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Abstract 

Hydraulic fi-acturing tests were integrated with hydrologic tests to estimate the conditions 
under which gas pressure in the disposal rooms in the Waste Isolation Pilot Plant, Carlsbad, NM 
("P) will initiate and advance fracturing in nearby anhydrite interbeds. The measurements were 
made in two marker beds in the Salad0 formation, MB139 and MB140, to explore the 
consequences of existing excavations for the extrapolation of results to undisturbed ground. The 
interpretation of these measurements is based on the pressure-time records in two injection 
boreholes and several nearby hydrologic observation holes. Data interpretations were aided by 
post-test borehole video surveys of fracture traces that were made visible by ultraviolet 
illumination of fluorescent dye in the hydraulic fracturing fluid. The conclusions of this report 
relate to the upper- and lower-bound gas pressures in the WIPP, the paths of hydraulically and 
gas-driven fractures in MB139 and MB140, the stress states in MB139 and MB140, and the 
probable in situ stress states in these interbeds in undisturbed ground far away from the WIPP. 
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1. Introduction 

The Waste Isolation Pilot Plant, Carlsbad, NM (WIPP), is being developed by the 
Department of Energy (DOE) to demonstrate the safe geological disposal in rock salt of 
radioactive waste resulting from the defense programs of the United States. A part of the WIPP 
Technology Development Activities are the Hydrological and Thermostructural Programs. A 
subset of these activities addresses the consequences of gas generation in disposal rooms in the 
Salado formation, and specifically, experimental evaluations of analyses concerning the gas 
pressurization of anhydrite interbeds such as Marker Bed (MB) 139 (Davies et al., 1990; Davies, 
1991). To accomplish this, complementary hydraulic fracturing and hydrologic tests were 
conducted in ME3139 and in the deeper MB140. Considerable variability was recorded in the 
measured formation (pore) pressures and permeabilities in MB139 one to two meters (3-6 ft) 
below the repository horizon, and to a lesser extent, some 6 m (20 ft) below the floor of the 
experimental area in the WIPP. The observed variability suggested a strong influence of 
subhorizontal networks of preexisting partially and klly healed fractures. Additionally, it was 
deemed possible that MB139 had been altered by the influence of nearby excavations (Stormont 
et al., 1987; Stormont, 1990a; Beauheim et al., 1991, 1993a). Because ME3140 is located 
approximately 17 m (50 ft) deeper than ME3139 (Holt and Powers, 1984), there was a possibility 
that MB140 was sufficiently less disturbed to serve as a virgin analog of ME3139 and other 
anhydrite interbeds in the viciqity of the repository horizon. 

The work that is presented in this report is based on a detailed test plan prepared in 1991 
(Wawersik and Beauheim, 1991) and adhered to with only very minor changes. Preliminary 
results of the combined hydrologic and hydraulic fracturing tests in MB139 were published in 
1993 (Beauheim et al., 1993b). The following account provides the first comprehensive 
description of all hydraulic fracturing measurements. The interpretation of these data benefited 
greatly from recent post-fracturing (post-frac) borehole observations that became available during 
a systematic drilling program. The hydrologic measurements made before and after hydraulic 
fracturing will be alluded only to the extent that they are relevant to the discussion of hydraulic 
fracture propagation. The hydrologic analyses and interpretations themselves will be addressed in 
a separate report. 

2. Background 

The W P  facility is located in a bedded salt formation approximately 655 m (2,150 ft) 
below the ground surface. The underground development is separated into the north area, which 
is an experimental area, and the south area, where the disposal rooms are located. The local 
stratigraphy contains numerous horizontal layers of anhydrite and clay, as well as halite containing 
various impurities. Of particular note is a nonsalt layer called Marker Bed 139 immediately below 
the disposal horizon. ME3139 (described in detail by Borns, 1985, and by Holt and Powers, 1984) 
is a nominally 1 m (3 ft) thick anhydrite layer 1 to 2 m (3-6 ft) below the disposal level (Krieg, 
1984; Stormont, 1990b). MI3139 is important because it is predicted to be a high-permeability 
conduit for gas that is generated in storage rooms. As gas pressure in individual storage rooms 
rises, gas is expected to break through a disturbed, partially fractured salt layer into MI3139 
pavies et al., 1990). Subsequent gas flow within MB139, away from the gas source, coupled 
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with the predicted storage capacity of the anhydrite layer is calculated to limit the maximum 
possible gas pressure in the storage rooms. The lateral persistence of MB139 also suggested that 
gas leaving the repository horizon would spread out, but remain in this well-defined horizontal 
layer. 

The analytical foundation of the foregoing predictions entails numerous two-dimensional, 
coupled analyses of gas and brine flow pavies et al., 1990; Davies, 1991). Virgin in situ stress 
conditions and permeabilities used in calculations, in turn, are based on a considerable number of 
measurements throughout the WlPP horizon (Wawersik and Stone, 1985, 1989; Beauheim et al., 
1991, 1993a; Stormont et al., 1991). There are, nevertheless, several uncertainties, some of 
which are to be addressed by the experiments in this report: (I) Large variability of formation 
(pore) pressure, permeability, and brine mass collected in drillholes in MI3139 leave open the 
possibility that MI3139 was not in the virgin state. This suggestion is consistent with the 
observation that stress field perturbations in rock salt, and therefore, also along salt-interbed 
boundaries, appear to propagate much farther than in hard elastic rock (Wawersik and Stone, 
1989). (2) Computations implied but did not prove that relatively high gas pressures might open 
and/or connect partially open, partially healed preexisting fractures in anhydrite. (3) Analyses that 
existed at the beginning of this study did not include the effects of developing new fractures in 
ME3139 which could (i) remain in the marker bed or (ii) propagate vertically out of the interbed. 
The latter scenario would be likely if the horizontal in situ principal stress in anhydrite, a nearly 
elastic material at low and intermediate applied deviatoric stress, were significantly smaller than 
the overburden stress. Fracture propagation out of the interbed is conceivable also for certain 
combinations of in situ stress state, fracture length, and fracture resistance (fracture toughness) of 
MB139 material, the contact between MI3139 and the surrounding salt, and of salt above and 
below MI3139 (Gerstle et al., 1996). 

AU processes leading to increased interbed permeability would tend to reduce the 
maximum pressure both in MI3139 and in the storage rooms. At the same time, higher 
permeability would enhance the hydraulic connection between different rooms and panels in the 
repository. 

3. Objectives 

Hydraulic fracturing (frac) experiments in MB139 and MB140 were designed to answer 
six speciiic questions. 

At what fluid pressures will fracturing occur in anhydrite interbeds, especially MI3139, 
both in a potentially disturbed state and in its virgin state? 

0 Iffracturing occurs, would it take place by the opening and interconnection of preexisting, 
partially healed fractures or would fracturing include the formation of new fractures? 

At what induced (liquid or gas) pressure might fracturing be sustained? 

-2- 



0 If fracturing in MB139 involved the development of new fractures, would the fracture 
process be confined to the anhydrite interbed or would newly created fractures break out 
of MB 139? 

0 Is the total stress state (matrix stress plus pore pressure) in MI3139 and MI3140 isotropic 
or not, and can near-field stress measurements around excavations be used to infer the 
virgin state of stress in the interbeds? 

0 What is the magnitude of the smallest principal stress in anhydrite interbeds, if the stress 
state is anisotropic? 

In order to relate the results of the hydraulic fracturing experiments and the effect of fracturing to 
the hydrologic properties of MB139 throughout the WIPP, it was essential to combine all frac 
experiments with pressure buildup and flow measurements both before and after hydraulic 
fiacturing was induced. The details of these flow tests will be described elsewhere. However, it 
was the goal of these tests to provide: 

0 

0 

e 

4. 

Reliable values of formation (pore) fluid pressure, 

Permeabilities and storage capacities of the interbeds before and after hydraulic fracturing 
causing at least local dilation of preexisting and, possibly, the formation of new fractures, 
and 

Comparisons of permeability measurements in MB 139 relatively near existing excavations 
with equivalent data in MB140 which was expected to be essentially undisturbed or at 
least less disturbed than MB139. 

Test Locations 

All tests were performed in Room C1 in the northeast portion of the W P  experimental 
area, 642 m (2105 fl) below ground surface. Room C1 lies in one of the least mined areas of the 
WlPP (Figure 1) where the excavation floor is located approximately 6 m (20 ft) higher above the 
top of MB139 than the floor of all planned disposal rooms. Both characteristics offered the 
possibility that the in situ stress field and the properties of ground in and immediately around 
A5139 and MI3140 might be altered less than at any other potential experimental location. The 
only more remote and possible preferable places would have been along the G-drift towards the 
northwest comer of the W P .  The G-drift was precluded, however, because of space limitations 
and potential effects on other critical measurements. 

Hydraulic fiacturing tests were conducted in two drillholes, ClXlO and ClX05 
(Figure 2). Borehole ClXlO was drilled near the intersection of Room C1 and the drift N1420 to 
evaluate all test procedures although it was expected that the results obtained might not be 
representative of the marker beds in their virgin states. More conclusive measurements were to 
be obtained in borehole ClX05 that was placed within 1.5 m (5 ft) from the north end of Room 
C1 (Figure 2). 

-3- 



U I ,I 
I I I 1  

Tests: 

A. 18 W/m * Mockup 
B. DHLW Overtest 
C. Intermediate Scale Rock Mechanics 

D. Mining Development 
G. Geomechanlcal Evaluation 
H. Heated Pillar 
J. Simulated CH TRU Tests (Wet) and 

Materials Interface Interactions 
Test (MIIT) 

L. Plugging and Sealing 
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1. All Dimensions in Meters 
2. Not to Scale 

Figure 1 - Plan view of WIPP with WIPP Experimental Area. 

Borehole ClXlO was drilled through MB139 only whereas borehole ClX05 penetrated 
both ME3139 and M140. Boreholes ClXlO and ClX05 served as sources and sinks for hydraulic 
fracturing tests and for pre- and post-frac hydrologic injection and withdrawal experiments. 
Satellite holes (boreholes ClH05 through ClH07 and ClX06; Figure 2) were put down to 
support the hydrologic measurements and to trace the paths of the hydraulically induced fractures. 
Details concerning the depths of the marker beds and the locations of the test intervals are 
summarized in Appendix A. 
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Several additional boreholes 
(ClX07 through ClX13) were drilled 
after the completion of all tests to 
obtain supplementary information 
concerning the character, orientation, 
extent, and geometry of all hydraulic 
fiactures. The planar area sampled by 
the latter observation boreholes is 
indicated by the dashed circle around 
the injection hole ClX05 in Figure 3a. 
Borehole ClX13 was planned to reach 
beyond this circular observation area. 
Further details concerning the course 
of the observation holes ClX07 
through ClX13 are indicated in 
Figure 3b. 

29.9 r 

5. Description of Marker 
Beds ... 

I 1 

31HO7 e 

Plan View 
Room 
C1 

C l M  
e 

ClXlO /- 
0 

N1420 D~ift I 
4 3  m (141 

I - ... Marker Beds 139 and 140 are 
two of a series of siliceous or sulfatic 
units of the Salado formation located Figure 2a - Hydraulic fiacturing and hydrologic test holes in 
nominally 1.5 m (5 fi) and 19 m (62 fi) Room C 1 -  Plan view 
below the repository horizon of the 
WIPP, respectively. These and other 
interbeds are the result of repeated 
flooding of the Salado basin followed 
by evaporite concentration, reworking 
and intersediment growth. The 
general characteristics of MI3 13 9 have 
been described by Borns (1985) based 
on the evaluation of five sets of core 
from SPDV complex, Room 4 in the 
WIPP. Accordingly, the 
approximately 1 -m-thick MI3 13 9 can 
be divided into five characteristic 

a distinctive claystone up to several 
centimeters (inches) thick which is 
overlain by polyhalitic halite. 
Undulations of the claystone-halite 
contact on top of MI3139 are 10 to 50 
cm (4 to 20 in) in amplitude and 30 to Figure 2b - Hydraulic fracturing and hydrologic test holes in 
100 cm (1 to 3 ft) in wavelength. 

E 
I 

zones. The uppermost Zone I includes An Dimensions 
are Approximale 

Room C1 - cross-section. 
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Where Zone I is thin and the claystone is in contact with the polyhalitic anhydrite in Zone II, the 
claystone infills embayments into the anhydrite. The lower portion of Zone I may be made of 
interlayered halite, polyhalite, and clay with partially broken hopper and chevron crystals. 

