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FO REWORD 

This report describes tes t ing performed by Terra Tek, Inc .  for Systems, 

Science, and  Software, Inc., of La Jo l l a ,  California. The d a t a  will be used 

t o  predict subsidence a t  geothermal s i t e s .  This preliminary report covers 

the f i r s t  phase of Terra Tek's e f for t s  under Systems, Science a n d  Software, 

Inc., Purchase Order #S-4959, "Testing, Wairakei Cores". The work remaining 

will be s tar ted pending directions from S3,  based on the d a t a  in this report .  
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INTRODUCTION 

Terra Tek has conducted a ser ies  of t e s t s  on cores taken from the 

Wairakei geothermal s i t e  in New Zealand. The cores tested are  representa- 

t ive  of each of the four basic rock ‘types s ignif icant  t o  the functioning 

of the geothermal s i t e .  

as Wairakei Ignimbrite.’ I t  i s  the most dense o f  the four layers,  with a 

saturated density of 2.36 Mg/m3, and i s  re la t ively impermeable, thus form- 

ing a lower barrier for  the aquifer. The aquifer i s  a tuff  which i s  referred 

The underlying rock layer i s  a welded tuff  k n o w n  

t o  as the Waiora Formation.’ Permeability of t h i s  rock i s  surprisinqly low, 

less  t h a n  50 microdarcies and  i t  i s  believed t h a t  water travels primarily 

t h r o u g h  fractures in the stratum. Above the aquifer i s  an  impervious layer 

of mudstone known as Huka Falls Formation’ (saturated density 1.99 Mg/m ) .  

The surface layer i s  Pumice’ (1.88 Mg/m3, saturated) which may serve as a 

3 

thermal insulator,  b u t  i s  probably n o t  necessary t o  the functioning of the 

geothermal s i t e .  

Ultrasonic velocity measurements were made for  each rock type t o  deter- 

mine e l a s t i c  moduli under simulated in s i t u  conditions. The Ignimbrite was 

found t o  be about  fou r  times s t i f f e r  than  the Waiora Formation. Similarly, 

the Waiora Formation i s  s t i f f e r  t h a n  the Huka Formation, which i s  a b o u t  

twice as s t i f f  as the Pumice. 

Hydrostatic and  t r iax ia l  deformation t e s t s  were performed on three 

samples of the aquifer rock to  determine the e f fec t  of i n  s i t u  s t r e s s  on 

the e l a s t i c  deformation moduli. Results show the ultrasonically determined 

moduli t o  be a factor o f  two t o  four times the deformation moduli, in agree- 

ment with other published d a t a  on porous materials. 

1 



The Waiora Formation's l inear  coefficient of thermal expansion was 

found t o  be 8.2 x 

Thermal conductivity was measured on a l l  four rock types (saturated) and  

found t o  decrease i n  stratographic order. Pumice thermal conductivity was 

measured a t  1.03 Watts/m-K, while the Ignimbrite was 2.11 Watts/m-K. 

m / m / K ,  and  the dry specif ic  heat 0.17 t o  0.18 cal/g-K. 

The report t h a t  follows includes tabulation and graphical representa- 

tion of the measured properties. 

described in detai 1 .  

All t e s t  procedures and apparatuses are  

I t  should be noted t h a t  a l l  samples were received dry and have been 

o u t  of the ground for  about ten years. The effects  of such a drying and 

resaturating cycle should be considered by the reader. I n  addition, the 

Huka Falls and Pumice cores were d i f f i c u l t  t o  prepare and t e s t ,  especially 

when saturated, as they tended t o  slake. However, Terra Tek was able t o  

complete a l l  t e s t s  as described. 

Sampl e I denti f i cat i  on 

All samples are from a shipment of cores received by Terra Tek on 

August 29, 1975, shipped direct ly  from Wairakei under the direction of 

Mr. W .  B. Sti lwel l ,  a n d  Mr. E.L.D. Fooks, Ministry of Works and  Develop- 

ment, Wairakei, N.Z. 

ed for  tes t ing ,  based on decisions made d u r i n g  the meeting between Dr. 

Sabod Garg of S3, and  Terra Tek personnel in September, 1975. 

The following specific bores a n d  depths were select-  

A .  Pumice, Bore hole #34, depth 134 f t .  

B .  Huka  Falls Formation, Bore hole #37, 700 f t .  t o  720 f t .  

C .  Waiora Formation, bore hole #37, 1130 f t .  t o  1135 f t ,  hereafter 

referred t o  as "Waiora 1130 f t . "  

D .  Waiora Formation, bore hole #37, 2296 f t .  to  2618 f t . ,  hereafter 

referred t o  as "Waiora 2618 f t . "  

2 



E .  Wairakei Ignimbrite, bore hole #24,  2482 f t .  depth. 

I t  should be noted t h a t  a71 o f  the material designated above was 

exhausted during tes t ing,  and  a l ternate  depths may have t o  be selected f o r  

future t e s t s .  
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MINERAL ANALYSIS 

Mineral composition was determined by microscopic examination of stan- 

da rd  .03 mm t h i n  sections of the sample materials. This thickness i s  stan- 

d a r d  in the geological f i e ld  since the constituent minerals are  more readily 

differentiated.  The f i r s t  step i n  the analysis was the identification of 

as many mineral types a s  possible. 

was made using a microscope r e t i c l e  as a guide; 

count. 

in b o t h  cases the l igh t  was transmitted through the t h i n  sections. 

Next, a count of the major constituents 

200 points were used in the 

Both plane-polarized l igh t  and  cross-polarized l ight* were used; 

Pumice 

The pumice tes ted,  Figure 1 ,  i s  a porous, medium-grained grayish-brown 

rock showing banding o f  l igh t  and dark  minerals and/or  rock fragments. 

