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Figure 1.7 Ultrasonic Velocity Equioment
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controllable and it was found that tha hest pulse rate
was around 60 pulses per second. This produced a steady
trace on the oscillsscope. The same repetition rate was
used for all the tesis.

Pulsing and Sensing Heads

The pulsing and sensing heads are identical in every
respect and are interchangeable. One set of transducer
heads generates ind senses P.waves (compression waves';
a second set generates and senses S-waves (transverse
waves). The heads had no restriction on the size limit
of cores and a rock core of as little as 20mm diameter
could be tested. The resonant frequencies of the
transducer crystals were E00kHz for P-wave and 800kHz
for S-wave headsid,

Figure 1.8 shows a granite core fixed between a pair
of pulsing head~.

Oscilloscope

The voltage pulse applied to the pulsing heads and the
vultage output of the sensing head is displayed on a
cathode-ray oscilloscope. Travel times can be measured
on the oscilloscope by measuring along the scale
ifmprinted on the screen. For the yransducers used in
this project the time base of the oscilloscope was
required to be as fast as 10 usec/cm and the vertical
s.ale amplitude 0,02 volts/cm.,

1.7.2 Test Specimens

Tast specimens require two flat parallel surfaces between which
the travel times of the P- and S-waves are measured. This
requirement was met by the procedure described in paragraph 1.6.1
and in APPENDIX A. The ground faces of the rock cores were flat
to + 0,0254 mm and parallel to + 0,005 mm per mm separation. The
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Figure 1.8  Granite Core held between Pulsing Heads
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samples were tested in a dry condition.

It was also ~amerded in the Experimental Manuatl? that the
following stiputations be met.

1) The condi*tion of infinfite extent. This is satisfied when
the av grain size < wave length of the pulse < minimun
specinen dimengion.

2} The lateral minimum dimension (normal to ths direction of
wave propagation) is recomuended to be not less than ten
times the wave length. ASTM recommendation D284520
stipulates five times the wave length.

3) The travel dist-ace of the pulse through the rock should be
at Teast ten times the average grain size.

4) The ratio of the pulse travel distance between parallel
faces and the minimum latera® dimension 15 not to exceed
five 1f reliable free medium velocities are regquired.

51 The wave length should be at Teast twice the average grain
size of the material.

A1l une above stipulations were met with the exception of (2).
Calculating the wavelengths of the respective pu ses using the
resonant frequencies of the pulsing heads results in the following:-

al for granite P-wave length = 10,1 mm
S-wave length s 4,1 mm
b) for andesite P-wave length = 11,5 mm

S-wave length = 4.8 mm

Thererore although condition {2) is met for S-waves it obviously is not
for Pewaves. 1t must be realisod that

actically speaking ~ondition
(2) 15 not easy to meet. 1f it was rigidly adhered to with this type
of pulsing head the resulting core dimensions would be 120mm diameter




and 280mm long. The very fact ithat the ASTHM recommendation
stipulates that the minfmum dimension should be five timee the wave
Tength and not ten shows the apparent lack of agreeme.’ on this
stipu.ation, {(5ee aleo additions® note on pages 28{a) and 28(b}).

1.7.3 Measurement of Trave® Distange~ ant Density

Travel dstances [i.g. core lengihe) were measured by nozns of a
vernier scale be ween flat parallel surfeces. The weiait ¢of each
soecimen was measured tn an accuracy of C,1g and the dencity
“aleulated from measurements of length and Jameter.

(I} Attaching Pule- Heads to Specimens

Gep o coudiing between puising heads and specimen is essent’al for
ofrective energy transmission.  This was achieved by use of a
Alioon eceopound releasing agent, trade name Dow Corning 7
tosposad. The gel was applied to the pulsing head and *he test
plece atated firmly on the pulsing head. The gel was forced out
creating » vacuws 2nd hence an excellent connection. The pulse
heads wr -2 orientated so tha' the cable connectors were directly
above on. another.

1.7.% Comression P-Waves

The first ar ~ival time of the compression wave on the scupe was
easily astarmiaed since it was marked by the first ceviation of the
wave form f-.n a straight horizontal line. The wave deviated in a
downward dir e
the vertical siplitude of the scope adjusted to a maximum in order
to produce a sharp ‘knee' in the trace. Figure 1.9 shows
diagramatically a typical trace of a P-wave. The travel time To
is simply measured from the start of the trace to tie 'xnee'.

tion. The start of the wave was carefully zeroced and
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Retorence 21 discucses three metnods for determining the velocity of
propagetion of elastic waves in lsboratory rock testing.

1. First methoo a high frequency ultrasonic pulse tecnioue -
similar to that described in the *ext.

2. Secona method - a low Trequency ultrasonic technique for
bar-1ike or rod-iike specimens.

3. Thi "4 method - A resonant frequency method., By deter-

mination of the resonant frequency of the
dilational vibration of bar-iike cylindrical
rock specimens the ditational wave
propagation can be calculated.