- 
29.9 rn (98) 

1 

A massive polyhalitic anhydrite Zone 11 is 20 to 30 cm (8 to 12 in) thick and exhibits a 
distinct spotted appearance. The spots are 1 to 5 mm (0.04 to 0.2 in) in diameter and are formed 
from radiating clusters of polyhalite. Contorted and undulated stylolite laminae crosscut both 
anhydrite and polyhalitic anhydrite. Some boreholes in this zone reveal clusters of swallowtail 
structures and replacement patches of halite. 

-eT--- 

1: 

Clm)71 

I 
I 
I 

Plan View 
Room 
c1 

ClHOS 
0 

Trial Test Hole 

Room C1 

Room C1 

7 

Note: 
AU Dimensons 
are Apprnn'male 

Section A--A' 

Figure 3b - Schematic cross-sections 
with orientations of post-frac 

observation boreholes shown in 
Figure 3a. 
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The mixed anhydrite and polyhalitic anhydrite Zone 111 has a distinct marbled appearance 
enhanced by a mixture of red and green colors. The lower part of Zone 11 and especially Zone 111 
contain pervasive sets of subhorizontal fractures. The fractures generally follow the sedimentary 
layering, but locally cross layering or follow the layering where it has been deformed by 
sedimentary or diagenetic processes. The fractures in both zones are infilled or partially intilled 
with halite, but infillings of polyhalite and fine-grained anhydrite are also present. Partial intilling 
is observed in core and on borehole surfaces regardless of whether they were drilled with brine or 
air suggesting that the fractures and non-filled porosity are not artifacts of the drilling process. 

The laminated anhydrite with halite Zone IV also is 20 to 30 cm (8 to 12 in) thick and 
characterized by fine laminations of halite and gray-green relict anhydrite. Individual 
subhorizontal laminae are 1 to 2 cm (0.4 to 0.8 in) thick. Anhydrite occurs either as multiple 
laminae with thin (1 mm, 0.04 in) interlaminae of clay or as laminae in halite. Anhydrite laminae 
in halite exhibit pull-apart structures, and as in Zone 11, are infilled partially by halite. While the 
set of partially open fratures are not observed in Zone IV as in Zones 11 and III, Zone IV exhibits 
numerous planes of weakness and partings. 

The bottom contact of Zone V is marked by a gray-blue clay zone. Much of the clay was 
often lost during drilling and core removal. Where the section is recovered intact, the clay band 
appears to be about 1 to 2 cm (0.4 to 0.8 in) thick. 

A typical (idealized) schematic cross-section of MB139 is shown in Figure 4. The general 
features observed by Borns (1985) in Room 4 have been confirmed by core observations 
(Appendix B) made as part of the present hydrologic and hydraulic fiacturing measurements that 
entailed coring in Room C1 and in the G-drift in the eastern portion of the WIPP experimental 
area (Figure 1). The main Zones 11 to IV are particularly recognizable in the photographs of 
0.3 m (1 ft) diameter core taken in the G-drift and included as Figures 5a and 5b. Variations from 
the Zone description above primarily pertain to considerable variations in zone thicknesses. For 
example, Zone I in the injection borehole ClX05 was 55 cm (22 in) thick compared with a 
combined thickness of Zones II-IV of only 25 cm (10 in) in ClH07. All cores exhibited core 
breaks along local lithologic contrasts and partially or hlly healed subhorizontal fractures, 
especially in Zones 11 and IV. 

It was stated earlier that MB140 is located some 17 m (55 fi) below MB139, and 
therefore, offered the possibility of evaluating the flow and fracturing characteristics of a 
characteristic interbed that was close to its virgin state, undisturbed by existing WlPP 
excavations. Core inspections of three boreholes in Room C1, boreholes ClX05, ClX06, and 
ClH07 (Appendix B) established that MB140 was formed by the same depositional cycle as 
ME3139 except that ME3140 represents not only one but two cycles of flooding. As a result, 
MI3140 is approximately 4.2 m (13.8 fi) thick and contains two distinct clay zones separating the 
entire interbed into an upper, approximately 3.4 m (11.2 ft) thick sequence closely resembling 
Zones I-IV in MB139 and another 0.8 m (2.6 ft) thick lower sequence including Zones II-V. 
Zones 111 and IV in the upper sequence are considerably thicker than their counterparts in 
MB139. Apparent local changes are reflected in substantial thickness variations of Zones 11 and 
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ITE, POLYHALITE AND CLAY, CLUSTERS OF HALITE 
CRYSTALS, CONTACT WITH ZONE II IS SHARP WHERE 
DEFINED BY CLAY SEAM 

ZONE II: POLYHALITIC ANHYDRITE WITH PATCHES OF RELICT 
ANHYDRITE, CONVOLUTE STYLOLITES, SWALLOWTAIL 
GROWTH STRUCTURES 

ZONE 111: EQUAL PROPORTIONS RELICT ANHYDRITE AND POLYHA- 
LlTlC ANHYDRITE, COMMONLY FISSILE, NUMEROUS SUB- 
HORIZONTAL FRACTURES, WHICH ARE PARTIALLY FILLED 
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ZONE IV: INTERLAYERED HALITE AND ANHYDRITE, ANHYDRITE 
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ZONE V LOWER CONTACT ZONE. CLAY LAYER, THE LOWER BOUND- 
ARY OF THE CLAY IS UNDULATORY WHERE CLAY INFILLS 
EMBAYMENTS I N  LOWER SURFACE, THESE STRUCTURES 
DO NOT REFLECT STRUCTURES IN ZONES ABOVE 

LYHALlTlC HALITE 
TH CLAY 

Figure 4 - Characteristic lithologic zones in idealized section of ME3139 (after Borns, 1985). 
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Figure 5a - Photograph of 0.3 m (1 ft) diameter core 
taken fiom MI3139 in G-drift - Zones 11 and Ill 

Zone 11 

Zone III 
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, ,  

I .  

.. 

Zone IV 

Figure 5b - Photograph of 0.3 rn (1 ft) diameter core taken from MI3139 in G-drift - Zone IV. 

III in the lower sequence. In fact, Zone 11 and III were absent in borehole C1H07. Instead, the 
two clay zones were separated only by a 0.6 m (2 ft) thick layer of massive gray anhydrite. 

The equivalence of MB139 and MI3140 was principally determined fi-om mesoscopic 
observations of core and borehole television logs. Considering the objectives of fiacturing tests in 
the two interbeds, all core comparisons were ,pided by five key questions relevant to the project: 
(I) What are the main lithological and structural properties of the two marker beds and is any 
portion of the thicker MB140 an acceptable analog of the much thinner MB139? (2) How 
uniform are the marker bed characteristics among the test boreholes in Room C1, and how do 
they compare with the "typical" description of Borns (1985)? (3) Are there features such as 
depositional contrasts, open or healed fiactures, etc., that might influence or even dictate the 
direction of propagation of hydraulically or gas-driven fractures? (4) Is there evidence of 
excavation-induced damage to suggest that measurements during flow or hydraulic fracturing 
measurements might not apply to virgin ground? Finally, ( 5 )  are there petrographic or structural 
features, as opposed to potential excavation effects, that might cause asymmetrical growth of 
fractures around the injection holes? Clearly, preexisting partially or fully healed fiactures and 
breaks of core along some of these features indicated the presence of preexisting weakness planes 
that could influence the paths of hydraulically induced fractures unless the latter were determined 
solely by strong differences between the maximum and minimum in situ principal stresses. 
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6. Test Description and Procedures 

The combined hydraulic fiacturing-hydrologic tests consisted of a trial experiment in 
MB139 and a main test series in MB139 and MB140. All measurements were conducted in the 
two 7.6 cm (3 in) diameter boreholes, ClXlO and ClX05 (Figure 2). The trial test was designed 
to evaluate the test procedures, to provide a preliminary indication of the preferred path(s) of 
hydraulically induced fractures, and to obtain estimates of the local formation (pore) pressure and 
permeability of MB139. This experiment also determined whether a straddle-packer system with 
single packers, i.e., without additional guard packers at each end, was adequate for isolating 
borehole sections in anhydrite with partially healed preexisting fractures. Finally, the trial 
experiment was used to evaluate post-frac observations of fracture paths using an existing 
borehole video camera and observations in two nearby 10 cm (4 in) diameter observations holes. 
Because borehole ClXlO was located next to the intersection of two drifts, it was anticipated that 
mining-induced disturbances at that location might be severe. 

The main hydraulic fracture and hydrologic measurements in MB139 and MB140 were 
located in drillhole ClX05 that was cored in sections, first through and to approximately 1.3 m (4 
ft) below MB139 and subsequently, after completion of the first set of measurements, to 
approximately 1.3 m (4 ft) below MB140. To minimize pore-fluid drainage and attendant 
changes to the formation, testing commenced with the shortest possible delay ( 4 2  hours) after 
drilling. Each set of measurements included: 

I. Tool emplacement and pressure buildup phase 

Accurate volume measurements during hydrologic tests in tight formations require 
that the compliance of the test system is known, low, and nearly constant. To accomplish 
this, air in the test zones was minimized by pouring some 15 L (4 gallons) of fracturing 
fluid into the borehole. At that point, the straddle packer was lowered and set at 
approximately 7 MPa (1,000 psi) pressure. Most of the remaining air in the tubing 
between the test zone, the high-pressure pump, and the control console was removed by 
means of a vacuum pump before fiacturing fluid was added. As soon as possible (1 to 4 
hours), the interval pressure was increased to 5.5 MPa (800 psi) to accelerate the 
establishment of pressure equilibrium with the formation pore pressure. Based on past 
experience in MB139, the formation pressure was expected to lie between 6 and 11 MPa 
(870-1,600 psi; Beauheim et al., 1991, 1993a). As the interval pressure rose with time, 
the packer pressure was adjusted if necessary to be at least 2 MPa (290 psi) above the 
interval pressure to prevent that fluid would leak by the packer elements. 

Following similar procedures, packers were installed in the hydrologic observation 
holes (Figure 2). A detailed chronology of all experimental activities will indicate later the 
sequence in which the hydraulic fracturing and hydrologic observation boreholes were 
drilled and packed OE 

In some cases, the phase of building up pressure in the intervals between the 
packer elements had to be intempted in order to fix leaks in the tubing trains or around 
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some packers. As a result, the pressure buildup phase was especially protracted at the 
beginning of the measurements in borehole ClX05, MB140. Small, but persistent, fluid 
losses (e1 mL per day) ultimately required that the packer elements in that borehole were 
modified by the addition of soft rubber sleeves to close off passageways between the 
packers and the rough borehole wall. 

II. Hydrologic testing 

Hydrologic testing was started once the pressure in the test zones between packer 
elements had stabilized, indicating that the borehole pressures were approximately in 
equilibrium with the formation pore pressure. Hydrologic tests before hydraulic fracturing 
consisted of injection tests at pressure varying from 0.5 to 1.6 MPa (75 to 230 psi) above 
the formation pressure. When possible, the injection pressures were held constant. 

Each suite of hydrologic tests before hydraulic fracturing was concluded with 
measurements of the packer and interval compliances in the injection borehole. The 
method to do so was established in pre-test system evaluations using a double-acting 
hydraulic actuator to increase or decrease the system pressures in steps between 0.07 and 
0.35 MPa (10-50 psi). The associated fluid volumes were calculated from the 
displacements of the actuator piston. 

III. Hydraulic fracturing 

Hydraulic fracturing tests consisted of one to six individual pressure cycles. Each 
cycle was carried out at an approximately constant flow rate of 4.5-5.7 L/min (1.2-1.5 
gpm) with the exception of cycle four in borehole ClXO5, MB140, when the flow rate 
was lowered to 0.19 L/min (0.05 gpm). The total fluid injection volume per pressure 
cycle was between 1. L (0.3 gal) and 31 L (8.2 gal), and each shut-in lasted about eight 
minutes. M e r  that, the interval pressure was brought back to the initial (formation) 
pressure and backflow of fluid into the injection hole measured to estimate the amount of 
fluid lost into the rock. Additional details concerning the procedures of completing the 
hydraulic fracturing tests are listed in the (Standard) Operating Procedures for these 
measurements (Wawersik, 1991, 1992, 1993). 

Once hydraulic fracturing was completed, the pressure in the injection interval was 
lowered below the original formation pressure to recover as much injection fluid as 
possible. The interval was then isolated to reestablish pore pressure equilibrium between 
the injection zone and the formation. 

Iv. Post-fiac Hydraulic testing 

Hydrologic tests of the type performed during phase II were combined with 
constant-pressure withdrawal experiments in order to compare Marker Beds’ 
permeabilities before and after the creation of hydraulically induced discrete fractures. 
Because fracture aperture is sensitive to the total normal stress across a fracture (Brown, 

-12- 



1987), post-hydraulic fracturing hydrologic tests also identified the effect of injection 
pressure on fracture conductivity. 

