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POST TREATMENT REPORT

GE Engine Services
United Nuclear Church Rock Project

Sec 37, Twn 17rN, Rng 16 W
Gallup

RW11

Treatment Date- September 11,2004
Farmington, New Mexico

505-327-6222

BJ Services Company
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PkasMel 9V1 0S327-622
Faiin~on.NewMcxko (505) 327-5766

50532A742M

September 11,2004

Mr. Pat Pontoriero
GE' Enin Services
Mactec Engineering & Consulting, Inc.- 700N Bell Ave, Suite 200
Pittsburg,PA 15106

Treatment Summary
United Nuclear Church Rock Project RW11
Gallup

Dear Mr.,Pontoriero:

This post treatment summary contains information that was gathered through BEServices Company's
real time data acquisition system. Thestimulation treatment on the above referencew well was
performed by our Fanrnington district oC September 11, 2004.
The information presented consists of the well data, proposed vs. actual treatment, treatment
graphs, discussion, and treatment data.
Thank youfor the opportunit to evaluate this treatment. If you have any questions or comments,
please call me at 505-327-6222.

Sincerely,

Frank Culler
B Services Company
Field Tech. Rep.

BI Services Company- 5500 Northwest Central Drive .Houston, Texas 77092- 7i3-462-4239
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SECTION I

WELL DATA
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UL~i WELL DATA 1-2

WELL DATA

Operator
Well Name
Well Orientation
Formation
Location
Total Depth
Perforation Interval
Depth to Middle Perforation
Number of Perforation
Perforation Diameter
Casing/Liner Size.
Frac Grafient
Bottom Hole Fracture Pressure
Bottom HoleTemperature
Anticipated FractureHeight
Net Fracture Height

GE Engine Services
United Nuclear Church Rock Project RW 11
Vertical
Gallup
Sec 37, Twn 17 N, Rng 16 W
175
171-175
173
80
0.500
7.000
0,500
204
82
4
4

ft
ft
ft

in
in
psi/ft
psi
Of
ft

~IJ Services Company 
September 11,2004

. '% S"ces Company

kw--ý
Post Treatment Report September 11,2004
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SECTION H

PROPOSED &ACTUAL TREATMENT

~U Services Company 
September 1 1~2OO4
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DL~i PROPOSED,& ACTUAL TREATMENT H-2

TREATMENT PARAMETERS

tParamters Proposed Actual Unit

Treating Conductor
Injection Rate
Average Surface Treating Pressure.

7.000,
35.00
132

7.000
35.50
330

in
bpm
psi

FLUID VOLUME

Treating Fluid Volume
Flush Volume
PROPPANT

20/40 Brady

25000
291

16632
504

gals
gals

25000 9540 lbs

~J Services Company Post Treatment Report September 11,2004
V Services Con4my

ýW;
Post Treatment Report September 11,2004



UL~i PROPOED & ACAL TREATMENT 11-3

TREATMENT SCHEDULE

Stage,
No.

Gel Voluwe, gals
Proposed Actual

Proppant Conc., ppg
Proposed ActualFluid Type

1
2
3
4
5
6

5000
5000
5000
5000
5000
291

5000
5000
5000
1176
0
504

Fresh Water
Fresh Water
Fresh Water
Fresh Water
Fresh Water
Fresh Water

0.0
0.5
1.0
L5
2.0
0.0

0.0
0.5
1.0
1.5
2.0
0-0

'U Services Con~pany Post Treatment Report September 11,2004

IJ SeMces Company ,Post Treatment Report StOtember 11,2004
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SECTION I- PROPOSED & ACTUAL TREATMENT II- -4

TRATMENT REPORT
.DaeSeteme 12004 Distrct Fanntngton P.Reccdt 2164181 - operator MIl Egine services
Law WeitNo. kW Fild Chuch Rlck Lo-tidon i e37.'Twn 17-N.-I IRg6W

COunty Mkinicy S NewMexico I Stage No. I TatmentTarge-t(s)lThis zone

WELLDATAI WafTypc. oNew 0l1dWell WelClass-: Ooil Disposal Dinjection O =.

Prev.Treatment NIA Prev.2Production7NIA Well Dep.D/PB 175 ft Formation Gallup
pert: size 0.SO0 in Total No. '0 Interval 0,1175(ft)
StriuypePacke/OpenHolc Description Size (in) Weight (lbmh) Setat(ItY Prom(it) To(ft) .ength(A) Capacity(bbls/1f) Total Capacity(bbls)
Cing 6.456 20.00 1 175 0,0405 7

.TREATMENTDATA Treatgvia:io 3Tubing 3Casng 1AnAulus QTvbIq&&Annlus FluIdload 6
Pad Used: MYes ,U o Pad-TypeFreshWater ScPadVoume 5100 als B alers: in gesof
Treating FlRidTypt: Opoam OWater QAcid Q001 3O-thcr Volumet 11632:gals Base FluidType: .frsh Volume 64000gal
foamlw Tyc Mt~chell SurfacOC Mitchell Dowuhole OSlunrySutlrce OSlurryDownhole FoamQuality Hole Loaded with Fresh Water
"Proupt Type Size -Quantity Ibs) -Prappeahave iz Quantity (Ibs) ft~pnt Type Size Quantity (Ibs)

BmdyL 2:01A4 9540

TOTAL LIQUID/GAS PUMPED. I PadvolmeA: 119 bbli Treaftig Rluid Volume: 277 bbls Flush Volume: 12 bbls

Over Rlush Volume: Fluid tokecover::396 bbls Total C02: Total N2:
Pumps UseirypcNumbr): 3BL-2000
Auxiliary Material:
Procedure Summar

TREATMENT SUMMARY Teting PesU:M l. Max. 370 s Ave 330 i operatoes Max. 00pi

Injection Rate:,Treating Fluid l35 m 20100 bpm Avera 3550 bpm Rush Fluid Density 8.34 ppg
ISDP Pre-Job Post-Job 100 psi Final Shut i Pressure in 5.0 rmin

2160WA lob Number -2k643|5•1140 !Cu R et LBush $ervice RepreSentative V.EldzidgB

..... TREATMENT LOG
Time Treatng Pressure Stage Surface Fluid P ed Total Surface FluPd.umped Surface Fluid Pumpn Rate Comments

