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ABSTRACT 

Five granite cores (10.0, 15.0, 19.3, 24.5, and 29.4 em in diameter) 

containing natural fractures oriented normal to the core axis, were used to 

study the effect of sample size on the permeability of natural fractures. 

Each sample, taken from the same fractured plane, was subjected to three 

uniaxial compressive loading and unloading cycles with a maximum axial 

stress of 30 MPa. For each loading and unloading cycle, the flowrate 

through the fracture plane from a central borehole under constant (±2% 

of the pressure increment) injection pressures was measured at specified 

increments of effective normal stress. 

Both fracture deformation and flowrate exhibited highly nonlinear 

variation with changes in normal stress. Both fracture deformation and 

owrate hysteresis between loading and unloading cycles were observed for 

all samples, but is hysteresis decreased with successive loading cycles. 

The results of this study suggest that a sample-size effect exists. 

Fracture deformation and flowrate data indicate that crushing of the 

fracture plane asperities occurs in the smaller samples because of a 

poorer initial distribution of contact points than in the larger samples, 

which deform more elastically. Steady-state flow tests also suggest a 

decrease in minimum fracture permeability at maximum normal stress with 

increasing sample size for four of the five samples. Regression analyses of 

the flowrate and fracture closure data suggest that deformable natural 

fractures deviate from the cubic relationship between fracture aperture and 
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flowrate and that this is ially true for low flowrates and small 

apertures, when the fracture sides are in intimate 

normal stress conditions, 

act under high 

In order to confirm the trends suggested in this study, it is necessary 

to quantify the scale and variation of fracture plane roughness and to 

determine, from additional laboratory studies, the degree of variation in 

the stress-permeability relationship between samples of the same size as 

well as between samples of different sizes. 



1. INTRODUCTION 

1.1 The Problem: Stress-Permeability Relationships and Sample Size 

The flow of fluids in rock masses is important in many geotechnical 

and engineering geology problems. Rock slope design, mine drainage, and 

the effective exploration and development of oil, gas, groundwater, and 

geothermal resources must consider the hydraulic properties of rock masses. 

When a rock mass is fractured, the hydraulic properties of the fractures, 

as well as the intact rock blocks, must be investigated. In certain 

applications, such as the underground storage of radioactive waste, inter

connected fractures form the dominant flow path, and detailed information 

on the ability of the fractures to conduct water and contaminants is 

essential. 

The ability of a fractured medium to transport water and contaminants 

is controlled in part by the geometry of the fracture system and in part by 

the magnitude and orientation of the in-situ stress field (Gale, 1980a). 

The exi ing stress field can be changed by underground excavations, 

dewatering activities, and natural geological processes. These perturba

tions, depending on the initial state of stress, can significantly change 

the normal and shear stress acting across a fracture plane. Thus, it 

is important that we understand fully how fracture permeability varies as 

a function of s. 

Laboratory studies with both induced fractures (Gale, 1975; Iwai, 

1976) and natural ones (Gale, 1980b), as well as a field study with natural 

fractures (Pratt et al., 1977) have shown that a rapid decrease in fracture 

permeability occurs with increase in normal stress. The fractures tested 



varied in cross section from 0.02 m2 to over 1.0 m2. For our purposes, 

however, the most important finding of these studies was that, at the 

maximum normal stress applied, the minimum hydraulic conductivity of the 

fractures increased with increasing sample size, suggesting a sample-size 

effect (Witherspoon et al., 1979a). 

Normal-stress fracture-permeability tests are usually conducted on 

core samples less than 0.15 m in diameter. If sample-size effects 

exist, current laboratory tests may be yielding stress-permeability rela

tionships not representative of the in-situ acture properties. Since 

the data summarized by Witherspoon et al. (1979a) were drawn from both 

natural and induced fractures in different crystalline rocks subject to 

different flow and boundary conditions, not all of them completely defined, 

the problem of a sample-size effect on the stress-permeability relationships 

of natural fractures remains to be isolated and resolved. 

As part of a research program that investigated the effect of stress on 

fracture permeability in crystalline rocks, we report here on the results 

of a laboratory study to evaluate the effect of sample size on the normal

stress/permeability relationship of natural fractures. The report describes 

the test procedures, the experimental results~ and our preliminary conclusions. 

1.2 Previous Work 

Published resul on the effect of normal stress on the permeability of 

different sized natural and induced fractures are rare. Summaries of the few 

tests that have been undertaken are worth giving here. 
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Several investigators have reported on the variation of fracture 

permeability with normal stress from the results of both field and lab

oratory studies. Gale (1975; 1980b) and Iwai (1976) demonstrated that 

natural and induced fractures in granite are highly deformable and that 

changes in effective normal stress can produce changes in the effective low 

aperture or opening of fractures. Since fracture flux is a function of 

aperture cubed (Witherspoon et al., 1979b), small changes in fracture aper

ture will produce major changes in fracture flowrate. 

Gale (1975) studied the effect of both fluid pressures and normal axial 

stress on fracture deformation, permeability, and pressure distribution, 

using induced fractures (wire sawed, sandblasted wire sawed, and tension) 

in a 0.95-m-diameter granite core. Radial divergent and radial convergent 

f"low tests were conducted at normal stresses of 10 to 20 MPa. Fracture 

flux and fracture closure exhibited highly nonlinear behavior. Additional 

data from tests conducted on the same granite core are reported by Witherspoon 

et al. (1977). 

Iwai (1976) investigated the effect of cyclic loading on the permeability 

of tension fractures in granite, marble, and basalt cores 0.15 min diameter. 

Decreases in the initial and final fracture flowrates were observed with suc

cessive loading and unloading cycles. Hysteresis was also observed between 

loading and unloading. 

In-situ field tests of the permeability of a natural fracture exposed 

at the surface in granite as a function of confining stress have been 

reported by Pratt et al. (1977). The permeability tests used two vertical 

boreholes drilled about 1m apart along a vertical weathered fracture. 
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Stress across the fracture was controlled by flatjacks inserted in deep 

vertical slots cut parallel to the fracture on either side. The fracture 

probably extended beyond the depth of the flatjacks so that the flow field 

and boundary conditions of the tests were not well defined. 

Several investigators have proposed empirical equations to describe the 

variation of fracture permeability as a function of normal stress. Jones 

(1975) tested artificial and natural fractures in small-diameter core 

samples subject to hydrostatic confining pressures up to 138 MPa. On the 

basis of his experimental results, he proposed an exponential relationship 

for the fracture permeability of carbonate rocks: 

(1) 

where K0 is a constant and Ph is the effective healing pressure at 

which K = 0. This 11 effective healing pressure 11 is an extrapolated intercept, 

as Jones was unable to completely close the fractures tested. 

Witherspoon et al. (1977) and Kranz et al. (1979) suggested a power-law 

relationship for fracture permeability of the form: 

( 2) 

where Kf is the fracture hydraulic conductivity, cr is the effective normal 

stress, and 8 and a are empirically derived constants. Kranz et al. tested 

artificial fractures in small-diameter (3.5 em) granite cores subjected to 

confining pressures up to 200 MPa. Split cylinders joined by surfaces of 



controlled roughness, determined by surface grinding with different-sized 

cutting grits, and induced tension fractures were exMnined. 

Nelson and Handin (1977) proposed a similar relationship for the fracture 

permeability of saw-cut fractures in small cores (3.7 em diameter) of 

sandstone subject to maximum confining pressures of 69 MPa. Fracture 

permeability curves were fitted by regression analysis to a nonlinear power 

law of the form: 

K = A + (3) 

where K is the fracture permeability; cr is the effective normal stress; and A, 

S, and a are empirically determined constants. 

Gangi (1978) proposed a phenomenological model to account for the 

vari ion with pressure of fracture permeability. In his "bed of nai1s 11 

model, a distribution of rods represented the asperities on the fracture 

face. With power-law distribution functions for the asperity heights, the 

functional dependence of fractured permeability was shown to be: 

(4) 

where K0 is the zero pressure permeability, P1 is the effective modulus of 

the asperities, and m is a constant (0 < m < 1) that characterizes the distri-

bution function of the asperities. Gangi's model was one of the first attempts 

to consider the physical mechanisms involved in fracture-permeability/stress 

phenomena. In his model, the composition and distribution of asperities on 
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the fracture plane determine the stress-permeability response of the fracture 

plane. 

Kranz et al. (1979) have also shown that the stress-permeability relation

ship of artificial fractures is a function of the roughness of the fracture 

walls. In their study, the empirical constant a in Eq. (2) decreased with 

increasing surface roughness. 

Iwai (1976) showed both numerically and experimentally that fracture 

permeability is a function of contact area. Increased contact area decreases 

the number of available flow paths and increases flow-path tortuosity, 

resulting in lower fracture permeability. Iwai found that, at low normal 

stress (0.26 MPa), the real area of contact of a tension fracture in a 

granite was less than 0.1% of the apparent total area and increased from 10 

to 20% at 20 MPa normal stress. Iwai also suggested a linear variation in 

contact area with normal load. 

