks at the frequencyspeetra. The P-wave velocitiesofthe cored

samples obtained by the MSR system are Iisted in Table 10-4 for the comparison pur·

poses with rock black and UPV values.
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Fipre 18-1 Schematic representation of experimental setup used to evaluate the P- and

S-wave parameters in rock cores.
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Table 11-3 The dyDamic modulus of elasticity and Poisson's ratio data derived by the
MSR technique on the core samples.

Rock Type P-wave S-wave Dynamic Poisson's Ratio

Velocity VeJocity Young's Modulus

of Elasticity

MSR

(OPa)

White granite 4026t:70 275~84 35.0*0.5 0.26t:0.01

Red granite 464S:t:66 2741*32 48.3*1.1 0.2"*0.01
Chamokite 41SSt5 2551*51 42.0*2.0 O.19z0.02
Diorite 539St42 3183*52 63.1*2.6 0.23:t:0.01
Gabbro 5172*36 3166&53 64.9-1.2 0.20&0.03

10.1.3.1 The U1trasoDic Pulse Velodty (UPV) Technique

The UPV tests were carriedout bath on the blackand core specimens. Ultrasonic

P-wave veJocities were obtained by direct metbod using the Punmt system (c.N.S.

Eleetronics 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

piezoeJeetrlc transducers operating at 50.0 kHz (direct method). Petroleum jelly was

usedat the contactbetween the rockspecimens and the transducers, in arder ta establish

good acoustic coupling. The ultrasonic pulse was created at one end ofthe samples and

deteeted at the other end by a receiving transducer. The tilDe that pulse travels from

the initial point ta the destination transducerwas measuredby the instrument. Knowing

the length of the core samples, the P·wave velocities of cores and black samples were

determined. The P-wave velocities were obtained for the three samples from each rock

type and are listed in Table 10-4.
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Table 11-4 A comparison between the ultrasonic compr~onalwave velocity values
and compression wave velocity values obtained by the MSR system•

Blacks Cores

Rock type UPV MSR UPV MSR

PUNDIT system PUNDIT system

(direct methad) (m/s) (direct method) (mis)

(mis) (mis)

White granite 4112s124 4481*86 41961:82 4026*70
Red granite 48OOt:106 5281*74 4891:1:75 464St66

Chamokite 4596t5S 4881:1:22 4693:1:24 41SS:t:S
Diorite S748z87 4863*64 S783:t66 5395:*:42
Gabbro 5401*59 550&12 6207:*:48 5172*36

10.2.3.3 ne Reso_t Frequeaey (RF) Techalque

The RF tests were condueted on prismatic specimens cut and prepared with

specifie 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 SO x SO x 240 mm. The samples were struck by

a rubber tip steel rad in arder ta generate mechanical VIbrations in the prisms. The

samples were placed on a dampening rubber pad. The piezoeleetric receiver was held

incontaetwith the sample'ssurface. Thedeteetedsignaiswereamplifiedand transferred

to the ÏDStrumenL The instrument's output is related 10 the elastic and dampening

propenies of each specimen; therefore the instrument output (r-value) wu used ta

ca1culate the elastic propenies ofeach rock type. The values ofdynamic elastic moduli

ca1cu1ated by RF method are listed in Table 10-5•
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Table 18-5 ~c modulus of elasticity and Poisson's ratio using the Grindosonic
instrument (RF) technique.

Rock type Dynamic Poisson's ratio

Young's modulus

of elasticity

by

Grindosonics

(GPa)

White granite 42.2s3.4 0.2~0.04

Red granite 57.4s2.1 0.23:t0.03

Charnokite 48.2z2.9 O.25âO.04

Diorite 84.9&8.1 O.20i:0.03

Gabbro 75.6&1.6 O.~O.02

18.2.3.4 Static Testinl

The procedure recommended by the Intemational Society for Rock Mechanics

(lSRM, 1981) was used to ca1culate the modulus of elasticity and Poisson's ratios for

each specimen. Three samples were extraeted from the specimens listed in Table 10-1

for uniaxial testing. The samples were prepared to he 50.8 mm in diameter and 101.3

mm in lenith. The ends were lapped Oat and paralIel to each other and normal ta the

core axis. Strain gauges, (wo parallel and (wo perpendicuJar to the longitudinal axis of

the specimen, were installed to measure the amount of axial and diametrical straïns.

The strainvalues were used to calculate Poisson's ratio foreach sample. The installation

procedure was carried out foDowing the manufacturers recommended guideline

(Micro-Measurements Group, Ine.). For ail the specimens, type CEA-06-12UN·120

straingauges were used. The strainswere moDÎtored and recordedbya computerbascd

measuring equipment. The maximum unconfiDed compressive strenlth and Young's

modulus of elasticity were calculated by analyzing the data coDeeted by the RDP 2500
kN servo-controlled hydraulic stiff testing machine using a loading rate of 0.7 MPa/sec

(see Plate 10-2). AlI ofthe specimens wcre tested undcrstrain control, as rccommended

bythe ISRM. The stress-straïncurveswere plouedforeachsampleandused ta compute

three values for Young's modulus, the tangent modulus (E 1). secant modulus (E ..J and

the average modulus (E au). Table 1(4) shows the average values of unconfined com·
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pressive strengtbs for the live rock types. Figures 10-3 ta 10-5 show examples of

stress-straïn curves for the live rock types. Table 10-7 shows the calculated statie

modulus of elasticity and Poisson's ratio for the five rock types.

Table10.6 Thevalues ofunconfinedcompressivestreDgth
for the rock samples tested samples.

Rock type Uniaxial

compressive

strength

(MPa)

White granite 143.3â6

Red granite 20S.2%4

Cbamokite 131.~3

Diorite 216.5:*6

Gabbro 235.2%5

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

Rock type Er Eau E ••c Poisson's

(GPa) (OPa) (OPa) ratio

White granite 53.2%2.5 56.2%0.8 37.2%3.3 0.27:*0.03

Red granite 61.3s2.4 61~1.1 45..7~3.1 0.27:*0.02

Cbamokite S4.7~1.9 SO.9s0.9 32.7~2.1 0.17:*0.01

Diorite 67.2%2.4 6S.3:*1.7 48.4z2.6 0.26t:O.01

Gabbro 62.7~2.1 64.3s1.4 49.1*2.3 0.22*0.01

10.2.3.5 ResuIts and DiseussioD

The analysis of the data is concentrated on two aspects: firsl, 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 dynamie elastie properties

obtained by the MSR system and the RF technique with statie elastie constants. Tables
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10-1,10-2, 10-3, 10-4, 10-5 and 10-7 present the resultsofthevelocitymeasurement and

the determination ofstatic 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 ofthe same samples when tbey

were cored. The UPV values obtaincd from the cored samples are higber in all cases

tban the velocities obtained from the rock blacks.

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 ta 16%. In the case ofblack specimens, with the exception ofdiorite (upV

values are higber up to 15%), the MSR values are higher than the UPV values between

2 to 9%.

By camparing the ftequency speetra obtained by the MSR system it is evident that

the interpretationofthe results from coressamplesare muchsimplerthan interpretation

of rock blacks. For the cores, the multiple retlected P- and 5-waves dominates the

response of the specimen, and therefore the correspooding frequency appears as the

highest peak in the frequency speetrum. In the black specimen, the corresponding P­

and 5-wave frequency amplitudes are Dot as strang and clear as in the case of cored

specimens.

As was expeeted, the dimensions, type and pbysical properties of rock specimen

bave a significant influence 00 the P-wave velocities. However, these effects are Dot

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 speetra generated by the

MSR signais. In the case afUPV values, sborter cored samples provide higber velocity

values than unconfined long black specimens. This is due ta higher rate of attenuation

in the black samples, which is a result of their large dimensions, in relation to the sbon

cored samples. The UPV resuIts on the cored samples are higher tban the MSR values.

The reason is due ta the difference in strain rate, the higber pulse frequency of the

PUNDIT in comparison with MSR impact pulses, and bigher sensitivity of the MSR

transducers. The PUNDIT uses the threshold approach ta trigger its time of arrivaI

measurement uniL
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Despite the good overall correlation obtained between the dynamie and statie

Young's moduli, a reliable value for the ratio between the statie and dyDamic values

cannat he inferred from there. The fact that the difference between the static and

dynamicvalues obtained byvarious methods are large in some cases indicates that tbere

are a number ofeffcets intlucncing the bebaviar of the rocks. Most Iikely tbese iDclude

thestress-straîn rate, chemicalweakeningofthe bonds alonggrain boundaries, presence

of microfraetures, and the shape and orientation ofvoids and pores.

Acomparisonoftbevalues for the modulus ofelasticityobtained from the dyDamie

methods shows tbat bath Grindosonic and MSR produce estimates that are within an

acceptable range. Ifone considen the results of the static tests, however, it canhe secn

that for stronger rock types (i.e. gabbro, diorite and red granite), the values of the

Young's modulus obtained from the MSR are closer ta their statie counterpans (E r and

E ail). The same comparison cannot he made for the values measured witb the Grin­

dosonie instrumenL

Using the MSR system, in most cases the values ofdynamie Young's moduli taken

from the black 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 ehamokite samples.