V. Post-test visual fracture observations 

Visual fracture observations were important in order to determine the paths of the 
hydraulically induced fractures and to interpret the pressure-time records of the hydraulic 
fracturing tests. Visual observations were based on core inspections and on the reviews of 
borehole video surveys with white and ultraviolet light illumination. The size of the video 
camera with black light, however, required that the 7.6-cm (3-in) diameter injection 
boreholes ClXlO and ClX05 be reamed to 10.2-cm (4-in) diameter. Efforts for 
delineating the geometry of the hydraulic fractures and possible effects of nearby 
excavations, especially Room C1, also motivated the drilling of the seven additional 
observations boreholes ClX07 through ClX13 shown in Figure 3. 

The effective lengths of the hydraulic fracturing intervals varied between 0.7 m (2.3 ft) in 
borehole ClXlO, MI3139 and 1.3 m (4.3 ft) in ClXO5, MB140. In all cases, the decision was 
made to prevent fluid from penetrating into the upper and lower contacts of the interbed with the 
adjacent salt. Fracture propagation along these contacts might have provided no data concerning 
the fracturing conditions within MB139 or -140. 

The core observations discussed previously indicated that the upper third of MB140 
would be a good analog of MB139. To initiate hydraulic fracturing in the top part of MB140, the 
borehole through ME3140 was segmented by means of a three-packer tool that permitted pressure 
to be controlled independently between the top and middle and between the middle and bottom 
packers, respectively. Subdividing MB 140 also offered a possibility to monitor how hydraulically 
induced fractures might grow away from and vertically along a borehole in this relatively thick 
unit. Two dominant clay layers that were mentioned in the lithologic description of -140 were 
located in the lower interval in MB140. 

Using different packer tools, efforts were made to isolate the top one third from the rest of 
MI3140 in the hydrologic observation boreholes ClX06 and ClH07. The packer locations in 
ClH07, indeed, turned out to be equivalent to the packer placement in ClX05. On the other 
hand, the tool was placed higher in ClX06. As a result, later hydraulic fracturing data showed 
that the lower interval in ClX06 included a portion of the active test zone of the upper interval in 
ClX05. 

All hydraulic fracturing and hydrologic experiments were performed by injecting Chevron 
Mineral Seal Oil 38, a thin hydraulic oil with a viscosity of 2.2 cp at 400 C, as reported by the 
manufacturer. Low-compressibility liquid, as opposed to gas, was used to generate pressure-time 
signatures with high contrast in order to delineate the onset of hydraulic fracture development, 
monitor fracture growth, and resolve pressure variations with time after shut-in. Hydraulic oil 
also avoided equipment corrosion. Corrosion almost certainly would have led to the loss of flow 
control during hydraulic fracturing which did not start until several weeks after the straddle 
packer system, fill lines, pumps, etc., had been filled with test fluid. 
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Substituting liquid for gas to assess gas-pressurization effects in the interbeds is 
permissible only if differences in the associated threshold pressures can bz estimated and shown to 
be small. Because anhydrite has a matrix permeability as low as k= 1 O,, , i; is generally assumed 
that the effective permeabilities of anhydrite interbeds, k10-l' to k10 m pavies et al., 1990; 
Beauheim et al., 1991, 1993a) are dominated by Facture flow. This means that the permeability 
of the actual flow paths must exceed k10-l' m . Computed threshold pressures for gas-brine 
systems under these conditions are less than 1 MPa pavies, 1991). Given the oil-water surface 
tension and viscosity of Mineral Seal Oil 38 published in the manufacturer's specifications, (T = 
2.04 x 10" N/m and p = 2.2 cp at 400 C, the threshold pressure in corresponding flow 
measurements and hydraulic fracturing tests was estimated to be less than 0.5 MPa (70 psi). This 
value was based on an extreme upper-bound tortuosity T = 0.25 of dilated fractures where T is 
the ratio of the length of the fracture system (L) and the length of the actual flow path (Le). In 
both cases, the threshold pressures were deemed to be sufficiently small to characterize the gas- 
flow properties by means of liquids, and specifically, measurements with a low-viscosity oil. 

7. Hydraulic Fracturing Took 

Packers, Instrumentation, and Data Acquisition 

Hydraulic fracturing tests were carried out by means of variations of a conventional two- 
element straddle packer with stainless steel straddle rod(s) (Wawersik, 1991, 1992, 1993). The 
inflatable packer elements consisted of 122-cm (48-in) long, 6.45-cm (2-5/8-in) diameter slat-type 
elements acquired from Baker Service Tools with outer and inner packer tube designations #SO8 
and #Sol, respectively. The length of the elastomer covers on all packers was 76 cm (30 in). 
Figure C1 in Appendix C shows the assembly drawing of the tool that was fielded in two sets of 
combined fluid flow and hydraulic fracturing measurements in MB139. The straddle rod was 
machined of 2.5-cm I.D. x 3.8-cm O.D. (1.0 x 1.5 in) stainless steel pipe. The length of the 
straddle rod was selected so that each packer element would be centered over the upper and 
lower contacts of ~ ~ 1 3 9  whose thickness in the test area varied between 0.8 and 0.95 m (2.6 and 
3.1 ft). As usual, the packer ends on the interval side were free to move as the packer elements 
were pressurized and expanded. One adapter ('sub') of each packer was equipped with a 20.7 
MPa (3,000 psi) rupture disk. Additionally, the bottom sub of the tool contained a vent in order 
to purge the packer from air as it was filled with fluid. The top sub contained ports for separate 
fluid supply lines to the packers and to the hydraulic fracturing interval between the packers. A 
third port permitted the installation of a pressure gage for downhole measurements of the interval 
pressure. A 0.953-cm O.D. x 0.775-cm I.D. (0.375 x 0.305-in) 304 stainless steel supply line to 
the hydraulic fracturing interval ensured that the interval volume remained nearly constant with 
time in order to obtain reliable measurements of the formation pressure before flow or hydraulic 
fracturing tests were initiated. Early test simulations in a steel pipe indicated that this condition 
could not be maintained with a 23 m (75 ft) long flexible high pressure hose (Aeroquip No. 2781- 
04, 0.63 cd0.25 in I.D.) whose internal diameter changed steadily with time. 

Figure C2 in Appendix C shows the assembly drawing of the straddle packer configuration 
that was used in -140. To control pressure in two zones, the straddle packer in Figure C1 was 
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modified in four ways. First, a new (middle) sub (part 24) and another sliding sub were built to 
incorporate a third packer element. Second, a manifold (part 20) was mounted on top of the 
straddle packer, and third, an adaptor (part 23) was installed into the new (middle) sub in order to 
feed an additional, independent fluid supply line to the lower interval. Finally, fourth, the straddle 
rods between the top, middle, and bottom subs were segmented to facilitate the handling of the 
tool and the process of inserting and lowering it into drillholes at locations with limited headroom. 
It was mentioned earlier that in one test it became clear that fluid passed between some of the 
packer covers and the borehole wall even though the packer pressure was 4 MPa (580 psi) greater 
than the interval pressure. Because the rock formation at the packer location did not contain any 
preexisting fractures, it appeared that the relatively hard (70 durometer) packer covers did not 
conform Mly to the shape of the test hole. This problem was eventually solved by covering the 
center 31 cm (12 in) of each 76 cm (30 in) long packer element with a tightly fitting tube of soft 
(40-45 durometer) neoprene tubing. 

Figure C3 in Appendix C shows a schematic of the fluid supply systems for the single- and 
two-zone straddle packers. The drawing includes the location of the electronic pressure gages 
used to monitor the packer pressure, the interval pressure at the console, and the interval pressure 
downhole on top (gage not shown) of the packer system as indicated in Figures C1 and C2. The 
fluid and pressure source consisted of an air-driven Haskel pump (model GSF-60-6) in parallel 
with a 19 L (5  gallon) Haskel accumulator (Haskel part no. 5-5-100-1). Combinations of 
compact pressure transducers of Kulite Semiconductor Products and signal conditioners/readouts 
of Entran Devices Inc. and Beckman Instruments Co. were used throughout. In the ME3140 
experiments, the pressures in both the upper and lower straddle packer intervals were measured 
only at the console because the downhole pressure gage had been damaged during packer 
installation. Fluid flow during hydraulic fracturing tests was measured by means of flow meters 
by EG&G Flow Technology, Inc. (models FT4-8NEB-LEA-5 and FT4-SNESB-LEDS2) 
covering the flow ranges 0.2-18.9 L/min (0.05-5 gpm). Fluid flow in the range of 1.9-11.4 L/min 
(0.5-3 gpm) was controlled by means of a Teledyne flow control valve (catalog series 664). 
Under all other conditions, fluid flow was regulated manually. Further details concerning the 
instrumentation and instrument calibrations are listed in Appendix E. 

Data records were acquired and maintained in two ways. Manual records contained all 
system compliance measurements, the starting and final conditions of the hydraulic fracturing 
tests, and the cumulative volumes of fluid that were either injected or collected as backflow after 
each pressure cycle or pump. The pressure histories of pressure buildup measurements and of 
injection, withdrawal, and hydraulic fracturing tests were recorded on parallel sets of computers 
maintained by the Sandia Geomechanics and Geohydrology Departments. The equipment of the 
Geohydrology Department was primarily used in all pre- and post-hydrofiac hydrologic 
experiments. The data-acquisition s o h a r e  used by Geomechanics personnel was the commercial 
software package LabTech Notebook. Data were stored on floppy disks. 

Pre-Test System Evaluations 

The straddle packer, control panel, and data acquisition system used were evaluated in 
extensive pre- and post-test leak and flow tests in a steel pipe before they were fielded in the 
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WIPP. The steel pipe contained an adjustable pressure relief valve to simulate fluid flow fiom the 
interval between pressurized packer elements in situ. Pre-test measurements in the pipe 
established the lowest differential pressure (1.1 MPd160 psi) between the packers and the 
interval(s) of the two- and three-packer systems before fluid started to leak between the packer 
covers and the pipe. Combinations of pre- and post-test observations also established fiction 
losses (50.2 mal30 psi) in the supply limes as a fbnction of tubing length and flow rate into 
ME3139 and ME3140 at flow rates up to 19 L/min (5  gpm). Finally, the packer compliance, the 
interval compliances, and the coupling between changes in packer and interval pressures were 
measured to separate extraneous changes in system volume from fluid flow into the formation 
during permeability tests in very tight strata (Appendix D). Volume changes in compliance 
measurements were made by means of a construction type, double-acting hydraulic actuator 
(Enerpac, model RR10 10). For reference, pre-test calculations indicated that a formation 
permeability of 1O-l’ m2 would result in 16 mL of fluid flow per day in a constant-pressure 
injection test following a pressure step of 1 MPa (145 psi). 

Other system checks were performed immediately before each hydraulic fiacturing test. In 
particular, with the test intervals isolated, fracturing fluid was circulated through the console to 
adjust the flow regulator and to flush the pressure lines between the pump and the supply tubing 
to the test intervals downhole. 

8. Chronology of Combined Hydrologic and Hydraulic Fracturing Tests 

Table 1 provides a detailed chronology of the combined hydrologic and hydraulic 
fracturing tests. 
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Test I. D. 
ClXlOl 
MB139 

Table 1 - Chronology of combined hydrologic and hydraulic fracturing 
tests by test location, date, and activity. Dates in parentheses denote 

elapsed times in days used in all hydrologic test records. 
Pressures p, and p, denote upper and lower interval pressures. 