Gale (1980b) has recently noted a difference in the stress-permeability 

relationships of induced tension fractures and natural fractures in granitic 

gneiss. Gale subjected cores of 0.15 m in diameter to cyclic loading and un

loading. Lower minimum fracture permeabilities were observed with induced 

tension fractures than with natural fractures at the maximum normal stress 

applied in the tests. Larger net changes of fracture permeability with normal 

stress were also observed with the tension fractures. 

Although several authors have investigated the stress-permeability 

relationship of actures in small-diameter rock cores, there has been very 



little effort to extend this work to flow in naturally fractured media. 

Witherspoon et al. (1979a), on the basis of data from Gale (1975), 

Witherspoon et al. {1977), Iwai (1976), and Pratt et al. (1977)--sum

marized in Fig. 1.1--have suggested that a scale effect exists for the 

stress-permeability relationships of fractures in grani An increase in 

the minimum fracture hydraulic conductivity at maximum applied normal 

stress was noted with increasing sample size. However, as previously 

noted, the data summarized by Witherspoon et al. (1979a) were for both 

natural and induced fractures in different crystalline rocks subject to 

different flow and boundary conditions. The same authors have also pro

posed the conceptual model shown in Fig. 1.2 to account for the suggested 

influence of scale. With increasing sample size, the contact area expressed 

as a percent of the total fracture area reaches some average value for a 

given fracture. A sample in region B would possess the number and distri

bution of contact points (and thus the normal stress-permeability relation

ship) characteristic of the fracture plane in situ. Below the optimum 

sample size, in region A, there can be a variation in the percent contact 

area as well as its distribution over the fracture surface being tested. 

Witherspoon et al. propose a systematic increase in fracture permeability 

with increasing sample size. 

A similar conceptual model developed by Hubbert (1956) and later by 

Bear (1972) for determining the properties of a porous medium may also be 

applicable to the sample-size problem in fracture permeability studies. 

The model (Fig. 1.3) is based on the concept of a representative elementary 

volume (REV). The REV is the size (u) or volume of a medium that must be 
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Fig. 1.1. Variation of hydraulic conductivity with normal stress across 
fracture in three rock specimens (after Witherspoon et al. 
1979a). 
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sampled in order to determine some representative property (n) of the medium. 

The REV is necessary because the macroscopically observed property (n) is a 

result of submacroscopic or microscopic processes. The characteristics of 

the stress-permeability relationship are a function surface roughness and 

contact area. Samples from the same fracture plane with an area less than u0 

in Fig. 1.3 are subject to extensive variability in permeability (Kn), 

reflecting the distribution of contact points in the fracture plane. 

Similarly, in Bear 1 S conceptual model, damped oscillating fracture 

permeability would be expected with increasing sample size for a sample 

fracture area less than but approaching u0 • 
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Fig. 1.3. The 11 representative elementary volume 11 concept 
(after Hubbert, 1956). 
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2. SAMPLE COLLECTION, PREPARATION, AND TESTING PROCEDURES 

Five cores were obtained from the Cold Spring Granite Company's "Charcoal 

Gray11 granite quarry near St. Cloud, Minnesota (Fig. 2.1). Each core 

contained a sinqle fracture normal to the core axis, with minor bifurcations 

(see maps, Appendix A.3). The trade name "Charcoal Gray" describes a gray 

augite hornblende granodiori referred to by Morey (1978) as Reformatory 

granite. Reformatory granite is medium-grained, massive, and composed 

predominantly of sadie plagioclase (Table 2.1). 

The five cores (10.0, 15.0, 19.3, 24.5, and 29.4 em in diameter) 

were collected from the same fracture plane. These core samples, approxi

mately 70 em long, with natural fractures halfway down the core length, 

were collected using a rock-bolting, overcoring technique [Appendix A.l]. 

This technique consisted of drilling a center borehole and inserting a rock 

bolt to lock the two sides of the fracture together by exerting a compres

sive normal stress across the fracture plane. 

The samples were prepared and instrumented [Appendix A.2] for testing 

in a uniaxial testing machine. End parallelism and length-to-diameter 

ratios of 2.1 to 1 were maintained for each sample. The dimensions of the 

samples are given in Table 2.2. Before ing, each sample was opened 

slightly to ensure th the flow path was continuous. 

Figure 2.2 is a schematic of an instrumented sample placed within 

the loading frame and ready for testinq. A 1.57-MN-capacity, closed-loop 

servo-controlled testing machine applied the axial loads. The applied 

load was measured with a 1.57-MN-capacity load cell built into the upper 
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Table 2.1. Average nodal composition of Reformatory 
granite~ St. Cloud, Minnesota (after Morey~ 1978). 

Mineral Average Volume % 

Sodic plagioclase 20-40 

K-fe 1 dspar 25-45 

Quartz 17-30 

Hornblende 1-10 

Biotite 1-8 

Augite 1-4 

Table 2. 2 Dimensions of samples tested. 

Area of 
Sample No. Diameter Height Height/Diameter Fracture Plane 

(em) (em) Ratio (cm2) 

1 10.0 21.7 2.17 76.7 

2 15.0 31.6 2.11 174.4 

3 19.3 41.6 2.15 290.7 

4 24.5 52.4 2.14 463.0 

5 29.4 63.0 2.14 671.6 



Fig. 2.2. 

LOADING' PISTON 

UPPER 
ROCK 

SAMPLE 

LOWER 
ROCK 

SAMPLE 

XBL 846-2217 

Schematic of instrumented sample placed within loading frame and 
ready for testing. 
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loading platen. The sample was placed in a plexiglass water tank with 

the water level above the fracture plane. Fracture and rock deformation 

across the plane were measured using three linear variable differential 

transformers (LVDTs) spaced 120° apart on the circumference of the fracture. 

The LVDTs are capable of recording deformations of less than 1 micrometer. 

Rock deformation and strains were measured with an LVDT and strain gauges 

affixed to the upper block of the fractured sample. One vertical string of 

strain gauges was applied to the outside of each sample to investigate the 

vertical stress distribution between the top of the sample and the fracture 

plane. 

Figure 2.3 is a schematic of the laboratory test configuration. 

The testing equipment consisted of: (1) equipment to monitor fluid pressure 

and flow; (2) the sample and loading frame setup; and (3) the data acquisi

tion system. Figure 2.3 also shows the arrangement of filters, LVDTs, 

pressure transducers, thermocouples, and valves. Details of the laboratory 

testing equipment and procedures are given in Appendix A.2. 

Each sample was subjected to three cycles of incremental loading and 

unloading. The applied normal compressive stress levels ranged from 0.2 

MPa to 30 MPa. The load capacity the testing frame restricted the 

maximum normal stress for sample 5 to 23.6 MPa. At each stress level, 

steady-state radial flow tests from a central borehole were conducted. 

During each flow test, a permanent record of loads, water injection pressure, 

flowrate, displacement, and water temperature were recorded on punched paper 

tape and teletype printer. Strain-gauge readings were recorded manually. 
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Fig. 2.3. Schematic of laboratory test configuration. 
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A testing sequence at any given load increment was completed when 

steady readings of flowrate, fluid pressure, and applied load and displace

ment were achieved, A stable condition was assumed to exist if the load did 

not vary by more that t0.2 kN and the fracture displacements by more than a 

micrometer. Stable flow rates were assumed to exist if they did not change 

by more than 5% over three consecutive readings (3 to 5 minutes apart) for 

changes in injection pressure of less than 5% for the same three readings. 

One full testing cycle (loading and unloading) required 8 to 16 hours to 

complete. Each sample was allowed to stabilize for a period of 8 to 12 

hours between testing cycles until fracture displacements did not change by 

more than 1 micrometer over any three consecutive 5-minute readings. 
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3. EXPERIMENTAL RESULTS 

3.1 Rock and Fracture Deformation Versus Normal Stress 

Figures 3.1 and 3.2 show the relative fracture and rock deformation 

for the smallest and largest samples (nos. 1 and 5) for each of the three 

loading and unloading cycles. Fracture deformation was measured by three 

LVDTs mounted on anchor posts across the fracture plane; these posts were 

about 6.5 em apart. Rock deformation was measured by an LVDT similarly 

mounted on posts about the same distance apart (See Fig. 2.2). Deformation 

and strain from the rock LVDT were used to subtract rock deformation from 

the measurements made by the fracture LVDTs. After this adjustment, the 

three measures of fracture deformation or closure were averaged. These 

averages are the fracture closures shown in Figs. 3.1 and 3.2. Similar 

plots for samples 2, 3, and 4 are given in Appendix B.2. 

Two measures of vertical stress were used. One was based on the 

strain-gauge measurements taken at each stress increment during loading 

and unloading, From these measured vertical strains, vertical stress 

(o(m)) was computed by assuming linear elastic rock behavior and by using 

an average measurement of Young 1 s modulus obtained from laboratory tests 

conducted by the Cold Spring Granite Co. (Appendix 8.1). In the second 

approach, vertical stress {cr(c)) was calculated by assuming a uniform 

distribution of the applied axial load over the area of the fracture plane. 

