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ABSTRACT

This d'issertation deals with the assessment of a non-

destructive test method, namely the sonic pulse velocity method, as

applied to concretes of known physical and mechanical properties.

Concrete produced by two l^li nni peg concrete producers,

Building Products and Supercrete, was investigated using three

varying mix designs from each plant. Since the aggregate source

of the two pìants differ, the major difference between the two

concretes tested was the properties of the respect'ive aggregates.

In hopes that the findings of this study could have a practical

local app'lication, mix designs actually used by the two producers

in their daily production runs were incorporated into the test

program.

llJhile the three Supercrete mix designs closely matcñed

the Building Products mixes, the pulse velocity measurements on the

hardened concrete differed substantially between the two concretes.

This showed the importance of the need to correlate pulse velocity

readíngs to aon.r.i., of different properties before sonic methods

could be used effectively. A relationship was deve'loped for each

of the mjxes for pulse velocity versus strength and puìse velocity

versus dynamic modulus of elasticity.

The test results from this study indicate that sonic

tests could not be used as substitutes for other tests normal'ly

performed on concrete. S'ince they do provide a basis for evaluating
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the uniformity and qua'lity of a given concrete, they can be used

as an extensÍon of other methods of testing.

':.,¡
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SSD = Saturated Surface Dry

f = Static Modulus of Elasticity
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Ð

tÅ Poi sson' s rati o

K = Constant a'llowing for the inelastic, heterogeneous

properties of different concrete m'ixes

e = Density of Concrete (unit weight)

f: = Ult'imate Compressive Strength of Concrete
c
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l- = Phys i cal Length of Cyi i nder

T = Tìme taken for pulse to travel length of cy'linder



CHAPTER I

INTRODUCTION

I . I Purpose of the Study

The purpose of this study is to apply a non-destructìve

test method, namely the sonic pulse-velocity method, to concrete of

known physical and mechanical properties and comelate these prop-

erties to the recorded pulse velocity readings. By estab'lishing a

correlation, it could be possible to use sonic methods to determine

the quaiity of "in-situ" concrete in the field prov'iding the mix

design and properties of the field concrete were known.

1 .2 Statement of the Probl em

For many years the standard test for determinìng the

strength of concrete has been a destructive compressive test on

special'ly prepared cyìinders. since the cyì'inders are laboratory

cured they may not be representative of the concrete in the

structure. A check may be made by testing a core from the ',Ín-

sìtu" concrete, however, this is not aiways possible since the

appearance or performance of the member concerned may be affected.

The disadvantages of the standard test methods has

encouraged various .attempts to devise non'destructive test methods

to be appf ied to "in-situ" concrete. One method where a considerable
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degree of success has been achìeved is the ultrasonic pulse method.

The application of the ultrasonÍc pulse method is based on the

fact that the propagation velocity of the onset of a pulse of

ultrasonic iongitudinai waves, or pu'lse velocity, through a

medi um 'is proporti onal to i ts densi ty. If a re'l at'ionshi p can be

determined between density and strength, it may be possible to

determine one between pulse velocity and strength. Therefore,

the objects of the ultrasonic pulse method are to estabjish:

a) the compressive strength of the concrete

b) the homogeneity of the concrete

c) defects in the concrete

The pulse method can be applied:

a) at precast concrete pìants

b ) at co nstruct'i on s i tes

c) to test structures in use

d) in researc,h work

I^lhile pulse velocity research has been conducted in

a number of areas throughout the world, no known attempt has been

made to apply this research to local l¡linnipeg condìtions. Since

the properties of concrete materiaìs may change apprec'iably from

area to area and'it is these properties that affect puìse velocity

readings, it is necessary to correlate readings to known local

concrete mixes bef,ore the pulse velocity method can be applied
'loca1ly.
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Ì

I .3 Scope

In hopes that the findings of this study could possibly

be applied to actual concrete being placed in hl'innìpeg, and thereby

be of some practical benefit, concrete producted by two local ready-

m'ix companies was used throughout the invest'igation. The concrete

was batched at two plants, nameìy Building Products and Supercrete.

Actual mix designs used by the respective companìes in their dai'ly

production runs were incorporated in the test program to further

add to the practica'l benefìts of the study.

Two seperate test programs, designed to measure the

physical and mechanical properties of the concrete and the materials

that make up the concrete, were run. These are designated as:

Test Series A

All test cy'linders were cast with concrete produced

at Building Products. The samples are identified in the

report by the prefix "8P".

Test Series B

All test cylinders were cast with concrete produced

at Supercrete. The samp'les are identified in the report by

the prefix "S".

The basÍc difference between the two test series was 
'

the aggregate used. The respective mÍx designs were held re'latively

constant 'in regards to proport'ioning. The testing Ínvo'lved the

determination of the density, air content, compressive strength,
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stress-strain relationship and pu]se vejocity of the indivjdual

concrete test specimens. A correlation was then established

between the pulse veloc'ity and the concrete properties of the

respective mixes.
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CHAPTER I I

THEORY ON ULTRASONTC PULSE & REVTEl¡J

OF PRTVIOUS RESEARCH

2.1 Theor.v on the Ultrason'ic Pulse Test

The wave velocity of ultrasonic pulse in concrete 'is

calculated from the time taken by a pulse to travel a measured

dÍstance. Mechan'ical energy in the form of a pulse or sound ulave

is transmitted between transmitting and receiving transducers.

The transducers are in contact with the concrete so that the

vibrations travel through it. The electrical sìgna'l generated

by the transducer is fed through an ampìifierl to a plate of a

cathode-ray tube. A . second p'l ate suppl 'ies timi ng marks at f j xed

intervals. Thus from the measurement of the dispìacement of the

pulse signai relative to the. position when the transducers are in

d'irect contact with one another, the time taken by the pulse to

travel through the concrete can be measured(1'). The veì.ocity

can be calculated by dividing the distance between transducers

by time. There are two methods of making the measurements:

a) by direct transmission through the concrete where the

transducers are held on opposite faces of the member

under test

b) by propagation along t,he surface when only one face



-6-

of the concrete is accessible. Two disadvantages exists

in this method. Since the maximum energy of the pulse

is being directed into the concrete, the weaker signal

received results in a less accurate reading. Also,

measuring the pulse velocity at the surface oniy

measures the surface properties and gives no ind'ication

about weaker concrete which may be below a stronger
(2\

surface layer'-'.

2.2 RevÍew of Previous Research

Previous studies have been conducted in the classifica-

tion of the qua'lity of concrete on the basis of puise velocity.
/?\

Some figures suggested by l^lhitehurst\"/ for concrete with a densìty

of approximately 150 1bs./cu.ft. are given in Table l.

) Table I

Classification of Concrete Qual ity

Longi tudi nal Pu'l se Vel oci ty
I o3 tt./sec.

Quality of Concrete

excel'lent

yvvu

doubtful

p00r

very poor

12

10

7

l5

l5

12

10

7
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According to Jon.r(4), however, the 'lower I imit for

good quaf ity concrete is between 'l3,500 and I5,000 ft./sec.

This discrepancy, and the generally wide variation

in the puìse velocity of concretes are due to the influence of

the coarse aggregate. Both its quantìty and type affect the pulse

velocity while, for a constant water-cement ratio, the influence

of the conrse aggregate on strength is comparat'ive1y small(l).

It is lvluenow'r(5) opfnion that the most accurate

method of determin.ing compressive strength is a correlation

between destructive testing and velocity measurements. He

suggests the relat'i.onship, shown in Figure 1, for velocity and

compressive strength as a function of mix design.

From Figure 1 it can be observed that there is

an overlap of readings between different mixes. Therefore,

the mÍx design of the concrete to be testecl must be known before

a pulse velocity-compressive strength re'lationship can be applied.
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CHAPTER III

TISTING -- PROCEDURIS AND RESULTS

IIIA TEST SERIIS A

34. I Introduction

In this series, tests were camied out on the concrete

materials and concrete as produced by Building Products and Concrete

Supply, hlinn'ipeg. Following is a breakdown on the various testing

procedures and test results conducted on the test sampies. All

test. samp'les in Test Series A are identified by the prefix 'lBP''.

34.2 Aggregates

34.2a Grâdation

It was decided to limít the maximum s'ize of aggregate

in the concrete mix to 3/4". Since the major appìications

utilizing sonic equipment would be in thin sections such as

walls, slabs, and columns where 3/4" concrete is us.ed, this

was thought to be a valid limitation for test purposes.

Gradation testi were conducted on both the fine and

coarse aggregates. Methods of sampling and grading were

done 'in accordance with CSA Standard 423.1 -1967. The grad-

ation for the 3/4" aggregate is shown in Figure 2 while the

sand gradation is shown in Figure 3.



Test SerÍes A -- Sieve Analysis

Buiiding Products 3/4" Coarse Aggregate

- 10 -

Total Passing
Percent by

Figure 2

each Sieve
l,.lei ght

CSA Standard 423 .1-1967
Speci fi cati on

A.S.T.M. Standard
Sieve Sizes :

l"
3/4"

3/8"

J!AIt+

#8

Test Aggregate

I 00.0

98. t

22.0

3.5

0.6

100

90 - .l00

20- 55

0 - 10

0- 5
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Test Series A --

Bui'ldi ng Products

Sieve Analysis

Fine Aggregate

Fìgure 3

100

95 - 100

B0 - 100

50- 85

25- 60

10 - 30

2 - 10

A.S.T.M. Standard
Sieve Sizes

3/8"

JIA'|t'¡

#8

#16

#30

#50

#l 00

#200

each Sieve
I^Ie'ight

CSA Standard 423 .1-1967
Speci fi cati on

Total Passing
Percent by

Test Aggregate

I 00.0

96.4

87 .7

75.8

49.3

21.3

6..l

2.9
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34.2b, Specific Gravitv

Since the son'ic pu'lse velocity is proportiona'l to the

density of the medium through which the pu]se is transmitted,

it is very important to know exactly what densities are

being worked with. Therefore, specific gravities were

determined on the aggregates in order to help explain the

dens'ities obtained in the final concrete mixes.'

Typical calculations for the coarse specific gravity

is shown in Samp'le Calculation l. A dry bulk spec'ific

gravity of 2.638 was obtained.

Typical calculations for the fine specific gravity

is shown 'in Sample Calcuiati on 2. A dry bulk specific

gravity of 2.602 was obtained.

34.3 Cement

The cement used throughout the test program conformed

to CSA Standard A5-1971 and was Type I Normal Portland Cement.

However, this standard is only a minimum requirement. In actual

fact, a given market may demand a higher quality cement with

respect to minimum strengths. In order for a cement company to

market its product in any g'iven area it would be forced to meet

these higher strength.standards as set by competition. Also,

these standards could vary from market area to market area. The

Manitoba market compressìve strength standard as compared to the

CSA standard at the time of testing is shown in Tabie 2.
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Sample Calculation l

i

Test Series A -- Coarse Specific Gravity

Building Products 3/4" Coarse Aggregate

l^lt. of Sample (S.S.D.) in Air (B)

hJt. of Sample (S.S.D. ) in Water (C)

l{t. of Oven DrÍed Sample (A)

2447MffiTffi

2447
m'õ'-]m

2500 gms

1 573 gms

2447 gns

= 2.168%

= 2.695

= 2.799

= 2.638

Absorption = %Å xl00

Bulk Specific Gravity

Apparent Specific Gravity =

_ 2500 - 2447 .. ., 
^^- m7- r( rvv

25C0
m-o - T5F

_B-Fe

A=
Ã, ..7

Bulk Specific Gravity (dry) =
Am=
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Sample Calculations 2

Test Series A -- Fine Specific Gravity

Building Products Fine Aggregate

Volume of flask at 20oC ¡rvrl

I^lt. of sand (S.S.D.) and flask

l,Jt. of flask, sand (S.S.D. ) and water at 20oC

l¡Jt. of flask

l,Jt. of sand (S.S.D.) and water

lnjt. of sand (S.S.D.) "Wssd"

Wt. of water added at 20oC r¡þlrl

Wt. of sand (oven. dried) and tare

lnjt. of tare

l,Jt. of sand (oven dri ed ) 'rArl

500 - 492.1-w

=6
492.1

500 c.c.

