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4.0 Technical Approach and Basis for Leakage Analysis 

The leakage calculation is based on theoretical expressions for flow through 

parallel plates extended to nodel flow through cracks in the reinforced 

concrete walls. A surnary of the deriviation of the equations is outlined on 

Table 4.1. The application of equation (7) of Table 4.1 requires that the 

actual crack pattern be represented by horizontal cracks. Hcwever, the 

actual cracks are of complex cross section and of variable aperture, there

fore, equivalent constant apertures of cracks are calculated by the relation

ships surnarized on Table 4.2.(4) and Appendix B. The vertical cracks were 

nodeled as equally dimensioned horizontal cracks at elevations 16.7, 11, and 

6.2 ft. For example, as shown on Fig. 4-1 the 5.8 ft. segment of each 

vertical crack from the water surface (elevation 22.5 ft.) to elevation 16.7 

ft. was taken as a 5.8 ft. long horizontal crack at elevation 16.7 ft.  

Similarly, the segment of each vertical crack between elevation 16.7 and 11 

ft. was taken as a 5.7 ft. long crack at elevation 11 ft., etc. By consider

ing the equivalent horizontal cracks as located at the lowest level of each 

vertical segment larger applicable heads result, and a conservatively larger 

flow quantity is thereby calculated. Use of this conservative procedure 

considerably simplified the calculations while maintaining the conservatism.  

The leakage in the room can then be calculated in increments using equation 

(7) of Table 4.1.  

4.1 Discussion of the Basis of and Conservatisms Inherent to the Eua tion 

Used to Estimate Leakage 

The parallel plate model for crack flow has been applied by various 

researchers in the petroleum and water resources fields since the 1950's.  

A denonstration of the validity of the theory for laminar flow in both 

smooth- and rough-walled plates may be found, for example, in the work of 

Huitt (1), who showed that such flow obeys Darcy' s law for low Reynolds 

numbers. This work was anplified and extended by Louis(3) who experi

mented on a wider range of surface roughness and flow rates, and produced 

a set of enpirical equaticns for smooth- and rough-walled cracks under 

both turbulent and laminar flow.  
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Louis' equations for snooth-walled and laminar flow are the same as those 

used in deriving equation (7). His equation for rough walled cracks is a 

function of the relative roughness Kr = E/2b, where E is defined as 

the depth of surface roughness (measured peak to trough), and b is the 

nominal crack aperture. If the crack exhibits surface roughness, the 

snooth-walled flow rate for a given gradient is reduced by nultiplying by 

the factor 1/(1 + 8.8 Krl. 5 ). As an example, cracks with surface 

roughness equal to 20 percent of aperture, a value generally exceeded in 

concrete flexural cracks, would conduct approximately 22 percent less 

flow than snooth cracks. The calculated leakage determined herein is 

thus conservative since surface roughness effects were not considered.  

Another factor which conservatively is not considered in the idealization 

to parallel plate flow is tortuosity, as it affects crack length. Flow 

rate for a given gradient is inversely proportional to crack length 

through the wall, thus the effect of crack tortuosity is to increase the 

actual length of the flow path and decrease the flow rate. The assurmp

tion of laminar flow is also conservative because the flow rate varies 

directly with the change in gradient, whereas under turbulent conditions, 

the flow rate varies approximately with the square root of the gradient.  

Fran the above conditions, it can be concluded that the use of a laminar 

snooth-walled parallel plate flow nodel for cracks will tend to over 

estimate the true flow rate which would occur in non-ideal rough-walled, 

tortuous fractures which may, in fact, experience turbulent flow.  

Therefore, the use of equation (7) will yield conservative estimates of 

flow through cracks in the reinforced concrete walls.  