Date 
11/11/91 (315) 

11/15/91 (319) 

11/19/91 (323) 

11/26/91 (330) 

12/5/91 (339) 

12/6-12/13/9 1 (340- 
347) 

1211 319 1 - 111 6/92 
(347-38 1) 

1/16/92(381) 
1/17/92 (382) 
1/21/92 (386) 

2/6/92 (403) 

3/18/92 (443) 

3118-5/7/92 (443- 
49 1) 

5/7/92 (491) 

Activities I Comments 
Drill into MB139 I 3.5 L of brine accumulation 

during 15 hours after drilling 
Complete drilling through MB139 and install 
straddle packer. Initiate pressure buildup 
measurements 
Increase interval pressure from 5.52 MPa to 6.5 Fluid injection volume 456 
MPa for injectioi test 1. Test duration 30 min 
Increase interval pressure from 6.5 MPa to 9.0 

mL - 
Fluid injection volume 1252 

MPa for injection test 2. Test duration 50 min. 
Increase interval pressure from 6.76 MPa to 9.14 

ml, 
Fluid injection volume 783 1 

MPa for injection test 3. Stop injection after 6 
hours. 
Perform single-cycle hydraulic fracturing test 
starting at 7.33 MPa. formation 
Monitor fluid backflow at interval pressure 27.52 
MPa 

Lower interval pressure to 7.4 MPa and monitor 

Drill observation hole ClH05 through MB139 
Set and inflate packer system in ClH05. 
Drill observation hole ClH06 through -139. 
Drillhole inchation: 70' from horizontal 
Increase interval pressure from 7.56 MPa to 9.0 
MPa for post-hc injection test. Test duration = 4 
hours. 
Reduce interval pressure fiom 7.98 MPa to 6.40 
MPa. Test duration = 6 hours. 
Monitor recovery of interval pressure to 7.68 
MPa. 
Terminate testing in ClXlO but maintain packer 
tools in boreholes ClXIO, ClH05 and ClH06 
until completion of tests in nearby drillhole 
ClX05. 

mL 

11.5 L of fluid injected into 

5.68 L of fluid recovery after 
16 hours and 8.76 L of fluid 
recovery 90 hours after test 

pessure recovery to 9.60 MPa 

Fluid injection volume 32 L 

Fluid volume withdrawn 
7940 mL 
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Test I. D. 
C1X05/ 
MI3139 

Date 
6/25/92 (176) 

Activities Comments 
Drill CIH07 through MB139 

6/26/92 (177) 
6/29/92 (180) 
6/30/92 (181) 

8/4/92 (217) 

8/4/92 (217) 

8/5/92 (218) 

8/10/92 (223) 
8/20/92 (233) 

9/11/92 (255) I Increase packer pressure I 
9/16/92 (260) I Conduct hydraulic fracturing test starting fiom I Peak pressure 16.71 MPa 

Install straddle packer 
'Drill C1X05 throughMB139 
Set straddle packer in MB139, and initiate 
pressure buildup measurement 
Start injection test 1 with pressure increase fiom 
9.18 Mpa to 10.34 MPa. Test duration :: 2 hours 
two hours at final pressure of 9.744 MPa 
Increase injection pressure tiom 10.16 to 10.18 
MPa 
Stop injection test 1 at 10.16 MPa 

Start injection test 2 with pressure increase fiom 
9.30 MPa to 10.23 MPa. 
Terminate injection test 2 at 10.18 MPa 

Fluid injection volume 50.33 
mL 

Fluid injection volume 37.96 

9/17/92 (261) 

1/27/93 (393) 
3/11/93 (464) 

9/18/92 (262) 
9/29/92 (273) 

Shut in withdrawal test at 8.25 MPa 
Terminate testing in ClX05, MB139. Shut in 
interval and monitor pressure buildup to 8.84 
MPa 

10/1/92 (275) 
11/17/92 (322) 

12/1/92 (336) 

1/13/93 (379) 

9.55 MPa. 
Reduce interval pressure to 

Shut in test interval 
Drill ClX06 through MB139 and set packer 

Set and pressurize packer 
Start post-hc injection test with pressure increase 
fiom 9.30 MPa to 10.40 MPa 
Increase injection pressure to 1 1.62 MPa Test 
duration: = 2 hours 

Pressure in ClH07 drops 
fiom 9.28 to 8.08 MPa over 
4 hrs, then increases 

Pressure in ClX05 drops 
gradually fiom 9.28 MPa. 
Pressure in ClH07 
unchanged 

Noticeable pressure increase 
onlv in ClX06 
Fluid injection volume 2786 
mL Pressure response in all 
boreholes 

Start constant pressure withdrawal test with 
pressure decrease fiom 9.10 MPa to 8.14 MPa 
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MB140 

Activities 
Drill ClX05 through MI3140 

Date Comments 
6/14/93 (164) 

Start hydraulic fracturing tests in ClX05 from 
upper and lower interval (reference) pressures 
pu=10.69 and pl=l 1.70 MPa 

6/15/93 (165) 
6/22/95 (1 72) 
7n193 (18s) 

Note: starting pressures in 
ClX06, pp8.53 MPa, 
~ ~ 1 1 . 8 4  MPa. Pressures in 
ClH07 unreliable because of 

. ,  
7/27-29 (208-210) 

a130193 (242) 

9/1/93 (244) 
9/23/93 (266) 

10/21/93 (294) 

Complete hydraulic fracturing tests in C1X05 
Increase lower interval pressures in ClH07 

pull and reinstall tool in C 1H07 

10/22/93 (295) 

leaks 

Note absence of pressure 
changes in ClX05 and 
ClX06. 
Note small pressure drops in 

11/1/93 (305) 

11/2/93 (306) 

Reinstall tool in C 1H07 

. I  

11122-23193 
(326-327) 

ClX05) 
Pressure variations up to 4.8 
MPa in upper and lower 
intervals to day 354 had no 
noticeable effect on pressures 
in ClX05 and ClX06 

11/23/93 (327) 
12/1/93 (335) 

12/9/93 (343) 

12/13/93 (347) 

12/15/93 (349) 

Set 2-zone straddle packer in ClX05 
Depressurize packer to fix leak 
Depressurize packer to repair leak 
Remove straddle packer from ClX05 and replace 
packer elements 
pull and reinstall ClX05 tool after covering 
packer elements with soft rubber sleeves 
Depressurize packer to fix leak 
Increase pressure in upper interval from 5.93 to 
8.64 MPa 
Start constant-pressure injection test with pressure 
increase fiom 9.38 MPa to 10.55 MPa 
Increase injection pressure to 10.71 MPa 

Shut in injection test and isolate upper interval of 
ClX05 
RWMect ClX05. U D W  hteIVa1 aeain 

Note: change in upper 
interval pressure p, causes 
increase Ap.10.2 MPa 
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Test 
I.D. 

ClX051 
MB140 
(con’t.) 

Date 

12123-25193 (357- 
359) 

1/10/94 (375) 

1/20/94 (385) 

2/15/94 (41 1) 

3/1/94 (425) 

3110194 (435) 

Activities 

Tool repairs resulted in several short-term 
pressure drops up to 10 MPa (to approximately 1 
MPa) in upper and lower intervals of ClHO7 
Start constant-pressure injection test by pressure 
increase from 11.71 to 12.27 MPa with gradual 
drop to 11.91 MPa 

Briefly increase injection pressure fiom 11.9 1 to 
12.66 MPa, then shut in injection test 

Start constant-pressure withdrawal test fiom 
11.59 to 11.11 MPa 

Shut in constant-pressure withdrawal test at 1 1.10 
MPa 
Terminate test 

Comments 

ClH07 pressure fluctuations 
reflected in ClX05 and 
C1X06 as before. 
Note small, gradual pressure 
increase in lower interval of 
ClX05 ( Ap1=0.07 MPa). 
Strong and minor responses 
in ClX06, lower and upper 
intervals. No noticeable 
response in ClH07. 
Note immediate response in 
ClH07, lower interval, 
Ap,=O.l MPa. 
Little to no response in lower 
interval, ClXO5. Almost 
immediate response, An= 0.46 
MPa, in ClX06. Response in 
upper interval ClX06 stronger 
than in lower interval ClX05. 
Very small delayed response 
in ClH07. 

Final pressures - ClX05: 
pu= 11.61 MPa,pl= 11.64 
MPa; ClX06: p,= 8.00 
MPa, p,= 1 1.72 MPa; 
ClH07: p,= 9.16 MPa, p,= 
11.58 MPa 
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9. Results 

Figures 6 to 8 show the pressure-time 
curves of the three hydraulic fracturing tests llS- 

Hydraulic Fracturing Data 

- 18 n- pbl 

HydrOfnC UB139 - ClXlO 

8.5 fracture extension pressure before shut-in, p?, 
and the so-called instantaneous shut-in 
pressure, p,, immediately after pumping is 
stopped and before the pressure declines 

8 -  

7.5 

- . , . . ~. . . . . . . . .. . . . . . . . - . . .. . . . . -, -6 

4 

-2 

: 

* J 
7 ' 3  

* 9 '  9 . .  * * 8 

- 0  5 

0 

characteristic pressures and the volumes of fluid 
injected during each pressure cycle are 
summarized in Table 2. The interval pressures for the two sets of tests in MB139 were recorded 
downhole, on top of the straddle packer. The interval pressures listed for hydraulic fiacturing in 
MI3140 were taken at the test console, approximately 24 m (80 ft) above the test interval. The 
latter data have not been corrected for elevation head (~0.2 MPa) and fiction losses (4 .2  MPa). 
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Figure 7 - Pressure-time and flow rate-time records of four-cycle hydraulic fracturing test in 
MB139, borehole (3x05. 
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Table 2 - Characteristic pressures of hydraulic fracturing tests in MB139 and MB140. 
Note: cycle 5 of test in MB140, borehole ClXO5, was started approximately 16 hours after 
cycle 4. Data in square brackets are uncertain because fluid volume injected was not large enough 
to establish fracture@) and associated fiacture extension pressures. 

Marker 

ME3139 

ME3139 

ME3140 

Borehole 

ClXlO 

ClX05 

ClX05 

On 
P 

MPa 

7.36 

9.55 
10.09 
10.17 
10.21 

10.54 
10.80 
10.82 
11.64 
12.10 
12.46 

pbn 

19.03 
14.48 
14.18 
13.69 

22.70 
18.50 
18.46 
13.24 
18.06 
15.10 

P 

10.18 

15.13 
13.39 
12.89 
12.58 

[16.4] 
C15.91 
14.8 
13.15 
14.05 
14.14 

P 

9.60 

14.2 
12.90 
12.70 
12.37 

16.41 
15.93 
13.61 

213.00 
13.36 
13.30 

Flow Rate 
L/min - 

5.7( 1-5) 

5.64( 1.49) 
5.59 (1.47) 
5.56 (1.47) 
5.54 (1.46) 

0.24 (?) 
4.1 (1.09) 
5.21 (1.38) 
0.24 (0.06) 
4.67 (1.23) 
4.69 (1.24) 

Injection 
Vol. (L) 

11.6 

>1 
2.3 
6 

9.5 

>0.5 
>1 
5.8 
20 
8.6 
31 

Unfortunately, pre-test flow tests did not prevent some sludge from partially clogging a 
filter between the pump and the flow meter in the first three pressure cycles during hydraulic 
fracturing in MB140. This problem produced the irregular pressure-time records in pressure 
cycles 1-3 (Figure 8) and was diagnosed properly only during the third pressure cycle after which 
the reservoir in the pump was cleaned and the dirty filter replaced. A comparison of the available 
data, however, suggests that all of the shut-in pressure obtained are valid. 

Note that the initial pore pressures in MB139 in boreholes ClXlO and ClX05 differed by 
at least 2 MPa (290 psi). Such a large pressure differential could only exist if the rock 
permeability between these two locations was extremely low. The accumulation of at least 15 L 
(4 gal) of brine and considerable outgassing in ClXlO within 12 hours (overnight) also suggests 
that borehole ClXlO was placed in or close to a region of relatively high permeability. Because 
ClXlO was located adjacent to the intersection between Room C1 and the N1420 drifi (Figure 
2), the local vertical stress after mining probably dropped below the virgin MB139 formation pore 
pressure. If this happened, the local permeability and storage capacity of MB139 could have been 
enhanced by mining-induced, pore-pressure-driven hydraulic fracturing. Subsequent brine 
accumulations in the new, dilated fractures only some 7.6 m (25 ft) below the excavation floor 
would explain the large amount of brine inflow during 12 hours after borehole ClXlO was 
completed. In contrast, the brine accumulation in borehole ClX05 near the end of the room in 
about the same length of time was no more than 50 I&. 
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Figure 8 - Pressure-time and flow rate-time records of six-cycle 
hydraulic fracturing test in ME3 140, borehole C 1x05. 
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Pressure Response in Hydrologic Observation Boreholes 

10.5L constant-pressure injection experiments were 
started in borehole ClX05 at 10.4 MPa and 
11.62 MPa on test days 322 and 336 
(Table 1). Approximately 1 hour after the o" 9.5- 

first injection, the pressure in borehole ClX06 
a x 0 6  't. . . - . .___ 2 .  