Table 1.2(a) Different Ultrasonic Methods for Rock Testing,

from Ref. 21
FIRST METHOD SECOND METHOD
1. Pulse generator frequency
range 100vHz - 2MH2z 2 - 30kMHz
2. Repetition frequency of
the pulse gemerator 10 - 1000s-! 10 - 100s-1
3. Transducer frequency range 100kHz - 2MMz 2 - 30kMz
4. Optimal aspect ratio 2:1 31

The method outlined in the current text essentiall- refers to the
first method. The pulse generator vsed hid & repetition freciency of
60 per second and tho zsonant frequency of the P-wave transiucer was
§9C«!z.  The aspect ratio of the specimens tested was 7:1. The
rocommendations given in the text apply to the first method,

Hewover, as mentioned previousty, there fs Tack of Lgreement on the
requirement for minimum lateral dimension, Thoe ASTM recommen-
dation?) would require, for the current tests, a minimm lateral
dimension of about 50mm. This is slightly greater than the actual

N P VI, . bl
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dimension of 42mm. Further, the writer discussed and checked the
test technique with senior members of the Mining Engineering
Department who utilize the same experiwental procedure for dynamic
rock testing. They were satisfied with the chosen approach in every
respect. It was not possible to drill large diameter cores to check
the minfmum Tateral dimension recommendation; consequently the
current test technique was adapted as a practical compromise, and
with the ~ndorsement of Rock Mechanics staff,

T TR
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Actually a minute portior of the travel time (approximately 1 us)
{5 not recorded, due to the fact that the scope triggers about 1 us
after the pulse is initiated. However, this small time war
accounted for when a correction was made for the time delay
involved in the waves passing through the pulsing heads,

1.7.6 Shear S-Waves

Firgt arrival time of shear-waves i3 not so readily discernible on
the scope. The shear-wave arrival may be obscured by vibrations
due to 'ringing’ of the transducers and reflections of the
compression wavell, Ringing may occur at high pulse repetition
rates and is caused by the previous pulse not having sufficient
time to completely die away before the next pulse occurs.

‘Ringing' causes unsteady traces on the scapelg.

The shear plate type of pierzo electric crystal used here invariably
produces some compression wave componerts which arrive ahead of the
shear wave., In fact the shear-wave heads can be used to measure
the travel times of both P and § waves. However the initial 'knee'
of the compression wave 1s not so clearly defined when using the
shear pulse heads., Some time after the P.wave has arrived it the
sensing head, the S-wave arrives and causes a large upward sweep on
the oscilloscope. Figure 1.9 shows a typical trace for granite.
The S-wave travel time Tg is obtained by measuring from the start
of the trace to the start of the strong upward sweep, which usually
occurred at the bottom of a wave trough, although it could occur at
the peak of a trace. Wence the accuracy of the S-wave arrival time
depends on the skill of the operator. [f many specimens are under
test and the material i« uniform the inaccuracies can be resolved
to a large extent.

It was found that the travel time of the S-wave was approximately
twice that of the P.wave for a particular specimen. This was a
useful gquideline to Tocate the S-wave travel time. The astimation
of the shear wave arrival time can be performed more easily on
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Fiagure 1.9  Typical P- and S- Wave Trace for Granite
{after Terrametricsl®)
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specimens whose length is optimised e.q. an aspect ratio of 2:1 is
preferable to a ratio of 1:1(21},

1.7.7 Calibration Procedures

The travei times measured on the different rock specimens were
corrected by subtracting the zero correction time (the travel time
taken for the puises to move through the pulsing heads
themselves). The zero correction time was nbtained by two
mathods: -

1} Placing the transducers in direct contact with each other
and measuring the dslay directly. This method is not
recommended for shear nulsing heads, as slight
misalignment can produce large errors?l,

23 Measuring the travel times cf several specimens of thz
same material but of different lengths. Travel time
versus travel distance was plotted for saveral andesite
cores.  The graph was extrapolated back to rero travel
distance ty give the trave) time between the heads.

Method 2 was adopted for this dissertation. The results
arg shown tn figure 1.10 and figure 1.11. Frow the
grachs the corraction times were 1.3 us for the P.waves
and 4.6 us for the S-waves.

Calculation of Dynamic Elastic Constants

s
i
o

The wave velocities were calculated from the corrected travel times
and tne travel distance 1 between the transmitter and receiver, by

using the eauations:

Vg = 2/ Ty ceeas 11.8)
Vo =t/ Tq s (1.6)
i
i
E
|
H - " . . ke . L e
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where VD is the velocity of the lorgitudinal wave
Vg s the velocity of the shear wave
Tp and Tg are the times taken to travel
distance L of the P- and S.wave respectively.

The dynamic elastic constants were calculated from equations (1.1},
(1.2) and (I 3) as given in section 1.4,

1.7.9 Resiits

Table 1.3 shows the results for the granite ccres and Table 1.4
shows resylt; for the andesite cores. For repeatability of results
refer to Appendix B. For specimen properties and transmission
times (Ty for Po wive travel time and Ty fur S- wave travel

time) refer to Anpendix B tables B2 and B3 {5 granite and
andesite cores respectively.

fhe resulis for the granite epecimens JAL and JAG were excluded
From subseguent caloulsticns on the basis of a statistical cutlier
test, The values recorded were obviously not representative of the
granite rock.

