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- ABSTRACT

This dissertatfon deals with the assessment of a non-
destructive test method, namely the sonic pulse vé1oc1ty method, as
applied to concretes of known physiéa] and mechanical properties.

Concrete produced by two w1nnipeg‘concrete pfoducers,
Building Products and Supercrete, was investigated using three
vérying mix designs from each plant. Since the aggregate source
of the two plants differ; the major difference between the two
concretes tested wa;.the properties of the respective aggregates.

) In hopes that the findings of this study could have a practical
‘]ocal application, mix designs actuai]y used by the two producers
in their daily production runs were incorPOrated into the test
program. |

WhiTe thé three Supercrete mix designs c]osely'matcﬁed
the‘Bu11ding Products mixes, the pulse velocity méasurements on the
hardened concrete differed shbstantial]y between the two cbncretes.
This shqwed the importance of the need to correlate pulse Velocity

_readings to concrétes of different properties before sonic methods
| could be used effectiveiy. A fe]ationship was developed for each
of the mixes for pulse velocity versus strength and pulse velocity
versus dynamic modulus of elasticity.

The test resu]ts from this study indicate that sonic
tésts could not bé.used as substitutes for other tests normalTy

performed on concrete. Since they do provide a basis for evaluating
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the uniformity and quality of a given concrete, they can be used

as an extension of other methods of testing.
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NOTATION
SSD = Saturated Surface Dryl
E = Static Modulus of Elasticity
E, = Dynamjc Modulus of Elasticity B
M4 = Poisson's ratio
K‘ Co= Constant a]]owing for the inelastic, heterogeneous

properties of different concrete mixes

Q’ = Déhsity of Concrgte (unit weight)

'fé = . Ultimate Compressive Streagth of Concrete
v = Pulse Velocity

G.F. = Gauge Factor

L =  Physical Length of Cy]inde?

T =" Time taken for pulse to travel length of cylinder




CHAPTER I

INTRODUCTION

].1’ Purpose of the Study

‘The purpose of this study is to apply a non-destructive
‘test method, namely the sonic pulse-velocity method, to concrete of
known physical and mechanical properties and correlate these prop-
erties to the recorded pulse velocity readings. By establishing a
correlation, it could be possible to use Sonic methods to determine
the qua]ify of "in-situ" concrete in the field providing the mix

design and properties of the fie]d concrete were known.

1.2 Statement of the Problem

For many years the sténdard testvfor determining the
strength of concrete has been a destructive compressive test on
specially prepared cylinders. Since the cylinders are Taboratory
cured they may not be represéntafivé of the concrete in the
structure} A check may be made by testing a core from the "in-
situ" concrete, however, this is not always possible sin;e the
appeérance or performance of the member concerned may be affected.
AAAAA . The disadvantages of the standard test methods has

encouraged various attempts to devise non-destructive test methods

to be applied to "in-situ" concrete. -One method where a considerable




degree of success has been achieved is the ultrasonic pulse method.

The app]icatioh of the ultrasonic pulse method is based on the
fact that the propagation velocity of the onset of a pulse of
u]trasohic Tongitudinal waves, or pulse velocity, through a
medium is propqrtiona] to its density. If a relationship can be
determined between density and strength, it may be possible to
determine one between‘pulsé‘ve1ocity and strength. Therefore,
the objects of the ultrasonic pd]se method are to establish:

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 céncrete p]ants.

b) at construction sites

¢) to test structures in use

d) in research’wofk

While pulse velocity research has been conducted fn

a number of areas throughout the world, no known attempt has been
made to apb]y this, research to local w1ﬁnipeg conditions. Since
the properties of concrete materials may change appreciably from
area to area and it is these properties that affect pulse velocity
readings, it is neéessary to correlate readings to known local
concrete mixes before the pulse velocity method can be applied

locally.



1.3 Scope
In hopes that the findings of this study could possibly
be applied to actUa1 concrete being'placed in Winnipeg, and thereby
be of some practical benefit, concreté producted by two 1oca1 ready-
mix companies was used throughout the investigation. The concrete‘
was batched at two plants, namely Bui]dﬁng Products and Supercrete.
- Actual mix designs used by the fespective companies in their daiTy
broduction runs were incorporated in the test program to further
add to the practical benefits 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,éoncrete, were run. These are designated as:

Test Series A

@

A1Tl test cylinders were cast with concrete produced
at Building Products. " The samples are‘identifigd in the
report by the prefix "BP".

Test Series B

A11 test cylinders were cast with concrete produced
at Supercreté. The samples are identified in the report by

the prefix "S".

The basic difference between the two test series was
the aggregate used. The respective mix designs were held relatively
constant in regards to proportioning. The testing involved the

determination of the density, air-cdntent, compressive strength,



. Stress-strain relationship and pulse velocity of the individual
concrete test speciméns. A correlation was then established
between the pulse velocity and the concrete properties of the

respective mixes.




CHAPTER I1

THEORY ON ULTRASONIC PULSE & REVIEMW:

OF PREVIOUS RESEARCH

2.1‘ Theory on the Ultrasonic Pulse Test

The wave velocity of ultrasonic pulse in concrete is
calculated from the time taken by a pulse to travel a measured
distance. Mechanical energy in the form of a pulse or sound wave
is transmitted betweén transmitting and receiving fransducers.

" The transducers are 1in contact with the concrete so that the
vibrations travel through it. The electrical signal generated
by the transducer is fed through an amplifier to a plate of a

’ cathode-ray tube. A second plate supplies timing marks at fixed

intervals. Thus from the measurement of the displacement of the

pulse signal relative to the position when the transducers are in

direct contact with one another, the time taken by the pulse to

(1). The velocity

travel through the concrete can be measured

~'can be calculated by dividiﬁg the distance between transducers

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

a) by direct transmission through the conCrete where the
transducers are held on opppsite faces of the member

under test

b) by propagation along the surface when only one face




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 é lTess accurate reading. Also,
measuring thé puise velocity at the surface only
measures the surface properties and gives no 1nd1catjon
about weaker concrete which may be bélow a stronger

(2)

surface layer‘'~’/.

2.2 Review of Previous Research

Previous studies have been conducted in the classifica-
tion of the quality of concrete on the basis of pulse velocity.

Some figures suggestéd by‘Whitehurst(s) for concrete with a density

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

: ' Table 1

| Classification of Concrete Quality

Longitudinal Pu]se Velocity Qua]ity of Concrete
10° ft./sec. :
15 | o excellent
12-15 - good
10 < 12 o doubtful
7 -10 o ‘  | poor
7 . _ very poor



According to Jones(4), however, the Tower Timit for °
good quality concrete is between 13,500 and 15,000 ft./sec.
_This discrepancy, and the generally wide variation
in the pulse ve]ocify of concretes are due to the influence of
the coérse aggregate. Both its quantity and type affect the pulse
velocity Whi]e, for a constant water-cement ratio, the influence
of the coarse aggregate on strength is comparatively sma]l(]).
— It is Muenow‘s(s) opinion that the most accurate
method of determinjng compressive strength is a correlation
between destructive testing and velocity measurements. He
suggesté the relétionship,vshown in Figure 1; for velocity and
compressive strength as a function of mix design.
From Figure 1 it can be observed that there 1is
an overlap of readings between different mixes. ‘Therefore,

_the mix design of the concrete to be tested must be known before

a pulse velocity-compressive strength relationship can be applied.

\
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'CHAPTER III

TESTING == PROCEDURES 'AND RESULTS

ITIA "TEST SERIES A

3A.1 "Introduction

In this series, tests were carried out on the concrete
materials and concreie as produced by Buf]ding Products and Concrete
Supp]y, wihnipeg. 'F011owing is a breakdown on the various testing
procedures and test results cdnducted on the test samples. All |

test samples in Test Series A are identified by the prefix "BP".

3A.2 Aggregates
3A.2a Gradation .

It was decided to limit the‘ﬁaximum size of aggregate -
in the concrete mix to 3/4". Since the major app]icatiohs
utilizing sonic equipment would be in thin sections such as
walls, slabs, and columns where;3/4" concrete is used, this
was thought to be a valid limitation for test purposes.

Gradation tests were conducted on both thé fine and
coarse aggregatés.; Methods of samp]ing and grading were
done in accordance with CSA Standard A23.1-1967. The grad-
ation for the 3/4" aggregate is shown in Figure 2 while the

sand gradation is shown in Figure 3.
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Figure 2

Test Series A -- Sieve Analysis

Building Products 3/4" Coarse Aggregate

A.S.T.M. Standard Total Passing each Sieve

Sieve Sizes: - - Percent by Weight
Test Aggregate CSA Standard A23.1-1967
' Specification
1 ~100.0 S 100
3/4" | 98.1 _ 90 - 100
3/8" 22.0 20 -~ 55
#4 ' 3.5 0- 10
8 | 06 0- 5
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Figure 3
Test Series A -- Sieve Analysis
Building Products Fine Aggregate
A.S.T.M. Standard Tota] Passing each Sieve
Sieve Sizes Percent by Weight _
" Test Aggregate CSA Standard A23.1-1967
: o Specification
/8t 100.0 100
#o | - 96.4 95 - 100
#8 87.7 80 - 100
‘#16 | 75.8 50 - 85
#30 . R 49.3 25 - 60
#50 a3 | 10 - 30
#100 6T | 2 - 10 .
#200 I8 2.9 '




3A.2b Specific Gravity
\Since thérsonic pulse velocity is proportional to the
density of the medium through which the pulse is transmitted;
it is very important to know exactly what densities are
beiné worked with. Therefore, specific gravities were
detérmined on the aggregates in ofder to help explain the
densities obtaihéd in the final concrete mixes.-
| Typical calculations for the coarse specific gravity
is shown in Sample Calculation 1. A dry bulk specific
_ gravity of 2.638 was obtained.
Typical calculations for the.fine specific gravity-v
is shown in Samp]e Calculation 2. A dry bulk specific
gravity df 2;602 was obtained.
3A.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 actua]
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 given areé,it would be forced to meet
these'highér strength.standards as set by competition. Also,
these standards could vary from market area to market area. The
Manitoba market compressiQe strength standard as compared to the

CSA standard at the time of testing is shown in Table 2.
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~ Sample Calculation 1

H
1

Test Series A -- Coarse Specific Gravity

Building Products 3/4" Coarse Aggregate

Wt. of Sample (S.S.D.) in Air (B)
Wt. of Sample (S.S.D.) in Water (C)

Wt. of Oven Dried Sample (A)

T 2500 - 2447
‘ Absorptlon = A x 100 = 77y R x-100

Bulk Specific Gravity B ?-C = Egﬁ%§ggTs73

2447

x>
L}

~ Apparent Specific Gravity = Hﬁrffjf . SIET - 1573

A 2447

Bulk Specific Gravityv(dry)b= B-C 2500 - ]573.

2500 gms

1573 gms

2447 gms

2.168%

2.695

2.799

2.638



- 14 -

Sample Calculations 2

Test Series A -- Fine Specific Gravity

Building Products Fine Aggregate

V-U

Volume of flask at 20°C *"V* 500
Wt. of sand (S.S.D.) and flask 676.1
Wt. of flask, sand (S.S.D.) and water at 20°C ©987.0
Wt. of flask - 176.1
Wt. of sand (S.S.D.) and water 810.9
Wt. of sand (S.S.D.) “Wssd" 500.0
Wt. of water added at 20°C "W"- 310.9
Wt. of sand (oven dried) and tare 874.8
Wt. of tare' 382.7
Wt. of sand (oven dried) "A" 492.1
. Wssd - A _ 500 - 492.1 _ .
Absorption = ———— X 100 = T er o= T.6OSA
Bulk Specific Gravity (5.5.D.) = 325 oy = 2-645
Apparent Specific Gravity = VW) - (Wesd =AY
492,71 _ \
(500 =~ 370.9) - (500 - 492.1) =. 2.716
. s : _ A 8921 _ .
;Bulk Specific Grav;ty (dry) 2.602

500 - 310.9

gms

gms

gms
gms
gms
gms
gms
gms

gms



Table 2
Compressive Strength Comparison

4of Normal Portland Cément

' = - ‘ Manitoba Market
Age of Test CSA-A5-1971 - Standard at Time
(days) Standard of Testing

- (psi) (psi)
3 1800 | 2600
7 2600 o - 4200
28 " 3800 | 57001

It is critical 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

equivalent concrete strengths. HoweVer, the densities of the two

concretes would be affected by the varying amounts of cement used.

This would have to be taken into consideration when correlating

pulse velocity to compressive strength for the concretes in question.

| 3A.4 Concrete Mixes

The decision to use concrete produced at a batch
p]aht throughout the test program was based dn two factors:
i) .Better control in proportioning the materials could
be accomplished with large volume batching. Control

would be'more difficult with a small laboratory mixer.
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ii) Concrete produced at a batch plant during a normal days
production 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 cylinders cast.
The mix designs (BPA, BPB, and BPC), w%th'respective water-cement
ratios of'074, 0.6, and 0.8, are designs that are actually being
used by Building Products in their daily production..

It should be noted that the coarse aggregate was held
éonstant‘fqr the comp1éte series of tests. Tests conducted by
the research laboratories of James Electronics Inc., Chicago,
I1Tinois, fndicdte that the coarse aggrégate affects the wave

(5).

velocity much more than the fine aggregate The fine éggregate
was considered to be part of the mortar along with the,éement and
water. Therefore, while the batch weight per cubic yard was held
conétant for the three sets, the various materials that made up
thevmortaf were proportioned differently and the coarse aggfegéte o
was held constant. | | |

WRDA (water-reducing admixture) was the only admixture
used in the concrete mixes. It is an aqueous solution of highly
purified metai]fc;sa]ts_of Tignin sulfonic acids, containing a
cata]yst.whfch counteracts the norma].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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water. It does thié by colloidal acfion, which forms a coating
-on the cement particles. This reduces their tendency to clump
fogether, and makes the mix more workable with less water.

| " The three mix designs in Test Series A, namely

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

3A.5 Sampling of the Concrete

\The'bat¢h plant at Bui]ding Préducts is a centréf
mix operation. After the concrete:was.adequately mixed it was
discharged into a transit-mixer truck. The truck was then backed
to a p]atfdrm where the concrete waS thoroughly remixed in the
transit mixer. -Concrete was then samp]éd'from the mixer with a
shovel at intermiftent periods. These samples were then hand
mixed together on the p1atform in order to ensure a representative
sample. ‘Sets of twelve cylinders were then cast for eéch of the
three mixes. |

Three separate tests were then carried out on each'
mix while the concfete was_in the plastic state. These were
slump, air content; and unit weight detérminations. The results,
of these tests for each of the three mixes are noted in Figures
4, 5, and 6 réspgctively.
| A1l tests were carried out in accordance with CSA

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

\
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/.