I ._ -. - - - ._ - - -_ - -. -. - . .7 : .-. 17. I -. - ~ -. ,:- --. . .___ - began to decrease until some 15 hours later a 2 9 _ . _  ! / ClH07 
ClHOS . I  : 

/ - - - - - -____ \ *  .. ----__ hydrologic connection between ClX05 and f .I : 
I - 
I 

I __-----  
. .. _.. .__ . ClX06 resulted in a sustained pressure rise in 5 8.5 - 

ClX06. An equivalent but far more subtle 
pressure increase, i.e., a weak hydrologic 8 -  

connection, was recorded in ClH07 about 6 
days later. When the pressure in ClX05 was 0 50 100 150 200 250 300 350 

_-_---  
ClH06 

ClXlO I 
I __--  

____.  ICJ  .- 
,,5---- _. L.-c I - / +  - .  -. -. . . . . ~. -. _ _ - - -  

The existence of the hydrologic observation holes was required to evaluate the 
permeabilities of MB139 and MJ3140 during the various stages of testing. However, the presence 
of these boreholes, including the injection borehole ClXlO, also created the unusual opportunity 
for relating the pressure response at different locations underneath Room C1 to the propagation 
of the hydraulically driven fractures from ClX05. 

As expected, only borehole ClH07 registered the effect of pressure injections into MI3139 
in ClX05 before the hydraulic fracturing tests. Of course, the observation borehole ClX06 was 
not drilled until later. The four pressure cycles of the hydraulic fracturing test on day 260 
(Table 1) in turn, caused a pressure decline from 8.08 MPa to 7.91 MPa in ClH07 during 4.2 
hours d e r  the first injection into ClX05. The pressure drop in ClH07 is interpreted to result 
from the elastic uplift of the formation as the hydraulically driven fracture advanced. The four- 
hour pressure decline was followed by an initially rapid and subsequently more gradual, 
asymptotic pressure increase to 8.38 MPa ten days after hydraulic fracturing. 

Pre-fi-ac constant-pressure injection tests in ClX05, MI3140 at 10.55-10.71 MPa (1530- 
1550 psi) for eleven days resulted in only approximately 3 mL of fluid injection. Because of the 
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small volume of fluid involved, no pressure response was observed in the adjacent observation 
boreholes. At the same time, the associated small pressure change (0.2 MPa; Table 1) in the 
lower interval of (21x05 demonstrated that interactions between the upper and lower intervals 
were limited to the transmission of pressure pulses through the middle packer element of the 
straddle packer. 

Hydraulic fracturing attempts during the first two pressure cycles in MI3140 involved less 
than 1 L of fluid injection per cycle. The lack of a pressure response in the nearby observation 
hole (21x06 (Figure 2) suggests that these small quantities of fluid had initiated a hydraulic 
fiacture that was small compared with the 3-m distance between the injection borehole ClX05 
and ClX06. A quick connection was established only during the third pressure cycle associated 
with 5.8 L of fluid flow (Table 2). It was surprising at first that the new flow path appeared to 
l i i  the upper interval of the injector ClX05 with the lower interval in borehole ClX06. 
Inspections of the test records at a later time, however, indicated that the packer elements in 
ClX06 had been placed slightly but sufficiently higher to make it possible that a fracture starting 
near the bottom of the upper interval in ClX05 could intersect the very upper part of the lower 
interval in borehole ClX06 (Appendix PL). The pressure in the latter two intervals became equal 
during the fourth hydraulic fracturing cycle indicating a complete connection. 

Fracture growth during the fourth pressure cycle and 20 L of fluid injection appeared to be 
reflected in a small pressure drop in the lower interval in borehole ClH07. After the six-cycle 
hydraulic fracturing tests (Figure 8) had been completed, the pressures in the upper and lower 
intervals of the injector hole ClX05 equalized around 11.7 MPa. In turn, the upper and lower 
intervals of the two observations boreholes ClX06 and ClH07 appeared to remain isolated and at 
different pressures consistent with the distinctly different initial, pre-hydrofrac formation pressures 
in these two zones. Responses observed in the upper and lower intervals of boreholes (3x05 and 
ClX06 to later pressure fluctuations in ClH07 caused by tool problems confirmed that the main 
connections were between the lower intervals of ClX06 and ClH07 and the upper interval of 
ClX05. 

Post-Test Visual Fracture Observations 

Post-hydraulic fracture observations relied almost exclusively on borehole video surveys 
using either white light, or in the majority of cases, ultraviolet illumination suitable for 
distinguishing natural brine from hydraulic fracturing fluid with fluorescent dye. The borehole 
inspections included (1) all of the holes drilled prior to or during the experiments for monitoring 
of formation pressure and fluid flow (Figure 2), and (2) the boreholes that were put down after 
the completion of testing (Figure 3), beginning in November 1994. In general, if present, the dye 
signatures were very distinct in new boreholes that had not been drained repeatedly and over 
extended periods of time. Unfortunately, the dye traces were spottiest and ambiguous in the main 
injection borehole ClX05 both in MI3139 and ME3140. It must be assumed that parts of the 
hydraulically induced fractures intersected areas with large natural brine accumulations that were 
then allowed to flow towards the injection hole. When this happened, the uncolored brine 
probably washed away the residual fluorescent dye that is needed in order to identify the character 
of the hydraulic fractures. 
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As expected, dye was found in both Marker Beds in the active test holes (ClX05, ClX06, 
ClH07, ClXlO, ClH05, and ClH06, Figure 2), as well as in the new observation borehole 
ClX12 that lies close to a connecting line between ClX05 and ClH07 (Figure 3a). A well- 
defined, inclined fracture with fluorescent dye was also seen in borehole ClX07 (Figure 3a) at the 
upper contact of MB139. Other fracture traces were noted in borehole ClXl l  in MI3140 
approximately 4.5 m east of the eastern boundq of Room Cl, Le., under the pillar east of C1. 
On the other hand, absolutely no evidence of hydraulically induced fractures was found in 
MB139, boreholes ClX08 and ClXl1, and in MB140, boreholes ClX07 and ClX08 (Figure 3a). 
An oily smell was noted during handling of core from MB139, ClX09, but this smell did not 
correlate with dye traces in the corresponding video tape. 

Four video records are shown in Figure 10 indicating the dye traces that appeared to be 
most typical. Depth correlations of these records with core photographs revealed that hydraulic 
fracturing occurred in the interbed Zones II, 111, and IV as defined by Borns (1985; Appendix B 
and Figure 4). Almost all of the continuous fracture traces were subhorizontal as shown in 
Figure loa-1Oc. Several locations exhibited up to four fracture branches spaced 0.5 cm (0.2 in) to 
2 cm (0.8 in) apart each. In boreholes ClX06 and ClX12, for example, a set of such 
subhorizontal fractures appeared to lie in an approximately 10 cm (4 in) high band reminiscent of 
the network of partially or l l l y  infilled fractures in the Zones II and IV in Figures 5a and 5b. In 
every borehole, however, one main fracture stood out because it still produced dyed fluid as well 
as gas. These dominant fractures always appeared to be located in Zones III or IV. Unmistakable 
Zone-11 fractures were recognized in the video tapes of borehole ClX05 where distinct fluidgas 
bubbles emanated primarily from the upper contact of partially healed fractures (Figure Sa). In 
some instances, the main fractures were sharply delineated; in others, they give way to patches 
with smaller fractures each of which actively produced dyed fluid and gas. It was also typical that 
even well-defined fiactures did not produce fluid uniformly but rather exhibited evidence of 
channel flow. 

Although subhorizontal fracturing was typical, nearly all video records exhibited some 
short, jagged subvertical fractures. The example in Figure 10d was taped in borehole ClX06. It 
looked as if the subvertical fracture traces shown eventually terminated at two subhorizontal 
fractures several centimeters apart. 

Observational work is continuing to determine how hydraulic fracturing was initiated in 
borehole ClX05. Analyses by Roegiers (1974) and Warren (1981) showed that tensile stresses in 
a packed-off borehole parallel to the borehole axis and close to the packers become significant as 
the difference between the packer pressure and the interval pressure increases. Because this 
difference reached several MPa during the first pressure cycles of the hydraulic fracturing tests in 
ClXO5, it is possible that a combination of vertical tension, tensile strength anisotropy, and the 
presence of partially open (or only partially infilled) subhorizontal stress risers could have resulted 
in horizontal fracture initiation. Under normal circumstances and in isotropic rocks it would be 
more likely that failure started as vertical fractures that turned direction to propagate horizontally, 
perpendicular to what would have to be the minimum in situ principal stress under Room C1. 
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F&we 10 - Borehole video records showing fluorescent dye and fluidgas bubbles associated 
with hydraulic fractures. (a) Borehole ClXO6, MB140 with two well-defined subhorizontal 

fracture traces, (b) borehole ClX12, MB140 exhibiting two of a set of multiple subhorizontal 
fractures, (c) borehole ClX12, MI3139 with pronounced local (channel) flow along a distinct 
subhorizontal fracture, and (d) borehole ClX06, MB140 with trace of a subvertical fracture. 

Note: height of images is 1.1 cm (0.44 in). 

10. Discussion 

The hydraulic fracturing tests in this study were integrated with in situ flow measurements 
to determine the influence of discrete fractures on the permeability of m139 and possibly other 
interbeds above and below the repository horizon in the WIPP. By themselves, the hydraulic 
fracturing measurements were meant to address six issues: (1) At what fluid pressures will 
fracturing occur in MB139 and MI3140 both in potentially disturbed and undisturbed (virgin) 
states? (2) If fracture took place, would it take place and be contained along preexisting 
weakness planes or not? (3) What pressures would be required to propagate any liquid- or gas- 
driven fractures, and also, (4) What could be said about the path of new fractures within or 
potentially out of the Marker Bed? Clearly, the last issue is directly related to: (5) is the virgin 
stress state in MB139 isotropic as in the surrounding rock salt, and if not, (6) what is the 
magnitude and direction of the least compressive in situ principal stress? 
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The comparison of instantaneous shut-in pressures in MB139 (9.6 and 12.37 MPa; 1390 
and 1790 psi MB139; Table 2) with the virgin in situ stress at the WlPP horizon (14.9 MPq 
Wawersik and Stone, 1989) indicates that the virgin stress field in MB139 was altered due to the 
presence of existing WIPP excavations. This result was not totally surprising in the light of 
numerical predictions of stresses in the floor salt of Room C1 (Argiiello, 1991). It was 
unexpected, however, that the variations in the stress states in MB139 as well as MB140 were 
large enough to essentially f i t  the advance of the hydraulic fiactures fiom the injection borehole 
ClX05 at the northern end of Room C1 to the region below and parallel to the room floor where 
the local stresses, especially the local overburden stresses had been reduced. Because no 
hydraulic fracture measurements were made in virgin ground, the results of the present study are 
less general than anticipated. 

At this time it is unclear whether hydraulic fracturing was initiated by horizontal fracturing 
at all three test stations. Based on multiple borehole observations, however, it is clear that the 
overall hydraulic fracture orientations were horizontal. Therefore, it follows that hydraulic 
fiacture propagation was dominated by the local vertical stresses in both marker beds probably 
aided by strength anisotropies due to preexisting horizontal weakness planes. It also follows hat 
the local principal horizontal stresses in the interbeds were not significantly smaller than the local 
vertical stresses that are indicated by the instantaneous shut-in pressures of 13.3 MPa (1930 psi) 
or less (Table 2). 

Argiiello (1991) calculated that the vertical stresses 7.6 m (25 fi) below Room C1 should 
be 9.83 MPa at the location of borehole ClXlO and 13 MPa at ClX05 (Fig. 2). Because 
hydraulic fracturing fiom borehole ClX05 propagated under Room C1, these stresses should 
establish the lower bound pressures needed to maintain hydraulic fracture growth. Accordingly, 
the fracture extension pressures in MB139 under C1 should be 13 MPa near ClX05 and 
decreasing with fracture advance to the south towards ClXlO. This is precisely what happened. 
The lowest fracture extension pressure during the fourth and last pressure cycle in borehole 
ClX05 was 12.58 MPa. It is noted that the apparent differences between calculated local vertical 
stresses and the fracture extension pressures are quite small, suggesting that horizontal fracture 
propagation distant fiom the WIPP will take place at pressures that are only slightly larger than 
the overburden stress of around 15 MPa. The small difference between fracture opening and 
fracture extension pressure is unambiguously demonstrated by the fact that the fracture extension 
pressure and the instantaneous shut-in pressure were nearly equal at the very slow flow rate of 
0.24 L/min (0.06 gpm) during the fourth pressure cycle in borehole ClXO5, MI3140 (Table 2). 