676.1 gms

987.0 gms

17 6 .1 gms

Bl 0.9 gms

500.0 gms

3'l 0.9 gms

874.8 gms

382.7 gms

492.1 gms

= 1.608%

=

= 2.716

= 2.602

Absorption = ry# x .l00 
=

Bu'l k Speci f i c Gravi ty (S. S. D. ) =

Apparent Specific Gravity

ffi= #= 2.64s

(500 - 310.e) - (5oo -

Buik Specific Gravity (¿ry) = å

+e2.1)

_ 492.1
500 - 310.9



Age of Test
(days )

- i5 -

Compressive Strength Comparison

of Normal Port'land Cement

csA-A5-1 971
Standard

(psì )

1 800

2600

3800

Table 2

Manitoba Market
Standard at Time

of Testing
(psi )

2600

4200

5/0Q t

3

7

28

it is criticai that the compressive strength of the

cement'be known before sonic testing methods can be applied. Less

cement per cubic yard could be used in a high cement standard

market area in comparison to a lower standard market area, to obtain

equ'ivaìent concrete strengths. However, the densities of the two

concretes would be affected by the varying amount,s of cement used.

This would have to be taken into consideration when correlating

puise velocity to compressive strength for the concretes in quest'ion.

34.4 Concrete Mixes

The decision to use concrete produced at a batch

plant throughout the test program was based on two factors:

i) Better control in proportioning the materials could

be accompl i shed wi th l arge vo'lume batchi ng. Contro'l

would be:more dÍfficult with a smalj laboratory mixer.
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ii) Concrete produced at a batch plant during a normal days

proouction would be a truer representation of the concrete

going into the 'local market. This, therefore, would add

to the practical benefits of the study.

Three different mixes were batched and cy'linders cast.

The mix designs (BPA, BPB, and BPC), with respective water-cement

ratios of 0.4,0.6, and 0.8, are designs that are actually being

used by Building Products in their daiìy productìon.

It should be noted that the coarse aggregate was held

constant for the complete series of tests. Tests conducted by

the research laboratories of James tlectronics Inc., Chicago,

Illinois, indicate that the coarse aggregate affects the wave

velocity much more than the fine aggregate(5). The fine aggregate

was considered to be part of the .mortar along w.ith the, cement and

water. Therefore, while the batch weÍght per cubic yard was hejd

conitant for the three sets, the various materials that made up

the mortar were proportioned differently and the coarse aggregate

was hel d constant

I^IRDA (water-reducing admixture) was the only admixture

used in the concrete mixes. It is an aqueous solution of highly

purified metallic. salts of lignin sulfonic acids, containing a

catalyst which counteracts the normal hydration-retarding effect

of other dispersing admixtures. As a dispersing agent it 'lessens

the natural interparticle attraction between'cement grains and
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lvater. It does this by colloidal action, which forms a coating

on the cement particles. This reduces their tendency to clump

together, and makes the mix more workable with less water.

The three mix designs in Test Series A, namely

BPA, BPB, and BPC, are outlined in Figures 4,5, and 6 respectively.

34. 5 Samp j 'i ng of the Concrete

The batch plan,t at Building Products is a central

mìx operation. After the concrete. was adequately mixed it was

discharged into a transit-mixer truck'.'The truck was then backed

to a platform where the concrete was thoroughly remixed in the

transit mixer. 'Concrete was then sampled from the mixer with a

shovel at intermittent periods. These samp'les were then hand

mixed together on the ptatform in order to ensure a representative

sample. Sets of twelve cylinders were then cast for each of the

three mixes.

Three separate tests were then camied out on each

mix while the concrete was in the pìast,ic state. These were

slump, air content, and unit weight determinations. The results

of these tests for each of the three mixes are noted in Figures

4, 5, and 6 respectiveiy.

All tests lvere carried out in accordance with CSA

Standard A23.2-1967, Methods of Test for Concrete.
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i
Figure 4

Test Series A -- Mix Design BPA

MaterÍ al s

3/4" aggregate

sand

cement

water '

l^JRDA

(Water Reduc-
ing Agent)

Saturated Surface
Dry Des i gn l.rlts .
(lbs./cu.yd. )

Actual Desígn
l^lts. Allowi'ng
for Moisture

Content of Sand
(l Us . /cu .yd. )

't900

1239

."700

221

Total Actual
Batch lnleights

(1bs.)

1 900

ì 180

700

?80

40 f,1. oz.

I0,450

6,8.| 4

3,845

1215 + 100=

I 
'315

220 fl. oz.

Moi sture Content of Sand

Des'ign hlater-Cement Ratio

Actual Water-Cement Ratio =

-Note-
Addit'ionai water was added to
a more workab'le mix

_ 280- 7bõ

the fi nal batch

= 5.0%

= 0.40

= 0.43

in order to obtain

AÍr Content

Sì ump

Uni t l¡lt.

1.8%

2 1/4"

150.8 p.c.f.
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Test Series A -- Mix Design BPB

Actual Design
l,'lts . Al i owi ng
,for Moi sture

Content of Sand
(1bs . /cu.yd. )

Figure 5

= 0.60

Materi al s

3/4"

Saturated Surface
Dry Design blts.

( I bs. /cu.yd. )

Total Actual
Batch l^leights

(1bs . )

aogregate

sand

cement,

water

\^JRDA

Ai r Content

S1 ump

Unit l¡Jt.

1 900

1 400

470

280

27 f1. oz.

I 900

1470

470

210

9 ,500

7 ,400

2,350

I,050

135 f'l . oz.
(Water Reduc-
ing Agent)

Moisture Content of Sand

Desi gn l¡later-Cement

Actual l,'later-Cement

Rati o

Rario =W = 0.60

_ 280- Tî6

2.3%

3u

149.8 p.c.f.



Saturated Surface
Dry Des i gn l^lts .

(1 bs . /cu .yd. )

Actual Design
l,rJts. Al l owi ng
for Moisture

Content of Sand
('l bs . /cu .yd . )

I 900

I 575

350

205

o

Total Actual
Batch lnlei ghts

(1bs.)

Materi al s

3/4" aggregate

sand

water

I,JRDA

(Water Reduc-
ing Agent)

-20-

Fi gure

Test Series A -- Mix Design BPC

I 900

I 500

350

280

20 f]. oz.

9,500

7 ,775

I,750

1,025

100 fl. oz.

Moi sture Content of Sand

Des i gn ldater-Cement Rati o

Actual hJater-Cement Ratio =

_ 280-m-

= 5.0%

= 0.80

= 0.Bl
1 750

Air Content

S'lump

Unit l¡lt.

2.5%

2'l

149.4 p.c.f.
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34.6 Curinq

After the cy'linders were cast, plastic covers v{ere

placed over them in order to prevent the water needed for hydra-

tìon from evaporating. The cylinders werç then set out of the

sun and let stand for 24 hours before they were moved. The air

temperrature during this period ranged from 50 - 70 degrees. The

next day the cyiinders were carefully loaded into a van and

rigidly supported while they were being transferred to the M.

Block Testing Laboratory in l,'linnipeg. Extreme care lvas taken in

handling the cylinders during the transportat'ion and stripping

operations in order to minimize any possibility of smalj fractures

devel opi ng i n the samp'les .

Cylinders from each of the three sets that were

numbered from I through 6 were placed in a water bath for wet

curing prior to testing. Cyìinders numbered 7 through 12 were

p'laced in a room for dry curing.

34.7 Unit hjeiqhts

The unit.weight of the concrete was determined at

three different periods. The first measurement was taken while

the concrete was in the plastic state. The second measurement

was taken on four cylinders from each set at the age of one day

The third measurement was taken on the same four cylinders, two

of which were wet cured and two of which were dry cured, at the

age of 7 days.
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The test used in determining the unit weight of the

hardened concrete utilized the method in which the cylinder was

weighed in air and then in water. Since the difference in the

weights is equal to the volume of water displaced, the specific

gravity of the concrete can be determined. From this, the unit

weight can be calculated. The calculations are given in Sample

Ca'l cul ati on 3.

A summary of the unit weights is given in Tabje 3.
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Sample Calculation 3

Test Series A

Unit l,Jeight of Hardened Concrete

Test C.vl i!9er BPAI

l^Jt. of cyìinder in air = WA

l^lt. of cyìinder in water =

Since unit wt. of water

= 13,635 gms

= 7,988 gms

Volume of cyiinder = [ = W¿, - W" =, 13,635 - 7,988 = 5647 c.c.

t,t

specific gravìty of cylinder = ,,o = ì:'9?g 2.413V : 5,647

= 62.4 p.c.f.

unit wt. of test cyìinder BPAI. : 2.413 x 62.4 = 150.6 p.c.f.
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Test Series A

Concrete Unit l'Jeights

Table 3

Cyl Í nder
No.

BPAI

BPA2

BPAT

BPAB

BPBI

BPB2

BPBT

8PB8

BPCI

BPC2

BPCT

BPCB

Air Content
(Plastic State)

ol
lo

2.5

Method
of Curi ng

hlater bath

ll

Air
il

t¡Jater bath

tl

Air
tl

l^later bath

t¡

Alr
tl

Uni t l^leÍ ght

Pl asti c

(lbs./cu.ft.)
Hardened

1 -Day 7 -Day

1.8 1 50.6

t5l .9

150.6

150.6

l5l .3

151 .3

I 50.6

151 .3

151 .B

I 54.0

't 50.2

I 49.8

t5l .5

1 52.8

150.0

I 50.8

151 .2

152.0

I 50.9

150.0

2.3

151 .2

151 .2

I 50.6

151 .2
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3A.B Pulse Veloc'ity Determination

3A.Ba Operation of EquiPment

The instrument used in. determining the pulse velocities

throughout the test program was the V-scope, Model No. C-4960

as manufactured by James Electronics Inc., Chicago, Illinois.

A picture of the instrument is shown in Figure 7.

The operating frequency range of the instrument is

15-300 KC. The higher the frequency, the narrower the beam

of pulse propagation but the greater the attenuation (or

damping out) of the puise vibrations. Metal testing requires

high frequency pulses to provide a narrow beam of energy but

such frequencies are unsuitable for use with heterogeneous

materiais such as concrete becau'se of the considerable

amount of attenuation which puìses undergo when they pass

through these materials. The frequency found suitab'le and

used throughout these tests was 50KC which corresponded to

a wave length of about ì30 mm. The instrument's pu'lse rate

is 69 pulses per second.

The basic operation of the James V-scope is outlined

in Append'ix A.

3A.Bb Pulse Velocity Readinqs

Pulse veìocity readings were täfen on both wet cured

and dry cured cylinders for each set at 7 and 28 days. Since
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SONIC TESTING EQUIPMENT

Figure 7
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the physical length of each cylinder varied slightly, each

cylinder was measured in order that the pu'lse velocity

could be caiculated accurateìy. A typical calculatíon

of pulse velocity is shown in Sampìe Calculation 4.

Tab'les 4, 5, and 6 outl ine the individuai puise

veiocities of the three mixes tested in Test Series A.

: Samole Calculation 4

- Test Series A

Sample Calculation of Pulse Velocity

Cyl inder BPA1

Measured 1 ength of cyi i nder = l- = I 2.1 0"

Time taken for sonic wave to
tiaveiiÀl.nàtñ-äi-.viìraå" = r = 63.0mi*oseconds

' I 12.10.. il
Pul se Vel oci tv = + = -\T n 63Jõ'

.0'1605 ft./microsecond or 16,050 ft./sec.



Cyì i nder
No.

Method
of Curing

BPAl

BPA2

BPA3

BPA4

BPAS

BPA6

BPAT

BPAB

BPA9

BPAI O

BPAI 1

BPA]2

hJater bath

,ll

tl

It

tl

ll

Air
tl

tl

|l

tl

tl

Compressive Strength

Test Series A -- BPA General Test Data

7-day

(psì )

5089

51 59

5000

28-day

Pul se Velocity
(rt./sec. x lo3)
7-day | 28-day

'16.05

I 5.85

I 6.05

601 0

6666

61 17

Tabl e 4

501 B

51 59

5408

(psi
t
X I 06)

4.1 9

E¡

(psi x lo6)

t 6.35

1 6.30

16.2

15.7

15.7

15.9

6206

60Bl

6578

4.95

5.37

Poi sson's
Rati o
ll

15.7

15.7s

I 5.8

6.35

0.19

4.10

. 5.04

0.17

5.26

6.46

t:
ru.
¡ .¡

r,

0.18

0.17



Cyl i nder
No.

BPBI

BPB2

BPB3

BPB4

BPB5

BP86

BPBT

BPBS

BPB9

BPBl O

BPBI 1

BPBI 2

Method
of Curing

l,later bath

tl

ll

It

Compressive Strength
(psi )

Test Series A -- BPB General Test Data

7-day

3865

4060

4l l3

28-day

|l

Air
ll

il

tl

tl

II

Pul se Velocity
(ft./sec. x lo3)
7-day | 28-day

15.6

t 5.6

15.65

4893

5337

5230

Tabl e 5

3830

3652

3865

( psl

E

X I 06)

l5.B

-1 6.25

1 6.'l

3.60

EDl
(psi x l0o)

15.35

I 5.3

15.3

4823

51 59

4805

4.23

Poi s son' s
Rati o

l^

4.61

I 5.3

15.5

1 5.4

5.42

0.21

3. 9l

4.23

0.19

5.01

5.42

I

N)
r.o

I

0. 21

0.19



Cyl i nder
No.