Figure 4

Test Series A -- Mix Design BPA

‘ Actual Design
. : Wts. Allowing
" Materials Saturated Surface for Moisture Total Actual
~ Dry Design Wts. 1 Content of Sand | Batch Weights
(1bs./cu.yd.) (1bs./cu.yd.) (1bs.)
3/4" aggregate ~ 1900 1900 10,450
Csand | - 1180 1239 6,814
cement o 700 ' »700 3,845
water © . .280 . 221 ' 1215 + 100=
. ' 1,315
WRDA 40 1. oz. | | 220 1. oz.
(Water Reduc- I
ing Agent)

Moisture Content of Sand = 5.0%
' . . . _ 280 -
Design Water-Cement Ratio = 700 = 0.40
Actual Water-Cement Ratio = ;glgﬁ+'6814 ('05) = 0.43

-Note-
Additional water was added

to the final batch in-order to obtain
a more workable mix o

Air Content - 1.8%
CStump 2 174"
Unit Wt. 150.8 p.c.f.
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Figure 5

Test Series A -- Mix Desigh BPB

"~ Actual Design
Wts. Allowing
Materials Saturated Surface +for Moisture Total Actual
Dry Design Wts. Content of Sand Batch Weights
(Tbs./cu.yd.) (Tbs./cu.yd.) (1bs.)
3/4" aggregate 1900 1900 9,500
sand 1400 1470 7,400
 cement a0 | 410 2,350
water 280 o 210 1,050
WRDA 27 1. oz. o © 135 f1. oz.
(Water Reduc- - '
ing Agent)

Moisture Content of'Sand

5.0%

Design Water-Cement Ratio, = %%%— | - = 0.60
_ 1050 + 7400 (.05)

Actual Water-Cement Ratio

Air Content
STump
Unit Wt.-

= 2350 = 0.60

2.3%
.3?
149.8 p.c.f.
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Test Series A -- Mix Design BPC

~Figure 6

ActuaT Design
Wts. Allowing
Materials Saturated Surface for Moisture - Total Actual
: Dry Design Wts. - Content of Sand Batch Weights
- (1bs./cu.yd.) (1bs./cu.yd.) (1bs.)
3/4" aggregate 1900 1900 9,500
sand 1500 1575 7,775
cement 350 350 1,750
water 280 205 1,025
WRDA 20 f1. oz. 100 f1. oz.
(Water Reduc-
ing Agent)
‘Moisture Content of Sand = 5,0%
. nows. _ 280 -
Design Water-Cement Ratio = 3EQ = '0.80;

Actual Water-Cement Ratio

Air Content

STump

Unit Wt.

2.5%
o

149.4 p.c.f. '

_ 1025 + 7775 (.05)
1750 ;

=" 0.81
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3A.6 Curing

' | After‘the cylinders were cast, plastic covers were
placed over them in order to prevent the water needed for hydra-
tion from evaporating. The cylinders werg then set out of the
sﬁn and Tet stand for 24 hours before they were moved. The ajr
'temperature during this period ranged from 50 - 70 degrees. The
next day the cylinders were carefully loaded into a van and
rigidly supported while they were being tranéferred to the M.
Block Testihg Laboratory in Winnipeg. Extreme care was taken in
handling the cylinders during the transportation and strﬁpping
operations in order to minimize any possibility of small fractures
:deyeloping in the'samp1es. | |

Cylindérs from each of the three sets that were

numbered from 1 through 6 were,p1acéd‘in a water bath for wef'
curing prior to testing.: Cylinders numbered 7.through 12 were

placed in a room for dry cdring.»

3A.7 Unit Weights

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 ai 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 testvused 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 s equal to the volume of water disp]aced;.the specific
: gravity of the concrete can be determined. From this, the unit
weight can be ;a]culated. The calculations are given in Sample
Calculation 3.

A summary_of_the unit weights is given in Table 3.
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Sample Calculation 3
Test Series A
Unit Weight of Hardened Concrete

Test Cylinder BPA]

Wt. of cylinder inair = W, ' = 13,635 gms
| Wt; of cylinder in water = ww = 7,988 gms
Volume of cylinder = V =W, - W = 13,635 - 7,988 = 5647 c.c.
| | Wy 13,635
| Specific gravity of cylinder = V_'f=':'5’647 . = 2.413
| Since unit wt. of water = 62.4 p.c.f.

- unit wt. of test'cy]inder_BPAl 2.413 x 62.4 150.6 p.c.f.
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Table 3
‘ j
Test Series A
Concrete Unit Weights ,
Cylinder Air antent Method Unit Weight (1bs./cu.ft.)
No. (P]ast1; State) of Curing- Plastic Hardened
v 1-Day 7-Day
BPAT 1.8 Water bath 150.8 150.6 151.8
BPA2 | o o 151.9 | 154.0
BPAT Air v | 150.6 | 150.2 -
BPAS. K - . 150.6 | 149.8
BPBT 2.3 | Water bath’ 149.8 | 151.3 | 151.5
BPB2: " T 151.3 | 152.8
BPB7 Air | 150.6 | 150.0
BPBS "o w1 151.3 | 150.8
BPC] 2.5 Water bath | 149.4 | 151.2 | 151.2
BPC2 R o v 181.2 | 152.0
. BPCT © Air B 150.6 | 150.9
 BPCS w1 151.2 | 15040
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3A.8 Pulse Velocity Determination

3A.8a Operation of Equipmeht

 The instrument used in, determining the pulse velocities
thrdughout the test program was the V-scope, Model No. C-4960
as manufactured by James Electronics Inc., Chicago, I11inois.
A picture_of the instrument is shown 16 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 pulse vibrations. Metal testing requires
high frequency puises}to.provide‘a narrow beam of energy'butv
suchkfrequéncies afe unsuitable for use with heterogeneous
materials such as concrete because of the considerable’
amount of aftenuation which pulses undergo when they pass
through these materials. fheifrequency'found suitable and
uéed throughout these tests was 50KC which corresponded to
a wave length of. about 130 mm. The instrument's pulse fate

. is 69 pulses per second. |
~ The basic operation of the James V-scope is outlined .

in Appendix A.

3A.8b Pulse’Veloéity Readinqs

Pulse velocity readings were taken on both_wet'cured

and dry cured cylinders for each‘set-at'7 and 28 days. Since



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 pulse velocity
could be calculated accurately. A typical calculation
- of pulse velocity is shown in Sample Calculation 4.
Tab]es 4, 5, and 6 outline the individual pulse

velocities of the three mixes tested in Test Series A.

Sample Calculation 4

Test Series A

Sémp]e Calculation of Pulse Velocity

Cylinder BPAT

Measured Tength of cylinder = L - 12.10"
‘TimeAtaken for sonic wave to : ;
traverse length of cylinder = T = 63.0 microseconds
‘Pulse Velocity = %— = 1$é10 X ég 5 =

.01605 ft./microsecond or 16,050 ft./sec.



: Cy]fnder

Méthod

Compressive Strength

Test Series A

" Table 4

-~ BPA General Test Data

Pulse Velocity

E Ep Poisson's
No. of Curing (psi) (ft./sec. x 103) (psi x 106) (psi x 106) Ratio
' 7-day 28-day 7-day 28-day ‘ M

BPAT Water-bath| 5089 | 16.05 4.19 © 5.37 0.19
Az | - 5159 15.85 |
BPA3 " : 5000 16.05

. BPA4 u | 6010 16.35 4.95 6.35 0.17
BPAS " 6666 16.30

'BPAG " 617 16.2

BPAT Air 5018 | 15.7 ;
BPAS n 5159 | 15.7
BPAO " 5408 15.9 4.10 5.26 0.18
BPATO u 6206 15.7 . 5.04 6.46 0.17
BPAT1 " 6081 15.75
BPAT2 n 6578 15.8

- 82 -



Cylinder

 Table 5

Test Series A -- BPB General Test Data _

Compressive Strength

Method Pulse Velocity E Ep Poisson's
No. of Curing | (psi) (ft./sec. x 105) | (psi x 10°) | (psi x 10%) | Ratio

' 7-day 28-day | 7-day 28-day ’ - no

BPB1 ater bath| 3865 15.6 3.60 4.61 0.21
| BPB2 v | 4060 | 15.6

BPB3 - " a3 | 15.65

BPB4 " - 4893 15.8 4.23 5.42 0.19

BPB5 " - 5337 -16.25

BPB6 " 5230 16.1 -

BPB7 Air | 3830 15.35

BPBS “ 3652 15.3

BPBY d 3865 15.3 3.91 5.01 0.21

BPB10 " 1823 15.3 4.23 5.42 0.19
~ BpBII " 5159 5.5

BPB12 u 4805 15.4

- 62 -



Method

. Table 6

Tést Series A = BPC General Test Data

ve Strength

E

Poisson's

Cylinder Compressi Pulse Velocity | Ep :
No. of Curing - (psi) | (ft./sec. x 103) (psi x 106) (psi x 106) Ratio
7-day 28-day | 7-day 28-day . ‘ A
- BPC1 Water bath| 2801 15.55 3.60 4.61 0.23
 BpC2 v 2695 15.5 o
BPC3 - " 2695 15.4
BPC4 " 3759 | 1575 4.46 5.72° 0.22
BPCS " 3954 15.85
BPC6 " 3635 15.85...|
- BPC7 _ Air 2553 14.55
e | 2660 1475 |
BPCY " .2411 14.75 2.02 2.59 0.24
~ BPC10 " 3191 15.05 2.96 3.79 0.23
BPC11 u 3493 15.05
BPC12 . 3386 15.05

= 0€ -
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3A.9 Compressive Strength Determination

The compressive strength wasldetermined for ‘each of
the cylinders cast. The tests were conducted in accordance with
CSA Standard A23.2.13 "Test for Compressive Strength of Moulded
~ Concrete Cylinders". The equipment used in the test is shown in
Figure 8. The compressive strengths.of the test cylinders for each
of the three mixes'fn Tesf Series A are given in Tables 4, 5, and

6 respectively.-

3A.10 Strain Determination
| The unit strain of the concrete under load was recorded
~at 5 kip load increments. Mechanical gauges (DEMEC) were used
'fhroughout the test. Initially the gaugeS'Were held in place by
hand, hoWever, the slightest hand movement would disrupt the
readings. The gaugés were then fastened secdrely‘to the cylinders
‘by'e1as£ic bands as shown in Figure 9. |

Strain readings>weré recorded for the fo]]owing
cylinders: -

BPA1, BPB1, BPCT. R 7, day wet cured

BPA4, BPB4, BPC4 28 day wet cured

BPA9, BPBY, BPCY

7 day. dry cured

BPA10, BPB10, BPC10 28 day dry cured

The strain readings on the above cylinders as well as

the details of the gauges used @?e tabulated'in Appehdix B.
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Figure 8

EQUIPMENT USED FOR COMPRESSIVE

STRENGTH DETERMINATION

H
!
H
{
i
g
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Figure 9

MECHANICAL GAUGE SUPPORT




IIIB TEST SERIES B

3B.1 Introduction

| In this series, tests were carried out on the concrete
materials and concrete as produced by Supercrete in the City of
Winnipeg. Following 15 a breakdown on the various testing pro-
cedures and test results conducted on the test samples. To

avoid duplication, where the brocedures are the same-as followed
in Test Series A, it shall be noted as such. Ai]_test samples in

Test Series B are identified by the prefix "S".

3B.2 Aggregates
3B.2a Gradation

The maximum aggregate size was again Timited 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 10 whi]g‘the.sand gradation is

~ shown in Figure-11.

3B.2b Specific Gravity

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 Sample Calculation 5.
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- Figure 10

Test Series B -- Sieve Analysis

Superckete 3/4" Coarse Aggregate

A.S.T.M. Standard
Sieve Sizes

Total Passing each Sieve
' Percent by Weight

- Test Aggregate

~ CSA Standard A23.1-1967

Specification

10 ©.100.0 100
3/4" © gs.3 90 - 100 .
| 3/8" 22.0 - 20 - 55
# 2.5 0- 10
48 0.9 0- 5
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f - Figure-11

Test Series B -- Sieve Analysis

Supercrete Fine Aggregate
A.S.T.M. Standard Total Passing each Sieve
Sieve Sizes : Percent by Weight
' Test Aggregate- | CSA Standard A23.1-1967
‘ T Specification
3/8 | 100.0 100
#o C 997 95 - 100
#8 | - 90.5 80 - 100
- #16 o 69.4 50 - 85
#30 | 43 . 25- 60
450 7.9 10 - 30
#100 4.2 2 - 10
#200 S L9
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Sample Calculation 5

Test Series B -- Coarse Specific Gravity

Supercrete 3/4" Coarse Aggregate

Wt. of Sample (S5.S.D.) in Air (B) . 2500 gms
Wt. of Sample (S.S.D.) in Water_(C)f , 1552 gms
"Wt. of Oven Dried Sample (A) B - 2448 gms
..o _ B-A . 2500 - 2448 _ 9
Absorption. = ' ‘* 100 = ~gg—— X 100 2.122%
Bulk Specific Gravity = oo = 5ero30 - 2.635
A 2448

Apparent Specific Gravity =}.A - T ° 74ig - y5Ey - 2-732

Bulk Specific Gravity gy = Fo¢ = 7500tiyEsr = 2-580



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 marketvarea standard is ouf]ined

in Test Series A

3B.4 Concrete Mixes

Three different mixes were batched at Supercrete and
the cylinders cast. The designed mixes (SA, SB, and SC), with |
respective water-cement ratios of 0.40, 0.62, and 0.82, are
designs actually being used'by Supercrete. in their daily pro-

~ duction. o
A water-reducing admixture, as discussed in Test

®

Series A, was also used in Test Series B.

The cdmparisons_between‘the'design.and actual mixes
tested, namely SA, SB, and‘SC,_are‘giVen‘in Figures 12, 13, and.

14 respectively.