STP Annulus Slurry C02 M4 ýSlurry 1002 N2 slurm CO;? 14
Innipm psi psi bbls bbls sd bbMS bbls 8d: bpm bpm selmin
09.00 SAFETY MEETINO
09.20 4000 M .... TLINES
09.39 36.00 ST FRESH 1420 PAD
09.44 343 119 119 35.90 LST -SO 20/40 BRADY
09.47 333, 122 241 _ _ 35.70 _ _ __ ST 1.009

09-51 353 124 ___365 13570 STI Soo

09'.1 70 29 - - 394 - __SID FRACTURZING VERITCAL
.09.52 275 394 20.0 ST..OSS OVER PLSH

09O3U0 12 1___406 _ _ __ SIC) ISI

~J Services Company Post Treatment Report September 11.2004
'Ri SeMces Company Post, Treatment Report, Septemtw.r 11,2004
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SECTION M

TREATMENT GRAPHS & INTERPRETATION

'33 Services Company Post Treatment Report September 1I~2OO4
i Services Ccimp=y Post Treatment Report September 11.2004
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'TREATMENT GRAPHS & INTERPRETATION M --2

Engineering Analysis

Net-P Calculations:

1. Net Pressure= BHTP Closure Pressure
2. ClosurePressure =-00 psi for calculations

IJ Srice onoyPs ram n eotSpebr120

V Strvices Company
kv)

Post Treatment Report, September I I;M
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SECTION IV

TREATMENT DATA

3.1 Services Company Post Treatment Report September 11,2004
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BJ Services JobMaster Program Version 3.00
Job Number: 216431801
Customer: GE Engine Services INC
Well Name: United Nuclear RwIIC
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BJ Services JobMaster Program Version 3.00
JOb Number. 216431801
Customer: GE Engine ServFces INC
Weii Name: United Nuclear RwlIC
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BJ Services JobMaster Program Version 3.00
Job Number: 216431801
Customer: GE Engine Services INC
Well Name: United Nuclear RwIIC

MD-171 ft, Slurry/Sand are bblllbm
-o Desiqn Actual Stage

728.9
25272

100.0
119.0
121.7
124.4

-100 127.1
129.8

I I

410.6
9239

4.3
119.5
121.8
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Sand

01.
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Test
Pad
.50
1.00
1.50
2.00

U

BJ Services Job Start: Saturday, September 11, 2004
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BJ Services JobMaster Program Version 3.00
Job Number: 216431801
Customer: GE Engine Services INC
Well Name: United Nuclear RwIIC
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BJ Services JobMaster Program Version 3.00
Job Number 216431801
Customer: GE Engine Services INC
Well Name:- United Nuclear RwIIC
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BJ Services JobMaster Program Version 3.00
Job Number: 216431801
Customer: GE Engine Services INC
Well Name: United Nuclear Rw11C

Surface Press / Frac Gradient
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POST TREATMENT REPORT

GE Engine Services
United Nuclear Church Rock Project RW12

Sec.37,T17NR16W
Galup

Treatment Date - September.18,2004
Farmington, New Mexico

505-327-6222

BJ ServIces Company
Copyrfjotl197 byU "1=cvic CoMpny..AU rgbtuucrved,



Mncase Reply: (505)327-6222
farminKoini, New Mexico (505) 327.5766
505-327-6222

September 18,2004

W. Pat Pontoriero
GEEngine Services
MacteeEngineering & Consulting, Inc.,700N Bell Ave, Suite200
Pitsburg, PA 15106

Re:
Treatment Summary
United Nuclear Church Rock Project RW12
Gallup

Dear Mr. Pontoriero:

This post treatment summary contains information that was-gathered through BJ Services Company's
real time data acquisition system. The stimulation treatment on the above reference well was
performed by our Farmington district on September 18,2004.
'The information'presented consists of the well data, proposed vs. actual treatment, treatment
graphs, discussion,,and treatment data.
Thank you for the opportunityto evaluate this treatment. If you have any questions or comments,
please call me, at 505-327-622Z.

Sincerely,.

Frank Culler
BE Services Company
Field Tech. Rep,

BJ Services Company, 5500 Northwest Central Drive. Houston, Texas 77092.713-462-4239
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SECTION I

WELL DATA

- B evcsCrpn otTeamnieotSpebr1~20

-,BJ 8crOces Compwy
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Post Treatment Report September 18, 2004



LU.2?4,
WELL DATA I-2

WELL DATA

Operator
Well Name
Well Orientation
Formation
Location
Total Depth
Perforation Interval
Depth to Middle Perforation
Number of Perforation
Perforation miameter
Casin&Uner Size
.Fr. Gradient
Bottom Hole Fracture Pressure
Bottom Hole Temperature
Young's Modulus,
Anticipated Fracture Height
NetFracture Height

GE Engine Services
United Nuclear Church Rock Project RWl2
Vertical
Gallup
Sec.37,TI7N,RI6W
173 ft
169-173 ft
171 ft
80
0.500 in
7.000 in
1.180 psi/ft
202 psi
82 'F
6.00e+006 psi
4 ft
4 ft

31Srie CmayPstTetetReotSpeme 
820

I -- V Services Company PostTreatment Report September 18, 2004
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SECTION II

PROPOSED & ACTUAL TREATMENT

-lDJ SevcsCman otTeten eotSptme 820

sem= compwy Post Treatment Report September 18j2004



I.D2~L1

PROPOSED & ACTUAL TREATMENT 11-2

TREATI

Parameters

Treating Conductor
Injectioon'Rate
Average Surface Treating Pressure

FLUID VOLUME

Tr•eting Fluid Volume
Flush Volume

pROPPANT

20/40 Brady

IENT PARAMETERS

Proposed

7.000
35.00
139

Actual

7.000
35.30
480

15206
588

10000

Unit

in
bpm
psi

gals
gals

lbs

25000
288

25000

* ¶3 Services Company 
September 18,2004

V.Servites Company Post Treatment Report September 18,2004



EiJ PROPOSED&ACTUAL TREATMENT U-3

TREATMENT SCHEDULE

Stage
'No.