The pronounced difference in pre-fiac formation permeabilities and initial hydraulic 
fracturing breakdown pressures between ClX05 and ClXlO point to a considerable variation in 
rock disturbance close to the entry and near the end of Room C1. A low pre-frac permeability in 
borehole ClX05 (Fig. 2), MB139 (lo2' m2 ) suggests that the stress changes associated with 
mining of Room C1 left the interbed rock essentially intact near the end of C1. On the other 
hand, major effects of mining around borehole ClXlO (Fig. 2) resulted in an order-of-magnitude 
increase in permeability. In the former case, the initial breakdown pressure during hydraulic 
fracturing constitutes an upper bound for the initiation of a fluid-induced interbed fracture. This 
upper bound estimate lies between 19 MPa (2720 psi, primary breakdown pressure in MB139) 
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and 22.5 MPa (3260 psi, primary breakdown pressure in MB140; Table 2). Decreasing rates of 
borehole pressurization would have resulted in reductions in primary breakdown pressures 
because of time- or rate-dependent material weakening (Atkinson, 1987) and fluid diffusion into 
the pore spaces (Haimson and Fairhurst, 1967). 

Observations concerning the geometry of the hydraulically induced fractures in borehole 
ClXO5, MB139 and ME3140 strongly suggest that the shape of pressure-driven fractures is locally 
sensitive to relatively small variations in the in situ stresses. Apparently, the differences in the 
vertical stresses in and immediately adjacent to the vertical projections of Room C1 onto the 
marker beds were large enough to constrain hydraulic fracture development to an approximately 
rectangular area not only in MB139 but even in the 25-m deeper ME3140 This follows from the 
visual borehole fracture observations and from the linear delay in the pressure response in 
boreholes ClX06, ClH07, ClH05, and ClXlO in MB139 with distance from the injection 
borehole ClX05 (Figures 2 and 9). Radial fracture propagation at a constant injection rate should 
yield an approximately square-root dependence of delay time. The only MB139 fracture falling 
outside the vertical projection of Room C1 onto the top of MB139 was observed in borehole 
ClX07 merely 2.5 m (8 fi) north of the injection hole ClX05. Termination of this fracture at the 
upper contact of MB139 and its dip of some 45' to the south substantiate the stress-sensitivity of 
hydraulic fracturing paths. 

Preferred hydraulic fracturing in MB139 Zones 11, III, and IV suggests that the stress- 
sensitivity of hydraulic fracture propagation is enhanced by lithological and structural 
heterogeneity of the formation. The same appears to hold for fracture aperture and fracture 
permeability at the present test location and most likely also distant from the existing WIPP 
openings. In particular, newly formed fjactures are not always discrete but rather may advance by 
opening networks of subparallel, partially healed preexisting fiactures in the top and bottom thirds 
of MB139, Zones II and IV according to Borns (1985). It is also apparent that fluid flow through 
fractures after shut-in, i.e., aRer newly formed fractures are allowed to come back into contact, 
occurs along many channels and not uniformly as between smooth parallel plates. Published 
descriptions of such flow conditions (Brown, 1987) demonstrate that the conductivity of rough 
fractures, and therefore, the average permeability of a fractured MB139 will change dramatically 
with aperture. The aperture, in turn, is determined by the magnitude of the fluid pressure within 
the fracture and by the magnitude of the stress normal to the fracture Peauheim et al., 1993b; 
Brown, 1987). 

Credible estimates can be made of the absolute and relative magnitudes of the horizontal 
principal stresses at the test locations in MB140 and beyond. The presence of some short but 
distinct subvertical fractures (Figure 10d) in conjunction with fidly developed and pervasive 
horizontal fractures points to a relatively small, but only a small, difference between the local 
vertical and minimum horizontal principal stresses. This also implies that the maximum and 
minimum horizontal stresses are essentially equal. The same conclusion is indicated by customary 
estimates of the total horizontal in situ stresses in bedded rock. Assuming poroelastic conditions 
(Engelder, 1993), plane-strain deformation, a far-field overburden stress 0, = 15.2 MPa (2200 
psi), an initial pore pressure p,l=10.54 MPa (Table 2), and a Poisson7s u=0.35 for anhydrite 
(Teufel, 1981), 
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0, = 0,,=(-)0,+~rp,,(1--)=13 MPa, 

1- v 1- v 

where OH and o h  are the greatest and smallest horizontal principal stresses and e l .  It is almost 
certain that the presence of Room C1 produced a reduction in pore pressure as WIPP rooms were 
excavated only some 25 m above. Therefore, using pore pressures po 2 12.5 MPa that were 
measured in MB139 under pillars and 23 m (75 ft) horizontally beyond any existing WIPP 
openings (Beauheim et d., 1993a; Domski et d., 1996), yields OH = o h  = 13.95 MPa. This 
results in a smaller principal stress difference and associated ratio (GJGH). Some difference 
between the vertical and horizontal principal stresses in anhydrite is plausible because the yield 
stress of anhydrite equals or exceeds 90 MPa (Teufel, 19Sl), and because the creep resistance of 
anhydrite far exceeds that of rock salt (Mueller and Briegel, 1978). 

A substantially different but less believable result is obtained if the high and consistent 
breakdown pressures during the second and third pressure cycle in ClX05, MB140 (Table 2) are 
attributed to the formation of a vertical fracture at the borehole wall. If the borehole stresses 
under this condition were elastic, then the subsequent breakdown (or reopening) pressures around 
the borehole become 

where n denotes the ratio n=(o&&l. Using pb=18.5 MPa (2680 psi; Table 2), 9.251oh110.28 
MPa (1340-1490 psi) for 1-1.2. It is inconceivable that hydraulic fracturing under such stress 
conditions would have led to the development of horizontal fiactures. On the other hand, if the 
rock at the borehole location had undergone some plastic deformation, then the elastic hoop 
stresses would have relaxed and 0-h would be predicted to increase and approach the value of 
the measured local vertical principal stress of 13 MPa (1890 psi). This argument returns the 
reasoning to its starting point. 

Extrapolations of the local in situ stress determinations are possible on the basis of the 
structural mechanics calculations of Argiiello (1991). Based on Argiiello’s analyses, mining of 
Room C1 produces significantly smaller reductions in the horizontal than in the vertical in situ 
stresses. It is suggested, therefore, that the horizontal stress magnitudes inferred above, 0-p 
13 MPa (1890 psi), are indeed representative of the horizontal in situ stresses distant fiom the 
WIPP and that the vertical stress everywhere is equal to the integrated overburden density as was 
verified in rock salt in the G-drift (Wawersik and Stone, 1989). 

Because the present tests involved short, no more than approximately 30-m long fractures 
in more or less stress-altered zones around the WIPP, our experiments do not resolve whether or 
not gas pressure will initiate horizontal fractures at marker- bed locations remote f?om the WIPP 
and whether and how far fiom the WIPP fluid-driven, especially gas-driven, fractures will remain 
horizontal and confined to MB139 or any other marker bed. Given the estimated difference 
between virgin vertical and horizontal principal stresses (a,, - a, = 2 MPd290 psi), it is 
conceivable that horizontal hydraulic fractures might become vertical (Haimson, 1974) if the 
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marker beds consisted of homogeneous, isotropic rocks. Because of the pronounced lithological 
and structural anisotropies of MB139 and MB140, however, we believe (but cannot prove) that 
vertical fracturing will require a higher contrast between vertical and horizontal in situ stresses. 

Ongoing axisymmetric approximations deal with the consequences of fracture length. 
Assuming that locally discrete or up to several cm thick zones of anastomosing fractures all can 
be described by a dominant discrete fracture, linear elastic fracture mechanics calculations 
(Gerstle et al., 1996) indicate that a pressurized crack could curve upwards out of an interbed as 
the ratio of crack length to crack depth below surface increases. Upward fracture growth is more 
liiely if the applicable fracture toughness for anhydrite becomes greater than approximately 0.6 
times the fracture toughness for rock salt. This independent result by Gerstle et al. (1996) agrees 
with an earlier plane-strain analytical solution by Pollard and Holzhausen (1979) concerning the 
behavior of an arbitrarily oriented pressurized crack in the vicinity of a free surface. In either 
case, the theoretical possibility of fracture growth out of an interbed will depend primarily on the 
length of the fractures that are required to accommodate the amount of gas that is generated in 
the WIPP. However, it is emphasized that neither Gentle’s or Pollard and Holzhausen’s 
calculations consider the potentially overriding influence of rock anisotropy. W e  believe that the 
upward growth of horizontal fractures out of the interbeds, especially MB139, becomes unlikely if 
the preexisting weakness planes in -139 act as regionally pervasive fracture guides. These 
weakness planes are typical throughout the WIPP excavations. 

We reported previously (Beauheim et al., 1993b) that 67% of all fluid injected into 
MI3139 through borehole (21x05 was recovered. This implied that about 6 L of fracturing fluid 
were left to suggest a residual fracture aperture of approximately 0.2 mm (0.008 in). The 
corresponding average fracture opening during the last and most extensive pressure cycle in 
MB139 was approximately 0.3 mm (0.012 in). The presence of the fracture and the influence of 
pressure on fracture opening (aperture), explain the orders-of-magnitude differences between the 
formation permeabilities before and after the hydraulic fracturing tests in MI3139 (l3eauheim et al., 
1993b). Ongoing data analyses will determine the degree of correspondence between the events 
in MB139 and MB140. The observed fi-ac-fluid recoveries were 75% during the first four pump 
cycles that included the slow-rate, 20-L (5.3 gal) pump (Table 2). However, only about 57% of 
the frac fluid was recovered after the last, 3 1-L injection, and it was surprising that the three-times 
larger amount of fluid injection into MB140 compared with MI3139 did not produce any 
recognizable fracture traces in every observation hole, especially (21x13 (Figure 3). It is possible 
that the overall reach of the hydraulically induced fiacture in MB140 was reduced by the 
development of numerous branch fractures as indicated by some post-fracturing borehole 
observations described earlier. If the footprints of the hydraulic fractures in MI3139 and MI3140 
were the same, then a fluid loss of some 13 L (3.4 gal) and the formation of more branch fractures 
in MB140 would yield an effective residual fracture opening of over 0.4 mm (0.016 in). 

11. Summary and Conclusions 

Hydraulic fracturing tests were integrated with hydrologic tests to estimate the conditions 
under which gas pressure in the disposal rooms in the WIPP will initiate and advance fracturing in 
nearby interbeds, especially MB139. The measurements were made in MB139 and MB140 in the 
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north-east part of the WIPP experimental area. The particular location in Room C1 was selected 
because of the possibility that MI3139 might not be disturbed much by existing mine openings and 
that the approximately 17-m deeper MB140 might lie completely outside the field of influence of 
the WIPP. Post-test fracture observations revealed that these expectations were not met, and 
therefore the results of this study are less general than anticipated. 

Hydraulic fracturing experiments were carried out rapidly and with a thin hydraulic oil 
rather than gas in order to obtain upper-bound estimates of the pressures needed to initiate and to 
propagate hydraulically induced fractures. Upper-bound pressures were of interest to determine 
the greatest possible gas pressure in the disposal rooms. Fluorescent dye in the fiacturing fluid 
and nearby observations holes were used to identie the orientation and shape of the hydraulic 
fractures, whether these fractures consisted of single or multiple branches, and whether they were 
influenced by preexisting partially healed natural fractures, i.e., preexisting weakness planes. 

The following major results and conclusions were obtained: 

(1) The upper part of MB140 is a valid analog of -139 for studying interbed 
fracture at greater distances from present WIPP excavations than are accessible in MB139. 
However, the hydraulic fracturing locations in both interbeds were not yet in undisturbed ground. 

(2) The maximum breakdown pressures and the pressures necessary to sustain fracture 
propagation ranged from approximately 19 and 12 MPa (2760, 1740 psi) in MB 13 9 to 22 and 13 
MPa (3190, 1890 psi) in the deeper ME3140, respectively. The fracture initiation pressure can 
drop by several MPa at the location of preexisting, open fluid-filled and pressurized fractures. 
This happened in the trial test hole ClXlO at a primary breakdown pressure, pbl=ll.6 MPa (1686 
psi). 

(3) The smallest principal compressive stresses at both test locations were vertical 
resulting in predominantly horizontal hydraulic fracture development aided by strength 
anisotropies due to preexisting horizontal weakness planes. 

(4) Hydraulically induced fractures exhibited dominant fiactures but also developed 
anastomosing branches along networks of subparallel, partially healed preexisting fractures or 
weakness planes in the top and bottom thirds of MB139 and analogous lithologies in MB140. 
The existence of branch fractures may provide fluid storage capacity over the storage capacity of 
discrete fractures. However, their presence is not believed to invalidate the applicability of linear 
elastic fracture mechanics to estimate the pressures that are needed to advance the dominant 
fractures. 