- 3B.5 Samp]ing of the Concrete

‘The batch plant at Supercrete is a central mix operation.
‘Unlike at Building Products where the concrete had to be sampled

from the transit-mixer truck, the concrete wasvsampled directly

from the central miXing.drum.- As the concrete was being discharged

from thé‘drum, samples were taken with a shovel and placed in a
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Test Serijes A -

Figure 12

- Mix Design SA

Moisture Content of Sand

Design Water-Cement Ratio

Actual Water-Cement Ratio

-Note

280

700

799 + (5356) .055 _

Less water was used than calle _
workable mix was obtained with a reduced water content .

Air Content

S
Un

Concrete Temp.:

ump

it Wt.

2.3%

3 1/2"
148.0 p.c.f.
| 75°F

= 2800

Actual Design
Wts. Allowing :
Materials Saturated Surface for Moisture Total Actual
Dry Design Wts. Content of Sand | Batch Weights
(1bs./cu.yd.) {1bs./cu.yd.) (1bs.)

- 3/4" aggregate 1900 1900 7,600
sand 1260 1329 5,356
cement 700 700 2,800
‘water 280 211 799

’ WRDA 39.8 f1. oz. 160 f1. oz.
(Water Reduc- :
ing Agent)

5.5%

+ 0.40

.039

d for in the mix design since a
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Figure 13

Test Series B -- Mix Design SB

. Actual Design
) Wts. Allowing
Materials. Saturated Surface for Moisture Total Actual
Dry Design Wts. Content of Sand | Batch Weights Rt
(1bs./cu.yd.) (1bs./cu.yd.) (1bs.) » SRR
3/4" aggregate 1900 1900 7,600
sand 1368 1470 5,920
cement 445 445 1,780
water, 275 - 173 686
WRDA 126.8 f1. oz. 108 f1. oz.
(Water Reduc- ; : v
ing Agent)

Moisture Content of Sand . = 7.5%
. - . 275 _ |
Design Water-Cement Ratio = 5 = 0.62 -
6386 + (5929)».075 = 0.64

Actual Water-Cement Ratio T 1780

Air Content .  3.2%

CSlump 4.1/
Unit Wt. - 146.4 p.c.f.

Concrete Tempf 71°F
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Test Series B -- Mix Design SC

Figure 14

Actual Design
: - Wts. Allowing
Materials Saturated Surface for Moisture Total Actual
' Dry Design Wts. Content of Sand | Batch Weights
(1bs./cu.yd.) (1bs./cu.yd.) (Tbs.)

- 3/4" aggregate 1900 1900 7,600
sand 144 1542 6,212
cement - 340 340 1,360
water 280 179 672
WRDA 20 f1. oz. 80 f1. oz.

(Water Reduc-
ing Agent)

Moisture Content of Sand = 7.0%
o ' ' . _ 280 -

Design Water-Cement Ratio = 30 =. 0.82

Actual Water-Cement Ratio 672 + (6212) .070 _ g

1360

. 3.0%

Air Content
STump 5 3/4" _
Unit Wt. 146.6 p.c.f. |

Concrete Temp.® 69°F
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small buggy. Since samples were taken intermittently as the concrete -
was being discharged, a good representative ;ample was obtéined.
The sample was thén dumped from the buggy onto a platform and mixed
with a small shovel. Sets,of twelve cylinders 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 mix. The results of these
tests are indicated 1n Figures;12,v13,vand.14'f0r-the respective

mixes.

3B.6 Curing
The’same:techniques as discussed in Test Series A
were employed in the curing and transportation operation in Test

Series B.

3B.7 Unit Weights

The unit weight of the concrete was determined in
both the p]astic.ahd hardened state as in Test Series A and a
typical calculation:is shown in Sample Ca1cu1atibn 6. A summary

of the unit weights is shown in Table 7.

. 3B.8 Pulse Velocity Determination - -

3B.8a Test Procedure

The 1nstrdment used in determining the pulse velocity
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Sample Calculation 6
Test Series B
Unit Weight of Hardened Concrete

Test Cylinder SA8:

Wt. of cylinder iniair = wA ' =. 13,340 gms

Wt. of cylinder “in water = ‘Ww = 7,750 gms

Volume of cylinder = V = W, - W = 13,340 - 7,750 = 5590 c.c.
Wy 13,340

Specific gravity of cylinder = N 5’590 = 2.39

Since unit wt. of wéter = 62.4 p.c;f.'

149.0 p.c.f.

unit wt. of ‘test cylinder SA8 = 2.39 x 62.4
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Table 7 -
‘Test Series B
Concrete Unit Weights
Cylinder Air Content Method Unit Weight (1bs./cu.ft.)
No. (P1ast1; State) of Curing Plastic Hardened
’ 7-Day
SAT . 2.3 Water bath | 148.0 . 150.0
SA2 R A 150.5
sa7 Air | 149.0
~ SA8 o - " oo : .~ 149.0
SB1 3.2 | Water bath | 146.4 149.5
SB2 R " e 149.5
SB7 e Air L v 1470
SBS. | o I 7.5
sl 3.0 | Mater bath |  146.6 150.0
sc7 | S e BN 147.0
scs S o | " ~ 146.5
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of the test samples in Series B was the same as in Series .
A. The dperation of the equipment is outlined in Appendix

A.

~ 3B.8b Pulse Velocity Readings

A typical calculation of pulse velocity is shown in
Sample Calculation 7. Tables 8, 9, and,lb outline the
individual pulse velocities of the three'mixes tested in

Test Series;B.‘.__’

'Sample Calculation 7
Test Series B
Sample Cafcu]ation'of,Pu1se Ve]obity"
Cylinder SA4

12.15%

n
— T
i}

. Measured length of cylinder

Time taken for sonic wave to _ v
‘traverse length of cylinder = T =  64.5 microseconds

~ Pulse Velocity = %.'= .]%é1$‘x 61 S

.01570 ft./microsecond or 15,700 ft./sec.



Method

: Tab]e 8

' Test Series B -- SA General Test Data

o she

Cy]inder ) Compressive | Pulse Velocity E E Ep Poisson's
Noi of Curing | Strength (psi) (ft./sec. x 103) (psi x-106) (g]ec,'gk.) (psi x 106) Ratio
7-day | 28-day | 7-day 28-day (psi x 106) M
" SA1 Water bath| 5727 15.55 3.82 4.90 18
SA2 - " 5780 15.55
SA3 " 5762 15.45
SA4 " 6879 15.7 |  4.25 5.45 15
A5 " 6737 15.9 |
n 6879 16.1
 SA7 Air 5443 15.05
. SA8 n 5549 15.05
 SA9 " 5869 15.0 3.85 4.94 .18
SA]O u 6312 15.4 4.28 4.08 5.59 .16
SAT1 u 6276 15.4
SA12 " 6344 15.6

_917-
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S Tab]é‘Q

~ Test Series B -- SB General Test Data

Pulse Velocity

- sB8

Cy]inder Compréssive E E Ep Poissdn's
" No. of Curing | Strength (psi) (ft./sec. x 103) (psi x ]06) (elec. ck.) (psi x ]06) Ratio
' 7-day | 28-day |7-day | 28-day " (psi x 109) U
 sB1 Water bath| 3954 | 14.35 3.26 4.8 0.21
SB2 " 3847 14,40
$B3 " 3018 14.60
$B4 " 4663 15.45 |  3.34 4.28 0.20
SB5 ' 5106 15.45
sB6 " 4929 15.50
SB7 Air 3635 14.00 ’
n 3830 13.90
SB9 " 3706 13.85 3.14 4.03 0.21
~SB10 " 4911 14.40 3.68 4.77 4.72 0.19
SB11 " 4840 14.45
SB12 " 4716 14.45

- Ly -



Cylinder

Method

~ Table 10

Test Series B -- SC General Test Data

Compressive

Pulse Velocity

Poisson's

, E E B,
No. of Curing | Strength (psi) (ft./sec. x ]03) (psi x 106) (elec. ck.) (psi x 106) Ratio
7-day | 28-day | 7-day 28-day ' (psi x 106) v M
' sc1 | Water bath | 2004 13.90 2.9 3.74 0.25
o sc2 w2110 13.80 -
'SC3 gy 2234 13.80
sca - 3000 14.60|  3.23 4.14 0.23
SC5 " 3289 T 15.10
SC6 u 3121 15.10 | -
SC7 Rir | 2145 13.15
'sC8 " 2145 | 13.15
" 2199 13.15 2.61 3.35 0.25
sC10 " 3280 13.80  3.14 3.26 4.03 0.23
SC11 " 3050 13.65
sC12 " 3156 13.80

- 8b -
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3B.9 Compressive Strength Determination

The test procedure followed in Test Series B was
the same as in Teét'Series'A. The compkessive strengths of the
test cylinders for each of the three mixes in Test Series B are

given in Tab]es 8, 9 and 10 respectively.

3B.10  Strain Determination

.The unit strain of the concrete under Toad was
~ determined as in Test Series A. In addition to the mechanical
(DEMEC) gauge readings; checks were conducted electrically using
SR-4 strain gauges; .The cylinders that fhese checks were made on
wére SA10, SB10, and SC10 - the 28-day air-cured cylinders from
eaéh of the three mixes. The gauges were glued tb the cylinders
as shown in Figure 15. THe gauges were then wired to Budd strain
indicators (Figure 16) and the strain'readings‘takéngdirect1y.,v
A tébu]étion of both the mechanical and electrical

strain readingsyiS-recorded in Appendix B.



Figure 15

SECURING ELECTRICAL STRAIN GAUGES




Figure 16

BUDD ELECTRICAL STRAIN INDICATORS

MODEL P-350 I
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CHAPTER IV .

ANALYSIS OF TEST RESULTS AND CORRELATION

OF_THESE RESULTS TO PULSE VELOCITY

/

‘4.1 Introduction

This chapter will 1nitia11y deal with an ana]ysi;
of the physical and mechanical properties of the concretes tested
1n}the individual test series. The discussion will then be ‘.
enlarged ubon to correlate the pulse velocity readings to -

these properties.

IVA ANALYSIS OF TEST SERIES A . S

- 4A.1 Aggregates
o The gradation of both the coarse and fine aggregate

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

the requirements as spécified in CSA Standard A23.1-1967.

4A.2 Concrete'Mix Designs

While'the mixes were desighed for absolute water-
cement ratios of 0.4, 0.6, and 0.8, some of the actual mixes were
found too d}y at these katios.. For this reason water was added
to the batch and'actﬁal water-cement-ratiosfwere?ca1CUTafed‘and

are as follows:



Table 11
Designed Water- | Actual Water-
. Cement Ratio Cement Ratio
BPA 040 /| 0.3
BPB -~ 0.60 e.e0.
BPC 0.80 - 0.81

It can be seen that the ratios did not change
appreciably and still gave a good.rangé of‘concrete mixes to

be'tested;

4A.3 Unit Weights

The unft weight results as outlined in Table 3 -
| Chapter IiI; were predictable. In the plastic state the concrete
with the 1owervwater—cement.ratio was more dense because of the
higher cement content.  This was verified in the test results-

where the dénsities were 150.8, .149.8, and 149.4 pounds per

cubic foot-for‘water-cement ratios of .0.43, 0.60, and 0.81
respectiveiy. B k'

\After one day, .tests on the hardened concrete geheral]y -E‘
showed.that the unit weights increased slightly. This was due to
volume changes.resu1ting from the densification of the concrete. . ...
The dehsifi;ation or shrinkage of the ‘concrete was observed
'physica11y}upon.inVestigation of the cy]inder.‘ During casting,

the concrete was;struck off leveliwith the_top of the cylinder.
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However, during the dissipation of the bleed 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 that there was very Tittle difference between the

~ plastic and one-day unit weights of the BPA mix. However, the
BPB and BPC mixes showed a larger unit-weight chapge. This can
be explained in thaﬁ the BPA mix had vefyy:1itt1e bleeding when 7

compared to the BPB and BPC mixes.

| The'7-day unit weight checks again showed changes.

Howevér,,while the wet cured cylinders showed increases in unit

weights, the dry cured cyTihders generally showed decreasgs.

Since the voids in the wet cured qylinders would naturally

ibe filled with wéter, an increase in unit weight would be

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

the increasing loss of moisture due to the drying out of the

'fcy]indér'resu1ted in a general decrease in the unit.weights.

4A.4 Strength'ResuTts

The results of the compression testS'wére predictable
and are given in Tables 4, 5, and 6 - Chapter III, for the respec-
tive mi*es} Cylinders with the lower water-cement ratios tested
higher than those with higher‘ratios5| A1so, the wet cured cylinders
generally tested higher than the dry cured. The method of curing, B

however, did not have as.muchiaf%ect on the BPA mixes as on the:
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weaker mixes. There was no appreciaS]e difference in the strengths
of the wet and dry cured cylinders for both the 7 and 28 day tésts.
An explanation for this could be that sinée hydration is a slow and
continuing process as long as water'i§‘ava11ab1e, higher cement
contents take longer to comp]ete]y hydrate. After short duration
curing there might be no appreciéb]e difference in strength between
high cement content mixes cured under different conditions. However,
éfter 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.

- 4A.5. Determination of Young's Modulus of Elasticity

Concrete is not a truly elastic ' material, and the
graphic stress-strain relationship for co;tinuous1y-increasing
loading is genera)ly in the form of a curved line. However, for
VCOncrete that has,hardened thoroughly and has been moderately
preloaded, the stress-strain curve is, for all practical purposes,
a.étraight Tine within the range of usual working stresses. The
stress-strain ratio determined from the‘virtually'straight portion-
of the streﬁs-strain curve ié called the "modulus of e]astfcity".
‘Usually, concretes of higher stfength have’higher elastic values,
although modu]us'of'eiasticity is not'directly proportional to

strength(s)a

‘The'stre$s~stréin readings;aré-tabu]ated»in'Appendix B;; 1
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The stress-strain relationship was graphed for two cylinders,

namely BPA4 and BPC10, and are shown in Figure 17. The calculations

to determine "E" for BPA4 and BPC10 are given in Sample Calculation
8. E values werevdetermined for the other cylinders in a similar

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

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

| | - A satisfactory range in E values was obtained with

»fa va]ue of approximately 5.0 x 106 psi calculated for the BPA

| higher:strength concrete as compared to approximately 3.7 X 106 psi

for the BPC lower strength concreté. These results fall in the:

‘range of elastic moduli for ordinaryvconcretes wﬁich range. from

2.0 x 10° psi to 6.0 x 10% psi (6),

A check was made on the graphed.E values using the

) fo]lowing empirical equation developed by Adrian Pauw of the

Unjversity of IT1linois.