Foam Volume, gals
Proposed Actual

Proppant Conc., ppg
Proposed ActualFluid Type

2

,4

5000
5000

5000
5000
!98

4998
5011
4862
0
0
r288

Fresh Water
Fresh Water
Fresh Water
Fresh Water
Fresh Water
Fresh Water

0.0
0.5
1.0
1.5
2.0
0.0

0.0
0.5
1.0
1.5
2.0
0.0

-~BJ Services Company Post Treatment Report September 18,2004

-,IBJ SerAces Company Post Treatment Report September 18j'2004
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SECTION II PROPOSED & ACTUAL TREATMENT 11-4

TREATMENT REPORT
Date SetembEr 19,2004 District fiarniiagt P.Recelpt '216430802 Operator GE ilagine Services
U=ae WellNo. RW12 Field Church Rock Location Sc37,;TI7N.R16W'

Couty c~hlestate Kc~w weicto StAge No. I Treatment Tarset(s) Thisatm

WELLDATA i W .iType: SNewWel D[30wel "WelCdes3: DlOl •oos .D3Dispom a f jection ict ._sc _

Prev•.7atment M-A Pre. ProductionVAA Weil Dc.T/PB 173 It Formation.iGalup
Pr.size 0.500 in Total W 0 9 Interval 169-173(.t)
StringtTypePackedipenHolc Description Size (in) 'Weight (Ibm/) Setat(ft) From(ft)' To(It) length(a) Capacity (bbls/ft) Total Capacity,(bbls)
J-55 7.000 20.00 _ 175 " 0.0405 7

TREATMENT'DATA I matingva.: -Taubng e@Caing U3Anulus OTublng &Annulus luidtoload 0
Pad:Used: W s Ofo PadrType Fbh Wate Pad Vblume ScO0gals BallSealets: in stages of
Treating FlbidType gFoam ZWater EJAcid MOil DOthcr Volume 0206. gls Base FludType: water Volume n33600gals
Foam Type: O31Wtelell Surfasce DMit~cheII Downhole OISluzy Surface. IflurtyDownhole Foam Quality100% Hole Loaded witfih ah Water
Proppant Type Size. Quantity 0s) FroppanttType Size Quantity Obs) oppant1T,)e Size Quantity (lbs)
Brady 20/40 i0000

TOTAL LIQUID/GAS PUMPEDI Pad Volume: 119 bbls Treating Fluid Volume; 243bbls Flush Volume. 7 bbls

Over lush Volume: Fluid to Recover 366 bbls Total C02: Total N2:
Pumps Used(Typl•Number); ,3 Fra Pumps,

Auxiliary Material.
Procure Summary Seeactual vs popose

TREATMENT SUMMARY I mating iessir Min. so psi Max. 960 psi Ave, 480 psi Operator's Max. 3000 psi

Injection Rate: Treating Fluid 35.30 bpm Plush 35,0bpm Average 35- bpm Flush Fluid Density 9.23 ppg
ISDP: Pre-Job Post-1ob 151 psi Final Shut in Pressure in 15.0 mIni
Recommendationtl O 216451•87A Job Numbnr P63Mi Custori re•resentatidve. L.Bush Service Representative LeoPacbheto
i Distribution normal

TREATMENT LOG
Time TreatingPressuzre &jraee]fluid Pumped TotalSurfacefEildF ,m Surface Fluid pmihng Rate Comments

STP Annulus Slurr C02 V42 Slurr COT NZ2 Slumr 002 142
In psi psi bbls "bb sd' bbls bbls sd "bp bpm set/mun

12:00 __Safety mectink
12:15 4500 P Pressure test lines
12:30 380 35.60 St Pad
12:34 360 119 Ito 35.70 St .5#

12:38 870 122 241 .35.10 .,;1.. Stl#
12:42 460 121 362 __... 35.00 St lush
12:42 151 14K 376 Shutdown

BI Serice olyPs 
ram ntRpr etme 820

-,:J SerViCtS Company Post Treatmeat Report September 18, 2004
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SECTION III

TREATMENT GRAPHS & INTERPRETATION

-~ BJ Services Company Post Treatment Report September 18,2004
BJ SeMas Company PostTreatnimt Report Sepwmber 18,2004



TR EATMENT GRAPHS & INTRPRETATION M-2

Engineering Analysis

Net-P Calculations:

1. Net Pressure = BHTP - Closure Pressure

I'3 Srice opn otTetetRpr etme 82

-IRJ Servides.Company- Post Treatment Report September 18, 2004
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SECTION IV

TREATMENT DATA
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BJ Services JobMaster Program Version 3.00
Job Number: 216431802
Customer: G.E. Engine ServicesInc.
Well Name: United Nuclear Rw12

PUMP PARAMETFRS
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BJ Services Job Start: Saturday, September 18, 2004
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BJ SericesJobMaster Program Version 3.00
Job Number:, 216431802
Customer: G..0 Engine ServiceiJInc.
Well Name: United Nuclear Rw12

Primary Chemicals
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BJ Services Job Start: Saturday, September 18, 2004
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BJ Services JobMaster Program Version 3.00
Job Number: 216431802
Customer: G.E. Engine Servicesinc.
Well Name: United Nuclear Rw12

Log/Log net pressure
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BJ Services JobMaster Program Version 3.00
Job Number: 216431802
Customer: G.E. Engine ServicesInc.
Well Name: United Nuclear Rw12

MD=169 ft, Slurry/Sand are bb~llbm

-o Design Actual Stage

728.9
24995

100.0
119.0
121.7
124.4

-100 127.1
129.8

385.9
5484

9.6
120.2
122.5
120.2
13.4
0.0

Slurry
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01. Test
02. Pad
03..50
04. 1.00
05. 1.50
06.2.00

BJ Services Job Start Saturday, September 18, 2004
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BJ Services JobMaster Program Version 3.00
Job Number 216431802
Customer: G.E. Engine ServicesInc.
Well Name: United Nuclear Rw12

Surface Press / Frac Gradient
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BJ Services Job Start: Saturday, September 18, 2004
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BJ Services JobMaster Program Version 3.00
Job Number: 216431802
Customer. G.E. Engine ServIces inc.
Well Name: United Nuclear Rw12
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PINNACLE FRACTURE DIAGNOSTIC REPORT



-Pinnacle
Surface Tilt Fracture Mapping for

Church Rock Project
McKinley County, New Mexico

Final Report for
MACTEC Engineering & Consulting, Inc.