BPC]

BPC2

BPC3

BPC4

BPC5

BPC6

BPCT

BPCB

BPC9

BPCI O

BPC] 1

BPCI 2

Method
of Curi ng

t^laten bath

ll

tl

It

ll

ll

Air
;

ll

tl

ll

tt

u

Compressive

Test Series A -- BPC General Test Data

7 -day

(þsi )

Strength

2B-day

2801

2695

2695

Pul s

(ft./
7 -day

o\/

sec

ei oci ty
. x lo3)

28-day

15. 55

15. 5

15.4

3759

3954

3635

Table 6

2553

2660

2411

(psi
E

X I 06)

3.60

14. 55

14.75

14.75

t5.75

t 5.85

1 5.85

(psi

31 91

3493

3386

ED

x 106)

4.46

4.61

Poi sson's
Rati o

JA

I5.05

I 5.0s

1 s.05

5.72'

0.23

2'.02

2.96

0.22

2.59

3.79

I

(¡)o
I

0.24

0. 23
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34.9 Compressive Strenqth Determination

The compressive strength was determined for each of

the cylinders cast. The tests were conducted in accordance with

CSA Standard 423.2.13 "Test for Compressive Strength of Moulded

Concrete Cylinders". The equipment used in the test is shown in

Figure B. The compressive strengths of the test cylinders for each

of the three mixes in Test Series A are given in Tables 4, 5, and

6 respectively.

34.10 Strain Determination

The unit'strain of the concrete under load was recorded

at 5 kip load increments. Mechanicai gauges (DEMEC) were used

throughout the test. Initially the gauges were held in place by

hand, however, the slightest hand movement would disrupt the

readings. The gauges were then fastened secureìy to the cyiinders

by eìastic bands as shown in Figure 9.

Strain readings were recorded for the following

cyì i nders :

BPAI, BPBI, BPCI Z day wet cured

BPA4, BPB4, BPC4 28 day wet cured

BPA9, BPB9, BPC9 - 7 day dry cured

BPA'10, BPBìO, BPCIO - 28 day dry cured

The strain readings on the above cyìinders as well as

the details of the gauges used are tabu:lated in Appendix B.
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EQUIPMENT USED FOR COMPRESSIVE

STRENGTH DETERMINATION

Figure B
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MECHANICAL GAUGE SUPPORT

Figure 9
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IIIB TEST SERIES B

38. I I ntroduct'ion

In this series, tests uJere carried out on the concrete

materia'ls and concrete as produced by Supercrete in the City of

l^linnipeg. Following is a breakdown on the various testing pro-

cedures and test results conducted on the test samp'les. To

avoid duplication, where the procedures are the same'as followed

in Test Series A, it shall be noted as such. All test samples in

Test, Series B are identified by the preftt,""t".

38.2 Aqgreqates

38.2a Gradation

The maximum aggregate size was agàin limited to 3/4'.

Gradation tests were conducted on both the fine and coarse

aggregate as in Test Series A. The gradation of the coarse

aggregate is shown in Figure l0 while the sand gradation is

shown in Figure ì1.

38. 2b 
, 

Sp.eci fi c- Gravi ty

The specific gravity of the coarse aggregate was

determined as in Test Series A. A dry bulk specific gravity

of 2.580 was calculated as shown'in Sampie Calculatjon 5.
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Test Series B -- Sieve AnaiysÍs

Supercrete 3/4" Coarse Aggregate

Total Passing
Percent by

Figure I 0

each Sieve
hlei ght

CSA Standard 423 .1-1967
Speci fi cati on

A.S.T.M. Standard
S'ieve Si zes

l"
3/4"

3/8"

#4

#8

ïest Aggregate

1 00.0

88.3

22.0

2.5

, 0.9

90

20

0

0

IUU

100

55

l0
F
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Test Series B -- Sieve Analysis

Supercrete Fine Aggregate

Total Passing
Percent by

Figure I 1

each Sieve
t^le i ght

CSA Standard 423 .1-1967
Speci fi cati on

A.S.T.M. Standard
Sieve Sizes

3/8"

#4

#8

#16

fJU

#s0

#r 00

#200

Test Aggregate

I 00.0

99.7

90. 5

69.4

43.3

17 .g

4.2

1.9

100

95 - 100

80 - 100

50- 85

25- 60

l0 - 30

2- 10
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Air (B)

Water (C)

(A)

Sample Calculation 5

Test Series B -- Coarse Specific Gravity

Supercrete 3/4" Coarse Aggregate

t^Jt. of Sample (S.S.0.) in

lrlt. of Sampie (S.S.D. ) in

ltlt. of Oven Dried Sample

2500 gms

I 552 gms

2448 gms

Absorption = loo = W xloo#X

GravitY =
B-ì--ó-u

2500mlEz

= 2.122%

= 2.635

= 2.732

= 2.580

Buì k Speci fic

Apparent Specific Gravity

Buìk Specific Gravity (dry) =

n̂=-=,ta¡-t - tJ

2448ñn
2448mjæ
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38.3 Cement

The cement used in Test Series B again far exceeded

csA Standard A5-1971 strength requirement. The comparison between

the CSA standard and the Manitoba market area standard is outlined

in Test Series A

38.4 Concrete Mixes

Three different mixes were batched at Supercrete and

the cy'linders cast. The designed mixes (SA, SB, and SC), with

respective water-cement ratios of 0.40, 0.62, and 0.82, are

des'igns actualiy being used by Supercrete in their daily pro-

ducti on

A water-reducing admixture, as discussed in Test

Series A, was also used in Test Series B.

The comparisons between the design and actual mixes

tested, namely SA, SB, and SCn are given in Figures .l2,'13, 
and

14 respectiveiy.

38.5 Sampling of the Concretg

The batch plant at Supercrete is a central mix operation.

Unlike at Building Products where the concrete had to be samp'led

from the transit-mixer truck, the concrete was sampled directly

from the central mixing drum. As the concrete was being discharged

from the drum, samples u,ere taken with a shovel and þlaced in a
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Test Series A --

Figure I 2

Mix Design SA

Materi al s

3/4" aqgregate

sand

cement

water

l^lRDA

(Water Reduc-
Íng Agent)

Saturated Surface
Dry Design Wts.
(lbs./cu.yd. )

Actual Design
hlts. Al 1 owi ng
for Moi sture

Content of Sand
(l Us . /cu.yd . )

I 900

1329

700

211

Tota1 Actual
Batch llleights

(l bs. )

I 900

1260

700

280

39.8 fl . oz.

7,600

5 ,356

2,900

7gg

160 f] . oz.

Moi sture Content of Sand

Actual Water-Cement Ratio

-Note-
Less water lvas used than
workable mix was obtained

Aí r Content 2.3%

tQ^
Design Water-Cement Ratio = iää

= 5.5%

= 0.40

799 + (53561 .!55 = .039= mõ-
called for in the mix design since
with a reduced water content .

Sì ump :

Unit l¡Jt.

Concrete Temp. ' 75oF

3 1/2"

I 48. 0 p.c.f .
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Figure i3

Tesi Series B -- Mix Des'ign SB

Material s

3/4" aggregate

sand

cement

water

t^JRDA

(Water Reduc-
ing Agent)

Saturated Surface
Dry Des'ign l,rlts.

('l bs . /cu .yd. )

Actual Design
ldts . Al l owi ng
for Moisture

Content of Sand
(lbs./cu.yd.)

1 900

1470

445

173

Total Actual
Batch Weights

(1bs . )

I 900

1 368

445

275

fl. oz.

3.2%

4 1/4',

146.4 p.c.f.

71 
0F

7,600

5,920

1,780

686

108 fl . oz.

Mo'isture Content of Sand = 7.5%

= 0.62Design hlater-Cement

Actual l.Jater-Cement

Air Content

S1 ump

Unit l¡Jt.

Concrete Temp.

Rario = -qgo + (5920) '075 = 0.64

Ratio = ffi
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Material s

3/4" aggregate

sand

cement

water

l^JRDA

(Water Reduc-
ing Agent)

Saturated Surface
Dry Design l,rlts.

('l bs. /cu .yd. )

1 900

1 441

340

280

20 fl. oz.

3.0%

5 3/4"

146.6 p.c.f.

690 F

Actual Design
Ì,Jts. A'l I owi ng
for Moisture

Content of Sand
(lus./cu.yd.)

Figure ì4

= 7.0%

= 0.82

Total Actual
Batch t,le'ights

(lbs.)

Test Series B -- Mix Design SC

'1900

1542

340

179

7 ,600

6,212

I,360

672

80 fl . oz.

Moisture Content of Sand

Design Water-Cement Ratio _ 280- 34õ

Acruat warer-cement Rari o = ,8t8+.'$zl,Ð 'olo - O.gt

Air Content

Sl ump

Uni t I^Jt.

Concrete Temp.
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small buggy. Since sampìes were taken intermittently as the concrete

was being discharged, a good representative sample was obtained.

The sampìe was then dumped from the buggy onto a p'latform and mixed

with a small shovel. sets of twelve cyìinders were then cast for

each of the three mixes.

As in Test Series A, slump, air content, and unit

weight tests were conducted on each m'ix. The results of these

tests are indicated in Figures 12,13, and 14 for the respective

mi xes

38.6 Curi nq

The same techniques as discussed in Test Series A

were empìoyed in the curing and transportation operation in Test

Series B.

38.7 Unit hleiqhts

The unit weight of the concrete was determined in

both the plastic and hardened state as in Test Series A and a

typical calcu'lation,is shown in Sample Calcu'lation 6.. A summary

of the unit weights is shown in Tabl e 7" 
''

38. B Pul se Vel oc'it.y Determi nati on

38.8a Test Procedure

. The instrument used in determining the pulse ve'locity
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Sampl e Cal cu'lation 6

Test Series B

Unit llleight of Hardened Concrete

Test C.vlinder SA8

hlt. of cylinder in air = WA

l^Jt. of cy'linder 'in water = hlil

= 13,340 gms

= f,750 gms

Volume of cylinder [ = WA - W" = 13,340 - 7,750 = 5590 c.c.

,590

Since unit wt. of water = 62.4 p.c.f.

unit wt. of test cylinder SA8 = 1.39 x 62,4 = 149.0 p.c.f.
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Method
of Curing

hlater bath

|l

Air
ll

t¡later bath

tl

Air
ll

I'later bath

¡l

AÍr
t¡

Table 7

Unit l^leight

Pl asti c

(lbs./cu.ft.)
Hardened

7 -Day

Cyl'inder
No.

SAI

c^,

qÀ7

SAB

SBI

SB2

SB7

S88

Air Content
(Plastic State)

ol
lo

3.2

3.0

Test Seri es B

Concrete Unit l,,leights

2.3 148.0

It

t¡

tl

146.4

¡t

t¡

t¡

146.6

ll

. ,r'

t¡

150.0

I 50.5

149.0

149.0

I49.5

I49.5

147 .0

147.5

1 50.0

150.0

147.0

146. 5

SCl

sc2

sc7

SC8



I
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of the test samples in Series B was the same as in Series

A. The operation of the equipment is outlined in Appendix .

A.

38. Bb PulS Ve]oci ty Readi ngs

A typical caiculation of pulse velocity is shown in

Sampìe Calculation 7. Tables 8, 9, and l0 outline the

individual pulse velocities of the three mixes tested in

Test Series B.

Test Series B

Sample Calculation of Pulse Velocity

Cyi inder SA4

. Measured 'length of cyì i nder = | i = ì 2.I 5"

Time taken for sonic wave to
traverse length of cylinder = f = 64.5 microseconds

Pulsevelocit,, - L - 12'15"'l -'v-T--u:"64;5.
.01570 ft,/microsecond or .I5,700 ft./sec.



Cyl i nder
No.

Method
of Curing

SAI

sA2

sA3

sA4

SA5

SA6

sA7

SAB

sA9

SAl O

SAl I

SAI 2

Compress i ve
Strength (psi )

Water bath

.il

ll

il

tl

t¡

Air
t¡

il

lt

tl

lt

7-day

Test Series B -- SA General Test Data

5727

5780

5762

2B-day

Pulse Velocity
(ft./sec. x lo3)
7-day | 28-day

.|5.55

t 5.55

15.45

6879

6737

6879

E

(psi x 106)

s443

5549

5869

Table B

E

(el ec. ck. )

(psi x lo6)

3.82

15.7

l5:9

16. t

I 5.05

Iq:os

t 5.0

6312

6276

6844

4.25

E¡

(psi x I o6)

Poi sson's
Rati o

l

4.90

t 5.4

I 5.4

t 5.6

3. 85

4.28

5.45

.18

.15

4.08

4.94
(

5.59

¡

Þqr
I

.18

..|6



Cyl i nder
No.