Table 1.5 shows the rean and standard deviation of measurements

for bath types of aggregate. Although there is a large variation
in bath Pewave and S- wave veocity especially for the granite
cores, there 15 only slight deviation about the mean for the
dynamic elastic conttants B4 and vy, This fs Tecause the

Powave and S-wave velogity variations tend to cancel out in
eqdations {1.1) and (1.3). The results imply that andesite is more
homogeneonus than granite and has possibly fewer pores and cracks.




Table 1.2 Transmission of body waves through Graaite rock specimens

MATERIAL SPECIMEN CALCULATED VELOCITY OYNAMIC ELASTIC CONSTANTS
HUMBER
e s i s "“
GRANITE JAL 6029,2 3262,0 75,2 29,1 0,30
JAZ 57234 3312,3 73,7 29,5 9,25
JA3 49531 2336,6 39,2 14,4 0,36 )
JA4 5422 ,6 25547 46,8 17,2 0,36 @
JAS 5883 .5 3312,3 73,5 29,0 0,27
JAG 7518,0 3161,0 76,2 27,4 0,39
JAT 58252 3155,3 67,5 26,1 0,29 :
Ja8 5863,3 3208,7 69,6 21,0 0,29 1
M Correction times for pulsing heads:

p-Wave - 1,3 phec
S-Wave - 4,6 psec




Table 1.3 Transmission of body waves theough Granite rock specimens/continued

MATERIAL SPECIMEN CALCULATED YELOCITY DYNAMIC ELASTIC CONSTANTS
NUMBER
ol o cha b ”"
GRANITE JA9 6270,7 418,0 79,7 30,9 0,29
JALU 5991,6 3413,3 17,5 30,8 0,26
Jel 6087 6 3314.,9 4.6 29,0 0,29
Jez 6176,5 jesz.8 74,5 28,6 0,30
Je3 6420,0 3446,7 8i,7 31,8 0,30
Jc4 6188,9 3355 .4 17,2 30,0 0,29
JF1 §780,9 3131,3 68,7 26,6 0,24
JFe 5943,6 3252,6 73,5 28,6 0,29

NB

Corvection times for pulsing heads:

P-Wave - 1,3 wsec

LW

- 4,6 vsec

.

14




Table 1.3 Transmission of body waves through Granite rock specimens/continued

MATERIAL SPECIMEN CALCULATED VELDLITY DYNAMI(, ELASTIC CONSTANTS
MUMBER
¥ Ve Eq & v
mgs ms G ﬂga
GRAMITE JF3 5536,13 3082,7 64,1 25,1 0,28
Jra 59436 3129, 64,2 26,5 0,31
JFh 5856 ,1 3083,3 65,0 24,9 0,31
JF6 5806 ,9 1315,0 75,0 29,8 0,26
JFT 59048 3254 .6 11,2 27,8 6,28 i
HE: Corvection times for puising heads:
P-Wave - 1,3 ¥sec ‘
S-Wave - 4.6 igec |

k.
i - . Mu¢dh



Table 1.4 Transmigssion of body waves thiough Andesite rock specimens

. MATERIAL SPECIMEN CALCULATED VELOCITY DYHAMIC ELASTIC CONSTANTS
; NUMBER
¥ v £ & v
m?i m?s aga ﬁga
AMBESTTE X1
X2 CORES USED EXCLUSIVELY FOR CORRECTION VIMES
X3
¥4 w
N of
AAL 69105 nia 107,80 41,8 0,28
ARZ 6903 .4 37511 104,1 40,4 0,29
AA3 6906,7 3669,2 1006 38.6 0,30
. AA4 6794 .6 1590,2 47,4 7.3 0,31
WA Corraction times for pulsing heads:
P-Wave - 1,3 usec
S-Wave - 4,6 usec

p -



Table 1.4 Transmiscion of body waves through Andesite rock specimens/continued

MATERIAL SPECTMEN  CALCULATED VELOCITY DYNAMIC ELAST'C CONSTANTS

HipBLe .
W ws o i ‘*’

ANDESITE RAS THES @ 36734 100,5 38,7 0,30
AAE 6876 .4 3653,3 00,0 38,4 0,30
AAT 69118 3755,7 104,1 40,3 0,29
ARl 6859,9 3727.,5 103,1 40,0 0,29 &
AB2 68333 3837,9 167,9 42,5 0,27
AB3 66837 .,4 3840,2 108,0 42,5 0,27
AB4 6947,7 3928,3 111,0 43,9 0,27
ABS 6886 ,6 3836 .4 107,6 42,2 0,28

M Correction times for pulsing heads:

P-wWave - 1,3 bsec
S-Wave - 4,6 usec




Table 1.4 Transmission of body v=vno © o ouh Andestite rock specimens/continued

MATERIAL SPECIMEN CALCULATED VELDCITY DYNAMIC ELAST!L “ulsinNTS

HUMBER ‘
A N N N
ANDESITE AB6 6964,9 3837,2 108,6 42,3 6,28
AB7 T050,4 38843 112,4 43.8 0,28
AC1 6810,3 37396 103,4 40,3 0,28
AC2 6813,0 26,5 107,0 4z,1 0,27 -
AC3 687,6 3765,0 101,8 39,5 0,29 °
A4 6863 .4 3738,1 102,5 40,2 4,29
S 6826 ,6 3715,3 102,3 40,0 0,29
ACH 6825,2 3747.8 103,9 40,5 0,28
ACT f 3615,7 98,0 37,6 0,31
NB forrection times for pulsing heads:

P-Wave - 1,3 nsec
S-Wave - 4,6 psec
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This is iwplied by the greater density and higher P- and S-wave
velocities measured in the andesite cores. Hence the andesite is a
‘stiffer' rock and has a higher dynamic modulus than granite.