A comparison of these two measurements may indicate the degree to which the 

rlistribution of load over the plane was actually nonuniform. 
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Fig. 3.1. Fracture and rock displacement as a function of normal stress; 
sample 1. cycles 1, 2, and 3. Each symbol represents an increment 
of stress. Rock displacement is given for cycle 1 only. 
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Figure 3.3 shows a comparison of the measured (cr(m)) and calculated 

(a(c)) vertical stress distribution above the fracture plane for all 

five samples during cycle 3 loading at a calculated vertical stress level 

of approximately 25 MPa. Measured and calculated stresses are compared as 

a ratio or stress concentration factor (a(m)lcr(c)) versus dimensionless 

distance (ON) from the fracture plane (DN = 0) to the top of the sample 

(DN = 1.0). These stress concentration profiles are similar at lower 

stresses to the results for the earlier loading and unloading cycles; this 

indicates that the distribution of load over the fracture plane did not 

substantially change during or between cycles. 

Strain-gauge measurements were also compared with strains calculated 

from the rock LVDTs. In the smallest sample (no. 1), the LVDT and gauge

measured strains were similar. As sample size increased, however, the LVDT 

measurements declined relative to those of the strain gauges, to the point 

that, in the largest sample, the LVDT strains were an order of magnitude 

less than those of the gauges. As strain~gauge measurements for all samples 

are similar and close to those predicted from assumptions of linear elastic 

behavior, the rock LVDT measurements are probably in error~ possibly because 

of temperature effects. 

The rock LVDT measurements represent only 5% to 10% of the average 

fracture deformation of sample 1, decreasing to less than 1% of the average 

deformation for sample 5. Since initial fracture deformation is highly 

nonlinear~ with most of the fracture closure occurring at normal stresses 

below 5 MPa, the probable error in LVDT-determined rock strains does 

not invalidate the fracture deformation measurements. 
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Vertical stress concentration profiles 
above fracture plane at applied normal 
stress of 25 MPa for all five samples. 



The average fracture closure at maximum normal stress for each sample 

and loading cycle is summari in Table 3.1. 

3.2 Fracture Flowrate and aulic Conductivi Versus Normal 

Semi-log plots of flowrate per unit head versus normal stress for 

each loading and unloading cycle for sarnples 1 and 5 are shown in Figs. 3.4 

and 3.5. The flowrate per unit ad for all samples is given in Table 3.2. 

Maximum flow at minimum normal stress and minimum flow at maximum normal 

stress are tabulated for each cycle and sample. Plots for samples 2, 3, and 

4 are provided in Appendix C. 

We used the parallel plate model for radial flow in a single fracture 

(Witherspoon et al. 1979b) to convert the data for flowrate per unit head 

to fracture hydraulic conductivities. Log-log plots of these conductivities 

versus normal stress are shown in Figs. 3.6 and 3.7 for samples 1 and 5 and 

for the other samples in Appendix C. 

In general, fracture flowrate and hydraulic conductivity showed a 

nonlinear but smooth relationship with changes in normal stress. However, 

abrupt, nonstress-related changes in flowrate were observed during testing 

of sample 4, cycle 2, and sample 5, cycle 1. These are thought to be 

caused by clogging and clearing of the radial flow path within the fracture 

plane close to the central injection borehole, Redistribution of rock 

fragments crushed during initial loading cycles may alter the available flow 

aperture and effective diameter of the injection borehole, 



Table 3. 1. Aver age fracture c 1 osure at maximum normal stress 
(2bavg,, em x 1o-2), 

Sample 

Cycle 1 2 3 4 5 

1 2.206 3.316 1.997 2.254 1.775 

2 0.620 1.021 1.393 1.837 1.262 

3 0.317 0.858 1.313 1.792 1.260 
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Fig. 3.4. Fracture flowrate per unit head as 
a function of normal stress, sample 
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Fig, 3.5. Fracture flowrate per unit head 
as a function of normal stress, 
sample 5: (a) cycle 1. 
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Table 3.2. Summary of owrate per unit head, Q/6H, (cc/sec)/cm x 104. 

Sample 

le 1 2 3 4 5 

max 1148.00 2483.00 568.90 1243.00 5.85 
1 

min 4.85 7.20 2.98 4.86 0.24 

max 43.56 38.04 21.60 39.20 6.15 
2 

min 1.88 2.05 0.16 1.37 0.11 

max 7.70 5.73 4.55 52. 5.40 
3 

min 0.75 0.99 0.05 1.97 0.06 
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Fig. 3.6. Fracture hydraulic conductivity as a 
function of normal stress, sample 1, 
loading cycles 1, 2, and 3. 
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3.3 Regression Analyses 

To quantitatively evaluate the effect of sample size on the normal

stress/permeability relationship of the natural fractures tested, the 

fracture hydraulic conductivity and normal stress data were fitted to 

both linear and nonlinear power laws based on the models proposed by 

Witherspoon et al. (1977) and Handin (1977). 

Fracture hydraulic conductivity (Kf) and total normal stress (cr) were 

fitted to the linear power law: 

(5) 

where S = the value of Kf at a= 1.0 MPa and a= slope on a log Kf versus 

log a diagram. 

As indicated above, Eq, (5) may be linearized by log transformations, 

yielding: 

log Kf = log a·- a log a (6) 

In this form, a linear least-squares regression analysis may be carried out 

to determine the slope a, intercept 69 and correlation coefficient r, The 

resulting parameters are listed in Table 3.3. 

Fracture hydraulic conductivity and total normal stress data were also 

fitted to a nonlinear power law of the form: 

-a Kf = A + So (7) 
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Tab 1e 3.3 Constants a and a derived from regression an a lyses for the 
empirical relation Kf ~ ecr-a, 

Sample 

Cycle 1 2 3 4 

s 1.15 X 100 1.46 X wo 5.70 X w-1 8.56 X w-1 

1 a 0.755 0. 783 0.732 0. 

r 0.970 0.994 0.989 0.997 

8 1.75 X w-1 1.62 X w-1 6.39 X w-2 8.75 x w-2 

2 a 0.440 0.425 0.612 0.446 

r 0.967 0.987 0.998 0.959 

8 5.62 X w-2 s.57 x w-2 1.68 X w-2 1.37 x w-1 

3 a 0.305 0.235 0.600 0.441 

r 0.996 0.983 0.960 0.997 

Note: r =correlation coefficient, 8 ~ Kf at 1.0 MPa in em/sec, 
a= slope in decades/decade, 

5 

1.49 x w-2 

0.166 

0.984 

2.29 X w-2 
0.522 

0.989 

2.04 X w-2 
0.636 

0.984 
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where A, S, and a are regression-derived constants. A nonlinear least

squares regression analysis was used to estimate the parameters A, S, and a. 

Measures of the goodness of fit are indicated by the residual sum of the 

squares (Rss). The parameters A, e, a, and Rss for each cycle of each 

sample are listed in Table 3.4. In general, the fit of the nonlinear model 

improves with successive loading cycles and increasing sample size. 

As an additional evaluation of the influence of sample size, the 

fracture deformation and flowrate data were analyzed to determine the 

validity of the cubic law for flow in deformable natural fractures. The 

cubic law is the relation between flowrate and aperture derived from solu-

tion of the Navier-Stokes equation for laminar flow between two parallel 

plates which are not in contact. As the walls of natural fractures are in 

contact, deviation from the cubic law may reflect the contribution of 

contact area to the change in fracture flowrate with changing normal 

stress. 

In a simplified form, the cubic law may be written as: 

Q/H "" C(2b)3 (8) 

where Q/H = flowrate per unit head through fracture, 

2b = effective fracture aperture, 

C = constant, which in the case of radial flow is given by 

(9) 
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Table 3.4, Constants A, a, S, and Rss (residual sum of squares) derived 
from regression analyses for the empirical relation 
Kf = A + so-a. 

Sample 

Cycle 1 2 3 4 5 

A -1.263 -0.115 -0.125 =0.9599 0.0067 

1 8 2.493 1.632 0.773 0.927 0.0079 

a 0.213 0.663 0.565 0.618 0.363 

Rss 0.258 0.409 0.217 0.041 0.0000028 

A -0.112 -0.043 0.0065 0.0089 0.0038 

2 s 0.295 0.214 0.0544 0.080 0.0183 

a 0.147 0.254 0.746 0.614 0.778 

Rss 0.0082 0.0053 0.00012 0.00078 0.0000023 

A -0.012 -0.0052 0.0073 0.0122 0.0014 

3 B 0.070 0.0619 
' 

0.0098 0.124 0.0191 

a 0.177 0.160 0.510 0.534 0.811 

Rss 0.00048 0.00028 0.0020 0.00017 0.0000097 

Note: Rss = residual sum of the squares, A, S in em/sec, a "' slope in 
decades/ decade. 
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The effective fracture aperture is not measured directly during the 

laboratory tests; only fracture closure measurements are recorded. To 

estimate the effective fracture aperture and thus check the validity of 

the cubic law, we follow the procedure suggested by Witherspoon et al. 

(1979b). First, we note that the effective flow aperture, 2b, has two 

components -an unknown residual aperture that exists at very high applied 

normal stress (2bres) and a measured value determined from LVDT closure 

measurements (2bm): 

2b ~ 2bres + 2bm (10) 

The measured fracture aperture term (2bm) is simply the difference 

between the maximum fracture closure {2bMax) and the average LVDT fracture 

closure (2bcl). 