The results ofthis comparative study suggest that the MSR technique can he used

to assess the elastic properties ofthe rocks. The MSR system offers an advantage over

the UPVandRF techniques in that onlyone side ofthe test objeetneeds taheaccesstble.

Another advantage of the MSR testing technique is the case by which the tests cau he

carried out ta 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 ofRF, and do not

require any couplants as is rcquircd iD the case ofUPV testing. It is, thercfore, possible

ta use the system for in situ testing ofa rock sample over a long period of tilDe, without

any detrimental (e.g. microfraeturing) effeets being caused by the propagation of the

low energy level stress pulses through the samples.
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Plate 18-2 The RDP servo-controlled hydraulic stifftesting machine.
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10.2.4 Elrect ollAw'inlfU....diDI Cydes oa Elutic CoD......

10.2.4.1 &perimeDta( Tedmique

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

charaeteristics. Beside permanent strain, elastic constants and elastic wave velocities

were determined using the MSR system. For the purposes ofcomparison, compressive

wave velocities were also calculated by the UPV technique. To evaluate the efficiency

of the MSR system as a tool to deteet 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 fraetured as a result of

stress and it isveryunstable. Five intrusive igneousrock types - whitegranite, red granite,

charnokite, gabbro, and diorite - were used in this study.

The 2500 kN, RDP servo-controlled rock mecbanics test system was used for the

cyclic testÎDg (see Plate 10-2). The machine is programmed ta apply Joading to a

specimen by controUing the stress. The maximum load ta he applied on the sample

a10ng with the frequency of loading/unloading process was determined based on the

maximum load-bearing capacityofeach rock type. For each cycle the loadwas increased

by 10%. The 9.6 cm diameter cylindrica1 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 fiat and

paraDel.

The elastic wave velocities were determined at the end ofeach cycle (zero Joad),

using the MSR system in arder ta determine the corresponding dynamic moduli. A 3.0

mm diameter spherical tip impact device wu used ta generate stress pulses on the

samples. The impact device was tept the same for ail perfonned measurements. The

contaet-time of the impact was measured ta he between 40 ta 4S IlS, responstble for

generatinginputfrequencies between 18ta 2SkHzandwavelengtbsless than 0.2melers.
Bothverticaland tangentialdisplacementtransducerswereusedta coDectP-andS-wave

displacements. Respectively the transducers were placed S.O cm away from the impact

source on the same surface. The Iimited shape and dimeDSions of the specimens

accommodated the deteetion ofthe retleeted waves, particularly the S-waves. As in the

previous exercise, the AID card was used for acquiring the waveforms. The recorded

waveforms were colleeted in a persoDal computer for furtber ana1ysis. A sampling
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frequency of 100 kHz was used throughout the experiment and the total signallength

retained for analysis was 2048 points, baving 10 ILS intervals. Henee, a resolution of

0.0488 kHz in the frequency speetra was established. A high pass mter was used ta

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 unIoading, direetly, were the 50.0 kHz transmitting and

receiving transducers were placed at two opposite sides of the specimen toward the

longitudinal direction. Tests for aD rock types have been repeated al least three times

in arder ta check the repeatability of the results.

10.2.4.2 Remlts and DiscassioB

The vertical and tangential output signals' frequency speetra were derived from

each readings. The frequency speetra were different depending on the rock type and

the state of loading/unloading cycle. For each specimen, the frequency speetra bad

multiple peaks, however the highest amplitude corresponded with the P- or S-wave

displacements refleeted from the bottom surface. In the Appendix D, Figures D-4 ta

D-2S show examples of the captured waveforms and the corresponding frequency

speetra for the rock samples evaluated by the MSR system at the end ofeach unloading

cycle. As the load increases, the number offractures in the rocks increase and the body

wave velocities decrease. Slower velocities cause resonance of the waves from top ta

bottom of the cores ta decrease. The frequency values in the speetra particularly drops

after65% ofmaximum compressive suength ofthe samples. The presented data exlubit

a consistent trend conceming decrease of frequency values with increasing load.

Figures 10-6 ta 10-10 shows the accumulated results of body wave velocities and

elasticconstants for the rocksamples. Ingeneral, bathP- andS-wavevelocities decrease

with increasing load. However, depending on the rock type, this decrease varies. It can

be seen that bath P- and S-wave velocities have a nonlinear dependence on axial stress.

Figures 10-11 ta 10-13 show the effeet of the loading/unloading cycles on the P-wave

velocities of the rock samples deteeted by the UPV technique. There is a differenee

between the trend ofP-wave velocities conectedby the MSR and UPV techniques. For

the ultrasonic readings, the data descn"be tbree distinct phases. At the first phase or

the pore closure stage, there is a sharp increase in wave velocities as the load increases.

Thisincrease invelocityisdue ta theclosureofwidsandmicro-fraeturesalthebeginning

ofstress-strain curve which is causedby the axialload In the second phase or the elastic
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stage, the velocity decreases slightly, wbich indicates the creation of new fractures. In
the third phase or the !aDure stagc, the velocity decreases sbarply, particularly after

90% of the maximum uniaxial strength of the rocks. For the MSR readings, the pore

closure stage reflecting the increase ofvelocityvalues is absent. The absence ofthe tint

phase in MSR data is due to the faet 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 signais have lower range of

frequencies and view the samples more globally; therefore small voids and fractures do

not effeet the output frequencies as mucb ~ with ultrasonic pulses. The velocities

determined by the pulse velocity technique are more dïspersed than the velocities

determined by the MSR system, due ta the fact that the ultrasonic pulses have smaller

wavelengths than the stress pulses. The sboner wavelengtb ultrasonic pulses are more

sensitive to the small changes tbat occurs along their raypath therefore in the case of

rocks the velocity values exlubit a more scatter nature tban the MSR velocity readings.

The Young's modulus and shear modulus decrease with the increasing load. The

changes in the two moduli are weB recorded by the MSR system. The bulk modulus

increases in the fallure stage where the volume ofsamples 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 uniaxialloading. For ail rock types

the modulus values suggest that the beginning of a critical stage (failure stage) to he

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 ta 80%

ofthe maximumload-bearingcapacityofthe samples. The discrepancycanheexplained

based on the areas the UPV and MSR signais caver wben they propagate in a sample.

MSR signais coyer a wider area than UPV signals; therefore MSR signaIs 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 cau he used

to determine the p. and s.wave parameters and the dynamic elastic constants in a

dynamic loadinglunloading conditions. The MSR signalsviewa broaderarea tban UPV

signals; therefore they can deteet the critical stage (failure stage) at an earlier time.

Nevenheless, the MSR signais are Dot very sensitive to the presence ofpores and voids

at the early loading/unloading cycle.
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Figure 19-7 Etfect ofloadinglunloadingtest5 on wave ve10cities and elastic properties

using the MSR system.
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10.3 FIELD EXPERIMENTS

In this section, a two-Iayer 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. Bath the velocities of p. and S-waves were obtained and the dynamic elastic

properties of the ore was calculated.

10.3.1 Detection and Evaluation ia Underpoand Pota.1l Mille

Two discontinuities were identified in the back ofan opening in the Allan Division

of PCS (Potash Corporation of Saskatchewan IDc.) 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 mineraIs. The mass

density of the potash ore was calculated from the cored sample in the laboratory and

was 2130 kglm3.

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 mani­

tored with the broadband vertical and tangential displacement transducers. The sen·

sitive piezoeleetric elements were placed in direct contact with the rock surface. The

surface displacement signaIs were captured, processed and stored using a AID card and

a ponable computer. A high pass filter was used ta remove the 1.0 kHz resonance

frequency of the transducers. A sampling frequency of 100 kHz was used throughout

the experiment and the total signallength retained for analysis was 2048 points, having

10~ s intervals which corresponds to a resolution of0.0488kHz in the frequencyspeetra.

10.3.2 Resalts and DiscassioD

Figures 10-15 to 10-20 show captured waveforms by the vertical and tangential

displacement transducers and their frequency speetra for the potash ore. In arder to

evaluate the accuracy of the MSR, the thickness of the fint fracture at 45.7 cm was
known from the driIling. Using the frequency peakvalue and the tbickness, the velocity

of the P-wave was calculated using equation~. For the second fracture the P-wave

velocityfrom the filst layerwas usedand the tbickness ofthe secondlayerwascalculated.

The thickness of the second layer was calculated at 85.0 cm using equation 6-5. Mea-
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surement ofthe second discontinuitybydriIling at 86.4cm correlateswith the calculated

values at 85.0 CID. The discrepancy between the aetual position of the discontinuity and

the calculated value by the MSR is only 1.4 cm (1.6% errer). Having the accuracy of

the MSR data heing confirmed, the values of P- and S-wave velocities were colleeted

on tbree Dearby locations and the values of clastic constants were calculated. Table

lo..s shows the values ofthe P- and S-wave velocities and aIso values ofelastic 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 S to 9% higher than the values obtaincd

by the MSR. The MSR system was used sucœssfully ta determine the position of the

second disCODtinuity and the potash ore's dynamic elastic properties, iD situ.