(5) Clear instantaneous shut-in pressures yielded the magnitudes of the least local 
principal (vertical) compressive stresses: 12.4 MPa (1800 psi) in MB139 and 13.3 (1930 psi) in 
MB140. Both values are less than the overburden stress calculated from integrated overburden 
densities and confirmed by hydraulic fiacturing stress measurements in WIPP salt. Both values 
agree with stresses that were determined in separate finite element calculations. 
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(6) The induced fracture patterns and, especially, the formation of some subvertical 
fractures indicate that the horizontal principal stresses in h4B140 are equal or nearly equal to the 
measured local vertical stress. Separately, poroelastic estimates suggest that the virgin horizontal 
principal stresses in MB139 and MB140 are approximately equal or greater than 13 MPa (1890 
psi), Le., up to 2 MPa (290 psi) lower than the overburden stress. Based on finite element results, 
the range of these horizontal principal stress values is deemed representative of the principal 
horizontal stresses in virgin ground. 

(7) The hydraulic fracturing tests completed in ME3139 and ME3140 demonstrate that 
hydraulically induced fractures in ME3139 and ME3140 can propagate horizontally within the 
interbeds. However, the tests do not prove that horizontal fracture growth will persist in 
undisturbed rock distant from the WIPP. Published and ongoing linear elastic fracture mechanics 
analyses indicate that fractures may leave the interbeds as they become long compared with the 
depth below surface even if the stress states in the marker beds were perfectly isotropic. For 
isotropic rock properties, it is also conceivable that a far-field stress difference of (0” - oh) = 2 
MPa (290 psi) could be large enough to result in fracture reorientation from horizontal to vertical. 
Both upward growth of horizontal fractures out of the interbeds, especially ME3139, and a change 
of fracture orientation from horizontal to vertical are unlikely if the preexisting weakness planes in 
ME3139 (typical under the existing WIPP excavations) continued to act as regionally pervasive 
fracture guides. Vertical fracture growth is highly unlikely if separate pore-pressure 
measurements in relatively undisturbed portions of ME3139 are representative of the interbed pore 
pressures in the far field. 

(8) The creation of pressure-driven fractures and residual fracture openings of 0.2 to 
approximately 0.4 mm after hydraulic fracturing explain orders-of-magnitude changes in interbed 
permeabilities before and after hydraulic fracturing and a strong dependence of post-frac interbed 
permeability on pressure. 
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Appendix A -Depths of Interbed Boundaries and 
Hydraulic Fracturing Intervals 
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Borehol 
e 

ID 

MB Location* 
ME3 
No. Top Bottom 

ClX05 140 23.08 ' 27.14 
(75.5) (89.0) 

ClX06 

I (22.2) I (24.7) - 

140 22.96 27.13 
(75.3) (89.0) 

Interval Lc 

TOP 

ClH07 

ClXlO 

ClH05 

ClH06 

ClX05 

ClX06 

23.48 
(77.0) 
25.58 
(83.9) 
22.68 

24.27 
(79.6) 
22.97 

24.56 
(80.56) 
7.54 (20.3) 

7.00 (23.0) 

(74.4) 

(75.3) 
140 22.8 27.23 

(74.8) (89.3) 

139 7.51 8.26 

139 7.13 7.90 

139 7.49 8.08 

139 6.65 7.60 

139 6.43 7.32 

(24.6) (27.1) 

(23.4) (25.9) 

(24.6) (26.5) 

(21.8) (24.9) 

7.30 (23.9) 

ClH07 

6.72 (22.1) 

(21.1) (24.0) 
139 6.77 7.70 

5.87 (19.3) 

6.44 (21.1) 

ation m(ft) 

Bottom 

24.82 . 

(81.4) 
27.87 
(9 1.4) 
23.66 
(77.6) 
27.35 
(89.7) 
23.95 
(78.6) 
27.88 
(91.45) 
8.22 (27.0) 

8.22 (27.0) 

8.38 (27.5) 

7.50 (24.6) 

7.63 (25.0) 

8.17 (26.8) 

Clay Seam 
Centers 

rn(ft) 

26.34 (86.4) and 
27.13 (89.0) 

26.27 (86.2) and 
27.05 (88.7) 

26.55 (87.1) and 
27.20 (89.2) 

*Note: All depths are referenced to the collar locations of the boreholes shown. The depths of 
the top and bottom of ME3139 and MI3140 listed were taken from field notebooks that were 
maintained by the experiment staff of the two Sandia organizations involved, the Geohydrology 
Department and the Geomechanics Department. Small discrepancies in depth determinations 
were noted in subsequent comparisons between the field notes and the descriptions of core 
photographs as indicated in Appendix B. These discrepancies are attributed to occasional 
difficulties in identifjling and therefore including the thin uppermost Zone I. 
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Appendix B -Core descriptions, MB139 and MB140 

NOTE: The depths of the top and bottom of MB139 and ME3140 listed in the headers and in the 
entries of the following tables were established at different times, by different individuals, and 
under different circumstances, i.e., under poor lighting conditions, underground versus office 
lighting conditions. The header data were taken from the field notebooks that were maintained by 
the experiment staff of the two Sandia organizations involved, the Geohydrology Department and 
the Geomechanics Department. The row entries were read off core photographs at a later time. 
Some discrepancies in the two data sets are attributed to difficulties in identifjing clay-rich zones 
such as Zone I (Figure 4). 
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WIPP Core Description Room C1, Borehole ClX05 
Marker Bed 139 
Depth of tophottom contacts, dfl: 6.65-7.60m / 21.8-24.9’ 
Date: June 10, 1994 

Interval Marker Bed 
m. Zone 

from Borns (1985) 
6.69- Zone I 
7.25 

Description: 

this is a thick zone I, at 
top of an undulatory 
growth mound large relict 
cockscomb structures now 

7.25- 
halite 

Zone II undulatory, in some 
7.41 I 
7.41- 
7.48 

I places, chaotic halite 
iaminae 
(note: zone is relatively 
thin) 

Zone 111 

7.48-7.5 

7.5 

Zone IV 

Zone N partial core 

(note: zone is relatively 
thin) 

Observed Fractures: 
depth & brief description 1 

6.95: possible fracture at 
core break 
7.05: infilled fracture 

7.4 1 : possible infilled 
fracture 

I 
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WIPP Core Description Room C1, Borehole ClX05 
Marker Bed 140 
Depth of tophottom contacts, dft: 23.1-27.14m / 77.4-89.0’ 
Date: July8, 1994 

Interval 
m. 

22.8 - 
23.25 

Marker Bed 
Zone 

fiom Borns (1 985) 
I-II? nodular anhydrite in 

secondary matrix of 

23.25 - 
24.10 

24.20 
24.32 

24.32- 
24.42 

111 

rn? 

III? 

24.43 
25.15 

I Description: 

IV 

25.15 
26.30 

laminated anhydrite with 
<5mm tubular halite after 
gypsum, 2-4cm horizontal 
zones of halite after 
gypsum (swallow tail) @ 
23.7,24.0,24.05,24.10 
swallow tail gypsum 
replaced by halite in 
anhydrite matrix 
possible breccia of 
anhydrite and gypsum 
replaced by halite (halite 
partially removed) 
massive gray laminated 
anhydrite, numerous 
bedding planes, horizontal 
crystal breccias @ 24.45, 
24.47 

II? massive gray anhydrite, 
convolute bedding, local 
polyhalite and halite 
overprint @ 25.32, 25.55 
clay with anhydrite and 
halite 

26.30 
26.50 
26.50 - 
27.1 
27.1 end 

laminated anhydrite may 
be clastic 26.5-26.6 
basal gray clay with halite 

V 

IV 

V 
and a&ydrite- 

Observed Fractures: 
depth & brief description 

possible fiacture healed @ 
22.85 

possible bedding plane 
fiacture @ 24.05 

possible bedding plane 
fiacture @ 24.55,24.6, 
25.15 

numerous bedding planes 
for fractures 
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WIPP Core Description Room C1, Borehole (3x06 
Marker Bed 139 
Depth of tophottom contacts, dft: 6.43-7.32m / 21.1-24.0’ 
Date: June 10, 1994 

Interval 
m. 

6.43- 
6.65 

Marker Bed Description: Observed Fractures: 
Zone depth & brief description 

from Borns (1985) 
Zone I relict chevron growths 6.43: possible infilled 

large halite patch crystal 
breecia a. 6.6 

fracture at contact 

6.65- 
6.71 
6.71-7.1 

7.1-7.25 
I core 

Zone 11 gray anhydrite undulatory 
and in places chaotic 

Zone 111 relict swallow tails halite- 
rich layers 6.9 to 7.1 
varying dips relative to 

I mav laminated anhvdrite 
- _ _  - 

Zone IV 
7.25-7-4 I ZoneIV I Door core recoverv 

6.71: infilled fracture 
6.72: infilled fracture 
6.83: core break 
7.1 : infilled fracture 
7.13: infilled fracture 

7.4 I  zone^ I basal clay 
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WIPP Core Description Room C1, Borehole ClX06 
Marker Bed 140 
Depth of tophottom contacts, dfi: 22.96-27.14m / 75.7-89.0’ 
Date: July 1 1, 1994 

Interval 
m. 

22.9 to 
23.0 
23.0 to 
23.5 
23.5 to 
24.2 

24.2 to 
25.5 

25.5 to 
25.7 

25.7 to 
26.0 

26.05 to 
26.22 

26.22 to 
26.30 
26.30 to 
26.40 
26.40 to 
27.0 

Marker Bed 
Zone 

from Borns (1985) 
I 

II (poor core 
recovery) 
111 

Iv 

Iv 

Iv 

n-m 

IV 

Iv 

Description: 

dipping, halite crystal 
mound 
convolute anhydrite 
laminae with halite 
(poor core recovery) 
laminated anhydrite 
characterized by swallow 
tail growths, gypsum 
replaced by halite 
massive gray anhydrite, 
weakly laminated, possible 
stylolytic growths 
gray-brown anhydrite 
wavy interfaces between 
lavers 
halite-polyhalite 
overprinting original 
laminated fabric 
laminated anhydrite 
(brodgray) with 

polyhalite-halite, layers dip 
clay seam (gray) 

massive gray anhydrite 

massive gray anhydrite 

Observed Fractures: 
depth & brief description 

inclined stylolite or infilled 
fracture at upper contact 

difficult to place fractures 
with amount of core break 
U P  

no apparent fractures 
section or core seems very 
competent 
core competent 

possible fracture @ core 
break 25.83 

possible fracture @ 26.18 
@ core break 

core disks, possible 
preserved fracture @ 26.4 
less disking, possible 
infilled fractures @ 26.59, 
26.58. 26.57 

-45- 



WTPP Core Description Room C1, Borehole ClXlO 
Marker Bed 139 
Depth of tophottom contacts, de: 7.51-8.26m / 24.6-27.1’ 
Date: June 9, 1994 

Interval 
m. 

7.5 1- 
7.75 

7/75-7.8 

Marker Bed 

from Borns (1985) 
Zone I not observed 
Zone 11 

Zone III 

Zone 

core loss? 
halite pseudomorphs after 
gypsum 

massive gray anhydrite 
with patches of halite, 

7.58: filled fracture? 
7.65: filled bedding plane 
fracture at core break 
7.72: filled bedding plane 
fracture 
7.75: core break possible 
traces of subvertical 

7.8 - 
core 
break 

lost core I 

Zone IV 

Description: Observed Fractures: 
depth & brief description 

I fracture 
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W P  Core Description Room C1, Borehole ClH05 
Marker Bed 139 
Depth of tophottom contacts, dft: 7.13-7.9Od23.4-25.9’ 
Date: June 10, 1994 

Interval 
m. 

7.13- 
7.15 
7.15- 
7.19 
7.19- 
7.3 1 

7.3 1- 
7.65 

7.65 -7.9 

7.9 

Marker Bed 

from Borns (1985) 
j Zone1 

I ? core loss 

Zone 111 

Zone IV 

Zone V 

I Description: 

1 thin zone of crystal breccia 

little polyhalite, tabular 
halite after gypsum 

gray anhydrite with layers 
of halite, pseudomorphs 
after gypsum 

massive gray anhydrite 
(photo blurred difficult to 
pick fractures) 

not observed. Clay may 
have been lost during 
drilling. 