2bm = 2bMax - 2bcl (11) 

With the exponent in Eq. (8) unknown, we may write: 

(12) 

With fracture flowrate and LVDT fracture closure data, separate 

regression analyses were carried out for the loading and unloading parts 

of each test cycle for all samples to determine the values of the unknown 

parameters that would best fit the data. Two models were run for all the 

data. These models were: 

(1) a log transformation of the nonlinear model with both residual 

aperture (2bres) and exponent n treated as unknown; 
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(2) a log ansformation of the nonlinear model with residual aperture 

(2bres) treated as known by assuming the cubic law is valid at 

maximum applied normal stress, and with exponent n as unknown. 

In both models, a nonlinear least-squares regression routine was used 

to estimate the parameters. Log transformations were selected to reduce 

potential weighting problems with the residual as the flowrate per unit head 

d a ranged over several orders of magnitude. With log transformations, 

Eq. 12 may be rewritten: 

log (Q/H) ~ log C + n log (2bres + 2bm) (13) 

The best-fit parameters n and 2bres as well as the residual sum of the 

squares for the above model are shown in Table 3.5. The calculated residual 

aperture (2bcal) that assumes the validity of the cubic law at maximum 

normal stress is also shown. The calculated residual aperture is not close 

to the regression-derived residual aperture for all data sets. In all cases, 

the exponent n is greater than 3.0, generally increasing with successive 

loading cycles and increasing sample size. 

The exponent n was also determined by assuming that the cubic law is 

valid at maximum normal stress. The results of these model fits are evident 

in Table 3.6. Similar trends in exponent n and residual sum of the squares 

(Rss) are observed with this model. In all cases, assuming that the cubic 

law is valid at maximum applied normal stress (or at any one stress state) 

decreases the exponent n but also increases the residual (Rss). 
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Table 3.5. Nonlinear least-squares regression- log transformation~ 
log(Q/H) = loge + nlog (2bres + 2bm). 

Sample 

Cycle 1 2 3 4 5 

n 3.37 3.43 3.75 3.57 4.82 

2bres a 41.1 48.0 66,6 56.8 85,4 
1 

2bcal 
a 26.0 31.7 24.5 26.9 10,3 

Rss 0,74 6.11 1.59 1.29 9.54 

n 3.40 3.83 4.12 4,29 4.69 

2bres a 41.1 70.6 50.4 95.4 92.5 
2 

2bcal a 18.9 20.8 9.3 17.7 7.9 

Rss 0.56 1.98 2.47 3.56 1.08 

n 3.52 3.86 4.48 3.95 4.56 

2bres a 38.4 45.6 61.9 79.9 70.2 
3 

2bca l 
a 13.8 16.4 6.4 20.0 6.7 

Rss 0.079 3.43 2.24 0.28 1.58 

a In micrometers. 
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Table 3.6. Nonlinear least-squares regression (with 2bres fixed); 
log(Q/H) = logC + nlog (2bres + 2bm). 

Sample 

Cycle 1 2 3 4 5 

n 3.23 3.28 3.36 3.30 3.85 

1 2bres 
a 26.0 31.7 24.5 26.9 10.3 

Rss L21 6.66 4.45 2.80 34.7 

n 3.10 3.30 3.56 3.53 3.74 

2 2bres 
a 18.9 20.8 9.3 17.7 7.9 

Rss L71 4.90 10.62 10.6 17.6 

n 3.11 3.37 3.68 3.37 3.75 

3 2bres a 13.8 16.4 6.4 20.0 6.7 

Rss L63 7.61 17.7 3.98 18.2 

a In micrometers. 



4, DISCUSSION 

It has been suggested (Iwai, 1976; Witherspoon et al, 9 1979a) that 

number and distribution of contact points within a fracture plane determine 

the stress/fracture-deformation relationship and thus the stress/fracture

permeability rel ionship. The number and distribution of contact points 

within a fracture plane are determined by the surface roughness or asperity 

of the fracture walls. Asperities in contact affect permeability by increas

ing flow tortuosity and restricting fracture closure. A conceptual model 

based on the number and distribution of contact points within a fracture 

plane provides a useful point of reference for the interpretation of stress

deformation and stress-permeability relationships. Such a conceptual model 

is adopted in this paper to interpret the observed effects of both cyclic 

loading and sample size. 

The most notable feature of both the fracture deformation and fracture 

flowrate curves during loading and unloading is the highly nonlinear behavior 

with pronounced hysteresis. Trends in nonlinearity and hysteresis with 

both sets of data for successive loading cycles and varying sample size are 

similar. This reflects the close relationship between fracture deformation 

and fracture flowrate. Nonlinear behavior is compatible with the mechanics 

of fracture deformation. As stress is applied to the fracture plane, the 

fracture closes, rapidly increasing the number of contact points; this 

increase redistributes load, increases flow tortuosity, and decreases the 

closure rate. Hysteresis (the difference between loading and unloading 

paths) for both fracture deformation and fracture flowrate may be the result 

of improved seating of the fracture due to crushing of contact points or 

fracture asperities during loading. 
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Permanent fracture deformation and both deformation and flowrate 

hysteresis were observed in each test cycle for all samples. The permanent 

deformation and hysteresis also decreased with successive loading cycles 

(see Figs. 3.1, 3.2, 3.4, and 3.5). An approximate measure of the permanent 

fracture deformation imparted with successive loading cycles for each sample 

is evident in the change in average fracture closure at maximum normal 

stress (Table 3.1). The change in average fracture closure is greater 

between the first and second cycles than between the second and third 

cycles, indicating that most of the irrecoverable fracture deformation 

occurred during the first loading cycle. A larger number of contact points 

and a more even distribution of them in the fracture plane probably occurs 

with successive loading cycles. As the number of contact points increases, 

and as their distribution becomes more uniform, both permanent fracture 

deformation and deformation and flowrate hysteresis decrease. 

The amount of permanent fracture deformation and hysteresis that 

occurs is probably linked to the initial (unloaded) distribution of asperity 

heights within the fracture plane. Fractures with only a few tall asperities 

unevenly distributed over the plane would exhibit pronounced hysteresis and 

major changes in flowrate and deformation as the load-carrying asperities 

permanently deform under increasing normal stress. With successive test 

cycles, the mean height of the asperities would be reduced. As this process 

continues, the fracture becomes stiffer at a lower normal stress. This 

should produce a higher rate of fracture closure during the initial stages 

of loading~ and only limited additional fracture closure and flowrate 

reduction under higher normal stress. Samples 1 and 2, the smallest fracture 
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samples, appear to behave in this manner. Both exhibit the most dramatic 

decrease in average fracture closure at maximum applied normal stress with 

successive loading cycles. This suggests that significant changes in the 

mean asperity height and surface roughness of the fracture plane occur with 

successive loading cycles, 

Fractures with a greater number of asperities and a more uniform 

distribution of their heights should show less permanent fracture deforma

tion and less pronounced deformation and flowrate hysteresis. With a 

greater number and more uniform distribution of contact points~ the load 

per contact is lower~ and thus so are the contact-point stresses. Under 

these circumstances, asperities are more likely to deform elastically, 

resulting in less fracture wall damage and greater uniformity of stress and 

deformation over the sample area, This would be expected to result in less 

change in the stress-permeability relationships with repeated loading 

cycles. Sample 5, the largest, demonstrates deformation and flowrate 

behavior similar to this model. Changes in average fracture closure at 

maximum normal stress with successive test cycles are significantly less for 

sample 5 than for samples 1 and 2, As is evident in Fig. 3,5, flowrate 

hysteresis is also significantly reduced over repeated loading and unloading 

cycles, 

Thus the smallest sample comes closest to the predictions of one 

model, while the largest comes closest to the other, The remaining samples 

fall somewhere in between, Sample 3 exhibited permanent deformation and 

hysteresis behavior that was intermediate but closer to the sample 5 model, 

Sample 4 also exhibited intermediate behavior (closer in this case 
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to samples 1 and 2), but its fracture is thought to have had significantly 

different properties for two reasons: (1) the fracture yielded anomalously 

high flowrates, and (2) it was di icult to refit during pre-test prepara

tions. 

Kranz et al. (1979) have suggested that the stress-permeability 

relationship for artificial fractures is a function of the surface rough

ness. These workers tested various controlled-roughness surfaces at con

stant confining stress and various fi d or pore pressures. Their results 

suggest that the empirical constant a will increase with decreases in 

surface roughness when the stress acting normal to the fracture plane has 

been constant. In the present study, however, a decreased with successive 

cycles for four of the five samples. Sample 5 is the exception. Its 

flowrates at low stress in cycle 1 were less during loading than unloading; 

in this case, flushing of the radial flowpath during unloading may have 

occurred. 