Method
of Curing

SBl

sB2

SB3

SB4

sB5

SB6

Water bath

r!

¡l

ll

ll

|l

Air
tl

ll

ll

ll

' tl

Compress i ve
Strength (psi )

7-day | 28-day

Test Series B -- SB General Test Data

3954

3847

391 8

SB7

sB8

sB9

sBl 0

sBl I

sBl 2

Pul se Ve'loci ty
(ft./sec. x to3)
7 -day | 28--day

t 4.35

14.40

r4.60

4663

51 06

4929

(psi

3635

3830

3706

E

x I o6)

Table 9

3.26

E

(el ec. ck. )
(psi x lo6)

I 5.45

15.45

t 5.50

14. 00

13.90

13 .85

491 t

4840

4716

3.34

E¡

(psi x lo6)

Poi sson' s
Rati o

t^

4.18

ì 4.40

14.45

l4 .45

3. t4

3.68

4.28

0.21

4.77

0.20

4 .03

4.72

I

Þ
I

0.21

0.19



Cyl i nder
No.

scl

sc2

sc3

sc4

sc5

sc6

sc7

scB

sc9

scl 0

scl I

sct 2

Method
of CurÍng

hlater bath

ll

ll

"'-. 
. ,t'

tl

:'

Air
ll

!t

tl

tl

tl

Compressi ve
Strength (psi )
7-day | 28-day

Test Series B -- SC General Test Data

2004

2lt0

22s4

Pul se Ve'loci ty
(ft./sec. x to3)
7-day | 28-day

13.90

13. B0

1 3.80

3000

3289

3t 21

(ps i

2145

2145

2199

E

x to6)

Table l0

2.92

E
(el ec.

(psi x

t 4.60
--- .|5.10

t5.t0

t3.t5

t3.15

I3.15

ck. )

I 06)

3280

3050

3t 56

3.23

ED

(psi x 106)

Poi sson's
Rati o

)^

.|3.80

ì3.65

13. B0

3.74

2.61

3.t4

4.14

0. 25

3.26

0.23

3.35

4.03

!

è
co

¡

0.25

0.23
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38.9 Compressive Strenqth Determination

The test procedure followed in Test Series B was

the same as in Test Series A. The compressive strengths of the

test cyìinders for each of the three mixes in Test Series B are

given in Tables B, 9, and l0 respectively.

38.10 Strajn Determination

The unit strain of the concrete under ioad was

determined as in.Test Series A. In addition to the mechanical

(OfUfC) gauge readings, checks were conducted electricaiìy using

sR-4 strain gauges. The cylinders that these checks were made on

were SA'10, SBl0, and SCìO - the 28-day air-cured cylinders from

each of the three mixes. The gauges were glued to the cylinders

as shown in Figure ì5. The gauges were then wired to Budd strain

indicators (Figure i6) and the strain readings taken direcily.

A tabulation of both the mechanical and electrical

strain readings is recorded in Appendix B.
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SECURING ELECTRTCAL STRAIN GAUGES

Figure I 5
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BUDD ELECTRICAL STRAIN iNDICATORS

Figure I 6
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i

CHAPTER TV

ANALYSIS OF TEST RESULTS AND CORRELATiON

OF THESE RESULTS TO PULSE VELOCITY

I

4.1 Introduction

Thi s chapter wi'l I i ni ti al ly deal wi th an analysi s

of the physicai and mechanical properties of the concretes tested

in the Índividual test series. The discussion will then be

enlarged upon to correlate the puìse velocity readings to

these properties.

IVA ANALYSIS OF TEST SERIIS A . !å

44.'l Aggreqates

The gradation of both the coarse and fine aggregate

as shown separately in Figure 2 and Figure 3 - Chapter IiI, met

the requ'irements as specified in CSA Standard 423..| -1967.

44.2 Concrete l]|ix Desiqns

tlhile the mixes were designed for absolute water-

cement ratios of 0.4, 0.6, and 0.8, some of the actual mixes were

found too dry at these ratios. For this reason water was added

to the batch and actual water-cement ratios were:calculated and

' are as follows:
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BPA

BPB

BPC

Desi gned l¡later-
Cement Ratio

0.40

0.60

0.80

Table ll

Actual !,Jater-
Cement Ratio

0.43

0.60

0.81

It can be seen that the ratios did not change

appreciably and still gave a good range of concrete mixes to

be tested

44.3 Unit l^Jeiqhts

The unit weight results as outlined in Table 3 -

Chapter III, were predictable. In the plastic state the concrete

with the lower water-cement ratio was more dense because of the

higher cement content. This was verified in the test results

where the densities were 150.8, 149.8, and 149.4 pounds per

cubic foot for water-cement ratios.of 0.43, 0.60, and 0.Bl

respecti vely.

,After one day, tests on tire hardened concrete generaì1y

showed that the unit weights increased slightly. This was due to

volume changes resulting from the densification of the concrete.

The densification or shrinkage of the'concrete was observed

physícally upon investigation of the cyìinder. During casting,

the concrete was'struck off level with the top of the cylinder.
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However, during the dissipation of the b'leed water, the concrete

surface was being slowly depressed and the higher the degree of

bleeding, the larger the volume changes. From the test results

it can be seen t,hat there was very ìittle difference between the

plastic and one-day unit weights of the BPA mix. However, the

BPB and BPC mixes showed a larger unit-weight change. This can

be explained in that the BPA mix had very little bleeding when

compared to the BPB and BPC mixes.

The 7-day unit weight checks again showed changes.

However, while the wet cured cylinders showed increases in unit

weights, the dry cured cylinders generaì1y showed decreases.

Since the voids in the wet cured cylinders would naturaily

be filled with water, an increase in unit weight would be

expected. However, in the case of the dry cured cylinders,

the increasÍng 'loss of moisture due to the dÈying out of the

cyì'inder resulted in a general decrease.in the unit-weights.

44.4 Strength:Results

The resu'lts of the comprqssion tests were predictable

and are gÍven in Tables 4, 5, and 6 - Chapter III, for the respec-

tive mixes. Cylinders with the lower water-cement ratios tested

higher than those with higher ratios.,A'lso, the wet cured cylinders

generally tested higher than the.dry cured. The method of curing,

however,idid not have as much afîect on the BPA mixes as on the
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weaker mixes. There ulas no appreciable difference in the strengths

of the wet and dry cured cylinders for both the 7 and 28 day tests.

An explanation for this couid be that since hydration Ís a slow and

continuing process as long as water is available, higher cement

contents take longer to comp'letely hydrate. After short duration

curing there might be no appreciable difference in strength between

high cement content mixes cured under different conditions. However,

after long duration curing, three months to a year, high strength

concrete cured under wet conditions would show higher strength gains

in comparison to dry cured concrete.

44.5 Determination of Touno.'s Modulus of Elast,icit.v

Concrete is not a truìy elasti:i ' material, and the

graphic .stress-strain relationship for .ontinuously increasing

loading is generaJly in the form of a curved line. However, for

concrete that has hardened thoroughly and has been moderateiy

preìoaded, the stress-strain curve is, for aIl practical purposes,

a straight line within the range of usual working stresses. The

stress-strain ratio determined from lhe'virtualiy straight portion

of the stress-strain curve is called the "modulr¡s of elasticity".

Usually, concretes of higher strength have higher elastic va'lues,

aithough modulus of eiasticity is not dÍrectly proportional to
lÂ\

strength\"/.

The stress-strain readings are tabulated in Appendix B.
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The stress-strain relationship was graphed for two cylinders,

namely BPA4 and BPCI0, and are shown in Figure 17. The calculations

to determine "E" for BPA4 and BPC10 are given in Sample Calculation

8. E values were determined for the other cylinders in a simi'lar

manner and a complete tabulation of E values is shown in Tables 4,

5, and 6 - Chapter III, for the three separate mixes.

A satisfactory range in Ë values ,was obtained with

a value of approximately 5.'0.x .l06 psi calculated for the BPA

higher strength concrete as compared to approximate'ly 3 .7 x 106 psi

for the BPC lower strength concrete. These results fail in the

range of ejastic moduli for ordinary concretes which range from

^^(6)2.0 x 10" psi to 6.0 x t0' psi

A check was made on the graphed E values using the

foilowing empirical equation developed by Adrian Pauw of the

University of Ill inois.

where E = static modulus- of elasticity
)'

e = unit weight of concrete

concrete (psi )

I

33

of

n6¡tc
l

= ultimate strength of. concrete

(p.c.f .)

(psi )

and a

A typical calculation is

comparison of the check values

shown in Sample Calculation 9

to the graphed values is shown
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Sampl e Cal cu'lati on B

Typical Calculations in Determining

Modulus of Elasticity

Modulus of Elasticity is defined as the s,lope of the

straight portion of the stress-strain curve. Therefore, two points

on the straight portion of the curVes in Figure l7 were used as

fol I ows:

Test Cy'linder BPA4

..:

Stress (psi) Strain (in./in. x lo-o)

0

2123

Test C.vl i ndêr BPCI 0

Stress (psi )

708

2300

0

430

Strain (in ./in. x '¡o-6)

216

756

Modulus of Elasticity = f = :::21.2?+ = Q,.95 x .¡06 psi
430 x l0-"

É Stress 2300 - 708 ^ A. ^f = Siitäi, = 

- 

= l.96xl0"Psi
(756-216)x10-o



in Table 12. Whi'le there is

values, the comparisons are

Check on Modulus of

Cyl inder BPAI

From the equation E = 33

For cyiinder BPAI ( =

'\
tc -

,', E =:33
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some discrepency in a couple of the

generally within acceptable limits.

Sample Caiculation 9

Elasticity Vaìues

151.8 p.c.f .

5089 psi

â.

= !,.39 x l0' psiisr .e3
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Comparison of Modulus of Elasticity Values

Cyl inder No. Measured E (x 106 psi) Checked E (x ]06 psi)

Table l2

4.39

4. B0

4.46

4.79

3.83

4.29

3.7 6

4.22

3.24

3.77

2.98

3.42

BPAl

BPA4

BPA9

BPA'IO

BPBI

BPB4

BPB9

BPBl O

BPCI

BPC4

BPC9

BPCl O

4.19

4. 95

4.10

s. 04

3.60

4.23

3. 9l

4.23

3.60

4.46

2.02

2.96



-6ì-

IVB ANALYSIS OF TEST SERIES B

48. I Agqreqates

The gradation of both the coarse and fine aggregate as

shown respectively in Figures l0 and ll - Chapter III, met the

requirements as specified in CSA Standard 423.j-1967. The dry

bulk specific gravity of the coarse aggregate in Series B was

somewhat 'lower than that of Series A. (2.638 as compared to

2.580)

48.2 Concrètê MiX Designs

In all the three mixes (SA, Sg, and SC) the water

contents in the final batch weights were adjusted slightly.

These adjustments were made in order to produce a more workable

mix. A comparison between the design and actual water-cement

ratios is as folIows:"

Table l3

Comparison of Water-Cement Ratios

Mix Design l^UC Actual hllC

SA

SB

sc

.0.40

¡ 0.62

0.82

0.39

0.64

0.81
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ratios did

in Test Series A, the slight change in water-cement

deter from the over-all range of mixes tested.

48. 3 Uni t tnlei gh_ts

The unit weights of the concrete in Test Series B, as

outlined in Table 7 - Chapter IIi, in both the plastic and

hardened states were somewhat 'lower than those of Test Series A.

Thi s can be attri buted to two factors:

i) The specific gravity of the coarse aggregate used in

Series B was lower.

ii) The air contents of the plastic concrete were sìightly

higher in Series B.

denser the concrete. This is attributed to the densifying

effect of the higher cement contents. However, in Test Series B

there was one sl.ight reversal. Mix SC, with a water-cement ratio

of 0.8.|, had a plastic unit weight of 146.6 p,c.f. while mix SB,

with a water-cement ratio of 0.64, had a plastic unit weight of

146.4. Since this is only a slight difference, it coujd be

attributed to the testing. However, upon further investigatÍon,

it was noted that the air content of mix SB was higher than that

of mix SC,(3.2% as compared,to 3.0%). This higher air content

contributed to the lower unit weight of mix SB.

As

not
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The unit weights of the hardened concrete proved

i nteresti ng a'lso. !'lhi le the vaÏ ues , as tabul ated i n Tabl e I -

chapter IIi, did not f'luctuate appreciably between the various

mixes, the air cured cyìinder densities were lower than the wet

cured. This difference was due to the voids in the concrete

being filled with water in the wet cured cylinders while the

air cured cylinders were slowly losing moisture through drying.