Table 10-1 The value ofP- and S-wave velocities and elastic constants measured on
the potash ore by the MSR system.

P-wave velocity Density Young's Shear Poisson's Bulk
5.wave velocity (kwm3) Modulus Modulus Ratio Modulus

(mis) (GPa) (OPa) (OPa)

4043 2310 31.7 13.2 0.19 17.0

2490

4067 2310 32.0 13.4 0.19 17.2

2S05

3985 2310 27.0 10.7 0.27 19.6

2241
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Table 10-' 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.

Rock P-wave velocity Density Young's Shear Poisson's Bult
Type S-wave velocity (kg/m3) Modulus Modulus Ratio Modulus

(mis) (GPa) (GPa) (GPa)

Potash 4280 2310 36.5 14.8 0.23 22.5
Ote 2530

Rock 4530 2160 36.9 14.6 0.25 24.6.
Salt 2600

Pure 4450 2090 31.6 12.3 0.29 25.0

Halite 2430
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Plate 18-3 Measurement ofP- and S-wave parameters on the potash ore at Allan Mine.

.....0.

Figure 18-14 Schematic diagram ofMSR. test configuration on the powh ore Il

Allan Mine.
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10.4 SUMMARY AND CONCLUSIONS

The work presented in this chapter clearly demonstrates that the MSR system is

a viable means ofmeasuring the e1astic properties of rocks in the laboratory and in the

field. It was also demonstrated that the MSR system cau be used to determine the

position of discontinuities in a rock masse From the resuIts presented in this chapter

the following specific conclusions cau be drawn:

1. The MSR system cao be used ta evaluate the elastic properties of rock blacks

and cores. Comparing the results obtained by the MSR system on the rock blacks with

the cored rocks suggests that the body wave velocities are faster in the blacks. The

frequency spectragenerated as a resultofthe MSR tests on the coredsamples are higher

in amplitudes than the calculated speetra from the rock blocks. This is mainly due te

bigher signal attenuations in the case ofrock bJocks. Comparing the results ofthe MSR

tests with standard statie tests and accepted dynamie tests such as UPV and RF, it is

shawn that the MSR data produce the most consistent set ofvalues for e1astic 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 reguJar intervals.

The p...wave velocities calcu1ated by the MSR system were compared to the P-wave

velocities obtained by the UPV technique. In this comparison it was indicated that the

UPV values are more scattered than the MSR values and the Jower frequency MSR

signaIs see the sample more globally than the higher frequency UPV signais.

3. In an attempt ta locate the position of discontinuities in an underground rock

mass, it was demonstrated that the vertical displaœment transducer can successfully he

used to eva1uate the tbickness of a rock mus within Jess than 2% error. It was also

demonstrated that the MSR system can he 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 lime required by

other testing methods because of minimal sample preparation requirements and data

processing techniques•
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CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER

RESEARCH

Il.1 SUMMARY

This thesis descnbes the development of a new Dondestruetive testing system for

evaluating the integrity of cenaete shaft and tunnelliDiDgs. The new system fune:tiODS

based on the miniature seismicreOeetion (MSR) principle wbicbbas beeniDspiredfrom

the well-established impaet-ec:ho nondestruetive testing technique. The MSR system

includes a series of spherical tip mec:hanically triggered impact devices and a pair of

vertical and tangential displacement transduc:ers. The signais are transformed from

time domain waveforms to frequenc:y domain speetra. Laboratory and field testing

programmes were conducted ta establish the capabilities of the new system. The Iab­

oratory programme consisted of the foUowing:

•

i)

ü)

iü)

iv)

v)

vi)

Assembly of an experimentai MSR system, including manufaeturing of a

tangentialdisplacement transducerand a seriesofimpaetdevices forfinding

delaminations, defeets and reinforcementbars inconcrete and assessing the

quality of concrete elements based on their dynamic elastic properties.

Direct and indirect measurements of P-wave velocity in cencrete.

Studying the effeetof interface materials on the reOeetion mecbanism ofP­

and S-waves.

Detection and location ofsimulated planar and vertical dïscontinuities and

steel reinforcement bars in conaete.

Investigatingthecuringand maturityofvariousconaetecylindrical samples

for a 28-day period based on the changes registered by the MSR system on

their P- and 5-wave velocities and elastic propcrties.

Comparison of the concrete curing results obtained by the MSR system ta

the results obtained by standard dynamic and ltatie tests•
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StudyiDg the effeets of cement type and aggregate size on conaete curing

based on the MSR system.

vlli) Studying the effeet of shape and dimension of concrete testing specimens

on the wave velocities and dynamic elastic properties obtained by the MSR

system.

lx) Investigating the capabilities ofthe MSRsystem indetermiDing the dynamic

elastic propertîes of various rock types with variable core and block

dimensions.

x) Comparison of the results obtained by the MSR system on the rocksamples

to the values obtained by the standard statie and dynamic techniques.

xi) Studying the effeets of stress increase on the rock samples by the changes

in elastic wave velocities obtained by the MSR system.

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

system. The objectives of the field prolra111Jlle coDSisted of the foUowing:

i) Investigating the capabilities of the MSR system in evaluating the integrity

of shaft linings based on their computed dynamie elastic propenies. The

resuIts of these experiments were eompared to independent laboratory

studies.

ü) Studying the capabilities of the MSR system in measuring the thickness of

a concrete tunnellining. The resuIts ofthis experimentwere compared with

the extracted cores from the lining.

W) Measuring the thickness ofdiscontinuities in a rock mass in an underground

mining environment.

11.2 CONCLUSIONS

The following conclusionswere reached basedon the results ofthe comprehensive

laboratory and field studies.

11.2.1 IastnuneatatioD

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

p. and S-waves travel on the surface and iuto the tested abject. An abrupt change aloog
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the raypa~of the P- and S-waves causes signais ta reflect back to the origiDal surface.

On the original surface, the arriving waveforms generate displacements indicating the

charaeteristic particle motions of each wave type. The velocity of the P- and S-waves

are conttolled by the material properties of the tested object. With the MSR system,

which includes a pair of broadband piezoeleetric transducen, a series of spherica1 tip

mechanically triggered impact devices, and an AID data acquisition carel, the quality of

the conaete specimens andstruetures cauhedeterminedbyanalyzingthe P-andS-wave

parameters.

The broadband piezoelectricvertical displacement transducer is the best deteetor

of the P-wave signais. This transducer is manufaetured 50 that it is sensitive ta normal

surface displacements. It is capable ofdetecting S-wave signais as well. The broadband

piezoelectric tangential displacement transducer il, bowever, mainlysensitive to surface

horizontal motions. Nevertheless, the later transducer is aJso capable of deteeting

vertical surface displacements.

The contact-lime of the impact is a key element of the MSR system. Contact-tilDe

mainly depends on the diameter of the spherica1 impact device. However, the stiffness

of the testing abject and the force of impact affects the tilDe duration of impact.

Contact-lime controls the frequency content of the waves generated by the impact.

Therefore, contaet-time controls the wavelength of the P- and S-wave signaIs. For the

results ta he valid, the wavelength ofthe signais musthe smaller than baIfthe path length

of the signais. Tberefore, instead of one, a series of impact devices were included in
the MSR system with different impact head diameters capable ofgenerating a .&&Ilge of.

contaet·times on the testing abjects.

The efficient assembly of the MSR system was proven to he capable of operating

in bath laboratory and field environments.

11.1.1 DetenniaatioD ofP·Waft Velodty

It was established that for interpretation purposes the P-wave velocity or the

thiclmess of the test specimens must he known prior to any accurate determination. In

the case in which the thiclmess of the tested specimen is Imown, the P·wave velocity can

he determined direetly using equation 6-4. In cases in which the thickness of the testing

specimen is not known, P-wave velocity cao he calculated by indirect metbods. 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 travet-time

graphe

11.2.3 PriDdples Govel'lliDl die MSR System

The frequency speetrum analysis based on the application of the FFr technique

on the waveforms simplifies signal interpretation significantly. In a tlawless test spec­

imen, for the signais captured by the vertical displacement transducer, the peak

amplitude in the frequencyspeetrum represents the frequencyofthe resonated P-waves.

For the signais captured by the tangential displacement transducer, the peak amplitude

in the frequency speetrum represents the Ô'equency of the resonated 5-waves. The

retleeted 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 thiclmess

of the plate (Sansalone, 1985)]. The S-waves in an infinite plate are best captured at a

distance away from the impact source. The optimum distance between the impact

source and the tangential displacement transducer is calculated based on the elastic

praperties oftested abjects. In the case ofconcretes 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 signais. In finite cylindrical samples having a lengthldiameter ratio of 2:1, the

amplitude of the aniving signais 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 he placed in any respective positions.

