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ABSTRACT 

As part of the effort by the National Cooperative for the Disposal of Radioactive 
Waste (Nagra) to assess the suitability of various sites for construction of a 
repository for low- and intermediate-level radioactive waste, five boreholes 
were drilled at the Wellenberg site to obtain geologic and hydrogeologic data. 
Solexperts AG was contracted by Nagra to perform and evaluate hydraulic 
testing for two of the boreholes, SB 1 and SB2. 

The scope of work included field testing, test interpretation and reporting. The 
objectives of the testing program were to characterize the vertical distribution 
of hydraulic properties in the boreholes, to facilitate collection of formation-fluid 
samples from isolated test intervals and to assist in performance of borehole 
fluid logging. This report serves to document methods and results of the 
hydraulic testing program carried out in SB1 and SB2. 

A total of 58 hydraulic test sequences were conducted in the boreholes; 37 in 
SB 1 and 21 in SB2. The hydraulic test sequences were conducted primarily 
using single- and double-packer test systems. The test systems include a 
down-hole shut-in valve and triple pressure/temperature measuring probe. A 
Moineau pump system was incorporated in the test system when conducting 
constant rate withdrawal tests or for the collection of groundwater samples. 
Surface test equipment included: Data acquisition system, constant pressure 
injection system, gas and water separator, and flow measurement systems for 
liquid and gas. 

The primary hydraulic testing methods utilized include pulse (i.e., pressurized 
slug), slug, constant pressure, constant rate, and pressure recovery tests. A 
series of individual test events constituted a test sequence for a particular test 
interval. The design of the test sequence used for characterizing a test interval 
was based on the test objectives, which were specified by a Nagra 
representative. The analysis approach was a combination of conventional 
single-event analyses and, when necessary, application of analysis and 
borehole simulation software that account for effects such as borehole history, 
temperature and preceding test events (by means of superposition). 

Borehole SB1, situated at an elevation of 845 meters above sea level (m asl), 
was drilled vertically to a depth of 1670 meters below land surface. 
Transmissivity estimates for intervals tested within SB1 range between 1 E-12 
m2/s and 1 E-5 m2/s. Equivalent fresh-water head levels, based on estimated 
static formation pressures, range from approximately 148 to 1006 mas\. 

Borehole SB2, situated at an elevation of 532 m asl, was drilled vertically to .a 
depth of 1870 meters below land surface. Transmissivity estimates for 
intervals tested within SB2 range between 1 E-11 m2/s and 1 E-3 m2/s. 
Equivalent fresh-water head levels, based on estimated static formation 
pressures, range from approximately 485 to 750 mas\. 
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RESUME 

Dans le cadre des études d'aptitude de site pour le stockage final des déchets 
de faible et moyenne radioactivité, la Cédra (Société coopérative nationale 
pour l'entreposage de déchets radioactifs) a procédé au Wellenberg à cinq 
forage en vue de la caractérisation des conditions géologiques et 
hydrogéologiques. Solexperts S.A. a été chargée de réaliser et d'interpréter 
des tests hydrauliques dans deux forages profonds, S81 et S82. 

Les travaux ont porté sur la réalisation, l'interprétation et le compte-rendu 
d'essais in situ. Les objectifs du programme de tests peuvent étre résumés 
comme suit: caractérisation des propriétés hydrogéologiques des formations 
rencontrées dans les forages, prélèvement d'échantillons d'eau souterraine à 
partir de sections de test isolées, ainsi que support technique pour la 
réalisation de la diagraphie du puit. Le présent rapport sert à documenter la 
méthodologie et les résultats du programme de tests hydrauliques réalisés 
dans les forages S81 & S82. 

Au total, 58 séquences de tests hydrauliques ont été réalisées dans les deux 
forages, 37 dans 881 et 21 dans 882. Pour ces tests, on c'est prinicpalement 
servi de système à obturateur simple ou double. Les systèmes de test ont été 
équipés d'une vanne et de sondes de pression et de température. Une pompe 
moineau a également été intégrée au système pour la réalisation de tests de 
pompage ou pour le prélèvement d'échantillons d'eau souterraine. L'équipe
ment en surface comprenait une installation d'acquisition des données, un 
système pour la réalisation de tests d'injection à pression constante, un 
séparateur gaz/eau ainsi que des flux-mètres pour liquide et gaz. 

Les principales méthodes appliquées pour la caractérisation hydraulique ont 
consisté en tests d'impulsion (pulse) et de soutirage (slug), en tests à pression 
constante (constant pressure) ou à débit constant (constant flow rate) ainsi 
qu'en phases de réequilibrage subséquentes. Chaque intervalle de test a fait 
l'objet d'une séquence de tests composée de divers évènements. Chaque 
séquence de tests a été définie en fonction des objectifs à atteindre. Pour 
l'interprétation des tests on a d'abord analysé chaque évènement séparément 
à l'aide de méthodes d'interprétation conventionnelles. Si cela s'avérait 
nécessaire, on a recouru dans un deuxiéme temps à des programmes 
d'analyse et de simulation incluant des influences liées à l'histoire de la 
pression dans le forage, à des changeménts de température et à des 
phénomènes qui se sont passés dans les tests précédents par le principe de 
superposition. 

Le forage 881 se trouve à 845 métres au-dessus du niveau de la mer et à été 
foncé verticalement jusqu'à 1670 métres de profondeur. Les valeurs de 
transmissivité pour les intervalles de tests dans SB1 se situent entre 1 E-12 
m2/s et 1 E-5 m2/s. Les niveaux piézométriques équivalents d'eau douce ont 
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été calculés à partir des niveaux piézométriques d'eau de formation. Ils 
s'échellonnent entre env. 148 à 1006 m.s.m .. 

Le forage vertical SB2 est à la cote 532 m.s.m. et a atteint une profondeur de 
1870 métres. Les transmissivités pour les intervalles testés dans SB2 oscillent 
entre 1 E-11 m2/s et 1 E-3 m2/s. Les niveaux piézométriques équivalents d'eau 
douce basés sur les niveaux piézométriques d'eau de formation se situent 
entre env. 485 et 750 m.s.m .. 
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ZUSAMMENFASSUNG 

Im Rahmen der Untersuchungen für die Standorteignung zur Endlagerung von 
schwach- und mittelradioaktiven Abfällen hat die Nagra (Nationale Genossen
schaft für die Lagerung von radioaktiven Abfällen) am Wellenberg fünf 
Sondierbohrungen zur Charakterisierung der geologischen und hydrogeo
logischen Verhältnisse abgeteuft. Solexperts AG wurde mit der Durchführung 
und Interpretation von hydraulischen Tests in zwei Tiefbohrungen, SB1 und 
SB2, beauftragt. 

Der Umfang der Arbeiten beinhaltete: Durchführung von in situ Versuchen, 
Interpretation und Berichterstattung. Die Zielsetzungen des Testprogrammes 
können wie folgt zusammengefasst werden: Charakterisierung der hydrogeo
logischen Formationseigenschaften entlang der Bohrlöcher, Entnahme von 
Grundwasserproben aus isolierten Testabschnitten sowie technische Unter
stützung bei der Durchführung von Bohrloch Fluid Logging. Der vorliegende 
Bericht dient der Dokumentation der Methodik und der Resultate der in SB1 
und SB2 durchgeführten hydraulischen Testprogramme. 

Insgesamt wurden 58 hydraulische Testsequenzen in den beiden Bohrungen 
durchgeführt; 37 in SB1 und 21 in SB2. Diese Tests erfolgten primär mittels 
Einfach- oder Doppelpackersystemen. Die Testsysteme waren sowohl mit 
einem Bohrlochventil als auch mit einer DrucklTemperatur-Bohrlochsonde 
ausgerüstet. Für die Durchführung von Pumptests oder zur Probenahme von 
Grundwasser wurde zusätzlich eine Moineau Pumpe eingebaut. Das Test
instrumentarium an der Oberfläche beinhaltete: Datenerfassungsanlage, 
System für die Durchführung von Injektionstests mit konstantem Injektions
druck, Gas-/Wasserseparator sowie Flussmesser für Flüssigkeiten und Gase. 

Sogenannte Pulse und Slug Tests, Tests mit konstanter Druckhöhe (constant 
pressure) oder konstanter Fliessrate (constant flowrate) sowie anschliessende 
Druckerholungstests waren die hauptsächlichen Testmethoden, die zur 
hydraulischen Charakterisierung angewandt wurden. Für jedes Testintervall 
wurde eine Testsequenz, bestehend aus einzelnen Testereignissen, durch
geführt. Die Gestaltung dieser Testsequenz hing von den Zielsetzungen ab. 
Für die Testinterpretation wurde zuerst jedes einzelne Testereignis mittels 
konventionellen Auswertemethoden analysiert. Falls notwendig folgte dann ein 
weiterer Auswerteschritt bei dem Analyse- und Simulationsprogramme zum 
Einsatz kamen, welche in der Lage sind mittels Superposition Einflüsse aus 
der Bohrlochdruckgeschichte, aus Temperaturänderungen und vorgängigen 
Testereignissen zu berücksichtigen. 

Die Sondierbohrung SB1 liegt 845 m ü.M. und wurde als Vertikalbohrung 1670 
m tief gebohrt. Transmissivitätswerte für Testintervalle in SB 1 liegen zwischen 
1 E-12 m2/s und 1 E-5 m2/s. Äquivalente Süsswasserdruckhöhen wurden aus 
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den geschätzten Formationswasserdrücken berechnet und reichen von 148 bis 
1006 m ü.M. 

Die Bohrung SB2, 532 m ü.M. gelegen, wurde ebenfalls vertikal gebohrt und 
erreichte eine Endtiefe von 1870 m. Transmissivitäten für Testabschnitte in 
SB2 liegen im Bereich von 1 E-11 m2/s bis 1 E-3 m2/s. Äquivalente Süss
wasserdruckhöhen, gestützt auf ermittelte Formationswasserdrücke, liegen 
zwischen 485 und 750 m ü.M. 
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1 INTRODUCTION 

The Wellenberg site is one of four locations in Switzerland under consideration 
for construction of a repository for I ow- and intermediate-level radioactive 
waste. The National Cooperative for the Disposal of Radioactive Waste 
(Nagra) is conducting a field investigation at the Wellenberg site, located in the 
Canton of Nidwalden, to provide data for the site characterization process. The 
overall objectives and scope of the field investigation are outlined in two 
documents regarding the Wellenberg work program (NAGRA, 1989; 1991 a). 
The field investigation includes a borehole drilling program to characterize the 
sub-surface geologic and hydrogeologic conditions at the site. To date, five 
deep boreholes (450 m to 1870 m depth) have been drilled at the Wellenberg 
site, (SB 1, SB2, SB3, SB4, and SB6). Solexperts AG was contracted by Nagra 
to perform and evaluate hydrogeologic testing for two of the boreholes, SB 1 
and SB2. 

1.1 Objectives 

The general objective of this report is to present a summary of the testing 
methods and field results of the hydrogeologic testing conducted in SB 1 and 
SB2. The specific objectives are the following: 

• To describe the test equipment utilized to perform hydrogeologic testing in 
SB1 and SB2. 

• To discuss the theoretical and analytical approaches employed for hydraulic 
parameter estimation. 

• To describe the testing strategy that was applied to individual test 
sequences to achieve the stated objectives. 

• To present selected test sequences and analyses that typify the range of 
hydraulic conditions encountered in SB1 and SB2. 

• To summarize the field results of the hydrogeologic testing program 
conducted in SB1 and SB2. 
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1.2 Scope of Work 

The hydrogeologic testing program conducted in SB 1 and SB2 consisted of 
three primary components: hydraulic packer testing, fluid logging and 
groundwater sampling. Solexperts AG was primarily responsible for the 
performance and analysis of hydraulic packer tests. Additional services 
provided by Solexperts AG included assisting in fluid logging and production of 
fluid for groundwater sampling. Fluid logging and groundwater sampling and 
analysis were conducted by other contractors. Results from fluid logging are 
presented in GUYONNET & LAVANCHY (1992) and GUYONNET & LOW 
(1993). Groundwater sampling results are documented in a series of NAGRA 
reports (NAGRA, 1991b; 1991c; 1992a; 1992b; 1993a). Interpretation of the 
sampling results is discussed in NAGRA (1993b). 

Nagra initially envisioned performing the bulk of hydrogeologic characterization 
in SB1 and SB2 using fluid-logging techniques (i.e., temperature/electrical 
conductivity logs, continuous flow-meter logs, and packer flow-meter logs), 
along with a limited number of single- and double-packer tests to facilitate 
collection of fluid samples and to provide corroborative hydraulic parameter 
estimates (NAGRA 1989; 1991). However, because the conditions in SB1 and 
SB2 were not ideal for application of the fluid-logging techniques, packer 
testing was implemented significantly more than originally planned. 

The objectives of the hydraulic packer testing program were the following: 

• To characterize the vertical distribution of hydrogeologic properties of the 
rock encountered in SB1 and SB2 (i.e., transmissivity, hydraulic conductivity 
and static hydraulic head) 

• To characterize the occurrence of natural gas within the boreholes 
• To produce water for groundwater sampling from selected, isolated zones. 

Field testing included the performance of single- and double-packer hydraulic 
test sequences, and open-hole pumping tests to assist fluid-logging activities. 
A total of 58 hydraulic test sequences were conducted, 37 in SB 1 and 21 in 
SB2 (Tables 1-1 and 1-2). A summary of each test sequence is presented in 
Appendix A. The summaries consist of one page of pertinent graphics and a 
one-page written description for each test sequence. Test interval location and 
test objectives were specified by a Nagra representative. The design of the 
test sequence used for characterizing an individual test interval was based on 
the particular test objectives. 

A Quick Look Report (QLR) was prepared after each test sequence as a means 
of conveying a summary of field testing activities and preliminary parameter 
estimates within a short "turn-around" time. Most of the QLR analyses were 
performed assuming a simple flow model, which, for most cases, was infinite
acting radial flow conditions within a homogeneous porous medium. 
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Interval Reports (IRs) were prepared for specific test intervals that were 
selected by Nagra to be analyzed in greater detail. The IRs were published as 
Nagra Internal Reports. The IRs contain pertinent information regarding the 
borehole and test interval, including borehole history, borehole specifications 
and relevant test data. Where appropriate, the IR-Ievel analyses consider 
more complex flow models and extraneous effects such as borehole history and 
temperature effects. 

Results of the hydrogeologic field investigations in SB1 and SB2 are 
summarized in this Final Field Report. The purpose of this document is to 
present an overview of the hydrogeologic testing methods and results for 
Boreholes SB 1 and SB2. 
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Table 1-1: Summary of Intervals Tested in SB1 

Test Interval Test Interval Interval 
Designation Depth Length 

(m bRP) (m) 

VM1 100.2-115.1 15.0 
VM2 100.2 -215.8 115.7 
VM3 81.5-96.4 15.0 
VM4 63.1-215.8 152.7 
VM5 63.1-78.1 15.0 
VM6 241.1-304.5 63.4 
VM7 241.1-256.0 15.0 
VM8 216.7-304.5 87.8 
VM9 216.7-231.3 15.0 
VM10 227.5-242.5 15.0 
VM11 426.2-435.1 8.9 

VM12 316.4-435.1 118.7 
VM13 406.5-410.1 4.3 
VM14 334.7-339.0 4.3 
VM15 564.4-570.2 5.6 

VM16 435.3-570.2 134.9 
VM17 682.2-703.7 21.5 
VM18 567.9-703.7 135.8 
VM19 825.2-836.3 11.2 
VM20 701.4-836.3 134.9 
VM21 976.0-1000.5 24.5 
VM22 835.5-1000.5 165.0 
VM23 521.6-533.0 11.4 
VM24 716.6-728.8 11.4 
VM25 963.5-974.9 11.4 
VM26 1098.9-1108.6 9.8 

VM27 1003.7-1108.6 104.9 
TK1 1147.0-1211.5 64.5 

VTK1 1107.3-1211.5 104.5 
TQ1 1340.0": 1385. 2 45.2 
OZ1 1281.3-1336.4 55.1 
OK1 1224.3-1279.4 55.1 
MF1 1552.0-1633.0 81.0 
MF2 1458.9-1633.0 174.1 

M1 1459.2-1489.4 30.2 
M2 1528.6-1550.0 21.4 

MF3 1550.8-1670.3 119.8 

Legend: 

DP 
SS 
SL 
* 
** 

Double Packer Test 
Single Packer Test - Short Test Interval 
Single Packer Test - Long Test Interval 
Sampling not successful 
Find permeable zone for sampling 

Test Test 
Configuration Objective(s) 

DP WS*, T, H 
SL T,H 
DP WS*, T, H 
SL T,H 
DP WS,T, H 
SL ** 

DP ** 

SL ** 

DP ** 

DP WS*, T 
SS WS*, T, H 
SL T,H 
DP WS,T,H 
DP T,H 
SS WS*, T, H, GS 
SL T 
SS H,T 
SL T,H 
SS H, T 
SL T 
SS H,T 
SL T,H 
DP WS, T, GS 
DP T 
DP T 
SS WS*, H, T GS 
SL T,H 
SL WS,T,H 
SL T,H 
DP WS, T, H, GS 
DP T,H 
DP WS,T, H, 
SL H, T, GS 
SL Check Flow Annulus 
DP H,T 
DP H,T 
SL GS, Gas Test 