The mean anry standard deviations of the specimens taken from each
individual rock boulder were also caiculated to assess whether
there were any localiced differences (.e. variation within the
sample taken from a specific area ir the juarry. The results are
shown in table 1.6. It can be seen that only small differences
are apparent between the different rock boulders and it was
considered that these differences would not affect the later tests
significantly. Once again the andesite showed less varfation than
the granite. It could be concluded that for the particular quarry
face from which these rocks were taken there is good uniformity of
aggregate.

1.8 LIMITATIONS

The previous sections show that this technique of measuring
dynamic elastic constants in rocks i: fairly rapid and gives
preliminary predictions of static properties. However certain
Timitatfons must be borne in mind. The elastic constants
measured here are carried out on -mall laboratory specimens.

This could accentuate inhomogeneity and anisotropy and hence qive
a distorted picture of the elastic constants of the rock mass as
a whoie. This {c a definite drawback even when coupled with
statistical analysis?Z. The coupling between the pfezoelectric
transducer and the spezimen may be inferior and lead to interface
Tosses. This is especially important whe . shear transducers are
used. Equations (1.1}, {1.2), and (1.3) are applicable to
isotropic rock and when degrees of anisotropy are present further
errors may result.
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Table 1.5 Mean and Standard Deviation Values of Dynamic Elastic
Constants for Granite and Andesite Rock Cores

ROCK TYPE  DENSITY v Vg Eg vd
Lo /md mss m/s GPa

GRANITE £659.8 6034,6 3256.9 73,3 0,202

(19 cores) + 37,3 * 411,58 > 111,86 + a7 + 0,029

ANDESTTE 2874 .4 6871.,8 3756,7 104,4 0,887

(21 cores) + 12,4 + 62,9 +89.4 + a1 + 1,612

Table 1.6 varfations of Dynamic [lastic Constants of Rock Cores
Drilled from Different Boulders

ROCK TYPE MEAN AND STAMDARD VARIATION OF Eg MEAN AND STANDARD

DEVIATION FROM GRAND MEAN DEVIAT DN
Eg OF GRANITE OR ANDESITE vd
{GPa) %
GRANITE  JA 74,1 + 1,8 0,283
(8 cores) + 4,0 + 0,043
GRANITE  JL 77,0 + 5,2 0,295
{ 4 cores) +3,4 + 0,006
GRALITE JF 69,5 - 8,0 0,289
{7 cores) + 4,1 + 0,018
ANDESITE AA 102,0 - 2,4 0,296
{7 cores) + 3.3 + 0,010
ANDESITE AB 108,4 + 3.7 0,279
{ 7 cores) + 3,0 + 0,007
ANDESITE  AC 02,8 - 1,5 0,287
{ 7 cores) + 2,7 ~ 0,013
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1.9 Determination of Static Flastic Modulus of Aggregates

The 42mm nominal diameter and 84mn nominal length rock cylinders
were instrumented wit' electrice® resistunce stratn gauges. Six
cores were randomly selected from both the granite and andesite
rock. Two each of 10mm gauges were used to measure the
Tongitudingl and lateral strains of the specimen by attaching the
gauge: at mid-height, the corrasponding ztr~ain gauges being
diamet-ically oppogsite one another. 1he corresponding gauges
were connected in series thus ufving the average of the strain on
two sides of the core. Strain readings were taken over one cycie
of 1oading and unloading. The strain gauges were connected to a
data logger and the rock specimens tested in an Amsler 200 tonne
Compression Machine,

Initially, two cores from each rock type were lpaded to failure.
The average failure Joads for the granite and andesite cores were
330 kN and 300 kN respectively. The cores were Joaded at about
30 Mpa/min  Tne cut off Yoad for the determination of the static
elastic moduli for dboth rock types was chosen as 60% of the
respective failure Joad., S$ix cores were then chosen it random
from the granite cores and a similar number from the andesite
cores. A length to diameter ratio ranging from 2,0 to 2,5 was
used to ensure a fairly uniform stress distribution in the sample
and to increase the possibility of a failure plane being free to
form withoyt intersecting the testing head?3,

It should also be noted that for many rock types the slope of the
initial or virgin stress-strain curve for Toading and unloading
is tess than the slope of the curve for subseouent cycles. The
cause of this difference has not been definitely determined,
although as pointed cut earlier in this chapter several
investigators have attributed it to the opening of micro-cracks
at the time the specimon is separated from its surroundings and
its confining stresses are relieved. Since the difference
hetween the slope of the stregs-strain curve for the initial and
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subsequent cycles may be large, and because the difference
between successive cycles usually decreases, it is common
practice to subject the specimen to a number of loading cycies
before recording the data cycle and to specify the data

cycleZd. The difference between successive stress/strai
curves was not thougnt to be significant for the present granits
and andesfte rocks, and therefore the readinys were tiben over
the second loading rycle.