The empirical constant a in this study is a measure of the net change 

in fracture hydraulic conductivity over the loading normal stress range of 

0.2 to 30 MPa. The term a is therefore a measure of the response of the 

fracture asperities to applied load. Major changes in a would reflect 

significant changes in the asperity height distribution and surface rough

ness of the fracture walls. Samples 1 and 2 exhibit the largest reduction 

of a with successive test cycles. Sample 5 shows a slight increase in a 

between cycles 2 and 3 that may be attributed to final flushing of the 

fracture surface during cycle 2 loading. Sample 3 shows reductions in a 

that are less than those of samples 1 and 2, suggesting a more uniform 



distribution of contact points. a values for the linear power law 

determined in this study decrease with successive loading cycles for samples 

1, 2, and 3. Samples 4 and 5 are inconsistent with this trend, reflecting 

changes in the hydraulic properties of the fracture that, as previously 

discussed, are unrelated to the 

cases, the carrel ion coefficients 

greater than 0.95. 

s-permeability relationship; in all 

the linear power law relation are 

The results of attempts to t the deformation and flowrate data to 

the cubic law may be also interpreted in light of the contact-point distri-

bution model. Both ion an show that the cubic law does not 

appear to valid for flow in deformable natural fractures where the 

fracture walls are in contact. This conclusion is not unrealistic when one 

considers that the cubic law was derived for flow between two smooth-walled 

parallel plates not in contact. That the residual fracture aperture 

was not close to the value calcul from assumptions of the validity of 

the cubic law, combined with the values of the exponent n being greater 

than 3.0 in a'll cases 9 indicates that cubic 1 aw is not app 1 i cable to 

flow in deformable natural fractures where varying contact area can contri-

bute significantly changes in fracture flowrate. 

It is import 

than 3.0. This indic 

that regression-derived exponents are all greater 

s that factors other than fracture deformation 

contribute to the change in fracture flowrate with changing stress. The 

variation with s in the number and distribution of contact points 

within the fracture plane may be the important factor in this reduction. 
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Asperities in contact increase flowpath tortuosity and reduce the number 

of available paths. Increasing contact area would be expected to increase 

the value of the regression-derived exponent n above 3.0. Only where there 

is no contact between the fracture planes would the exponent n be expected 

to equal 3.0. In general~ n increases with successive loading cycles and 

increasing sample size. The most notable exceptions are sample 5, cycle 1, 

and sample 4, cycle 2. These cycles experienced non-stress-related changes 

in flowrate. The fracture samples most likely to behave as a smooth 

parallel plate are those which possess a limited number and a poor distribu

tion of contact points. With increasing sample size and successive loading 

cycles, the parallel-plate analogy becomes the least adequate means to 

describe the stress-permeability relationships of deformable natural 

fractures. 

The hydraulic-conductivity/normal-stress fracture data for loading 

cycle 3 of all samples are plotted in Fig. 4.1 to show the effect of sample 

size on the stress-permeability relationship of natural fractures. The 

anomalous position of the sample 4 data can be seen. The other samples 

possess similar initial conductivites at the minimum normal stress (approxi

mately 0.2 MPa), If sample 4 is set aside as anomalous, then we observe, 

with increasing sample size, a decrease in minimum fracture conductivity 

and an increase in the net change in conductivity with normal stress. 
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Fig. 4.1. Fracture hydraulic conductivity as a 
function of normal stress, samples 1 
to 5, loading cycle 3. 
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The data in Fig, 4.1 for samples 1 and 5 have been superimposed in 

Fig. 4.2 on the previously published fracture hydraulic conductivity/normal

stress plot given by Witherspoon et al. (1979a). The sample-size results 

of this study appear to be the reverse of those suggested by Witherspoon 

et al. (1979a), for both minimum fracture hydraulic conductivity and net 

change in conductivity as a function of stress. That is, the smallest 

sample in our series showed the smallest rate of change in hydraulic con

ductivity as a function of stress, instead of the largest sample as pre

dicted by Witherspoon et al., and the hydraulic conductivities at maximum 

stress were largest for the smallest sample. 

Several explanations are available to explain this difference. 

The data presented by Witherspoon et al. were collected from tests on both 

natural and induced fractures. Recent work by Gale (1980b) has shown that 

the stress permeability characteristics of natural and induced fractures in 

the same rock type can be quite different, and, therefore, it may not be 

valid to compare the two fracture types. Also, as reported by Witherspoon 

et al., the boundary conditions for the field data, representing the 

largest samples that they reported, were not well defined, and the fractures 

tested were from different granites. Thus, to pursue the question of scale 

effects, it is necessary to compare samples from the same fracture as 

well as to conduct tests on similar fractures in situ under controlled 

boundary conditions. 
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Fig. 4.2. Comparison of the variation of fracture 
hydraulic conductivity with normal 
stress, samples 1 and 5, with published 
data; after Witherspoon et al. (1979a). 
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5. CONCLUSIONS AND RECOMMENDATIONS 

Analysis of the data obtained from this experiment has not been 

completed, hence the conclusions presented here can only be considered 

tentative. Despite the scatter in the data, there does appear to be 

a size effect. In addition, our initial analysis suggests that the cubic 

law is not valid for flow in deformable natural fractures where the fracture 

walls are in contact. The actual factors that determine the size effect 

and the variation in the flowrate/fracture-aperture relationship are not 

immediately obvious. Certainly a major one is the scale and nature of 

fracture-plane roughness and the associated properties of contact-point 

distribution and asperity. 

Thus, in order to evaluate the application of conceptual models 

of contact area to the observed relations between fracture deformation, 

fracture flowrate, and stress, the number and distribution of contact 

points, as a function of stress, should be determined for the sMnples 

tested in this study. If we can identify the scale and variation of 

fracture-plane roughness, we may be able to define the sample sizes 

necessary to adequately represent a natural fracture plane. Also, with a 

detailed knowledge of fracture-plane roughness, we may be able to apply 

the appropriate theories of contact stress (Landau and Lifshi , 1959) to 

the interpretation of the laboratory data. 

It is essential that we determine the nature of the variation in test 

results between samples of the same size as well as between samples of 

different sizes. Thus 9 we are currently undertaking a study of five 



additional samples from the same fracture plane, In addition, the largest 

sample will, after initial testing, be successively cored and tested to 

produce decreasing sample sizes of the same piece of the fracture plane, 
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APPENDIX A: SAMPLE COLLECTION~ TESTING~ AND MAPPING 



A.1 Collection and ion 

Collect ion of the fractured core samples at the "Charcoal Grai1 

granite quarry consisted of several steps: (1) selecting an appropriate 

fracture plane; (2) drilling a narrow borehole (1.6 em diameter in the 

10.0-~ 15.0-~ and 19.3-cm~diameter cores, and 3.2 em diameter in the 24.5-

and 29.4-cm-diameter cores) 5 to 15 em below the fracture plane; (3) 

installing a rock bolt in this hole, bolting the rock blocks above and 

below the fr ure plane together; and (4) overcoring the hole with an 

appropriately sized diamond-core barrel. The sampled rectangular block was 

about 70 em thick and 70 em long, with the fracture plane in the center 

and perpendicular to the axis. The cores, held together by the rock 

bolt, were then crated and transported to the laboratory to be prepared for 

testing. 

At the laboratory, three pairs of holes approximately 0.6 em diameter 

and 2.5 em deep were drilled, one hole on either side of the fracture plane. 

Each pair was spaced 120° from the others around the sample circumference. 

A similar pair of holes was drilled above but close to the fracture plane. 

Aluminum-threaded plugs were epoxyed into all the holes with 3M structural 

adhesive 2216. Each pair of plugs was separated by approximately 6.5 em to 

accommodate displacement-measuring instrumentation. 

Aluminum plates were attached across the fracture plane of the two 

smallest cores. These plates held the two blocks firmly together and 

kept the fracture closed. The heavier samples required a stronger tension

ing system. Three sets of holes (1.3 em diameter by 2.6 em deep) were 
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drilled above and below the fracture plane approximately 30 em apart, 

and threaded steel anchor posts were epoxyed into the holes. A system of 

angle-iron and 0.95-cm-diameter threaded rods thus held the two blocks 

firmly together. These anchor posts also served as hoisting lugs. 

Once the samples were firmly held together from the outside, the 

center rock bolt was removed and the sample ends prepared for testing. The 

ends of the three smaller cores were cut off with a diamond saw so that the 

fracture was centered on the core sample and the length-to-diameter ratio 

of the core was about 2.1 to 1. The ends were then ground flat to ensure 

end parallelism for testing. 

The two larger cores required additional treatment. Sulfur caps were 

placed on the ends of the 24.5-cm-diameter sample to ensure end parallelism. 

The 29.4-cm-diameter sample had to be lengthened to attain a length-to

diameter ratio of 2.1 to 1. A series of 0.64-cm-diameter holes was drilled 

into the top of the sample and a steel reinforcing mesh epoxyed into 

the holes. An early high-strength portland cement was poured on the mesh 

to increase the length. The concrete surface was ground flat and a sulfur 

cap was applied to the bottom of the sample. A cylinder of the concrete 

mix was tested and found to have a yield strength of 45 MPa. 

To protect the sample ends from potential chipping during the instrumen

tation and testing setup, steel straps were applied by means of gear clamps 

around the circumference of both the 24.5- and 29.4-cm-diameter samples, near 
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near the ends. These straps also provided additional confining pressure 

for the concrete and sulfur caps. 