The effect of cement content on unit weight was brought out in

the dry cured cyìinders with SAB having a higher unit weight than

SC8 (.l49.0 p.c:f. as compared to 146.5 p,c.f.,)

48.4 Strength Resu'l ts

The results of the compression tests are givên in

Tables B, 9, and 10 - Chapter III, forthe respective mixes.

As expected, cylinders with the 'lower water-c'ement ratios

tested higher than those with higher ratios. A good range

of strengths was obtained with the SA, SB, and SC 28-day wet

cured strengths approximately 6700, 4900, and 3200 psi respectiveìy.

i

48.5 Determination of Youngts Modulus of Elasticit.v

varl ous

readi ngs

ship was

The modulus of elasticity was determined for the

concrete mixes in Test Series B. The stress-strain

are tabu'lated i n Appendil e. The stress-strai n relation-
.l

graphed for two cylindefs, namely SAl0 and SB9. These
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are shown in Figure lB. E values of 4,28 x 106 psi and 3..l4 x 106 psi

respect,ively were calculated. In addition, the stress-strain rela-

tionship obtained by electrical methods was plotted as a check for

cylinder SAl0. ïhe t value checked very cioseìy at 4.08 x 106 psi.

Cajculations for the above values are shown in Sample Calculat'ion i0.

values uJere determined for the other cyiinders in a

similar manner and a complete tabulation of E vaÏues is shown in

Tables B, 9, and l0 - Chapter III, for the respective mixes.

Additionally, a check was made on the graphed E values

using the foll.gwing equation deve'loped by Adrian Pauw of the Univer-

sity of illinois.

33

l¡lhere ,E = static modu'lus of elasticity of concrete

unit weight of concrete

ultimate compressive strength of concrete
P=
€¡-lc -

(psi )

(p.c.f .)

(psi )

A typicat calculation is given in sample calcu]ation ll
and a comparison of the check values to the graphed values is shown

in Tabte 14. The comparisons are, in generaì, within acceptable

f im'its
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Sampl e Cal cu'latÍon l0

Typica'l Calculations in Determining

Modujus of Elasticity

Modulus of Elasticity is defined as the slope of the

straight portion of the stress-strain curve. Therefore, two points

on the straight portion of the curves in Figure l8 were used as

fol I ows :

Test Cyï i nder SA]0

f = 3lB5 -- = 4.ZB x lo6 psi
746 x 'lO-o

Stress (psi )

rl

3l 85

Stress (psi )

354

3539

Strain (in .lin. x lO-6)

0

746

Strain (in ./in. x l0'6¡

Test C.vlinder SA'10 (SR:4 stnain qauqe check)

3539

125

909

Ê.

4.08 x 10" psi
(eoe - 125) x
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Sample Calculatíon l0 Cont'd.

Test C.vl i nder SB9 -

Stress (psi) Strain (Ín ./in. x lO-6)

0

2123

0

672

E = ' 2123 -- = 3..l4 x to6 psi
672 x I 0-o
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Table 14

Comparison of Modulus of Elasticity Values

Cyì inder No. Measured E (x 106 psi) ,.Checked E (x 'l0o psi)

SA]

SA4

SA9

SA] O

SBI

SB4

sB9

SB] O

scl

sc4

sc9

scl 0

3. 82

4.25

3.85

4.28

4.61

5.04

4.60

4.77

3.79

4.13

3.62

4.17

2.72

3.33

2.77

3.38

3.26

3. s4

3.14

3.68

2.92

3.?3

2.61

3.14
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Sample Calculation jl

/al ues

From the equation f = 33

For cylinder BPAI g' =

få=

f=33

:.

150.5 p.c.f.

5720 psi

^= Q.6l x 10" psi

IVC CORRELATION OF TEST RESULTS TO PULSE VELOCITY

4C. I Introduction

hlhile the first two segments of this chapter deaìt

with an analysis of the physical and mechanical properties of the

respective concretes tested, the discussion will now be enlarged

upon to correlate the pulse velocity readings, to these properties.

4C.2 Pulse Velocity Vs. Strength

A relationship of puìse velocity to compressive stength

for the two test series is shown in Figure 19 and Figure 20 for the

wet and dry cylinders respectively. ü'lfrile there is a tendency for

concretes of higher strengths to have higher pulse velocities, no

overall relationship can be established, One distinct observation

I s0.53 (5720)
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was made in that the "S" concretes had lower pulse velocities that

the "BP" concretes. The differences ranged from as low as 2OO ft./
sec. for the "A" mixes to as high as .1400 ft./sec. for the "C" mixes.

A relationship was established for the various mixes,

but this relationship was dependant on the heterogeneous, ine]astic

properti es of the concrete. However, a general rel ati onsh'i p cou'ld

not be established for: the mixes as a whole. This would indicate

that the mix design of a concrete must be known before a puìse

velocity-strength relationship can be apptied.

4C.3 Pulse Vêlocity Vs. Density

Concrete, being a heterogeneous maternial, is made

up of coarse aggregate, a cement-sand mortar, aird an air void

structure. The density of the concrete is natural.ly dependant

on the proportioning of the above. However, if the aggregate

is held constant, lower densities are usualty related to the air

void structure and water-cement ratio of the concrete. In other-

words, an increase in air content will decrease the density. In

the sonic test method, pujses are not transmitted through air

vo'ids and if such a void lies in the puìse path, the instrument

will indicate the time taken by the pulse to. circumvent the void.

Therefore, the higher the void structure the ]onger the time taken

by the pulse to travel through.the concrete specimen and the lower

the pulse velocity.
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Differences in densities can be attributed to the

fol lowÍng factors:

i ) Coarse Aggregate

Research'has shown that both the amount of coarse

aggregate used in any mix as weìl as the specific gravity

bute to lower pulse velocities. This was borne out in this
' investigation since the "s" coarse aggregate did have a iower

specific gravity then the "BP" coarse aggregate and the "S"

pul se vel oci ti es were 'lower.

However, probabìy more imporrtant than the. specific 
l

gravity of the coarse aggregate.would be the gradation of

: the coarse aggregate, Both the amount and gradation of the

coarse aggrregate wou'ld affect the amount of cement-sand

mortar used. T,he volume of mortar would determine the air

. void structure which in turn would have an affect on the

densÍty and puls,e velocity of the concrete. Therefore, while

theamountofthecoarseaggregatewashe]dconstantthrough

out Test Series A and Test Series B, differences in gradation
: between aggregate "S" and aggregate "BP" could change the

voìume of mortatr and thereby affect the void structure and

pulse velocity. Ailso, variatìons in specific gravity between

aggregates is usually assoc'iated with the void structure within
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the aggregate. Therefore, an aggregate with a lower specific

gravity, such as the "S" aggregate, could have a higher void

structure which, in turn, would contribute to lower pulse

velocity readings.

ii ) Air Content

readv explained. air contentAs already explained, an increase in

usually results in a decrease in density. In companing

the unit weights in the plastic state of Test Series A

(Table 3 - Chapter III) to Test Series B (Tab'l e 7 -

ChapterIII)'itcanbeobservedthatthe..S'.mixeshave

slightly lower densities; However, the air contents of

the "s" mixes were slightly h'igher than those of the "BP"

mixes. The increased air contents partially contributed

to the lower densities in Test Series B and the increased

air void structure, in turn, contributed to the reduced

puìse velocity readings. 
I

iii ) Moisture Content

A comparison between Figure 19, the relationship of

pulse velocity to compressive strength for saturated concrete

specimens, and Figure 20, the same relationship for: dry con-

crete specimens, shows that the pulse velocity readings on

tfre dry cylinders t^,ere genera'lly lower. This can be explained

in that the saturated specimens offered less resistance to the

pulse wave being ttransmitted through the concrete. Since the
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air voids were filTed with water, the pulse wave did not

have to circumvent the void but could pass right through

it. The shorter transit time of the pulse resulted in

higher pulse velocities. Jones has suggested that the

dry readings can be from t0 to 15 percent lo*e, (7).

The results of 'uhis study showed a 5 - l0 percent d'if-

ference in pulse velocity values between the wet and dry

cylinders, but onìy for the B and C mixes of each.series

The A mixes showed very little variation. Since the A

mixes we¡e richer in cement content, more of the mixing

water could be used in the hydration process. Therefore,

there would be less water available for bleedÍng and

evaporation resu'lting in less voids. Because of the

lesser void structure, variations in moisture content of

the hardened concrete would have a lesser affect on the

densìties and pulse ve'locities since there would be fewer

voids for the water to exist.

As occurred with compressive strength, no direct

rel ati onshi p coul d be .devel oped between pu'l se vel oci ty and

density. In comparing the 7-day unit weights for Test

Series A in.Table 3 - Chapter III, and.Test SerÍes B in

Table 7 - Chapter: iII, the onìy appreciab'le difference in

unit weights is between the wet cured and dry cured cylinders.

In fact, for all intents and purposes, the unit weights of the

three wet cured mixes of the r¡sRective series are equal
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4C.5 Development of a Relationship Between Pulse Velocity,
Modulus of Elasticity and Density

The classical formu'la for the velocity of a pulse

travelting in an elastic solid is'(5):

hlhere V = pu I se vel oci ty .6 
ê

f = Young' s modul us of 'el asti ci ty

p = density of the material\;

The velocity of sound propagation through homogeneous

elastic materials such as metals is usualìy considered a standard

and will vary only with changes in the atloy. However, with a

hÍghly heterogeneous, inelastic material such as concrete, no

set standard can be established and equation ('l) would not nec-

essarily app'ly. For example, êguation (1) indicates that a reduc-

tion in density would result,in an increase in pulse veiocity

providing E is held constant. However, both past research and

the test results of this study show that a reduction in densÍty

of concrete usually brings about a reduction in pulse veiocity.

As discussed earlÍer, an increase in the air void struction of

theconcretewou:ldréduce,thedensityanda]sothepu]sevelocity.

This fact was brought oyt in the difference in pulse velocit.ies

between the dry and wet cylÍnders.' The dry cylinders naturally

ì, - lEv-t- v(
I
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had more air voids and also recorded lower pulse velocities.

Equation (1) also Índicates that the pulse velocity

would be directly proportional to the square root of the modulus

of elasticity. The tests results of this study indicated that

whi'le the concretes with.the higher compressive strengths, and

therefore the higher modulj of elasticitiesn generaliy produced

higher pulse velocities, no general relationship could be established.

Since changes in strength and density were not reflected

in pu'lse velocity changes in.accordance with equation (l), modifi-

cations to the.equation have been developed(8) resulting in the

fo1l owi ng equation:

,2 ^ (1 +r)('l -21^)ED=v'effi-Q)
l,Jhere

ED = dynamic modulus of eìasticity

V = pulse velocity

e = dens'ity of concrete\:

^,t 
= Poi sson' s rati o

Two of the unkowns in equation (2) are the dynamic modulus of ,

elasticity and poisson's ratio. The. fletermination of these factors

for each of the mixes in question b,as as follows:

I
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Determi nati on of Dynami c Modu'l us of E'lasti ci ty

The dynamic modulus of elasticity is normalìy deter'

mined on laboratory specimens subj,ected to longitudinal vibration

at their naturai f..qu.n.y (l). However, research has been done

on the comparison between static and dynamic modulus of elasticity.
lo\

Takabayashi \"/,häs shown that the ratio of the static to dynamic

modulus is higher the higher the strength of concrete. However,

the degree of ratio change is more pronounced for concretes under

2000 psi. Once the concrete strengths exceed 2000 psi, the ratio

of static to dynamic modulus is steady'at 0.78. By applying this

ratio to the measured static moduli, it was fe]t that the calculated

dynamic moduli would provide an accuracy within the limitations

of this study.

Therefore,

calculated for each of

rel ati onshi p:

the dynamjc modulus of e'lasticity was
I

the mixeS tested using the foìlowing

E¡ = u:%'

l¡lhere

E¡ dynamic modu'lus of elasticity

static modulus of e'lasticity (measured)

The dynamic moduli for the reSpective cy'linders in

Series A are tabuiated in Tables 4, 5, and 6 - Chapter.III and

Test Series B in Tables 8, 9, and 10 - Chaptér III.

Test

for
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Determination of Poisson's Ratio

Poisson's ratio is defined as the ratìo between the

lateral straÍn accompanying an app'lied axial strain. Because

'lateral strains were not measured in this test program, it was

felt that existing re'lationships between ,tr.ngth of concrete

and poisson's ratio could be used,without adversely affecting the

accuracy.of the findings. NevÍ'lle states that poisson's ratio

varies in the range 0.ll to 0.21 for ordinary concrete (l).