Report Date: September 2004

By
Pinnacle Technologies

15579 E. Hinsdale Circle, Suite 102
Centennial, CO 80112
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1. Executive Summary

1. Executive Summary

Pinnacle Technologies conducted surface tiltmeter hydraulic fracture mapping for MACTEC Engineering
& Consulting, Inc. (MACTEC), to help ascertain the growth and extent of hydraulic fractures in the
Lower Gallup Sandstone formation. This was part of an ongoing program by United Nuclear Corporation
(UNC) and its contractors to remediate ground water impacts from previous mining and milling
operations at the Church Rock site near Gallup, New Mexico. MACTEC is the general contractor for
current activities and Pinnacle Technologies subcontracted under MACTEC to provide hydraulic fracture
tiltmeter mapping services.

In 2003, a test Recovery Well (the HF-3) was drilled and hydraulically fractured outside the area of
proposed remediation. To monitor the growth and coverage of the created hydraulic fracture, an array of
32 surface tiltmeters was installed covering a surface area surrounding the HF-3 well. This array
extended out from the wellbore approximately 250% the depth of the hydraulic fracture. For example, a
drainhole having a hydraulic fracture initiated at a depth of 160 ft from the surface would have a surface
tiltmeter array surrounding the wellhead approximately 400+ ft in all directions.

For the 2004 project, two separate surface tiltmeter arrays of approximately 60 sites each were required to
image seven Recovery Wells inside the area of remediation. Wells RWI1, RW12, RWI3, & RWI4 were
imaged with one array and wells RW15, RWl6, & RW17 were imaged with the second array. Pinnacle
staked and installed the ±120 surface tiltmeter sites several weeks prior to the hydraulic fracturing
program.

The table below outlines the results from the 2004 hydraulic fracturing campaign in the Church Rock
project. Seven wells were stimulated with several wells experiencing multiple fracture growth. A single
openhole interval was hydraulic fracture stimulated in the each of the Recovery Wells. The results below
are the final values at the conclusion of each injection. A and B in wells RW15 and RW17 refer to
treatments that were shutdown between the pad and main injection.

Table 1. Fracture Orientation at End of Pumping

Openhole Volume PumpedFacur Fracture Location to
Well Interval Fluid Proppant Rate Fracture FractureName fi) (as b) (p)Orientation ( Depthunet ny(ft) Dimensionsft Frac Wellboreft

Name___ (ft) (gals) Qlbs) (bpm) rinao (+ uncertainty) (ft) (ft)
__( uncertainty) (4- uncertainty)

Horizontal, 150 A: 20 60:E 15 30:L 15N

RW11 171-175 17,136 9,540 35.5 80115 N-S
Horizontal2  95 20 100: =15 E

40 A: 15 E-W

RW12 169-173 15,794 7,500 35.3 Horizontal 100 * 20 80 A: 15 75 ± 15 SW

RW13 169-173 27,112 31,540 35.8 Horizontal 160*20 120 A: 20 155:k 15 NE

RW14 164-168 22,273 21,000 35.8 Horizontal 145 ± 20 100*: 20 100:k 20 SW

RW15 A Vertical 130120 NA 10NE
140-144 23,329 10,570 32.0

RW15 B Horizontal 50±20 50± 15 40L 15NE

RWI6 149-152 31,080 27,667 35.0 Horizontal 130 ± 20 80*115 70115 SE

RW17 A Horizontal 130 ti 20 50: -15 40*15NE
174-180 25,368 11,554 33.0RW17 B Vertical 60*+20 100*d=20 ± 15 NE
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1. Executive Summary

In an effort to increase production of contaminated water from the Lower Gallup Sandstone, vertical
drainholes completed with hydraulic fracture stimulation are being evaluated. Measurement of the
hydraulic fracture growth pattern is critical to understanding radial coverage/contact of the hydraulic
fracture. Knowledge of the hydraulic fracture growth dictates vertical drainhole density for optimal
coverage.
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2. Background

2. Background

The United Nuclear Corporation Church Rock Project is located approximately 21 miles northeast of
Gallup, New Mexico on the southern border of the Navajo reservation. The site is underlain by a series of
sand and shale sequences with some coal layers and an overlying alluvium.

In 2003, a test Recovery Well (the HF-3) was drilled and hydraulically fractured outside the area of
proposed remediation. To monitor the growth and coverage of the created hydraulic fracture, an array of
32 surface tiltmeters was installed covering a surface area surrounding the HF-3 well extending out from
the wellbore approximately 250% the depth of the hydraulic fracture. The test area for the project was
adjacent to a known plume of contaminated ground water, which is migrating to the north and emanates
from the tailing ponds located at the site. Previous attempts to drain this area have proven not to be
overly efficient and hydraulic fracture stimulation is now being considered as a way to improve
performance of the contaminate removal.

The 2003 test project was designed (from a surface tiltmeter mapping perspective) to determine:

1. the vertical component (if any) created from the hydraulic fracturing operations,

2. the radial extent of the created horizontal firacture(s), and

3. whether the surface deformation caused by the hydraulic fracturing would affect a nearby LPG
pipeline.

The answers found to the above questions in 2003 were:

1. no vertical growth was observed;

2. the radial extent of the hydraulic fracture was between 35 and 45 ft in radius; and

3. surface ground movements of <0.1 inch were within pipeline design limits.

The 2004 project included seven Recovery Wells named RWl 1, RW12, RW13, RW14, RW15, RW16,
and RW17. The wells were drilled and cased with a small interval (±4 feet) of openhole barefoot interval
at the bottom of the hole. Single hydraulic fracture treatments were pumped in each Recovery Well and
monitored with Pinnacle's Surface Tiltmeters. Descriptions of each treatment are detailed below.

RW11 - Pumped September 11, 2004
The treatment was started at 09:31 and ended at 09:44. A total of 408 barrels (17,136 gallons) of fluid
carrying 9,540 lbs of proppant was injected into the openhole interval. From the surface tiltmeters, a
horizontal fracture was initiated to the north, which grew for 7 minutes at depth of 150 feet from surface.
The created fracture was centered approximately 50 feet to the north of the RWl 1 wellbore and was
elliptical in shape. Approximately 7 minutes into the treatment, tiltmeter signals increased to the ESE
with a secondary horizontal fracture indicated at a shallower depth (-95 feet from surface). The treatment
was shut down after 12 minutes due to upward movement of the second fracture.

RW12
Unable to treat as the wellbore had silted up and required additional cleanout.

