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Abstract 

Numerical simulation studies are perfonned to investigate the effects of air and liquid 

water drilling on the time-dependent moisture conditions in nearby fractures and rock matrix 

blocks. The results obtained suggest that drilling with liquid water will increase the liquid 

saturation in the matrix by one or two percentage points after one year of recovery. For the 

characteristic curves used, this corresponds to a 10 to 20 percent increase in the relative per­

meability of the liquid phase. The results also indicate that air drilling has negligible effects on 

the moisture conditions within the matrix blocks. 
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INTRODUCTION 

At the request of the United States Geological Survey (USGS). the Earth Sciences Divi­

sion of Lawrence Berkeley Laboratory (LBL) has conducted limited numerical studies of the 

effects of air and liquid-water drilling on moisture conditions in unsaturated rocks. Decisions 

must be made to determine which drilling fluid should be used in the drilling of boreholes 

associated with the exploratory shaft at Yucca Mountain and whether dry or wet mining should 

be used in the excavation of underground chambers. It is of interest to use simplified models 

to obtain order of magnitude estimates of the disturbance to in-situ moisture conditions when 

gas or liquid water are used as drilling fluids. 

The basic problem of water flow in fractures being drawn into the matrix by capillary 

forces has been studied by Travis et al. (1984) and Wang and Narasimhan (1986). Travis et 

al. (1984) showed that the effects of capillary suction are strong and greatly retard the advance­

ment of the liquid front in 'the fractures. Wang and Narasimhan (1986) concluded that due to 

, the strong capillary forces the liquid' front would become sharp very quickly with rather uni­

fonn saturation profiles developing in the fractures and the matrix. These results are probably 

due to their use of hannonic weighting to eviiIuate' the liquid mobility at interfaces between 

grid blocks. This will be discussed further in a later section. ' 

Several previous studies have addressed the question of the effects of wet mining and 

drilling with liquid water on moisture contents of fractures and rock mat~x bIo_cks in the vicin­

ity of the. activity. Peters and Gauthier (1986) modeled the response of a matrix block to dril­

ling with liquid water under retatively high pressure (20 m head). They investigated the condi­

tions in the matrix block after drilling times varying from 1 to 100 minutes. They found that 

the liquid water migrates very short distances in the rock matrix. less than 5 m. They also 

found that water redistribution after drilling ceased was rather rapid. as the initial conditions 

were practically reached after a few minutes. For later reference it should be noted that the 
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authors used a hannonic mean weighting scheme for the mobilities at interfaces between grid 

blocks. 

Kwicklis and Hoxie (1987) used a fracture-matrix model to investigate the effects of 

liquid-water drilling. They assumed a· vertical fracture with a 24-micron aperture and the 

corresponding cubic law penneability, fracture characteristic curves similar to those for coarse 

sand, and a pressure head of 20 m for a 1 hour time period. They found that the water front 

moved approximately 2 m down the fracture after 1 hour of drilling. If a larger 240-micron 

fracture aperture was assume~, the water front moved more than 50 m. They also found that 

the redistribution of the moisture after drilling was quite rapid. Furthennore, they concluded 

that the numerical solution was quite sensitive to the grid spacing used. In their studies 

Kwicklis and HoXie used an upstream weighting scheme for computing permeabilities at inter-

faces between grid blocks. 

Montazer et al. (1987a) discuss the effects of dry versus wet mining on the hydrological 

conditions near underground chambers. They argue that minimally perturbed conditi~ns are 

required if meaningful results are to be obtained from the infiltration and bulk-permeability 

tests. They stress the importance of these tests for obtaining combined characteristic curves for 

the fracture-porous rocks. They conclude that dry-mining techniques should be used in the 

mining of the infiltration and bulk-penneability test rooms. However, recent changes in the 

design of these tests may minimize the effects of the drilling ftuid (E. Kwicklis, personal com-

munication, 1988). 