Compos i t i  on 

Matrix material & voids 
Rock fragments 
Feldspars 
A1 tered Mafic minerals 
Pyroxenes 
Opaques 
Quartz 
Amphi boles 

% by vol ume 

43 
24 
1 7  
6 

3 

3 

2 

2 

*In Cross-Polarized illumination, plane-polarized 1 ight passes 
through the sample then t h r o u g h  a second polarizer a t  right-angles 
t o  the f i r s t .  
"rotated" by minerals in the sample. 

Thus the only visible l igh t  i s  t h a t  which has been 

5 



Figure 1. Pumice, Bore 34, 134', standard thin section photo, 
31.25 X magnification using plane-polarized light. 

Huka Falls Formation 

The Huka Falls Formation Sample, Figure 2, is a fine-grained light gray- - 
ish-brown mudstone. No bedding or fissility is noted. The mineral analysis 

revealed fine-grained clay and si1 t. 

Composition 

Clay .005 mm or less 
Silt .05 mm to .005 mm 

% by volume 

86 
14 

Waiora Formation, 1130' 

This sample of the Waiora Formation is a whitish-green altered tuff 

with a dominant, fine-grained glassy matrix and phenocrysts of feldspar. 

The photo, Figure 3,  shows that both the matrix and feldspars have been 

extensively a1 tered. The hand specimen is chalky in appearance. 

6 



Figure 2. Huka Falls (Mudstone), Bore 37, 700', magnified 
X 125, plane-polarized light. 

Figure 3. Waiora Formation, Bore 37, 1130', magnification 
31.25 X, plane-polarized light. 
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Composition 

Matrix Material 
Feldspars 
Opaques 
Zeol i tes  

Waiora Formation. 2618' 

% by volume 

63 
35 
2 
Trace 

This sample o f  the Waiora Formation, Figure 4 i s  a light-brown altered 

t u f f  with a fine-grained matr ix  consisting of glass,  quartz, feldspar and 

large fragments of altered mafic material. The feldspar fragments have been 

a t  l eas t  par t ia l ly  altered to  a clay. 

Compos ~ _ _  i t i  on 
% by volume 

Fine-grain glassy matrix 
Voids 

82 
14 

Feldspars 

Opaques 

Quartz 2 
Trace 

Wairakei Ignimbrite 

This Ignimbrite, Figure 5 ,  i s  a grayish-green welded t u f f  with a 

fine-grained matrix of glass,  q u a r t z ,  feldspar and phenocrysts of glassy 

quar tz .  Some minor a l terat ion has occurred. 

Compos i t i  on 

Fine-grain matrix (glass dust)  
Feldspar 
Serici t e  
Quartz 
Calcite 
Fi berous zeol i tes  & chlorites 
Opaques 

-__. % h\l  volume 
50 
32 
9 

5 
2 
2 

Trace 

8 



4 3.1 mm ,1 

Figure 4. Waiora Formation, Bore 37, 2618', standard thin- 
section magnified 31.25 X, cross-polarized light. 

Figure 5. Wairakei Ignimbrite, Bore 24, 2482', standard thin-section 
photo, magnifjcation 31.25 X, plane-polarized light. 

9 



Comments on' the Lithology 

The Wairakei geothermal @ion was created by active volcanism and rock 

strata are hence highly transitional both vertically and horizontally. This 
1 is confirmed by the Drill Log for the area. 

Although a complete geotechnical analysis of the field is beyond the 

scope o f  this report, it is safe to assume that transitions between strata 

are generally abrupt. 

10 



PHYSICAL PROPERTIES 

Dry a n d  Saturated Bulk Densities 

The bulk volume of  the sample was determined by the Archimedean princinle.  

The sample was f i r s t  saturated in d i s t i l l ed  wate'r a n d  weighed in the a i r .  

Next, the sample was weighed while submerged in d i s t i l l e d  water; the d i f f e r .  

ence i n  measured weights represents the weight of water displaced. 

temperature and  pressure were measured and  the corresponding water density 

The water 

was found from a handbook. 

water density t o  yield the sample bulk volume. 

for 24 hours a t  1 0 5 O C  (ASTM standard procedure), allowed t o  cool in a des- 

iccator,  then weighed. 

volume t o  obtain the dry bulk density. 

rated sample in a i r  divided by the sample bulk volume yielded the saturated 

bulk density. Results are l i s ted  in Table 1. 

The weight difference wss then divided by the 

The sample was then dried 

This dry weight was then divided by the sample 

Similarly, the weight o f  the satu- 

Effective Porosity 

Effective porosity i s  the percentage o f  the sample volume occupied by 

The volume of connected pores was determined by dividing connected pores. 

the difference between the sample's saturated weight and  i t s  dry weight by 

the density of the d i s t i l l ed  water. 

then divided by sample volume t o  yield effect ive porosity. 

The volume o f  connected pores was 

Table 1 l i s t s  

the effect ive porosities. 

Gra i n Dens i t y  

The dried sample mentioned above was then pulverized t o  a 100 mesh' 

partic'le s ize  for  determination of grain density. The volume of the pul- 

L - 
' U.S.  S t a n d a r d  seive ser ies ,  0 .15  mm openings, I.yler equivalefit 100 mesh. 

11 



v e r i z e d  r o c k  was measured u s i n g  a Beckman Gas Pycnometer; g r a i n  d e n s i t y  

i s  t h e  we igh t  o f  t h e  sample m a t e r i a l  d i v i d e d  by t h e  measured g r a i n  volume, 

and i s  l i s t e d  i n  Table 1. 