Pinnacle Technologies, Inc. 3
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RW13 - Pumped September 11, 2004
The treatment was started at 15:53 and ended at 16:13. A total of 645.5 barrels (27,112 gallons) of fluid
carrying 31,540 lbs of proppant was injected into the openhole interval. From the surface tiltmeters, a
horizontal fracture was initiated to the north of the wellbore and continued with radial growth for the
entire injection period. The depth of the fracture was 160 ± 20 feet from surface and 80 ± 15 feet in
diameter.

RW14 - Pumped September 11, 2004
The treatment was started at 17:46 and ended at 18:01. A total of 530 barrels (22,273 gallons) of fluid
carrying 21,000 lbs of proppant was injected into the openhole interval. From the surface tiltmeters, a
horizontal fracture was initiated to the south of the wellbore and continued with radial growth for the
entire injection period. The treatment was terminated due to running out of proppant. The depth of the
fracture was 145 ± 20 feet from surface and 100 ± 20 feet in diameter.

RW12 - Pumped September 18, 2004
The treatment was started at 12:29 and ended at 12:40. A total of 376 barrels (15,794 gallons) of fluid
carrying 7,500 lbs of proppant was injected into the openhole interval. From the surface tiltmeters, a
vertical fracture in the vicinity of the openhole section (azimuth N17E) was initiated, which grew for six
minutes. Approximately six minutes into the treatment, tilt signals indicated a secondary horizontal
fracture was created at a depth of -100 feet from surface. The treatment was shut down after 12 minutes
due to upward movement of the second fracture.

RW15 - Pumped September 18, 2004
The pad was started at 15:57 and ended at 16:03. A total of 164 barrels (6,888 gallons) of fluid was
injected into the openhole interval. At the conclusion of the pad, surface tilt data were analyzed. The
interpreted fracture geometry was vertical and centered at ±130 feet from surface. Injection was resumed
and growth was monitored with the tiltmeters. Two vertical fractures were initiated with the center of the
vertical fractures at 120 feet and 150 feet from surface, respectively. Azimuths of the vertical fractures
were N12E and N82W, respectively. At nine minutes into the treatment, tiltmeters indicated that one of
the fractures developed a horizontal component. At 12 minutes, tiltmeter analysis indicated upward
movement of the horizontal component and it was advised to cease injection. Following flush, a small
surface breach was noted just east of the RW15 wellhead shortly after the treatment was complete. A
total of 555 barrels (23,329 gallons) of fluid carrying 10,570 lbs of proppant was injected into the well.

RW16 - Pumped September 18, 2004
The treatment was started at 19:00 and ended at 19:26. A total of 740 barrels (31,080 gallons) of fluid
carrying 27,667 lbs of proppant was injected into the interval. From the surface tiltmeters, a horizontal
fracture was centered on the wellbore and continued with radial growth for the entire injection period.
The depth of the fracture was 130 ± 20 feet from surface and 80 ± 15 feet in diameter.

RW17 - Pumped September 19, 2004
The pad was started at 10:15 and ended at 10:23. A total of 206 barrels (8,652 gallons) of fluid was
injected into the openhole interval. At the conclusion of the pad, surface tilt data were analyzed. The
interpreted fracture geometry was horizontal and centered on the wellbore at ±160 feet from surface.
Injection was resumed at 11:19 and growth was monitored with the tiltmeters. Fourteen minutes into the
treatment, it was advised to cease injection due to upward movement of a horizontal component. The
horizontal component moved to ±130 feet from surface NE of the wellbore with a smaller horizontal
component approximately 60 feet from surface and 100 feet to the SW.
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2. Background

The surface tiltmeters were demobilized on September 20 with the PVC casing and caps left for later
recovery.

Pinnacle Technologies, Inc. 
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3. Results and Conclusions

3. Results and Conclusions

1. In all treatments images, no downward growth was measured, i.e., no coal was fractured.

2. All movement of the created fracture growth was up. It is not known if the upward movement
was due to existing vertical networks, existing boreholes, and/or poor primary cement bonding in
the Recovery Wellbores.

3. Fracturing complexity was much greater than in the 2003 hydraulic fracturing program.

4. The created hydraulic fractures were not all centered at the Recovery Wellbore. This is likely a
result of existing channels and/or natural fractures.

5. The goal of fracturing the saturated zone will be born out of post-treatment production data.

6. The cement quality in the Recovery Wellbores remains a large unknown and potential cause of
the lack of zonal isolation.

Pinnacle Technologies, Inc. 6
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4. Fracture Orientation

4. Fracture Orientation

Fracture orientation is presented for the seven Recovery Wells mapped in September 2004. In addition to
fracture orientation (azimuth, dip, and horizontal and/or vertical components), the depth to the center of
the created fracture along with its relation to the treatment well is given. Appendices A and B contain
details on surface tiltmeter mapping background and theory. Appendix C includes plots for each
Recovery Well showing surface deformation at the end of pumping. Appendix D includes plots for each
stage with the observed and theoretical tilt vectors along with individual tiltmeter plots showing actual
movement measurement for select treatment and tiltmeters.

Table 2. Fracture Orientation at end of Pumping

Well Openhole Volume Pumped Fracture Location to
We Interval Fluid Proppa Rate Fracture FracturePropph Rate Dimensions Frac Welibore

Name at Orientation Duncertainty) (ft) (ft)
ft (gals) lbs) (bpm) (+ uncertainty) (:b uncertainty)

Horizontal, 1501:20 60 115 30 ± 15 N

RWl 1 171-175 17,136 9,540 35.5 80 -15 N-S
Horizontal2  95 ± 20 100-L 15 E

40d 15 E-W

RW12 169-173 15,794 7,500 35.3 Horizontal 100 120 80 ± 15 75 ± 15 SW

RW13 169-173 27,112 31,540 35.8 Horizontal 160 ± 20 120± 20 155:k 15 NE

RW14 164-168 22,273 21,000 35.8 Horizontal 145 ± 20 100 =E 20 100 ± 20 SW

RW15 A Vertical 130± 20 NA 110 NE
140-144 23,329 10,570 32.0

RW15B Horizontal 50±-20 50±-15 40-15NE

RW16 149-152 31,080 27,667 35.0 Horizontal 130 ± 20 80 ± 15 70± 15 SE

RW17A Horizontal 1301-20 504l15 40±- 15NE
174-180 25,368 11,554 33.0RW17 B Vertical 60± 20 1001-20 -15NE

Recovery Wells 11, 15, and 17 each experienced multiple planes of hydraulic fracture growth.
Discussion of individual wells follows. Figure 1 and Figure 2 illustrate plan views of the 2004 Church
Rock Tiltmeter mapping project. The small blue dots represent actual tiltmeter sites that surround the
Recovery Wells fractured in this campaign. The colored circles represent the estimated radial extent and
location of the center of the created hydraulic fracture.