T Transmissivity 
H Hydraulic Head 
WS Groundwater Sample 
GS Gas Sample 

Page 
Number 

A1-1 
A1-3 
A1-5 
A1-7 
A1-9 
A 1-11 
A1-13 
A 1-15 
A1-17 
A1-19 
A1-21 
A1-23 
A1-25 
A1-27 
A1-29 
A1-31 
A1-33 
A1-35 
A1-37 
A1-39 
A 1-41 
A1-43 
A1-45 
A1-47 
A1-49 
A 1-51 
A1-53 
A1-55 
A1-57 
A1-59 
A1-61 
A1-63 
A1-65 
A1-67 
A1-69 
A1-71 
A1-73 



NAGRA NTB 93-38 - 5 -

Table 1-2: Summary of Intervals Tested in SB2 

Test Interval Test Interval Interval 
Designation Depth Length 

(m bRP) (m) 

KK1 92.0-112.6 20.6 
KK2 346.9-358.2 11.3 
VK1 564.8-577.0 12.2 
VK2 435.0-577.0 142 
VK3 55.9-577.0 521.1 
VM1 716.0-732.1 16.1 
VM2 581.5-732.1 150.6 
KK3 1115.5-1151.5 36.0 

VKK1 732.1-1115.5 419.4 
KK4 958.0-982.0 24.0 

GMS1 858.5-882.5 24.0 
GMS2 1408.0-1420.3 12.3 
VM3 1670.5-1703.5 33.0 
FL2 1151.5-1703.5 552.0 
VM4 1841.5-1870.4 28.9 
VM5 1707.0-1870.4 163.4 
VM6 1783.3-1799.7 16.4 
VM7 1726.6-1743.0 16.4 
VM8 1703.5-1728.0 24.5 
VM9 1768.9-1870.4 101.5 

VM10 1739.0-1741.6 2.6 

Legend: 

Double Packer Test DP 
SS 
SL 
OH 
FL 

Single Packer Test - Short Test Interval 
Single Packer Test - Long Test Interval 
Open Hole Test 
Fluid Logging 

* Sampling not successful 

Test Test 
Configuration Objective(s) 

SS WS,T,H 
SS T, H,WS 
SS H,T 
SL T,H 
OH FL 
SS H,T 
SL T, H 
SS H, T 
SL T,H 
DP WS,T,H 
DP T,H 
SS WS,T, H 
SS H, T 
OH FL 
SS H, T 
SL T,H 
DP T 
DP T, WS* 
DP GS*, T, H 
SP GS, T, H 
DP GTP 

T Transmissivity 
H Hydraulic Head 
WS Groundvvater Sample 
GS Gas Sample 
GTP Gas Threshold Pressure Test 

Page 
Number 

A2-1 
A2-3 
A2-5 
A2-7 
A2-9 
A2-11 
A2-13 
A2-15 
A2-17 
A2-19 
A2-21 
A2-23 
A2-25 
A2-27 
A2-29 
A2-31 
A2-33 
A2-35 
A2-37 
A2-39 
A2-41 
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2 GENERAL INFORMATION 

The Wellenberg site is located in the canton of Nidwalden, in central Switzer
land. The locations of the Wellenberg boreholes are shown in Figure 2-1. The 
area of interest is centered around Mt. Wellenberg, which rises to an elevation 
of 1341 m above sea level. The western edge of the site is defined by the 
Engelberg Valley, the floor of which is situated at an elevation of approximately 
530 m above sea level. To the east, the landscape rises to a ridge formed by a 
series of peaks approximately 2400 m in elevation. 

The geologic setting of the Wellenberg area is within the Helvetic nappes, 
namely the Drusberg nappe, which consists primarily of Cretaceous-aged 
shale, marl and limestone. The targeted host rock for the proposed repository 
is generally termed the Valanginian marl. The Valanginian marl comprises the 
Berassian-aged Palfris formation and the Valanginian-aged Vitznau marl. A 
detailed description and interpretation of the site geology is provided in 
NAGRA (1993b). 

2.1 SB1 

Borehole S81 is located approximately 300 m west of the village of 
Oberrickenbach (Figure 2-1) at coordinates Y = 674'429.8 and X = 193'432.4. 
Reference elevation (ground surface) for the borehole is 845.5 m asl. Drilling 
of the borehole began on November 12, 1990 and ended November 21, 1991 
at a final depth of 1670.3 m below land surface. 

A geologic profile for S81 is presented in Appendix B. The geology of the area 
is structurally complex. A detailed description and interpretation of the geology 
in S81 is beyond the scope of this document. However, a brief summary of the 
geologiC units encountered in S81 is provided for reference. 

The first 50 meters of the borehole were drilled through Quaternary sediments. 
The Valanginian marl was encountered from 50 to 1139 m depth. The Palfris 
formation was intersected from 50.3 to 774.9 m depth, from 871.7 to 1094.3 m 
depth and from 1101.5 to 1118 m depth. The section between 774.9 and 871.7 
m depth consists mainly of Vitznau marl and the Schimberg schist. Underlying 
the Valanginian marl complex is a series of Tertiary-, Cretaceous- and 
Jurassic-aged carbonates that extend to a depth of 1452.7 m. A series of 
Melange and Tertiary-aged Flysch units underlie the carbonates. The borehole 
was terminated in a parautochthonous unit of the Tertiary-aged Northhelvetic 
Flysch. 

The borehole was designed to be drilled vertical, but deviated up to 9° from 
vertical during drilling. The true vertical depth is, therefore, somewhat less 
than the drilled distance. True depths are utilized for calculation of equivalent 
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fresh-water head. OtheiWise, the actual distances drilled are reported in this 
document in order to be consistent with other data recorded during borehole 
construction. 

SB1 was drilled using the wireline coring technique. Primary drilling diameters 
(i.e., diameters during coring) were 6%" (159 mm) from the surface to 1385 m 
depth and 3.78" (96 mm) from 1385 to 1670 m depth. The drilling fluid used 
while drilling most of SB1 consisted of fresh water with additives to control 
viscosity and density, and with Uranine and meta-Trifluoromethylbenzoic acid 
(mTFMBA) added as tracers. The tracers were used as a means to evaluate 
the degree of drilling fluid contamination within groundwater samples. The 
borehole section from 319 to 465 m depth was drilled with fresh water without 
additives for experimental purposes. The drilling fluid density during coring 
operations at SB1 ranged from 995 to 1210 kg/m3. 

A long-term monitoring system for 7 zones was installed in SB 1 following 
completion of the drilling and testing phase (KOPFER & MARSCHALL, 1992). 
Hydraulic head data from the long-term monitoring system are compared to 
packer test data in the results portion of this report. Information regarding the 
configuration of the long-term monitoring system is not provided in this 
document. A detailed description of the long-term monitoring system is 
contained in KOPFER & MARSCHALL (1992). 

2.2 SB2 

Borehole SB2 is located approximately 2 kilometers south of the village of 
Wolfenschiessen in the Engelberg valley (Figure 2-1) at coordinates Y = 
672'245.5 and X = 193'580.6. Reference elevation (ground surface) for the 
borehole is 532.2 m as!. Drilling of the borehole began on March 25, 1992 and 
ended January 26, 1993 at a final depth of 1870.4 m below land surface. 

A geologic profile for SB2 is presented in Appendix B. A brief summary of the 
geologic units encountered in SB2 is provided for reference. SB2 was drilled 
along the western edge of the mass of host rock to characterize the relationship 
of the host rock with adjacent geologic units. The first 18 meters of the 
borehole consists of Quaternary sediments. Lower Cretaceous-aged 
carbonate sediments are present from 18.2 to 602.4 m depth. The Palfris 
formation was encountered from 602.4 to 755.0 m depth, and again from 
1496.8 to 1870.4 m depth. The rocks encountered between 755.0 and 1496.8 
m depth comprise a complex series of steeply dipping repetitive units, namely 
the Valanginian-aged Sichel-Kalk, Graue Mergelschiefer (Grey Marl-schist) and 
the equivalent of the Gemsmattli Layer. 
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SB2 was also designed to be drilled vertical, but deviated up to 7° from vertical 
during drilling. The conventions for reporting depths are the same as used for 
SB1. 

The wireline coring technique was also used for drilling SB2. Primary drilling 
diameters (i.e., diameter during coring) were 6Y4" (159 mm) from the surface to 
1703 m depth and 3.78" (96 mm) from 1703 to 1870 m depth. The drilling fluid 
used for SB2 consisted of fresh water with additives to control viscosity and 
density and with Uranine and mTFMBA added as tracers. The drilling fluid 
density during coring operations at SB2 ranged from 1010 to 1098 kg/m3. 

Pressure data from 4 zones are recorded from a long-term monitoring system 
that was installed in SB2 (KUPFER, 1993). The long-term data are compared 
to packer test data results in Section 9 of this report. 
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3 TEST EQUIPMENT 

In this section, a description of test equipment used for hydrogeologic testing at 
SB1 and SB2 is presented. In certain cases, the equipment was improved or 
changed during the course of the project. When test equipment changes 
occurred, the changes and effects on test results were documented. 
Suggested additional improvements for future testing are also discussed where 
applicable. The test equipment is grouped below in two general categories: 
subsurface components and surface components. 

3.1 Subsurface Test Equipment 

Subsurface test equipment consists of all components that are installed in the 
borehole during a hydraulic test sequence. The principal subsurface test 
equipment components are the following: 

• Packer Assembly, 

• Downhole Pressure and Temperature Probe, 

• Control Line System, 

• Pump System, and 

• Central Tubing. 

Typical down-hole configurations for double-packer test systems are shown in 
Figures 3-1 and 3-2. Details of the individual subsurface components are 
described in the following sections. 

3.1.1 Packer Assem bly 

The packer assembly consists of the packer(s), shut-in valve, safety joint, 
probe carrier, screen and various connecting subs. The packers, shut-in valve, 
safety joint, and most of the connecting subs were supplied to Solexperts AG 
by TAM International, Houston Texas. Two packer assembly diameters were 
normally used in SB1 and SB2, depending upon the borehole diameter (i.e., 
6%" or 3.78"); a large-diameter system based on 4-1/4" packers and a small
diameter system based on 3-1/16" packers. In two instances high expansion 
3-7/16" packers were used to install the test system through a temporary 5" 
protective casing in a 6%" diameter borehole. 

Heavy-duty inflatable packers, featuring a fully steel reinforced inflation 
element, with external inflation lines were utilized in SB 1 and SB2. The 
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packers are typical of those commonly used in the petroleum industry for well 
testing and workovers. For the double-packer system, each packer can be 
inflated independently to facilitate flushing of the interval with fresh water prior 
to double-packer tests. Inflation was conducted with a water and antifreeze 
solution. 

A down-hole shut-in valve is incorporated in the assembly to minimize the test 
interval volume during pressure recovery periods and to facilitate swabbing the 
fluid out of the central tubing in preparation for pulse and slug tests. The valve 
is activated by vertical movement of the test string. Lifting the upper portion of 
the valve 5 cm opens the valve, thus interconnecting the test interval and the 
central tubing that extends to the surface. The valve is activated from the 
surface by pulling on the central tubing with the hoist of the drilling rig. In order 
to activate the valve, the distance pulled at the surface includes the 5 cm plus 
an additional distance to account for the stretch of the central tubing. At great 
depths in SB1 and SB2, the distance pulled at the surface in order to activate 
the valve exceeded 30 cm. 

The probe carrier, which houses the pressure and temperature probe, is 
located below the shut-in tool. An external communication cable enters from 
outside of the test system through the probe carrier, which provides a water
tight connection to the pressure probe and ports for pressure measurement in 
the annulus, test interval, and (in the case of a double-packer test) the 
borehole section below the lower packer. 

A safety jOint is incorporated beneath the probe carrier to allow removal of most 
of the test system, particularly the electronic components, in case the packers 
become stuck in the borehole. The safety joint utilized for SB1 and SB2 
incorporates left-handed threads and can be uncoupled by rotating the test 
system in a clock-wise direction at the surface. 

A perforated filter section serves as a conduit between the test interval and the 
test system. Originally, a perforated tubing with 15 mm diameter holes was 
used; however, on a number of occasions (especially during periods of gas 
flow), the seals in the shut-in valve were damaged by particles carried by the 
flowing fluid. To mitigate this problem, a pipe-base screen with a jacketed 
continuous-wrap stainless-steel filter (0.5 mm slot size), manufactured by 
Johnson Filtration Systems, was utilized. This system was used near the end 
of SB 1 and throughout SB2 testing. 

3.1.2 Downhole Pressure and Temperature Probe 

The downhole pressure and temperature probe (Triple Sub-Surface Probe, 
TSSP) consists of three pressure transducers and three temperature sensors, 
as well as electronics to multiplex and transmit the frequency signals uphole on 
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a single-conductor cable. The temperature sensors are used to correct 
pressure signals for temperature effects. Temperatures are measured within 
the downhole probe housing, which is located above the top packer, as shown 
in Figures 3-1 and 3-2. 

Solexperts AG acquired three triple probes through Battelle Pacific Northwest 
Laboratories in Richland, Washington USA. Several improvements were made 
to the probes over the course of the project. Initially, the probes contained 
digital pressure transducers and analog temperature sensors. Because the 
pressures are temperature compensated, the resolution of the pressure 
measurement is affected by the resolution of the temperature measurement. 
To improve the overall resolution, one probe was fitted with all-digital 
transducers. This action also required re-designing the multiplexer board, 
which was carried out by Solexperts AG. The all-digital probe was utilized for 
testing in SB2. 

The probes were calibrated prior to testing in SB 1 and then again prior to SB2. 
Calibration was carried out by the Swiss Federal Office of Metrology in 
Wabern, canton of Bern, using a dead-weight tester. 

Pertinent specifications of the pressure probe components are outlined below: 

Downhole Probe 

Pressure Transducer 
Range 
Accuracy (specified) 
Accuracy (calibration) 
Resolution 

Temperature Sensor 
Range 
Accuracy (specified) 

3.1.3 Control Line System 

Seling Triple Sub-Surface Probe (TSSP) 

Paroscientific Digiquartz (quartz crystal) 
0-20700 kPa absolute pressure 
± 0.05%, (± 10 kPa) 
better than ± 0.025% (± 5.1 kPa) 
< 3 kPa (for digital-analog probe) 
< 1 kPa (for all-digital probe) 

Resonating Quartz Temperature Sensor 
O°C to 125°C 
± 0.1°C 

The control line system includes the packer inflation lines and the 
communication line between the triple probe and the data acquisition system. 
Different control line systems were used for SB 1 and SB2. 

For SB1, each line was independent, being fed from separate drums on a 
spooling unit. The lines were fastened to the outside of the central tubing using 
steel bands as the test system was installed. The packer inflation lines were 
X" stainless-steel tubing. The communication line was an armoured single
conductor cable. Although great care was taken to avoid damage to the control 
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lines during installation and removal of the system, the communication cable 
was nevertheless damaged on a number of occasions, requiring that the entire 
system be removed from the borehole, the cable replaced and the system re
installed. 

A new control line system was used for SB2 in which all three lines were 
combined into a single unit by encapsulating them in a flexible polymer resin. 
The 2000-meter-long control line bundle, or triple-flat-pack, was stored on and 
fed from a hydraulically-driven spooling unit that was designed and built by 
Solexperts AG. The triple flat-pack unit significantly simplified installation and 
removal of the test system and greatly decreased the risk of damaging the 
communication cable. 

3.1.4 Pump System 

A Moineau pump system was utilized during SB1 and SB2 for producing 
groundwater from the test interval. The pump system consists of: a stator 
which is included in the test string, a rotor which could be installed into the 
stator by means of sucker rods from the surface, and a hydraulic drive at the 
wellhead for operating the rotor. The hydraulic drive was designed and 
constructed by Solexperts AG. Improvements to the system were also made 
between SB 1 and SB2. 

The Moineau pump system was recommended for application at the 
Wellenberg site for a number of reasons, including its ability to pump gas and 
water mixtures (OSTROWSKI & KLOSKA, 1989). Although gas and water 
mixtures were successfully produced in certain cases from SB 1 and SB2, 
formation of a gas lock beneath the pump precluded further pumping during 
several test sequences. The gas lock could be temporarily alleviated by 
stopping the pump and removing the rotor from the stator to allow the gas to 
pass through. The rotor was then replaced and pumping continued. Often, 
however, the gas lock simply formed again. The end result was generally a 
very non-ideal series of test events. The gas produced in these instances is 
not believed to be a free phase in the formation, but rather to come out of 
solution due to the underpressure applied during pumping. The Moineau pump 
system is still considered a viable option for most of the testing such as was 
performed at the Wellenberg site. However, other options for producing water 
from low-permeability, highly gas-saturated intervals should be evaluated. Two 
separate pumps were utilized during the project; specifications are provided in 
Table 3-1. 
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Table 3-1: Moineau Pump Specifications 

Component Manufacturer Maximum Pump Rate Max. Pressure 

Moineau Pump Eastman 16 I/min (at 550 RPM) 85 bar 
Model MD3 Christensen 

Moineau Pump Seepex 18 I/min (at 600 RPM) 70 bar 
Model DH2/70 

3.1.5 Central Tubing 

The packer assembly was lowered from the surface on a central tubing string. 
The tubing was API standard and supplied by Nagra. During S81, tubing 
diameters of 2-7/8"EU, 2-3/8"NU and 1.9"NU were utilized. During S82, tubing 
diameters of 2-3/8"NU and 1.9"NU were used. 

3.2 Surface Test Equipment 

The principal surface test equipment components utilized for hydraulic testing 
in S81 and S82 include: 

• Data acquisition system for receiving and recording test data, 

• Flow meters for measurement of fluid flow (gas and water) at the surface, 

• Gas flow separator to split the gas and water flow streams to enable 
separate measurement, 

• Pressure vessel for conducting constant pressure injection tests, 

• Surface pressure transducers and temperature sensor for measuring test 
site ambient conditions, and 

• Packer control system. 