ROCK BULK DENSITY -i- EFFECTIVE POROSITY 
TYPE SATUR TED DRY3 PERCENT BY VOLUME 

-__- Mg/m f Mg/m 

P U M I C E  1.88 1.39 48.8 f 0.5 

HUKA FALLS 1.97 1.56 40.7 I' 

HUKA FALLS* 2.01 1.62 39.0 'I 

WAIORA 1130 2.01 1.59 41.6 I' 

WAIORA 1130* 2.04 1.65 39.1 

1.69 37.9 WAIORA 1130* 2.07 

WAIORA 2618* 1.99 1.64 35.6 'I 

WAIORA 2618* 1.99 1.60 39.1 

4 

II 

-. 

I 1  

r -- - 

TABLE 1 

G R A I N  DEYSITY t 
Mg/m 

2.71 

2.70 
- 

- 

2.76 
- 
- 

2.68 
- 

2.69 
- 

_____ .- - 

Satura ted  and Dry Bu lk  D e n s i t i e s ,  E f f e c t i v e  
P o r o s i t y ,  and Gra in  D e n s i t y  

* I n d i c a t e s  d i f f e r e n t  samples f rom s m e  footage. 

t Bu lk  d e n s i t y  and Gra in  d e n s i t y  neasurements a r e  

accurate t o  w i t h i n  f .005 ?la/m3. 
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ULTRASONIC MEASUREMENTS 

The techn ique used t o  measure t h e  u l t r a s o n i c  v e l o c i t i e s  i s  t h e  "Through 

Transmiss ion System" shown i n  b l o c k  diagram fo rm i n  F i g u r e  6. 

a d a p t a t i o n  o f  t h e  techn ique i n t r o d u c e d  by  Mat tahnn i  and Schre iber* ,  and i s  

capable o f  measuring smal l  e lapsed t imes t o  a h i g h  degree o f  accuracy.  

t i m e  measurement i s  d e r i v e d  f rom t h e  f requency o f  a v e r y  s t a b l e  f requency 

7 s y n t h e s i z e r  ( s t a b i l i t y  +1 p a r t  i n  10 /month, accuracy kO.001 p e r c e n t ) .  

T h i s  i s  an 

The 

A A A A A A U  

SYNTHESIZER 

F igu re  6. Through-Transmission System 

The s i g n a l  pass ing  th rough t h e  specimen i s  viewed on an o s c i l l o s c o p e  

a1 t e r n a t e l y  w i t h  t h e  s i g n a l  f rom t h e  v a r i a b l e  f requency s y n t h e s i z e r  (com- 

p a r i s o n  wave). The l a t t e r  i s  m o d i f i e d  by a p u l s e  shaper t o  e x a c t l y  match 

t h e  wave wh ich  has passed th rough t h e  specimen. Next, t h e  p u l s e  which ex- 

c i t e s  t h e  t r a n s m i t t i n g  t ransducer  i s  viewed, and i t s  shape matched t o  t h a t  

o f  t h e  comparison wave. Once t h e  p u l s e  shapes a r e  matched, they  can be 

13 



made t o  coincide on the oscilloscope t o  a high degree of precision. 

frequency of the synthesizer i s  then adjusted for an exact number of cycles 

between the transmitted signal and the signal through the specimen. The 

transit time o f  the ultrasonic wave t h r o u g h  the material i s  obtained by 

dividing the number of cycles by the frequency. 

quired i n  order t o  operate the pulse generator a t  a repetition rate tha t  

allows a l l  of the ultrasonic wave energy t o  dissipate between pulses. 

requires t h a t  the oscilloscope be triggered from the pulse generator in 

order t o  maintain the proper display. 

The 

The binary divider i s  re- 

This 

Referring t o  Figure 7 ,  the upper traces show the init ial  transmitted 

signal matched t o  the comparison wave. The lower traces (v i a  a double- 

exposure) show the same comparison wave matched t o  the s igna l  t h a t  passed 

through the specimen. 

son wave between the initial signal and the signal through the specimen. The 

In this example there were twelve cycles o f  compari- 

Figure 7.  Oscilliscope display showing the comparison wave and the 
signal through a specimen in the lower trace and the com- 
parison wave and the initial signal in the upper trace.  

14 



f requency  s y n t h e s i z e r  s e t t i n g  was 0.3542 MHz , t h e  e l  apsed t i m e  was t h e r e f o r e  

33.879 usec. 

c a l  and a c o u s t i c  pa ths ,  i t  i s  necessary t o  de termine a t i m e  c o r r e c t i o n  u s i n g  

a r e f e r e n c e  sample. 

ob ta ined  by d i v i d i n g  t h e  p a t h  l e n g t h  by t h e  c o r r e c t e d  e lapsed t ime .  

Because o f  t h e  d i f f e r e n c e  i n  t h e  i n h e r e n t  d e l a y  i n  t h e  e l e c t r i -  

The v e l o c i t y  o f  t h e  a c o u s t i c  wave i n  t h e  specimen i s  

D e r i v a t i o n  o f  Modu l i  f rom U l t r a s o n i c  V e l o c i t y  Measurements 

The f o l l o w i n g  c l a s s i c  r e l a t i o n s h i p s  were used t o  c a l c u l a t e  modu l i  f rom 

u l t r a s o n i c  v e l o c i t y  measurements. 

V s  = Shear-wave v e l o c i t y ,  km/sec 2 1% 

V = Plane-wave v e l o c i t y ,  km/sec 5 1% 

p = Dens i ty ,  Mg/m 5 0.005 Mg/m 
P 

3 3 

A .  Young's Modulus, E 

3p vs2 ( v  - 4/3 vs2)  , GPa 
2 2 E =  

vp - vs 

B. Bu lk  Modulus, K 

C .  Shear  Modulus, G 

D. Po isson ' s  R a t i o ,  \) 

E. Const ra ined Modulus, B 

B = p V p 2  , GPa 

15 



U1 trasonic Data and Calculated Moduli 

The following are the ultrasonically determined velocit ies and calcu- 

lated e l a s t i c  moduli. 

wave, while "S-Wave" stands for the shear wave. 

in the "Physical Properties" section. 

confining pressures selected t o  simulate the range o f  in s i t u  s t r e s s .  