4.2 Case Studies 

The results of the analysis of the distribution of cracks and maxinum 

crack openings are shown on Figures 4.2, 4.3 and 4.4. Specifically, 

Figure 4.2 shows the maxinum crack pattern in the nost critical wall due 

to water and seismic induced loadings for the condition of the con

crete enclosure containing 500,000 gallons of water, and Figure 4.3 shows 

the corresponding crack pattern for 280,000 gallons of water in the 
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enclosure. The crack pattern for the other three walls was calculated to 

be as shown on Figure 4.4 for the 500,000 gallon case. Equation (7) of 

Table 4.1 was used to estimate leakage through the cracks. All cracks 

were assured to have a cross-sectional configuration defined by the 

naximum aperture at the inside or outside face of the wall as defined on 

Figure 4.2 and 4.3, and to have a uniform reduction over a length of 

about 18 inches to a mininum aperture of 0.001 inches. This mininum 

aperture is constant over the last six inches of wall. In the case where 

the aperture at the inside face of the wall was less than .001 inches, a 

constant aperture equal to the aperture at the inside face of the wall 

was assumed. Equivalent uniform apertures were calculated for each crack 

using the relationships shown on Table 4.2. Vertical cracks were char

acterized in a conservative manner by three equivalent horizontal cracks 

at elevations 16.7, 11, and 6.2 ft. as described above and on Fig.  

4.1.  

The nost severe crack occurs at the base of the wall where imposed 

seismic and hydrodynamic nonents are the greatest. Figure 4.5 shcws 

the most conservative interpretation of this crack considering the 

maximurn apertures at the inside and outside faces of the wall sinul

taneously. The mxiumxn crack aperture of 0.039 inches is shcwn on the 

inside face of the wall, and it decreases uniformly to a mininm aperture 

of .023 inches at the outside face of the wall. Because of the geonetry 

of the shear key, a mininum aperture of .008 and 0.007 inches occur at 

segments BC and ED of the crack as shown in Figure 4.5.  

In this respect it is noted that the effect of the outward hydrostatic 

loading imposed by the spilled total contents of the tank is to enlarge 

the crack aperture on the inside face of the walls and to reduce the 

aperture on the outside face. For this analysis a conservative coml5ina

tion of apertures was selected wherein the maximum hydrostatic loadings 

were considered in calculating the enlarged inside aperture but were 

disregarded in reducing the outside aperture.  
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The maximum crack apertures shown on Figures 4.3, 4.4, and 4.5 were 

developed from the governing crack analysis described above. The 

minimum aperture of .001 inches for all cracks (except for the foregoing 

conserrvative interpretation for the base crack in the wall shown on 

Figures 4.2 and 4.5) was developed considering the 250 to 500 psi range 

of normal compressive stress calculated at the various sections from the 

flexaral noment obtained under the sustained hydrostatic load as pre

sented in Appendix A. The stress is relevant to evaluate the minimum 

crack aperture at locations where the linear behavior prevails and the 

flexural conpression zone may experience prior cracking due to noment 

reversal caused by the lateral seismic inertial load frxn the walls. The 

effect of this normal carpressive stress is to induce contact and closure 

of the crack, which in turn tends to decrease the flow rate. The effect 

has been evaluated from laboratory tests performed on cracks in various 

natural materials. Work perforned by Iw(2) on basalt, granite and 

marble is used as described in Appendix C to develop the effect of stress 

on crack aperture as shown on Figure 4.6. Though no data are available 

for concrete, the granite and marble data approximate concrete as 

the concrete is courposed of granitic aggregate in a limestone matrix 

similar to marble. It is expected that variations in this data would be 

minimal for concrete and the leakage results would be well bounded by the 

conservative assunption of the lower crack dimension in Figure 4.5.  

An aperture of .001 inches represents a conservative interpretation of 

the referenced test data.  

In the case where leakage was calculated across the specific crack 

shown in Figure 4.5, the presence of the water stop was neglected as 

were the waterproofing conpound between the inside wall face and the new 

top mat slab. The presence of the new concrete mat itself, which will be 

placed to improve seismic anchorage of the base of the tank, was also 

neglected for conservatism.  