11.2.4 Detection and Location of Objects

The results of laboratory investigations show tbat the MSR system is capable of

detecting and locating planar Oaws, steel reinforcement ban, and depth of vertical

surface opening cracks. It wu also shawn that the vertical displacement transducer

based on the P-wave retleetions is a suitable sensor for deteetion ofdiscontinuities and

defeets.
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The results of the laboratory investigations indicate that the reflection cbarac­

teristics ofthe P- and8-wavesignais relies on the acousticcbaraeteristics ofthe reflecting

interface. Formaterial interfaceswithhigheracousticstiffness tbanconcrete, the period

of arriving signais is twice as long as that of material interfaces with lower acoustic

stiffness.

11.2.5 Coaaete Maturity

Astrong correlationwu found between the curingofconcrete cylindricalsamples

and the wave velocities and dyDamic 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 signais generated by the MSR system and

the P-wave signals generated by the UPV techniques, it was shawn that ultrasonic wave

velocities are higher than the MSRwavevelocities. It was also concluded that the signais

generated by the MSR system view the testing objects more globally than the ultrasonic

signais.

It wu also shawn 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 thewave velocities obtainedby the MSR systemand UPV

technique could be explained based on the tilDe lags in the strains (see Section S.7). The

lime lag of the strains behind that ofthe applied stresses generated by the MSR system

are shorter than the tilDe lag ofthe strains behind that ofthe applied stresses in the case

of the UPV technique. Therefore, the wave velocities geDerated by the MSR system

are slower than the wave velocities generated by the UPV technique. The same

explanation is valid in comparison of the lime 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 bas

to he noted that the wave velocities in heterogeneous media are frequency dependeDt

and in the case of the UPV technique the signal frequencies are higber tban of those

generated by the MSR system.

In general, the statie elastic moduli were lower tban the dyDamic elastic moduli.
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The MSR system was aIso shawn ta be sensitive to the inOuence ofaggregate size

and cement type in the mix.

Overal1, it was proven tbat the MSR system is capable of monitoring the curing

and setting time of early-aged conaete. The curing of the concrete elements are

recorded by the MSR system based 00 progressive changes in P- and S-wave velocities

and dynamic elastic constants.

1l.2.6 CoDerete Silaft aad Tune. LiDiDp

The MSR equipmeot assembly is weD suited for an underground testing envi·

ronmeot. The method of analysis is accurate and rapide One imponant advantage of

MSR is its capability ofmeasuring elasticwave velocities and dynamic elastic properties

direetly from the air-side of the sbaft.

Itwas also shawn that the MSR system is capableofmeasuring thickness variations

in the tunnellining with reasooable accura"1'.

11.2.7 ApplicatioD oftbe MSR System OD 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 ofelasticwave velocities were

shawn to he bigher in the block-shaped rock samples than in the "1'lindrical samples.

The MSR system was used ta monitor the changes that occur as a result ofuniaxial

load 00 rock cores. These changes were recorded based 00 the elastic wave velocities

and elastic constants. It was shawn that in comparison with the UPV values, the MSR

values are less scanered and indicate the failure stage earlier.

The MSR system was successfully used ta locate a two layer separation ofpotash
ore in an underground environment. The results from the recent tests located the

position of discontinuities which was confirmed by drilling.

The p. and 5-wave velocities were aIso used ta evaluate the elastic properties of

potash ore in situ.
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11.3 FU1lTBER RESEARCB

The experimental assembly of the MSR system wu designed ta opcrate in bath

Iaboratory 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 colleeting data. At

this tilDe the MSR system is capable of colleeting 3 10 S readings per minute. An
improved version of the MSR system should be assembled in order te scan sbaft and

tunnellinings more rapidly.

In this thesis the application of the MSR system was limited ta only a number of

rock types with no vislble structures. A more comprehensive testing program is Deeded

to study the application of the MSR system on different rock types and structures.
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---------------APPENDIXA

GRINDOSONIC

The description of the Grindosonie apparatus was taken from ·"Nondesuuctive

Determination of Young's Modulus and Its_Relationship with Compressive Strengtb,

Porosity and Density" by R. J. Allison (1987) and ··"Grindosonie Measurement Il.

CalculatioDS of Elastie Properties of Concrete Test Pieees" by J. W. Lemmens, IDe.

(1989).

1 The Basic Priaciple

''The Grindosonie apparatus (Figure A-1) is a new device capable of delermining

rock, concrete, and composite strength. Il utilizes the principle that elasticity theary

can be applied ta the solid masses, and il direetly measures the fundamental Vibration

frequency of a sample ofknown dimensions fallowing shock excitation. The measured

elastic materia! properties can be calJbrated ta determine the material's hardness and

strength. The device, an example ofultrasonic pulse velocitytesting equipment (Neville,

1981), analyses the ttansient Vibration of test a specimen. The sample is struck to set

up a mechanical VIbration pattern rather than being subjeeted ta continuous flexure.

This pattern is convened to an eleetronie signal via a piezoeleetric deteetor held in

contactwith the test piece surface. The signal is amplified bythe apparatus beforebeing

fed by the instrument input. If it exceeds the predetermined minimum level required

for analysis, the tilDe ofeightwave passes is measured. A short interval between striking

the sample and measurement prevents the analysis of spurious initial wave patterns

which have complex harmonies and which occur when the test piece is initiaDy struck.

The lapsed rime appears in the equipment display panel and is known as the r-value:'··

''The V1brating sample experiences dampening relative to its elastic properties.

The decay of a VIbration pattern set up in a bard, rigid test piece will take mueh longer

than the same flexure in a soft material of simiIar dimensioDS. 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
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severa! otherphysical constants. Consequently, byutilizing detail ofthe dimensions and

weight of a specimen together with its revalue detennined by the Grindosonic, Young's

modulus of elasticity, shear modulus, Poisson's ratio, bulle density, seismic velocity and

a variety of other parameters cao be calculated."**

2 Sample Prepantion and ConstraiDts

"Grindosonic testing relies on accurate sample preparation. Test pieces cao he

cut ta a variety of shapes including bars, cylinders and circuJar dises. Some variables

used in the analysis do have specific nominal limîts. For example, when preparing

bar-shaped samples the length-to-tbickness ratio should be greater than three and the

width of the bar should be less than one-tbird the lengtb (Figure A-2). Beyond these

limits the calculations gradually lose accuracy. Careful sample preparation is of the

utmost imponance because the variations in cross-sectional area and non-square edges

cause significant changes in the VIbration pattern." •

3 Appantus

The test apparatus consists of a compact eleetronic instrument and a suitable

VIbration deteetor.

3.1 Compact ElectroDic IDstrumeat

The elecuonic pan of the instrument consists of amplifier, eleetronic analyzer,

digital display, the seleetor features and a seriaI output port.

3.2 Vibration Detector

''The piezoelectric vibration deteetor is made of a sensitive piezoeleetric element

and eleCU'onic preamplifier. It will caver the entire frequency range of the Grindosonic

and will be used almost exclusively by manuaI operation. A white dot indicates the

direction of maximum sensitivity, which should be observed during the measuremenL

The dot is always held in the direction of the Vlbration."··
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4 MeanremeDt ofFudalllental VibratioD FrequeDdes

'The position of the transducer and the receiver in order to measure flexural,

torsional and longitudinal VIbration are shawn in Figure A-3. The test specimens were

placed on rubber strips in order to avoid excessive extemal dampening. A small plastic
hammer or a screwdriver handle could he used to generate various desirable Vlbra-

b" "••ODS•
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Fipre A-t The Grindosonic appm'llUs.

Fipre A-2 The experîmental selUp Cor Grindosonic.
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l'icare A-3 The position orthe impKt saurœ ad receiver in onIerto masure tlcxunl,
toni~and lonsitudinal (fiom top to boItam) vibl'lliOllS.
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---------------APPENDIXB

PONDIT (portable Ultrasonic Nondestructive Digital Indicatinl Tester)

The description of PUNDIT apparatus was taken from ·'The Ultrasonic Pulse

Velocity Method" by Tarun R. Naik and V. M. Malhotra (1991) and ·.upUNDIT

Manual" by CN.S. eleetronics Ltd. (1985)

''PUNDITconsists ofameanofproducingandintroducinga pulse into the cenaete

(pulse generator and transmitter), and a means ofaccurately measuring the tilDe taken

by the pulse to travel through the concrete. The equipment may also he conneeted ta

a cathode ray (CR) oscilloscope. The equipment is ponable 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 PUND1T is between ()D to 45°C (Figure 8-1).