E = 3./e f(': A A,

where E = static mon]ust-gf e1§Sticity of cqncrete‘ (psi)
"‘§> = unit weight of conc;éte | S | (p.c.f.)

fé' = ultimate streng%h'of.concréte ) (psi)

A typical calculation 1s}shpwn in Sample Calculation 9

and a comparison of the check values.to the graphed values is shown



STRESS (psi)

t

4000
3500

. 3000

2500

2000

- 1500

- 1000

500

'LOAD(Kws)

120
1o

100

90

80

70

60

50

40

30

20

FIGURE I7

TEST SERIES A

STRESS —STRAIN
"RELATIONSHIP

UNIT STRAIN  (in/in x 10°

)

- L5 -



- 58 -

Samp]e Calculation 8

Typiéal_Ca1cu1ations in Determining-
‘Modulus 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 17 were used as

follows: -

~Test Cylinder BPA4

Stress (psi) -~ Strain (in./in. x 10f6)
. s .
‘ ' o S ‘
2123 | R 430
Modulus of Elasticity = E = —Z8 - = 4,95 x 10° psi
- : | o a30x107° -
Test Cylinder BPCIO ~ /
Stress (psi) o strain (in./in. x 10'6)
708 S 26
2300 756
. Stress'_ _ 2300 -708 6

T = 2.96 x 10° psi
: St,ram-_] (756 - 21"5),,('_1‘0-.6 b
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in Table 12. While there is some discrepency in a couple of the.

values, the comparisons are generally within acceptable Timits. |

Sample Calculation 9

-Check on Modulus vo‘f E]asti’city Values

Cylinder BPAI

From the equation E

Vs

151.8 p.c.f.

For cylinder BPAI e

L _5089" psi

’

6

. E = 33 \/151.8% (5089) = 4.39 x 10° psi



Table 12

Comparison of Modulus of Elasticity Values

" Cylinder No. | Measured E (x 10° psi) | Checked £ (x 10° psi)

'BPAT .19 .39
.95
.10

.04

BPA4 .80
.46

79

BPA9

O -
i Y U

'BPATO

BPBT .60 .83

BPB4 .23 .29

BPBY 91 .76

Bow s~ w
BHOw D W

BPB10 23 .22

'BPCT .60 24
46
02

96

BPC4 7

.98

BPCO

NN D W
W W ow

s 2
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IVB ANALYSIS OF TEST SERIES B

4B.1 Aggregates

-The gfadatibn of both the coarse and fine aggregate as
| shown respectively in Figures 10 and 11 - Chapter III, met the |
requirements as specified in CSA Standard A23.1-1967. The dry
bulk specifié gravity of the coarse aggregate in Series B was

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

. 2.580) -

4B.2 Concreté Mix Designs

In all the.threé mixes (SA, SB, and SC) the water
conténts in the final batch weights were adjusted é]ight1y.
These adjustments were made in order to pronce'a more workable
mix. A comparison between the deSign and actual water-cement

ratios is as follows:"

Table 13
Comparjsoh of water<Cemgnt Ratios
oMix  Design W/C | Actual W/C
sso |- o0 | 039
53' - ""  i 0.62 o f‘ . o.64
Cose | o2 | o
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As in Test Series A, the slight change in water-cement

ratios did not deter from the over-all range of mixes tested.

4B.3 Unit Weights

The unit weights of the concrete in Test Series B, as
outlined in Table 7 - Chapter III, in both the plastic and |
'hardened states weré somewhat Tower than.those of Testyséries A.
This can be attributed to. two factors:
]1) The specific gravity of the coarse aggregate used in
SerigslB was lower. :
i1) The air contents of the piastié;concrete were,s]ight1y

higher in Series B.

_ In general, the ]owervthe water-cement ratio the
.dénser the concrete. This is attributed to the densifyihg
effect of the higher cement contents. However, in Test Series B ‘
there waSnone's1ight reversal. Mix SC, with a Wafér-cement ratio
of 0.81, had a plastic unit weight of 146.6 p.c.f. while mix SB,
with a water-cement ratio of 0.64, had a b]a;tic unit weight of
146.4. Sjncé thiS'ﬁs only a slight difference, itycould be
' éttributed to the testing. However, upon further inveétigation,
.1t-was noted that the air content of‘mix'SB was higher than that
Of.mix SC-(B.Z% as compared to 3{0%);  This highér air content

contributed'to the lower unit weighthof mix SB. - -
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The.unit weights of the hardened concrete proved
interesting.also. While the values, as tabulated in Tébie 7 -
’Chapter III, did not fluctuate appreciably between the various
mixes, the air cured cylinder denéitie§ were 1dwér than the wet
“cured. This difference was due to the voids in the concrete
being fil]ed with water in the wet‘cured cylinders while the
~air cured cylinders Were'é]ow]y»losing moisture thfough drying.
 The effect‘df cement'content on unit weight was brought out in
the dry cured cylinders with SA8 having .a h1gher unit weight than
SC8. (149 0. p c. f. as compared to 146.5 p.c.f.)

- 4B.4 Strength Results
The results of the compression tests are given in

Tables 8; 9, and 10 - Chapter III, for the respective mixes.
As expected, cy]inderS'with'the.lower water-cement 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 apprdximate]y 6700,‘4900; and 3200 psi respectively.

j

4B.5 Determination of Young's Modulus of Elasticity

The modulus of elasticity was determined for the
various concrete mixes in Test Series B. The stress-strain
readings are tabulated.in Appendix.B.. The stress-strain relation--

: L /. ) .
ship wasvgraphed,for’two,cy1indeps;>name]y—SAIO and SB9. These



are shown in Figure 18. E values of 4.28 x 10° psi and 3.14 x 10° psi

respectively were calculated. In addition, the stress-strain rela-
tionshfp obtained by electrical methods was plotted as a check for
~cylinder SA10. The E value checked very closely at 4.08 x 106 psi.
Calculations for the above values are shown in Sample Ca]cu]at1on 10.
E va]ues were determined for the other cy11nders in a
similar manner and a,complete tabulation of E values is shown in
Tables 8, 9, and 10 - Chapter III, for the respective mixes.
Additionally, a check was .made on the graphed E values

using the fo110w1ng equat1on developed by Adr1an Pauw of the Univer-

s1ty of I111no1s

: = y 3
e osomfet
‘Where :E . = static modulus of elasticity of concrete (psi)
'§) = unit weight of concrete = (p.c.f.)
fé‘=; ultimate compressive strength of concrete (psi)

A typical ca]cdlétion:is'givénvin Sample Ca]cu]atibny]1
‘and a comparison Qthhe'check values to the graphed values is shown |
in Table 14. The comparisons are, in general, within acceptable

Timits.




- 65 -

Samp1e Ca1cu1ation 10

Typical Calculations in Determining

Modulus of Elasticity

Modulus of-E]asticity 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 18 were used as .

fo]]ows:

Test Cylinder SATO -

Stress (psi)' R Strain (in./in..x 10'6)
0 R T O
3185 | 746
B o= 385 o o 428 x 10° psi
746 x 10 o

- Test Cylinder SA10 (SR-4 strain gauge check)

Stress'(psi)"  v' ' ff“ Strain (in./in. x 10;6)
34 IR SEE 125
3539 - 909

_ — psi
(909 - 125) x 107 T
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sample Calculation 10 Cont'd.

Test Cylinder SB9 . -

‘Stress (psi) - Strain (in./in. x 10'6)
0 ' . | 0
2123 672
E 2123 = 3.14 x 106 psi

- 72 x 1078
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Table 14

Comparison of Modulus of Elasticity Values

Cylinder No.:

Measured E (x.'lO6 psi)

.Lhecked E (x 10

6

psi)

SAT
A4
SA9
. sAT0

81

- SB4
SBY
SB10

©°SC1
sca

- 5C9 |
sc10

w W W w

B~ W S w

Cw N W

.82

.28

.14

.25
.85

.26
.34

.68

23
61 -ivi: {
14

A w o w

W N W N

B (3} L

61
.04
.60
77

79
.13
.62
A7

72
.33
a7
.38
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" sample Calculation 11
Check oh‘ModulusofJE1a§ticity Values
Cylinder SAT

3

From the equation E fé

33v e

150.5 p.c.f.

" For cylinder BPAI e

- T 5720 psi

E = 33 ‘\/150.53 (5720)' = 4,61 x 106 psi

IVC CORRELATION OF TEST RESULTS TO PULSE VELOCITY

4C.17 Introduction

While thé’first,two segments: of this chapter dealt
‘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 ve]ocity‘readings to these properties.

v‘4C.2,‘Pu]se Velocity Vs; Strength
| ' A relationship of pulse velocity to compressive stengfh'“‘
for the two test series islshown in Figure 19 and Figure 20 for the
 wet and dry cy]indérs'respectively;‘ Whi]e there is a tendency for.'
vcdncretes Qf highe? strengths to have higher pulse ve]ocities,-no

overall relationship can be established. - One distinct observation
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was made in that the "S" concretes had lower puise velocities that

the "BP" concretes. The differences rénged from as low as 200 ft./

sec. for.the "A" mixes to as high as 1400 ft./sec. for the "C" mixes.
A re]atfonship was established for the various mixes,

but this re]ationship‘waé dependant on the heterogeneous, inelastic

properties of the concrete. However, a general relationship could

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

v that the mix design of a concréte must be known before a pulse

velocity-strength relationship can be applied.

4C.3 Pulse Velocity Vs. Dénsity

~ Concrete, being a heterogeneoué-materia], is made
up of coarse aggregate; a cement-sand mortar,‘ahd an air void -
structure. The density of the concrete is naturally dependant
on the proportioning of the ébove. However, if fhé aggregate
is held constant, lower densities are usually related to the air
void structhe and Waterfcemenf ratio of the concrete. In other-
words, anvincreasé in air content wi]].decrease the density. 1In
the sonic test method, pulses are notgtransmitted through air
voids and if such a void Ties in the pulse path, the instrument
will indicate the timg‘takén by the pd1se to.circumvent the void.
Therefore, the higher the void‘structUre the 1onger‘the time takeh
by thevpu1se'to'trave1 through,the“concrete'specimen and the Tower

the pulse velocity,f-'f -
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Differences 1n-densities can be attributed to the
following factors: | |
i) Coarse Aggregate
Research has shown that both the amount of coarse
aggregate used in any mix as well as the spec1f1c gravity
of the coarse aggregate have an affect on the pulse velocity (5 ).
- Aggregates with lower spec1f1c gravities have shown to contri-
bute to Tower. pulse Ve1ocit1es. This was borne out in this
- investigation. since the "S" coarse aggregate did have a lower
specifigﬁgravity then the "BP" coarse aggfegate and the "S"
pulse velocities were lower. |
However, probab]& more important than the specific
gravity of the coarse aggregate.would be~fhe grédation of
the coarse aggregate;,'Both the amount and gradation of the
coarse aggregate wou]d:affect;the amount of gement-sand _
mortar used. vThe'voluhe of .mortar would determine the air -
void structure which in fUrnjwou1d have an affect on the
_dénsity and pulse veiocity of the concrete. Therefore, while
thé amount of fhe coarse aggregate wasvhe1g constant through-
out Test Ser1es A and Test Series B, d1fferences 1n gradat1on
".between aggregate "S" and aggregate “BP" could change the
-volume of mortar and thereby,affect the void structure and
pulse velocity. _A1so; variations in specific gravity between

aggregates 1s'uéua11y associated 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, woqu cohtribute to Tower pulse -
| velocity readings. . |

i1) Air Content

| As'already explained, an increase in air content

~usually results in a decrease in density. In comparing
| the unit weights in the plastic state of Test Series A

(Table 3 - Chapter III) to Test Series B (Table 7 -

Chapter }II), it can be observed that the "S" mixes have

slfght]y Tower densitiés; However, the air contents of

the "S" mixes were slightly higher than those of the “BP"

mixes. The increased air,contents.partially'contributed

to the Tower densities in Test Series B and the increased

air void strucfure, fn_turn, contributed to'fhe reduced

pulse vé1ocity‘readin§s.‘ -
ii1) Moisture Content [ S R I

A comparison'between‘Figure:19, the ré]ationship of

pu]se.velocity to compressive’sﬁrength for saturated concrete

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

crete specimens, shows tha£ the pulse velocity readings on
' . the dry cy11ndeks were generally lower. This can be exp]ained'
in that the saturated specimens offered less resistance to fhe r

~ pulse wave‘béinQ;tranSmittedvthrough‘the concrete. Since the
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air voids were filled 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 Vélocities. Jones has suggested that the
“dry readings can be from'lo'tO']S percent lower (7).
‘The results of this'sﬁudy'showed a 5 - 10 percent dif-
ference in pulse vé]ocity values between the wet and dry
‘:'cy]inggrs, but only for the‘B.and C mixes of each,series.-
‘The A mixes showed very little variation. Since the A
mixes wgre richer in cement content, more of.the mixing
water cdu]d be uged in the hydration_process. Therefore,
‘there would be Tess water available for bleeding and
evaporation resulting in less voids. Because of the
Tesser void:structure, variations in moisture content of
. the hardened concrefe would have a lesser affect on the

_densities and pulse velocities since there would be fewer
voids for the water to exist.

As,occurred.with compfessiye strength, no direct

~ relationship could be'deVelobéd‘between pulse ve]ocity and |
density. In comparing the 7-day unit weights for Test |
Series A in Table 3 -.Chapter IiI, and-Test.Series>B in
‘Table 7 - Chapter III, the only appreciable difference in
~unit weights. is between the wet cured and dry cured cy]inders.,'
In fact, for a11uintents and purposes, the unit weights of the

three wet cured mixes of ‘the respective series are equal.
' DRI T - _
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'46.5 Development of a Relationship Between Pulse Velocity,
Modulus of Elasticity and Density

The classical formula for the velocity of a pulse

travelling. in an elastic solid is'(s):

v =\/—§—,_ | -------(1;

where vV

_pulse velocity

m
il

Young's modulus of elasticity .

density of the material

e,

The velocity of sound propagation through homogeneous
é]astic materials such as metals is usually considered a standard
and will Vaky only with changes in the alloy. However, with a
‘highly heterogenedus,‘ine]astic.material such as concrete, no
set standard can,be established and eqﬁation (1) would not nec-
lessafiiy apply. Fofvéxample, equation (1) indicates that a reduc-.
tion in density would result in an increase in pu}se.ve1ocity |
providing E is held constant. However, both past research and
 the test results of this study show that a reduction in density
of concrete usually brings about a reduction in pulse velocity.