The designation "P-Wave" represents the longitudinal 

Sample density i s  found 

Each t e s t  was performed a t  hydrostatic 

1.5 

V 

\ 

Y 

% 
E 

1.0- >- 
o t- s 
9 

0.5 

Pumice. 134' 

- 

- 

Density: 1.36 Mg/m3, d ry  

I I I I I 

PUMICE, 134' 
DRY 

I 
h, 

0 2 4 6 8 
CONFINING PRESSURE, MPa 

Figure 8. Longitudinal and Shear-wave velocit ies vs. Con- 
fining pressure in Pumice, 134 ' .  
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1 
4 

CONFINING VELOCITIES MODULI 
PRESSURE P-WAVE S-WAVE POISSON I S  CONSTR. SHEAR BULK YOUNG'S MPa Kmlsec Km/sec RATIO GPa GPa GPa GPa 

.35 1.05 .532 .328 1.50 .385 .989 1.02 

.69 1.17 .560 .332 1.70 .427 1.13 1.14 

3.45 1.39 ,827 .225 2.62 .930 1.38 2.28 

5.52 1.51 .910 .215 3.19 1.13 1.60 2.74 
6.89 1.58 .942 .224 3.49 1.21 1.79 2.96 

J 

Huka Falls Formation, 700' 

Density: 1.605 Mg/m3, dry 

I I I I I 

CONFINING PRESSURE, MPa 

Figure 9. Longitudinal and Shear-wave velocities vs. 
confining pressure in Huka Falls Formation, 700'. 
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TABLE 3 

Huka F a l l s  Formation, 700' , V e l o c i t i e s  and Modul i  a t  S i x  C o n f i n i n g  Pressures 

2.22 

2.46 
2.59 

2.63 

2.66 

2.69 

2.71 

CONFINING 
PRESSURE 

MPa 

1.08 
1.23 

1.31 
1.34 

1.37 

1.38 

1.39 

0 
3.45 
6.89 

10.34 

13.79 

17.24 

VELOCITIES 
P-WAVE 
Km/sec 

1.64 
1.73 

1.77 
1.77 

1.80 
1.88 

S- WAVE 
Km/sec 

1.17 
1.18 
1.20 

1.19 

1.20 
1.25 

POISSON'S 
RAT I O  

--0 
.062 

.070 

.081 

. l o 4  

. l o 7  

COWSTR. 
GPa 

4.31 
4.81 
5.02 

5.92 

5.19 
5.66 

MODULI 
SHEAR 

GPa 

2.21 
2.25 
2.32 

2.29 
2.29 
2.49 

BULK 
GPa 

1.36 
1.81 

1.93 

1.97 

2.13 
2.34 

Y OUF!? ' s 
GPa 

4.30 
4.77 

4.96 

4.95 
5.05 
5.52 

The increase i n  wave velocity above about 14 MPa i s  considered to be 

due t o  pore-co l lapse;  t h i s  m a t e r i a l  i s  a mudstone and i s  s u b s t a n t i a l l y  weaker 

than t h e  o t h e r  rocks  tes ted .  

Waiora Formation, 2618' 

Dens i ty :  2.00 Mg/m3, water  s a t u r a t e d  

TABLE 4 

Waiora Formation, 2618' ,  V e l o c i t i e s  and Modul i  a t  Seven C o n f i n i n g  Pressures 

CONFINING 
PRESSURE 
MPa 

0 

3.45 

6.89 

10.34 

13.79 

17.24 

20.95 

~ 

POISSON I S  

RATIO 

.344 

.333 

.329 

.324 

.321 

.322 

.322 

CONSTR. 
GPa 

9.85 

12.1 

13.4 
13.9 

14.1 

14.5 
14.6 

MODULI 
SHEAR 

GPa 

2.34 

3.02 
3.41 

3.60 

3.73 

3.79 
3.84 

BULK YOUNG'S 
GPa GPa 
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33-- WAIORA FORMATION, 2618' 

0 4 8 12 16 18 20  

CONFINING PRESSURE, MPa 

Figure 10. Longitudinal and Shear-Wave Velocities vs .  
confining pressure i n  Waiora Formation, 2618'. 

Wairakei Ignimbrite, 2482' 

Density: 2.33 Mg/in3, water saturated 

TABLE 5 

Wairakei Ignimbrite, 2482', Velocities and Moduli a t  Six Confining Pressures 



WAlRAKEl IGNIMBITE, 2482' 
4.5 c SATURATED 

2.5 

P-WAVE 

S-WAVE 
L 

4.01 

V 
0 3.0 

I 1 1 1 I 
0 4 8 12 16 

CONFINING PRESSURE, MPa 

Figure 11. Longitudinal and shear-wave velocities vs. confining 
pressure in Wairakei Ignimbrite, 2482'. 
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PERMEABILITY MEASUREMENT 

Permeability can be measured or  estimated by any one of several d i f fe r -  

ent methods. Typical laboratory determinations o f  permeability, however, 

are  usually made u s i n g  one of the following two methods: 

1 .  The constant flow o r  steady-state method which uses a f low meter 

or positive displacement pump t o  measure or control the flow ra te  

through the sample. This method requires the flow ra te  through 

the material and the pressure d rop  across,the material t o  be a 

constant a t  the time of measurement. 

The transient method which imposes a small s tep of different ia l  

pressure i n  a known volume on one side of  sample. 

can be calculated from the time-dependent decay of t h i s  imposed 

2. 

The permeabilit;/ 

pressure step. 