To bleed air pockets from the fracture and center hole during 

the initial setup for testing~ as well as to provide a means of measuring 

fluid pressure during permeability tests~ a hole (0.64 em diameter for 

10.0-and 15.0-cm-diameter samples and 1.3 em diameter for 19.3-, 24.5- and 

29.4-cm-diameter samples) was drilled through the surface to the top of the 

center hole (see Fig. 2.2). A swaglock fitting was epoxyed into this hole 

to serve as the pressure port. 

The history of opening and closing of the sample fractures during 

preparation may be important in the interpretation of the test results. 

Following is a brief summary of this history for each sample. 

Sample 1 

Sample 2 

Sample 3 

To remove the center hole rock bolt, the upper and lower 

blocks were separated; this was done easily and completely, 

and the sample was carefully reset. 

The upper block was tapped with a rubber mallet to open 

the fracture, which was sealed at one point on the side of 

the sample. The sample was carefully reset. The sample was 

never completely separated. 

The fracture was opened easily by outscrewing the 0.95-cm 

threaded rods against the anchor posts. The upper and lower 

blocks were completely separated in order to epoxy the center 

hole. The sample was carefully reset. 



Sample 4 

Sample 5 
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Same as sample 3 except that considerable difficulty was 

encountered in attempting to reset the fracture. 

The fracture was opened easily by outscrewing the threaded rods 

about 0.25 em. The sample was carefully reset. 

The upper and lower blocks were separated to varying extents in all 

five samples, indicating that the fractures tested were not sealed and 

represented continuous breaks. 

A.2 Instrumentation and Testing Procedures 

To investigate stress distribution between the top of sample and the 

fracture plane, as well as to provide data on rock deformation to check 

LVDT deformation measurements, strain gauges were applied to the outside of 

the core samples. Beam SR-4 strain gauges were epoxyed to each sample to 

measure vertical strains. One vertical string of gauges was applied to each 

sample. An additional gauge, located 180° from the string, was applied to 

all samples except no. 1 (the 10.0-cm-diameter sample). All gauges were 

rubber-and epoxy-coated to allow submersible operation. To monitor strain 

fluctuations that might be due to temperature transients, two strain gauges 

were applied to two cores of Stripa granite that were placed close to the 

testing frame. These cores were not loaded and the gauges were monitored 

during loading and unloading of the test samples. Hence, any changes in the 

output for these gauges reflected a response to changes in environmental 

conditions. In all cases~ strains were measured with a 1/4 Wheatstone 

bridge, 3-wire, external-dummy gauge system. 
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Figure 2.2 is a schematic of an instrumented sample placed within the 

loading frame and ready for testing, A brass sleeve was machined and 

epoxyed into the center hole at the base of the sample. A water inlet 

plate with an 0-ring seal attached was fitted to the base of the sample. 

The 0-ring seal between the brass sleeve and the nipple of the base plate 

provided a watertight connection for the water supply during injection 

testing. Once the baseplate was attached, the sample was placed in a 

Plexiglas tank, The aluminum plates or angle iron and threaded rod 

holding the sample together were removed once the tank was placed within 

the loading frame, Three linear variable differential transformers (LVDTs) 

were mounted 120@ apart in the bracket holes drilled on either side of the 

fracture plane, and a fourth LVDT was similarly mounted above the plane. 

Before mounting the LVDTs 9 the separation between the mounting pins was 

measured with a vernier caliper. 

The three LVDTs mounted across the fracture measured fracture and 

rock deformation. Both strain gauges and the LVDT mounted above the 

fracture measured intact rock deformation, From both sets of deformation 

data, the amount of displacement due to fracture deformation alone was 

derived, 

Finally, an absolute pressure transducer (0 - 500 psia) was attached 

to the pressure port to measure center hole injection pressure during 

permeability tests. 

The laboratory testing configuration consisted of three basic components: 

(1) the fluid pressure application and flow monitoring equipment, (2) the 

sample and loading frame setup, and (3) the data acquisition system. 
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Compressed nitrogen was applied to water in three positive displacement 

tanks providing a constant fluid pressure for the injection tests. The 

flowrate was calculated by measuring the change in water level in a tank 

over a given time period. 

the change in water level. 

A differential pressure transducer measured 

By varying the internal diameter of the flow 

tank, flowrates could be accurately measured over several orders of magnitude. 

The bubble injection method indicated in Fig. 2.3 was replaced with a 

small-diameter flow tank. Figure 2.3 shows the arrangement of filters, 

LVDTs, pressure transducers, thermocouples, and valves. 

A 1.78-MN Material Testing Services (MTS) closed-loop-servo-controlled 

testing unit applied the axial loads. The applied load was measured 

with a 1.57-MN capacity load cell built into the upper loading platen. 

This platen is spherically seated, allowing a small range of tilt in 

the platen. Maximum load capacity of the frame is 1.57 MN. All samples 

were tested under load control feedback conditions. Normal stresses were 

determined by dividing the applied load by the area of the sample at the 

acture plane. 

The central component of the data acquisition system was a Fluke 2240 

A datalogger. Interfaced with the d logger was a teletype and paper-tape 

punch to provide data both in a numerical form during testing and in 

a computer-compatible format for later computer-assisted data reduction 

and analysis. A strip-chart recorder monitored both center-hole pressure 

and the differential pressure of the flow transducer during injection 

tests. An X-Y-Y plotter also monitored the rock deformation LVOT and 

one fracture deformation LVDT as a function of applied load, 



Load, pressure, flowrate, displacement, and temperature, as well as 

transducer power supplies, were recorded on punched paper tape and teletype. 

Strain gauge measurements were recorded manually. 

After the sample was placed in the MTS frame and instrumented, testing 

consisted of the following steps: 

1. Raising the level of water in the Plexiglas reservoir just above 

the fracture. 

2. Flushing the flow lines, pressure lines, and the sample with carbon 

dioxide, followed by deionized water. 

3. Allowing the sample to stabilize for a period of 12 to 24 hours 

to determine if the instruments were functioning correctly and 

to provide appropriate background values for the LVDTs, pressure 

transducers, strain gauges, and thermocouples. 

4. Increasing the load in the increments shown in Table A.1 up to 30 MPa 

and then decreasing until no load remained on the sample. 

At each loading increment, measurements of flowrate, fluid pressure, 

applied load, displacement, strain, and temperature were made. About 10 to 

45 minutes was required to obtain stable readings at any one load increment. 

Once stable readings were obtained, the testing sequence was completed for 

that increment. One full cycle required about 8 to 16 hours to complete. 

Each sample was subjected to three loading and unloading cycles. The samples 
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were allowed to stabilize for a period about 8 hours between 

cycles. After loading was completed at each increment, nitrogen was passed 

through the sample and the test lines to determine if the ow circuit 

was leaking at any of the connections. 

A.3 Surface Maps 

The locat of the conducting fracture, ancillary cracks and tight 

seams as well as instrument position, were mapped by wrapping Mylar around 

the core and tracing. The resulting maps are shown in Figs. A.l to A.5. 

Samples 1 and 5 do not have significant ancillary cracks or tight 

seams. Sample 2 has some braided acturing immediately below the fracture 

plane as well as a moderately dipping poorly expressed tight seam in the 

upper block. Samples 3 and 4 both possess minor cracks in the upper block. 

Although the cracks in samples 3 and 4 appear hydraul ally tight, the 

central boreholes in both samples were epoxyed in the vicinity of the 

cracks. Aside from these minor cracks and seams, both the upper and lower 

blocks are massive and homogeneous. 
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APPENDIX B: REFORMATORY GRANITE AND 
CORE DEFORMATION DATA 

(Material property tests on Reformatory granite 
courtesy Cold Spring Granite Company) 
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REPORT OF: TEST OF GRANITE CORES 

PROJECT: MATERIAL CHECK - CHARCOAL GRAY 

REPORTED TO: Cold Spring Granite Co, 
202 South Third Ave. 
Cold Spring, MN 56320 
Attn: Joe Peters 

LABORATORY NO, 6-18454 

INTRODUCTION 

DATE: July 12, 1978 

FURNISHED BY: 
COPIES TO: 

Six granite cores approximately 211 long x P in diameter were received on 
June 7, 1978, It was requested that we determine the Modulus of Elasticity of 
this granite in compression, 

In preparation for the Young 1 s Modulus Test, the sides of three six 
cylinders were lightly sanded to enable attachment of the strain gauges, Two 
gauges were attached on opposite sides at the middle of each cylinder, Of the 
three remaining cylinders, two were used to determine the ultimate stress of 
the gran e and the other was used as a temperature compensator, 

TEST PROCEDURE 

Modulus of Elasticity 

Method of Strain Measurement 

TEST RESULTS 

Type of Granite 
Cylinder Number 
Diameter, in, 
Length of Specimen, in, 
Date Tested 
Modulus of Elasticity (Average 

REMARKS 

Essentially in accordance with 
ASTM:C469, 11 Standarad Method of 
Test for Static Modulus of 
Elasticity of Concrete in 
Compression.~~ 