In the present work a coarse model is used to investigate the effects of gas and liquid-

water drilling on fracture and matrix hydrological conditions. Lateral water migration during 

drilling and the effects of various mobility weighting schemes (hannonic, arithmetic and 

upstream weighting) at grid block interfaces are briefty investigated. All of the simulations 

were perfonned using upstream weighting unless noted otherwise. A fracture-matrix model 

similar to that used by Kwicklis and Hoxie (1987) is employed in the studies. It should be 
~ 

. 'uted that very coarse spatial discretization is used, hence, the results obtained are only rough 
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approximations. 

PROBLEM SPECIFICATION 

In this work the basic model shown in Figure 1 was used. It consists of vertical fractures 

surrounding a matrix block on all sides. This simplified model approximately represents the 

case of a horizontal borehole intersecting near-vertical fractures. In a few cases horizontal 

fluid migration was studied by rotating the basic model 90° and assuming that horizontal frac-

tures are the main fluid conduits. These cases represent the first attempt to study horizontal 

water migration from the shaft and excavated rooms using wet mining. 

In the horizontal plane the matrix was discretized using the MINe method developed by 

Pruess (1983). A logarithmic grid spacing was used in the matrix with a 1 mm element adja-

cent to the fracture, increasing to 27 cm for the innermost element 

The fracture spacing was assumed to be 0.6 m based upon reported fracwre densities of 

about 8-40 fractures per cubic meter for the Topopah Springs welded unit (Montazer and WIl­

son, 1984). A very coarse vertical grid spacing was used, with a 1.5 m element at the top of 

the system, increasing in size to a 15 m element at the bottom of the system: altogether a 50 m 

thick block was modeled. Limited sensitivity studies were conducted on the effects of the vert-

ical gridding. 

The parameter values used for most of the simulations are summarized in Table 1. For 

most of the simulations the rock matrix characteristic curves used were those proposed by 

Rulon et at. (1986) for the Topopah Springs member (USGS curves). The fracture characteris­

tic curves were those used by Rulon et al. (1986), with relative permeability and matrix poten-

tial assumed to be exponential functions of liquid saturation. These fracture characteristic 

curves were derived using a parallel plate model and capillary theory (Montazer et al., 1987b) . 

It should be noted that few measurements are available regarding the characteristic curves, 

hence, the results obtained are only first order estimates. 

An air entry value of 0.0134 bars was used, yielding a fracture aperture of about 100 
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Matrix 
Fracture 

50 m 

Horizontal discretization (m) 

.0001 (fracture) •. 001 •. 005,.01 •. 05 •. 1,.134 

Vedical discretization (m) 

1.5. 2.5, 4.0, 7.0, 10.0, 10.0. 15.0 

Figure 1. Discretized flow region used in the simulations. 
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microns as detennined from a capillary rise equation. This fracture aperture was used for 

detennining both the fracture permeability (through the cubic law) and the fracture volumes 

and interface areas; that is, the volumetric aperture was asswned to be similar to the hydraulic 

one. 

One case study was carried out using the matrix and fracture characteristic cwves for the 

Topopah Spring welded uriit proposed by Klavetter and Peters (1986; Sandia curves). The 

relevant van Genuchten_ parameters for these characteristic curves are also given in Table 1. 

Figures 2 and 3 show the capillary pressure and liquid relative penneability versus liquid 

saturation, respectively, for USGS and Sandia characteristic curves. 

Stable initial conditions were established by infiltrating a flux equivalent to 0.1 mm per 

year of liquid water through the system. Using the USGS characteristic curves, this resulted in 

unifonn initial liquid saturations of 0.69 and 1.6 x 10-4 for the matrix and the fracture, respec­

tively. Using the Sandia characteristic curves, initial matrix saturation was 0.80, and fracture 

saturation was approximately equal to the residual saturation. In both cases the capillary pres­

sures in the matrix and the fracture were in eqUilibrium, with a unifonn value of about -0.97 

bars for the USGS curves and about -14.6 bars for the Sandia curves. 1bis liquid flux was 

turned off during drilling but re-established during the recovery period. 