''The transit time is displayed on a 4 digit, 127 mm Transtleetive 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 microsecondeII··
The PUNDIT comes with !wo transducers, one to transmit and one to receive the

ultrasonic pulse. Both ttansducen are SO mm in diameter and 42 mm long. ''They have

a lypical resonant frequency ofS4000cycles persecond (cps) for concrete testing. Tbese

consist of lead mconate totanite ceramic (pZT-4) piezoeleetric elements housed in

stainless steel cases."· Other transducers witb different resonance frequencies are also

available for special applications. These would he high frequency transducers with

150000 cps and low frequency transducers with 24000 cps. "The instrument comes with

an internaI, rechargeable, nickel-eadmium battery, which can provide power for about

6 h ofcontinuous operation. A constant current charger is built into the instrument te

allow the battcry to he recharged from an AC. power supply." •
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1 The Basic PriDciple

''The velocity of ultrasonic pulses travelling in a solid materia! depends on the

density and elastic properties. The quality of some materials is sometimes related to

their elastic stiffness 50 that the measurement of the ultrasonic pulse velocity in such

materials cao olten he used ta indicate their quality as weil as to detennine their elastic
properties."··

1 AppUcatiODS

''The pulse velocity method of testing May he applied to the testing of plain,

reinforced and prestressed cenaete, whether it is precast or cast in situ. The mea­

surement of pulse velocity may he 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 occurwith lime (i.e. due ta the cement hydration)

or through the action of fire, frost or chemical attac~

d) the quality of the concrete in relation to specified standard requirements, which

generally refers to its strength."·

3 CoUplinl

"Accuracy of transit rime measurement cao ooly be assured ifgood acoustic cou­

pling between the transduccr face and the conaete surface can be achieved" • Various

types of couplants are available in the market: petroleum jelly, grease, liquid soap, and

kaolin-glycerol paste.

4 TraDsdueer Ananpment

''There are three possible ways inwhich the transducer Mayhe arranged, as shawn

in Figure 8-2, A through C. These are (a) direct transmission; (h) semi-direct trans­

mission; and (c) indirect or surface transmission.

The direct transmission method, Figure 8-2 'A', is the Most desirable and the most

satisfaetory arrangement because maximum energy of the pulse is transmitted and

reccived with this arrangement. The semi-direct transmission metb~ Figure 8-2 '8',
can aIso he quit satisfactory. However, care should he exercised tbat tbese transducers
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are not too far apan, otherwise the transmitted pulse might attenuate and a pulse migbt

not he received. This method is useful in avoiding concentrations of reinforcements.

The indirect orsurface transmission method, Figure 8-2 'C, is least satisfactorybecause

the amplitude of the receiving signal May only be 3% or less tban that received by the

direct transmission method."·
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• BNB Mix for the Column
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• BNA Mix for the Cylinder
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• BNB Mix for the Cylinder
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Table C-l The sample calculation of compressive strength, initial tangent modu1us,
chard modu1us and Poisson's ratio.

Age BN20

(days) Compressive Initial Chard Poisson's
Strength TanJent Modulus ratio
(MPa) (G a) (GPa)

1 . . - 0.09
2 2.3 7.6 6.2 0.14
3 3.4 10.8 6.6 0.17
4 4.5 127 8.3 0..12
5 5.0 13.5 8.7 0.14
6 5..0 13..6 9.4 0.14
7 5.7 17.4 10.1 0.16
14 7.9 17.4 10.7 0.16
21 9.0 17.6 10.7 0.17
28 9.0 18.5 Il..3 0.17

Table C-2 The sample calculation of compressive strengtb, initial tangent modu1us,
chard modulus and Poisson's ratio.

Age BN2S

(days) Compressive Initial Chard Poisson's
Strcngth TanJent Modulus ratio
(MPa) (G a) (GPa)

1 2.8 9.4 4.7 0.11
2 6.8 126 10.7 0.09
3 7.9 20.2 120 0.06
4 7.9 20.3 12.0 0.11
5 10.1 21.3 13.6 0.12
6 10.8 22.1 13.7 0.16
7 Il.9 22.3 14.0 0.18
14 13.6 23.9 15.2 0.20
21 14.2 23.9 15.9 0.20
28 15.3 23.9 16.2 0.20

C2S



•

•

Table C-3 The sample calculation of compressive strengtb, initial tangent modulus,
chard modulus and Poisson's ratio•

Age BN30

(days) Compressive Initial Chard Poisson's
Strength T~ent Modulus ratio
(MPa) (G a) (GPa)

1 S.l 10.1 8.8 O.OS
2 9.6 13.8 13.2 0.12
3 10.8 15.1 15.0 0.19
4 Il.9 16.6 15.2 0.13
5 13.6 17.0 15.7 0.17
6 13.6 17.4 16.0 0.17
7 15.3 17.8 16.5 0.19
14 18..1 18.8 16..6 0.20
21 19.8 19..3 16..7 0.20
28 20.4 20.0 17.0 0.22

Table C-4 The sample calculation of compressive strengtb, initial tangent modulus,
chard modulus and Poisson's ratio.

Age BN35

(days) Compressive Initial Chard Poisson's
Strengtb TanJ:Dt Modulus ratio
(MPa) (G a) (GPa)

1 10.2 15.4 14..8 0.11
2 16.4 18.0 16.9 0.24
3 20.9 18.5 17..2 0.14
4 20.9 18.9 17..9 0.17
5 23.8 20.0 18.6 0.22
6 23..8 21.0 18..8 0.22
7 24..4 21.6 19.6 0.22
14 27..7 22.6 19..9 0.22
21 28..3 23..3 20.2 0.22
28 30..6 23..7 20.6 0..22
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Table C5 The sample calc:ulation of compressive strengtb, initial tangent modulus,
chard modulus and Poisson's ratio.

Age BN40
(days) Compressive Initial Chard Poisson's

Strength Tan,ent Modulus ratio
(MPà) (G a) (GPa)

1 17.S 22.9 20.0 0.14
2 28.3 24.0 21.6 0.12
3 32.3 24.0 22.0 0.22
4 33.9 24.7 22.4 0.17
5 35.0 25.4 23.4 0.13
6 36.2 25.8 23.7 0.17
7 36.2 27.2 23.7 0.20
14 42.4 28.6 23.9 0.22
21 43.6 28.9 26.2 0.23
28 54.3 28.9 26.9 0.24

Table C-6 The sample ca1culation of compressive strengtb, initial tangent modulus,
chard modulus and Poisson's ratio.

Age BNSO
(days) Compressive Initial Chard Poisson's

Strengtb Tan,ent Modulus ratio
(MPa) (G a) (GPa)

1 34.5 20.6 21.0 0.24
2 39.0 26.0 24.5 0.22
3 45.3 28.1 25.0 0.22
4 45.8 28.9 26.5 0.23
5 45.8 29.5 26.7 0.23
6 48.7 30.7 26.9 0.23
7 50.4 32.0 27.1 0.23
14 54.3 32.3 27.2 0.23
21 57.2 33.3 27.5 0.23
28 58.9 34.2 28.3 0.23
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Table C-7 The sample ca1culation of elastic constants obtained by the MSR system.

Age BN20

(days) Yo~s Shear Bulk Poisson's
mod us modulus moduJus ratio
(GPa) (GPa) (GPa)

1 4.0 1.7 2.1 0.18
2 10.5 4.4 S.8 0.19
3 123 S.l 6.6 0.19
4 13.6 S.6 7.6 0.21
5 14.4 6.0 8.0 0.20
6 1S.0 6.4 8.1 0.17
7 15.6 6.6 8.2 0.18
14 16.3 6.9 8.5 0.18
21 16.3 6.9 8.S 0.18
28 16.3 6.9 8.5 0.18

Table C-I The sample calcu1ation of elastic constants obtained by the MSR system.

Age BN2S

(days) Yo~'S Shear Bulk Poisson's
mod us modulus modulus ratio
(GPa) (GPa) (GPa)

1 8.7 3.5 5.6 0..24
2 13.5 5.3 9.6 0.26
3 17.7 7.6 8.8 0.17
4 18.6 8.0 9.0 O.lS
5 19.0 8.0 9.75 0.18
6 19.3 8.0 10.6 0.20
7 19.3 8.0 10.6 0.20
14 19.6 8.0 11.4 0.21
21 19.6 8..0 Il.4 0.21
28 19.6 8.0 11.4 0.21
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Table Ct The sample ca1culation of elastic constants obtained by the MSR system.

Age BN30

(days) Yo~'s Shear Bulk Poisson's
mad us modulus modulus ratio
(GPa) (GPa) (GPa)

1 13.3 5.8 4.0 0.20
2 17.2 7.2 9.6 0.20
3 19.5 8.2 10.7 0.18
4 20.5 8.7 10.8 0.20
5 20.9 8.7 Il.7 0.20
6 21.1 8.7 12.5 0.22
7 21.1 8.7 12.5 0.22
14 21.4 8.7 13.4 0.23
21 21.4 8.7 13.4 0.23
28 21.4 8.7 13.4 0.23

Table Cele The sample ca1cu1ation of elastic constants obtained by the MSR system.

Age BN35

(days) Yo~s Sbear Bulk Poisson's
mod us modulus modulus ratio

(GPa) (GPa) (GPa)

1 18.1 7.4 10.8 0.22
2 22.2 9.0 13.9 0.23
3 25.5 10.7 13.5 0.19
4 25.8 10.7 14.5 0.20
5 27.0 Il.3 14.7 0.19
6 27.0 Il.3 14.7 0.19
7 27.4 Il.3 15.7 0.21
14 27.4 Il.3 1S.7 0.21
21 27.4 11.3 IS.7 0.21
28 27.4 Il.3 IS.7 0.21
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Table CU The sample calculation ofelastic constants obtained by the MSR system.