Specific cases included in the analyses were: 

1. the maximum crack pattern with no leakage through the botton 

crack due to the presence of the water stop for an initial volume 

of 500,000 gallons of water (Figure 4.2); 
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2. the same as case 1 but conservatively neglecting the water stcp 

throughout the total crack length and assuming leakage through 

the bottom crack on the vertical wall characterized on Figure 4.2 

excluding the cracks identified by asterisks. These crack widths 

becone .001 inches upon consideration of closure due to hydro

static loading. Case 5 describes the conservative case where 

hydrostatic closure was neglected.  

3. the maxinum crack pattern with no leakage through the bottom 

crack due to the presence of the water stcp for an initial volume 

of 280,000 gallons of water (Figure 4.3); 

4. the same as case 3 but neglecting the water stop and assuming 

leakage through the botton crack; 

5. the same as case 1 but neglecting the water stcp in the critical 

wall and assuming the nost critical combination of apertures 

as indicated by the table in Figure 4.5; and 

6. additional leakage obtained from permeable flow through sound 

concrete.  

For all the above cases except cases 5 and 6, the crack pattern in 

the nost critical wall was conservatively assuned to occur in all four 

walls by multiplying the leakage for the nost critical wall (Figures 4.2 

and 4.3) by a factor of 4. Under case 6 the seepage due to the perme

ability of uncracked concrete was considered. The permeability coeffi

cient was determined per references (5) and (6) based on the maximun 

aggregate size of 1-1/2 inch and the favorably low water/cenant ratio of 

0 .57 corresponding to the concrete mix (with 10% pozzolan) used in the 

enclosure structure. The total surface area of the walls and base mat 

was considered, and conservatively, all were subject to the maximum head 

of 22.5 feet of water.  
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At the request of the NRC staff a seventh case was also evaluated to 

determine how large a localized aperture at the bottom of the wall 

would have to be to discharge the 260,000 gallons of excess water not 

required for cooling over the 24 hour period upon starting with the 

500,000 gallon initial volume case. The naxinum length of cpening was 

assumed to be equal to the reinforcing bar spacing (1-ft) because the 

reinforcing steel would restrain a localized opening due to its tensile 

capacity. With this restraint in effect, the minimum aperture of the 

bottom crack was back calculated such that 260,000 gallons of water would 

be discharged in 24 hours. In the interest of conservatism all calcula

tions were made assuming no reductions in head due to intentional draw

down for cooling water.  

4.3 Results of Analyses 

The calculated leakage for cases 1 and 2 defined above was less than 

1500 and 3000 gallons in 24 hours, respectively. The corresponding 

leakage for cases 3 and 4 was less than 150 gallons for either case. For 

case 5, less than 40,000 gallons of leakage in 24 hours is calculated. A 

sunrary of the results of these first five cases is presented on Table 

4.3 along with a schematic description of the geoaetry of the base crack 

for each case. For case 6 the calculated leakage is insignificant 

amounting to 1.5 gallons over the 24 hour.period. For the localized 1/2

to 1-foot long crack at the bottan of the wall the average aperture 

through the wall required to casue 260,000 gallons of leakage in 24 hours 

was calculated to be about .05 to .08 inches. This is almost two orders 

of magnitude greater than the conservative .001-inch minimum aperture of 

nost of the crack and about cne order of nagnitude greater than the 

mininum aperture of the base crack (where the water stop is effective) of 

the most critical wall characterized on Figure 4.2. If the reduction in 

head resulting from the intentional drawdown of the water in the room 

is incorporated in this last extrene analysis of a localized opening, an 

additional 80,000 to 100,000 gallons of water would remain in the room at 

the end of 24 hours (i.e., 80,000 to 100,000 gallons less leakage fron 

cracks would occur).  
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In summary, the Applicant estimates that less than 1500 gallons of 

water would leak through the Condensate Storage Building walls in 

24 hours under the worst loading conditions (i.e., high water level due 

to 500,000 gallons of water with DBE loadingO. By neglecting the 

effectiveness of the water stcp throughout the length of the base crack 

in the nost critical wall the resulting leakage would still be less than 

3000 gallons which is less than 2% of the excess 260,000 gallons of water 

available for cooling for that period.  