During drilling, a wa~er head equivalent to 20 m (2.0 bars) was imposed at the top of the 

system. At the lower boundary the initial pressure potential was maintained at all times. For 

most of the cases this boundary condition did not affect the results significantly. For the case 

in which the effects of lateral fluid movement due to capillary forces were investigated, the 

entire flow domain was rotated 900 to a horizontal position and the same water head of 20 m 

was applied to one side. In this case gravity effects were turned off and the entire system was 

initialized with the same matrix potential (= -0.97 bars). In most cases drilling was assumed to 

last 12.25 minutes, after which the redistribution of moisture was computed for one year. 

In the case involving gas drilling, a 2 bar air pressure was maintained at the top of the 

system. 1bis value is probably low, as air pressure closer to 5 bars may be used in the air 



- 6 -

Table 1. Parameter Values' Used in the Simulations 

Notes: 

Matrix 

• porosity 
• absolute permeability 

• capillary pressurel 

• relative penneabilityl 

Initial Condltlons3•7 

• capillary pressure 
• liquid saturation 

Fracture 

• aperture' 
• porosity 
• spacing 
• absolute permeability 

per fracture" 

• relative permeability' 

• capillary pressure' 

Initial Conditiou7 

• capillary pressure 
• liquid saturation 

0.=.12 
Ie", = 3.9 . \(r ls · ml 

1 S -S.L ~ 
'1'.= a- [( S~S '). -1] II ; , 
with the van Genuchten parameters 
S,=.984, S,=.318,a= 1.147 bar-I, m= .671,n=3.040 

[ 
S-S, ] III { [ [s-s, ) 11ID]1D}1 Ie,. = -- 1- 1- --
S,-S, S,-S, 

{l-(al'l'I),"""I[l+(al lll l)IIr'+ 
m~,=~~----------~--~ 

[l+(alllll)D]m"1 
with van Genuchten parameters as a?ove 

'1'. = -.968 bars 
SID = .691 

Ii, = .1 mm 
Ill, = 1. 
D = .60 m 

k, = 8.33 . 10-10 m1 

Ie,. = S,u36 
'1', = .0134 . S,-.491 bars 

'1', '" -.968 bars 
S, = .164 . 10-] 

1. Soun:e Rulon et al. (1986), unless otherwise indicated. 
-I 

2. <a) for the Sandia curves van Genuchten patameters; S.=I, S,=.08, 0.=.0578, , m=.4438, n=1.798 (Klavetter 

and Peters, 1986) 
. -I 

(b) for the hysteretic case; a....-... = 2.294, ~ = 1.14T 

3. Correspond to .1 mrnJyr infiltration. 

4. Fracture aperture corresponds to the air enll)' value'" .0134 bar through the capillary rise equation (Wang and 

Narasimhan. 1985). 

aev = ..,,--=2~y_ 
lir • p' g 

where 1 = .07 kg/s1, P = 1000 kg/m] and g = 9.81 misl. 

5. Permeability determined from cubic law; k, = (1i,)1/12. 

6. For Sandia curves; van Genuchten curves with 
S. = I, S, = .0395, a == 13.1211bars, m = .7636, n = 4.23. 

7. For Sandia curves IllID = IIIf = 14.6 bars, SID = .80, Sf = .038. 
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Figure 2. Capillary pressure~liquid saturation CUIVes used in the simulations (Klavetter and 
Peters, 1986; Rulon et at., 1986). 
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drilling (D. Hoxie, personal communication, 1988). Air movement was also computed for the 

liquid water drilling cases and was found to have practically no effects for the system modeled. 

In all cases the lower boundary was sufficiently deep that the specified constant pressure boun­

dary condition did not affect the solution significantly. The simulations were carried out using 

the numerical code TOUGH (pruess, 1987). An outline of all the simulations is given in Table 

2. 