Pinnacle Technologies, Inc. 
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4. Fracture Orientation

Array #1Figure 1. Plan view of the 2004 Church Rock Hydraulic Fracturing program -
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4. Fracture Orientation

Fracture extent and location in local UNC coordinates
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Figure 2. Plan view of the 2004 Church Rock Hydraulic Fracturing program - Array #2
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5. Recommendations

5. Recommendations

" Pump a minifrac or pad with a scheduled shutdown to ascertain created hydraulic fracture
geometry and be prepared to not stimulate a well if growth behavior is unacceptable, i.e., not treat
the saturated zone.

* Closer spacing and smaller treatments may aid in achieving consistent hydraulic fracture growth.

Pinnacle Technologies, Inc. 10
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Appendix A - Introduction to Surface Tilt Fracture Mapping

Appendix A - Introduction to Surface Tilt Fracture
Mapping

A.1 Description

Creation of a hydraulic fracture, by definition, involves Fracture-induced Surface tiltmeters
parting of the rock and displacing the fracture faces to create surface "trough"
fracture width. The principle of tiltmeter fracture mapping is
simply to infer hydraulic fracture geometry by measuring
this fracture-induced rock deformation. The induced
deformation field radiates in all directions and can be
measured either downhole with wireline-conveyed tiltmeter
arrays or with a surface array of tiltmeters. Figure 3 shows o-w ntlltmeter in

a schematic diagram of the induced deformation field from a Fracture
vertical fracture as seen both downhole and at the surface.
As shown, measuring the deformation field at the surface
with a two-dimensional array gives a very different view of
the deformation field than a one-dimensional (line) array
downhole in an offset wellbore. Horizontal fractures exhibit Figure 3. Principle of tiltmeter
slightly different surface deformation patterns but are easily fracture mapping
recognized. Figure 3 shows surface deformation patterns
from horizontal and vertical hydraulic fractures.

At the surface, the induced deformation magnitudes
Dip ... . are so small - typically on order of one ten-

Maximum Displacement; thousandth of an inch - that they are impossible to........ 0.0020 inches h u a d h o n i c h tt e r m o sb e t

Dipl-e90m..t: measure. Fortunately, measuring the gradient of the
0.00026 inches Maximum Displacement: displacement field, or the tilt field, is far easier.

0.00045 inches . The induced deformation field at the surface is
primarily a function of fracture azimuth, dip, depth
to fracture center, and total fracture volume (Figure
4). The induced deformation field is almost
completely independent of reservoir mechanical
properties and in-situ stress state. For example, a
north-south growing vertical hydraulic fracture of a
given size yields the same surface deformation
pattern whether the fracture is in low modulus
diatomite, extremely hard carbonate, or even
unconsolidated sandstone. The deformation pattern
is simply a north-south trending trough surrounded

Figure 4. Surface deformation for hydraulic by symmetrical ridges (the ridges are asymmetrical
fractures of different orientations at 3000 ft if the fracture is dipping) whose magnitude depends
depth on the created fracture volume and whose

separation depends on the depth-to-fracture-center.

The simplicity of the concept allows robust and unambiguous determination of a few primary fracture
parameters like fracture azimuth and dip and, with somewhat less precision, created fracture volume,

c-1.13)
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Appendix A - Introduction to Surface Tilt Fracture Mapping

depth-to-fracture-center and fracture offset due to asymmetric growth. The characteristic shape and
orientation of the tilt field is not altered with increasing fracture depth. The magnitude of the tilt is, of
course, attenuated with increasing fracture depth, which serves to limit the practical surface mapping
depth.

The greatest limitation of surface tilt mapping is that some critical details, like individual fracture
dimensions, cannot be resolved at fracture depths far greater than the created fracture dimensions. This is
because, at greater depth, not only do the induced surface tilts get smaller, but there is also an inherent
blurring of the fracture source "edges" as the measurement distance gets large compared to the separation
of the fracture edges (i.e., fracture dimensions). Downhole tiltmeter mapping was developed to get
around the fracture dimension resolution limitation by bringing the measurement distance down to the
same order of magnitude as the created fracture dimensions.

A.2 Sensor Location and Placement

Pinnacle Technologies placed 120 surface tiltmeter sites in two arrays to map the seven Recovery Wells.
Figure 5 shows a map of the area that was implemented with surface tiltmeters.

Pinnacle Technologies, Inc. 12
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Appendix A - Introduction to Surface Tilt Fracture Mapping

Figure 5. Plan view of the 2004 Church Rock Hydraulic Fracturing program - Both Arrays

Pinnacle Technologies worked with UNC to choose the most convenient locations for the tiltmeter sites,
and avoid building sites too close to roads or existing power or data lines. Instruments were also placed
so as to ascertain any possible movement of an LGP pipeline running through the NE quadrant of the
array.

C14
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Battery, radio and solar panel

Cap for 4" PVC pipe

4" PVC Pipe
6' long; 1' above surfa
8" Figure 7. Example of a surface

augered hole tiltmeter site. A capped PVC pipe
filled with sand sticks out about 2 ft above surface. A

solar panel is attached to the tiltmeter
site to charge the battery of the

Tiltmeter •instrument.