As discusséd earlier, an increase in thé air void struction of
the concrete wqu]d reduce. the density and also the pulse velocity.
This fact was.brought,pgt in the.difference'in‘pulse velocities

between'the?dry'and'wet cylinders.” The dry cylinders naturally



-77 -

~ had more air voids ahd also recprded.loWer pulse ve1oc1tiés.
Equaﬁion (1) also indicates that the pulse velocity
would be directly proportional to the sqﬁare'root of the modulus
- of elasticity. The testS resu]ts.of this study indicated that
while the concretes with.the higher compressive strengths, and
- therefore the higher moduli of elasticities, generally produced
~higher pulse velocities, no general relationship could be established.
Since changes in strength and density were not reflected
in pu1se velocity changes.in.aécordahce.with equation (1), modifi=-
- cations to,the;equatiqn.héve been‘developed(s) resﬁ1t1ng in the

- following equation:

L2 A OEm)O-2m)
- Where .
- Ep- = dynamic modulus of elasticity
vV o= ;pulse‘véloéity,

density of -concrete

Q .

M

fl

Poisson's ratio

Two of the unkowns in equation (2) are the dynamic modulus of
- elasticity and poisson's ratio.- Thehgeterminationlof'these factors -

for each of the mixes in question.Was'asvfolloWs:_

ot
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Determination of Dynamic Modulus of Elasticity

The dynamic modulus of e]dsticity is normally deter-
~mined on laboratory specimens subjected fo Tongitudinal vibration
‘ét‘their natural frequency (]). However, research has been done
on the ébmpawison bétween static and dynamic.modulus of elasticity.
TakabayaShi (9),hés shown .that the ratio of fhe static to dynamic
vT'modulus_is higher the h1gher the strength of concrete. However,
the deQree of ratio change is more pronounced for concretes under
2000 psi. Once the.concrete strengths exceed 2000 psi, the ratio
of static to Qynamic modulus -is.steady at 0.78. By applying this
ratio to the measured étatic moduli, it was felt that the calculated
dynamic moduli would provide an accuracy within the Timitations
of this study.
| Thérefore, the dynamic modulus of elasticity was

-

calculated for each of the mixes tested using the following

,relatiohship:'
. E
Bs = o078
Where
Ep- = dynamic modulus of elasticity

i
1}

static modulus of elasticity (measured)

The dynamic moduli for the re$pective cylinders in Test
Series A are tabulated in Tables 4, 5;vand 6 - Chapter III and for
Test Series B in Tables 8, 9, and 10 - Chaptér III. |
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Determination of Poisson's Ratio}

| Poisson's ratio fs defined—as the ratio between the
lateral strain acéompanying an applied axial strain. Because
lateral strains were not measuredlin thismtest program, it was
fé]t that existing relationships between strength of concrete
and'poisson's ratio could be used without adversely affecting.the
accuracy.of the findings. Neville states that poisson's ratio
varies in the range O;1T'to 0.21 for ordinary concrete (]).

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

~and 0.21 ratios respectively. .The relationship developed between

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

~shown in Figure 21..

From this graph, poisson's ratio was determined for
each of the' test cy]indeks’in questfon in both Test Series A and
Test Series B.. The values are given in.Tables 4, 5, and 6 -
Chapter III for Test'Series A, and Tables 8, 9; and 10 - Chapter
III for Test Series B. |

- Once the dynamic modulus of- elasticity and poisson's

-ratio 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

already been established that a direct relationship did not exist

between pulse velocity, density and modu]us.of>e1asticity.
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4C.6 IntroduCtion of K Factor

The Fact that a relationship between pulse velocity
and the.pfoperties of any given;mix could be established while
an overa11 relationship could not be established, emphasizes the
importance of how changes in mix design can affect pulse velocity
readingg.' It appears that by adjusting a mix, changes in the void
structure take place. This changé 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, a 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 mixes.

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

20 (1+m) (Q-2M)

5o« K R e s
Where
| E, = dynamic modulus of elasticity (psi)
? = unit weight (p.c.f.)
v = pulse velocity (fps)f
M = Poisson's ratio
K

= constant

‘The K factor, as well as-allowing for the inelastic
propertieéuof the conqrete;.alsofa]lows'the equation to be balanced

with kespect to units.
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4C.7 Determination of K Factors fpr Concretes}Investigated

By substftuting the known factors into equation (3),
d K factor was calculated for each mix design under the various
| cohditions'tested in both Test Series A and‘Tést Serieé B.
Typical calculations are shown fn Sample Calculation 12 and the

K,factors.for'thé various mixes are tabu]ated in Table 15.

t
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‘Sample Calculation 12
K Factor Determination

Test Series A'e'Cy1inder BPA1

(T+M ) (1-28)
“',M)

By = Kk VP o

9) (1~ .38)
(1 -

5.37 x 10° = k. (16.05 x 10%)% (151.8) {2180 (o

¢ = 5.37
258 (151.8) (0.9

1.51 x 107%

~
]

Test Series B'A'Cylinder SA1

(1 +»k() (1-2m)

ED=KV,2€' 'I-M)

1+ .18) (1 - .36)

4.90 x10° = Kk (15.55 x 10%)% (150.0) {1218 U1 oo

_ 4.90 R
- 287 (150.0) (0.92)

=
]

a7 x 107t

BN
[}
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Table 15

Tabulation of K Factors

Cylinder No.-

Age (Days)

Test Series Method of Curing { K Factor
(x 107%)
A BPAT 7 Wet 1.51
BPA4 28 " 1.68
BPA9 . 7. Dry- 1.51
BPA10 28 n 1.88
A BPBT- 7 Wet 1.41
BPB4 28" u 1.55
BPB9 7 Dry 1.60
BPB10 28 L 1.69
A BPC1 7 Wet 1.46
BPC4 28 L 1.74
BPCO. 7 Dry 0.92
- BPCIO 28 n 1.29
B SAT 7 Wet 1.47
SA4 28 " 1.54
SA9 7 ' Dry 1.61
SATO - - 28 " 1.67
B SB1 7 Wet 1.53
SB4 28 " 1.34
SBY 7 Dry 1.59
SB10 28 " 1.69
B - SC1 7 Wet - 1.54
’ Sc4 - 28 o 1.51
SC9 7 Dry 1.57
28 u 1.67

SC10
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4C.8 Analysis of K Factor Results

| An analysis of the K factors as tabulated in Table 15
tend to indicate that no single K value could be applied to all
mixes. Except for a couple of Test Series A readings, there is a
general trend for the K factors for the dry concrete specimens to

be higher than those for fhe 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.éaéh of the_three mixes are approx- o

imately equal.

ie.  SA10

= 1.67
SBIO" = 1.69
SC10 = 1.67

This pattern is repeated in the 7-day dry cylinders .

He. SA9 = 1.61
sB9 = 1.59
€9 = 1.57

and also in the 7-day wet cylinders

de.  SAl = 1.47
0SBl = 1.53
sC1 = 1.54

‘ However,'this pattern did not_occur in the,28-day*wet

- cylinders in Test Series B or anywhere 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 establishment of

a single K factor over a range of mixes. Considerably more testing
would have to be conducted in order to discovervwhether a relation-
ship between K factors as oc;urred_in Test Series B really does
exist. However, the scope of this study indicates that a K factor
must be established for each mix design. Also, the age and moisture

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

IVD POSSIBLE SOURCE OF ERRORS IN TESTING

While extreme care Was taken throughout the test program
in-order to ensure accurate test results, there was always the poss-
ibility, as in all test programs, that errors could have affected
the results. “ |
o | Since 1arge volume batching (4 - 6 cu. yds /batch)
was used for each concrete mix, it was felt that this diminished
the possibility of the samples not be1ng representat1ve of the
design. There was:always the possibility that hair]ine‘cracks
could have developed in the test cylinders while they were being
: transported and stripped after one-day's curing. However, this
would have shown up in either the compression or pulse velocity
tests. This was not obviously evident.

| One possible source of error could have occurred in

obta1n1ng the pulse ve]oc1ty read1ngs If there was not adequate ’
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acoUstica] coupling between the concrete and the face of each trans-
ducer, the signa1 curve displayed on the oscilloscope would not be
as sharp in that it wo&]d be cbnsiderab]y flattened. Since the
reading was taken when the trace 1eavés the horizontal, the f]at-
tened signal curve would make this point harder to detect. Most

of the qy]inder surfaces were'sdfficieht1y smooth to ensure good

- accoustical contact by the use of a coupling medium and by pressing
fhe transducer against the concrete surface. The coupling medium
used' was simply a 1liquid soap. However, a few of the cylinders had
one rough -surface. This resulted in a flattened signal curve and
made it diffi§u1t to determine an accurate pulse velocity.

Another source of error could have occurred in the
strain readings obtained by means of the mechan1ca1 strain gauges
Since the gauges were meant to be held w1th the hand, this was
the method used initia]]y. 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 being
-~ held. The slightest movement of the hand caused the gauge readings
to jump. _Before too Tong it was decided to fasten the gauges snugly -
to the cylinder by means of elastic bands (Figure 9 - Chapter III).
This proved satisfactory sihce no more.large jumps in gauge readings
occurred. The affected readings were the BP-7 day tests. However,
whi1e theée‘jumps did occur, this was taken into consideration in

calculating E values for the cy]inderé in quest1on,'
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CHAPTER V

CONCLUSIONS OF THE STUDY AND APPLICATIONS

- "QOF PULSE VELOCITY ‘METHODS

5.1 Conclusions of Study Findings

| While it was originally hoped to attain a single relation-
ship between pulse ve]ocﬁty and concrete strength over a wide range
of mix designs, this could not be clearly established. The classical

) fdfmu]arfor'albU1se travelling in a homogeneous elastic solid (5),

vfé—_ (1)

cannot be directly applied to concrete. The primary reason for this
s that concrete, rather than\being homogeneous and elastic is heter-:
ogeneous and ine]astié, By using a’developed modification (8) to
equation.(T)'and including a K fagtor tb allow for the inelastic
properties of différent,mixes, the following équatibn was used:

(1+ M) (1 -2 M)
Q SIS

- Upon solving for K for the individual mixes, a wide range of K values
"~ was obtained (Tab]g 15 - 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 drawn'as to the estab]ishmentv
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of a constant K factor over a range of mix designs. Until further
research definitely proves otherwise, it is the author's opinion
that a‘K factor must be determined for each éoncrete mix, taking
'1nto consideration the‘age and moisture content of the conchete,
before pulse velocity methods can be appied.

The study has also shown the importance of knowing the
moisture content of a concrete beforée pulse velocity methods can
bé applied. Pulse ve]oﬁity readings on the wet cylinders rangéd
up to 10 percent higher than on the dryfcy11nders.’ Therefore,‘if
the moisture content was disregarded,'a wrong correlation between
pulse ve]ocity'and concrete quality could be made.

While sohic testing methods do have a place in the
evaluatfon of the quaiity of a concrete section, it is the author's

opinion that the test should only 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 might other-

wise have to be pefformed. In other ihstances the use of sonic
teéhniques may pérmit the‘teéting of a great many more units or

a much greater portion of a structure than would be possible or
practicable by other techniques (]0). As-already 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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is found to be substandard by pulse veibcity methods , estab11$hed
methods, such as coring, should be used to verify the pulse velocity
findings,' | / |

In conclusion, it may be stated that sonic tests_are
not substitutes for other tests normaTHy performed on concrete.
The sonic tests do provide excellent 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 unbaral]e]edvtoo] for eva]uating the uniformity of
concrete specimens or structures. They constitute no cure-all for

the problems of the concrete testing engineer, but do constitute

a valuable addition to'the techniques available to him (]O).

5.2 Recommended Applications of PU]éemVeJocity Methods

Following is a breakdown of a number of areas where
‘pulse velocity methods can be effectively applied.

- 5.2a Quality Control in Precast Plants

Pulse velocity methodsvcan be used for qua]ity control
in precastFCOncrete piants. Sonic readings can first be
correlated to the reqﬁired mechanical and phjsica] charac-
teristics of the con&rete by means 6f test specimehs. This
correlation can be avfunction of,strength; moisture content,
mix design, and setting characteristics of the concrete.
Pulse ve]ogity methods can then be’used to effectively detect

daiiy changes in- the mix that may be causedkby lack of compac-
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tion or change in water-cement ratiQ. The method can also

be used as avtool for the determination of early age strength
characteristics. Since the method is non-destructive, a
number of testé_can be conducted at various sections along a
precast member-. In this way, any changes and possible weak- .

nesses in the quality of the concrete can be pinpointed.

5.2b “Oh-Site" Concrete Evaluation - New Construction
Applications where pulse velocity methods can be
uti]ized,fdr structural eva]uation of concrete being placed
~ on the job are unlimited. As 1in .the precast plant, thé
desired physical and mechanical characteristics of the
concrete must be correlated to the pulse velocity of the
concrete supplied from the batch p1aht.
 Some applications where pulse velocity methods can
' be used are as, follows: |
i) Cast-in-Place reinforced concrete beams and columns.
Investigations could be.made in areas of high deflection
and at connections. |
i1) Pilings and caissons above and below ground as well as
| below water. o
i) Wall and floor assemblies, which can be tested either
with bothvtransducers on the same surface or on opposing

surfaces.
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iv) A1l elements of bridge construction..-

A practical application of the pulse velocity test
could be to evaluate the action of either an accelerating
admixture or a high early strength cement. This evaluation
could enable the early removal of forms in jobs where repeated
~use of forms  is desired. The soundness of the concrete could
also be evaluated to determine whether future phases of con-
~ struction, that depend on the soundness of the concrete under
~ test, could proceed.

Ariother application for "on-site" concrete evaluation

- is the use of velocity measurements to determine that adequate

consolidation and filling of deep forms has been accomp]ished(5).