Each method has advantages and disadvantages depending on the conditions 

required for the t e s t  and the permeability of  the savple i n  question. The 

constant flow method i s  well documented and  i s  widely used for  porous media 

hav ing  permeabilities greater than 100 p d .  The second method i s  more su i t -  

a b l e  f o r  low p o r o s i t y  m a t e r i a l s  s u c h  a s  t i g h t  s a n d s t o n e s  where the permea- 

b i l i t i e s  are  i n  terms of microdarcies. 

Figure 1 2  i l l u s t r a t e s  the apparatus used by Terra Tek for  making permea- 

b i l i t y  t e s t s  w i t h  the transient method. 

vessel and pore pressure i n l e t  and ou t le t  l ines  are connected to  the external 

hardware. 

loading d u r i n g  the permeability test. 

value less  t h a n  the confining pressure. 

are volumes of  f lu id  on e i ther  side o f  the sample which can be hydraulically 

connected to  al low the pore pressure t o  equalize. 

equilibrium, the volumes are disconnected by closing a valve. 

The sample i s  placed in a pressure 

The sample can be subjected to  hydrostatic pressure and/or  a x i a l  

Pore pressure can be regulated t o  any I 

As can be seen from t h i s  f igure,  there 

When the sample has reached 

Referring t n  

2 1  



INLET CONTRU. VALVES LMMYG PIsTCf4 

DIFFERENTIAL 

TEST SPECIMEN REYRvclR v o u y s  
AND ABsoulTE PRESSIIE 
TRANSDUCERS 

VALVES AM) MCK- 
PRESSURE REGUAlO3S 

PRESSURE 
VESSEL 

BASE PLUG 

Figure 12. A sketch of the test apparatus used to measure permeability. 

Figure 13, the pressure in Volume #1 is raised slightly and then applied to 

the sample suddenly. 

the absolute pressure in the reservoir vo 

monitored accurately through the use of a 

Sample length and reservoir volume can be 

completed in a convenient length of time. 

This pressure step 

1 1 1, 

s normally only a few percent of 

ume. The pressure step decay is 

differential pressure transducer. 

changed to allow the test to be 

VOLUME I at 
paa pressure 
+step pres- 

CONFINING 
PRESSURE 

VOLUME 2 o t  
pore pressure 

Figure 13. A schematic of a permeability test. 
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A brief outl ine of the theory involved in measuring permeabilities using 

the transient technique i s  given below. 

ysis  i s  presented in Reference 4. 

compressible media i s  

A detailed treatment o f  th i s  a n a l -  

The equation for  compressible flow in a 

Where 

1-1 = f lu id  viscosity 

B = f lu id  compressibility 

k = permeability 

C = a term which includes the compressibility of the rock matrix 

and 

P = pressure 

If the following assumptions are made concerning f luid flow character is t ics ,  

1 .  Darcy’s law i s  valid. 

2 .  The f luid flow is  laminar. 

3 .  The change in f luid volume in the pores in the rock,  due t o  the 

the step pressure change ,  i s  negligible compared t o  the amount 

f luid flowing through the sample during a t e s t .  

The pressure s tep i s  small compared t o  the absolute pore pressure 

so t h a t  the physical constants of the f luid (viscosi ty  and  com- 

press ib i l i ty )  can be considered constant in a l l  parts of the 

sample. 

4. 

then the solution t o  Equation ( 1 )  i s  given by: 

3 
L. J 



p =  I n i t i a l  step pressure added 

AP = (Instantaneous pressure) - (Final pressure) i . e . ,  ( P - P f )  

V1 = volume a t  top of sample 

V 2  = volume a t  bottom of sample 

a = the slope of the semi-log p l o t  o f  t h e  natural log of the 
decaying pressure versus time. 

The  permeability k i s  given from Equation ( 2 )  as: 

where 

R = the sample length 

A = the sample area 

T h u s ,  the permeability can be determined w i t h  no d i rec t  measurement 

of the flow rate.  Clearly this i s  a major advantage for  making: 

1. 

2. 

Accurate measurements on very t i gh t  samples. 

Using  the system a t  high pore pressures. 

Data,  Permeability vs. Effective Stress 

Figure 14 i s  a plot of permeability in microdarcies vs. effect ive s t r e s s ,  

i . e . ,  confining pressure minus the pore pressure. 

s tant  t h r o u g h o u t  the t e s t  while Confining pressure was increased from 15 MPa 

u p  t o  25 MPa, then decreased back t o  15 MPa. 

increased, a change in the slope of the curve was noted above 8 MPa, probably 

indicating the completion of micro-crack closures and/or pore collapse. 

the effective s t r e s s  was decreased, the sample exhibited substantially lowered 

Pore pressure was con- 

As the effect ive s t ress  was 

As 

porosity. This i s  .typical of many rocks, and permeability will usually return 

24 



to the original (unconfined) value after being left unconfined for several 

days. Repeatability o f  the permeability measurements is +5% or better. 

5 IO 15 
EFFECTIVE STRESS , MPa 

CONFINING PRESSURE LESS PORE PRESSURE 

(PORE PRESSURE IO MPa CONSTANT) 

Figure 14. Waiora Formation, 1130' ,  Permeability in 
Microdarcies v s .  Effective Stress 
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HYDROSTATIC & TRIAXIAL TESTS 

The b u l k  modulus ( K )  and shear modulus ( G )  were determ 

s t a t i c  and t r iax ia l  loading t e s t s .  Prepared samples were 5 

x 6.35 cm long; ends were ground parallel  to  w i t h i n  f 0.025 

ned with hydro- 

08cm diameter 

mm. Samples 

The were sealed i n  urethane jackets and mounted between s teel  end caps. 

lower end cap permits drainage to  a 50 cc pore f l u i d  chamber w i t h i n  the end 

cap; this insures t h a t  pore pressure w i t h i n  the sample is  zero. 

depicts the t e s t  hardware. 

a diaphragm pressure transducer and a Heise pressure gauge (bourdon tube 

Figure 15 

C o n f i n i n g  pressure ( p )  was monitored w i t h  b o t h  

mechanism), having a resolution o f  t70 kPa. 