Assuming the nost critical conbination of apertures as indicated in 

the table on Figure 4.5 (a condition that is not credible because 

the naximum aperture on the outside face neglects the hydrostatic head 

but represents an extreme limiting calculation) leakage would be less 

than 40,000 gallons in 24 hours. Further, the Applicant calculates that 

a local aperture of a crack restrained in length by the reinforcing bar 

spacing could be almost two orders of magnitude greater than the conser

vative .001 inch opening at the outside face of the wall and still leave 

almost 100,000 gallons of excess water in the room after 24 hours.
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Table 4.1 SUMMARY DEVIATION OF LEAKAGE EQUATIONS 

Wall 
A = Area of Room 

- i=n bi = Aperture of Crack i 

h i3 L = Length of Crack i 

Ip = Mass Density of Water 
i g = Acceleration due to Gravity 

Crack i=1 p = Viscosity of Water 
= Width of Wall 

h = Height of Water in Room 

line no 

FLOW RATE: 0 = K i A' (1) 
I I I 

Hydraulic Gradient Flow Area 

USING THE I Conductivity 

PARALLEL dh b2 I hi bL) (2) 
PLATE MODEL dt 12u ) 
(HUITT 1956) 

dh n Pg bi3 L- pg b,3 L h 3 
FOR n CRACKS: A - =- - - h(t) - z - - ( dt i1 p 12 ] p 12 w 

P9 b-i L n 
let Ci- - - and Cn = Ci (4) 

IU 12 w 
i=1 

ISOLATING 
CONSTANTS n 

alsoM = Ci hi and Mn Mi (5) 

AND SIMPLIFYING: A = Cnh - Mn (6) 

AR Cnht Mn] 
UPON INTEGRATION. In =nh t - to(7 

Cn Cn ho - Mn



Table 4.2 CALCULATION OF EQUIVALENT APERTURES 

Wedge shaped cracks: b1 >b 2 

q b1 w b2 
2b1

2 b2
2 

b3 eff= 
or b1 + b52 

q b2 : : b1  (Appendix B, Reference B-1) 

Cracks in series: 

b3eff = *1 + w2 
Wi +W 2 

b2 b2 b1
3  b2

3 

wi (Appendix B, Reference B-1) 

Cracks in parallel: 

Wv ~Ll b13 +L2b3 
b3eff = 

L( B) 
q L 2 (ADpendix B)



Table 4.3 SUMMARY OF RESULTS OF ANALYSES FOR CASES 1 THROUGH 5 

CASE DESCRIPTION RESULTING ESTIMATED LEAKAGE GEOMETRY OF 
BASE CRACK * 

M 

1 Crack pattern shown on Figure 4.2 on all walls <1,500 gallons in 24 hours 
with no leakage along the dashed crack where .oor 
the water stop is effective. (Actual crack con
figuration for 500,000 gallon tank volume) 

2 Same as Case 1 except that leakage is assumed <3,000 gallons in 24 hours 
from the dashed crack on Figure 4.2 (neglect 
water stop) on all walls. This is conservative .001" .039" 
in that the water stop is neglected and the 
largest crack from the wall with the longest 
span is assumed for all walls.  

3 Crack pattern shown on Figure 4.3 on all <150 gallons in 24 hours 
walls with no leakage along the dashed crack .001 .00122" 
where the water stop is effective. (Actual T 
crack configuration for 280,000 gallon tank 
volume.) 

4 Same as Case 3 except the dashed crack on <150 gallons in 24 hours 
Figure 4.3 leaks (neglect water stop) on all .001" .00122" 
walls. . " 

5 Same as Case 1 except assume the dashed -40,000 gallons in 24 hours 
crack on Figure 4.2 on one wall exhibits the S Fiure 4.5 
most conservative combination of apertures 
as shown on Figure 4.5.  