Typical surface-equipment configurations for injection and flow withdrawal tests 
are shown schematically in Figures 3-1 and 3-2. 
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3.2.1 Data Acquisition System 

The data acquisition system (DAS) receives and records signals from the 
various measurement devices in the test system. The components of the DAS 
are shown schematically in Figure 3-3. 

The heart of the DAS is the data acquisition software, Solexperts DO, which 
monitors up to 18 channels, provides real-time graphics in various formats, and 
automatically writes collected data to a file and to a printer. DO controls the 
triple probe through the TSSP controller, which makes it possible to monitor the 
downhole pressure transducers and temperature sensors over one single
conductor cable. The DAS computer is configured such that, in the case of 
power failure, DO and data collection are automatically restarted when power is 
resumed. The data file that was being written to prior to the power failure is 
appended, resulting in a smooth continuation of data collection. 

Communication with the triple probe is via the TSSP Controller and a Hewlett 
Packard 5316B frequency counter. The TSSP controller has two basic 
functions. The first is to power the TSSP and send electrical impulses that 
signal the downhole multiplexer to step through reading all pressure 
transducers and temperature sensors. The TSSP controller also amplifies the 
frequency signals and sends them to the frequency counter. The frequency 
counter measures the signal and sends a frequency value to DO via a Hewlett
Packard Interface Bus (HPIB) in the data acquisition computer. DO converts 
the frequency signal to the corresponding pressure or temperature value, 
based on calibration coefficients for the particular TSSP, and stores the value 
in an ASCII file. 

The sensors used for monitoring conditions at surface (e.g., flow rates, packer 
pressures, atmospheric pressure & temperature, etc.) are read through a Fluke 
Helios Analog/Digital converter. After receiving digital signals from the Helios, 
DO converts the signals into pressures, temperatures or flow rates, based on 
calibration data for each sensor. Prior to testing, the calibration coefficients are 
input to a DO set-up file which the program uses to convert the signals to the 
desired units. 

The DO data recording rate, referred to as scan rate, can be changed by the 
user during data acquisition without interrupting the program. The minimum 
scan rate is limited by the speed of the hardware. All 18 channels can be read 
at minimum rate of 10 seconds. When a higher rate of data acquisition is 
desired, such as during the start of a pulse test for instance, the user can select 
"burst mode". Burst mode can be conducted in two modes: either with the test
interval pressure (P2) and temperature (T2) and twelve channels of the Helios 
at a scan rate of 2 seconds, or without the Helios (i.e., only P2 and T2) at a 
scan rate of 1 second. 
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All data acquisition equipment, as well as the surface transducers and the 
downhole probe, are equipped with a back-up power supply which can supply 
electrical power in the case of a brief power failure. Pertinent information 
concerning the data acquisition system is provided below: 

Data Acquisition Software 
Frequency Counter 
TSSP Signal Conditioner 
Analog/Digital Converter 
Computer System 
Monitor 
Printer 
Back-up Power Supply 

3.2.2 Flow Meters 

Solexperts: Program DQ, 
Hewlett Packard 5316B 
Solexperts TSSP Controller 
Fluke Helios I 
IBM PSII Computer System (386) 
VGA 
Epson FX-105 Printer 
Data Power 

A combination of flow meters was installed at the surface to provide flow rate 
measurement capabilities for a wide range of test conditions. Flow meters with 
overlapping flow ranges were installed in parallel for efficient application during 
testing ( Table 3-2, Figures 3-1 and 3-2). 

Three types of flow meters were utilized: coriolis-type mass flow meters 
(MicroMotion) for liquid or gas flow, magnetic-inductive meters (Heinrichs) for 
liquid flow, and thermal mass flow meters (Bronkhorst Hi-Tech) for gas flow. 
Four MicroMotion mass flow meters were available for flow-rate ranges from 
about 5 g/min to approximately 100 kg/min. These mass flow meters provide 
highly accurate results for single-phase fluids, either gas or water. The major 
disadvantage of the MicroMotion mass flow meters is that they do not provide 
reliable results when multiphase flow conditions (gas and water) are present. 
The meters are sensitive to even small quantities of gas (or water, when 
measuring gas). Magnetic-inductive flow meters were also utilized, mainly as a 
back-up system, but also when small amounts of gas were present in the 
measured flow stream because they are less sensitive to the presence of gas. 
Specifications for the flow meters utilized for testing at SB 1 and SB2 are 
presented in Table 3-2 
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Table 3-2: Flow Meter Specifications 

FlowMeter Manufacturer Medium Range Specified Accuracy Comments 

0100 MicroMotion vvater/gas 0-100 kg/min ±0.4% for flow -
> 11.5 kg/min 

025 MicroMotion vvater/gas 0-18 kg/min ±0.4% for flow -
> 0.46 kg/min 

06-H MicroMotion vvater/gas 0-900 g/min ±0.4% for flow -
> 23 g/min 

06-L MicroMotion vvater/gas 0-50 g/min ±2-10% for flow extra low flow 
> 5 g/min range, requires 

special calibration 

IDM-H Heinrichs vvater 0-50; 0-25; ±1% vvithin 10-100% three flow ranges 
0-12.5I1min of selected flow range can be set 

10M-L Heinrichs vvater 0-2,3; 0-1.2; ±1% vvithin 10-100% three flow ranges 
0-0.6I1min of selected flow range can be set 

Bronkhorst Bronkhorst gas 0-10 In/min ±1% oFS In: normal cond.; 
MFC F201C HI-TEC O°C, 1 atm) 

Bronkhorst Bronkhorst gas 0.3-15 In/min ±1% oFS In: normal cond.; 
MFM F131C HI-TEC O°C, 1 atm) 

3.2.3 Gas Flow Separator 

Multiphase fluids were commonly produced at the wellhead during tests that 
involved fluid withdrawal at SB1 and SB2. To measure gas and liquid phases 
separately, the discharged fluids are routed through a horizontal two-phase 
flow-splitting device, or gas separator (Figure 3-1). The gas and liquid are 
separated by first discharging the fluid against a vertical spray plate and then 
running it over a series of baffles. Liquid is released from the final chamber to 
a flow meter through a float valve that maintains a near-constant liquid/gas 
volume in the vessel. The gas phase is released from the unit to a mass flow 
meter (either the Bronkhorst or the MicroMotion D6-H) through a constant
pressure valve. Two different-sized gas separator units were provided to 
Solexperts AG by Nagra; a smaller unit was used for SB2 because the unit 
used at SB 1 was designed for higher flow rates than were actually 
encountered. The smaller unit was expected to perform better over the given 
range of discharge rates. 

For the unit utilized at SB1, the maximum operating pressure of the vessel was 
10 bar. Maximum flow rates through the larger gas separator are 100 kg/min 
(liquid) and 2000 In/min (gas). Temperatures for liquid and gas phases are 
measured separately within the vessel (-300 e to sooe for gas, and ooe to sooe 
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for water). Pressure measurement capabilities within the vessel range between 
o and 20 bars. 

The smaller gas separator used at SB2 has an observed maximum liquid flow 
rate during testing of approximately 11 IImin. 

Gas flow from the gas separator was measured using either the Bronkhorst 
thermal mass flow meter (for flow rates up to 10 In/min) or the MicroMotion 
D6-H flow meter (for flow rates in excess of 10 In/min). Water flow from the gas 
separator was measured using magnetic inductive flow meters (Figure 3-1). 

3.2.4 Surface Pressure and Temperature Sensors 

A pressure sensor and a temperature sensor were used at land surface for the 
measurement of atmospheric pressure and temperature. Signals from the 
surface-based devices were transmitted to the Helios AID-converter and 
recorded with the DAS. Specifications for the surface pressure and 
temperature sensors are provided below. 

Atm. Pressure Sensor 
Range 
Accuracy (specified) 

: Keller piezo-resistive pressure transmitter 
: 0-2 bar 
: ±0.2% 

Atm. Temperature Sensor: Two-terminal integrated circuit temp. transducer 
Range : -200°C to BOO°C 

3.2.5 Injection Test System 

Constant pressure injection tests were the principal test method for 
characterizing low-permeability intervals within SB 1 and SB2. To conduct the 
test, a constant-pressure water source is supplied by applying a given gas 
pressure to an enclosed vessel that is partially filled with water (Figure 3-2). 
The injection water is routed through the MicroMotion mass flow meters, where 
the injection rate is measured. If flow rates fall below the lower meaSUretllent 
limit of the flow meters, the test can be continued using a High Pressure Liquid 
Chromatography (HPLC) pump. The HPLC pump can be set to inject at a 
constant rate from 0.1 to 150 ml/min at overpressures up to 300 bar. To 
maintain a constant pressure, the injection rate is varied manually with the 
HPLC pump (Le., the programmed injection rate is changed). 

Different injection vessels were used for SB 1 and SB2. Specifications for the 
injection vessels and the HPLC pump are provided below: 
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SB 1 Injection Vessel 
Volume 
Maximum Pressure 
Pressure Source 

SB2 Injection Vessel 
Volume 
Maximum Pressure 
Pressure Source 
Pressure Regulator 

Medium 
Maximum Pressure 

HPLC pump 
Manufacturer 
Flow Rate Range 
Accuracy (specified) 
Flow Rate Stability (specified) 
Max. Injection Pressure 

- 19 -

751 
10 bar 
bottled nitrogen 

-700 I 
30 bar 
bottled nitrogen 
Type: GHR C1/811/1 0 
Gas or Liquid 
70 bar 

Shimadtzu, Inc. 
0.1 -150 
±2% for 0.5 - 150 
±0.5% for 0.5 - 150 
300 bar for 0.1 - 50 
180 bar for 0.1 - 100 
80 bar for 0.1 - 150 

mllmin 
mllmin 
mllmin 
mllmin 
mllmin 
mllmin 

Increasing the volume and the maximum working pressure of the injection 
vessel between SB1 and SB2 significantly increased the range of 
transmissivities that could be tested with the system. 

3.2.6 Packer Control System 

A packer control system was used for packer inflation, packer pressure 
maintenance, and packer deflation. The system consists of a pneumatically
driven booster pump for packer inflation, a constant-pressure vessel for 
maintaining packer pressure, pressure transducers for monitoring the packer 
pressure, and a flow control board for interconnecting the various components 
with the packer inflation lines. Packer pressures were measured within the 
packer inflation lines at the surface. 

Pertinent specifications for the various components are presented below: 

Packer Inflation Pump 
Maximum Pressure 

: Petrometalic Booster SP400 
: 500 bar 

Packer Pressure Transducer : Keller piezo-resistive pressure transmitter 
Range : 0-100 bar 
Accuracy (specified) : ± 0.2% 

Packer Pressure Vessel 
Maximum Pressure 

: Solexperts 
: 100 bar 
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4 THEORETICAL BASIS FOR HYDRAULIC PARAMETER ESTIMATION 

The purpose of this section is to present the conceptual and theoretical ap
proaches adopted for interpretation of tests conducted in SB 1 and SB2. The 
test interpretation process must consider the characteristics of the tested 
medium, the availability of theoretical models to describe groundwater flow and 
the nature of hydraulic tests conducted. The objectives of this chapter are the 
following: 

• To present the conceptual framework that is adopted as the basis for 
hydraulic parameter estimation. 

• To define the relevant hydraulic parameters. 
• To define and discuss non-formational factors that affect test interpretation. 

4.1 Conceptual Framework 

Groundwater flow at the Wellenberg site appears to be fracture-dominated, 
with the most significant flow occurring along major shear and fault zones 
(NAGRA, 1993b). The following four types of groundwater flow paths have 
been identified at the site (MAZUREK, 1992): 

Type 1: Cataclastic zones 
Type 2: Thin discrete shear zones 
Type 3: Fractured thin limestone beds 
Type 4: Massive limestone that has undergone brittle deformation 

Within the Valanginian marl, Types 1 and 3 appear to be the most dominant, 
whereas type 4 does not occur at all. MAZUREK (1992) reports that of 65 
inflow pOints identified in the Palfris formation from fluid logging in SB1, SB3, 
SB4 and SB6, 57% are Type 1, 8% are Type 2, and 35% are Type 3. Type 4 is 
the most important groundwater flow path outside of the Valanginian marl. The 
distribution and extent of water-conducting features is highly irregular. 

F or fractured rock, groundwater flow is often divided into three scale-dependent 
regions: the major fractures where most of the large scale transport occurs, the 
network of interconnected minor fractures, and the intact matrix blocks 
(GRISAK et aI., 1985; ALMEN et aI., 1986). Rock masses intersected within 
SB1 and SB2 do not fit this model because they do not appear to exhibit the 
middle scale of interconnected fractures. 

To quantify groundwater flow behavior and to treat flow systems mathematic
ally, flow models must simplify and idealize nature. There are two general 
mathematical approaches used to describe groundwater flow in fractured rocks, 
the discrete approach and the continuum approach. For the discrete approach, 
groundwater flows within a network of individual fractures and fracture zones, 
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usually with each fracture being represented as a conduit formed by two 
parallel plates (ALMEN et aL, 1986; HUFSCHMIED, 1989). To apply the 
discrete fracture flow approach, the geometry of the fracture system must be 
known. For analysis of the tests conducted in SB1 and SB2, the lack of 
knowledge regarding fracture geometry precludes its application. 

The continuum approach treats the fractured rock mass as an equivalent 
porous medium (ALMEN et aL, 1986). The continuum approach was adopted 
for analysis of tests conducted in SB 1 and SB2, with the underlying assumption 
that the volume of rock investigated during a hydraulic test acts as an equival
ent porous medium. Intersected fracture zones are treated as individual zones 
possessing higher permeability as described by HUFSCHMIED (1989). Use of 
the continuum approach in fractured rock has been considered by various 
investigators, including LONG et aL (1982) and BARKER & BLACK (1983). 

The basic partial differential equation to describe the radial flow of any single
phase fluid in a homogeneous porous medium is the continuity equation 
(DAKE, 1978): 

!~(kPrap) = 
r ar Jl ar 

where: 

ap 
<t>cpat 

r = radial distance [m] 
k = intrinsic permeability [m2] 
p = fluid density [kg/m3] 
Jl = fluid viscosity [Pas] 

(4-1) 

p = pressure [Pal 
<p = porosity [-] 
c = compressibility [Pa-1] 

t = time [s] 

Equation 4-1 is a restatement of the basic conservation of mass equation. This 
equation is non-linear because of the implicit dependence of pressure on fluid 
density, compressibility and viscosity. 

For liquid (water) flow it can be assumed that fluid density and viscosity are 
independent of pressure and the compressibility is constant and small. With 
these assumptions, equation (4-1) can be linearized to produce what is known 
as the radial diffusivity equation. Expressed in terms generally used in 
groundwater hydrology, the diffusivity equation takes the form (DE MARSILY, 
1986): 

S ah 
(4-2) 

T at 
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where: 
h 
S 
T 

= hydraulic head 
= storativity 
= transmissivity 

- 25-

[m] 
[-] 
[m2/s] 

In petroleum engineering the radial diffusivity equation is presented in the 
following terms to accommodate various liquid-form fluids (DAKE, 1978): 

<I> !.lct ap 
k at 

(4-3) 

where: 
Ct = total compressibility [Pa-1] 

Analytical solutions have been developed based on the above diffusivity equa
tions for transient liquid flow under various initial and boundary conditions. 
These solutions are the mathematical basis for analysis of the hydraulic tests 
conducted at SB 1 and SB2. The radial diffusivity equation is subject to a num
ber of limiting assumptions which are summarized below: 

• horizontal, radial flow in a homogeneous porous medium 
• laminar (Darcy) flow 
• single-phase fluid 
• constant fluid viscosity 
• pressure gradients in formation are small 
• fluid compressibility is constant and small 
• constant formation permeability 
• constant formation thickness 
• fully penetrating well 
• isothermal flow 

Although the above assumptions appear to be quite restrictive, the various 
solutions of the diffusivity equation are widely applied in the groundwater and 
petroleum industries. 

4.2 Definition of Hydraulic Property Terms 

This section provides a summary of the basic terms, parameters and hydraulic 
properties used for or derived from the interpretation of the Wellen berg test 
data, considering the equivalent porous medium approach. Single-well testing 
techniques applied at SB1 and SB2 are based, in part, on methods used in 
petroleum engineering, where single-well testing in deep boreholes is common. 
Although the general approaches in groundwater hydrology and the petroleum 
industry are similar, differences in terminology and some parameter definitions 
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do exist. Where appropriate in the following sub-sections, these differences 
are presented and discussed. 

4.2.1 Hydraulic Conductivity, Intrinsic Permeability and Transmissivity 

Laminar flow through porous media is governed by Darcy's law, which relates 
groundwater flow to a hydraulic gradient: 

v= Kilh 
ill 

where: 
v 
K 
I 

= 
= 
= 

apparent velocity (volume flux per unit total area) [m/s] 
hydraulic conductivity 
distance between head measurements [m] 

(4-4) 

Hydraulic conductivity, K, combines the intrinsic permeability, k, and properties 
of water as given by: 

K = k
Pg 

/..l 

where: 
.g = acceleration due to gravity [m/s2] 

(4-5) 

Hydraulic conductivity is essentially a property describing the permeability of a 
porous medium as a function of the rock and fluid properties. 