In point of fact, a serfes of tests carried out by Pells and
Ferry25 on determination of Young's Modulus showed that from an
engineering judgement viewpoint, it did not make any significant
difference whether the specimens had a length to diameter ratio
of 2,0 or we  “ut non-parallel {(but with flat) ends. Therefore
there is evidencs to suggest tnat some recommendations relating
to Young's Modulus detervination for rocks are unnecessarily
stringent.

1.9.1 Results

The results for static elastic constants are given in table 1.7
for the granite and andesfte cores. Table 1.7 clearly shows
that andesite has a higher static elastic modulus than granite,
the ratio of the modulys of andesite to granite being
approximately 1,3. The Poisson's ratio value for andesite is
also higher than that of the granites. Valuss for the two rock
types vary about the mean in a similar manner as shown by their
respective standard deviations, Typical curves of stress against
strain as plotted by a computer graphics programme are shown in
figure 1.12 and 1.12 for granite and figure 1.14 and 1.15 for
andesite. The static elastic modulus was determined by the best
fit strafght Tine through the plotted points up to 30% of the
failure stress.

Both sets of curves for the aranites and the andesites are Tinear
over this stress range. The unloading curve of granita specimen
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JAE shows the hysteresis effects For granites. Hysteresis
effects varied from specimen to specimen even when the cores were
taken from one boulder. For example spe.imen JAS {refer to
flgure 1.12) shows a clear hysteresis loop in the longitudinal
strain while JALO exhibited clear hysteresis in the latera)
direction. The plot for JC4 (refer to figure 1.13) shows the
lateral *rain tending to the horizontal. This was due to the
fact that . » specimen failed ¢t thig stress level. For the
andesites, the plot of specime: AC2 {refer to figure 1,14}

shows much more reduced hystere is effects than the granites and
in general the andesite plots ex thited greater lipsarity than
the granites. The hysteresis effec s also greatly reduced in
both the Tongitudinal and lateral directions in the andesite
rock.,

The static elastic modulus and correspording Poisson's ratic was
caloulated at 300 of the faflure stress for each rock type. The
averaga stress and strain were calculated from the best fit
straight Tine. The static elastic modulus Eg is given by:

Eﬁ; = Ca RS P4

g9 *  average stress
€4 = average strain

1.10 DISCUSSION

The results of the average static and dynamic moduli and Polsson's
ratic are shown in table 1.8 and tahle 1.9 respectively. The
dynamic method gives better repeatability of results. Table 1.8
shows that for granites there 15 about a 10 per cent variation
between the static and dynamic elastic modulis £4q, with Eg

befng c-eater than E4. This appears at first to be an anomaly.
However, as stated in section 1.7, the ratio of dvnamic to static




Static Elastic Modulus and Pofssons's Ratio for
Granite and Andesite Rock

GRANITE ANDESITE
STATIC © POISSON'S STATIC POISSON'S
SPECIMEN MOCULUS RATID SPECIMEN  MODULUS RATIO
OF ELASTICITY v OF ELASTICITY v
£ £
6Pa oBa
81,70 0,22 a2 101,83 0,32
86,22 0,0 AB7 112,72 6,27
92,84 0,3 A2 102,62 0,29
77,58 3,30 Ac3 108,71 0,29
72,08 0,17 ACH 110,79 0,30
79,04 0,28 acé 89,71 0,25
81,58 0,26 108,80 0,29
7,22 0,06 8,42 0,02

YALUES TAKEN AS BEST FIT STRAIGHT LINE UP TO 30% OF FAILURE STRESS
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moduli may vary between 0,85 and 2,926, Bhattacharyya2’.28

also states that in tests he carried out on various rocks, the
static modulus was greater than the dvnamic modulus. In the case
of Bald Hi11 Claystone the ratio of dynamic to static moduld
ranged from 0,52 to 2,6 {5 cores tested) and for Hawkesbury
Sandstone the ratio varied from 0,34 to 0,70 (10 cores tested).
He states that the relatively low dynamic modulus values resulted
from Yow transmission velocities of the P-waves, probably caused
by micro-cracks and inhomogeneities in the instance of Bald Hill
Claystone, and by a high degree of porosity and Tow water content
for the Hawkesbury Sandstcenes. The possible causes of the low
dynamic elastic moduli in the case of the granites in this project
could possibly be micro-crucks and inhomogeneities.

The ultrasonic equipment was checked by ascertaining the dynamic
elastic modulus of a steel cylinder. For isotropic, homogeneous,
linearly elastic materials such as steel which lack the textural
discontinuities characteristic of rocks, E¢ and E4 should be
eaual?®, The dynamic elastic medulus of the steel cylinders
ranged from E4 = 217 - 224 GPa. The average value quoted in
texts is 208 GPa for the static elastic modulus of steel30, The
difference is about six per cent and therefore it was considered
that the equipment was functioning correctly.

Table 1.7 shows that the static modulus E¢ of the andesites is
approximately 28% greater than tha. of the granites.