RESULTS 

USGS Characteristic Curves 

In the first set of simulations the USGS characteristic CUIVes were used. Figures 4 

through 8 show some of the results obtained. Figures 4 and 5 show the liquid saturation 

profiles for the fracture and the rock matrix (0.5 mm from the fracture), respectively, after 

12.25 minutes of drilling and for selected times during the subsequent recovery. A 12.25 

minute drilling period was used as an estimate for the time it takes to drill past an open verti­

cal fracture. At the end of drilling the matrix is near saturation in the top 7.5 m; below that 

the liquid saruration decreases monotonically to the initial value of 0.69 at 20 m depth. In the 

fracture, large increases in liquid saturation occur to about 7.5 m depth at the end of drilling 

(Figure 4). Below this depth the liquid saturation increases significantly to a depth of about 

11.5 m, although the scale used in Figure 4 is too coarse for this to be seen. The liquid satura­

tion in this region has increased by more than an order of magnitude (from 1.6 x 104 to > 

10-3), thus greatly decreasing the magnitude of capillary pressure. Hence, fluid flow into the 

rock matrix causes the obseIVed increase in liquid saturation there. The apparent greater verti­

cal penetration of the disturbance in the matrix (Figure 5) compared to the fracture (Figure 4) 

is therefore caused by the coarse grid and the characteristic fracture CUIVes used. 

After drilling stopped, the fracture recovered almost to its initial moisture content within 

hours (Figure 4). Most of the fluids within the fracture were drawn into the matrix by capil­

lary force. Hence, the front did not advance significantly farther .along the fracture after the 
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Table 2. Summary of Simulations 

Case Comments 

Effect of characteristic 1 USGS - curves 
curves 2 Sandia - curves 

3 hysteresis 

Grid effects 4 "coarse" grid 
5 ' 'fine" grid 

Effect of the 6 upstream weighting 
weighting scheme 7 arithmetic mean weighting 

8 hannonic mean weighting 

Horizontal moisture 9 0.1 mm fracture 
migration 10 0.05/0.01 mm fracture 

Air drilling 11 2 bar air pressure boundary 
condition 
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constant head boundary condition was removed. This behavior was also observed by Kwicklis 

and Hoxie (1987) in their numerical calculations. The moisture redistribution in the rock 

matrix took much longer than in the fracture because of the low permeability of the rock 

matrix (microdarcies). Figure 5 shows that rapid moisture redistribution occurred during the 

first month of recovery. with the liquid saturation recovering to within two percentage points of 

the initial liquid saturation. 

Figures 6 through 8 show that the main mechanism of moisture redistribution is contin­

ued capillary suction into the rest of the matrix block until a quasi-equilibrium in capillary 

pressure is achieved. After one month of recovery the liquid saturation differs by up to two 

percentage points from the initial value, which corresponds to a 23% change in the liquid rela­

tive permeability. After one year of recovery the maximum difference is about one percentage 

point, which corresponds to a maximum increase of 10% in the liquid relative permeability. 

Sandia Characteristic Curves 

The same problem was investigated using the Sandia characteristic curves (Klavetter and 

Peters, 1986; see Table 1). For a 0.1 mm/year flux these characteristic curves yield a liquid 

saturation of about 80% in the matrix. Assuming a capillary pressure equilibrium between the 

fracture and the matrix yields a fracture liquid saturation in the range of the residual saturation. 

The results obtained are shown in Figure 9 through 12. Figures 9 and 10 show that the liquid 

~t migrates about 12m down the fracture . and to a similar depth in the matrix elements 

closest to the fracture (0.5 mm away from the fracture). The results using the Sandia curves 

are very similar to those obtained using the USGS curves, with a maximum of 1.9 percentage 

points difference in saturation between the initial value (80%) and that obtained after a 

recovery of 1 month, depending upon the depth of observation within the matrix. This 

corresponds to a maximum of about 20% difference in the relative permeability of the liquid 

phase. 

During the recovery period between one month and one year, the liquid saturations 

changed only slightly. This is because after one month of recovery the horizontal moisture 
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redistribution in the matrix has already occurred, hence, the only changes in liquid saturations 

are due to slight downward migration of the moisture. 111is process, however is very slow 

because of the small matrix permeability. The coarse grid used may also reduce the vertical 

moisture migration . 