Transmissivity describes the permeability of an entire fluid-conducting unit, 
such as an aquifer. In groundwater hydrology, the relationship between T and 
K for an aquifer of thickness, L, is expressed as: 

T= KL (4-6) 

where: 
L = aquifer thickness [m] 

Hydraulic test analyses using solutions derived from the diffusivity equation 
yield transmissivity estimates. Hydraulic conductivity estimates can be 
calculated from the estimated transmissivity based on the thickness of the fluid
conducting unit. This relationship is most applicable for horizontal, 
homogeneous aquifers of constant thickness. Calculation of hydraulic 
conductivity for heterogeneous fractured rock is less straightforward, especially 
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in cases for which little information is known about the geometry of producing 
intervals. 

To illustrate this point, consider a 10-meter-long test section consisting of 
"impermeable" rock intersected by a water-conducting fracture that is 1 mm 
thick. Consider also that well test analysis yielded a T-estimate of 1 E-10 m2/s 
for the section. The common practice of simply dividing T by the test interval 
length, 10m, yields a K-value of 1 E-11 m/s. This leads to an under-estimation 
of fracture conductivity and an over-estimation of matrix conductivity. For this 
test example, it would be more appropriate to use the fracture thickness, 0.001 
m, for estimating the fracture conductivity (i.e., K=1 E-7 m/s). 

The convention adopted in this document for reporting values of K is as follows: 

• for zones in which no knowledge regarding fracture or producing-zone 
geometry exists, an "equivalent" hydraulic conductivity value was calculated 
by dividing T by the total interval length, L. 

• for zones in which specific producing zones were identified based on core 
inspection, fluid logging or geophysics, the estimated thicknesses of the 
producing zone were utilized to calculate hydraulic conductivity. 

In the majority of cases, it was possible to estimate only equivalent hydraulic 
conductivity. 

4.2.2 Specific Storage and Storativity 

For a confined hydrogeologic unit, specific storage, Ss, is defined as the 
volume of fluid that a unit volume of formation releases or accepts as a result of 
a unit change in pressure. Specific storage is controlled by the compressibility 
of the fluid and the compressibility of the rock matrix and can be expressed as 
follows (JACOB, 1940): 

(4-7) 

where: 
Cr = bulk compressibility of the rock [Pa-1] 

Cw = compressibility of water [Pa-1] 

The bulk compressibility of rock, cr, is related to the bulk volume and is defined 
as: 

(4-8) 
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where: 
Vb = bulk volume of the rock [m3] 
V~ = pore volume of the rock [m3] 

A comparison of the treatment of storage characteristics in groundwater 
hydrology and petroleum engineering is complicated by the terminology 
common to each discipline. To the authors' knowledge, no clear comparison 
has appeared in the literature. Therefore, a brief discussion of the subject 
follows. 

In petroleum engineering, storage characteristics are viewed in terms of the 
porosity - total compressibility product, <pCt. The relationship between specific 
storage and the porosity - total compressibility product can be expressed as: 

(4-9) 

Total compressibility, is defined for a water saturated medium as: 

(4-10) 

where: 
Sw = water saturation (1000/0) [-] 
Cf = formation compressibility [Pa-1] 

The formation compressibility, Cf, is similar to rock compressibility, except that, 
instead of relating to the bulk volume, it relates only to the rock pore volume as 
follows: 

(4-11 ) 

The relationship between formation compressibility and the bulk compressibility 
can, therefore, be expressed as: 

c 
C - r f - -

<p 
(4-12) 

Based on the relationships presented above, one can express specific storage 
in any of the following manners: 

(4-13) 

Specific storage, like hydraulic conductivity, is essentially a property of a 
porous medium. Storativity, S, like transmissivity, is a parameter that describes 
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an entire homogeneous fluid-conducting unit, such as an aquifer. The 
relationship between Sand Ss for an aquifer of thickness, L, is expressed as: 

(4-14) 

Hydraulic test analyses using solutions derived from the diffusivity equation can 
yield estimates for S. Storativity is best determined from hydraulic testing when 
observation well data are available. Estimating storativity from single-well test 
data is subject to error because of the influence of non-formational effects (e.g., 
skin and wellbore storage effects) on well test responses. An alternative 
method for estimating storage characteristics, which is more applicable for low
permeability test intervals, is to calculate S based on fluid and rock properties. 
This is the approach that was adopted for estimating storativity for the intervals 
tested in SB 1 and SB2. The estimation method is described below. 

Bulk compressibility values were estimated based on measurements of the 
modulus of elasticity, E, obtained from dilatometer tests conducted in SB 1 
(THUT, 1991), and from estimates of bulk modulus, B, obtained from sonic 
logging results in both SB1 and SB2 (DORNSTADTER, 1992; WELTER, 1993). 
For practical applications, the relationship between cr, E and B can be 
described as follows (GRISAK et aI., 1985): 

1 3{1- 2v) 1 
c =-= 1=::::-

r BEE 

where: 
B 
E 
v 

= bulk modulus [Pa] 
= elastic modulus [Pa] 
= Poisson's ratio [-] 

(4-15) 

As a common practice, it is assumed that BI=::::E because v generally ranges from 
0.1 to 0.3 (RIVERA, 1991). Under this assumption, the general margin of error 
is only a factor of -2. 

As input information to Equation 4-15, porosity data were obtained based on 
laboratory analysis of core samples from SB1 and SB2 (WABER et aI., 1992; 
MAZUREK et aI., 1993). Fluid compressibility data were obtained from 
standard tables for physical and chemical data (CRC HANDBOOK, 1992). 

The above approach yielded a specific storage range from approximately 2E-7 
to 6E-7 m-1 for the formations tested in SB1 and SB2. 
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4.2.3 Static Formation Pressure and Fresh-Water Head 

Characterizing the distribution of hydraulic head within SB 1 and SB2 was one 
of the main objectives of the investigation. This was accomplished by 
estimating the static, or undisturbed, initial formation pressure of the various 
zones that were tested. Hydraulic head can be calculated using the following 
equation: 

h = P + z 
pg 

where: 
h 

P 
z 

= hydraulic head 
= fluid pressure 
= height in relation to a chosen datum 

[m asl] 
[kPa] 
[m asl] 

(4-16) 

Hydraulic head is reported in this document in terms of equivalent fresh-water 
head, Hfw, which is calculated as follows (HUFSCHMIED & FRIEG, 1989): 

H = fw 

where: 
Hfw 
Pst 

Patm 

= 
= 
= 

Pst - Patm 

Pfwsc g 

equivalent fresh-water head 
assumed static pressure at transducer depth 
atmospheric pressure 

Pfwsc = fresh-water density at standard conditions 
Z = reference point elevation 
dt = depth of pressure transducer below reference point 

(4-17) 

[m asl] 
[kPa] 
[kPa] 
[kg/m3] 
[m asl] 
[m] 

Equivalent fresh-water head represents the height to which a column of water 
of reference density (i.e., 999.014 kg/m3) would rise above a reference datum 
point (in this case, mean sea level). This does not represent a true hydraulic 
fluid potential because the effect of the natural variations of fluid density are 
not considered. The approach does, however, provide a qualitative basis for 
comparing the formation fluid pressures observed in different zones along the 
boreholes using equivalent fresh-water head versus depth plots. 

It should be noted that for intervals that include zones with different heads, the 
estimated head is a composite value that will be dominated by zones of higher 
transmissivity. This is especially important for long intervals because a greater 
probability exists that zones with different heads will be included in the interval. 
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4.2.4 Radius of Investigation 

The formation properties obtained from test analysis reflect the characteristics 
of the area around the borehole that has experienced a pressure disturbance. 
This area can be described by an associated "radius of influence", also called 
the radius of investigation, ri, which can be approximated for a constant rate 
test using the following equation (DE MARSIL Y, 1986): 

~ = ~2.25 Tt 
I S (4-18) 

where: 
rj = the radius of investigation [m] 
t = total elapsed test time [s] 

The radius of investigation of a testing sequence is dependent upon various 
factors including test type, test duration and hydraulic diffusivity. The hydraulic 
diffusivity, defined as TIS or KISs, is the ratio of the formation's capacity for 
transmitting fluid to its capacity for storing or releasing fluid. The hydraulic 
diffusivity provides a quantitative measure for the rate of extension a pressure 
signal exhibits during transient fluid flow or, in other words, for the formation 
volume affected. 

4.3 Factors Affecting Test Responses 

Testing conducted at SB 1 and SB2 was subject to certain non-ideal conditions 
that affected test responses. Factors that were important to consider for interp
retation of the test responses include: wellbore storage, skin, radius of inves
tigation and two-phase flow. The significance of these factors varied depend
ing upon the borehole conditions, formation properties and the types of testing 
conducted. The stated factors are discussed in greater detail in the following 
subsections. 

4.3.1 Skin Effect 

The hydraulic characteristics of the rock adjacent to a borehole can be altered 
by the drilling process. The zo~e of alteration is commonly called a skin zone 
(EARLOUGHER, 1977). The formation of a skin zone may result in a net 
increase or decrease in permeability near the borehole. A decreased permea
bility (positive skin) can be caused by invasion of drilling fluid and cuttings into 
the formation. An increased permeability (negative skin) can be caused by 
hydraulic fracturing of the surrounding test formation from excessive drilling 
over-pressure, the development of stress-release fractures, and from formation 
erosion during groundwater production. These phenomena can affect the 
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results of single-well testing. In the groundwater industry, a greater emphasis 
is placed upon observation-well data which are affected to a much lesser 
degree by skin effects. In the petroleum industry, however, where single-well 
testing is the typical test method, skin effects are accounted for during analysis. 

Two general approaches can be utilized for the analysis of tests influenced by 
skin effects: infinitessimally-thin skin and finite thickness skin (SPANE, 1993). 
The infinitessimally-thin skin model (VAN EVERDINGEN, 1953) is the most 
common approach used in the petroleum industry. The skin factor is essential
ly a lumped parameter that combines a" characteristics of the skin. The com
bined effects of the components of skin are manifest in an additional pressure 
change measured at the borehole. The storage characteristics of the skin zone 
in the infinitessimally-thin skin model are considered insignificant. This 
approach is useful for describing test responses in higher-permeability test 
formations, where the radius of investigation is significantly greater than the 
thickness of the skin zone itself. 

For the finite-thickness skin approach (MOENCH & HSIEH, 1985), a composite 
system consisting of an inner zone (skin zone) and an outer zone (undisturbed 
formation) is considered. This allows the assignment of unique hydraulic char
acteristics (i.e., T and S) to skin zone and to consider the transient responses 
that occur within that zone. For tests conducted in low-permeability intervals, 
the imposed test conditions often investigate only a few meters distance from 
the borehole. For these test formation conditions, a significant portion of a test 
response may be reflective of the skin zone characteristics. In this situation, 
the infinitessimally-thin skin approach of simply considering an additional pres
sure change would not adequately describe the observed test response. 

For analysis of tests conducted at SB1 and SB2, the infinitessimally-thin skin 
approach was applied only for higher permeability test zones (e.g., SB1-0Z1 
and SB2-VK2). For low-permeability test intervals that exhibited skin effects, 
the finite-thickness skin approach was used. 

4.3.2 Wellbore Storage and Test Zone Compressibility 

When a pressure change is imposed on an aquifer, a volume of water is added 
to, or removed from storage. This volume is dependent upon the aquifer 
storage characteristics (see Section 4.2.2). When imposed via a borehole, the 
pressure change also affects the volume within the borehole. For a constant 
rate test in an open borehole, the volume of water removed or added is 
supplied partly from the formation and partly from the borehole. With 
increasing test time, the contribution from the formation increases and that from 
the borehole decreases. At some point, the contribution from the borehole 
becomes negligible, and the total flow from the well can be assumed to come 
from the formation. 



NAGRA NTB 93-38 - 33-

Wellbore storage can dominate the early transient behaviour of certain hydraul
ic tests, particularly in low-permeability test intervals. It is important to recog
nize its effects so that wellbore behaviour is not misinterpreted as formation 
behaviour. Although wellbore storage effects can be decreased through test
system design (i.e., minimizing test system volume) and the types of tests con
ducted (e.g., constant pressure tests), eliminating the effects of wellbore stor
age in a testing program such as that conducted in SB 1 and SB2 is virtually 
impossible. 

The capacity of the borehole and test system to store or release fluid when 
pressure is changing is described by the wellbore storage coefficient, which is 
also referred to as wellbore storage constant or borehole storage constant. 
The wellbore storage coefficient, C, is defined as (EARLOUGHER, 1977): 

C = 

where: 
C 
dV 
dP 

I1V 

I1P 

= wellbore storage coefficient 
= volume change in borehole/test interval 
= pressure change in borehole/test interval 

[m3/Pa] 
[m3] 

[Pal 

(4-19) 

The wellbore storage coefficient can also be written in terms of change in water 
level (hydraulic head), instead of pressure change: 

C = 11 V = 11 Vpg 
I1h I1P 

according to the relationship: 

I1h = I1P 
pg 

where: 
dh = change in hydraulic head [m] 

(4-20) 

(4-21) 

Total wellbore storage can be expressed as the sum of a number of 
components: 

(4-22) 



NAGRA NTB 93-38 - 34-

where: 
C1 = storage due to water level change 
C2 = storage due to fluid compressibility 
C3 = storage due to deformation of borehole 
C4 = storage due to deformation of test equipment 

[m3/Pa] 
[m3/Pa] 
[m3/Pa] 
[m3/Pa] 

The terms C3 and C4 reflect the deformability of the borehole wall and the test 
equipment, and are commonly named "borehole" and "equipment compliance", 
where compliance is a change in volume due to a change in pressure. 

For open hole tests, C is dominated by the C1 term and can be expressed as: 

C = 

where: 

~V 

~h 

TCr;~h 
= 

~h 

rc2 = radius of the casing (tubing) or borehole in which 
water level change takes place [m2] 

(4-23) 

Wellbore storage for certain test types can be decreased significantly by 
installing a packer system with a downhole shut-in valve, thus eliminating the 
C1 term for shut-in periods. For an isolated borehole test interval, C is the sum 
of the C2, C3, and C4 terms. In the petroleum industry, where the C3 and C4 

terms are commonly assumed to be insignificant, the isolated wellbore storage 
is expressed by (EARLOUGHER, 1977): 

C = Vctl 

where: 
C = wellbore storage coefficient 
V = total test interval volume 
ctl = compressibility of the fluid in the test interval 

[m3/Pa] 
[Pa-1 ] 

[Pa-1] 

(4-24) 

This approach is appropriate for systems with higher-compressibility fluids. 
However, the wellbore storage measurements in water-filled systems for 
intervals that are isolated using compliant packer systems may exhibit total 
system compressibilities that are conSistently greater that can be accounted for 
by the compressibility of water alone (SPANE & THORNE, 1985; ALMEN et aI., 
1986; PICKENS et aI., 1987). The general consensus in the literature is that 
the deformability of the test system plays an important role in the wellbore 
storage of an isolated low-permeability test interval. 

A reliable wellbore storage coefficient estimate is essential for analYSis of 
certain test types that are used for characterizing low-permeability intervals 
(e.g., pulse tests). In certain test cases, C may also be useful for evaluating. 
down-hole phase conditions. Wellbore storage estimates are best obtained 
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from physical measurements of volume change related to a specific pressure 
change during individual tests using Equation 4-20 and from wellbore-storage 
dominated portions of certain test periods. 

Wellbore storage measurements from test intervals with different geometric 
configurations cannot be directly compared. For test-interval comparison pur
poses, the test-zone compressibility, Csc , is required. The Csc represents an 
effective average compressibility that is expressed as: 

C 
(4-25) 

where: 
Csc = test-zone compressibility [Pa-1] 

VI = volume of the test interval [m3] 

In this definition, Csc not only accounts for the water compressibility but also 
includes borehole and test equipment compliance effects. 

The Csc values observed during hydraulic testing in SB 1 and SB2 were also 
consistently greater than the compressibility of water. The observed values 
were also highly variable. For instance in SB2, Csc values ranged from 6E-10 
to 6E-8 Pa-1. Test zone compressibility values exceeding a value ()L about 3E-
9 Pa-1

! however, are believed to be associated with the presence of gas. 

4.3.3 Two-Phase Conditions 

During a number of tests conducted in the SB 1 and SB2 boreholes, gas flow 
was observed at the surface or the presence of gas in the test interval was 
suspected based on test responses. Because the simplifications and assump
tions made when deriving the governing equations for groundwater flow are no 
longer valid when two-phase or single-phase gas conditions are encountered, 
an understanding of the petroleum engineering approach is required for test 
interpretation. It is beyond the scope of this report to provide a detailed 
discussion of two-phase and gas-phase flow. The interested reader is referred 
to DAKE (1978) and HAGOORT (1988). The problems associated with gas in 
hydraulic testing are summarized briefly below. 

STREL TSOVA (1988) describes the effects of two-phase flow as follows: "The 
presence of more than one phase, each partially saturating the formation, 
inhibits the flow of any particular phase. Consequently, the effective perme~ 
ability to any phase is less than the absolute permeability to that phase. For a 
given reservoir temperature, this decrease in phase permeability is generally 
expressed as a phase relative permeability, which is the ratio of the phase 
effective permeability at a given saturation to the absolute permeability value." 
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Relative permeability curves, normally determined by laboratory measurements 
on core samples, are required to relate the phase-relative permeability to the 
absolute permeability for given phase saturation conditions. Since the effective 
permeability of a phase depends upon the saturation, its value can change 
during a test sequence. 