In this case, velocity can be measured directly through fhe forms.
Common concrete discontinuities such as "honey-combing", segre--
gation, 1nadequate compaction and voids can be detécted by |
pulse ve]ocit& measurements. The use of the ultrasonic pulse
technique for locating the above mentioned defects in concrete
'is based on the>hegligib1e transmission of ultrasonic energy
across a concrete-air interface. Thus, any air-filled void

| " lying 1mmediéte1y between two transducers will obstruct the
direct ultrasonic beam and will produce lower pulse velocity
readings. .Completely filled forms with desired consolidation

yield maximum velocity readings.
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5.2¢ Evaluation of the Soundness of Ekisting Concrete

‘Structures

While the findings of this study have indicated that
the physical and mechanical characteristics of a concrete
shbu]d be known before sonic pﬁlse methods can be applied,
there are Timited uses for the test method for concrete of
unknown properties. While strength determinations could not
be made since this study has shown that minor or no- changes
in pulse ve]ocﬁty could be applied to a Targe range of strengths
depending on the mix design, large discrepancies.in “in-service" f
concretefquality énd.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 é conclusion could
be drawn that the concrete is sound. ‘However, if any extremely
Tow readings occur, this_cdu]d be evaluated as a weak section
in the wall. This weak séction could be in the form of a
crack or a void. |

In addition to retaining}wa]Ts; other evaluations on
existing concrete structures could be made on: ’ |
‘i) Existing piiings and caissons. |
i1) Roadways where tests could be made either across joints -

or in the middle of the slab.

iii) MWater reservoir walls, both above and Below ground.
iv) Hydroelectric structures such as dams, powerhouses,.

penstoqks and gate4structures.'
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v) Structures requiring evaluation after fires and

earthquakes.
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CHAPTER VI

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

"FOR_FUTURE RESEARCH:

Summary of Conclusions

A) Separate pulse velocity relationships exist for individual

- mixes, however, a general relationship encompassing a full

range of mix'desighs cannot be established.

B) Because concrete is not an elastic, homogeneous solid, the

classical formula for a pu]sé travelling in an elastic, homogen--

I

must be modified'by means of a K factor to allow for changes

eous solid

in the'inelasﬁic, heterogeneous properties of different concretes.

C) A correlation between pulse velocity readings -and the

mechanical and physical properties of a concrete must be known

before pulse velocity methods can be apb]iéd.

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

must also be known before a pulse velocity analysis can be made.

E) Sonic testing methods should only be used as an extension

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

stitute.
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F). Sonic methods could be most effectively used as a quality
control tool. However, their reéu]ts should never be used as
a basis for'rejecting work. Estab]ishéd test methods should
be employed to vérify sections of questionable quality until
more.éonfidence can be achieved.wiﬁh pulse velocity methods.
This could be accomplished through more research into the

interpretation of results. f

6.2 ReCOmmendatiOns’fOr Future Research

Th1s study has 1nd1cated that changes in either mix
des1gn or’ mater1als can have an effect on pulse velocity. Since
the investigation was‘11m1ted to‘two aggregate sources utilizing
three mik designs with each, it 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 should be confined
to what is being used.in the Winnipeg area. Only by restricting
the research to Tocal concretes until a good statistical correlation
~is developed, will it ever be'possiblevto utilize sonfc methods -
Tocally with confidence. | |

Future research could also.inciude 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.TQM.fSpecificationvC666 employing resonance

‘methods using the following equation:
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o - o
Whefe
Ep = dynamic modulus of elasticity
C = .constanf,factor
N = resonant frequency of COncrgte

C

The app]icatidh of the above equation is discussed in A.S.T.M.

density of concrete

Sepcification C215.

Basicé}]y‘the test correlates resonant frequency to

| dynamic modulus of elasticity of the concrete before the initial

- freeze-thaw cyc]e..'The'conCrete.TS'then subjected to freeze-thaw
- cylces and the resonant freduencywis measured pefiodica]]y. When
the resonénf frequen@y is,sdch that the dynamic modulus is cal-
culated at 60 percent of the init%a], using ﬁhe above equétion,
‘the test is termiﬁated.' It should be possible to correlate sonic
pulse velocity'reading$ to resonant frequency readings since they -
afe both measuring the same concrete properties. By conducting
- a research program, it may be found pdssib1e to substitute pulse
ye]bcity methods into,thevforementioﬁed.freeze-thaw specification_
With positive resd]ts. |

Another area wheretreSearch_COU1d be applied would be



- 98 -

in an actual qua]ity control situation such ds in a precast plant.
‘,For example, the required properties of a given mix could be corr-
elated to pulse velocity. This could be accomplished by running
éonic checks on the test cylinders that are normally taken during
productibn. A good correlation to destructive testing could then
be made and this ¢orrelation could be used in determining the
'quality of the concrete in the precast member. By periodically
taking cores from the mémber when possible, a further check can
~be made. By continubusly refining the.correlation over a large
number of tests, an extremely reliable method of rapid non-destruc-
tive testing ﬁguld bevaéhieved. |

In conclusion, it is the author's considered opinion
that further research into the correlation between pulse velocity
and the various physical and mechanica] properties of concretes |
will ultimately yield a re]iab]e/hon-destructive test method of‘

quick]y'eva1uating the quality of these concretes..
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APPENDIX A

'BASIC OPERATION OF THE JAMES V-SCOPE

A diagram of the instrument panel is shown in Figure 22.
The start-up procedure for operating the V-scope is
as follows: |
| 1) Befbre'p1UQging the instrument into the power source, R
thebcontr01s must be adjusted as follows: -
. a) The TIME control is turned until digital counter
reads zero.
b) The INPUT GAIN contro].is-turned.to ektreme counter-
clockwise position.
c) The RANGE selector switch is turned to 1K position.v
d) The CAL-LOW-MED-HIGH-ACC powerfcontro] is set to

LOW position.

e) The OFF-HEATER—USE selector is set. to OFF position.
f) The SET TO 120V control is turned completely counter-

clockwise. N ;

2) The coaxial cables are attached to the transducers and

then to:the connectors on rear of V-scope.

3) The Tine cord is plugged 1nto rear of instrument and
into ]20V power supp]y

4) The OFF-HEATER-USE contro] is turned to HEATER position.
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~The SET TO 120V control is turned clockwise until volt-

meter on front panel reads 120V.

A waiting period of approximately one minute is necessary

for the V-scope to warm up.

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.
The ZERO SET control is adjusted so that the reference
marker (see Figure 23) is Tined up with the red vertical
1in§;on the face .of the cathode ray tube. |
It is necessafy to wait approximately 5 minutes or uﬁti]
the reference stops drifting to the left. It can be
determined when the drift'has stopped by continually

adjusting ZERO SET until no further adjustment is nec-

-essary.

A small amount of couplant fluid is placed on each of the

rubber faces of the transducers and held tightly together.

The INPUT GAIN control is turned 1/4 turn clockwise.
The ZERO SET control is adjusted so that the point at

~ which the trace leaves the horizontal is lined up with

the red vertical reference line (see‘Figure 23).

‘To measure transit. time the cylinder is now placed long-.

itudinally between the transducers with couplant on each

to assure a good bond.  (Figure 24)
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FIGURE 23  HOW TO ADJUST FOR ZERO DELAY

A. WARM UP CALIBRATION

1. Set TIME control to
zero and dial.

2. Adjust ZERO set to
place reference marker
on vertical reference
line. at start of e
~signal. TR

3. After 5 minute warm-
up reset ZERO SET to
line up marker with

Time controi reference line.

O

Zero’sét
Reference line eference marker- from
transmitted signal
B. TRANSDUCER CALIBRATION
Reference
marker
l. Place transducers to-
gether with couplant
1iquid between them.
2. With TIME control
010410 still at zero, reset
- ZERO SET to first
received signal. This
is the t = 0 point
for the instrument.
_ . This should be exam-
Time control - . ined every 15 minutes = =7
B for calibration '
stability.
Zero set
Reference line
' Initial signal from system with
transducers. placed face to face-
Hvll .
] o Transducers -

Scope - _face to face
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Figure 24

PLACING OF TRANSDUCERS
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The INPUT GAIN control 1is turned another 1/4 turn clock-
wise.

The TIME control is turned in INCREASE direction until
the point.at which the trace leaves the horizontal is
directly Tined up with the red vertical reference line.
The value is read from the counter. This value, with
the RANGE selector in.the 1K position, is the number of
microseconds required to traverse the specimen. If the

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

“1n half for microseconds. With the selector in the 5K

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

microseconds. .
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APPENDIX B

STRESS-STRAIN RELATIONSHIPS

B1 Mechanical Gauge Data

Following is the data on the mechanical gauges used

throughout the test program:

Gauge #1 - Gauge #2
DEMEC No. 1271 DEMEC No. 1275
Gauge Factor = 2.49 Gauge Factor = 2.48

Because the gauge factors were so close, the total

strain was determined by multiplying the average of the two gauge

readings (corrected so that zero strain_?.zero Toad) by the average

gauge factor.

W, G, = 2.48 +2.49

7 ' 2.485

This considerably reduced.the amount?of calculations but had Tittle

, ok no affect on the final determination of elastic modulus.

B2 'Test Series A -

Following are the stress-strain readings taken on the

various concrete mixes in Test Series A.
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TEST SERIES A

CYLINDER NO.  BPAl

.| Stress i Mechanical Strain Gauge Rdgs. Total Strain
Compressive | (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load : Zero Strain) Avg. G.F.
(Kips) (in./in. x 107%) " | (in./in. x 107%)
' Gauge #1 { Gauge #2 | Average
0 0. 0 0 0 0
5 177 18 18 18 44
10 354 36 36. 36 89
15 531 56 56 .56 139
20 708 ¢ 76 76 76 188
25 885 1 - 93 78 86 213
130 1062 111 96 103 255
35 1238 129 " 106 18 293
40 1415 146 126 136 337
45 1592 161 140 150 372
+ 50 1769 1 181 156 | - 169 419
55 1946 17 199 174 ) 187 464
60 2123 |- 218 - 196 | 207 514
65 2300 | 227 216 222 551
70 2477 247 234§ 241 598
75 2654 272 |/ 251 | 262 651
80 2831 + 292 7 266 | ‘279 693
85 3008 317 288 | 303 752
90 3185 334 306 320 795
95 3362 352 321 337 837
100 35390 372 338 355 882
105 3715 392 356 374 929
110 3892+ 412 376 | 394 979
115 4069 | 427 401 414 1028
120 4246, 462 | 437 - | - 447 1110
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TEST SERIES A

CYLINDER NO. _ BPA4

Total | Stress | Mechanical Strain Gauge Rdgs. 3 Total Strain
Compressive (psi) (Adj. for Zero Load = Avg. Rdg. x
Load : _ Zero Strain) Avg. G.F.
(Kips) (in./in. x 107 | (in./in. x1075)
{ Gauge #1 | Gauge #2 | Average '
0 0] 0. i 0 0 0
5 0 715 - 15 15 37
10 354 30 | 30 "¢ 30 75
15 531 ; 45 | 45 | 45 | 112
20, {708 55 ! 60 | - 57 142
25 885 | ,70 | 75 72 179
30 1062 i 85 90 87 216
35 1238 ¢ 100 105 102 254
40 1415 1 115 1 120 17 292
45 1592 4 140 1 135 137 | 341
50 | 1769 | 145 145 1 145 360
55 1946 {155 | 165 160 | 398
60. 12123 %. 170 { - 177 {173 430
65 [ 2300 | .18 195 | 190 474
70 2477 | 205 o210 205 ~ 510
75 1 2654 | 220 | 225 | 222 | 554
80 | 283 235 [ 240 | 237 590
85 3008 | 255 | 255 255 | 634
9 {3185} 270 | 270 { 270 672
95 | 3362 i 285 285 | 285 | 710
100 | -3539 [ 300 300 300 | 747
105 ) a5 o320 | 315 | ;7 | 789
110 {3892 ;" 335 | 335 | 335 - 834
115 | 4069 | - 355 355 355 | - 884
120 4246 | o Bl
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TEST SERIES A

CYLINDER NO.  BPA9

Total | Stress | Mechanical Strain Gauge Rdgs. Total Strain

Compressive | (psi) { (Adj. for Zero Load = Avg. Rdg. x

Load Zero Strain) Avg. G.F.

(Kips) (in./in. x 107%) | (in./in.x 1078)
Gauge #1 { Gauge #2 : Average |
-0 0 S0 0 | o 0
5 177 17 7o 7 42
10 34 | 34 34 {34 84
15 531 | ¢ 59 40 50 124
20 708 74° 54 64 159
25 885 | T 92 69 " 81 201
30 1062 1 111 84 98 243
35 1238 129 94 L 112 278
40 1415 144 104 b T24 308
45 1592 | 164 119 142 352
50 1769 {209 135 1 172 427
55 1946 239 149 | 194 482
60 2123 252 164 L 208 516
65 2300 264 1 o184 | 224 556
70" . 2477 274 198 | 236 586
75 26541 . 292 214 ¢ 253 628
80 2831 {. 314 229 . 272 675
85 3008 339 244§ 292 725

90 3185 & 359 259 309 767
95 3362 | 374 274 | . 324 805
100 3539 401° 294 348 864
105- {3715 | 424 309 | 367 911
110 {3892 439 324 1 382 949
115 4069 | . 474 339 407 1011
120 4246 | 509 | .359 | 434 1078
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TEST SERIES A

CYLINDER NO. __ BPAT0

Stress

Total : Mechanical Strain Gauge Rdgs. Total Strain -
Compressive (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load . Zero Strain) Avg. G.F.
(Kips) (in./in. x 10'6) (in./in. x 10'6)
Gauge #1 | Gauge #2 | Average | |
0 0 0 0 0 0
5 771 16 16 16 40
10 354 32 32 32 80
15 531 B2 47 49 122
20 708 - 62 57 59 147
25 885} - 77 72 74" 184
30 1062 § - 92 .87 89 222
35 1238 - 112 102 107 206
40 1415 | 137 112 124 309
45 - 1592 4 152 137 144 358
50 1769 | * 162 147 154 384
55 1946 1 182 162 172 428
60 2123 | . 202 177 189 470
65 2300 217 192 204 - 507
70 2477 237 - 207 222 553
75 2654 | 252 222 237 590
80 2831 262 257 | 259 644
85 3008 | 287 272 279 694
.90 3185 | 302 | 287 286 713
95 3362 322 - 297 309 770
100 3539 { 342 317 329 . 820
105 3715 | 357 337 347 - 864
110 3892 i M
115 4069 |
120

4246




- 113 -

TEST SERIES A

CYLINDER NO.  BPB1'

Total .| Stress | Mechanical Strain Gauge Rdgs. | Total Strain
Compressive (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load ‘ o Zero Strain) Avg. G.F.
(Kips) | (in./in. x 10'6) .1 (in./in. x 10-6)
| Gauge #1 | Gauge #2 | Average
0 o0l o 0 0 0
5 RN VY2 18 | 18 18 44
10 354 % | 36 1 36 89
15 531 61 | 46 | sa | 134
20 708 {81 i 50 66 164
25 | 85 i 101 | e 82 203
30 1 1062 126 | 72 99 246
35 1238 46 i 85 i 16 | 288
40. 1415 | 166 93§ 130 . 323
45 0 1892 § 191 ¢ 111 1 s | 375
50 1769 | 216 121 | 169 419
55 | 1946 ; 241 139 ] 190 | 472
60 42123 P27t 4 151 217 . 524
65 | 2300 296 1 181 | 229 569
70 2477 | 314 183 | . 249 618
75 2654 | 356 | 203 280 | 695
80 | 2831 | 386 | 223 | 308 757
85 1 3008 41 241. 1 326 | 810
90 | 3185 | 441 261 351 872
95 1 3362 i 481 291 ¢ 386 959
100§ 3839 | s417 | 311 | 426 1058
105 | 3715 | 66 | 331 | 474 | 17
1Mo 4 382y Lo
115 4069 |
120 T | 426
i
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TEST SERIES A

CYLINDER NO. _BPB4 .