Observed Fractures: 
depth & brief description 

7.19: bedding plane 
fracture 
7.3 1 : bedding plane 
fracture 
7.24: filled fracture 
7.35: bedding plane 
fracture 
7.60: bedding plane 
fracture 
7.65: bedding plane 
fracture 
7.75: core break 
7.85: core break 
7.87: core break 
7.89: core break 
7.91: core break 
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WIPP Core Description Room C1, Borehole ClH06 
Marker Bed 139 
Note: Core direction dips 70' from horizontal 
Depth of tophottom contacts, dft: 8.4-9.6m inclined ; 7.9-8.5m vertical / 25.9-27.9' 
Date: June 9, 1994 

Interval Marker Bed 

from Borns (1 985) 
8.2-8.3* I Zone1 

8.3-8.45 Zone 11 

8.5-8.6 Zone III 

8.6-9.0 Zone IV 

8.92 Zone V 
only partial 
recovery 

Description: 

undulatory contact zone 

polyhalitic overprint; 
stylolitic band, milb white 
fracture infilling 

Observed Fractures: 
depth & brief description 

possible infilled fiacture at 
contact 
8.35: stylolite or possible 
infilled fracture 
8.4: stylolite or possible 
infilled fracture 
8.42: stylolite or possible 

I fiacture 
gray anhydrite with halite 
layers, pseudomorphs after 
gypsum 
gray anhydrite laminated, 8.6: core break 
relict bedding structure @ 8.8: bedding plane 
8.65: polyhalitic fracture 
replacement along 8.89: core break along 
bedding-plane fracture bedding plane fracture 

8.97: core break 

8.5: core break 

*7.3 1-7.39m projected vertical distance 
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WIPP Core Description Room C1, Borehole ClH07 
Marker Bed 139 
Depth of tophottom contacts, dfi: 6.77-7.70m / 22.2-24.7’ 
Date: June 10, 1994 

1 Interval Marker Bed Description: Observed Fractures: 
m. Zone depth & brief description 

from Borns (1985) 
6.78-6.9 Zone I crystal breccia, halite 6.9: core break 

replacing gypsum 
6.9-7.1 Zone II gray anhydrite layers 7.09: core break 

marked by halite 
pseudomorphs after 
gypsum, in places 
deformed and chaotic 

7.1-7.4 Zone III Layered gray anhydrite 7.4: core break 
7.53 core loss 
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WIPP Core Description Room C1, Borehole ClH07 
Marker Bed 140 
Depth of tophottom contacts, dft: 22.8-27.23m / 74.8-89.3’ 
Date: July 8, 1994 

Marker Bed 
Zone 

Interval 
m. 

Description: Observed Fractures: 
depth & brief description 

22.75 
22.81 

22.81 - 
23.60 

? 

23.60 - 
25.20 

23.70,23.80-24.20 
massive gray anhydrite partially open fiacture @ 25.20 - 

26.40 

26.4 - 
26.7 

27.2 
26.7 - 

V 

rv 

V 27.2 - 
end 

mesh over relict anhydrite 
gray clay, anhydrite halite, 
inclined contact 
gray massive anhydrite, 
laminae of halite after 

basal gray clay 

bedding plane fracture @ 
26.85 disking between 

,oypsum @, 26.8 26.7 - 26.8 

Iv 

upper contact growth 
structures, anhydrite and 
halite mixture 
anhydrite with polyhalitic 
and halitic overprinting, 
inclined contorted bedding 

core disks more than 
C 1x05 habit of fractures 
similar to preexisting 
fractures in MB 139 

overprinted by secondary 
halite, anhydrite and 
polyhalite overprint forms 

core disks frequently from 
24.20-24.90 appears again 
similar to partially filled 
fractures in MB 13 9 

25.82,25.88,26.4 
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Appendix C - Schematics of Hydraulic Fracturing Tools 
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Figure C1 - Assembly drawing of single-zone, 2-packer systems used for hydraulic fracturing tests in MB 139. 
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Figure C3 - Schematic of system plumbing for hydraulic fracturing tests in Room C1. 
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Appendix D - System Compliance Data 
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The packer and interval compliances were measured for both types of straddle packers 
shown in Figures C1 and C2. The tests were completed either in a four-inch-diameter steel pipe 
or downhole as indicated below. In all cases, pressure was changed by means of a construction 
type hydraulic hand pump (Enerpac, model P84). The fluid volumes injected or withdrawn were 
determined from the ram travel of a dual-acting hydraulic actuator (Enerpac, model RR1010) with 
known cross-sectional area (4.85 cm2). Linear ram travel was read off a millimeter scale and wire 
marker that were attached to the moving ram and actuator body, respectively. This relatively 
crude method was fist used during hydraulic fracturing stress measurements in the WIPP in 1985 
with surprisingly consistent results. 

Single-Zone (2-Packer) Straddle Packer (Figure C1) - Packer Compliance Test in Steel 
Pipe Without Accumulator 

Date of test: 811 519 1 
Test Location: 4-inch-diameter steel pipe 
Packer supply line: 5 0 4  (1 5.2-m) hydraulic hose 
Interval supply line: 5 0 4  (15.2-m) stainless steel tubing, I.D.=0.305 in (0.775 cm) 
Packer pressure during test: see table below 
Interval pressure during test: atmospheric 

Table D.1- Packer pressure, pp, and linear dilatometer travel, d. 

H Test 1 

Inferred compliances (2 packers): 44.0 and 41.3 cc/lOOO psi (6.381 and 5.99 cc/MPa) 

Note: during hydrologic testing the packer pressure was maintained constant by means of a 5-gal 
accumulator. Sixty to seventy-five percent of the accumulator volume was occupied by gas. 
Based on downhole measurements in MB 140, the packer compliance the accumulator on line 
was approximately 60 times lower than without the accumulator. 
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Single-Zone (2-Packer) Straddle Packer (Figure C1)  - Interval Compliance Test in Steel 
Pipe 

Date of test: 8/15/9 1 
Test Location: 4-inch-diameter steel pipe 
Packer supply line: 5 0 4  (15.2-m) hydraulic hose 
Interval supply line: 50-R (15.2-m) stainless steel tubing, I.D.= I.D.=0.305 in (0.775 cm) 
Packer pressure during test: 1900 psi (13.1 MPa) 
Interval pressure during test: see table below 

Table D.2 - Interval pressure, ps, and linear dilatometer travel, d. 

885 7.55 

1090 8.55 

Inferred compliance: 23.3 cc/lOOO psi (3.38 cc/MPa). 

Single-Zone (2-Packer) Straddle Packer (Figure C1) - Compliance Test Downhole 

Date of test: 7/1/92 
Test Location: MB139 in borehole ClXlO 
Packer supply line: 5 0 4  (15.2-m) hydraulic hose 
Interval supply line: 50-R (15.2-m) stainless steel tubing, I.D.=0.305 in (0.775 cm) 
Packer pressure during test: 1900 psi (13.1’MPa) 
Interval pressure during test: see table below 
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Table D.3 - Interval pressure, ps, and linear dilatometer travel, d. 

179 
205 

7.5 
7.7 

225 
252 

Inferred compliance: 24.0 cc/lOOO psi (3.48 cc/MPa). 

7.9 
8.1 

Two-Zone (%packer) Straddle Packer (Figure C2 ) - Packer Compliance Test Downhole 
Without Accumulator 

Date of test: 6/2/93 
Test Location: MB140 in borehole ClX05 
Packer supply lie: 75-ft stainless steel tubing 
Interval supply line: 7 5 4  stainless steel tubing, I.D.=0.305 in (0.775 cm) 
Packer pressure during test: see table below 
Upper and lower interval pressures during test: 1895 psi (13.07 Mpa) 

Table D.4 - Packer pressure, pp, and linear dilatometer travel, d. 

1961 
1999 I 10.8 

I 1893 I 9.6 I 

Inferred compliance: 66.7 cc/lOOO psi (9.67 cc/MPa). 
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Note: during hydrologic testing the packer pressure was maintained constant by means of a 5-gal 
accumulator. Sixty to seventy-five percent of the accumulator volume was occupied by gas. 
Based on additional measurements, the packer compliance y& the accumulator on line was 
approximately 60 times lower than without the accumulator. 

Two-Zone (3-packer) Straddle Packer (Figure C2 ) - Upper Interval Compliance Test 
DownhoIe 

Date of test: 6/2/93 
Test Location: MI3140 in borehole ClX05 
Packer supply line: 75-R (22.9-m) hydraulic hose 
Interval supply lines: 75-R (22.9-m) stainless steel tubing 
Packer pressure during test: 1900 (13.1 MPa) 
Upper interval pressure during test: see table below 
Lower interval pressure: 1550 psi (10.69 MPa) 

Table D.5 - Upper interval pressure, pw, and linear dilatometer travel, d. 

1521 

I 1701 I 10.1 I 
Inferred compliance (3-packers): 37.9 cc/lOOO psi (5.50 cc/MPa) 

Two-Zone (3-Packer) Straddle Packer (Figure C2) - Lower Interval Compliance Test 
Downhole 

Date of test: 6/22/93 
Test Location: MB140 in borehole ClX05 
Packer supply line: 75-R (22.9-m) hydraulic hose 
Interval supply lines: 75-R (22.9-m) stainless steel tubing, I.D.=0.305 in (0.775 cm) 
Packer pressure during test: 1900 (13.1 MPa) 
Upper interval pressure during test: 1895 (13.07 MPa) 
Lower interval pressure: see table below 
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Table D.6 Lower interval pressure, psi, and linear dilatometer travel, d. 

Inferred compliance: 93.9 cc/lOOO psi (13.62 CC/MPa) 

Two-Zone (3-Packer) Straddle Packer (Figure C2) - Combined Upper and Lower Interval 
Compliance Test Downhole 

Date of test: 6/2/93 
Test Location: MB140 in borehole ClX05 
Packer supply line: 75-A (22.9-m) hydraulic hose 
Interval supply lines: 75-A (22.9-m) stainless steel tubing, I.D.4.305 in (0.8=775 cm) 
Packer pressure during test: 1900 (13.1 MPa) 
Upper interval pressure during test: see table below 
Lower interval pressure: see table below 

Table D.7 - Combined upper and lower interval pressure, ps, and linear dilatometer 
travel , d. 

1708 14.5 
13.9 1681 

Inferred compliance: 13 1.6 cc/lOOO psi (19.09 cc/MPa). 
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Appendix E - Instrumentation and Calibration Data 
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The instrumentation and calibrations applicable to hydraulic fracturing tests in Room C1 are listed 
below. 

BorehoIe CIX.0, MB139 

Packer pressure gage: Kulite S / N  9104417 
Conditioner/readout: Entran S / N  91 07001 1 
Gage isolation valve no.: V16 
Calibration date (mo/yr): 6/9 1 

Interval pressure gage in console: Kulite S / N  9 1043 93 
Conditioner/readout: Entran S / N  91 070023 
Gage isolation valve no. : V17 
Calibration date (mo/yr): 6/91 

Interval pressure gage downhole: Kulite S / N  9104414 
Conditioner/readout: Entran S/N 91 070020 
Gage isolation valve no.: V12 
Calibration date (mo/yr): 6/91 

BorehoIe CIXO5, MB139 

Packer pressure gage in console: Kulite S / N  9104417 
Conditioner/readout: S / N  9 107001 1 
Gage isolation valve no.: V16 
Calibration date (mo/yr): 5/92 

Interval pressure gage in console: Kulite S / N  4284-7-184 
Conditioner/readout: Entran S / N  91 070023 
Gage isolation valve no.: V17 
Calibration date (mo/yr): 5/92 

Interval pressure gage downhole: Kulite S / N  4284-7-186 
Conditioner/readout: Entran 9 1070020 
Gage isolation valve no.: V12 
Calibration date (mo/yr): 5/92 

BorehoIe CIXOS, M I 4 0  

Packer pressure gage in console: Kulite S/N 9 10441 7 
Conditioner/readout: S / N  9 10700 1 1 
Gage isolation valve no.: V16 
Calibration date (mo/yr): 5/93 
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Upper Interval pressure gage 1 in console: Kulite S / N  4284-7-184 
Conditioner/readout: Entran S / N  91070023 
Gage isolation valve no. : VI 7 
Calibration date (mo/yr): 5/93 

Upper Interval pressure gage 2 in console (replacement for failed downhole gage): Kulite S / N  

Conditioner/readout: Entran 9 1070020 
Gage isolation valve no. : V15 
Calibration date (mo/yr): 5/93 

4022-6-2 14 

Lower interval pressure gage in console: Kulite S / N  4022-6-21 5 
Conditioner/readout: Beckman S / N  9304289 
Gage isolation valve no.: V13 
Calibration date (mo/yr): 5/93 

All transducer calibrations were carried out by means of a transfer standard consisting of a BLH 
pressure transducer, S / N  5671 8, in conjunction with a BLH transducer conditioner/readout, S / N  
4513. The latter equipment was calibrated as a system in the Standards Laboratory at Sandia 
National Laboratories. 
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