Whether or not a phase is mobile depends on the phase saturation. For gas 
saturation exceeding the critical gas saturation value (point at which gas starts 
to become mobile), the total mobility increases rapidly because the mobility of 
the gas phase dominates due to its low viscosity. The presence of free gas 
also significantly increases the compressibility of the test zone (wellbore 
storage coefficient) as well as the formation storativity, thus decreasing the 
hydraulic diffusivity. For these reasons, it is important to know whether or not a 
free gas phase exists in the formation or in the test interval. In addition, the 
gas parameters (e.g., saturation and composition) should be quantifiable; 
otherwise test data interpretation is difficult or even impossible. 

Controlled test conditions are difficult to maintain during hydraulic testing when 
free gas is involved, especially in deep borehole test intervals that possess a 
low permeability. For test intervals in S81 and S82 that possessed a high 
enough permeability to permit fluid withdrawal by pumping, gas flow was 
frequently observed at land surface. Flow rates of both the liquid and the gas 
phase were split using a gas separator and recorded independently. Obser
vation of free gas at surface, however, does not necessarily indicate that a free 
gas phase is also present within the tested interval. Evolution of gas from 
solution due to the decline of borehole/formation pressure during testing can 
also explain the presence of gas. The conditions at which gas comes out of 
solution is called the bubble point. The bubble point can be located anywhere 
in the test system, depending on test conditions and fluid properties. 

To evaluate whether single-phase (all gas dissolved in water) or two-phase 
conditions dominate the downhole flow regime, the approach adopted was to 
compare the producing gas-water ratio (GWR) to the solution gas-water ratio 
(Rs) at downhole conditions. The volume of gas that can dissolve in one m3 of 
water when both are at downhole conditions is expressed by the solution gas
water ratio Rs. The Rs is a function of formation pressure, temperature and 
total solids content of the formation fluid. The producing gas-water ratio is 
calculated by dividing the measured surface gas flow rate by the measured 
water flow rate. A producing gas-water ratio (GWR) that is smaller than the 
solution gas-water ratio (Rs) indicates that the gas was in solution at downhole 
conditions and, therefore, single-phase flow conditions can be assumed. A 
producing gas-water ratio that is larger than the solution gas-water ratio is an 
indication for two-phase conditions within the test formation. Considering that 
the solution gas-water ratio at downhole conditions is a theoretical calculation, 
its application to actual conditions likely contains some uncertainties. This 
must be considered when interpreting corresponding results. 
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5 ANALYSIS METHODS 

The general approach for test analysis in SB 1 and SB2 had two components; 
identification of an appropriate flow model and parameter estimation. Flow 
model identification was the first step and was achieved through diagnostic 
analysis. Parameter estimation was then carried out within the constraints of 
the chosen flow model. 

The hydraulic tests utilized to characterize the tested intervals at SB 1 and SB2 
included constant rate, constant pressure, slug, pulse and pressure recovery 
tests. The test sequence conducted for a particular interval was dependent on 
the objectives of the test campaign and the characteristics of the test interval. 

5.1 Diagnostic Analysis 

The confidence with which a flow model can be identified is dependent on 
various factors, including the type of tests conducted, the quality of data col
lected, and the degree to which the tested medium fits any particular model. 
Identification of a flow model is achieved using diagnostic analysis which in
volves inspecting a test response for characteristics of a particular flow model. 

The most advanced forms of diagnostic analysis have been developed for con
stant rate tests. Diagnostic plots, such as that described by BOURDET et al. 
(1989) can be a powerful analysis aid. The diagnostic plot of BOURDET et al. 
(1989) consists of a log-log graph of the change in pressure versus time and 
the semi-log derivative of the transient pressure response (Figure 5-1). This 
type of plot is referred to in this document as a "log-log diagnostic plot". For 
pulse, slug, and constant pressure tests, diagnostic analysis is less advanced. 
However, some degree of qualitative diagnostic analysis can be performed by 
studying the response to any standard test type. 

Log-log diagnostic plots were the primary tool utilized for identifying flow 
models occurring during constant rate and pressure recovery test events 
conducted at SB 1 and SB2. Therefore, it is useful to present a discussion of 
diagnostic analysis for the constant rate case. The following discussion is 
limited to the case of radial flow. For detailed information regarding diagnostic 
analysis in other flow dimensions, the reader is referred to VOMVORIS & 
FRIEG (1992) and HORNE (1990). 

For a constant rate test in a single borehole, the transient pressure response 
can be affected by three different flow regimes (GRINGARTEN, 1982): 

• inner boundary conditions (i.e., borehole-dominated responses such as 
wellbore storage and skin) 
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• the basic model (Le., unaltered formation response) 
• outer boundary conditions (no-flow or constant pressure boundaries) 

The inner boundary conditions can be very important for single-borehole 
testing, especially in low-permeability formations. These effects can mask for
mation responses and can inhibit or prevent the identification of formation 
parameters. Therefore it is critical to identify the portion of the test response 
that is dominated by inner boundary conditions. Wellbore storage effects can 
be identified on a log-log diagnostic plot when the early-time data fall along a 
unit-slope line (Figure 5-1). 

In order to estimate formation parameters, the analyst must identify a portion of 
the test response that is representative of the formation, and a basic flow model 
that sufficiently describes the observed flow response. The basic model may 
range from the simplest model, which is infinite-acting radial flow (IARF) in a 
homogeneous porous medium, to more complex models such as double poros
ity, double permeability or multi-layered. Formation transmissivity can be esti
mated from the IARF portion of a test response using conventional hydraulic 
analysis methods. The IARF period can be identified by "stable" or constant 
derivative values on the log-log diagnostic plot (Figure 5-1). The stable deriv
ative value simply indicates the straight-line portion of a plot of the pressure 
change versus log time on a semi-log plot. 

Outer boundary conditions can also affect the observed test responses. Re
cognition of outer boundary conditions is important for characterizing the nature 
of the flow system and to avoid estimating formation transmissivity from data 
that are affected by outer boundaries. Outer boundary conditions can be re
cognized by specific derivative patterns on the log-log diagnostic plot. The 
reader is referred to HORNE (1990) and SPANE (1993) for thorough discus
sions of identifying various outer boundary responses from log-log diagnostic 
plots. 

5.2 Test Types 

The following sub-sections contain brief descriptions of the various analysis 
procedures for the test events that were conducted at SB 1 and SB2. Theoreti
cal development of the analytical methods is widely available in the literature 
and, therefore, is not presented here. 

5.2.1 Constant Rate Test 

Constant rate testing is conducted by withdrawing fluid from, or injecting fluid 
into a test interval at a uniform flow rate. The resulting transient pressure 
response observed during the test period can be analyzed to estimate various 
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hydraulic parameters for the tested interval. Constant rate testing is the 
standard testing technique applied throughout the groundwater and petroleum 
industries. The discussion here is limited to the application of constant rate 
methods to single-borehole testing. 

Conventional analysis of constant rate tests yields information regarding the 
tested interval, including: 

• flow regime in the vicinity of the borehole 
• formation characteristics (i. e., heterogeneity) 
• wellbore storage coefficient 
• transmissivity 
• skin factor (only if storativity is known) 
• radius of influence (only if storativity is known) 

Storativity, S, is generally not estimated from single-borehole test responses 
because the early-time data, upon which estimation of S is dependent, tend to 
be dominated by inner-boundary effects in a constant rate test. 

After performing diagnostic analysis to identify the portion of the data suitable 
for estimating transmissivity (i.e., IARF period), a straight-line is fit to the 
indicated data set on a semi-log graph of ~p (or ~h) vs. log time (Figure 5-1). 
Transmissivity is estimated using the following equation (COOPER & JACOB, 
1946): 

T = 
2.3q 

(5-1 ) 
4rcm 

where: 
q = flow rate [m3/s] 
m = slope of a straight line [m/log cycle] 

The semi-log straight-line approach is a simplification of the more complex log
log type-curve analysis technique. The simplification (linear approximation) is 
made by truncating an infinite series of the solution of the groundwater flow 
equation (also referred to as the exponential integral solution) that was intro
duced by THEIS (1935). COOPER & JACOB (1946) stated that the straight
line approach is tolerable when the value to>12.5, where to is dimensionless 
time, given by the following equation: 

(5-2) 

where: 
t = elapsed test time [s] 
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CHAPUIS (1992) showed that the approach of COOPER & JACOB (1946) is 
quite conservative and that using to>2.5 results in a relatively small error of 
5.40/0. The use of the above dimensionless time criterion (Equation 5-2) 
requires that storativity be either known or assumed and, also, does not take 
into account the effects of wellbore storage. Because of this dependence on 
either knowing or assuming a value of S and due to the disregarded effect of 
wellbore storage, the log-log diagnostic plot was used as the principal method 
for evaluating the appropriateness of straight-line analysis (as described in 
Section 5.1). 

Application of the constant rate testing technique in SB 1 and SB2 was limited 
to zones of higher permeability and to zones from which collection of water 
samples was desired. Constant rate testing was generally not feasible in low
permeability zones because of time and technical constraints. Test time is a 
factor because wellbore storage effects tend to dominate the pressure re
sponse for an exceedingly long time period in a low-permeability environment, 
thus masking early-time formation responses and decreasing the possibility of 
discerning true formation characteristics from the test. Constant rate testing in 
low-permeability intervals is technically difficult because it is hard to maintain 
and measure constant flow rates within the ranges necessary to keep draw
down from excessive levels (i.e., above the pump in the case of a withdrawal 
test) or to avoid reaching excessive over-pressures (i.e., beneath rock-frac
turing limits in the case of an injection test). 

5.2.2 Constant Pressure Test 

Constant pressure tests, also known as constant head tests, were the preferred 
method for characterizing low-permeability intervals. A constant pressure test 
is conducted by applying a constant over- or under-pressure to a test interval 
and monitoring the transient flow response into or out of the test interval. 
Because pressure in the borehole is held constant, wellbore storage is essen
tially eliminated (i.e., except for the initial period of pressure change at the 
beginning of the test). This aspect makes constant pressure testing particularly 
advantageous for characterizing low-permeability test intervals. A second ad
vantage is that the maximum or minimum pressure applied to the formation 
during testing can be designed to avoid hydro-fracturing the formation. 

Constant pressure tests conducted in SB 1 and SB2 were analyzed using three 
general methods: transient straight-line analysis, type-curve matching method, 
and steady-state approximation. 

Transient analysis of constant pressure tests conducted in low-permeability in
tervals was generally carried out using the log-log type-curve method (JACOB 
& LOHMAN, 1952). Because the constant pressure type curve is quite flat, a 
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unique match of the data is difficult to obtain. Normally, a bounding analysis 
was conducted by generating type curves for the specific test configuration. 

Straight-line analysis is performed by plotting 1/q or Lih/q versus the log of time. 
If an IARF period is identified, a straight-line is fit to the data and transmissivity 
calculated using one of the following formulas. When plotting 1/q: 

T = 

where: 
Lih 
m 

2.3 

47t~hm 

= constant change in pressure expressed as head 
= slope of straight line 

When plotting Lih/q: 

T = 

where: 

2.3 

47tm 

m = slope of straight line 

(5-3) 

[m] 
[(s/m3)/log cycle] 

(5-4) 

[(s/m2)/log cycle] 

The straight-line approach is considered valid only when tD>100 (DOE & 
GEIER, 1990). This criteria is rarely met in low-permeability intervals. To 
illustrate, consider a 1 OO-meter test interval with the following characteristics: 

T = 1E-10m2/s 
S = SE-5 (Ss = 5E-7) 
rw = 0.0794 m 

In this case tD>100 only after 88 hours. Therefore, for many low-permeability 
intervals tested in S81 and SB2, straight-line analysis was not valid. 

A third approach to constant pressure test analysis was to perform a steady
state approximation of transmissivity using the final flow rate of the injection 
period. This approach was applied when injection rates dropped to the lower 
range of what was technically feasible with respect to injection and flow meas
urement (i.e., a few ml/min). Steady-state approximation was performed using 
the following formula: 

T = -q fin (l) + s] 
27t~h rw 

(5-5) 
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where: 
q 
s 

= "steady-state" flow rate 
= skin factor 

- 42-

[m3/s] 
[m] 

The radius of influence, rj, was either assumed to lie within a certain range or 
estimated iteratively using Equations 5-5 and 4-18. 

In practice, a skin factor of 0 was often assumed in Equation 5-5 when no skin 
factor was estimated for the interval. Under this assumption and because 
steady-state conditions were probably never reached in low-permeability 
intervals, the steady-state approach provides a maximum T estimate for 
comparison with the results of transient analysis. For test intervals affected by 
unrecognized positive skin conditions, the steady-state transmissivity estimate 
cannot be considered a maximum. However, the skin effects observed in low
permeability intervals in SB1 and SB2 were usually negative, in which case 
assuming a skin factor of a results in a maximum transmissivity estimate. 

5.2.3 Slug and Pulse Tests 

Test sequences conducted commonly included slug and pulse tests. In low
permeability intervals, pulse tests were used primarily to obtain a preliminary 
estimate of transmissivity and a physical measurement of the wellbore storage 
coefficient. Pulse tests were also used, in certain cases, as a means to 
accelerate dissipation of borehole pressure history effects. Slug tests were 
normally utilized to obtain preliminary transmissivity estimates in medium- to 
high-permeability intervals and to produce water for sampling when pumping 
was not feasible. The two test types are closely related in that the same 
mathematical basis underlies both test types and the same set of type curves 
can be used for analysis. Slug and pulse tests are, therefore, discussed 
together in this section. 

A slug test is performed by subjecting a test interval to an instantaneous 
change in pressure and observing the transient pressure response as the 
system recovers toward its static pressure. The recovery response is related to 
the diffusivity of the formation and the geometry of the borehole. Slug tests 
conducted in SB 1 and SB2 were generally analyzed using the type-curve 
method of COOPER et al. (1967). The type-curve matching technique is not 
described in detail here because it is widely available in the literature. A brief 
description of the calculation of T and S from slug and pulse test responses is 
presented below. 

A type-curve match yields three parameters, u, p, and the time match, t 
(COOPER et aI., 1967). The dimensionless storage coefficient, u, defines the 
shape of the type curve and, for slug tests, is given by: 



NAGRA NTB 93-38 - 43-

r2 S 
(5-6) a = w 

r2 
c 

where: 
a = dimensionless storage parameter [-] 
rw = radius of the well [m] 
rc = radius of the well casing or test tubing [m] 

Instead of determining an a value based on matcming the observed data to a 
type curve, the a value was calculated based ori an assumed storativity as 
suggested by GRISAK et al. (1985). This appro~ch was used to lessen the 
ambiguity in type-curve analysis due to the inherE1nt insensitivity of type curve 
shapes to storativity. 

Transmissivity is calculated from the type-curve match: 

RrC2 
T = I-' 

where: 

13 
t 

t 

= dimensionless time parameter 
= match time 

[-] 
[s] 

(5-7) 

The response measured during a slug testis dominated by the wellbore 
storage capacity of the well, or test system. Essentially, the larger the diameter 
of the well casing or test tubing, the more time is required for the well to 
recover to initial pretest conditions. BREDEHOEFT & PAPADOPULOS (1980) 
showed that by exposing the test interval to a pressure change and then 
isolating the interval with a downhole shut-in valve, the wellbore storage 
effects, and thus test time, are greatly reduced. This type of test is referred to 
as a pulse test or pressurized slug test. 

For pulse tests, BLACK (1985) introduced the term "effective radius", re, to 
account for the isolated wellbore storage. In a pulse test, the volume change 
related to the compressibility of the test system can be visualized to move 
within a fine incompressible tube whose radius is reo The same type curves 
utilized for slug tests can be used for pulse test analysis by simply replacing 
the test tubing radius, r c, by the effective radius, r e. 

If the isolated wellbore storage coefficient, C, is known, re can be calculated 
. according to the following equation: 
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re = ~c:g (5-8) 

where: 
re = effective radius [m] 

The C-value can be physically measured during a pulse test by measuring the 
change in volume of water in the tubing caused by exposing the interval to a 
known pressure change. Assuming that no flow into or out of the test formation 
occurred during the short time the pressure was applied, C can be calculated 
by dividing the volume change, Ll V, by the applied pressure change, LlP (Equa
tion 4-19). 

Interpretation of pulse tests conducted in low permeability intervals in SB 1 and 
SB2 was often inconclusive for the following reasons: 

• Many of the test responses indicate a composite system, probably due to 
alteration of the formation near the borehole during drilling. 

• It was often not possible to dissipate borehole history effects prior to 
conducting pulse tests; this resulted in a transient pressure profile around 
the well. 

For pulse tests in which only the first factor above was present, analytical 
models that incorporate an infinitessimally thin skin, such as that of RAMEY et 
al. (1975), do not adequately account for the observed pressure responses 
because the storativity of the skin is considered negligible. The pulse test re
sponses were better modelled using methods that consider a finite-thickness 
skin that includes storage characteristics, such as that of MOENCH & HSIEH 
(1985). When both of the above factors were present, the observed pulse test 
response is too complex to be analyzed using type-curve matching techniques 
because they do not incorporate borehole history effects. In such cases, the 
use of a wellbore simulator was found to be better suited for describing the 
observed test responses. Test sequence simulation methods applied in SB1 
and SB2 analyses are discussed in the following section. 

5.2.4 Pressure Recovery Tests 

A constant rate or a constant pressure event is normally terminated by closing 
the downhole shut-in valve and monitoring the ensuing pressure recovery. The 
pressure recovery can be analyzed in a comparable manner to the constant 
rate test when the effects of the preceding flow period are adequately 
accounted for. In addition, in many cases, an estimation of the initial (static) 
formation pressure can be obtained from the pressure recovery analysis. The 
quality of the pressure recovery data is often superior to the preceding flow-
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period data because, except for very early times affected by wellbore storage, 
they are not affected by flow-rate variations. 