Hysteretic Capillary Pressure-Liquid Saturation Relationship 

A brief sensitivity study was conducted on the effects of hysteresis in the matrix capillary 

pressure-liquid saturation relation on the moisture migration and redistribution. Hysteresis in 

the relative permeability-liquid saturation relation was neglected, which should not cause 

significant errors (see for example, Kool and Parker, 1987). It is also believed that hysteresis 

is more pronounced for the rock matrix than for the fractures (Montazer and Wilson, 1984). 

Because of this, we only considered hysteresis for the matrix; the fracture characteristic curves 

were assumed non-hysteretic. All the other parameter values used were those shown in Table 

1 (USGS curves). 

Since no actual hysteresis measurements for the welded units at Yucca Mountain are 

presently available, a theoretically derived hysteresis model was used. The model, which we 

have modified from the dependent domain model of Mualem(l984) and programmed into the 

numerical simulator TOUGH, computes the hysteretic scannirig paths when the equations of 

the main wetting and main drying curves are known. Details of the model are given in Niemi 

et al. (1987). The USGS matrix curve was used as the main drying curve and a hypothetical 

wetting curve was predicted by using the ratio Clwettintadrying = 2.0 (where a is the van Genu­

chten parameter). This ratio was suggested by Kool and Parker (1987) for prediction of the 

difference between the main wetting and main drying curves for cases where data are lacking. 

Their results were based on experimental analyses conducted for different soils. 

The resulting main wetting and main drying curves are shown in Figure 13. They are 

assumed to converge towards the same maximum liquid saturation. There is some experimen­

tal evidence (see for example, Kooland Parker, 1987), that the maximum liquid saturation on 

the main wetting curve is smaller than the corresponding one for the main drying cutve. The 
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lack of data on the magnitude of this difference for welded tuffs and the preliminary nature of 

our computation justifies the use of the same value for both. 

The system was simulated by assuming a 12.25 minute drilling period followed by a one 

year recovery period. Initially, the system was assumed to be draining, hence, the main drying 

curve was used to detennine the initial matrix conditions. The liquid saturation distributions in 

the fracture, in the matrix column immediately adjacent to the fracture, and in the uppennost 

layer of the matrix are shown iri Figures 14, 15- and,16, respectively. Examples of the simu­

lated hysteretic scanning paths for some grid blocks are shown in Figure 17. 

Comparison of Figures 4 and 14 shows that the fracture liquid saturations at the end of 

- drilling are somewhat higher in the hysteretic case than in the non-hysteretic case. This is 

probably the result of the lower matrix capillary suction in the hysteretic case (when a system 

wets along a first order wetting curve instead of the main drying curve, the same liquid satura­

tion corresponds to a lower capillary pressure, as shown in Figure 17). An alternative explana­

tion is the somewhat lower liquid relative penneability of the matrix in the hysteretic case (E. 

Kwicldis, personal communication, 1988). Higher fracture liquid saturations in the hysteretic 

case, also explain why further down (at = 11 ~5 m) the matrix saturations are slightly higher in 

the hysteretic case than in the non-hysteretic case, in spite of the fact that at this level also 

capillary suctions were smaller in the hysteretic case. Parts of the matrix that were affected 

most during the drilling (grid blocks near the fracture in the upper layers) became fully 

saturated and their scanning paths thus converged with the main drying (and main wetting) 

curve. Partly because of this. the differences in matrix liquid saturation distributions between 

the hysteretic and non-hysteretic cases were not very significant at the end of the drilling (Fig­

ures 5 and 15). 

A more significant difference was observed during the recovery period. Due to the lower 

matrix capillary suction in the interior of the matrix or alternatively lower matrix liquid per­

meability. the recovery was somewhat slower for the hysteretic case. 'This can be seen by 

comparing Figures 5 and 15. At the end of the 1 year recovery period the capillary pressure in 
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each matrix layer is uniform and in equilibrium with conditions within the adjacent fracture 

element. However, because of hysteresis, the liquid saturations were not uniform horizontally 

in the upper layers. This non-uniformity was most pronounced in the top matrix layer (Figure 

16). 