Total .| Stress | Méchanica] Strain Gauge Rdgs. 3 Total Strain
Compressive (psi) ! (Adj. for Zero Load = i Avg. Rdg. x
Load _ Zero Strain) Avg. G.F.
(Kips) (in./in. x 107%) ' (in./in. x 1078y
Gauge #1 | Gauge #2 | Average
0o 0 0 0 0 0
5 177 18 18 18 | 44
10 354 3 | 36 I 36 89
15 531 51 | 5] 51 126
20 708 | 67 | 67 67 166
25 - | ‘885 ;8 i 77T i 82 | 203
30 1062 ¢ 107 L 92 99 246
35 | 1238 127 107 7 , 290
40 1415 | 147 7} 132 328
45 0 1592 | 157 132 145 | 360
50 1769 | 187 147 167 414
55 1946 | 202 162§ 182 452
60 | 2123 §. 227 | - 177 | 202 501
65 {2300} 252 | 192 | 222 | 551
70 1oea77 0 262 4 212 237 588
75 | 2654 | 277 | - 237 | 257 638
80 | 2831 | 307 |~ 242 | 275 | 683
85 3008 f 337 | em7 | 307 ! 762
90 i 3185 1 357 202" | 325 807
95 | 3362 372 312 342 | 829
100, 1 3839 { . 392 | 332 362 877
105 0 3715 B R
110 | 3892
115 | 4069
120 | 4246 |
i
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TEST SERIES A

CYLINDER NO.

BPBY
Total i Stress | Mechanical Strain Gauge Rdgs. Total Strain
Comp‘rgssive (psi) | (Adj. for Zero Load = Avg. Rdg. x
(k?ag) _ S Zero Strain) Avg. G.F.
P (in./1in. x-10—6)‘ ¢ (in./in. x 110'6)
Gauge #1 { Gauge #2 | Average |
0 0 0 0 0 o
5 177 1, 20 20 - 20 49
10 354 {40 40 40 99
15 531 50 60 55. 136
20 708 |70 75 73 181
25 885 | 78 90 84 208
30 1062 96 110 | 103 255
35 1238 111 125 118 203
40 1415 131 145 138 342
45 1592 ‘1 151 165 | 158 392
50 1769 | 170 185 178 442
55 1946 {191 208 199 494
60 42123 217 232 | 204 556
65 i 2300 256 "255 .1 256 636
70 1 24717 271 280 {276 685
75 2654 286 300 293 728
80 2831 316 330 | 323 802
85 3008 346 360 | 3853 877
90 | 3185 376 4001 388 964
95 3362 {406 430 18 1038
100 I 3539 b 446 480 - | 463 1150
105 [ 3715 506 560 533 1324
110 i 3892 |- 5 |
115 {4069
120 1 4246
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TEST SERIES A

CYLINDER NO. = BPBIO

- Total I Stress | Mechanical Strain Gauge Rdgs. | Total Strain
Compressive (psj),. (Adj. for Zero Load = Avg. Rdg. x
Load - Zero Strain) Avg. G.F.-
(Kips) (in./in. x 107%) P (in./i -6
/n. i in./in. x 10°7)
| Gauge #1 | Gauge #2 { Average ~
0. 0 0 0. o0 0
5 177 17 17 7 42
10 3/4 4 3 ¢ 38 34 g4
15 531 ;64 | 54 59 | 146
20 708 | 69 | 59 - 64 159
25 | 85 | 84 | 8 | 8 208
30 . | 1062 § 104 L 99 i 102 253
35 ¢ 1238 § 119 114 117 290
40 1415 - 134 | 126 . 129 320
45 { 1592 | 154 . 144 | 149 370
50 1 1769 | 169 2154 162 - 402
55 | 1946 | - 189 174|182 452
60 | 2123 | - 209§ . 194 | 202 - 501
65 ] 2300 | 220 {204 | 217 - 539
700 1 2477 249 224 237 588
75 0 26547 {279 { 239 } 259 643 .
80 | 2831 | 289 | 254 | 272 675
85 | 3008 { 304 | 274 | 289 718
9% . i 3185 - 314 284§ 299 743
95 ! 3362 & B
100 | -3539 |
105 ) 3715
1100 ] 3892 |
115 | 4069 "
120 | 4246




- 117 -

TEST SERIES A~

CYLINDER NO. BPC1: -

Total .} Stress | Mechanical Strain Gauge Rdgs. ! Total Strain
Compressive (pst) | (Adj. for Zero Load = Avg. Rdg. x
&?gg) » . ‘Zerg Strain) | Avg. G.F.
. (in./in. x 107°) i (in./in. x 10-6)
Gauge #1 | Gauge #2 AVerage '
0 ot 0 i 0 { 0 0
5 L177 16 16 16 39
10 354 | 32 {32 | 32 79
15} 831} 48 48 | 48 119
20 7084 63 | B4 59 147
25 | 88 ;78 | - 62 | 70 173
0 | 062§ 93 | 71 L 8 204
35 P1238 93 | 88 9 - 223
40 1415 108 103 1 106 | 263
45 1592 118 120 119 295
5 .} 1769 | 138 138 4 138 342
55 7 | 1946 {173 176 175 434
60 2123 | 203 208 1 206 512
65 | 2300 ) - 253 238 | 246 611
70 {2477 1 - 303 1 283 293 | 728
75} 2654 { 378 | 333 | 356 | 884
80 - 283] : | B
85 - 3008
9% . | 3185
95 {3362 !
100 | . 3539
105 . 3715
110 I 38092
115 i 4069 {
120 1 4246}
! i
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TEST SERIES A

CYLINDER NO.

BPC4

Mechanical Strain Gauge Rdgs.

Teztal | Stress Total Strain
Compressive (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load Zero Strain) Avg. G.F.
(Kips) (in./in. x 107%) (in./in. x 1079
{ Gauge #1 | Gauge #2 | Average o
0 0 | 0 0| 0 0
5 77 16 16 16 39
10 354 33 | 33 33 82
15 531 38 P 48 43 107
20 708 58 i 58 - 58 144
25 885 | 73 | 73 73 18]
30 1062 93 | 88. 91 226
35 1238 108 103 106 263
40 1415 | 133 118 126 - 313
45 1592 143 138 147 350
50 1769 | 163 153 158 392
55 1946 | 188 168 178 442
60 2123, 308 188 198 492
65 2300°1 233 208 | 221 549
70 2477 248 228 238 591
75 2654 | 293 243 268 665
80 2831, e |
85 3008
90 3185
95 3362
100 3539
105 I 3715
110 13892 |
115 4069 -

120

4246




4
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TEST SERIES A

CYLINDER NO.

__BPCY

120

- Total 1 Stress Mecha"ncal Strain Gauge Rdgs } Tetal Strain
Compressive (psi) | (Adj. for Zero Load = I Avg. Rdg. x
Load Zero Stra1n) ; Avg. G.F
(Kips) (in./in. x 107 ) : (in./in. x 10_6)
Gauge #1 | Gauge #2 | Average
0 o 0o 0 0
5 77 28 28 69
10 354 56 56 139
15 531 85 85 211
20 708 115 115 285
25 885 | 140 140 347
- 30 62 | g 177 177 440
35 LR 5 204 204 507
40 1415 & 227 - 1 227 564
15 | 1592 ,g 257 | 257 638
50 1769 = 282 282 700
55 1946 L E 314 314 780
60 2123 3 359 359 892
65 2300 459 459 1140
70 2477
75 2654
80 2831
85 3008 |
9 i 3185 |
95 L3362 |
100 % 3539
105 {3715
110 13892 |
115 4069 .
4246 |
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TEST SERIES A

~ CYLINDER NO.

BPC1O

120

4246 |

Total .| Stress | Mechanical Strain Gauge Rdgs. Total Strain
Compressive (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load Zero Strain). Avg. G.F.
. (ijs) | (in./in. X 10'6) (in./in. x 10'6)_
| Gauge #1 | Gauge #2 | Average |
0 0 0 0 0 0
5 177 23 23 23 57
10 354 46 46 ' 46 115
15 531 71 61 66 164
20 " 708 96 81 87 216
25 885 121 9% 108 268
30 062 © 181 £ 116 | 133 331
35 | 1238 181 136 | 158 384
40 L1415 206 151 178 443
45 1592 241 167 | 204 507
50 1769 261 187 . 224. 557
55 1946 | 291 207 1 249 619
60 2123 1. 326 227 276 686
65 2300 | 361 L 247 304 756
70 2477 391 267 329 818
75 2654 | . 436 287 361 897
80 2831 | - o
85 13008
90 3185
95 3362
100 i 3539
105 {3715
10 3892
115 4069 .
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B3 Test Series B

Following are the stress-strain readings taken on the

various concrete mixes in Test Series B.
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TEST SERIES - B

CYLINDER NO. _SAl

{ Mechanical Strain Gauge Rdgs.:

Total Stress Total Strain
Compressive (psi) 1| (Adj. for Zero Load = Avg. Rdg. x
Load Zero Strain) | Avg. G.F.
(Kips) (in./in. x 1079 | (in./in. x 1078
Gauge #1 | Gauge #2 | Average ‘
0 0. 0o | 0 0 0
5 177 18 18 [ 18 45
10 354 36 | 36 i 36 90
15 531 56 1 41 | 49 122
20 708 7 61 66 164
25 | 885 .91 76 84 209
30 1062, {121 So91 ] 06 264
35 1238 126 {106 116 289
40 1415 | 141 121 1 131 326
45 1592 | 151 136 | 141 359
50 1769 1 176 151 163 405
55 L1946 196 171 b 183 445
60 | 2123 216 191 {203 505
| 65 2300 | 236 206 S 221 550
70 2477 251 221 | 236 558
75 26541 271" 241 256 637
80 2831 | 291 261 | 276 687
85 3008 325 276 301 748
90 {3185 330 291~ {311 774
95 | 3362 L 350 311§ 330 823
100 i 3539 B
105 3715
110 3892
115 ¢ 4069
120 4246
; .
R
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TEST SERIES B

CYLINDER NO.

SA4

4246

Total .1 Stress | Mechanical Strain Gauge Rdgs. i Total Strain
Compressive (psi) | (Adj. for Zero Load = | Avg. Rdg. x
Load ' Zero Strain) Avg. G.F.
- (Kips) (in./in. x 1078 | (in./in. x 107°)
Gauge #1 ! Gauge #2 | Average. |
0 0 - 0 i 0 i 0 0
5 177 1 16 16 16 40
10 354 32 32 32 80
15 531 47 a7 47 117
20 708 162 ¢ 62 62 155
25 885 82 | 7200 77 192
30 1062 | 87t L. 92 89 222
35 1238 | o7 102 100 245
40 1415 1 112, 107 - 1 - 109 272
45 1592 | 132 132 132 328
50 1769 | 152 142 147 366
55 1946 172 162 | 167 416
60 2123 202 o167 185 461
65 2300 | 216 187 202 504
70 2477 237 202 220 548
75 2654 | 247 217 232 578
80 2831 262 232 | 247 615
85 3008 277 247 1 262 653
90 3185 | 307 262 . { 285 710
95 3362 327 277 302 753
100 3539 337 292 315 785
105 3715 B B
110 3892 i
115 4069.
120
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TEST SERIES B

CYLINDER No. SA9

Total Strain -

Total .| Stress -! Mechanical Strain Gauge Rdgs.

Compressive. | (psi) | (Adj. for Zero Load = Avg. Rdg. x
_Load Zero Strain) Avg. G.F.
(Kips) (in./in. x 1078 C (in./in. x 1079

Gauge #1 | Gauge #2 | Average
0. 0} 0 0 0 0
5 177 18 18 18 45
10 354 36 36 | 36 90
15 531 51 | 46 49 122
20 708 7% 61 i 69 172
25 885 | 91 | .76 84 209
30 1062 | 116 ST R LY 249
35 1238 | 141 | 106 124 309
40 1415 16 1/ 121§ 139 346
45 1592 181 136 | 158 - 394
50 1769 19 146 P 171 426
55 1946 221. 166 194 483
60 2123 | 241 181 . 211 525
65 2300 | 266 19 | 231 575 .
70 | 2477 | 286 211 249 620
75 2654 | 315 226 7 271 675
80 2831 § 325 1. 24] - 283 705
85 3008 ¢ 355 . 4  256. 306 760
90 3185 375 271 - 323 805
95 ;3362 | 39 286 1 341 850
100 . 3539 420 301 . 361 900
105 i 3715 440 321 - i 381 954
110 3892 | 460 336 | 398 1990
115 4069 |
120 % 4246
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TEST SERIES

CYLINDER NO.