PRESSURE 
VESSEL - 

AXIAL- 
DEFORMPTlON 

4 CANTILE- 
VERS + SlPAlN 
GAGES 

TIWEOUCER, 

SAMPLE- 

STAINLESS- 
STEEL 
NECK 

CANTILEVER. 
CONE 

LEAD TO-/ 
HEISE PRES- 
SURE CPUGE, 
DIAPHRAM 
PRESSURE 
TRANSWCER 
AND PRES- 
SURE PUMP 

1 IL -AXIAL LOADING 
RAM 

STAINLESS STEEL 
LOCKWIRE 

LATERAL 
DEFORMATION 
TRANSDUCER, 
4 CANTILEVERS 

URETHANE 
JACKET 

-5Occ FLUID 
COLLECTION 
CHAMBER 

LOAD CELL 

O-RING 
SEALS 

Figure 15. Hydrostatic and Triaxial Test Apparatus 
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The axial load (L)  was measured with a load cell  located w i t h i n  the 

pressure vessel. 

on a s teel  r i n g ,  and spaced 90' a p a r t .  

cone mounted to  the other end of the sample. 

wired such t h a t  effects  of  sample t i l t i n g ,  i f  any ex i s t s ,  will n o t  a f fec t  

the measurement. Resolution of this system is  f0.025% s t r a i n .  Transverse 

s t ra in  was measured using another strain-gauge bridge consisting of four 

cantilevers mounted t o  a free-floating r i n g .  

urethane jacket a t  the sample midpoint. Deformation of the urethane due 

to  confining pressure i s  extremely small b u t  i s  well known and has been 

taken o u t  o f  the data. Similarly, the e f fec t  o f  hydraulic pressure on the 

s t ra in  gauges used i n  the load cel l  and cant i  evers i s  removed by a cornpu- 

t e r  program d u r i n g  the data reduction process 

verse s t r a in  cantilever system i s  ? 0.02% s t r a in .  

tems were recal i b r a t e d  pr ior  to  use. 

Axial s t r a in  is  measured v i a  four cantilever arms mounted 

These cantilevers s l i de  on a 30° 

The strain-gauge bridge i s  

The cantilevers contact the 

Resolution o f  the Trans- 

Both cantilever sys- 

The f i r s t  step i n  the experimental procedure ihfas the application of 

confining pressure (3.5 MPa) w i t h  axial and  l a te ra l  s t ra ins  being recorded. 

Next, an axial load was applied w i t h  confining pressure constant. 

load was limited to  about 75 percent of the mater ia ls ' s  ultimate strength; 

t h i s  value was estimated from the shape o f  the resultant s t ress-s t ra in  p l o t .  

The axial load was then removed and the confining pressure increased to  

10.4 MPa, followed by a second axial loading and unloading. Finally, the 

confining pressure was increased to  17.2 MPa, followed by axial loading 

up t o  the yield point. 

Electrical signals representing confining pressure, la teral  strain,  axial 

s t r a in ,  and axial load  were recorded on XY plot ters .  

The axi?l 

Figure 16 i l l u s t r a t e s  the s t resses  described. 
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I I 
1’ FAILURE 

TO 75”/0 OF 
YIELD STRENGTH 

1 

35 10.4 112 
CONFINING PRESSURE, MPa 

(ai.= c3= p )  

Figure 16.  Triaxial Loading Schedule 

Bulk Modulus 

The b u l k  modulus i s  defined as 

where 

V = sample volume 

E~ = axial s t ra in  due t o  confining gre:;surc (cant i lever  & cone 
system) 

cantilevers ) 
~ 2 = ~ 3  = average la teral  s t ra in  due t o  confining pressure ( f loat ing 

A P  = Increase in confining pressure, GPa 

Poisson’s Ratio, v 
_____-_I 

The Poisson’s r a t i o  i s  derived from the ra t io  o f  average la teral  s t ra in  

t o  the axial s t ra in :  
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Young's Modulus, E 

E i s  derived direct ly  from the plot o f  different ia l  s t r e s s  vs. axial 

s t ra in ,  with the confining pressure held constant. 

measured for  each confining pressure; see Figures 18 a n d  19.  

Table 7 l i s t s  the Moduli 

WAIORA,  1130'  

Shear Modulus, G 

G i s deri ved from previously cal cul ated furicti ons : 

t 0 . 1 3  GPa 
0 t o  3.5 0.41 

E 
G=2(l+v) 

Results o f  Hydrostatic and  Triaxial t e s t s  - 

Table 6 presents the hydrostatic t e s t  resu; ts ,  Figure 1 7  i s  the plot 

of  mean s t ress  vs. volume s t ra in  f r o m  w h i c h  the b u l k  modul i  o f  T a b l e  6 were 

derived. 

T A B L E  6 

B u l k  Modulus Measurements for  Three Samples o f  Waiora Formation 
Over Three Regions of Confining Pressure 

I SAMPLE CON FI N I N G  BULK MODULUS I IDENTIFICATION 1 PRESSURE. MPa GPa 

i 3.5 t o  10.4 2.03 
10.4 t o  1 7 . 2  1 .70 

WAIORA 2 6 1 8 ' ,  if1 0 t o  3.5 0.69 
I 
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I. SAMPLE A ,  WAIORA 2618' (#3770) 
2.SAMPLE 6. WAIORA 2618' ( * 3 7 8 I )  
3 .SAMPLE C. WAIORA 1130' W 3 7 8 2 )  

YOUNG'S 
MODULUS 

GPa, 2 .18 GPa 

b" 

POISSON ' S SHEAR 
MODULUS 

GPa f 0.15 GPa 
RAT I O  
20.04 

I 

VOLUME STRAIN@, '10 
V 

WAIORA, 1130' 

F i g u r e  17. Mean Stress,  MPa, vs. Volume St ra in ,  Percent. 