Strength values of 9000 psi and 4000 psi were applied to the 0.11

and0.2]r"atiosrespective1y.There1ationshipdeve.Iopedbetween

poisson's ratio and compressive strength using the above values is

shown in Figure 21

From this graph, poisson's r:atio was determined for

eachofthe.testcy1inders,inquestioninbothTestSeriesAand

Test Series B. The values are given in Tables 4, 5, and 6 -

Chapter III for Test Series A, and Tables 8, 9, and l0 - Chapter

III for Test Series B.

Once the dynamic modulus of e'lasticity and poisson's

ratìo were determined for the various mixes, there were no unknowns

'in equation (2). However, upon examination it was found that the

equation could not be balanced. This was predictable since it has

aiready been established that a direct re'lationship did not exist

between pulse velocity, density and modulus of elasticity.
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4C.6 Introduction of K Factor

The fact that a relationship between puÏse velocity

and the propert.ies of any given mix could be established while

an overail relationship could not be established, emphasizes the

importance of how changes in mix design can affect pulse velocity

readings. It appears that by adjusting a mix, changes in the void

structure take pìace. This change in void structure depends on the

gradation of the coarse and fine aggregate and the amount of cement

and water used. Since no general relationship could.be established

for a range of,mix designs, â K factor was" introduced into equation

(2) to allow for the inelastic properties exhibited by concrete and

how these properties can have different effects on different m'ixes.

By introducing a K factor, equation (2) becomes:

r
LD

Inlhere

F-D

I
V

,(^

K

dynamic modu'lus of elasticity (psi )
l

unÍt weight (p.c.f.)

pulse velocity (fps)'

Poisson's ratio

constant

The K factor, as well as allowing for the inelastic

properties of the concrete, also allows the equation to be balanced

with respect to units.
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4C.7

By substituting the known factors into equation (3),

a K factor was calculated for each mix design under the various

conditions tested in both Test Series A and Test Series B.

Typica'l calcujations are shown in sample calculati on 12 and the

K factors for the various mixes are tabulated in Table 15.

lgteryi¡ation of_( lactors for Concretes Investiqated
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K Factor Determination

. Sampì e Cal cul ati on 'l 2

Test Series A - Cylinder BPAI

2.,^, (l+u)(1 _2Àl)tD=(\t'çlffi
j

5.37 x't06 = K. (16.0s x lo3)2 (151 .B) ffi
K=ffi

; K = l.5lx10-4

Test Series B : Cylinder SA]

. ..?, A (.I +^^,) (l -,2 t,t )ED = ( v- \ (l-¡ l

4.90 x to6 =' (ls.ss * Jo3), (l5o.o) ffi

v __ 4.90
N-

:4K ='1.47x10-
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Table i 5

Tabulation of K Factors

Cy1 inder No. Age (Days) Method of Curi ng K Factor
(x I o-4)

A

BPAI

BPA4

BPA9

BPAI O

BPBI.

BPB4

BPB9

BPBl O

BPC'I

BPC4

BPC9

BPCl O

SAl

SA4

SA9

SAl O

SBI

S84

SB9

SBI O

sci

sc4

sc9

scl 0

7

28

7

28

7

28

7

28

7

28

7

28

7

28

7

?8

7

28

7

28

7

28

7

?8

l¡Jet

tl

Dry
ll

Llat

¡¡

Dry
¡l

')

Wet
tl

Dry
¡¡

l¡let
ll

Dry
tl

l^let

. tl

Dry
tl

l,Jet
il

Dry
¡l

I .51

I .68

I .51

I .88

i .4r
't ÃÃ

I .60

I .69

1.46

1.74

0.92

1.29

1.47

1 .54

I .61

1.67

1 .53
j'.34

I .59
't .69

I .54
'l .51

1 .57

1.67

A

.B
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4C.B Anal.ysis of K Factor Results

An analysis of the K factors as tabulated in Table'15

tend to ind'icate that no singìe K value could be applied to all
mixes. Except for a couple of rest Series A readings, there is a

generaì trend for the K factors for the dry concrete specimens to

be higher than those for the wet specimens. Also, a pattern seems

to have developed in the Test Series B results in that the K factors

of the 28-day dry cylinders for each of the three mixes aie approx-

imately equal.

ie. SA10 = 1.67

SBi0 = 1.69

SCl0 = 1.67

This pattern is repeated in the 7-day dry cylinders

ie. SA9 = .|.61

SB9 , = 1.59

sc9 1 .57 :

and also in the 7-day wet cylinders
'

ie. SAI = 1.47

sBl 't .53

SCl = I .54

However, this pattern did not occur in the 28-day wet

cyiinders ìn Test series B or any_vrhere in Test series A. since the
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accuracy and methods of testing were the same in Series A as in

series B, no conclusions can be drawn as to the establíshment of

a single K factor over a range of mixes. considerabìy more testing

would have to be conducted in order to discover whether a relation-

ship between K factors as occurred in Test Series B rea'lly does

exist. However, the scope of this study indicates that a K factor

must be established for each mix design. Aìso, the age and moisture

content of the concrete must be known before appìying a K factor.

rvD possIBLE 
,¡0uRcE 0F ERRoRS iN TESTTNG

l^lhile extreme care was taken throughout the test program

in order to ensure accurate test results, there was aiways the poss-

ib'ility, as in all test programs, that errors courd have affected

the results.

Since large volume batching (4 - 6 cu. yds./batch)

was used for each concrete mix, it was felt that this diminished

the possibi'lity of the samp'les not being representative of the

design. There was always the possibility that hairrine cracks

could have developed in the test cylinders while they were being

transported and stripped after one-dayls curing. However, this

would have shown up in eitlier the compression or pu]se velocity

tests. This was not obviously evident.

One possible source of error could have occurred in

obtaining the pulse velocity readings. if there was not adequate
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acoustical coupling between the conc/ete and the face of each trans-

duòer, the signal curve displayed on the oscil'loscope would not be

as sharp 'in that it would be considerabiy flattened. since the

reading was taken when the trace leaves the horizontal, the flat-
tened signal curve would make this point harder to detect. Most

of the cyì'inder surfaces were suffic'iently smooth to ensure good

accoustical contact by the use of a coupling medium and by pressing

the transducer against the concr^ête surface. The coupling medium

used was simply a'liquid soap. However, a few of the cy'linders had

one rough surface. This resuited in a flattened signal curve and

made it difficuit to determine an accurate pulse velocity.

Another source of emor could have occurred in the

strain readings obtained by means of the mechanical strain gauges.

Since the gauges were meant to be held wiil'r rt,. hand, thìs was

the method used initially. However, it soon became apparent that

the discrepancies in readings between the two gauges was mainly

due to the firmness with which the respective gauges were be'ing

held. The slightest movement of the hand caused the gauge readings

to jump. Before too long it was decided to fasten the gauges snugly

to the cy'linder by means of elastic bands (Figure 9 - Chapter III).
This proved satisfactory sihce no more.large jumps in gauge readings

occuryed. The affected readings were the BP-7 day tests. However,

while these,jumps did occur, this u,as taken into consideration in

calculating E values for the cylinders in question.
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CHAPTER V

CONCLUSIONS OF THE STUDY AND APPLICATIONS

OF PULSE VELOCTTY.MTTHODS

5.ì Conclysions of Study Findings

lnjhiie it was originaily hoped to attain a single relation-

ship between pulse ve'locity and concrete strength over a wide range

of mÍx designs, this could not be clearly established. The classical

formula for a fulse travelling in a homogeneous erastic so]id (5),

r=lT
ve

(l )

cannot be directly applied to concrete. The primary reason for this

is that concrete,'rather than being homogeneous and elastic is heter-
/^\

ogeneous and inelastic. By Using a developed modificatÍon \o/ to

: : equation ('l) and including a K factor to allow for the inelastic

properties of diffärent mixes, the following equation was used:

ED= KV2e W
upon so'lving for K for the individuai,mixes, a wide range of K values

was obtained (fable l5 - Chapter IV).' Even though a certain degree

of agreement exists between K factors for the various mixes in Test

Series B, no definite conclusions can be Cfawn'aE to the establishment

i
I

I
I
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of a constant K factor over a range of mix desÍgns. untíl further

research definitely proves otherwise, it is the author's opinion

that a K factor múst be determined for each concrete mix, taking

into consideration the age and moisture content of the concrete,

before puise velocity methods can be appied.

The study has also shown the importance of knowing the

moisture content of a concrete before pulse velocity methods can

be app'lied. Pulse velocity readings on the wet cylinders ranged

up to 10 percent higher than on the dry cylinders. Therefore, if
the moisture content was disregarded, 'a wrong correlation between

puise velocity and concrete quatity could be made.

While sonic testing methods do have a place in the

eval.uation of the quaìity of a concrete section, it is the author,s

opinion that the test should onìy be used in conjunction with

existing methods of concrete evaluation. In some instances the use

of sonic testing procedures may materially reduce the number of

other tests, such as compressive strength tests, which mjght other-

wise have to be performed. In other instances the use of sonic

technìques may permit the testing of a great many more units or

a much greater portion of a structure than"would be possible or

practicable by other techniques (10). 
As a'lready stated, correla-

tions between sonic test results and the concrete property to be

evaluated must be established through tests on concrete as nearly

identical to that under study as possible. If a section of concrete
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substandard by puìse velocity methods, established

as coring, shouìd be used to verify the pulse velocity

In conclusion, it may be stated that sonic tests are

not substitutes for other tests norma'lìy performed on concrete.

The sonic tests do provide exce'llent tools for the extension of

evaluations based on other tests of concrete to specimens or

structures which are not themselves tested in another manner.

They provide an unparalle'led tool for evaluating the uniformity of

concrete specimens or structures. They constitute no cure-all for

the prob'lems of the concrete testing engineer, but do consti.tute

a valuable additjon to the techniques available to him (10).

5.2 Recommended Applications of Pulse- Velocity Methods

Following is a breakdown of a number of areas where

pu'lse velocity methods can be effectively applied.

5.2a Qual i tv Control i n Precast Pl ants

Pulse velocity methods can .be used for quality controi

in precast concrete plants. Sonic readings can first be

correl'ated to the requÍred mechanical and phys'ica'l charac-

teristics of the concrete by means of test specimens. This

correlation can be a function of strength, moisture content,

mix design, and setting characteristics of the concrete.

Pulse velocity methods can then be used to effectively detect

daily changes in the mix that may be caused by lack of compac-
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tion or change in water-cement ratig. The method can also

be used as a tooi for the determination of ear'ly age strength

characteristics. Since the method is non-destructive, a

number of tests can be conducteci at varÍous sections along a

precast member. In this way, any changes and possible weak-

nesses in the qualÍty of the concrete can be pinpointed

5.2b "On-Site" Concrete Evaluation - New Construction

App'licat'ions where pulse veloc'ity methods can be

utÍlized for structural evaluation of concrete being p'laced

on the job arre unlinlited. As in the precast pìant, the

desired physical and mechanical characteristics of the

concrete must be correlated to the pulse velocity of the

concrete suppìied from the batch plant.

Some app'ljcations where pulse velocity methods can

be used are as. foÏ'lows:

i) Cast-in-Place reinforced concrete beams and columns.

Investigations could be made in areas of high deflection

and at connections.

ii) Piìings and caissons above and below ground as well as

beiow water.

iii)l¡lal.landf]oorassemb]ies;whichcanbetestedeither

withbothtransducersonthesamesurfaceoronopposing

surface.s
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iv) All elements of bridge construction.

A practica'l application of the puìse velocity test

could be to evaluate the action of either an accelerating

admixture or a high early strength cement. This evaluation

could enable the ear'ly removal of forms in jobs where repeated

use of forms'is desired. The soundness of the concrete could

al so be eval uated to determi ne whether future phases of con-

struction, that depend on the soundness of the concrete under

test, could proceed

Another application for "on-site" concrete evaluation

is the use of velocity measurements to determine that adequate

consolidation and filiing of deep forms has been accomplished(5).

In this case, ve'locity can be measured directly through the forms.