SATO0

B

Total Stress { Mechanical Strain Gauge Rdgs. i Total Strain
Compressive (psi) | (Adg. for Zero Load = 1 Avg. Rdg. x
Load g Zero Strain) | Avg. G.F.
(Kips) .. -6 oL -
(in./in. x 1077) (in./in. x 10
- Gauge #1 | Gauge #2 | Average ! |
0 0 0 0 0 0
5 177, 16 16 16 40
10 354 35 35 35 87
15 531 | 50 50 50 124
20 708 75 65 70 174
25 885 %0 . 8 | g 217
30 1062 {110 100 | 105 262
35 1238 | 120 s | 117 292
40 1415 140 135 137 342
45 1592 | 150 150 150 374
50 1769 | 175 160 167 416
55 1946 | 190 185 187 466
60 2123 205 205 205 510
65 2300 - 225 220 . 222 544
70 2477 235 235 235 578
75 2654 245 255" | 250 623
80 28371 255 . 270 263 656
85 3008 | 275 285 | 280 697
90 3185 | - 295 305 - | 300 746
95 P332 | 315 325 320 798
100 13539 325 . 330 327 815
105 3715 §. - 345 350 347 864
110 3892 | 380 380 380 | 946
115 {4069 .1 - 395 400 397 | 990
120 4246 | | i
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TEST SERIES B

CYLINDER NO. SA10

Total Stress | Electrical Total Strain Gauce Rdgs.
Compressive (psi) (Adj. for Zero Load = Zero Strain)
Load , ; . : =6
(Kips) ' ; h”'/m{ x 10 7)
N ' Gauge #1 Gauge #2 | Average
o 0 0 0 é 0
5 o 56 38 | 47
100 ) 354 176 .75 1 125
150 81 230 1m0 {170
20 708 | 279 {148 |- 213
25 885 | 330 190 L 260
30 1062+ 372 1 222 ] 297
'35 | 1238 | 430 | 265 1 348
50 | 1415 | 480 300 390
45 [ 1592 ¢ 515 | 342 428
50 | 1769 | - 561 | . 369 | 465
55 | 1946 | 606 | 418 | 512
60 | 2123 651 461 i 556
65 . 2300 713 4 505. 609
70 | 2477 | 753, . 545 | 649
75 | 2654 811 - s75 | 603
80 2831 | . 83 | 61 | 732
8 3008 | 905 I 646 | 776
9 . | 3185 960 . - 685 i 822
95 3362 1000, | 717 | 859
100. ;3839 ;1071 | 747 909
105 3715 | 1122 | 797 . 959
110 3892. 7 1163 i - .829 . 996
115 4069 i 12317 865 1048
120 4246 | 1238 898 | 1091
§
|
i
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TEST SERIES B

~ CYLINDER NO.

SB1

Total Stress | Mechanical Strain Gauge Rdgsv. ; Tota?' Strain
Compressive (psi) | (Adj. for Zero Load = ; Avg. Rdg. X
Load Zero Strain) Avg. G.F.
(Kips) (in./in. x 10—6) (in./1 1075y
.Jin. { (in./in. x 10°7)
| Gauge #1 | Gauge #2 | Average !
0 0 0 0 0 0
5 177 L 25 1 20 22 54
10 354 | 50 | 40 45 112
15 (o3 65 I 60 62 154
20 {708 95 | 75 85 212
25 885 120 95 107 266
30 1062 | 140 s b 127 316
35 1238 165 135+ 150 374
40 1415 190 155 172 429
45 1592 210 175 192 478
50 1769 245 190° | 220 548
55 1946 1 260 210 235 585
60 f2123 290 235 263 654
65 2300 320 . 260 - 290 723
70 2477 % 345 . 285 315 784
75 2654 380 © 310 345 859
80 . 2831 | 415 335 375 934
85 3008 445 360 402 1000
90 3185 475 . 385 - 430 1070
95 3362 ' ' '
100 3539
105 3715 ¢
110 3892
115 4069 |
4246 |

120
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TEST SERIES B.

CYLINDER NO.

SB4

4246 |

Total .} Stress | Mechanical Strain Gauge Rdgs. 1{ fotal Strain
“Compressive (psi) ¢ (Adj. for Zero Load = ! Avg. Rdg. x
Load . Zero Strain) | Avg. G.F.
(Kips) (in./in. x-107%) | (in./in. x 107°6)
Gauge #1 ! Gauge #2 Average {
0. 0 0 o ;i 0 0
5 177 | 20 20§ 20 | 50
10 354~ {40 40 - 40 100
15 531 50 60 55 137
20 708 75 75 75 187
25 885 100 95 97 241
30 1062 | 125 125 125 311
35 1238 | 135 140 137 341
40 1415 155 150 152 379
15 1592 [ 175 165 170 424
50 1769 195 185 190 473 -
55 1946 | 220 205 212 . 528
60 2123 235 230 232. 578
65 2300 { 265 245 255 635 -
70 2477 | 285 - 265 275 684
75 2654 | 295 285 290 722
80 2831 |- 330 305 317 790
85 3008 | 345 330 | 337 840
90 13185 | 370 355 . | 362 903
95 3362, 1 400 370 | 385 960
100 | 3539 § . 430 405 | 417 1035
105 - i 3715
110 3892 |
115 {4069 - |
120 '
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TEST SERIES B

CYLINDER NO. _ SB9

i
|

Total .1 Stress | Mechanical Strain Gauge Rdgs. Total Strain
Compressive (ps1) | (Adj. for Zero Load = Avg. Rdg. x
‘L/(_)ad : Zero Strain) f Avg. G.F.
(Kips) (in./in. x 10"6) ' (in./in: x)70_6)
Gauge #1 | Gauge #2 | Average |
0 0 0 0. 0 0
5 177 25 % 20 22 55
10 354 55 | 35 | 45 112
15 531 75 55 | 65 162
20 708 | 100 70 1 85 212
25 885 | 120 95 107 266
30 1062 | 145 115 18D 324
35 1238 165 130 | 147 367
40 1415 190 150 170 424
45 1592 | 215 170 1 192 478
50 1769 245 195 220 548
55 F 1946 | 260 210 | 235 585
60 2123 300 280 | 270 672
65 2300 | 325 265 | 295 735
70 2477 355 295 325 810
75 - 2654 385 320 | 352 878
80 2831 {. 425 365 | 390 970
85 3008 | 460 385 422 1050
90 3185 510 440 - 1 475 1180
95 3362 | -
100 3539
105 - 3715
110 3892
115 4069 - 1

120

4246
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'TEST SERIES B

CYLINDER NO.  SB10

Total 1 Stress | Mechanical Strain Gauge Rdgs. ] Total Strain
Compressive (psi). | (Adj. for Zero Load = i Avg. Rdg. x
Load o : Zero Strain) | Avg. G.F.
(Kips) (n./in. x 107%) C(in./in. x 1078)
Gauge #1 ! Gauge #2 | Average
0 0 0 o I o i 0
5 177 b s | 15 {20 i 50
10 1 384 50 ! 30 |40 100
15 531 { 80 ! 45 63 157
20 o708 | 100 ¢ 55 | 78 194
25 885 i 130 | 70 | 100 | 249
30 o062 ¢ -T150 0 1 . 80 115 286
35 | 1238 | ‘175 | 95 135 | 336
40 14151 200 | 105 153 382
45 | 1592 220 | 120 § 170 424
50 @ 1769 | 245 1 135 | 190 474
55 - 1946 | 260 150 | 205 510
60 2123 | 300 | 165 | 233 580
65 i 2300 ; 325 | 180 | 253 630
70 2477 % 345 | 195 270 672
75 - 2654} 360 2100 ) 285 710
80 2831 { 395 1. 225 | 310 770
8 1 3008 | 415 | 240 | 328 817
9 i 3185 i 445 250 - | . 348 866
95 {3362 | 475 265 | 370 921
100 3539 o AR
105. {3715
10§ 3892 |
15 1 4069
120 - 1 4246 )




- 131 -

TEST SERIES B

CYLINDER NO. _ SBIO

Stress | Electrical Total S

Total train Gauge Rdgs.
Compressive (psi) § (Adj. for Zero Load = Zero Strain)
(K35 | (in./in. x 107°)
. ; Gauge #1 Gauge #2 | Average
0 0 | 0 o ! 0
5 177 30 45 | 38
10 354 | 60 | te0 75
15 531 | 87 127 07
20 708 | 118 176 1147
25 885 | 140 217 179
30 1062 i 176 262 § 219
35 23 | 207 | 31z | 259
40 1415 | 228 | 340 | 284
45 1592 260 393 | 326
50 1769 | 292 40 | 366
55 1946 1 323 495 | 409
60 2123 . - 360 548 | 454
65 2300 | 390 600 | 495
70 2477 | 420 | 644 % 532
75 | 2654 | 458 698" | 518
80 . 2831 | . 492 | 742 -1 617
85 3008 | ‘ o
90 3185 | %
95 3362 . |
100 3539 |
105 3715
110 3892
115 4069 |
120 4246 |
:
% %




i
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TEST SERIES B

CYLINDER NO.

SCI

CTotal | Stress | Mechanical Strain Gadge Rdgs. Total Strain
Compressive (psi) | (Adj. for Zero Load = Avg. Rdg. x
Load Zero Strain) Avg. G.F.
(K7ps) (in./in. x 107°) | (in./in. x 1075)
Gauge #1 §;Gauge #2 i Average '
0 0] 0 0 0 0
5 177 35 {20 27 67
10 [ 354 70 | 10 55 137
15 531 | 105 . 55 80 199
20 708 | 140 . - 75 107 266
25 885 { 175 | 95 135 337
30 1062 ¥ 2100 . 118 162 404
35 {1238 255 135 195 485
40 1415 285 155 220 549
45 1592 335 175 - 255 635
50 1769 415 205 310 773
55. 1946 | 600 240 420 1045
60 L2123 ¢ :
65 i 2300
70 2477
75 2654 . |
80 i 2831
85 - 3008
90 3185 a
95 3362 ’
100 3539
105 3715
110 3892
115 4069 |
120

4246
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TEST SERIES B

CYLINDER NO. SC4

- Total 1 Stress { Mechanical Strain Gauge Rdgs f Total Strain
Compressive (psi) | (Adj. for Zero Load = i Avg. Rdg. x
Load L - Zero Stra]n) ; Avg. G.F.
(Kips) (in./in. x 107°) | (3n./in. x 1075)
{ Gauge #1 | Gauge #2 | Average
0 0 ! 0 0 0
177 20 | 30 25 | 62
1 354 40 60 i 50 i 124
15 531 50 80 | 65 162
20 708 60 i 100 80 199
25 885 | 80 I 130 | 105 262
30 ¢ 1062 f 105 1 .- 160 1 132 329
35 ] 1238 | 130 S210 170 423
40 L o115 1 145 235 [ 190 a7
45 1592 175§ 270 | 227 - 564
50 1769 1 215 310 | 262 v 652
55 1946 | ‘
60 2123
65 1 2300
70 L2477
75 2654
80 2831
85 1 3008
90 | 3185
95 L3362 |
100 | 3539 |
105 ¢ 3715° 1
110 3892 | o
115 4069 ¢ b

120 - | 4246
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TEST SERIES B

CYLINDER NO. SCO

Total - 1 Stress MechamcaT Strain Gauge Rdgs * Total Strain
Compressive (psi) | (Adj. for Zero Load = ! Avg. Rdg. x
Load p - Zero Strain). i Avg. G.F.
(Kips) (in./in. x 10—6) (in./in. x 10"6)
| Gauge #1 | Gauge #2 | Average | |
0 0 0o | 0o i 0 0
5 177 | 30 | 25 28 . 70
10 ) 3% | 60 | 50 | 55 137
15 531 1 90 75 83 207
20 | 708 7 120 [ 100 i 110 274
25 | ‘88 { 145 | 120 | 133 332
30 11062 1 180 1. 145 163 . 406
35 | 1238 215 | 165 190 | 474
40 1415 260 {190 225 560
45 1592 {285 ;220 '} 253 630
50 Eo1769 | 345 255 1 300 748
55 1946 | 420 205 | 358 892
60 2123 § 5 |
65 . ;2300
70 L2477
75 | 2654
80 2831
85 3008
90 |ooss |
95 . . 3362 |
100 . 3539
105 BEE VA1 A
1m0 i 3892 |
115 4069

120 - 4 4246




CYLINDER NO. SCI0

_]35_

TEST SERIES

B

@

Total i Stress | Mechanical Strain Gauge Rdgs. Total Strain
Compressive (psi) | (Adj. for Zero Load = . Avg. Rdg. x
Load Zero Strain) Avg. G.F. s
(Kips) | (in./in. x 107%) | (in./in. x 1079 s
Gauge #1 | Gauge #2 | Average |
0 0 0 0 | 0 0
5 177 25 25 1 25 62
10 354 55 | 45 50 125
15 531 80 I+ 60 70 174
20 (708 9 | 90 90 224
25 | 85 ] 115 | 110 | 113 282
30 L1062 | 130 130 130 324
35 | 1238 | 155 175 | 165 412
40 1415 180 205 193 480
45 1592 210 225 218 543
50 1769 | 225 255 1 .240 599
55 1946 1 |
60 2123 |
65 2300 |
70 2477 |-
75 2654
80 1 2831 %
85 | 3008
90 | 3185
95 . 3362
100 | 3539 |
105 [ 3715
110 i 3892
115 © 4069 |
120 4246 |

s A
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TEST SERIES B

CYLINDER NO.  SCIO

Total Stress f ETectrical Total Strain Gauge Rdgs.
Compressive | (psi) | (Adj. for Zero Load = Zero Strain)
road. . i N -6
(Kips) ; (in./in. x-107°)
' X i Gauge #1 | Gauge #2 | Average
0 o . o o 0
5 177 1 60 50 | 55
10 | 35 ;120 100 | 110
15 531 | 181 | 138 | 159
20- 708 . 238 179 1 209
25 885 | 288 o227 ] 288
30 1062 350 285 1 317
38 0 1238 . 409 341 375
0 | 1415 476 | 395 1 435
45 1592+ 550 455 | 503
50 1769 620 | 512 | 566
55 .| 1946 | 708 | 573 640
60 | 2123 | 810 | 50 | 730
65 | 2300 | ' o
70 77 | 1
75 2654 | § §
80 2831 | § ]
85 008 f i §
90 3188 | [ A
95 | 3362 | ; %
100 3539 | ? 5
105 13715 |
10 382
115 | 4069 | o
1200 | 4246 | - o