3.5 
10.4 

1 17.2 

TABLE 7 

Young's Modulus, P o i s s o n ' s  Rat io ,  and Shear Modulus f o r  Three 
Samples o f  Waiora Format ion a t  Three C o n f i n i n g  Pressures 

SAMPLE CONFINING 
I DENT1 F I  CATION I PREiSS:RE 
T 

NAIORA, 2618'#1 

WAIORA, 2618'#2 I 10.4 

I 17.2 

I 
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Figure 18 shows plots of differential stress vs. axial strain ( q u a d r a n t  

I )  and vs. lateral strain (quadrant 11) for  a sample of the Waiora Forma- 

tion from the 1130-foot level. 

used. 

of the Waiora Formation. 

from the graphs shown in Figures 18 and 19. 

Three separate confining pressures were 

Figure 19 i s  a similar p l o t  for two samples from the 2618-foot level 

Table 7 is  a presentation of the moduli derived 

SAMPLE C , WAIORA I 130' W3785) 
I .  e3 3.45 MPo 
2. Q3 = 10.34 MPo 
3.Q3 -17.24MP0 I' 3 

STRAIN, % 

Figure 18. Differential Stress vs. Axial Strain and vs. 
Lateral Strain in Waiora Formation, 1130'. 
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SAMPLE A ,  WAIORA 2618' (#3770) 
4. Q3 3.45 M Pa 

---I-- 
.20 0 0.5 1.8 I 

A X I A L  

- ._-I___L - -- 
40 

TRANVEHSE 
STkAIN, % 

Figure 19. Differential Stress ? I S .  Axial Strain and  v s .  La-i.eral 
Strain in Two Satnples o f  Waiora Formation, 2618' .  

Comparison With U1 trasonic -.__- Measurements - -__- 

The four moduli for  Waiora 2618' found by deformation measurements were 

a1 so determined via u l  trasoni c velocity measurements on another sarnpl e from 

the same footage. The ultrasonic d a t a  yields s t i f f e r  modul-i t h a n  those found 

by deformation t e s t s .  While th i s  i s  atypical for  competent materials, i t  i s  

typical for porous or less  competent rocks. Discrepencies o f  t h i s  so r t  nor- 

mally show ultrasonic moduli froin t w o  t o  four times greater t h a n  those found 

by deformation t e s t s .  Terra Tek i s  presently investiqatinq .the basis o f  these 

discrepencies. 
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LINEAR COEFFICIENT OF THERMAL EXPANSION, a 

Figure 20 illustrates the equipment used to measure the coefficient o f  

1 inear expansion. 

used to monitor expansion of the sample. 

5.1 cm long, and has a thermocouple bonded to it for accurate monitoring of 

sample temperature. 

quartz rods running the length of the sample is calculated out of the data. 

The remainder of each quartz rod is enclosed in a quartz tube, and expansion 

Two linear variable differential transformers (LVDT's) are 

The sample is 2.5 cm diameter by 

The slight error introduced by expansion of the fused 

GUIDE HOLES 

LINEAR VARIABLE 
DIFFERENTIAL 

TRANSFORMERS 

*-FUSED QUARTZ TUBE 

-FUSED QUARTZ ROD 

GLASS WOOL I 

Figure 20. Measurement o f  Linear Coefficient of Thermal Expansion 
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effects are cancelled. 

after the furnace reaches the desired temperature. 

The experiment is allowed to stabilize for an hour 

Data: Linear Coefficient o f  Thermal Expansion 

Sample: Waiora 1130', dry 

1 ength: 5.1 cm 

dia: 2.5 cm 

cold temp: 22OC 

hot temp: 238OC 

AT: 2 1 6 O C  t a = 8.2 x 10 m/m/K -f- 5% 
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I SPECIFIC HEAT MEASUREMENT 

Figure 2 1  depicts the appara tus  used t o  determine the specific heat of 

a sample. 

polyurethane foam a t  l eas t  10 cm thick in a l l  directions.  

separates i n t o  upper and lower halves for  loading of the sample. 

material i s  contained in a cylindrical low-mass aluminum container having very 

An aluminum calorimeter o f  known heat capacity i s  embedded in rigid 

The calorimeter 

The sample 

f l a t  ends. 

CASCADE 
(4 x 1 

CALO?IMETER TOP ASSEMBLY 
REF. 
MASS 

POLYURETHANE FOAM INSULATION 

4 ALUMINUM 

CONTAINER 1 



Th sample (5.1 m dia.  x 5.1 cm long) h s precision-ground f l  t ends, 

Temperature r i s e  +.0025mm, t o  f a c i l i t a t e  heat t ransfer  to  the calorimeter. 

of the calorimeter i s  measured via an X4 thermocouple cascade d r i v i n g  an 

instrumentation amplifier hav ing  a g a i n  of 1000. 

easi ly  be measured w i t h  a resolution o f  k.001 K. 

meter is  accomplished by means of a buil t- in e l ec t r i c  heater. 

Thus temperature r i ses  can 

Calibration of  the calor i -  

The current, voltage and d u r a t i o n  of the heating provide the calor ic  

i n p u t  f igure and when combined w i t h  the temperature r i s e ,  provide the heat 

capacity. 

T h i s  i s  corrected for  a s  follows: F i r s t ,  the calibration heating ra te  i s  

tailored t o  be similar t o  the ra te  of transfer of heat from the sample ( f o u n d  

by a preliminary t e s t ) .  

A s l igh t  amount o f  heat w i l l ,  however, escape into the i n s u l a t i o n .  