Common concrete discontinuities such as "honey-combing", segre-

gation, inadequate compaction and voids can be detected by

puise veiocity measurements. The use of the ultrasonic pu'lse

technique for locating the above mentioned defects in concrete

is based on the negligible transmission of uìtrasonic energy

across a concrete-air interface. Thus, ârìy air-filjed void

'lying immediately between two transducers will obstruct the

direct ultrasonic beam and will produce lower pulse ve'locity

readi ngs . Compl etely fi'l 'l ed fornms wi th desi red consoi i dati on

y'ield maximum velocity readings.
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5.2c Evaluation of
Structures

the Soundness of Exi sti ng Concrete

lnJhile the findings of this study have indicated that

the physicaì and mechanical characteristics of a concrete

should be known before sonic pulse methods can be app'lied,

there are limited uses for the test method for concrete of

unknown properties. lnjhiie strength determinations could not

be made since this study has shown that minor or no changes

in pulse veloc'ity could be apolied to a large range of strengths

depending on the m'ix design, la;rge discrepancÍes in,'in-service,,

concrete quality and soundness could be located. For example,

a number of readings could be taken along the face of a retain-

ing wall. If the readings are uniform then a conclusion could

be drawn that the concrete is sound. However, if any extreme'ly

low readings occur, this could be evaruated as a weak section

in the walj. This weak section could be in the form of a

crack or a void

in addition to retaining walls, other evaluations on

existing concrete structures could be made on:

i) Existing pilings and caissons

ii) Roadways where tests could be made either across joints

or in the middle of the siab.

iii) Water reservoir walls, both abþve and below ground

iv) Hydroeìectric structures such as dams, powerhouses,.

penstocks and gate structures.
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v) Structures requiring evaluation after fires and

earthquakes.
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, 
CHAPTER VI

SUMIVIARY OF CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

6.j Summary of Conclúsions

A) Separate pulse ve'locity relationships exist for individual

' m.ixes, however, a general relationship encompassing a fu'll

range of mix designs cannot be established.

B) Because concrete is not an elastic, homogeneous sol.id, the

classical formula for a pu'lse travelling in an elastic, homogen-

eous sol id

! = lLVP
must be modified by means of\u K factor to alìow for changes

in the inelastic, heterogeneous properties of different concretes.

C) A correiation between pu'lse velocity readings and the

mechanical and physicaì properties of a concrete must be known

before puìse velocity methods can be applied.

D) The moisture content and age of the concrete to be tested

must also be known before a pu'lse velocity analysis can be made.

E) Sonic testing methods shou'ld only be used as an extension

of existing methods of concrete evaluation and not as a sub-

sti tute
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F) sonic methods could be most effective'ly used as a quality

control tool. However, their results shouid never be used as

a basis for rejecting work. Estabrished test methods should

be emp'loyed to verify sections of questionable quaìity untÍì

more confidence can be achieved with pulse ve]ocity methods.

This could be accomplished through more research into the

interpretation of results.

6.2 Rêcom[endations for Future Research

This study has indicated that changes in either mix

design or materials can have an effect on pulse velocity. Since

the Í nvestî gati on was I imi ted to' two aggregate sources uti'l i zi ng

three mix designs with each, Ít is suggested that further research

could be done on additional aggregates and by again varying the mix

design. Both the aggregates and the mix designs shouìd be confined

to what is beÍng used in the l¡linnipeg area. 0n'ly by restrictìng
the research to local concretes until a good statistical correlation

is developed, will it ever be possible to utilize sonic methods

local ly with confidence.

Future research could a'lso inc'iude an investigation

into an application of pulse velocity methods in determining the

resistance of concretes to freeze-thaw. A method is already

suggested in A.s.T.M. specification c666 empioying resonance

methods using the following equation:
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r
-D

lnJhere

trLD

.

c

l\

p

,*'I

dynamÍc modulus of elasticity

constant factor

resonant frequency of concrete

density of concrete

The app'lication of the above qquation is discussed in A.S.T.M.

Sepcification C2j 5.

Basically the test correlates resonant frequency to

dynamic modujus of elasticity of the concrete before the initial
freeze-thaw cycle. The concrete is then subjected to freeze-thaw

cyìces and the resonant fr:equency is measured periodicaì1y. l^Jhen

the resonant frequency is such that the dynamic modulus is cal-

culated at 60 percent of the initìaì, using the above equation,

the test is terminated. It should be possible to correlate sonic

pu'lse velocity readings to resonant frequency readings s'ince they

are both measuring the same concrete properties. By conducting

a research program, it may be found possible to substitute puìse

velocity methods into the forementioned freeze-thaw spec'ification

w'i th pos'iti ve resul ts.

Another area where research could be applied would be
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in an actual quaìity control s'ituation such as in a precast p'rant.

For example, the required properties of a given mix could be corr-

elated to pu'lse velocity. Thís could be accompìÌshed by running

sonic checks on the test cy]'inders that, are normally taken during

production. A good correiation to destructive testing could then

be made and this óorrelation could be used in determining the

quality of the concrete in the precast member. By period'ica'l'ly

taking cores from the member when possible, a further check can

be made. By continuously refining the.correlatìon over a ìarge

number of test9, an extremely reliablie method of rapid non-destruc-

t'ive testi ng coul d be achi eved.

In conclusion, it is the author's considered opinion

that further research into the correla'tion between pu'lse velocity

and the various physical and mechanical propert'ies of concretes

will ultimately yield a reliable non-destructive test method of

quíck'ly evaluating the quality of these concretes.
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APPENDIX A

A diagram of the ínstrument panel is shown in Figure ZZ.

The star:t-up procedure for operrating the V-scope is

as fol I ows:

l) Before plugging the instrument into the power source,

the controls must be adjusted as follows:

a) .Ihe TIME control is turned untíl digita'l counter

reads zero.

b) The INPUT GAIN control is turned to extreme counter-

, clockwise position.

c) The RANGE selector switch is turned to lK position.

d) The'CAL-L0W-MED=HIGH-ACC power controj is set to

L0lil posi tÍ on.

e) ff¡e 0FF-HEATER-USE selector is set to OFF position.

f) The SET T0 l20V control is turned completely counter-

clockwÍse. - 
ì

2) The coaxial cables are attached to the transducers and

then to the connectors on rear of V-scope.

3) The line cord is plugged into rear of instrument and

into 120V power supply.

4) The 0FF-HEATER-USE control is turned to HEATER position.
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The StT T0 l20V control Ís turned clockwise until volt-

meter on front pane'l reads .l20V.

A waiting period of apprgximately one minute is necessary

for the V-scope to warm up.

7) The OFF-HEATER-USE control is set to USE position. At

this time a trace will appear on the cathode ray tube and

the transmitting transducer will begin emitting sound.

8) The ZERO SET control is adjusted so that the reference

marker (see Figure 23) is lined up with the red vertical

line-on the face of the cathode ray tube.

9) It is necessary to wait approximately 5 minutes or until

the reference stops drifting to the left. It can be

determined when the drift has stopped by continua'lly

adjusting ZER0 SET untll no funther adjustment is nec-

essary.

l0) A smal'l amount of coup'lant fluid is p'laced on each of the

rubber faces of the transducers and held tightly together.

ll) The INPUT GAIN control is turned l/4 turn clockwise.

12) The ZERO SET control is adjusted so that the po'int at

wh'ich the trace leaves the horizontal is lined up with

the red vert'icai reference line (see Figure 23).

13) To measure transit time the cylinder is now placed iong-

itudinally between the transducéis with couplant on each

to assure a good bond. (Figure 24)



FIGURE 23

A. WARM UP CALIBRATION

transmitted signal

B. TRANSDUCER CALIBRATION
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PLACING OF TRANSDUCERS

Figure 24



-107-

l4) The INPUT GAIN control is turned another 1/4 turn clock-

wì se.

t F\l5) The TIME control is turned in INCREASE directìon until

the point at which the trace leaves the horizontal 'is

directìy lìned up with the red vertical reference line.

16) The value is read from the counter. This value, with

the RANGE selector in the lK positìon, is the number of

microseconds required to traverse the specimen. if the

selector. were in the 0.5K position, the value is.divided

in half for microseconds. l^Jith the selector in the 5K

position, the value is multiplied by 5 for the number of

mi croseconds .
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APPENDIX B

STRESS-STRAIN RELATTONSHI PS

Bl Mechanical Gguqe Data

Foljowing .is the data on the mechanical gauges used

throughout the test program:

DEMEC No. 1271 DEMEC No. I 275

Gauge Factor = 2.49 Gauge Factor = 2.48

Because the gauge factors were so close, the total

strain r,las determined by multipìying the average of the two gauge

readings (corrected so that zero strain = zero load) by the average

gauge factor.

AV. c.F. _ 2.48 ! 2.49 = 2,.485

This considerably reduced the amount'of calculations but had little
or no affect on the final determination of elastic modulus.

82 Test Seri es A '

Following are the stress-strain readings taken on the

various concrete mixes in Test Series A.
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16

?a

5B

7'¿.

108

133

143

IBB

308

233

248

293

0

t6
??

4B

5B

73

88

IUJ

lla

153

168

t88

208

228

243

0

l6
??

A2TJ

hx

9l

106

126

141

158

178

198

221

238

268

U

<q

B2

107

144

181

¿¿o

¿o5

?1 ?

J5U

óv¿

442

492

549

591

665
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CYLINDER NO. BPC9

A

luLcli
Cornpres s ì ve

Loa cl
| ¡' ' \(K]DS/

n

6

lôIU

20

25

JU

40

50

60

1^

75

art

85

90

100

105

lr0
lj5
124

Stress
\P5¡/

l4echani cal Stra i n Gauqe Rdgs .
(ôA¡. for Zero Load ='

Tonn (inrìn\w¡ u ¡¡¡/

(in./in. x I 0-6)
Gauge #l i Gauge ç/ Average

ïctal Strain
A.vg. Rdg . x

Avg . G. F.

(in./in. x to-6)

0

177

354

531

708

1062

1 238

l4l 5

1592

1769

1946

21?3

2300

2477

2654

283l

3008

3l 85

3362

3539

3715'

3892

4069

4246

0

28

aÃ

lìF
I lg

r40

177

204

227

257

28¿

Jt4

359

459

¿ó

B5

il5
140

t//
204

227

2q7

282

314

459

n

bv

l?o

211

347

lA^TTV

OJö

7nn

780

892

1140

¡

I
f

I

¡J.¡

-o
rõ,
qJ

u1
an

(lJ

=



l9 t-i I

Compressive
Loaci

I t,. \(Klpsl

n

l^. tu
th

2^

25

JU

AA

^l

f-

OU

1^

aô

90

1nô

105
'Ì 1n

ì1-
I lJ

120

Stress
(psi )

0

177

354

531

708

luo¿

I 238

l4l 5

1592

17 69

1946

2123

2300

2477

2654

2831

3008

3l 85

3362

J5J9

371 5

3892

4069

4246

I : 1 ... ..
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TFçT CFPTtrC

CYLiNDER NO. BPClO

Gauge #l i Gauge

Mechanìcal Strain Gauqe Rdgs.
(Adj. for Zero Load ='

(1n./1n.
Zero Strain)
1 0-6)

#2 I Average

Total Strain
Avg. Rdg. x

Avg. G. F.

(in./in. x lO-6)

U

tr7

ll5
164

216

268
<<l

aa /lJ(J'+

443

507

- Í1

619

686

BIB

897

0

23

46

71

96

121

l5l
lBl
¿uo

241

261

291

5¿O

361

Jvl

436

n

'¿J
46

6l
al9l

116

l5t
167

187

207

227

' 247

267

287

0

23
'46

oo

87

l0B

. 133
'ì ÃR

.l 78

204

224

249

276

304

329

361
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83 Test Series B

Follow'ing are the stress-strajn readings taken on the

various concrete mixes in Test Series B.



Total
aa!r.-,..^-^.i.,^uurr¡Pf (jJJ tvË

LOAC
(K'i ps )

U

Ã

IU

lq

20

JU

45

ÃÃ

OU

7^

7E

BO

orì

100

1nÃ

ll0
lar
I tw

120

-122-

=r^5- ^rñ 
t

t EST SERIES

CYLINDER NO. SA]

Gauge

B

Sir^acc
f ncì )

0

177

354

708

BB5'

,1062

1 238

l4l 5

1592

1769

1 946

2123

2300

¿+t I

2654

2831

3008

3t 85

3362

371 5

3892

4069

4246

0

la

36

41

6l

76

9t

tuo

121

136

l5l
171

l9l
206

221

241

261

276

¿YL

311

n

IB

49

B4

106

ll6
l3l
l4l

'tbJ
ta?

203

221

236

256

.276

301

311

JJU

Mechanìcal Strain Gauqe Rdgs.
(na¡. for Zero Load =

7av^n Çf v': -ì n I

', .'-6 t¡\J l

#2 í A,rol^^.,o
?.Ivv¡uY9

n

1a

fh

56

71

, vt

121

T¿O

141
't 61

176

196

216

236

251

271

291

325

??n

JCU

Total Straì n

Avg. Rdg. x
Avg . G. F.

(in./'in. x l0-6)

0

on

122

164

209

264

¿öv

326

405

ÃÃn

66R

687

748

774

x/ <

fl

J¿1?¡t

/in.x
q(luge

i



T^l-1lULcir

^^..-.^^^^-.',^UU:¡rUI l,j5> lVf.
| ^.,..1LUCiLI

(ñtpsJ

U

q

'ìn

l5
20

2tr.