Strain Gauges, CEA-06-SOOUW-120 

Charcoal 
1 
0.975 
2.024 
6-21-78 

Gray 
2 
0,969 
2.016 
6-21-78 

10,94 X 106, 

3 
0.995 
2.028 
6-21-78 

psi 

This work was authorized by your Purchase Order Number 3449, 



REPORT OF: TEST OF GRANITE CORES 

PROJECT: MATERIAL CHECK 

REPORTED TO: Cold Spring Granite Co. 
202 South Third Ave. 
Cold Spring, MN 56320 
Attn: Joe Peters 

LABORATORY NO. 8-631A 
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DATE: March 20, 1973 

FURNISHED BY: 
COPIES TO: 

IDENTIFICATION Charcoal Gray; West of St. Cloud, Minnesota 

BULK DENSITY (ASTM:C97-47) 

Type of Specimens 
Sample Number 
Bulk Specific Gravity 
Bulk Density (pcf) 
Average Bulk Density (pcf) 

ABSORPTION (ASTM:C97-47) 

Type of Specimens 
Sample Number 
Absorption (%) 
Average Absorption (%) 

COMPRESSION STRENGTH (ASTM:C170-50) 

Type of Specimens 
Condition at Test 
Sample Number 
Compressive strength (psi) 
Average Compressive Strength (psi) 

MODULUS OF RUPTURE (ASTM:C99-52) 

Type of Specimens 
Condition at Test 
Span Length 
Sample Number 
Modulus of Rupture (psi) 
Average Modulus of Rupture (psi) 

REMARKS 

211 X 
1 
2.72 
170.9 

x 211 cubes 
2 
2.72 
170.9 
170.9 

211 X 260 X 231 

1 
cubes 
2 
0.13 
0.12 

0.12 

211 X 211 X 211 

Oven dry 
1 
28,100 

cubes 

2 
33,400 
21,670 

3 
2. 72 
170.9 

3 
0.12 

3 
33,500 

Approximate 401 X 2 1/4 31 X 811 prisms 
Oven dry 
7 inches 
1 2 3 
2025 2010 1980 

2005 

The above specimens were submitted to the laboratory and received here on 
February 21, 1973. 
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28 SROCK 
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Fig, 8.2. Fracture and rock displacement as a function of normal stress, 
sample 3, cycles 1, 2, and 3. 
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APPENDIX C: PLOTS OF FRACTURE FLOWRATE 
PER UNIT HEAD AND OF HYDRAULIC CONDUCTIVITY 

VERSUS NORMAL STRESS FOR 
SAMPLES 2-4 



LOADING 

UNLOADING • 

10"6 ~--~~~--~------.-~--~~ 

0 6 12 18 24 30 

NORMAL STRESS, MPa 

XBL 846-2235 

Fig. C.l. Fracture flowrate per unit head 
as a function of normal stress, 
sample 2, cycle 1. 
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LOADING 

UNLOADING iii! 

10" 6 ~~~~~~~~~~r-~~~~~-J 
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NORMAL MPa 
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Fig. C.2. Fracture flowrate per unit head 
as a function of normal stress, 
sample 2, cycle 2. 

30 
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LOADING 0 

UNLOADING • 

10" 6 ~~~~~~~~~~~~~~~~~ 

0 6 12 18 24 

NORMAL STRESS, MPa 

XBL 846-2233 

Fig, C.3. Fracture flowrate per unit head 
as a function of normal stress, 
sample 2, cycle 3. 
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UNLOADING & 

10"6 ~~~~~~~----~~~--~~---d 
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XBL 846-2232 

Fig. C.4. Fracture flowrate per unit head 
as a function of normal stress, 
sample 3, cycle 1. 



10-6 ~~~~~~~~~-~~~~~~~~~~~~~ 

0 6 12 18 24 30 

XBL 846-2231 

Fig, C.5. Fracture flowrate per unit head 
as a function of normal stress, 
sample 3, cycle 2, 
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LOADING 
UNLOADiNG • 

10"1 

10" 6 ~~~~~~-,~~~~~~~~~~~ 

0 6 12 18 24 30 

XBL 846-2230 

Fig. C.6. Fracture flowrate per unit head 
as a function of normal stress, 
sample 3~ cycle 3. 
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Fig, C,7, Fracture flowrate per unit head 
as a ion of normal 
sample 4, cycle L 
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Fig. C.B. Fracture flowrate per unit head 
as a function of normal stress, 
sample 4, le 2. 

30 
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LOADING 0 

UNLOADING e 

1006 ~~~~~·~~~~~~~~~~--' 
0 6 12 18 24 30 

NORMAL MPa 

XBL 846-2227 

Fig, C,9, Fracture flowrate per unit head 
as a function of normal stress, 
sample 4, cycle 3, 
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Fig. C.lO. Fracture hydraulic conductivity as a 
function of normal stress, sample 
2~ loading cycles 1, 2, and 3. 
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-97-

APPENDIX 0: STRESS-PERMEABILITY DATA 

SIGMA = Average normal stress in MPa. 

Q = Flow rate in cm3/sec. 

DH = Differential head in em. 

Q/DH =Normalized flow rate. 

mean 020 = Average fracture deformations, determined by 
averaging the three fracture LVDT's in em. 

DL-Rock = Deformation of rock, over given span, in em. 



Q DH 

1 

IL 

1 



1 2 

Q 



00-

1 

Q DH 

( (CM) 



( 

0 
0 
1 .. 0099 
1 
2 
2 
3 
3 .. 
4 
5 

Q 

( 

101 

1 

SUMMARY 

Dl-ROCK 

(CM) 

0 .. 1 
9776E-04 ' 

0 .. 1345E-03 
1557E-03 
1391E-03 

0.,1403E-03 
O .. llSOE-03 
0.,1058E-03 
0 .. 2405E-04 
0 .. 1850E-03 
0 .. 4505E-03 
0.7595E-03 

0 .. 3316E-01 0 .. 1062E-02 
8604E-03 

0.6516E-03 
Os4564E-03 
0 .. 3093E-03 
o. 
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2 

Q Dl-ROCK 

(CM) 

006044E-04 
007000E-04 

0 .. 6013E-04 

0 .. 1419E-04 
0.,1 E-04 

1295E-04 
0.,3577E-04 
0.,8665E-04 
0.,1789E-03 

3997E-03 
006812E-03 
0 .. 9794E-03 
0.,1284E-02 

1040E-02 



SIGMA 

( 

0 
0 
0 
0 
Oe 
1 
1 .. 
2 .. 0097 
2 .. 5044 
2 1 
3 .. 
4 .. 0091 
5 
7e0339 

10 
15 .. 0420 

Q 

) 

103-

2 

PERMEABiliTY 

DH 

SUMMARY 

(CM} 

Dl-ROCK 

(CM) 

0 .. 1634E-04 
Oal604E-04 
0 .. 2220E-04 
0 .. 2621E-04 

Oe3577E-04 
0 .. 4718E-04 

5859E-04 
0 .. 6877E-04 
0 .. 8419E-04 
0 .. 9775E-04 
0.1308E-03 
0 .. 1998E-03 
0 .. 3127E-03 
Oe5551E-Q3 
0.,8530E-02 
0 .. 1159E-02 
0.1465E-02 
0.1229E-02 
0.9843E-03 
0.,7278E~03 

0 .. 3423E-03 
2507E-03 

Oa2017E-03 
1856E-03 

0"6602E-02 0 .. 1582£-03 
0 .. 6509E-02 0 .. 1332£-03 

0 .. 1042E-03 
0 .. 8758E-04 
o" 6E-o4 
0 .. 6044E-04 

37£ ... 04 
0 .. 4101£-04 
0 



Q DH 

(CC/SEC) 

O .. B015E 01 

04-

0 
o .. 
0 .. 
0 .. 4400E-03 
0 
o .. 
0 

(CM) 

0 .. 3207E-04 
3145E-04 

0 .. 3330E-04 
0.4311E-04 
0.6507E-04 

1224E-03 
0.1733E-03 
0 .. 
0 .. 2664E-03 

7E-03 
0.1687E-03 
0.1218E-03 
0 .. 6846E-04 
0 .. 4040E-04 

o .. 
0 .. 
0 .. 8943E-05 
0 .. 9868E-05 
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SAMPLE 3 2 

PERMEABILITY DATA SUMMARY 

SIGMA Q DH Q/DH D2R DL-ROCK 

(MPA) (CC/SEC:) (CM) (C:M) (CM) 

o .. 0 .. 6375E 00 0 .. 4934E-05 
Oe4040 0 .. 3643E 0 .. 501 0 .. 3392E-05 

o .. 00 0 .. 5775E-02 0 .. 9251E-06 
0 o. 00 0 0 .. 4317E-05 
1.0221 0"1638E 00 6817E-02 3700E-05 
1 0 .. 1119E 00 0 .. 7579E-02 0 .. 1850E-05 
2\0014 21E-Ol 8052E-02 0 .. 2159E-05 
2 .. 0 0 .. 8446E-02 Oel234E-05 
3 .. 0 .. 7877E-Ol 0 .. 8729E-02 0 .. 4626E-05 
3 .. 5040 0 .. 7255E-01 0 .. 8978£-02 0.3082E-06 
3 .. 0 .. 6012E-01 :nooE-o5 
5 .. 0128 0 .. 5390E-01 0 .. 1119E-03 0 .. 9610E-02 0 .. 8326E-05 
6. 0,4008E-01 6100E-04 0 .. 1097E-Ol 0.,5304E-04 
9 .. 9980 0 .. 2902E-Ol 0.8388E-04 0.1024E-01 0 .. 2375E-04 