Age BN40
(days) Y0:C Shear Bult Poisson's

mad modulus modulus ratio
(GPa) (GPa) (GPa)

1 21.2 8.9 11.9 0.20
2 25.9 10.5 16.1 0.23
3 28.4 Il.7 16.6 0.21
4 29.3 12.3 IS.7 0.19
5 29.7 12.3 16.8 0.20
6 29.7 12.3 16.8 0.20
7 29.7 12.3 16.8 0.20
14 30.0 12.3 17.8 0.22
21 30.0 12.3 17.8 0.22
28 30.0 12.3 17.8 0.22

Table C·U The sample calculation of elastic constants obtaiDed by the MSR system.

Age BNSO
(days) Yo~'s Shear BuIk Poisson's

mod us modulus modulus ratio
(GPa) (GPa) (GPa)

1 31.5 13.6 15.6 0.16
2 34.6 14.3 20.2 0.21
3 35.7 15.0 19.3 0.19
4 35.7 15.0 19.3 0.19
5 36.0 15.0 20.4 0.21
6 36.0 15.0 20.4 0.21
7 36.0 15.0 20.4 0.21
14 36.0 15.0 20.4 0.21
21 36.0 15.0 20.4 0.21
28 36.0 15.0 20.4 0.21
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Age BN20

(days) Yo~s Sbear Bult Poisson's
mad us modulus modulus ratio
(OPa) (OPa) (GPa)

1 3.5 1.6 1.4 0.07
2 9.5 4.2 4.3 0.13
3 Il.1 5.0 4.5 0.09
4 Il.6 5.4 4.6 0.10
5 Il.7 5.4 4.8 0.10
6 12.8 5.4 4.8 0.08
7 Il.8 5.4 4.8 0.09
14 Il.8 5.4 4.9 0.09
21 Il.9 5.5 4.9 0.09
28 12.0 S.5 4.9 0.09

• Table C-13 The sample calculation ofelastic CODStants obtained by the RF technique.

Table C-14 The sample calcu1ation ofelastic constants obtained by the RF technique.

Age BN2S

(days) Yo~'s Shear Bulk Poisson's
mad us modulus modulus ratio
(GPa) (OPa) (GPa)

1 7.8 3.2 4.8 0.23
2 16.4 7.8 9.7 0.22
3 19.1 8.3 9.6 0.17
4 20.0 8.4 10.8 0.19
5 20.5 8.4 12.2 0.22
6 20.6 8.5 12.7 0.23
7 21.5 8.6 13.0 0.23
14 21.5 8.6 14.3 0.25
21 21.5 8.7 14.3 0.25
28 21.5 8.9 14.3 0.25
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Table C-15 The sample calculatioD of elastie constants obtaiDed by the RF technique.

Age BN30

(days) Yo~s Sbear Bult Poisson's
mad us modulus modulus ratio
(GPa) (GPa) (GPa)

1 7.17 1.6 1.4 0.14
2 16.8 4.2 4.3 0.16
3 19.6 S.O 4.5 0.20
4 20.1 S.4 4.6 0.21
S 20.7 S.4 4.8 0.21
6 21.1 S.4 4.8 0.24
7 21.4 S.4 4.8 0.23
14 21.8 5.4 4.9 0.23
21 22.0 5.5 4.9 0.23
28 22.0 5.5 4.9 0.23

Table C-16 The sample calculatioD ofetastie constants obtained by the RF technique.

Age BN35

(days) Yo~'s Sbear Bult Poisson's
mod us modulus modulus ratio
(OPa) (GPa) (GPa)

1 12.2 4.8 8.1 0.25
2 23..7 9.6 15.2 0.24
3 26.2 10.9 14.6 0.20
4 26.8 II.0 16.0 0.22
S 27.3 II.0 17.5 0.24
6 27.8 Il.1 18.5 0.25
7 28.0 Il.2 18.7 0..25
14 28.2 Il.5 18.8 0.25
21 28.4 Il.S 18.9 0.25
28 28.6 11.5 19.0 0.25
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Age BN40

(days) Yo~s Shear Bult Poisson's
mod us modulus modulus ratio
(OPa) (OPa) (OPa)

1 23.6 9.9 13.1 0.20
2 29.2 11.8 17.4 0.22
3 29.7 12.5 16.0 0.19
4 29.9 12.8 15.0 0.17
5 30.4 12.8 - 15.1 0.19
6 30.6 13.0 15.s 0.18
7 30.7 13.1 15.s 0.17
14 30.7 13.1 15.9 0.17
21 31.3 13.1 16.3 0.18
28 31.3 13.3 16.8 0.19

• TableCl7 The sample calculation ofelastic constants obtained by the RF technique.

Table C-18 The sample calculation ofelastic constants obtained by the RF technique.

Age BNSO
(days) Yo~'s Sbear Bulk Poisson's

mad us modulus modulus ratio
(OPa) (OPa) (GPa)

1 36.S 13.6 15.6 0.24
2 39.0 14.3 20.2 0.30
3 39.4 15.0 19.3 0.27
4 39.6 15.0 19.3 0.28
5 40.1 15.0 20.4 0.23
6 40.1 15.0 20.4 0.24
7 40.2 15.0 20.4 0.24
14 40.4 15.0 20.4 0.24
21 40.4 15.0 20.4 0.26
28 40.7 15.0 20.4 0.26
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TableCl' The sample calculation ofelastic wave velocities obtained by the MSR and
UPV systems.

Age BN20 BN2S

(days) C ,{mls) C.(m/s) C ,{mls) C ,{mls) C •(mis) C ,{mJs)
MSR MSR UPV MSR MSR UPV

1 1406 1406 2970 2110 1231 2704
2 228S 1523 3061 2695 1523 3110
3 2461 1582 3409 2871 1816 3433
4 2637 1638 3448 2930 1875 3502
5 2695 1699 3530 2988 1875 3515
6 2695 1699 3580 3047 1875 352S
7 2754 1758 3614 3047 1875 2610
14 2823 1758 3659 3106 1875 3658
21 2813 1758 3703 3106 1875 3658
28 2813 1758 3750 3106 1875 3658

Table C-20 The sample calculation ofelastic wave velocities obtained by the MSR and
UPV systems.

Age BN30 BN35

(days) C J.mls) C • (mis) C ,{mJs) C J.mls) C •(mis) C ,{mls)
MSR MSR UPV MSR MSR UPV

1 2461 1582 2970 2461 1758 3320
2 2871 1758 3358 2930 1934 3602
3 3047 1875 3580 3281 2110 3798
4 3106 1934 3623 3398 2168 38S5
5 3164 1934 3736 3457 2168 3990
6 3223 1934 3736 3515 2168 3990
7 3223 1934 3805 3515 2168 4000
14 3281 1934 3805 3574 2168 4000
21 3281 1934 3805 3574 2168 4000
28 3281 1934 3805 3574 2168 4000
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Table C-21 The sample calculation ofelasûc wave velocities obtainedby the MSR and
UPV systems.

Age BN40 BN50

(days) C J.mls) C • (mis) C J.mls) C J.m/s) C • (mis) C J.m/s)
MSR MSR UPV MSR MSR UPV

1 3164 1934 3530 3691 2344 3954
2 3574 2109 3975 3985 2402 4125
3 3691 2226 4005 3985 2461 4250
4 3691 2285 4110 3985 2461 4250
S 3750 228S 4110 4043 2461 4432
6 3750 228S 4110 4043 2461 4432
7 3750 228S 4160 4043 2461 4432
14 3809 228S 4160 4043 2461 4432
21 3809 228S 4160 4043 2461 4432
28 3809 228S 4160 4043 2461 4432

TableC1Z The sample calculation ofelasûc wave velocities obtained by the MSR and
UPV systems.

Age BNA BNB

(days) C J.mls) C • (mis) C "'mis) C "'mis) C • (mis) C J.mls)
MSR MSR UPV MSR MSR UPV

1 3691 228S 3745 3603 228S 3712
2 3779 2353 3945 3691 2314 3907
3 3837 2353 3960 3721 2314 3920
4 3837 2353 3973 3750 2314 3920
S 3837 2363 3987 3779 2314 3960
6 3867 2383 3996 3779 2314 3971
7 3867 2383 4016 3809 2344 3987
10 3896 2402 4141 3837 2373 4042
12 3896 2411 4141 3837 2383 4089
16 3925 2432 4202 3837 2373 4115
21 395S 2432 4228 3867 2373 4125
28 3955 2432 4228 3896 2490 4125
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Table C-23 The sample calculation of elastic constants obtained by the MSR system.