At the end of the recovery the matrix liquid saturations were within 2.6 percentage points 

of the initial liquid saturation in comparison to 1 percentage point for the non-hysteretic case. 

This corresponds to a maximum increase of 29% in the matrix relative permeability, in com­

parison to 10% for the non-hysteretic case. 

Grid Effects 

A limited sensitivity study was conducted on the effects of grid spacing on the moisture 

migration and distribution within the fracture and the rock matrix. The "coarse" grid spacing 

was identical to that used in the previous simulations (Figure 1). The "fine" grid was con­

structed by refining the coarse grid by a factor of three in the vertical direction, i.e., allowing 

three equally spaced elements for each element of the coarse grid. The horizontal gridding in 

the rock matrix remained the same. 

The problem considered was very similar to the one discussed before, except that the 

fracture permeability was somewhat higher than in the earlier cases. A drilling period of five 

~ minutes was assumed, again with a water head of 20 m. Figures 18 and 19 show the moisture 

distributions in the fracture and the adjacent rock matrix (0.5 mm away from the fracture) dur­

ing the reC9very after drilling, for both the coarse and the fine grid. Figure 18 shows that there 

is a considerable difference between the results for the two grids in the fracture at the end of 

drilling. As expected, the coarse grid yields a more smeared front than the fine grid. In both 

cases the moisture leaves the fracture very quickly after recovery begins. In the rock matrix 

elements close to the fracture, there is also a considerable difference in the liquid saturation 

profiles at the end of the drilling. However, the behavior during the recovery period is very 

similar for the two grids as shown in Figure 19. Also, the time dependent flux into the frac­

ture from the constant pressure upper boundary is very similar for both grids (Figure 20). This 
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limited sensitivity study suggests that the grid effects mainly affect the shape of the moisture 

front. They do not significantly affect the moisture redistribution and liquid saturations during 

the recovery period. As the long-term residual effects in the liquid saturations of the fracture 

and the matrix are of most importance in testing following drilling, the results suggest that the 

grid effects are secondary in importance . 

Effects of Weighting Schemes 

In numerical modeling of fluid, heat and chemical transport where spatial variations are 

present in fluid or rock parameters one must choose a rationale for averaging the parameters 

between grid blocks. For example, in problems involving unsaturated fluid flow, the effective 

permeability to both phases (liquid and gas) will vary spatially with the liquid saturation. In 

each grid block the liquid saturation is ,known and consequently the effective permeability asso­

ciated with the grid block is known. However, the effective permeabilities for the two phases 

are needed at the interfaces between grid blocks in order to compute flow of gas and liquid 

between the two grid blocks. Various weighting schemes have been devised .for estimating the 

interface values including those referred to as harmonic mean, upstream weighting and arith­

metic mean weighting. 

Figure 21 shows the equations used to compute the interface permeability for the har­

monic, arithmetic and upstream weighting schemes. In the present study the harmonic mean 

permeability is obtained by computing the harmonic mean of the effective permeabilities of the 

grid blocks (~/' where k is the absolute saturated permeability and kr/ is the relative liquid 

permeability). Similar weighting can be used for the gas phase. In both the arithmetic mean 

weighting and the upstream weighting schemes the absolute permeability, k, is weighted using 

the harmonic mean weighting scheme, but the relative permeability is weighted using the 

appropriate equation shown in Figure 21. 

The same basic problem was solved using all three weighting schemes; the problem 

specifications were slightly different from those used earlier. The results for the liquid satura­

. tion transients in the fracture and the adjacent rock matrix (0.5 mm away from the fracture) 
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Figure 21. Fonnulae used for computing the penneabilities at the interfaces of the gridblocks. 
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using the upstream weighting scheme are shown in Figures 22 and 23, respectively. In this 

case the moisture front migrates about 42.5 m down the fracture during the 4.5 minute drilling 

period, and again the fracture recovers very rapidly. The moisture front also extends about 

42.5 m in the adjacent rock matrix elements during drilling, with a recovery similar to that 

shown for the earlier cases. 