For pressure recovery tests conducted in SB1 and SB2, the analysis approach 
is similar to that conducted for constant rate tests. First, a log-log diagnostic 
plot is constructed. To account for the preceding flow period, AGARWAL 
(1980) presented a relationship that plots the recovery pressure change versus 
an equivalent time instead of elapsed time. This is particularly important when 
the preceding flow period is short relative to the pressure recovery period. The 
equivalent time function essentially converts the pressure recovery event to an 
equivalent constant rate test response that can be analyzed using the draw
down analysis methods previously described. Equivalent time is calculated 
using the following formula: 

~ te = tp ~ t 
(5-9) 

tp + ~ t 

where: 
ilte = equivalent time [s] 
tp = duration of preceding flow period [s] 
ilt = elapsed recovery time [s] 

Transmissivity and static formation pressure estimates for pressure build-up 
tests conducted in SB 1 and SB2 were generally obtained using the straight-line 
(semi-log) method described by THEIS (1935) and HORNER (1951) for 
pressure recovery following a constant rate test. The Theis Recovery method, 
or Horner method, also incorporates a time conversion which accounts for the 
preceding flow period. In this report, the time conversion is referred to as 
Horner time, iltH, and is given by the following formula: 

(5-10) 

where: 
iltH = Horner time [s] 
tp = duration of preceding flow period [s] 
ilt = elapsed recovery time [s] 

For pumping or injection tests that exhibited variable flow rates, a modified pro
duction time, tp*, was calculated using the following formula (EHLIG-ECONO
MIDES & RAMEY, 1981): 



NAGRA NTB 93-38 - 46-

(5-11) 

where: 
tp * = modified production time [s] 
Vt = total volume produced from or injected into formation [m3] 
qe = flow rate at the end of the production (injection) period [m3/s] 

In addition to quantitative test analysis applications, recovery analysis methods 
were also applied qualitatively to recovery pressure build-up periods (PSR) 
following packer inflation. The purpose of the PSR analysis was to provide 
initial estimates of hydraulic properties to design subsequent test events. The 
flow rate prior to the PSR period was often not quantifiable. The flow rate can 
be estimated if a wellbore storage period can be recognized in the pressure 
recovery response and if the isolated wellbore storage coefficient for the test 
interval is known. Rearranging Equation 4-19 as follows, the flow rate prior to 
shut-in, q, can be estimated by choosing ~t and ~p from a single point on the 
unit-slope line of the wellbore storage period on a log-log diagnostic plot: 

Cl\p 
q =--

l\t 
(5-12) 

To estimate transmissivity from pressure build-up responses, a semi-log plot of 
Horner time versus pressure is prepared, and a straight line is matched to the 
data window that was identified during diagnostic analysis as representing 
infinite-acting radial flow (IARF). Transmissivity is estimated using Equation 
5-1. If no boundaries were encountered during the production and shut-in 
periods, initial formation pressure can also be estimated by extrapolating the 
straight line to where ~tH = 1. 

Strictly speaking, straight-line analysis of a pressure recovery period can be 
performed only if IARF conditions are established during the previous flow per-· 
iod and during the recovery period itself (LEE, 1982). EHLIG-ECONOMIDES & 
RAMEY (1981) report that for pressure build-up periods following constant 
pressure tests, straight lines do not develop if the to-value for the preceding 
flow period is < 104. The to-values for tests conducted in low-permeability inter
vals in SB1 and SB2 were often < 104. However, as recommended by URAIET 
& RAGHAVAN (1980), straight-line analyses were generally conducted any
way, to produce approximate estimates of transmissivity and static formation 
pressure. Depending on the nature of the responses, the estimates can some
times be assigned as bounding values. 
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5.2.5 Numerical Simulation 

Many of the test sequences conducted in SB 1 and SB2 were affected by 
borehole history, complex formation conditions and temperature effects. These 
factors impact the various test types to different degrees, making consistent 
analysis results of individual test events difficult to achieve. For instance, the 
results of a pulse withdrawal test and a constant head injection test conducted 
in an interval possessing a finite thickness negative skin can appear quite 
different. The pulse test response will be dominated by the higher-permeability 
skin region, whereas the constant head injection test will tend to reflect more 
the lower-permeability outer region. The use of a wellbore simulator that 
incorporates many of the extraneous effects mentioned above is a valuable tool 
for producing a consistent analysis of an entire test sequence. The program 
GTFM, (GRISAK et aI., 1985) was utilized extensively for simulating test 
sequences conducted in low-permeability intervals. The reader is referred to 
GRISAK et al. (1985) and PICKENS et al. (1987) for detailed information about 
the development and application of GTFM. A brief description of how GTFM is 
applied to SB 1 and SB2 test sequences follows. 

Test sequences for which consistent results could not be achieved from 
conventional hydraulic analysis of individual test events were selected for 
numerical simulation analysis using GTFM. A framework for the simulation 
procedure is developed which includes the borehole pressure history prior to 
the test sequence and each individual test event. Once the framework is 
constructed, the test sequence simulation process comprises three basic steps: 

• A "first run" simulation is conducted using parameters that the analyst 
considers most representative of the test interval based on conventional 
analyses. 

• A "trial and error" fitting process is conducted in which the input parameters 
are varied within reasonable limits, and various effects such as skin and 
temperature are introduced in order to produce a best-fit simulation. 

• Once a "best-fit" simulation is achieved, a qualitative sensitivity analysis is 
conducted by varying each input parameter within reasonable limits while 
holding the other parameters constant; this provides the analyst with a tool 
to evaluate whether the parameters of interest (i.e., transmissivity and static 
formation pressure) can be determined within a reasonable degree of 
accuracy, or if other parameters such as borehole history, wellbore storage, 
temperature changes, or skin effects dominate the test responses. 

The main drawback of GTFM is that outer-boundary conditions are limited to 
circular no-flow or constant-pressure-type boundaries. Inclusion of a linear no
flow boundary is not possible. This was only a minor limitation with respect to 
interpretation of tests, however, because linear boundaries were generally 
identified only in higher-permeability intervals for which conventional analysis 
could be utilized. 
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5.3 Analysis Software 

The purpose of this section is to discuss, briefly, the software tools used for 
analysis and interpretation of hydraulic tests conducted in SB 1 and SB2. The 
software includes: 

• Solexperts DH - General analysis and presentation software. 
• Various computer codes for generating type curves for specific tests and 

test conditions. 
• Interpretl2 (SSI Intercomp Inc.) - Analytical well-test interpretation software 

using non-linear regression. 
• GTFM (Intera, Inc.) - Wellbore simulation software. 

A discussion of GTFM is presented in the previous section and is not repeated 
here. The remainder of the software is discussed in the following sub-sections. 

5.3.1 Solexperts DH 

The DH program is a proprietary, PC-compatible software package developed 
by Solexperts to address the data handling needs associated with hydraulic 
testing. The software is designed for fast presentation and analysis of field 
results by directly importing data files from Solexperts DO program (see 
Section 3.2.1) and for generating report-ready graphics for final presentation. 

Data can be plotted in various standard formats (arithmetic, semi-log or log
log). Log-log diagnostic plots of the test interval pressure change and its semi
log derivative can be generated. The user can choose between using elapsed 
time or equivalent time (AGARWAL, 1980) for pressure recovery analysis. 
Semi-log straight-line analysis (e.g., Horner plot analysis) and type-curve 
analysis (pulse and slug tests) are built-in options. 

5.3.2 Miscellaneous Computer Codes 

Type curves for analysis of slug, pulse and constant rate tests were generated 
using a modified version of the computer program described in NOVAKOWSKI 
(1990). The analytical solutions included in the program consider inner 
boundary conditions such as wellbore storage, infinitesimally-thin skin and 
finite-thickness skin. The code was used to generate various slug and pulse 
test type curves which then were matched to the data using the DH program. 
The pressure derivative of the type curves and data were calculated directly 
with the DH program, thus improving the diagnostic and quantitative analysis of 
the tests. The pressure derivative program utilized in DH is a modified version 
of the DERIV program described in SPANE & WURSTNER (1993). 
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Constant pressure tests were analyzed using a computer program described in 
DOE & GEIER (1990). The program calculates flow rates for homogeneous, 
radial flow conditions. Inner-boundary conditions include infinitesimally-thin 
skin or no skin. Outer boundaries are radial and can either be specified as 
open (constant pressure) or closed (no flow). Because conventional straight
line analysis was generally not valid for the constant pressure tests conducted 
in the low-permeability marls and limestones, a type-curve bounding analysis 
was usually only performed using this code. 

5.3.3 Interpretl2 

An additional interpretation tool used for the analysis of constant rate, multiple 
rate and associated pressure recovery tests was the well test analysis 
software, Interpretl2 (SCIENTIFIC SOFTWARE-INTERCOMP, 1989). Multiple
rate tests and pressure recovery events following tests with sustained flow are 
analyzed using the superposition principle in Interpretl2. Both liquid (water, oil) 
and gas phases can be considered. Interpretl2 generates type curves based 
on an interpretation model chosen by the analyst. Type curves can be gen
erated for a combination of different near-wellbore conditions (e.g., storage 
and skin, vertical fracture) reservoir behavior (e.g., homogeneous, double 
porosity, double permeability) and boundary effects (e.g., infinite lateral extent, 
composite system, one or a combination of several linear, no-flow or constant 
pressure boundary(ies)). The type-curve matching procedure is automated by 
non-linear regression routines and the reliability of analysis results is supported 
through validation procedures (e.g., test sequence simulation). 

Interpretl2 was found to be a useful program for interpretation of constant rate 
tests and pressure build-up following constant- or variable-rate tests. However, 
with respect to analysis of tests conducted in low-permeability intervals, 
Interpretl2 has the following limitations: 

• Interpretl2 does not facilitate direct analysis of constant pressure, slug and 
pulse tests. 

• The effects of antecedent borehole pressure history on test responses 
cannot be considered without knowing the corresponding flow rates (which 
are normally unknown and can be only roughly estimated). 

• Temperature effects cannot be accounted for. 
• The approach incorporated in Interpretl2 to account for skin effects by an 

infinitesimally-thin skin instead of a finite-thickness skin may be inapprop
riate for tests in which the radial distance affected by the testing sequence 
is very small (e.g., a few meters into the formation). 

Theoretically, a finite-thickness skin zone around the borehole could be 
identified in the flow model identification step, manifesting itself in a composite 
flow system response. In very low-permeability formations (e.g., T < 1 E-9 
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m2/s) , however, it was found that near-borehole skin-zone effects were masked 
by wellbore storage effects and were only recognized in pulse test responses. 
The use of InterpreU2 was limited, therefore, to analysis of higher-permeability 
intervals. 
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Figure 5-1: Typical Response for a Constant Rate Test 
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6 TEST STRATEGY 

The objectives of the hydraulic testing program at SB 1 and SB2 were to 
estimate hydraulic properties of selected test intervals, to extract fluid samples 
from the formation, and to identify zones containing free gas. The testing 
strategy used to achieve the stated objectives can be viewed in terms of the 
general testing strategy (i.e., the decision-making process regarding when and 
where to test) and the test-specific strategy (i.e., how a particular test sequence 
was conducted to achieve the test objectives). 

6.1 General Testing Strategy 

Testing was conducted as the boreholes were advanced to minimize the effects 
of drilling on the natural hydraulic conditions in the rock. The general approach 
of the test program is summarized as follows: 

• The borehole was advanced to a zone of either hydrogeologic interest (e.g., 
for collection of groundwater samples, transmissivity, static pressure) or of 
practical interest with respect to borehole construction (depth at which a 
particular diameter of casing was to be placed). 

• An initial single-packer test sequence was conducted at the bottom of the 
newly-drilled borehole on a short section (i.e., bottom -5 to 35 m), with the 
main objective being to obtain a static formation pressure estimate or to 
obtain a fluid sample. To minimize borehole pressure history effects, the 
test system was installed as soon as possible after drilling ceased. 

• The test system was then moved uphole and a second single-packer test 
sequence was conducted that included testing the entire newly-drilled bore
hole section (previously untested). The main objective of the second test 
was usually to estimate an overall transmissivity of the entire new borehole 
section. 

• If other zones of interest were identified based on drilling data, geology or 
fluid/geophysical logging results, a double-packer testing program was con
ducted. The objectives of the double-packer tests generally included esti
mating transmissivity and static formation pressure, and sometimes fluid 
sampling from selected discrete intervals. 

In addition, special test sequences were conducted with objectives such as 
gas-zone characterization, gas threshold pressure estimation and to assist with 
fluid logging activities. 

6.2 Test Sequence Strategy 

The testing strategy for a particular test interval was dependent upon the test 
objectives and the hydraulic conditions within the interval. Before each test 
sequence, a prioritized set of test objectives was provided by a Nagra 
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representative. Based on the given objectives, a preliminary test-sequence 
design was constructed. The most common objectives included head (static 
formation pressure), transmissivity, groundwater sampling and evaluation of 
gas conditions in the formation. Because the hydraulic conditions were largely 
unknown prior to testing, a flexible approach was taken, which allowed pre
liminary results from early tests in the sequence to be used to modify the 
testing plan. 

The central tubing and the tested borehole interval were flushed with tracered 
fresh water prior to most test sequences. The purpose of flushing was to 
displace the drilling fluid from the test system and interval, thereby cleaning the 
test interval and having a known fluid density at the start of testing. 

Test strategy considerations for various objectives and hydraulic conditions are 
discussed in the following sub-sections. The test events that were utilized are 
referred to in their abbreviated forms (e.g., PSR) which are defined and 
described in Appendix C "Glossary of Test Events". 

6.2.1 Test Strategy for Estimating Head 

When the decision was made to stop drilling and start hydrogeologic testing, 
the main objective of the first, bottom-hole, test sequence was generally to 
obtain a static head (static pressure) estimate for the test interval. This was 
particularly true for intervals within low-permeability formations. 

A PSR period was included in each test sequence to reach, or at least ap
proach, static conditions. The PSR period served two purposes: first, it pro
vided an estimate of the static head, and second, to create static conditions in 
the test interval prior to initiating the active portion of the test sequence. Static 
head estimates were obtained either from the final pressure of the PSR period, 
or from Horner analysis of the pressure response. 

During the active portion of the test sequence, estimates of static head were 
acquired from Horner analyses of pressure recovery responses following 
constant rate, constant head and slug tests; and from the end pressures of slug 
and pulse tests. For long test intervals (e.g., >30 m), static head estimation is 
difficult because of the potential for "mixed" heads from different zones, longer 
borehole pressure history, and greater effects of wellbore storage. 

6.2.2 Test Strategy for Estimating Transmissivity 

The objectives for almost every test sequence included estimating transmis
sivity. Transmissivity was generally the primary objective for test intervals that 
included the entire newly-drilled borehole section (i.e., the second single-
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packer test sequence referred to in Section 6.1). The transmissivity estimates 
from the long and short borehole intervals were compared to see if any zones 
of significantly greater transmissivity existed above the bottom-hole zone. 

Preliminary estimates of transmissivity were generally obtained from an initial 
pulse test. If sufficient information was available, T was also estimated from 
COM and PSR periods. The preliminary T estimate was used to confirm or 
modify the testing plan and to evaluate if test objectives such as groundwater 
sampling, for instance, were feasible. Generally, additional estimates of T were 
obtained by performing test events that see further into the formation such as 
HI/HIS and RW/RWS. The actual test types depended on test objectives and 
hydraulic conditions. For instance, in low-permeability test intervals from which 
groundwater samples were not desired, an HI/HIS test sequence was normally 
conducted. If groundwater samples or physically demonstrating the presence 
of gas were desired, or if the test interval exhibited relatively high transmis
sivity, a withdrawal test (e.g., RW/RWS, HW/HWS or SW/SWS) was usually 
conducted. 

6.2.3 Test Strategy for Groundwater Sampling 

Obtaining groundwater samples to characterize the hydro-chemical aspects of 
the groundwater flow system was a major objective of the testing program. 
Although sample collection and analysis were the responsibilities of other con
tractors, Solexperts produced fluid from given test intervals for sample col
lection. Fluid was produced in various ways; using the Moineau pump system 
(e.g., in SB2/KK1), by letting zones under flowing artesian pressure discharge 
freely (e.g., in SB1/TK1), and by successive slug tests in low-permeability 
zones (e.g., in SB1NM13). Samples were collected at the surface or with a 
down-hole sampling device. Injection tests were generally avoided to minimize 
the volume of fluid required to be removed from the formation to obtain a 
representative sample. Nagra's general approach to groundwater sampling is 
discussed in GAUTSCHI & SCHOL TIS (1989). 

6.2.4 Test Strategy to Evaluate Gas Conditions 

Gas-bearing zones were encountered in SB 1-MF3 (SB 1-MF 1) and probably 
SB2-VMS (SB2-VM6 and SB2-VM9), which are located near the bottoms of 
SB1 and SB2 (See Appendix A). A detailed discussion regarding the overall 
occurrence of gas is presented in Chapter 8. The test strategies conducted in 
the gas-bearing zones fall into two general categories: tests that were conduc
ted (1) with, and (2) without, prior knowledge of a gas-bearing zone in the 
interval. 
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F or test sequences that were conducted with no prior knowledge of the 
presence of gas, no specific test strategy regarding gas was considered 
beforehand. Prior to testing, the interval and formation near the borehole were 
saturated with water or drilling fluid. Gas was later mobilized (i.e., started 
flowing into the test system) during fluid withdrawal tests. Once mobilized, the 
gas tended to displace water in the test system through direct displacement 
and "air-lift" pumping effect. This resulted in false water flow rate measure
ments at surface during withdrawal tests. Because performance of a gas flow 
test requires special preparation and planning with respect to safety and flow 
measurement, these test sequences were terminated without establishing clear 
gas-flow conditions. These test sequences tended to yield ambiguous results 
because clear definition of flow conditions could not be achieved. 