*Solid water stop indicates that it is effective to stop leakage.  
Dashed water stop indicates that it was neglected in leakage 

calculation.
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Figure 4.1 EXAMPLE OF MODELING VERTICAL CRACKS BY EQUIVALENT HORIZONTAL CRACKS
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DIAGRAM SHOWING CRACK APERTURES IN INCHES 

Crack apertures shown relate to maximum aperture on inside wall face.  
Crack apertures shown in parenthesis indicate maximum aperture on outside wall face.  

Bottom crack shown by a dashed line contains the water stop.  
These apertures occur only with no hydrostatic pressures on the wall; therefore the 

combination of apertures shown is the most conservative combination.
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*E OF WALL 

CONSERVATIVE COMBINATION OF MAXIMUM CRACK APERTURES 

Segment Max. Aperture (inches) Segment Length (inches) 

A to B 0.039 to 0.034 7.63 
B to C Uniform 0.008 1.55 
C to D 0.034 to 0.028 8 
D to E Uniform 0.007 1.55 
E to F 0.028 to 0.023 7.63 

REINFORCING BAR d 

OUTSIDE REINFORCING BAR 
FACE OF WALL 15" 
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(U.  
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_-WATER STOP 
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Fi --4 S SHEAR KEY 4 
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SCALE 1" =3" 

Figure 4.5 SECTION THROUGH BASE OF WALL
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Figure 4.6 EFFECT OF COMPRESSIVE STRESS ON APERTURE



B. Backup for Table 4.2 

The equatica for wedge shape fracture is discussed on pages 60 and 61 of the 

attached Wilsm and Witherspoon (1970) paper attached as reference B-1 which 

references experiewntal verification by cmidze (1951).  

The equaticn for cracs in series are developed theoretically in Wilson and 

Witherspoon (1970) on pages 57 through 60 and checked for consistency with 

Lomize (1951) experimental work on wedge shaped cracks. (Note that equation 

11-28 is identical to the appropriate equation in Table 4.2 except that crack 

length is designated by "l" in equation II-28 and by 'W" in Table 4.2).  

The equation for cracks in parallel is simply a weighted average on b3 

for which there is anple experimental verification that flow is proportional 

to 3 as discussed in Witherspmn at al. (Octcber 1979) attached.



Reference B-1 

Pages 55 through 62, 165 and 168 

AN INVESTIGATION OF LAMINAR FLOW 

IN FRACTURED POROUS ROCKS 

by 

Charles R. Wilson 

and 

Paul A. Witherspoon 

Department of Civil Engineering 
University of California 

Berkeley 

November 1970
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= ([K b b. + K (c b. + b c) + K c c.  
2D xx mI I xz mi mi zz m 1 

+ (Kb b. + K (c b. + b c.) + K cc] j ~xxm 3 xz mj 3 m zz mj j 

+ (K bb + K (cb + bc ) + Kzz cm c j 

These solutions are valid only for elements whose nodes both i and j 

lie on a boundary, and node m does not lie on a boundary. For an element 

with only one node on the boundary, the integration along the length of thu 

boundary is zero, the velocity tern drops out, and the standard internal 

equation results. For nodes along boundaries of zero flow, V will be zero 

and the equations reduce to the standard internal equation. A copy of the 

finite element computer program produced from these theoretical. considera

tions is presented in Appendix A.  

2. Verification and Use of the Triangular Element Program 

This program was vcrified by creating several simple problems which 

could be checked by hand. First, flow in a straight parallel-wall fracture 

was calculated, and the resultt were in good agreer.n~nt with hand calcul-

tions. Next, a system with one fracture sloping upward at +4.50, and a 

second fracture intersecting near the midpoint and branching down at 

-9.0' was checked (Fig. II-10).  