The modulus results for andesite snow that the result obtained
from the dynamic method i3 virtually identical to that of the
result obtained from the static method. When one considers the
time involved in static testing, it is obviously more beneficial
to use the dynamic metnod tn evaluate the modulus of elasticity
for this andesite. Similar comment would also apply to the
resylts given in table 1.9 frr Putcoinn’c ratio values,

o ool Lo ea L
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Table 1.8 Comparison of measured values of E4 and E5 for Granite
and Andesite rock cores

ROCK TYPE Eq Eg RATIO
Eq
GPa GPa Ty
GRANITE 73,03 + 8,74 81,58 + 7,22 0,895
ANOESITE 104,39 + 4,06 104,40 + 8,42 1,000

Table 1.9 Comparison of measured values of v4 and vg for Granite
and Andesite rock cores

ROCK TYPE vd vg RATIO
v
v
GRANITE 0,29 + 0,029 0,26 + 0,058 1,115
ANDESITE 0,29 + 0,012 0,29 + 0,024 1,000

Table 1.10 Summary of wmean values of dynamic and static elastic constants
for Granite and Andesite rock

ROCK DENSITY  P-WAVE S~WAVE DYNAMIC DYNAMIC STATIC STATIC

TYPE VELOCITY VELDCITY  ELASTIC POISSON'S  ELASTIC  POISSON'S
MOOULUS  RAVED MODULUS  RATIO
i Ve £q V4 Eq Vs
kg/m3 s m/s GPa gPa
GRANITE 2660 6035 3287 73 0,29 B2 0,26
ANDESITC 2874 6877 37587 104 0,29 104 0,29
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Table 1.10 summarises the test results for granite and andesite
These values were used for calculations in the present
However, further work needs to be undertaken in order to

assess variability of rock properties from different sources, or
within one guarry.

.1

a)

b)

c)

d}

€)

g}

CONCLUSTONS

The average static elastic modulus of andesite rock was
28% greater than the elastic modulus of granite.

On average the static elastic modulus of granite was
greater than its dynamic elastic modulus, thought to be
due to the presence oi inhomogeneities in the granite
rock assemblage resulting in low transmission velocities
of the P-waves and hence low dynamic modulus results.

The dynamic elastic modulus, €4 of the andesite rock
was equal to that of its static modulus, E,.

The andesite rock is fess variable than the granite rock
producing more uniform results.

Both quarry locations gave fairly uniform results from
Ji fferent rock boulders.

For homogeneous rocks such as andesite the dynamic method
cutlined in this chapter fs a faster and more roliable
method of determining a value of both elastic modulus and
Poissons's ratio. However, this is conditional on the
accuracy with which the pulse arrival times can be
estimated, especially the S-wave value.

Further work 15 reauired to assess the varfability of
rock properties from different sources, or within one
quarry.
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CHAPTER 2 ELASTICITY OF HARDENED CEMENT PASTES AND MORTARS

2.1 BACKGROUND

Many attempts have been made to predict the dependence of
concrete stiffness upon the stiffness of the paste and aggregste
and their volume Concentrations. Within the scope of this
dissertation this chapter deals with the estimation of elastic
modulus for pastes and mortars related to the various concrete
mixes discussed in chapter 3. It is known that the stiffness of
hardered cement paste and concrete increases as cement/water
ratio is increased:  However, as the load is increased, the
stiffness of both paste and concrete decreises continuously.

1t is often stated in the literature [see Shah and Winter?)

that cement paste specimens exhibit an approximately Tinecr
relationship betwecn stress and longitudinal strain, but this has
been shown to be incorrect by Spccner3. This m scenception may
have arisen because pastes of cement/water ratic possibly as high
as about four may have been tested; such pistes cannot
necessarily be regarded as representative of paste in

concrete?. The structure of paste is also sufficifently
disordered and haterogeneous to ensure that streic-strain
relationships are not simple. The stress-iateral strafn curves
for paste are also non-linear%. The rate of lateral strain
increases continucusly as the appliad stress increases, and this
becomes very marked as the maximum stress is approached.

The relation between stress and Tongitudinal strain for rock,
paste and concrete is shown in Figure 2.((a). The relations
between stress and lateral strain and volumetric strain for rock,
paste and concrete are shown fn Figure 2.1(b). It can be seen
that at low stress levels the curve for the cement paste departs
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slightly vrom linearity. The approximate Tongitudinal strains at
failure for aggregate, paste and concrete are of the order of

0,4 to 1,0%, 0,6 to 0,8% and 0,1 to 0,25% respectively. The
approximate lateral strains at failure for pastes and concretes
are 0,3 to 0,5 of their Tongitudinal failure strains.

Hobbs? states, “The stress-volumetric strain curves for
aggregate, paste and concrete are generally non-linear {(as shown
in figure 2,1(b)). For pastes there is an ongoing reduction in
volume as appiied stress 1s increased. As stress increases the
gradient of the stress-volumetric strain curve decreases. This
would seem to imply that pastes compact or consolidate
continuously until failure stress is reached. Consequently no
evidence of reste cracking prior to failure is apparent from the
stress-volumetric strain curve. The approximate maximum
volumetric strains for rocks, pastes and concretes are 0,1 to
0,4%, 0,1 to 0,3% and 0,04 to 0,084 respectively.”