F or test sequences that were conducted with prior knowledge that a gas
bearing zone was present in the interval, a specific test strategy was adopted 
depending upon the objectives of the particular test. The controlling factor in 
test strategy was whether or not gas production was desirable, either for char
acterizing the gas-bearing zone or for collecting gas samples. Where gas pro
duction was desirable, the test strategy can be summarized as follows: 

• Perform a normal PSR period to attempt to estimate static formation 
pressure. 

• Optionally, perform a PW to characterize the water-saturated test response. 
• Perform an SW to estimate the near-borehole formation transmissivity and 

to mobilize the gas phase. 
• If a long-term gas flow period was desired, conduct the SW until all water is 

removed from the test system. 
• Implement a gas flow period, followed by a pressure recovery period, to 

characterize the gas-bearing zone (SB1-MF1 and SB1-MF3). 

For test sequences in which gas flow was not desired (e.g., SB1-VM16), fluid 
withdrawal tests were avoided. Injection tests were implemented as the main 
tool for characterizing these zones. 

6.2.5 Test Strategy for "Lawn-Permeability Intervals 

Much of the testing in SB 1 and SB2 was conducted in low-permeability rock. 
For the purpose of this discussion, low-permeability is defined as an interval 
possessing a transmissivity of less than 1 E-9 m2/s. Most of the intervals tested 
within the Palfris formation exhibited transmissivities within this range. 

Test responses in low-permeability formations can be impacted significantly by 
borehole history, drilling fluid invasion, drilling-induced alterations of the for
mation near the borehole wall, temperature changes in the test interval, pertur
bations caused by manipulation of the shut-in tool, and the presence of even 
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small volumes of gas in the test system. Care must be taken to minimize the 
extraneous effects on test results. 

Time limitations inherent in a drill and test program complicate characterization 
of low-permeability test zones. Ideally, testing activities would start at a state of 
static conditions (i.e., pre-drilling conditions). Each test sequence included a 
PSR period with the intent to reach, or at least approach, static conditions. In 
some cases, however, weeks or months would be required to reach static 
formation conditions. The entire test sequence is, therefore, super-imposed 
upon a pressure recovery response to the antecedent borehole pressure 
history. 

Various test strategies were adopted in low-permeability intervals for which the 
primary objective was to estimate hydraulic head. One approach was to use 
pulse testing to attempt to bracket the static formation head conditions. Within 
low-permeability sections of SB 1, the static formation head was generally 
below ground surface. Therefore, the pressure recovery response during the 
PSR period would approach the static formation pressure from above. To 
bracket the static pressure, the PSR period would be followed by one or a 
series of pulse tests in an attempt to bracket the static pressure from both 
above and below. Examples of this test approach are SB1-VM17 and SB1-
VM19 (Appendix A). SB1-VM19 was conducted in a low-head zone (- 700 
meters below land surface) and is discussed in detail in Section 7.1.2. 

During the course of the testing and analysis phase of the project, it became 
evident that static formation pressure estimates for low-permeability zones 
were best obtained using analysis methods that consider borehole history, 
such as the wellbore simulation software, GTFM. To effectively reduce the 
variable input parameters to GTFM, a representative transmissivity estimate 
was obtained from constant head injection testing. Pulse testing alone was 
inadequate for estimating transmissivity because the pulse test responses were 
often dominated by antecedent borehole history effects, near-wellbore effects 
induced by drilling, or by gas. Pulse tests remained an important character
ization tool, however, because they are useful for assessing near-weI/bore 
hydraulic conditions, and they provide a physical measurement for estimating 
the isolated wellbore storage coefficient. Pulse tests are also useful for 
accelerating the dissipation of borehole pressure history effects in cases where 
the history pressure is significantly different from the static formation pressure. 
However, a more complete overall characterization is achieved by conducting a 
constant head injection and recovery test in addition to pulse tests. This 
approach is also clearly the best for those low-permeability intervals in which 
the primary objective is to obtain a transmissivity estimate. 

In the early stages of the project, the test sequence commenced directly after 
inflation was completed. This approach was modified later in the testing 
program to include a COM period because the PSR period was, in certain 
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cases, strongly affected by temperature-induced pressure changes caused by 
the cooler flushing fluid (see Section 6.2). For intervals that exhibited static 
formation pressures lower than the borehole history pressure, the pressure 
during PSR would first increase due to temperature changes downhole, and 
then decrease toward the static formation pressure (e.g., SB1-VM19). This 
significantly increased the time required for a PSR period and produced data 
that could not be analyzed using conventional methods. Inclusion of a 1- to 3-
hour-long COM period prior to PSR decreased the pressure perturbations 
induced by temperature changes and increased the possibility that the 
response could be analyzed by conventional means. 

In general, the ideal test sequence for most low-permeability zones consists of 
the following test events, conducted in the order presented: 

INF - COM - PSR - PW1 - HI1 - HIS1 - PW2 

The purpose of performing a second pulse test at the end of the test sequence 
is to obtain a corroborative estimate of the isolated wellbore storage coefficient. 
The above test sequence could be altered if the formation pressure exceeded 
the capability to create an over-pressure for the HI period. In that case, an HW 
test would probably be performed. Such high over-pressures, however, were 
not observed in the low-permeability intervals at SB 1 and SB2 

6.2.6 Test Strategy for "Medium"- and "High"-Permeability Intervals 

The strategy adopted for testing of medium- and high-permeability intervals, 
(defined here as zones possessing transmissivities greater than 1 E-8 m2/s) , 
was dependent on the test objectives and the hydraulic conditions within the 
test interval. In general, however, some combination of fluid withdrawal and 
pressure build-up tests were conducted. Preliminary transmissivi_ty and static 
formation pressure estimates were usually obtained from field analyses of COM 
and PSR test events, and from pulse or slug tests. Based on these preliminary 
parameter estimates, a fluid withdrawal and recovery test sequence (e.g., a 
constant rate or constant head test) was designed. The length and type of the 
fluid withdrawal test was dependent on whether or not groundwater sampling 
was an objective. 

Much of the water produced from higher-permeability zones in SB1 and SB2 
was highly gas-saturated. The under-pressure, or d rawd own , applied during 
fluid withdrawal tests tended to cause gas to exsolve, which was then produced 
at the wellhead. The gas and fluid streams were split in the gas separator and 
measured separately. 
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7 SELECTED TEST EXAMPLES 

The purpose of this chapter is to illustrate the testing strategy and demonstrate 
the analysis methods that were utilized in the hydraulic testing program. The 
overall analysis approach for the hydraulic tests conducted in SB 1 and SB2 
was to first analyze each individual test event with respect to the appropriate 
flow model and hydraulic parameters (e.g., transmissivity and hydraulic head). 
The results were then compared for consistency and provided the basis for a 
validation of the flow model and hydraulic properties. A final validation, as 
proposed by LAVANCHY et al. (1993), was usually evaluated by comparing the 
entire test sequence simulation (using a borehole simulator), with the empirical 
data. 

Test examples have been selected that generally cover the range of hydro
geologic conditions that were encountered. Two examples of test sequences 
that were conducted in very low-permeability intervals are presented. These 
include a "representative" low-permeability interval, located in the Valanginian
age Sichelkalk formation (SB2-KK3) and a low-head interval, located in the 
Palfris formation (SB1-VM19). In addition, an example of a test sequence 
conducted in a relatively high-permeability interval is presented (SB2-VK2), in 
which negative boundary conditions and two phase (gas/water) flow at the 
wellhead were encountered. 

7.1 Test Interval SB2-KK3 

The test sequence conducted in test interval SB2-KK3 was found to be the se
quence best suited for hydrogeologic characterization of low-permeability test 
formations. The 36.0 m long SB2-KK3 test interval was located at the bottom of 
the SB2-borehole at an apparent depth of 1115.5 m - 1151.5 m and consisted 
of units within the Sichelkalk (limestone) of Valangin-ian age. The time from 
when drilling intersected the top of the test interval until the start of hydraulic 
testing, representing the maximum duration of borehole pressure history, was 
76 hours. 

The primary objectives for SB2-KK3 testing were to estimate the static forma
tion pressure and test interval transmissivity. A single-packer test configuration 
was utilized. A summary of the SB2-KK3 testing sequence is provided below: 

1. Packer inflation INF 
2. Compliance period COM 
3. Static pressure recovery (shut-in) PSR 
4. Pulse withdrawal test PW1 
5. Constant head injection test HI1 
6. Pressure recovery after constant head injection test HIS1 
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7. Pulse withdrawal test 
8. Packer deflation 

- 59-

PW2 
DEF 

The composite pressure response (test interval pressure, P2, and annulus 
pressure, P3) and the temperatures at the T2-temperature transducer are 
shown in Figures 7-1 and 7-2. The following sections contain a description of 
the test events comprising the test sequence, presentation of conventional 
analyses of the individual test events, and simulation results of the entire test 
sequence using the borehole simulator, GTFM, including sensitivity analyses. 
Detailed discussion of the SB2-KK3 test interval is contained in WYSS (1993). 

7.1.1 Test Sequence Description 

Following installation of the test system to the desired depth, the central tubing 
and the top 15 meters of the test interval were flushed by injecting 4 m3 of 
tracered fresh water. The packer was then inflated (INF), isolating the test 
interval from the remainder of the borehole and causing the test interval 
pressure to increase due to packer squeeze. 

After inflation, the test interval squeeze pressure was released by opening the 
surface flushing valve. To minimize pressure effects due to thermal expansion 
of the flushing fluid during the following shut-in period, the shut-in valve was 
left open for 3.2 hours to allow downhole temperature equilibration (COM). The 
downhole temperature increased by 5.2 ac during this compliance period. 

An equilibration period (PSR) was implemented to reduce the antecedent 
borehole pressure history effects (e.g., drilling) on the test interval pressure 
response. This static pressure recovery phase was initiated by closing the 
shut-in valve. The test interval pressure recovered for 15.2 hours prior to 
initiation of hydraulic testing, during which period downhole temperature further 
increased by 1.7 ac. 

Following the PSR period, a pulse withdrawal test (PW1) was conducted to 
obtain a preliminary estimate of transmissivity and a physical measurement of 
the wellbore storage constant. The pulse test was initiated by opening the 
shut-in valve for a short period, exposing the test interval to a designed 
underpressure of 10.7 bars. The observed volume change in the central tubing 
and the associated pressure change resulted in a wellbore storage coefficient 
of 4.0E-10 m3/Pa (Equations 4-19) and a test-zone compressibility value of 
5.5E-10 Pa-1 (Equation 4-25). 

A constant head injection test (H 11) was performed to provide a more quan:' 
titative test interval transmissivity estimate. The test was conducted using the 
injection test system described in Section 3.2.5. The injection lines and the test 
tubing were saturated and pressurized before initializing HI1 to test for leaks in 
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the system above the shut-in valve and to minimize wellbore storage effects 
due to compression of fluid and test system. The measured injection pressures 
and injection rates during HI1 are shown in Figures 7-3 and 7-4. Figure 7-5 
presents the cumulative volume injected during H11. Recalibration of the D6-L 
mass flow meter after H 11 showed that the recorded flow rates are accurate to 
within ±1 g/min over a range of 2-50 g/min. Below 5 g/min, however, the flow 
rate data appear quite noisy because the accuracy is then <20%. After 2.4 
hours of injection, the recorded flow rates increased by about 1 ml/min and 
remained between 1 - 2 ml/min. Re-opening of a fracture could be a possible 
explanation for this observed flow rate increase. However, because the recor
ded flow rate measurements are at the lower-most range of the D6-L flow 
meter, effects from the flow meter also seem plausible. 

After 276 minutes of injection, the shut-in valve was closed initiating the pres
sure recovery period (HIS1). Closure of the valve caused the interval pressure 
to increase by 120 kPa. The pressure recovered for 19.3 hours, reaching a 
final interval pressure of 13352 kPa. 

A second pulse withdrawal test (PW2) was conducted to verify the test-zone 
compressibility and to obtain an additional transmissivity estimate. For PW2 
the test interval was exposed to a designed underpressure of 24 bar. The 
measured interval volume and related pressure changes resulted in a weI/bore 
storage coefficient of 4.3E-1 0 m3fPa (Equation 4-19) and a corresponding test
zone compressibility value of 5.9E-10 Pa-1 (Equation 4-25). These values are 
consistent with the measurements obtained during PW1. 

7.1.2 Conventional Test Analysis 

A log-log diagnostic plot of the test interval pressure change and its derivative 
during the PSR period is shown in Figure 7-6. As indicated in the plot, the 
early-time data fall along a line of unit slope, indicating that this period is dom
inated by wellbore storage. Although the semi-log derivative does not exhibit a 
stable period that can be identified as infinite-acting radial flow, the PSR late
time data are analyzed to provide rough estimates of transmissivity and static 
formation pressure. This approach was adopted for many of the analyses of 
tests conducted in low-permeability intervals because IARF conditions are rare
ly established. The rough parameter estimates can sometimes be identified as 
maximum or minimum bounding values, depending on the nature of the test 
responses. 

A Horner plot was constructed assuming a flowing (production) time of 58.5 
hours, which is the approximate time since the midpoint of the test interval was 
drilled. The flow rate prior to shut-in, q, was estimated using Equation 5-12. 
Wellbore storage coefficient measurements were obtained subsequently during 
pulse withdrawal tests (PW1 and PW2). A q of 1.8 mllmin was calculated 
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based on an average wellbore storage constant. Pertinent details of the 
Horner analysis are shown in Figure 7-7. The straight-line was fit over the 
dimensionless Horner time (tp+~t)/~t < 6.3, which corresponds to elapsed 
recovery times> 40000 seconds. The slope of the straight line corresponds to 
a transmissivity value of 9.3E-11 m2/s. The projected static formation pressure 
is 12307 kPa. The transmissivity and the formation pressure estimates obtain
ed from this PSR analysis are considered rough estimates because infinite
acting radial flow conditions were not clearly established during the period. 
Temperature effects may have also influenced the test interval pressure 
response. 

A dimensionless head semi-log plot of the PW1 pressure response data is 
shown in Figure 7-B. A COOPER et al. (1967) type curve was chosen to match 
the PW1 data based on an assumed storativity value, S, of 1.BE-5. The type
curve fit shown in Figure 7 -B corresponds to a transmissivity of 6.5E-12 m2/s. 

For the constant head injection test, H11, a log-log plot of flow rate, q, versus 
elapsed test time, t, is shown in Figure 7-9. A "bounding" analysis was 
conducted using JACOB & LOHMAN (1952) transient flow rate type curves. As 
indicated in Figure 7-9, the analysis yields a half order of magnitude transmis
sivity range of 1 E-11 to 5E-11 m2/s. The type curves were generated assuming 
a storativity value of 1.8E-5 and an injection head of 170 m. The injection head 
corresponds to a pressure change of approximately 1700 kPa, resulting from 
the difference between the static formation pressure estimate obtained from the 
PSR Horner plot analysis (-12300 kPa) and the injection pressure during HI1 
(-14000 kPa). 

For a homogeneous porous media aquifer, the semi-log straight-line analysis 
method is expected to be valid for values of dimensionless time tD > 100 (DOE 
& GEIER, 1990). This criteria is only fulfilled after a test time, t, of 63 hours for 
the following parameters: 

T = 5E-11 m2/s (upper bound) 
S = 1.8E-5 (assumed) 
rw = 0.0794 m 

The duration of the constant head injection test H11, however, was only 4.6 
hours. For this reason, no semi-log straight-line analysis was performed. 

As a corroborative comparison with the transient analysis, a steady-state ap
proximation of the HI1 data is provided. An injection flow rate, q, of 1.5 ml/min, 
an injection head, ~H, of 170 m, a wellbore radius, rw, of 0.0794 m, a test time, 
t, of 276 minutes and a skin factor, s, of 0 (no skin) were utilized in Equations 
5-5 and 4-18, which were solved iteratively. This steady-state approximation 
analysis results in a transmissivity estimate of 3.1 E-11 m2/s and an associated 
radius of influence, rj, of 0.3 meters. Analysis assuming steady-state conditions 
should yield an upper limit for the transmissivity because the flow system did 



NAGRA NTB 93-38 - 62-

not reach steady-state conditions during HI1 and the actual steady-state flow 
rate is expected to be lower than the final flow rate of H11. 

Analysis of the pressure recovery period HIS1 starts with the diagnostics. 
Usually, the time group used for a log-log diagnostic plot of a pressure 
recovery test event is the equivalent time proposed by AGARWAL (1980), 
which accounts for the injection period prior to HIS1 (Equation 5-9). A log-log 
diagnostic plot of the test interval pressure change and its derivative, using 
equivalent time, is shown in Figure 7-10. The late-time data characteristics are 
strongly affected by the use of equivalent time. It appears inappropriate to use 
equivalent time in low-permeability media for a pressure recovery (fall-off) 
event following a constant pressure injection test. For this reason, and for 
comparison purposes, a second diagnostic plot of the HIS1 pressure data, 
using elapsed recovery time, is presented in Figure 7-11. This plot exhibits 
significantly different response characteristics for late time. 