Age BNA
(days) Yo~s Shear Bult Poisson's

Mod us Modulus Modulus ratio
(GPa) (OPa) (GPa)

1 28.0 11.8 15.0 0.19
2 29.6 12.5 15.6 0.18
3 30.0 12.5 16.6 0.20
4 30.0 125 16.6 0.20
5 30.1 126 _16.7 0.19
6 30.6 128 16.7 0.19
7 30..6 128 16.9 0.19
10 31..1 13.0 17.0 0.20
12 31..2 13.1 17.0 0.20
16 31..7 13.4 17.5 0.20
21 320 13.4 17.5 0.20
28 320 13.4 17.5 0.20

Table C-24 The sample calculation of elastic constants obtained by the MSR system.

Age BNB
(days) Yo~'s Shear Bulk Poisson's

Mad us Modulus Modulus ratio
(OPa) (OPa) (GPa)

1 26.4 Il..4 13.6 0.16
2 27.4 Il.7 14.7 0.18
3 27.6 Il.7 15.1 0.18
4 27.8 Il.7 15.7 0.19
5 27.9 Il.7 16.1 0.20
6 27.9 Il.7 16.2 0.20
7 28.6 120 16.2 0.20
10 29.1 123 16.3 0.20
12 29.1 12.3 16.3 0.20
16 29.3 12.3 16.8 0.20
21 29.4 12.3 16.8 0.21
28 29.5 123 17.3 0.21
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Table )).1 &amples ofvalues computed by the Mm system for white annite.

Lud IkN. ~ Lo8cI CD CmI•• CI ImI.1 Poiaon ECG.... KIO.... G COP••
0 0.00 3990.8 2274.8 0.28 34.87 24.01 13.78
20 10.20 4077 2274.8 0.27 35.07 25.88 13.78
40 20.41 4077 2274.8 0.27 35.07 25.88 13.78
80 30.81 3982.1 2303.7 0.24 35.14 22.94 14.12
80 40.82 4048.3 2332.2 0.25 38.22 24.30 14.47
100 51.02 4077 2332.2 0.28 38.37 24.92 14.47
150 76.53 3962.1 2305.7 0.24 35.18 22.90 14.14
198 100.00 3904.7 1987.7 0.33 27.85 28.54 10.51

Lud lIeN. ~Loed CD ImI.1 CllmI.1 Poiaon E CGP•• KeG"" G CGP••
0 0.00 4060.8 2314.5 0.28 35.89 24.8& 14.25
20 7.41 4080.8 2314.5 0.28 35.89 24.8& 14.25
40 14.81 4080.8 2314.5 0.28 36.89 24.8& 14.25
80 22.22 4080.8 2314.5 0.28 36.89 24.8& 14.25
80 29.83 3886.8 2314.5 0.23 34.92 21.18 14.25
100 37.04 3915.8 2314.5 0.23 35.10 21.78 14.25
120 44.44 3886.8 2314.5 0.23 34.92 21.18 14.25
140 51.85 4031.5 2343.5 0.24 38.37 23.75 14.81
160 59.26 4002.8 2285.4 0.28 34.98 24.09 13.89
240 88.89 4205.6 2314.5 0.28 38.58 28.05 14.25
260 96.30 2581.3 1908 -0.10 17.39 4.81 9.88
270 100 1589.4 1.00 IDIVIOI -8.98 8.72
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..... CkNl ~Loed CD (mis. Ca (""si PoIaon ECGh. 1( CGPe. G CGP.I
a 0 4580.& 2702.8 0.23 47.01 29.34 19.06
20 4 4580.& 2702.& 0.23 47.01 29.34 19.06
40 8 4580.& 2731.2 0.22 47.67 28.80 19.47
60 12 4580.8 2731.2 0.22 47.87 28.80 19.47
80 18 4580.8 2731.2 0.22 47.87 28.80 19.47
100 20 4609.4 2780.1 0.22 48.&4 28.94 19.88
150 30 4580.8 2731.2 0.22 47.87 28.80 19.47
170 34 4809.4 2731.2 0.23 47.87 29.48 19.47
200 40 4809.4 2731.2 0.23 47.87 29.49 19.47
250 50 4809.4 2731.2 0.23 47.87 29.48 19.47
300 80 4809.4 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 4485.4 1898.1 0.39 28.09 39.53 9.38
450 90 2880.9 1895.5 0.24 18.53 11.88 7.50
500 100 2381.8 1388.5 0.24 12.44 7.85 5.03

•
TableD-2 Examples ofva1ues computed by the MS1l system for recl granite.

•

Lo. lIeN) .. Lo8d CD (mis) Cs (mis. Poiaon ECGh• I(CGh. GCO"'.
0 0.00 4711.7 2779.9 0.23 49.74 31.05 20.17
20 5.71 4853.9 2779.9 0.22 49.32 29.&4 20.17
40 11.43 4682.4 2779.9 0.23 49.53 30.33 20.17
&0 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 4871.8 2808.8 0.22 50.12 29.51 20.59
300 85.71 4853.9 2837.7 0.20 50.81 28.51 21.02
350 100.00 4509.4 2490.9 0.28 41.47 31.48 18.19
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l.Md (1eN1 .. L08d CD Cmisi Ca (mlsi Poiuon EIG"'I 1( (G"'I 818...1
0 0.00 4153.5 2488.3 0.22 40.79 24.29 18.72
50 10.59 4134.4 2450 0.23 39.85 24.54 18.21
100 21.19 4115.2 2584.9 0.18 42.00 22.04 17.76
150 31.78 4115.2 2545.7 0.19 41.85 22.39 17.50
200 42.37 4115.2 2584.9 0.18 42.00 22.04 17.78
250 52.97 4098 2545.7 0.19 41.48 21.97 17.50
300 83.58 4098 2584.9 0.18 41.83 21.82 17.78
350 74.15 4098 2392.4 0.24 38.38 24.89 15.45
400 84.75 4058 2373.4 0.24 37.72 24.18 15.21
450 95.34 4019.8 2124.8 0.31 31.84 27.37 12.19
472 100.00 0 0 .D'VIOI 'D'VIOl 0.00 0.00

•
TableD-3 Examples ofva1ues computed by the MSR. system for chamokite.

•

l.Md lIeN) IJfaL08d CD (mlsi Ca (misi Poiuon E (GPa) 1( 18Pal G IGPII
0 0.00 4151.4 2589.8 0.18 42.79 22.39 0.00
20 5.00 4113.3 2551.8 0.19 41.74 22.24 0.00
40 10.00 4113.3 2532.7 0.19 41.38 22.59 0.00
80 20.00 4094.2 2475.8 0.21 40.11 23.20 0.00
100 25.00 4094.2 2532.7 0.19 41.44 22.17 0.00
150 37.50 4075.2 2513 0.19 40.89 22.10 0.00
200 50.00 4075.2 2437.5 0.21 39.88 23.45 0.00
250 82.50 4037.1 2399.4 0.18 40.88 23.28 0.00
300 75.00 3827.7 2247 -0.57 23.33 21.38 0.00
350 87.50 2723.1 1733 -0.30 17.24 9.21 0.00
400 100.00 2208.9 837.9 1.00 'DIV/oi 10.85 0.00

Load lIeNt -Mt Lo" CD tm/s. CI tmll. Poinon E (GPI. K CGPlI G CGPII
a 0.00 4159.5 2574 0.19 42.58 22.88 17.89
20 4.12 4103.5 2555.4 0.18 41.72 21.98 17.83
40 8.25 4066.2 2538.8 0.18 41.05 21.47 17.38
80 12.37 4028.9 2499.4 0.19 40.05 21.34 18.87
80 18.49 4028.9 2494.4 0.19 39.98 21.43 16.80
100 20.62 4028.9 2518.1 0.18 40.39 21.00 17.12
150 30.93 4028.9 2494.4 0.19 39.98 21.43 16.80
200 41.24 4028.9 2518.1 0.18 40.39 21.00 17.12
250 51.55 4028.9 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 3991.8 2499.4 0.18 39.72 20.53 16.87
400 82.47 3991.6 2406.1 0.21 37.97 22.18 15.83
450 92.78 3954.3 2368.8 0.22 36.97 22.02 15.15
485 100.00 0 1305.7 1.00 'DIVIO1 -6.14 4.60
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l.Md IIINI 4ItLud CD Cmls. Ca (lII1s' Poiuon E(G.... K(G"" G(G""
0 0.00 5358.4 3181.5 0.23 72.22 45.08 29.29
20 4.00 5329.5 3132.7 0.24 71.08 44.88 28.75
40 8.00 5329.5 3181.5 0.23 71.98 44.18 29.29
80 12.00 5300.8 3132.7 0.23 70.83 43.99 28.75
80 16.00 5300.8 3132.7 0.23 70.83 43.99 28.75
100 20.00 5272 3103.9 0.23 89.71 43.80 28.23
150 30.00 5272 3103.9 0.23 69.71 43.80 28.23
200 40.00 5272 3103.9 0.23 89.71 43.80 28.23
250 50.00 5243.1 3103.9 0.23 89.45 42.91 28.23
300 80.00 5185.5 3075 0.23 88.09 41.85 27.70
350 70.00 5185.5 2642.9 0.32 54.22 51.50 20.47
400 80.00 5185.5 2959.9 0.28 84.80 44.58 25.87
450 90.00 5818.8 2930.9 0.31 88.09 58.88 25.17
500 100.00 5070.4 2498.9 0.34 49.02 50.83 18.30

•
TableD-4 &amples ofvalues computed by the MSR system for diorite.