This chagter outiines the factors affecting the modulus of
elasticity of both pastes and mortars. 1t also deals with the
laboratory programme to determine the static, electrodynamic and
ultrasonic elastic moduli of pastes and mortars for specified
cement/water ratios. The objectives of the laboratory programme
werg o
{a) astertain the enginearing properties of pastes and
mortars for use in theoretical models related to
concrete stiffness.

(b) attempt to correlate the static elastic modulus, £4 to
the electrodynamic and ultrasonic dynamic wodulf, Ead
and £,4 respectively.




2.2 ELASTICITY AMD HARDENED CEMENT PASTE
2.2.1 Porosity

When a load is applied to hardened cement paste (h.c.p.) the
forces are carried internally by the solid structure, made up of
both the larger crystalline hydration products and the calcium
silicate ge\s. The so0lid skeleton is interspersed with a large
volume of gel and capillary pores with a wide range of sizes. It
15 conceivable that water within the pores inttially carries some
load, and hence comes under pressure. The gradual dissipation of
the pressure in the water would lead te time-dopendent strain
which would be observed as creep, and the elastic {immediate)
strain for wet concrete would differ from dry concrete. However,
the evidence indicates that thig effect, although it may be
present, does not result in more than a small part of the load
being ¢lverted from the soiid material. 1t follows that the
glastic réspense of the h.c.p. depends on the rigidity of the
skeletal structured,

It seems reasonable to assume that the stiffness of the varfous
solid hydration products and of the unhydrated cement grains
incorporated in the structure are not too Aissimilar and that the
configuration does not change with the development of hydration.
The difference between one h.c.p. and another then reduces to
different densities of structure. This implies that the elastic
modulus of h.c.p., Ep, will increase with increasing degree of
nydration and increasing cement/water ratiob. This expectation
is confirmed by the experimental results shown in figure 2.2 in
which the development of hydration s represented by increase in
age’.

These two separate influences can be fncorporated in a single,
more fundamental quantity - porosfty - which may be either
capillary or total porosity. The capillary porosity refers to
capillary space only, while total porosity includes gel pores as
well as capillaries. When considering the properties of h.c.p.
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there s no agreed pre’arence to use capillary or total porosity
as a measure of porosity.8 Figure 2.3 shows the relationship
between E, and capillary porosity, p, and this can be

expressed as:-

Ep = Eq (1 -pc)? cenes (2.1)

where £, is the elastic modulus of cement g2l; from
figure 2.3, Eg is th lue of Ep when p. s zero,
te 32 GPa.

The modulus of elasticity of h.c.p. is related to its compressive
strength, increasing with increase in the latter {see figure 2.4).

1t is generally accepted that porosity constitutes the most important
single factor in determining strength. 1t follows tha. any factors
which affect porusity of the paste also affect its strength, In this
context the most important ones are ¢/w ratic and degree of
hydration, which directly affect porosity. The relation between
strength of the paste and the ¢/w ratio is similar to that between
strength and porasizy.g Consequently factors which affect strength
also affect the modulus of elasticity of th2 paste. Moisture content
of the paste 15 the only exceptior affecting the two properties
differently. Generally speaking, the strength of the cement paste
decreases with increasing moisture content {see figure 2.5) whereas
1ts modulus of elasticity increasesliO,

2.2.2 Environment

Drying removes water from the larger pores. Since the water, as
stated above, may be load bearing, there 5 a reduction of elastic
modulus with decreasing moisture content of the h.c.p. More
significantly, water {5 also removed by dryfng from the finer pores
and from between the layers of the s01id material, This water is
bound strongly and 1t can be regarded as part of the solid material,
contributing to (ts stiffress. The loss of this water is the second
cause of a reduction fn modulus with dryingl4,
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The effect of moisture content on the modulus of elasticity of
the cement paste is demonstrated in figure 2,615, 1t can be
seen that drying of the saturated paste a: C% relative humidity
decreases the modulus of elasticity considerably. Rewetting,
however, starts to affect the modulus only at a moisture content
correspording to a state of equilibrium at approximately 55%
relative humidity, and on redrying the modulus is affected only
at the very low end of the relative humidity scale.

The Feldman and Seredal’ model attributes varfation in the
modulus of the cement paste with change in mofsture content ts
movement of interlayer water. The layered structure of the !
particles 15 described in figure 2.7 by two parallel short

lines. The water between the two lines, marked X in the figure,
is interiayer water. The right hand part of the figure describas
the variation in the modulus of elasticity of the paste with the
change n mofsture content (ie figure 2.6) and the laft hand
part {5 the isotherm fo. the interlayer water. The letters A to
G represent the same stages {n ail parts of figure 2.7.