Sand
Pinnacle staked the surface tilt site locations
for approval by UNC on July 1 7 th, and then

Figure 6. Schematic view of a surface tiltmeter site. constructed the 32 sites on July 2 9 th. AsA 4" PVC pipe is placed in an 8" augered hole that is shown in the schematic in Figure 6, eachfilled on the backside with sand. The tiltmeter tiltmeter site consists of a 4-inch diameterinstrument is placed inside the 4" pipe and is held in 6-ft long PVC pipe set in a 5-ft hole.place by a shallow layer of sand. Figure 7 shows the tiltmeter site above
surface, with a 2 ft capped pipe protruding out of the ground. The backside between the hole and the pipe
was filled with sand. A bottom cap was installed at the bottom of the 6 ft pipe to prevent sand from
coming in at the bottom. Once the sites were constructed, tiltmeters were installed by lowering them to
the bottom of the hole, then pouring a small amount of sand in the wellbore to lock the instruments in
place. After the pilot project was completed, the tiltmeter instruments were removed and the sites
reclaimed.

c-1
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A.3 Processing

Surface tiltmeter mapping involves measuring the fracture-induced tilt at many points above a hydraulic
fracture, and then solving the geophysical inverse problem to determine the fracture parameters that must
have been created in order to produce the observed deformation field. While the concept is simple, the
magnitudes of the induced surface deformations are quite small and require highly sensitive measurement.
A typical hydraulic fracture treatment at 7,000 ft depth results in induced surface tilts of only about 10
nanoradians - or about 10 parts in a billion. These minute tilts are measured with highly sensitive
tiltmeters that operate on the same principle as a carpenter's level. Tiltmeters are metal cylinders roughly
30 inches long and 2 inches in diameter, which measure their own tilt on two orthogonal axes. As the
instrument tilts, a gas bubble contained within a conductive-liquid-filled glass casing moves to maintain
its alignment with the local gravity vector. Precision electronics detect changes in resistivity between
electrodes mounted on the glass sensor that are caused by motion of the gas bubble. The latest generation
of high-resolution tiltmeters, developed jointly by Pinnacle Technologies and Lawrence Livermore
National Laboratory, were awarded a prestigious R & D 100 Award in 1997 and can detect tilts of less
than one nanoradian.

For typical deep fracture mapping purposes, an array of 12 to over 24 tiltmeters are placed around the
well to be fractured at radial distances from 15% to 75% of the fracture depth, as this is the region of
maximum induced surface tilt. Fortunately, the exact layout of the monitoring array is not critical.
Fracture mapping resolution is primarily dependent on the number of tiltmeter sites employed and the
signal-to-noise ratio of the measurements. Resolution of fracture orientation is typically better than +/- 5
degrees at depths of less than 5,000 ft, and can drop to +/- 10 degrees as depth approaches 10,000 ft.
Resolution of fracture center location ranges from 20 to 200 feet for fractures shallower than 3,000 ft, -and
drops to many hundreds of feet for fractures approaching 10,000 ft.

The tilt signals from shallow hydraulic fractures are much larger than those of deep fractures and thereby
tend to increase the signal to noise ratio (S/N) helping to overcome the environmental noise around the
array.

Pinnacle Technologies, Inc. 15
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Eight days of data showing
earthtides

Data from one treatment

1000

U)

0

May 8 1:00 PlY

6:00 AM 10:00 PM

Figure 8. Three pictures of typical raw tiltmeter data on different time scales, ranging from oneweek with clear earth tides to a few hours around a fracture treatment

Each tiltmeter site has an instrument surrounded by sand within PVC pipe (3" to 9" diameter) that is
cemented in a relatively shallow borehole (10 to 40 ft deep). Figure 8 shows a sample record of tilt data
versus time on many different time scales. The first view shows the daily swings of the tilt data inresponse to the solid earth tides caused by the earth's rotation with respect to the sun and moon, and a
long-term drift due to surface subsidence. The next zoom-in shows an 18-hour time period when three
hydraulic fracture treatment stages (seen clearly in the data) were pumped in the well being monitored.
The final zoom-in illustrates a two-hour time period that clearly shows the recording of fracture-induced
tilt from one of the propped fracture treatments. The three fracture treatments shown were in a relatively
shallow depth range of approximately 3,000 ft and, therefore, yielded induced tilts on order of 100
nanoradians. The fracture-induced tilt is then extracted at each instrument site to yield an array of
observed surface tilt vectors.

The observed tilt data is inverted to find the hydraulic fracture parameters that yield the best fit to theobserved data, and a Monte-Carlo technique is employed to estimate parameter uncertainty. The top view
in Figure 9 compares the observed and theoretical fracture-induced tilt vectors from a best-fit fracture
solution and shows a tabular listing of the mapped fracture orientation and depth. Note how a careful
visual inspection of the observed tilt vectors alone reveals a trough that runs roughly northeast-southwest
(fracture azimuth of N 450 E) and that both ridges are of roughly equal magnitude implying a fracture dipthat is almost perfectly vertical (90 degrees). In simple single-plane-fracturing cases like this, visualinspection alone reveals the essential results.

C1(,
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The lower view of Figure 9 shows another overlay
of observed and theoretical tilt vectors for the case
of a horizontal fracture. Note the dramatic
difference in the induced surface tilt patterns.
Curiously, the mapped horizontal hydraulic
fracture is in the same field as the vertical fracture
shown, and the horizontal fracture is created in a
structurally deeper part of the reservoir.

As the fracture-induced tilt is measured as a
function of time, fracture mapping can be
performed throughout the course of the treatment.
In some cases fractures may initiate in one plane
and then twist into another orientation, or initiate
secondary fracture growth in another plane at some
point in time during a treatment. Other parameters
like depth-to-fracture-center may also change
significantly during a treatment if, for example, the
fracture breaks through a barrier and begins rapid
upward or downward height growth.

1 1000 feet ?North

MeasuredTilt-- 250rnpmoredians 4+TiltmeterSite
T.eoreti.calTilt 25..Oanoradians
Frac: Vertical Azimuth: N39°E Dip: 870 W Depth: 2300 ft

N.I
---.--..... 0

1000 feet T North

Measured Tilt -- 5 nanoradials +- Tiltmeter Site
.Theoreticqal.Tflt -)0 nanoradians e Wellhead
Frac: Horizontal Azimuth: N/A Dip: 60 N Depth: 2900 ft

Figure 9. Observed and theoretical fracture-
induced tilt vectors for a vertical (top) and
horizontal (bottom) fracture; Curiously, the
mapped horizontal fracture is in the same
field as the vertical fracture shown, and the
horizontal fracture is created in a structurally
deeper part of the reservoir.

Pinnacle Technologies, inc. 17
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Appendix B - Conventions in Describing Fracture
Orientation

Fracture Azimuth Conventions

N

IE

Map View

Figure 10. Conventions for describing fracture azimuth orientation. Value is measured as
degrees from due North. Last letter designation (E or W) specifies direction of rotation from North
(E being clockwise towards the East, W being counter-clockwise towards the West).