30

/t^

66

OU

ÂE

tv
'1-

BO

UJ

oaì
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100

l'tnr lu

115

120

Stress
(psr l

0

177

354

708

885

1062

t ¿5ó

141 5

1592

1769

1946

2123

2?nn

2477

2654

283l

3008

3t 85

3362

3539

371 5

3892

4069

4246
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T-ô- ^rñrrô¡f.\t \l--RtF\

nvt TNnFp Ntn SA4v ¡ L¿¡IULt\ ir¡v.

0

tv

32

47

62

,82
ô?öt

97

112

132

152

172

202

216

237

/.+ I

¿o¿

277

s07

327

337

l4echanìcal Strain Gauqe Rdgs.
(na3'. for Zero Load =

\1! 
^ 

ì n ìv v¡ s ¡ | ¡ /

(1n./ln. x
Gauge #j i Gauge ^,,^-^ ^^Ãvsr o.9g

Total Strain
Avg. P,dg. x

/1.,^ I î¡\vg. u. ¡-.
a(in./in. x l0-")

U

40

BO

117

I hh

192

222

?45

272

328

416

461

6ô¿

548

578

615

653

710

753

785

aU

0

16

s2

47

62

72

92

102

r07
17.2

142

to¿

167

187

2)02

217

232

247

26'2

277

292

0

l6
32

47

o¿

77

'100

109

132

t+/
167

lB5

202

220

232

247

262

.285

302

315

f
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Loacl't,,. \(Krpsl

n

6

'ln

't6

9n

¿5

/l t\

6Ã

R^

ÂÃ

-t^
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Ê6
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.95

100

105

110
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TTST STRITS

CYLINDER NO. SA9

Gauge Jt't I n^,.^^ï ¡ I r2o,uvË

0

l8

Ã't

76

9I
l

ll6
14i
lÃÃ

181

196

221

241'

266

286
?'l Ã

325

375

395

420

440

460

Total Strain
Avg. Rdg. x

Avg . G. F.

(i n. /'in. x I o-6)

0

45
qn

122

172

209

¿+v

309

394

426

¿tÕJ

q2q

575

o¿u

675

705

760

805

850

900

954

990

Stness
\PJ ¡,/

0

177

354

708

BB5

1062

I 238
'14't 6

1592

17 69

1946

2123

2300

2477

¿o5q

283t

3008

3'185

3362

3539

371 5

3892

4069

4246

0

1B

36

46

ol

7,6

YI

106

121

136

146

t00

181

196

211

226

241

256

271

286

301

321

336

n

l8

49

69

84

104

1?Ã.

'l39

l58

171

194

211
' 231:

249

271

283

306

323
2 /11

361

JöI

, 398

Mechan'icai Sirai n Ga uop Rdoc .

t.Ããj. tã. z;;à-i;.ä*:'.

(ì n. /'i n. x

\/ aÌ al \1þ: ì ñ ìv¡ u ¡¡¡,/

', n-6 t

#2 I Arror^.,o|É iì rrYv¡ qvu

.J
T

I

aar

120
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Conlpi^essìve

Load
(Kìps)

U

q

ln
lr

20

25

?n

35

4n

45

6q

OU

70

7F,

an

on

lnn

1'10

t lv

120

-125-

TEST STRIES

CYLTNDER N0. sAl0

0

l6
a-

75

qn
l

ll0
120
't40

150

175

190

205

225

235

245

255

275

295

315

325,

345

380

?oÃ

Sfv.ace
I nc'l I

0

177

Ã21

708

885

1062

I 238

l¿1q
"1592

17 69

I 946

2123

2300

2477

2654

2831

3008'

3l 85

3362

. 3539

371 5

3892

4069 .

42A6

l4echan'i cal Stra i n Gauqe Rdgs .
(Add. for Zero Load =

Zero

(in./in. x to-6)
Gauge #1 | Gauge #2 i Average

Total Strain
Avg. Rdg. x

Avg. G. F.

(in./in. x to-6)

U

A,ñ

87

124

174

217

¿o¿

¿Y¿

342

374

416

466

510

544
q7a

623

697

746

798

Bl5

864

946

990

5frarnJ

0

l6

Ãn

xh

1ô^

ì1r

135

lÃn

l^n
1aÃ

205

220

235

255

270

285

JU5

325
??ñ

JCU

380

400

0

l6

Ãn

70

87

105

117

t<t

150

167

187

205

222

250

263

280

300

5¿U

327

.347

?an

397

I

i
i
I
I

I



luLdl
Compres s i ve

Load
I t, . \
iñrpsl

0

-

10

l5
20

25

JU

40

45

ÃÃ

OU

65

70

75

BO

QÃ

on

95

100

105

110

115

12ü

Stress
\P5 ¡ /

0

177.

354

Ã?l

TUó

BB5

1062

1238

141 5

1592

17 69

1946

2123

2300

2477

2654

2831

3008

3l 85

3362

3539

371 5

3892

4069

4246

..... '' :::.
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tt-\t \LUtt-'qr LJ ¡ JL¡\I LJ

CYLINDTR NO. SAI O

0

56

176

230

279

33p

372

430

480

515

561

606

651
?11
/ lJ

7s3

8lr
853

905

960

1 000

I 071

1122

1163

l23l'
I 238

El ectrì cal Toial Stra'in Gaui;e Rcigs.
(Adj: for Zero Load = Zero itraiñ)

(in./in. x lo-6)
Gauge #1 i Gauge #2 i Average

0r
J'J
1-

lr0
'l48

' 
190

222

265

. 300

342
<hv

418

461

505

545

6ll
646

685

717

747

797,
.829

865

898

U

AI

125

170

213

260

297

?AA9TU

?on

428

465

512

ÃÃÂ

609

649

693

732

776

822

859

JUY

959

996

I 048

1 091



lUUail
I nrìi ni^,:c c i rr a

| ¡= ri

(ñlpsJ

n

6

l0
ar

¿U

<l I

/l^

lt F.

Ã6

OU

65
-7^tv

7q

BO

R6

on

't nn

1lô¡ lv

I th

120
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îF^- 
^rñ.I EST SERiES

CYLINDER N0. sBl

Gauge

U

25

EN

ÂÃ

95

120

140

i65
't qn

210

245

260

290

320

J+C

380

445

475

Sires s
(psi )

0

177

a ç.t

531

708

^^-
1062

I 238

1415

1592

1769

I 946

2123

2300

2477

2654

2831

3008

3l 85

3362

J5J9

371 5

3892

4069

4246

Mechän'ical Strai n Gauqe Rdgs.
(Adj. for Zer"o Load =

/ â\^A \1.Fã ì h ìe¡ q r¡¡/'

', a,-6rlv l

#l å lì: rrno #2i Average

(in./in. x

n

20

40

OU

75

95

il5
135
ì rF

175
lon

210

¿ou

285

310

JOU

385

n

22
'Àf
+c

o¿

aÃ

1n7

127

172

192

220

235

¿o5

290

<th

375

402

430

Toial Strain
Avg. RCg. x

Avg . G. t.
(ìn./in. x lo-6)

n

EA

112
1 ç.Ã

21?

266

ltñ

21 A

429

478

548

ÃRÃ

723

784

859

934

I 000

I 070
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f¡r'ilrrr^¡ccirra
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U
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20

)E

?n
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¿Ih

Ãn

ÂÃ

OU
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80
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95

100
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il0
a1-
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TEST SERIES B

CYLINDER i\0. SB4

(1n./1n.

Total Sti^ai n
Avg. Rdg. x

Avg. G. F.

(in./in. x to-6y

n

r00

137

lB7

241

Jlt

341

379

424

û.7?

528

578

684

722

790

840

on?

960

1n?Ã

Siress
\P5¡/

l4echah j cal Str^ai n Gauqe Rdgs.
(Adj. for Zero Load =

Tarn ÇJ-r ¡in\
'i n-'\

Gauge #i i Ga liz I Avera

,0

177

354

531

708

BB5

1062

| ¿3ó

t 4l5
1592

1769

I 946

2123

2300.

2+77

2654

2831

JUUð

3l 85

3362

? Ã?o

371 5

3892

4069

4246

0

/t I

40

7q

100

121

I ÂÃ

t/h

tuh

220

265

285

295
??n

2ll tr.

370

400

430

0

20

40

OU

75

125

140

lÃn

165

185

205

230

245

¿o5
'

285

??n

355

370

405

n

2o

40
-f

1R

97

125
1^1
tJt

152
ì 7^ttv

190

212

¿5¿

255

275

290

417

s37
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¡

¿

f

I
I
i
I
f
I

ì',
I

i

I
i
{
I
I

¡

I
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i
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i
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I
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i
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I
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i
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¿
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h

ItJ

1r

9^

25

JU

40

' ht I

66

60

70

75

BO

qh
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100

llnI tv

ll5
120
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TËST SERIES

CYLINDER NO. SB9

Gauge

Stress
IPS] J

0

177

354

531

708

1462

1238

l4l 5

1592

17 69

1946

2123

2300

2477

2654

2831

3008

31 85

550¿

3539

371 5

3892

4069

4246

U,

2ñ

-7ñ

115

IJU

150

170

210

240

265

295

385

440

n

22

B5

107

130

.147

170

192

?20
235

270

295

325

352
'?on

422

,475

Mechanical Strain Gauqe RCgs.
(Adj. for Zero Load =

7ov.n (f r ¡inìv, u ¡ ¡ | /
.', .,-6 tlv )

#2 i Arror¡ na

0

25

-Í
'7q

Ì00

120

145

1ÂÃ

190

21s

245

¿ou

300

325.

J55

<xr\

425

460
Ã1 fi

(i n./in. x

#l I Gauge

l-otal Strai n
/\vg. Rdg. x

Avg.c.F.
n./tn: x l0-6)

0

112

162

212

¿oo

324

367

424

478

548

ÃRÃ

672

810

878

970
1 nÂn

il80

Í
I
ìt
ll

il



Total
1-^,-^,^^- ^.:., ^tu Ulirl)l L:>5 IVC

Loacf
(Krps)

Stress
(psi )
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TEST SERIES

CYLINDER NO.

(in./in. x

Gauge #1 i Gauge

Mechanicai Straìn Gauqe Rdgs.
(Adj. for Zero Load =

Tarn Sfr¡inlv¡ s ¡¡¡l

''' a.,-6 t¡v l

Total Sirai n
Avg. Rdg. x

Avg. G . F.

(in./in: x :O-6)

U

Ã

tn
1-

2^

25

lt^

ÃÃ

60

ÁÃ

80

85

90

100

lnq

ltn
lar

120

0

177

354

531

7rìo

885

1062

1238

141 5

1592

17 69

1946

2123

2300

2477

2654

2831

3008

3l 85

3362

JSJY

?71 Â

3892

4069

4246

.U

25

BO

100

130

150

' 175

200

220

24.q

/^t I

? rìri

325

360

Jvc

415

445

475

n

th

?n

AE.

rr

-t^tv

BO

1 05.

120
| <h

150

1^Ã

180

195

210

225

/Ltl
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¡
I

ï

#2 I At¡ot^¡ na

n
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40
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I <h

1-1 
^
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285
'?l n
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, 348
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770

817
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lt0
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Stress. | .\
(PS] J

0

177

354

531

708

885

1062

I 238

l4l 5

1592

17 69

1946

2123

2300

2477

2654

2831

3008

31 85

3362

3539

371 5

3892

+uov

42!46
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TEST SERIES

CyLINDER j\ig. SBl0

n

OU

87

ll8
i40
176

207

228

260

292

328

JOU

<gt I

420

458

492

Flcctrjr-¡l Tn'r¡l Sir¡-i n Garrc: QdncÊ¡vvv¡ tvs¡ t\/uql

(Adj. for Zero Lo:å':ii.1å'3i.lifl;
(in./in. x to-6)

n^,,^^ J¿'r i 
^-.uauge#t i uauge#2 ^.,^,^-^^¡rvsf c9c

Ã-

90

127

176

217

262

312

340

<v <

440

548

OUU

644

698

742

U

3B

75

107

147

179

219

LDY

284

326

366

4c9

454

495

532

578

617
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Loai
(K'i os )

n
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an

vh
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oÃ
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1 'l ¡"ìI lu

ll5
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Çf roc c
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0

177

354
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1062

I 238
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1592

17 69

1 946

2123

2300

2477

2654
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3008

?1 0Ã

3362

3539

371 5

3892

4069

4246

CYL INDER I\0.

i I G¡una #'l ì Â^, rna !2 t¡ ! YuqYe ¡¡ ¡ , vqqvg f a 4_----i__-<_-_i:.-*

1^TV
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140
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< <h
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