Q. - __________ih..~ 4 out5c 
in~50.2 5 22 

Qin 

center of intersection 

Fig. 11-10: Plan for second check of computer program. Elements 
are numbered 1 to 7. Lengths and hcads d> in cm units.
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The hand solution is based on continuity, assuming that Q. = Q 
inf out 1 

+ Qout 2. Solving for the head at the intersection: 

~KA K KA ouK A2 
in 1 1 out 1 1 outK 2A2 

+ + 
1 2 3 
C K A 1 +__________ 3 += 71.2 cm 

c KlAl KlAl K2A2 
+ + 22 

1 2 3 

where: 2 
b. y 

K - and A b * 1 
i l2vi i i 

Thus: 

-2 3 
Q = 5.90 x 10 cm /sec 
in 

-2 3 
Q = 5.32 x 10 cm /sec 
out 1.  

-2 3 
Q = 0.66 x 10 cm /sec 
out 2 

The com;puter, using the finite elc-ment method, calculated the follo::ing 

values whIch compare quite well with the above results: 

-2 3 
Q. = 5.88 x-10 cm /sec 
in 

-2 m3 
Q 1 5.24 x 10 cm /sec 

-2 3 
Q = 0.64 x 10 cm /sec 
out 2 

c = 71.6 cm 

The triangular finite element program can be effectively used to predict 

flow in fracture segments with an aperture that varies with length. Natural 

fracturcs have surfaces which are quite irregular in both the small details 

of the rough walls and the larger contortions of the channel. Laboratory 

studies performed on flow channels of varying shapes and roughnesses 

(1-33) -(1.35) (100) 
(Lomize , p. 88; Louis , p. 64; luitt , p. 263) indicate that 

flow will be laminar in any of the conduits studied if the Reynolds Number
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is less than about 200. Laminar flow in any conduit is always characterized 

by a linear relationship between velocity and gradient: 

V C 

where Z is measured along the path and the proportionality factor c, 

called the hydraulic conductivity, is a function of conduit geometry and 

fluid properties. For smooth wall parallel plate flow the hydraulic con

ductivity is equal to b2y/1211. Hence for a flow channel of any shape, 

if velocities are in the laminar range an aperture.can be calculated 

for a smooth parallel plate conduit which will offer the same resistance 

to flow. as the arbitrarily shaped channel. Therefore, in the laminar 

regime, any real fracture with its many contortions and wall asperities 

will behave in an overall sense, but not in terms of internal detail, 

as a parallel plate with a correctly chosen effective aperture beff* 

. A simple model of a fracture with varying aperture is presented in 

Fig. II-11 where three separate aper:tures are encountered along the length 

of the fracture. From continuity considerations similar to tho::e used 

in the calculations accompa!nying Fig. I1-10, the total flow was calculatedJ 

3 
by hand to be 0.0207 cm 3 /sec. By assigning element apertures equal to the 

local width of the fracture, and setting the permzeability ellipsoid orien

tation angle .= 0 in all. elements, the finite element result of 0.0201 

cm 3 /sec compares well with the hand calculated value.  

Fron these same continuity considerati ons, the effective permeability 

for a fracture of three different apcrtures may be expressed as:
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_______ ______b__=_0.0170cc 

.025 cr b 10.045 cm b b3 1.01 cm 
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Fig. 11-11. Fracture with irregular aperture.  

Fig. 11-12. A wedge-shaped fracture.  

oz 

a : 45 Ili INTERSECTI0N\ x 

a= 0 -

Fig. 11-1.3. Idealized flow liles in intersecting fractures of identical 

aperture and f3iw. a gives orientation of K, in variois 

r0Dions.
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A + k + 
b=31 2 3 (11-28) 
eff k k 

b13 b 2 3b33 - + - + 
3 33 

b bb 1 23 

whence beff = 0.0161 for the system of Fig. II-11. Calculating beff 

from the computer results yields: 

1 

1l2pQ TL' 
b = 0.0159 cm 
eff YAH 

It is interesting to note that at point A in Fig. II-11, the .head 

has dropped from 100 cm to 95.4 cm, and at point B it has further droppcd 

to 94.5, leaving the.remaining head of 44.5 cm to be lost in the short 

length of narrow channel. In this syst:: 89% of the headloss occurs in 

only 21% of the length becau e of the smaller channel and the cubed rela

tionrhip between aperture and flow volume.  