Secondly, the temperature rise o f  the calorimeter 

i s  n o t  measured u n t i l  a f t e r  the temperature has peaked. 

i n g  i s  fixed and i s  the same for  both the calibration and the actual tes t ing.  

This effect ively compensates for  any heat loss t o  the insulation. 

The time o f  the read- 

The sample material i s  located within the aluminum sample container, and 

Temperature is  monitored v i a  a heated t o  the desired temperature i n  an oven. 

thermocouple located direct ly  on the sample container. 

i s  si tuated within a heavy iron vessel in the oven during the heating pro- 

cess. The i ron vessel i s  used to  t ransfer  the a l u m i n u m  car r ie r  and sample t o  

the calorimeter w i t h o u t  heat loss.  

w i t h i n  5 seconds or less .  

The sample container 

Calorimeter loading can be accomplished 

Calculation of Specific Heat, c 

By d e f i n i t i ~ n , ~  the average specific heat between two temperatures i s :  
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where 

Q = heat, calories (4.185 joule/cal)  
TI = i n i t i a l  temperature, K 

T2 = final temperature, K 

m = mass o f  sample, g 

The average specif ic  heat of the sample, cs, i s  therefore: 

- - Qc - - calories 
gm- K 

S 
's ms AT 

where 

Qc = heat delivered t o  calorimeter by the sample, cal .  
AT,= temperature d r o p  of sample, K 

ms = sample mass, g 

and 

Qc = 

cc = 

nTc= 
c =  a 

C c  ATc - Ca A T S  

heat capacity o f  calorimeter, cal/K 
temperature r i s e  of  calorimeter, K 

heat capacity o f  ( a l u q i i n u m )  samplte t a r r i e r ,  cal/K 

Table 8 ,  below l i s t s  the specific heat  resu'lts ofi twci  samples o f  the aquifer 

s t r a t u m ,  t h e  Waiora Fo rmat ion .  

T A B L E  8 

Specific Heat for  Waiora 1130' a n d  2618' 

-- .I---.I 
Specific Heat  T - I n i  

ciil /g-K Rock Type I_ 
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THERMAL CONDUCTIVITY 

Figure 22 i l l u s t r a t e s  the thermal conductivity measurement appara tus .  

The t e s t  requires a l l  e lectr ical  power supplied to  the sample heater t o  

escape t h r o u g h  the sample. To insure t h a t  t h i s  takes place, the sample 

heater i s  surrounded by a copper guard cup. 

heater i s  held constant by a fu l ly  proportional electronic temperature con- 

t r o l .  The sample heater i s  held t o  within t .05K of the guard cup by means 

of an X4 thermocouple cascade driving a high-gain amplifier which controls 

power t o  the sample heater. 

The temperature of the gua rd  

The space between the two heaters contains 

I 
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loosely packed g la s s  wool. 

Heat flows o u t  of the experiment t o  a water-cooled heat sink. The heat 

sink can be moved u p  and down the "thermal gradient rod" t o  regulate the 

temperature d r o p  across the sample. Water cooling and electronic control o f  

the guard-cup heater insure r a p i d  thermal s tabi l izat ion t h r o u g h o u t  the expcri- 

ment. 

I n  order t o  insure t h a t  there i s  no heat t ransfer  through the sides o f  

the sample, i t  i s  surrounded w i t h  insulation contained by the '"thermal g rad ien t  

r i n g " .  Since th i s  insulation sees an identical vertical temperature g r a d i m t  

on the edge of  the sample and on the inside surface of the "thermal gradient 

r i n g " ,  there will be no la teral  heat flow. 

Temperatures of the sample top and sample bottom are determined by thcrno-  

couples embedded in the guard-cup and i n  the sample heat sink. 

are wi thin 2 .5  mm of the constant-temperature pl anes. 

i s  acceptable because the thermal conductivity o f  copper i s  about 250 times 

that  of rock. 

optimized. 

Both  probes 

This measurement system 

In addition, heat t ransfer  into and o u t  of the sample must be 

B o t h  the sample heater and sample heat sink have been lapped and 

polished to  be f l a t  a t  the heat t ransfer  surfaces. 

sample are ground f l a t  to  w i t h i n  +_0.0025 mm, and three s ta in less  steelscrews 

The f l a t  faces of the 

apply pressure t o  the sample heater. 

Calculation of k 

p . 1  - - watts 
A - A T  meter-kel vin k = -  - 

P = power, sample heater current x voltage (watts) 
AT= top temperature - bottom temperature, K 
A = sample cross-section, square meters 
L = sample thickness, meters 
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Test Procedure, Wairakei cores (saturated) 

The Wairekei samples were vacuum saturated and then sealed in an alum- 

inum fo i l  jacket.  A thin layer of thermal compound was used on both  the in- 

side and outside surfaces o f  the fo i l  covering the t o p  and bottom o f  the sam- 

ple. Heat flow t h r o u g h  the f o i l  on the side o f  the sample was calculated and 

removed from the d a t a  ( a  correction of abou t  20%).  

fore and a f t e r  tes t ing t o  insure t h a t  the sample had n o t  leaked. 

taken when a l l  readings had stabil ized ( a b o u t  35 minutes). 

Samples were weighed be- 

Data were 

Table 9 l i s t s  the Thermal Conductivities Measured on the four basic 

ROCK 
TYPE 

Pumice 134' 
Huka 700' 
Waiora 2618' 
Ignimbrite 2482' 

rock types. All  samples were saturated. 

- 

CONDUCTIVITY 
WATT/m-K 

1 . 0 3  + lo% 
1 .28  + lo% 
1.56 210% 
2.11 *lo% 

T A B L E  9 

Thermal Conductivity for Saturated Pumice 1 3 4 ' ,  
Huka 700 ' ,  Waiora 2618' a n d  Ignimbrite 2482' 
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