•

LaM IIIN. .. La_ CD Imisi Cs Imisi Poiaon ECG.... KCG.... GIG"'.
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 71.55 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 3150.3 0.23 71.29 43.33 29.08
350 63.64 5284.9 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 'DIVIOl -24.83 18.62
550 100.00 2520.9 1.00 ,DIVIOI -24.83 18.62

Lo'" CIeNI flftLNd CD Cmisi C. 1111111 Poiuon EIG"" KIO"'. G(G""
0 0.00 5389.4 3179.7 0.23 73.05 45.81 29.82
20 4.80 5332.4 3123 0.24 70.81 45.21 28.58
40 9.59 5332.4 3094.5 0.25 89.93 45.90 28.06
60 14.39 5332.4 3123 0.24 70.81 45.21 28.58
80 19.18 5332.4 3123 0.24 70.81 45.21 28.58
100 23.98 5303.9 3094.5 0.24 69.69 45.01 28.06
150 35.97 5303.9 3094.5 0.24 89.69 45.01 28.06
200 47.96 5293.5 3094.5 0.24 69.81 44.69 28.06
250 59.95 5293.5 3094.5 0.24 69.61 44.69 28.06
300 71.94 5293.5 2467.2 0.38 48.58 58.32 17.84
350 83.93 5293.5 2467.2 0.36 48.58 58.32 17.84
400 95.92 2487.2 1.00 'DiVIOI -23.78 17.84
417 100.00 1554.& 1.00 IDIYJOI ·9.44 7.08
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..... (kN. -w.Lo8d CD (mil. e. Cmiii Poiuon E(SIle• 1( CGh. GCSIIa.
0 0.00 5208 3117.2 0.22 84.06 38.25 28.24
50 5.88 5147.1 3096.6 0.22 82.98 37.01 25.89
100 11.78 5147.1 3098.8 0.22 82.98 37.01 25.89
150 17.85 5126.9 3098.8 0.21 82.80 36.45 25.89
200 23.53 5127 3096.8 0.21 82.80 38.45 25.89
250 29.41 5127 3078 0.22 82.27 36.91 25.55
300 35.29 5106.4 3098.8 0.21 62.81 35.88 25.89
350 41.18 5106.4 3078 0.22 82.09 38.34 25.55
400 47.06 5106.4 3078 0.22 82.01 38.34 25.55
450 52.94 5085.8 3078 0.21 81.90 35.77 25.55
500 58.82 5085.8 3078 0.21 81.90 35.77 25.55
550 64.71 5085.8 3097.5 0.21 62.44 35.30 25.91
600 70.59 5085.8 3076 0.21 61.90 35.77 25.55
650 76.47 5065.2 3078 0.21 81.71 35.21 25.55
700 82.35 5065.2 3035.1 0.22 80.88 38.11 24.87
750 88.24 5044.9 3014.8 0.22 59.98 38.00 24.54
800 94.12 4511.7 2501.9 0.28 43.20 32.43 18.90
850 100.00 2091.8 0.00 -15.75 11.81

•
TabieD-! Examples ofvalues computed by the MSR. system for gabbro

•

..... CIeNJ -w...... CD Cm/I. e. Cm/II Poiuon ECSIle. 1( COh• GCaPa.
0 0.00 5141.6 3218.3 0.18 65.88 34.09 27.97
20 2.98 5122.8 3199.2 0.18 85.23 34.01 27.83
40 5.95 5122.6 3180.2 0.19 &4.80 34.44 27.31
60 8.93 5103.8 3199.2 0.18 85.02 33.48 27.83
80 11.90 5103.8 3180.2 0.18 84.59 33.92 27.31
100 14.88 5103.8 3180.2 0.18 &4.59 33.92 27.31
150 22.32 50&4.4 3199.2 0.17 84.79 32.95 27.83
200 29.78 50&4.4 3180.2 0.18 84.37 33.39 27.31
250 37.20 50&4.4 3161.2 0.18 83.94 33.82 26.98
300 44.&4 5065.4 3180.2 0.17 &4.15 32.87 27.31
350 52.08 5046.4 3181.2 0.18 83.52 32.78 26.98
400 59.52 4951.2 3085 0.18 80.78 31.93 25.70
450 66.98 4858 2894.8 0.22 55.40 33.50 22.82
500 74.40 5008.3 2434 0.35 43.04 46.40 16.00
550 81.85 2247 1.00 #OIVIOI -18.18 13.83
600 89.29 1790.1 1.00 #OIVIOI -11.54 8.85
650 96.73 1790.1 1.00 #DIVIOI -11.54 8.&5
672 100.00 1894.9 1.00 #DIVIOI -10.34 7.76
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LoecI ClIN. ..1.o8d CD Cmls. ca Cmls. Poiuan ECOh. K CGPe. GCGh•
0 0.00 5165 3183 0.20 &4.83 36.01 27.01
20 3.&4 5165 3183 0.20 &4.83 36.01 27.01
40 7.27 5165 3183 0.20 &4.83 36.01 27.01
80 10.91 5145 3143 0.20 &4.14 35.91 26.87
80 14.55 5145 3143 0.20 &4.14 35.91 26.67
100 18.18 5145 3143 0.20 &4.14 35.91 28.87
150 27.27 5125 3143 0.20 83.94 35.35 28.67
200 38.38 5125 3143 0.20 &3.94 35.35 28.67
250 45.45 5104.9 3123 0.20 83.25 35.25 26.33
300 54.55 5104.9 3143 0.19 83.73 34.80 28.67
350 63.&4 50&4.9 2782.7 0.29 53.10 41.79 20.81
400 72.73 50&4.9 2782.7 0.29 53.10 41.79 20.61
450 81.82 50&4.9 2782.7 0.28 53.88 41.39 20.91
500 90.91 1701.6 1.00 'DIVIOI -10.42 7.82
550 100.00 1581.5 1.00 'DIVIO1 -9.00 8.75

•

•

TableD-4i Examples ofvalues computed by the MSll system for gabbro
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D32

Diorite
Load (kN)

" a.o.d
CD tm/s)

0 0.0 5783.8
20 4.3 6011.2
40 8.6 8257.3
60 12.9 8257.3
80 17.2 8257.3
100 21.5 8407.2
120 25.8 6407.2
140 30.1 6407.2
180 34.4 8407.2
180 38.7 8407.2
200 43.0 8407.2
220 47.3 8407.2
240 51.8 8407.2
260 55.9 6407.2
280 80.2 8407.2
300 &4.5 6407.2
320 88.8 8407.2
340 73.1 8407.2
380 77.4 8407.2
380 81.7 6257.3
400 86.0 6257.3
420 90.3 6257.3
440 94.8 8257.3
480 98.9 8257.3
465 100.0 5700.0

aren..
Load tIeN)

" l.o8d
CD tm/s)

0 0.0 4890.9
20 7.& 4803.8
40 15.1 4803.8
60 22.8 4890.9
80 30.2 4913.2
100 37.7 4935.8
120 45.3 4958.5
140 52.8 4958.5
160 80.4 5004.7
180 &7.9 5004.7
200 75.5 5004.7
220 83.0 4890.9
240 90.& 4890.9
280 98.1 5004.7
265 100.0 4483.3

Chamokite

Table D-7 &amples ofva1ues computed by theUP~

Wh Redite aranlt.
l.oMI (1eN) "LoM CD (mis)

0 0.0 4195.8
15 5.7 4225.4
30 11.5 4255.3
45 17.2 4318.5
60 22.9 4363.&
75 28.& 4347.8
90 34.4 4347.8
105 40.1 4363.6
120 45.8 43&3.6
135 51.5 4363.6
150 57.3 4428.0
165 &3.0 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 4316.5
255 97.3 4152.2
262 100.0 4013.4

Load (kH) " Load Cp (mis)

0 0.0 4693.0
15 6.3 4693.0
30 12.5 4713.7
45 18.8 4755.6
60 25.0 4819.8
75 31.3 4908.3
90 37.5 4908.3
105 43.8 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 4755.8
210 87.5 4755.6
225 93.8 4755.6
240 100.0 4458.3

•

•



•

•

Table~ &amples ofVl1ues computed by theUP~

Gabbro
Load (kHI %~d CD (m/ll

0 0.0 6206.9
20 4.3 8242.8
40 8.7 8242.8
80 13.0 8242.8
80 17.4 6242.8
100 21.7 6242.8
120 28.1 6352.9
140 30.4 8352.9
160 34.8 6352.9
180 39.1 6352.9
200 43.5 6352.9
220 47.8 6352.9
240 52.2 6390.5
260 56.5 6390.5
280 60.9 6390.5
300 65.2 8390.5
320 89.6 6390.5
340 73.9 6390.5
380 78.3 6390.5
380 82.6 6390.5
400 87.0 6315.8
420 91.3 6279.1
440 95.7 6206.9
460 100.0 6033.5
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