It is.evi(knt from equation 11-28 that for a flow channel of more than 

thre. apertures along its length, the effective aperture may be expressed 

as: 

n 

1 
b ff (11--29) 

1 .3 
i1. b.  

Or, if the aperture varies continuously along the length of the 

fracture, the offective aperture may be expressed as:
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L J dk 
b (11-30) 
eff L 

Sd.  

b (kL) 
0 

The aperture b is now expressed as a function of path length k along the 

fracture, where L is the total path length. This derivation assumes that 

locally the flow lines will be essentially horizontal and will not hold 

in those cases where apertures change abruptly along the length of the 

fracture.  

As an example, the results of equation 11-30 will be compared to a 

computer solution for the case of a wedge-shaped fracture (Fig. 11-12).  

For this fracture, equation 11-30 may be written: 

L 

3 o 
bR 

eff 
dt J3 

(m. + C) o 

where if 2 6 is the angle of opening, then m = 2 tan 6, c = b = aperture 

at smaller end, and mL + c b2 aperLure at larger end. The solution 

to this equation is: 

b 2 2 
2mLb b2 2 2b b 

3 1 2 1 2 
eff 2 2 b 1 + b( 

b - b 1 2 
2 1 

For example, if b = 0.205 cm, b2 0.415 cm, L = 20 cm, and 0 = 0018', 

then fro-m equation II-31, beff = 0.286 cm. The computer, using 40 elements, 

obtained a value of b ef= 0.280 cm. Even greater accuracy can be obtaincd
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from the finite element method if more elements are used. Note that while 

equation 11-31 is independent of L and e, in reality 0 must be rather small 

for flow to remain essentially horizontal.  

A laboratory study of flow in wedge-shaped parallel plate conduits 

(133) 
was performed by G. M. Lomize . In one of Lomize's experiments, 

utilizing water in a conduit with the same dimensions as in the previous 

example, a flow rate of approximately 3 cm 3/sec per unit plate width was 

measured under a gradient of 0.02 cm/cm. From these results an effective 

aperture of b 0.27 cm is calculated.  eff 

This conduit has been modeled using 40 triangular elements. Assigning 

the same gradient of 0.02 cm/cm, and assuming unit density and a viscosity 

of 1 centipoise for the water in the test, the flow rate was calculated 

to be 3.6 cm 3/sec per unit width. This compares well with the experimental 

value, the discrepancies being due in a large part to slight roughnesses 

in the plate walls in Lomize's experiments (they cannot be ideally smooth 

as is assumed in the mathematical model). Also error occurs because the 

water temperature used in the calculations was assumed to be 70 0 F, which is 

probably not ideintical to the experimental conditions. No informat ion 

was given by Lomize concerning temperature.  

Since errors du.e to effects of wall roughness and tcmpcrature can be 

accounted for mathematically if those effects are known, in general the 

results should be as good as or better than those obtained above. This 

comparison with Lomize's experimental results indicates that fractures 

with gradually varying apertures can be accurately modeled using the 

two-dimensional finite element program.  

Fracture intersections present a difficulLy in the application of 

the tri.angular element prog ram. be cau5;e hyrdraulic conductivity is not easily
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defined in this space. The intersection belongs mutually to two separate 

fractures which may be of different aperture and hence different permea

bilities, and at their juncture neither the magnitude nor the orientation 

of the permeability ellipsoid is defined.  

The magnitude of the permeability which is mathematically identified 

with each triangular fracture element is related to an aperture assigned 

to that element. In an intersection or in other areas where the aperture 

is undefined the permeability is also undefined. Hence for elements in 

these regions it is necessary to arbitrarily select an "effective aperture" 

which will give a reasonable permeability value. By varying this effective 

aperture in intersection elements it is possible to introduce special 

headiosses into the codel to account for interference effects which exist 

at intersections.  