Fracture Dip Conventions

Profile view (looking North) of a fracture having
an azimuth ofN " E (due North).

Profile view (looking North) of a fracture having
an azimuth ofN 0 E (due North).

West Easto" 7 ....... . !' 7 T. " ..... 0

90
"Dipping" fracture with a
dip of 55" E

90
"Vertical" fracture with a
dip of 75" W

Profile View

Figure 11. Conventions for describing fracture dip. A horizontal fracture has a dip of zero. A
vertical fracture has a dip of 900. The last letter designates which direction the fracture is dipping
towards. For example, a fracture dip of 550 E should be understood as a fracture dipping 550
down towards the East. The range of possible dips (00- 900) as been divided into three parts;
"horizontal", "dipping" and "vertical". This helps describe the fracture within Pinnacle reports.
For example, a fracture with a dip of 820 E would be understood as a vertical fracture dipping 820
down towards the East.
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Appendix C - Surface Vector Plots

MACTEC UNCRW11 0-7

÷X

UNC RWI1 ',

¼r
( +

Blue line represents fracture location, not to scale

4.2 - Ttmeter

.......... Tko.refcal Tilt - 2 (D) Wellhead

FigureB12. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 11 (t

7 minutes)
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< MA-CTE-C- UNC RW1 1 7-13 9

'0"

UNC RWI1 .

K-
4-K

4-

Blue line represents fracture location, not to scale

100 feet North
Measured Tilt 50 + Tiltmeter

Theoretical TI-- 50 iWellhead

Figure 13. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 11 (t =
13 minutes, end of job)
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MACTEC UNC RW12 0-6

<4

!ý -f

\< 

W14

Blue line represents fracture location, not to scale

I Tho-t~Tift- I

I\North

SWellhead I
Figure 14. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 12 (t =
6 minutes)
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S MACTEC UNC RW12 6-12

At

N 12

Blue line represents fracture location, not to scale
1300,reet A •Not

__ A North
Measured-Tilts -- > + Tiltmeter

/Theoretical Tilt -50 • • Wlha

_____ ~ Wellhead

Figure 15. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 12 (t =
12 minutes, end of job)
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MACTEC UNC RWI3 0-20

• • -

I >

1*- UNC V13

¢

Blue line represents fracture location, not to scale

iNorth
Measured Tilt - 0 Tltmeter

. Tho•retic-alT-it•100 Welihead

Figure 16. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 13 (t =
20 minutes, end of job)
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MACTEC UNC RW14 0-16

( ~UNC ]Wl4

Blue line represents fracture location, not to scale

North

MeasureTllt- 50 'rTiltmeter

.....Theore I Tilt- O We-lhead

Figure 17. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 14 (t =
16 minutes, end of job)
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Appendix C - Surface Vector Plots

MACTEC UNCRWI5 A /
J

-i

4

Blue line represents fracture azimuth, not to scale

100oo fed--A T North
Measured Tilt - I + Tiltmeter

........... TheoretiJ Tilt - 1 D Wellhead

Figure 18. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 15A (t
= 6 minutes, end of pad)
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MAENC RW15 B 0-4 J

Blue line represents fracture azimuth, not to scale

100 feetNot
1• _]/ North

Measured Tý - 500 ± Tiftnieter
Theoreticat 9t- 500 e Wehd

Figure 19. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 15B (t
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E MACTE-C UNCRWIS B0 0-9

&- 2

Blue line represents fracture azimuth, not to scale

00 fed I North2

Measured Tilt - 2 > + Tiltmeter

. .Theor-i- Tilt- .2) Wellhead

Figure 20. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 15B (t
= 9 minutes)
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MACTEC UNC 7W15 B 0-13

/
A

1- UrC RW15S

+

Blue line represents fracture location, not to scale

to l feet North

Mu Tt_- 0 + T tm+ter
- Theoretical TM)t - 50 @ Wellhead

Figure 21. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW I 5B (t
= 13 minutes, end of job)
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r MACTRC ITNC RW16 01-16 I

V

V

-A

4-

4-

Z-

-4

*A
Blue line represents fracture location, not to scale

'"North
TeetclMeasured ilt - 5 + Tiltmetr

Figure 22. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 16 (t =
26 minutes, end of job)

Pinnacle Technologies, Inc. 29



Surface Tilt Mapping
Church Rock Project

Appendix C - Surface Vector Plots

MACTEC UNC RWI7 A J

-- 9mnues ndo pad

TLIV

/Itt/

Blue line represents fracture azimuth, not to scale

100 feetNorth

Measured q1t - 250 +' Tiltmeter

Tertetlt- 250 (D Wellhead

Figure 23. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 17A (t
= 9 minutes, end of pad)
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MACTEC UNC RWI7 B 0-14

<7

Ak-

44

Blue line represents fracture azim th, not to scale

feet ~ I"North
Measured Tilt5 10 +- Tiltmeter
h.......... eomretcal Til- 10 • Welihead

Figure 24. Observed and Theoretical tilt vectors for the best-fit fracture system at well RW 17B (t
= 14 minutes, end of job)
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Appendix D - Surface Deformation Plots

Figure 25. Maximum Surface Deformation for the treatment pumped in RW11
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mped in RW12Figure 26. Maximum Surface Deformation for the treatment pui
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+ WlLocatio

L 0.00 MinMovement(in)

nped in RW13Figure 27. Maximum Surface Deformation for the treatment pun
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nped in RW14Figure 28. Maximum Surface Deformation for the treatment pun
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Figure 29. Maximum Surface Deformation for the treatment pumped in RW15 - Horizontal
Fracture #1
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+ Well L~ocations

4ped in RWi5 - Horizontal

CCP(

Figure 30. Maximum Surface Deformation for the treatment pur
Fracture #2
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Figure 31. Maximum Surface Deformation for the treatment pumped in RW16
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Figure 32. Maximum Surface Deformation for the treatment pumped in RW17- Horizontal
Fracture #1

Pinnacle Technologies, Inc. 39Pinnacle Technologies, Inc. 39



Surface Tilt Mapping
Church Rock Project

Appendix D - Surface Deformation Plots

roped in RWl7 - Horizontal

.............

Figure 33.
Fracture #2

Maximum Surface Deformation for the treatment pur
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