4 0.1907E-01 472.70 0.4034E-04 0.1182E-01 0.1079E-03 
.0144 0.1384E-01 457 .. 59 0"2960E-04 0 .. 1256E-01 0.1610E-03 
.0026 1033E-Ol .34 0 .. 2269E-04 0 .. 1324E-01 0.2097E-03 

30.01 0.7225£-02 .09 0.1631£-04 Oo1393E-01 0.2606E-03 
.9996 0.6700E-02 .. 46 1368E-01 0 .. 2146E-03 
.0205 0.6350E-02 Oe Oel336E-01 Oel656E-03 
e0108 0 .. 6174E-02 0 .. 1468E-04 1294E-01 1163E-03 
.0041 0 8E-02 0.151 0 .. 1239E-01 0 .. 6322E-04 

6. 16E-04 0 .. 11 Oe3269E-04 
5 Oe8058E-02 0.1789E-04 
4. 1130E-Ol 1326E-04 
3.5102 o. 0.1116E-01 0.1665E-04 
3. De 0.1099E-01 O.l203E-04 
2. 0.8933E-02 0.1080E-01 Oe8943E-05 
1. 0.1068E-Ol 1052E-01 0.8634E-05 
1. 0.1279E-01 0.1016E-01 0.1048E-04 
o. 1559E-01 9532E-02 0.1079E-04 
0 o. 0 0 o:to18E-o4 
0.5876 0.2626E-01 5806E-04 0 0.9560E-05 
0 0 O .. ll44E-03 0.7827E-02 0.8943E-05 
0., Oe8943E-05 
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3 



Q 

(CC/SEC) 
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SAMPLE 4 CYCLE 1 

DATA SUMMARY 

DH 

(CM) (CC/SEC-CM) ( 

0.,7539E-02 

0 .. 1026E-Ol 
1401E-Ol 1 

0.,111 1245E-01 
9028E-02 1321E-01 

1385E-Ol 
1442E-01 

0 
0 .. 1670E-01 

446 .. 16 o., o., 9E-01 
1401E-02 1978E-01 

0 .. 9238E-03 0.,2086E-01 
0 .. 6466E-03 0 .. 2192E-Ol 
0 .. 4865E-03 0 

2238E-01 
0.,2175E-Ol 

E-01 

0.,2090E-02 

DL-ROCK 

(CM) 

O .. lOlBE-04 
0 .. 1789E-04 

3053E-04 
0 .. 3670E-04 . 
Oe4564E-04 

5520E-04 
0 .. 4965£-04 

7247E-04 
0.,8511E-04 
0.,1048E-03 
0 .. 3639E-04 

1912E-04 
O.,l283E-03 
0.4872E-04 
0.2720E-03 

3485E-04 
0.1906E-03 

1835E-03 
0 

1163E-03 
O .. lOlSE-03 
0.9590E-04 
0 59E-04 
0.,8974£-04 
0.8357E-04 

lOE-04 
0 .. 7925E-04 

7987E-04 
0.8049E-04 

8172E-04 
Oa8172E-04 
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SAMPLE 4 2 

PERMEABIL DATA SUMMARY 

SIGMA Q DH DlsROCK 

(MPA) (CC/SEC) (CM) ( (CM) (CM) 

o .. 0 .. 1203E-04 
0 .. 7286E 0 .. 8037E-02 0 .. 1049E-04 

11 0 .. 6603E 00 0 .. 9J26[s02 1604E-04 
0 .. 8032 0 .. 5659E 00 OollSOE-02 OolOl 0 .. 1943E-04 
1 0 .. 3731E 00 0 .. 2251E-04 
1 .. 5065 0 .. 3296E 0 .. 6J9J[e0J 1168E-01 0 .. 3207E-04 
2 .. 0023 00 0 .. 1231E .. Ol 3947E-04 

0 .. 2467E 00 0 .. 1277E-Ol 0 .. 4379E-04 
0 .. 2239E o .. 0 .. 4811[ .. 04 
0 .. 2114E 00 0 .. 1344E-01 0 .. 5242E-04 
0 .. 9536E-01 0 .. 1382E-01 0.,5890Es04 
0 .. 8706E-Ol 0 .. 1630E-03 0 .. 6969E-04 
0 .. 8292E-01 o., 1485E-01 0 .. 8542E-04 
0.,7463E-Ol 0 .. 1477E-03 0 .. 1556E-Ol 0 .. 1052E-03 
0 .. 7463E-Ol 0.,1647E-01 0.,1415E-03 
o., 0.,1717E-01 0.1776E-03 
0.,6081E-01 1781E-01 2189E-03 
0 .. o .. 0 .. 2572E ... 03 
0 .. 0 .. 1802[ .. 01 2226E-03 
0 .. 8084E-01 1785E-03 

488 .. 01 0 .. 1403E-03 
0 .. 1030E-03 

0 .. 2280E-01 0 .. 7864E-04 
0 .. 2280E-01 0 .. 6538E-04 

0 .. 5551E-04 
0 .. 5427E-04 

0 .. 1485E-01 0 .. 5366£-04 
0 .. 4934E ... 04 

o .. 
o .. 
0 .. 2218E 00 0 .. 4502E-04 
0 .. 2384E 00 0 .. 453JE .. 04 

0 .. 4286E-04 
0 
0 .. 3824E-04 
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5 1 

PERMEABI 

SIGMA Q Q/DH 028 Dl=ROCK 

(CC/SEC) (CM) (CM) (CM) 

0 .. 2901E=02 1850E-05 
3907E .. 02 OeBOlSE-05 

0 .. 4666E-02· O .. lOlBE-04 
0 .. 3109E-Ol 0 .. 8943E-05 

1 .. 0042 0 .. 1573E-04 
1 0 .. 6877E-02 O .. l172E-04 
2 .. 0163 o .. 0 .. 6784Es05 
2 .. 0 .. 8484E-02 0 .. 8634E-05 
3 .. 0 .. 9040E-02 0 .. 5551E ... 05 
3 .. 0 .. 9563E .. 02 0 .. 9868E-05 
3 .. 9928 0 .. 1009E-01 0 .. 1850E-05 
5 o .. 0 .. 4934E-05 
7 .. 0026 1252E-01 0 .. 4317E-05 
9 .. o .. 0"2189E-04 

15. 0.,1567E-Ol 5551E-04 
19.9878 Oal698E-01 Oal030E-03 

0 .. 1775E-01 1372E-03 
0 .. 1746E-01 0 .. 1033E-03 

1684E-01 o .. E-04 
o .. 0 .. 1758E-04 

1516E-Ol 0 .. 4626E-05 
0 .. 1439E-01 0 .. 1357E-04 
0 .. 1388E-01 E-04 

1361 0 .. 2467E-04 
1326E-01 2930E-04 

0 .. 2775E-04 
O .. l248E-Ol 0 .. 2930E-04 

0 .. 7340E-04 0 .. 3700E-04 
0 .. 4656E-04 

0 .. 4934E-04 
0 .. 5QE .. Q4 

5181E-04 
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5 3 

PERMEABILITY SUMMARY 

Q Q/DH MEAN D2R 

{MPA) (CM) (CM) 

o .. 0 .. 6476E-05 
o .. 0 .. 6467E-05 
0,4285E-02 0 .. 5551E-05 

0.,8054 0 0 .. 4311E-05 
1 o .. 0 .. 4317E-05 
L 0 2467E-05 
2 .. 0004 0.,6494E-02 59E-05 

0,6966E-02 Oe2775E-05 
(), 7361E-02 0,3701E-05 
o, 0 .. 7697E-02 0 E-05 
o,. 0,7986E-02 0,8934E-05 
0,1 0,8506E-02 0,1573E-04 

1280E-04 0 .. 9331E-02 0,2405E-04 
0,5606E-02 0,1056E-04 0,1022E-02 0 .. 4410E-04 

8628E-05 1126E-01 0,8326E-04 
0,.7289E-05 0.,1208E-01 0.1320E-03 

6579E-05 0 .. 1260E-01 1668E-03 
o, 0,1231E-01 0 .. 1332E-03 

0., 1170E-01 0.,8727E-04 
0.,1083E-01 0,4410E-04 

1055E-01 0.,2652E-04 
0.1696E-04 
0 .. 1079E-04 

0 .. 8565E ... 02 1264E-04 
0 1079E-04 
0 .. 7869E-02 0,4317E-05 
0 .. 0 .. 4009E-05 
0 0 .. 3082E-06 

0 .. 4625E-05 
0,5682E-02 o. 

0,7093E-05 
0 .. 4496E-02 Oa8018E-05 
o .. 0.,9868E-05 