On increasing the relative humidity, water c<tarts to enter the
structure from the edges causing expansion by opening up the
Tayers (stages A to C). Figure 2.7 implies that the greater
part of the swelling of the cement paste takes place at this
stage. The water s not strongly bound at this stage and acts
tike a web or cross links fn a sandwich-type construction;
therefore there {5 no significant increase in the modulus. This
stiffening effect and the ascociated increase in modulus occurs
from C to 0 and reaches a maximum when the layers are saturated
(stay: D). On drying from D to £, virtually no interlayer water
fs Tost and therefore the modulus remains unaffected. From £ to
Fa small amount of interlaye~ water is lost from the edges, the
modulus being sltghtly affected. Only when the interlayer water
is removed from the middle {ie F to G) is the modulus of
elasticity considerably decreasedlB,
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Figure 2.7 Effect of Exit and Re-entry of Interlayer Water

on Modulus of Elasticity YS Cement Paste
{after Feldman and Seredais)
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Temperature, too, affects the elastic modulus of hardened cement
pastes. Higher temperatures result in lower moduli. The
temperature dependence may wel)l be related to the increased
mobility of the mofsture at higher temperatures, giving some Joss
of stiffress in the s01id structurel’.

2.3 ELASTIC MODULUS OF CEMENT MORTAR

From figure 2.8 it is apparent that the stress-strain
characteristics of mortar are very similar to those of concrete.
However, concrete exhibits greater inelasticity leading to
greater curvature of a stress-strain plot. Concrete also has a
greater capacity to carry a reduced stress at higher strain
levels, This gives rise to the descending branch of the
stress-strain curve. {However, this depends very much on the
stiffness of the testing machine).

As the Toad increases the mortar coftens. Hairline cracks begin
to appear shortly after crossing the peak of the stress-strain
curve. As the strain increases further the size and the length
of the cracks increase. At larger strains sliding occurs in the
cracked zone. This appears to be the major component of the
longitudinal strain in the descending brarch of the stress-strain
curve. The nonlinearity of Concrete under compressive loading is
dependent on the nonlinearity of its cement naste and mortar
constituents. Cement mortar 15 not an elastic brittle material
as previously supposed, but i3 nonlinear and is damaged
continuously under lToad. The process of damage in concrete is
also continuous and begins at very low strainsi8.  These recent
findings seem to suggest that microcracking fs not necessarily
the most Important factor in the aonlinear behaviour of
concreteld. Maner and Darwin0 postulated that the many
similarities between paste, mortar and concrete suggest that not
only the factors affecting damage but also the nonlinear
behaviour of mortar and paste dominate the behaviour of concrete.
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Other authorsZ0 state that the stress/strain relationship of
concrete and mortar is dominated by the development of internal
microcracking under increasing load. Hardened cement paste and
aggregate combine to form a two-phase material, the resultant
stress/strain relation becoming curvilinear due to the presence
of interfaces at which microcracking can occurZl. However, as
previously stated although rock which is used as aggregate
exhibits an approximately linear relationship between stress and
tongitudinal strain up to failure, paste exhibits markedly
non-linear behaviourd?,

Davis2? carried out tests to determine the relationship between
compressive strength and static elastic modulus for mortars. He
found that rich mortars, because of their high paste content had
significantly lower moduli relative to their respective
concretes, Conversely, lean mortars rendered relatively high
alastic moduli but owing to their Jow cement content rarely
exceeded a compressive strength of 10 MPa, It is cbvious that
stress-strain relationships for mortar are not simple and deserve
congiderably more attention than they have received to date.

2.4 LABORATORY PROCEDURE

The obiectives of the laboratory tests were:-

1) to assess the engineering properties of cement pastes
and mortars in order subsequently to determine the

elastic modulus of concrete by thegretical models,

2) to correlate measured dynamic elastic moduli with
measured static elastic moduli,

A representative range of cement/water ratios were chosen and the
constituent paste and mortar mixes were extracted from the
concrete mix design [see Chapter 3 for details of mix design).
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Therefore for each concrete at a particular cement/water ratio,
the paste and mortar elastic modulus values for that specific mix
could be examined. MHence knowing the elastic modulus of the
aggregate, and from measurements of the elastic modulus of paste
and mortar (at a specified cement/water ratio), a theoretical
estimate of the composite concrete could be made by a
mathematical mo~:1 and compared to the actual measured elastic
modulus.

2.4.1 Cement Pastes

Prismatic specinens with cement/water ratios of 2,4, 2,1, 1,8,
1,5 and 1,2 were cast. All specimens were tested in a saturated
state at 28 days. Four specimens per cement/water ratio were
cast. The selected prism dimensions were 40 x 40 x 160 mm for
the paste specimens,

Since cement pastes tend to segregate {f conventional casting
retheds are used, 1t was decided to adopt an approach similar to
vhat of Spooneré3. The technique finally adopted was to cast

the specimens in steel moulds, the moulds being finely machined
and sealed by the use oF petroleum jelly. The sealed moulds were
then rotated at 6 revolutions per minute for 15-18h before the
specimens were demoulded. Figure 2.94 shows a partially
dismantled mould and figure 2.9b shows the apparatus that was
sssembled to rotate up to six such moulds.

The Tower cement/water ratio specimens of 1,2 and 1,5 were left
in the mouids for approximate’y 38 hours to facili*ate curing.
Howeve s after numerous attempts it was decided to omit the paste
specimens of cement/water ratio 1,2 as it was found impossible to
obtain a void free specimen, even when an admixture was used to
try and disperse the cement particles and reduce flocculation.

Spoonerzs compared two specimens both of 1,9 cement/water
ratio. One prism was cast conventionally on 1ts side and the
other rotated, similar to that described above, He found *here
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