The magnitude of these effects was studied in the laboratory and 

the results are presented in Chapter III. They were found to be suffi

ciently small at low flow rates to be neglected, and it has been the prac

tice in this paper to assign to intersection eleients apertures equal to 

that of the larger fracture. Vowever, the conductivity assigncd to each 

fracture element is arbitrary and if it is desired, this model can be 

made to account for interference effects by assigning slightly smaller 

ape:tures to intersection elements.  

The orientation of the permeability ellipsoid in each element is 

governed by. the choice of angle ca which determines specifically the 

orientation of the directional permeability K , within the permeability 
x.  

ellipsoid. Within a fracture segment it is clear that ca should equal 

2 
the fracture orientation, and that K , should equal b y/121j, but within 

an intersection flow is undergoing abrupt changes in direction and also
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Appendix C. Back up for Figure 4.6 

Figure 4.6 represents simply a cross plotting of normalized flow Q/A H versus 

axial stress 0e (Figure 1 of Reference) and aperture 2b versus normalized 

flow graphs (Figure 5 of Reference). For granite these curves are presented 

on Figures 1 and 5 in Witherspoon et al., (October 1979) attached as refer

ence C-1 and for marble and basalt they are presented on Figures 4.40 and 

4.45 attached fron Iwai's thesis and Figures 7 and 8 in Witherspoon et al., 

(October 1979). These figures are labeled C-1 through C-6 and are used to 

explain the cross plotting coupleted to develop Figure 4.6. Specifically, 

for granite a range of axial stress values was obtained from the data on 

Figure C-1 for a selected value of Q/A h. The value of aperature correspond

ing to the same value of Q/Ah was then obtained from the 2b vs. Q/Ah graph at 

the top of Fig. C-2. The value of 2b (aperture) and range of 0e (axial 

strss) was then plotted with aperature as the ordinate and compressive stress 

(axial stress) as the abscissa. Similar cross plotting. was conpleted for 

marble using Figures C-3 and C-4 and for basalt using Figures C-5 and C-6.  

The range of values shown on Figure 4-6 approximately envelopes the data 

resulting from this cross plotting.
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Fig. 1. Effect of cyclic loading on permeability of tension fracture 
in granite with straight flow (after Iwai, 1976).  

Figure C-1 Granite
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Fig. 5. Comparison of experiment for straight flow through 
tension fracture in granite with cubic law.  

Figure C-2 Granite
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Fig. 4.45. Effect of cyclic loading on permeability 
of tension fracture in marble with 
radial flow.  

Figure C-3 Marble



-22

103 11 1 .1 
A 

Marble 

(Radial flow) 

~-Run 3 
Run 2 

10f 

10 7 il fla il I s I I II I 
10- 10 10-9 10 10 106 10 10

Q/Ah (m2/sec) 

104 '"1' ' "'"1 ""'6' ' '" I '" ' 

Source head 
20m 0.5m 

Ito*fA Run no. I 2 3 
10311 

A Loading 0 A a 
02 0 Unloading * a a 

lot 

'x/L-f 1.36 

100 
f =1.0 

10 -1 1 1 if ti l I 1 1 11111l 1 1 1 111 1 1 l 1 l u 1 1 1 1 1 1 1i 
10-2 10' 100 10' 102 10 

Re 
XBL 797-7566A 

Fig. 8. Comparison of experimental results for radial flow through 
tension fracture in marble with cubic law. In Runs 2 and 3, 
fracture surfaces were no longer in contact during unloading 
when aperture exceeded value indicated by arrow.  

Figure C- 4 Marble
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Figure Cl- 5 Basalt
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Fig. 7. Comparison of experimental results for radial flow through 
tension fracture in basalt with cubic law. In Run 3, frac
ture surfaces were no longer in contact during unloading 
when aperture exceeded value indicated by arrow.  

Figure C- 6 Basalt