The results obtained using the arithmetic mean weighting scheme are shown in Figures 

24 and 25. 

The water front moves down the fracture about 30 m during 4.5 minutes of drilling, and after 

one year of recovery the liquid. saturation differs by less than 1 percentage point from the ini- . 

tial saturation. 

The results obtained using the harmonic mean weighting scheme differ substantially from 

those obtained using the upstream and the arithmetic mean weighting schemes, as shown in 

Figure 26. In this case the front moves only about 3 m down the fracture and the adjacent 

rock matrix after 31 days of drilling. The reason for this is the relatively low mobility 

obtained at interfaces when the harmonic mean weighting is used. Unlike the other two 

weighting schemes, the harmonic mean. weighting scheme puts most weight upon the down­

stream permeabilities, which are low due to the lower liquid saturations. Thus, the moisture 

front cannot move down to the next grid block until after the grid block at the edge of the 

front becomes fully saturated. The low fluid mObility of the harmonic· mean weighting scheme 

allows very little liquid water to enter the fracture from the constant head boundary in com­

parison to the other weighting schemes. 

It is expected that the different weighting schemes will yield similar results when an 

extremely fine grid is used. This should be tested in future simulations. However, significant 

differences were also obtained by USGS in their simulations using a rather fine grid and 

different weighting methods (5 cm grid blocks: E. Kwicklis, personal communication, 1987). 
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Horizontal Moisture Migration 

The horizontal moisture migration due to liquid water drilling of a borehole or wet­

mining of a shaft room was briefly investigated. Two different cases were considered with the 

same numerical grid that was used in the investigation of vertical fluid flow. In these cases, 

however, the system was rotated 90° so that the fracture is horizontal. 

Gravity effects were turned off so that the only driving forces for moisture migration were 

capillary pressure gradients. A water head of 20 m was imposed at one end of the system for 

a total time of one hour. Uniform irutial conditions with a capillary pressure of -0.97 bars 

were specified. 

In the first set of simulations the parameter values given in Table 1 were used with the 

USGS characteristic curves. Figures 27 through 29 show the results obtained from these simu­

lations. Figures 27 and 28 show that after 12.25 minutes of drilling the liquid water front has 

advanced about 11.5 m in both the fracture and adjacent rock matrix elements. In comparison. 

for the vertical fracture case (Figures 4 and 5) the moisture front migrates about 20 m in the 

rock matrix adjacent to the fracture. These results indicate that for this problem the capillary 

pressure forces are at least comparable to the gravity force; this can be verified by comparing 

the magnitudes of the two forces using Darcy's law. The moisture redistribution during the 

recovery period is also similar for the two cases (with and. without gravity), with the matrix 

liquid saturation being at most about one percentage point higher than the initial saturation 

after a one year recovery period. 

A second set of simulations was conducted using a considerably smaller fracture with a 

volumetric aperture of 0.05 mm and a hydraulic aperture of 0.01 mm. The volumes and sur­

face areas of the fracture elements were computed based upon the volumetric aperture and the 

fracture permeability based on the hydraulic aperture. The results from these simulations are 

shown in Figures 3D, 31 and 32. In this case the liquid water front only migrates into the first 

grid block after 1 hour of drilling. The subsequent recovery is also more rapid with the liquid 

saturation in the matrix blocks closest to the constant head boundary being within 1.2 
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percentage points from the initial value after a one-month recovery. 

Air Drilling 

A brief study was conducted on the effects of air drilling on moisture conditions in 

nearby fractures and rock matrix blocks. Again the grid shown in Figure 1 and the parameter 

values given in Table 1 (with the USGS characteristic curves) were used. In this case, a 2 bar 

air pressure condition was specified at the top of the system. The relative permeability to air, 

lcrg, was assumed to be l-krl for all saturations. The air drilling was assumed to last for a 

period of 12.25 minutes. The temperature increase of the air due to drilling was not COR-

side red in the simulations, although that may lead to drying of matrix block surfaces (E. 

Kwickiis, personal communication, 1988). Figures 33, 34 and 35 show the moisture conditions 

in the fracture, in the rock matrix elements adjacent to the fracture, and in the interior of the 

rock matrix, respectively, immediately after drilling ceased and during the recovery. Figures 

36 through 38 show the air pressure transients in the various parts of the system during the 

recovery period. 

The liquid saturation transients shown in Figures 33 through 35 suggest that only small 

changes in liquid saturation will occur as a result of air drilling. The maximum decrease in 

liquid saturation in the matrix is about 0.005 in a matrix element adjacent to the fracture. After 

one day of recovery the liquid saturations have practically recovered in both the fracture and 

the rock matrix. In the interior of the rock matrix no significant changes in the liquid satura-

tion are observed (Figure 35). Figures 36 through 38 show that large air pressure gradients 

develop in the fracture and the adjacent rock matrix elements during air drilling. The pressure 

pulse moves quickly within the fracture to the constant pressure element at the bottom of the 

system (depth of 50 m). In the interior of the matrix significant air pressure changes are only 

observed down to a depth of 3 m (Figure 38). The air pressure recovery is rapid. with near-

initial conditions reached after about one day. In the case studied the inftowing air was near-
. 

saturated with water, but the results would not differ greatly if "dry" air was used. 
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Figure 36. Drilling with air: Air pressure in the fracture for various recovery times. 
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Figure 37. Drilling with air: Air pressure in the matrix (0.5 mm from the fracture) for 
various recovery times. 
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SUMMARY 

Numerical simulation studies were carried out to address the effects of air and liquid 

water drilling on the time-dependent moisture conditions in nearby fractures and rock matrix 

blocks. A very coarse numerical grid was used to obtain first order estimates of changes in 

moisture conditions that result from an imposed head of water (or air) for some (drilling) 

period and from the subsequent redistribution of the moisture. 

For the parameter villues used the moisture front migrated tens of meters down the frac­

tures and in the rock matrix adjacent to the fractures. The most critical parameter is the aper­

ture of the fractures and the corresponding fracture permeability. If the effective fracture aper­

ture is tens of microns rather than the assumed value of 100 microns, the moisture front is 

likely to advance considerably less during the assumed 12.25 minutes drilling period. The 

results obtained suggest that the lateral (horizontal) moisture migration may be about half the 

vertical one, for the parameter values considered and the conceptual model used. 

The moisture redistribution in the fracture following liquid water drilling occurs in 

minutes or hours, with the water being drawn into the matrix and very little further advance­

ment of the moisture front. The moisture redistribution within the matrix takes a much longer 

time, on the order of years. After one year of recovery the matrix saturation is fairly uniform 

at a given depth and up to one to two percentage points higher than the initial liquid saturation. 

For the characteristic curves used this corresponds to a diference of about 10 to 20% in the 

relative permeability of the liquid phase. When hysteresis in the capillary pressure-liquid 

saturation relationship for the matrix is considered, the recovery may be considerably slower 

and result, in the vicinity of the fractures, with considerably larger differences between the 

matrix liquid saturations after one year of recovery and the initial values. For the non­

hysteretic case the USGS and Sandia characteristic curves give similar results for the problem 

solved. Limited sensitivity studies of grid effects suggested that they are secondary in impor­

tance for the purposes of this study as similar results are obtained with two grids with different 

element sizes. 
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The results for the case involving air drilling. assuming saturated air and isothennal con­

ditions. suggest that much less disturbance in the moisture conditions of nearby fractures and 

rock matrix blocks will occur. Slight changes in liquid saturations occur in the fractures and 

the adjacent rock matrix elements with rapid recovery within a time frame of hours or days 

after drilling ceases. 
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