Although diagnostic plots do not indicate that infinite-acting radial flow con
ditions were established during HIS1, a Horner plot was constructed for the 
HIS1 late-time data to provide a qualitative estimate of test interval trans
missivity and static formation pressure. A compensated injection time, tp*, 
(Equation 5-11) of 305 minutes was used. Pertinent details of the Horner Plot 
are shown in Figure 7-12. A straight line was fit over the very late-time 
recovery data (ilt > 65000 s, (tp+ilt)/ilt < 1.28). For the final flow rate before 
shut-in, qe, of 1.5 ml/min, the resulting transmissivity estimate is 8.5E-12 m2/s. 
The projected static formation pressure is 12818 kPa. 

A dimensionless head semi-log plot of the PW2 pressure response is shown in 
Figure 7-13. The test data were modified to account for the effects of a linear 
pressure trend that was observed during the last 2 hours of the HIS1 period. 
The pressure response was matched with a COOPER et al. (1967) type curve, 
that corresponds to an assumed storativity value of S = 1.8E-5. The type-curve 
fit shown in Figure 7-13 corresponds to a transmissivity of 4.8E-12 m2/s. This 
value agrees well with the result obtained from PW1. 

7.1 .3 GTFM Sim ulation Analysis 

The low transmissivity of the test interval combined with the borehole pressure 
history and possible temperature effects make conventional analysis techni
ques difficult to evaluate. The GTFM well simulator was used to analyze the 
SB2-KK3 test sequence because it provides the possibility to simulate a test 
sequence while accounting for antecedent borehole pressure history and 
temperature effects. The sequence of events used in GTFM were: 

1. Estimated borehole pressure history 
2. Measured pressures during packer inflation period 

BH 
INF 
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3. Compliance period 
4. Static pressure recovery 
5. Pulse withdrawal test 

- 63-

6. 
7. 
8. 

Pressure history during constant head injection period 
Pressure recovery after constant head injection 
Pulse withdrawal test 

COM 
PSR 
PW1 
HI1 
HIS1 
PW2 

The borehole history period was included due to the formation's low transmis
sivity. In addition, temperature effects were included in the PSR test sequence 
due to the magnitude of the temperature increase and the small formation 
transmissivity. 

Various simulations were conducted to identify the "best-fit" parameters for the 
SB2-KK3 testing sequence. Best simulation results were obtained for a 
homogeneous, infinite-acting radial flow model. Best-estimate formation 
properties were evaluated by simulating the pressure response for the test 
sequence and comparing measured and simulated rates during H11. The best
fit solution from the simulations yielded a formation transmissivity of 1.4E-11 
m2/s (equivalent hydraulic conductivity K = 4E-13 m/s) and a formation 
pressure of 12200 kPa. The input parameters and values used for the best-fit 
match are listed in Table 7-1. 

The measured P2-pressure data and the simulation results for the best-fit 
match are shown in Figure 7-14. The GTFM simulations reasonably match the 
SB2-KK3 test data. In addition to the pressure match, the simulated injection 
flow rates, generated from the measured P2-pressures during the H 11 constant 
head injection test, are shown in Figure 7-15. The flow rate plot indicates that 
the best-estimate formation properties provide a reasonable match to the 
measured flow rates during H11. 

The strong temperature increase, indicated at the beginning of the test se
quence (Figure 7-2), was mainly the response to the warming of the flushing 
fluid that was circulated prior to the start of SB2-KK3 testing. Even though 
temperature equilibration was allowed during a 3.2-hour COM-period, GTFM 
simulations indicate that temperature effects were significant during the PSR 
period. For the later test events, the temperature changes were minor and 
imparted only a negligible influence on the SB2-KK3 test interval pressures. 

The radius affected by the borehole history and the radius influenced by the 
SB2-KK3 test sequence were investigated with GTFM. Figure 7-16 shows the 
radial pressure profile after the different test events for the best-fit parameter 
values (Table 7-1). The simulations indicate that after the antecedent borehole 
pressure history (BH) and the static pressure recovery (PSR), a rather flat 
radial profile was imposed to about 1 meter around the borehole. Each actual 
test event, however, imposed a significant radial pattern in the surrounding 1-
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meter distance, which should be taken into account for correct analysis of 
individual test events. 

7.1.4 Sensitivity Analyses 

The sensitivity of the simulation to the various input parameters was 
investigated qualitatively by varying a single parameter while keeping the other 
parameters constant at their "best-fit" value (Table 7-1). Sensitivity analysis is 
carried out by varying the different parameters over ranges considered reason
able. The objective is to evaluate to which parameters the simulation is most 
sensitive. Since static formation pressure and transmissivity are generally the 
main objectives of a test sequence, it is important to know to what degree these 
parameters control the simulation. Knowledge of the degree to which assumed 
parameters, such as formation specific storage, test-zone compressibility and 
borehole pressure history, affect or control the simulation is also important. 
This approach allows one to make a qualitative assessment of the simulation 
results. 

An investigation was conducted to determine the sensitivity of the best-fit 
simulation to formation transmissivity, static formation pressure, formation 
storativity, test-zone compressibility and borehole history. The sensitivity sim
ulations are presented in Figures 7-18 to 7-27 and discussed below. 

The effect on the simulated pressures of varying the formation transmissivity by 
an order of magnitude (4E-11 m2/s to 4E-12 m2/s) is shown in Figure 7-17. 
Figure 7-18 shows the effect of varying the formation transmissivity on the 
simulated flow rates during H11. The simulations suggest that the best
estimate transmissivity value (1.4E-11 m2/s) is accurate within half an order of 
magnitude. 

The effect of varying the static formation pressure over a relatively wide range 
from 11200 kPa to 13200 kPa is shown in the Figures 7-19 and 7-20. The 
extended range for the static formation pressure is necessary because of the 
low transmissivity of the formation, the transient pressure profile in the for
mation developed by the borehole pressure history and the duration of the 
testing which did not allow the transient pressure profile to dissipate. Based on 
the simulation plots the uncertainty range of the best-estimate static formation 
pressure value (12200 kPa) is considered to be ±SOO kPa. 

A test-zone compressibility range of 0.6E-9 Pa-1 to 1.SE-9 Pa-1 was used in the 
sensitivity simulations. Figure 7-21 shows the result of this test-zone compres
sibility range on the simulated pressures. The simulated shut-in periods (PSR, 
PW1, HIS1, PW2) are fairly sensitive to this relatively small range of test-zone 
compressibility. As expected, the flow rates during HI1 are not sensitive to the 
test-zone compressibility (Figure 7-22). 
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GTFM runs were performed to investigate the sensitivity of the simulation to 
storativity. The effect on the simulated pressures of varying the storativity by 
an order of magnitude (3.6E-6 to 3.6E-7) is shown in Figure 7-23. Figure 7-24 
presents the effect on the simulated flow rates during H11. These simulations 
show that changing the storativity by an order of magnitude has a limited im
pact on the simulation results. 

Additional simulation runs investigated the sensitivity to the magnitude and 
duration of antecedent borehole pressures. The drilling fluid density during 
drilling and before initiating SB2-KK3 was reported to range between 1077 
kg/m3 and 1094 kg/m3. The pressure at the P2-pressure transducer depth, if 
the borehole were filled with a drilling fluid with an average density of 1084 
kg/m3, is about 11930 kPa. This was the borehole history pressure used in the 
best-fit simulation. To investigate the sensitivity to borehole history, the mag
nitude of the antecedent borehole pressure was varied over a wide range from 
11000 kPa to 13000 kPa. The results of this sensitivity study are shown in 
Figures 7-25 and 7-26. Also shown in these plots is the impact on the 
simulation when the borehole pressure history is ignored. As illustrated, the 
borehole pressure history (duration and pressure magnitude) is not critical to 
the simulation result of SB2-KK3 testing. This is mainly because the pressure 
exerted on the test interval by the column of drilling fluid in the borehole prior to 
initiation of SB2-KK3 testing was relatively close to the estimated static forma
tion pressure. Also, this pressure difference is small compared to the pressure 
changes created during SB2-KK3 testing (PW1, HI1 and PW2). 

7.1.5 Test Results Summary 

This section presents a summary of the hydraulic property estimates obtained 
from hydrologic characterization tests conducted for test interval SB2-KK3. In
cluded in the discussion is the basis for the "best-estimate" value that is as
signed for the various hydraulic properties. Table 7-2 provides a summary 
listing of the hydraulic property and parameter estimates obtained for the re
spective hydrologic tests. 

The transmissivity estimates for the SB2-KK3 test interval range from 4.8E-12 
to 9.3E-11 m2/s. Infinite-acting radial flow conditions were not established 
during any of the SB2-KK3 test events, due to the test duration and low 
transmissivity of the formation. For this reason, conventional straight-line 
analysis is not strictly valid for the SB2-KK3 test events and hydraulic property 
estimates obtained using these techniques should only be used for qualitative 
and comparison purposes. For the constant head injection test, a "bounding" 
type-curve analysis was conducted which resulted in a transmissivity range of 1 
to 5E-11 m2/s. This range is consistent with the transmissivity estimate 
obtained from a steady-state approximation (e.g., 3.1 E-11 m2/s). Because of 
the corroborative results obtained from GTFM simulation analysis, a best-
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estimate transmissivity of 1.4E-11 m2/s, with a confidence range of 4E-12 to 4E-
11 m2/s is indicated for the SB2-KK3 test interval. The transmissivity estimates 
obtained from the two pulse test type-curve analyses and the constant-head 
analysis are within this range. 

Data from fluid logging did not indicate any discernible contributing zones with
in the SB2-KK3 test interval. For this reason, an equivalent hydraulic conduc
tivity of 4E-13 m/s is calculated for the SB2-KK3 test interval, based on a 36-
meter test section length and the best-estimate transmissivity value. 

The specific storage value used for all SB2-KK3 test analyses, based on forma
tion porosity and formation/fluid compressibility information, was 
SE-7 m-1. The corresponding storativity value for a 36-meter test section length 
is 1.8E-S. Sensitivity analysis performed with GTFM over an order of magni
tude storativity range (i.e., 3.6E-6 to 3.6E-S) showed no significant impact on 
the simulated data. 

Only an extended range for the initial (static) formation pressure of the SB2-
KK3 test interval can be derived because of the low formation transmissivity 
and the duration of testing, which was not long enough to reach static pressure 
conditions. A best-estimate range for the static formation pressure was con
cluded from the GTFM sensitivity simulations. A static formation pressure 
range of 12200 kPa ±SOO kPa was considered appropriate. This corresponds 
to a best-estimate fresh-water head range of 658 m asl ±SO m (Equation 4-17). 

The radius investigated during SB2-KK3 testing was very small. This is due to 
the low formation transmissivity and the relatively short test duration. Simula
tions with GTFM suggest that the entire SB2-KK3 testing sequence investigat
ed less than 1 meter into the formation. 

The basic flow model applied for transient analysis of the SB2-KK3 test events 
is a homogeneous, infinite-acting radial flow model. Inner boundary effects, 
other than wellbore storage, and outer boundary effects were not observed. 
Analysis of the SB2-KK3 test sequence with GTFM, using an infinite-acting 
radial flow model, produced reasonable simulation results. 
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Table 7-1: Best-Fit GTFM Input Values for Test Interval SB2-KK3 

Formation thickness 36 m 

Static formation pressure 12200 kPa 

Formation conductivity 4E-13 mls 

F ormation specific storativity 5E-7 m-1 

Fluid density 1000 kg/m3 

Fluid thermal expansion coefficient 4.23E-4°C-1 (at 45°C) 

Test interval radius 79.4 mm 

Test tubing inner radius 25.3 mm 

Test-zone compressibility 1 E-9 Pa-1 

Outside grid radius 50 m 

Number of radial nodes 50 

Borehole History Pressure 11930 kPa 

Borehole History Duration 54.5 hours 

Table 7-2: Summary of Test Analyses and Comparison of Results for SB2-KK3 

Test Event General Analysis Transmissivity Storativity Initial Fresh-Water 
Method T S Pressure Head 

Pi Hfw 1) 

[m2/s] 1-1 [kPa] [m asl] 

PSR straight-line (9.3E-11) - 11907 3) 

Horner (1951) 12307 4) (669) 4) 

PW1 type curve 6.5E-12 1.8E-5 2) - -
Coo~er et al. (1967) 

HI1 type curve 1 to 5E-11 1.8E-5 2) - -
Jacob & Lohman (1952) 

HI1 steady-state 3.1E-11 - - -
approximation 

HIS1 straight-line (8.5E-12) - 13352 5) 

Horner (1951) 12818 4) (72114) 

PW2 type curve 4.8E-12 1.8E-5 2) - -
Cooper et al. (1967) 

SB2-KK3 GTFM 6) 1.4E-11 1.8E-5 2) 12200 658±50 
Simulation homogeneous, infinite ±500 

1) fresh-water head related to P2-transducer depth (1109.7 m b.R.P.) 
2) assumed, based on fluid/formation compressibility and porosity information/assumption 
3) last pressure recorded for PSR period; Trend: +11.6 kPa/hr, measured over last 2 hours 
4) from Horner Plot 
5) last pressure recorded for HIS1 period; Trend: -24 kPa/hr, measured over last 2 hours 
6) including 54.5 hours borehole pressure history, accounting for thermal effects during PSR 
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Figure 7-1: SB2-KK3: Composite Pressure Response 

~ 

OJ 
L 
:J 

.j.J 

ro 
L 
OJ 
Q. 

E 
OJ 
f-

53.0 -

-
51.0 -

-
Ll9.0 -

-
Ll7.0 -

-
Ll5.0 -

-
Ll3.0 -

-
Ll1.0 -

-

39. 0-. 

-; 
37. o _. 

-
35. o -

-
33.0 

0.0 

PSR 

.- .- ..... . 
.. -. -.-

·r" 

SB2 KK3 
T2-Temperature Response 

PWl HIl 

. -.. - .. " ; . .;.. ......... ;... . . . .. . 
- c.- .... ' 

Time (Hours) 

HIS1 

Start Time: 07: LlO: 35 on 11/09/1992 
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SB2 KK3 - HI1 
Injection Pressure 
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Figure 7-3: SB2-KK3: HI1 - Injection Pressures 
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Figure 7-4: SB2-KK3: HI1 - Measured Injection Flow Rates 
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SB2 KK3 - HI1 
Cumulative Water Injected 
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Figure 7-5: SB2-KK3: HI1 - Cumulative Water Injected 
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Figure 7-6: SB2-KK3: PSR - Log-Log Diagnostic Plot 
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Figure 7-7: SB2-KK3: PSR - Horner Plot Analysis 
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Figure 7-8: SB2-KK3: PW1 - Pulse Withdrawal Test Analysis 
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Figure 7-9: SB2-KK3: HI1 - Type-Curve Bounding Analysis (Log-Log Plot) 
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Figure 7-10: SB2-KK3: HIS1 - Log-Log Diagnostic Plot (equivalent time) 
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Figure 7-11: SB2-KK3: HIS1 - Log-Log Diagnostic Plot (elapsed time) 
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Figure 7-12: SB2-KK3: HIS1 - Modified Horner Plot Analysis 
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Figure 7-15: SB2-KK3: Simulated and Measured Flow Rates during HI1 for 
Best Estimate Simulation Plot 
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Figure 7-16: SB2-KK3: Radial Pressure Profile After Different Events 
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Figure 7-17: SB2-KK3: Sensitivity Plot for Formation Transmissivity 
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Figure 7-18: SB2-KK3: Hl1-Rate Sensitivity Plot for Formation Transmissivity 
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Figure 7-19: SB2-KK3: Sensitivity Plot for Static Formation Pressure 
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Figure 7-20: SB2-KK3: Hl1-Rate Sensitivity Plot for Static Formation Pressure 
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Figure 7-21: SB2-KK3: Sensitivity Plot for Test-zone Compressibility 
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Figure 7-22: SB2-KK3: Hl1-Rate Sensitivity Plot for Test-Zone Compressibility 
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Figure 7-23: SB2-KK3: Sensitivity Plot for Formation Storativity 
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Figure 7-24: SB2-KK3: Hl1-Rate Sensitivity Plot for Formation Storativity 
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Figure 7-25: SB2-KK3: Sensitivity Plot for Borehole Pressure History 
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Figure 7-26: SB2-KK3: Hl1-Rate Sensitivity Plot for Borehole Pressure History 
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7.2 Test Interval SB1-VM19 

The SB1 borehole section between 60 and 1000 meters depth exhibited de
creasing hydraulic heads with increasing depth. A fresh-water head of approx
imately 700 m below land surface, the lowest in SB 1, was estimated for the 
SB 1-VM19 test interval. The analysis of SB 1-VM19 illustrates the value of 
using a borehole simulation software such as GTFM. The test interval was 
located at an apparent depth of 825.2 m - 836.3 m and consisted of units within 
the Valanginian marl (Vitznau marl). The time from intersection of the midpoint 
of the test interval until initiation of hydraulic testing (average borehole history 
duration) was 38.8 hours. 

The primary and secondary objectives for SB1-VM19 testing were to estimate 
the static formation pressure and test interval transmissivity, respectively_ A 
summary of the SB 1-VM19 testing sequence is provided below: 

1. Packer inflation 
2. Static pressure recovery (shut-in) 
3. Pulse withdrawal test 
4. Pulse withdrawal test 
5. Pulse withdrawal test 
6. Packer deflation 

INF 
PSR 
PW1 
PW2 
PW3 
DEF 

A composite pressure response plot (test interval pressure P2 and annulus 
pressure P3) and the temperatures at the T2-temperature transducer are 
shown in Figures 7-27 and 7-28. The following sections contain a description 
of the various test events that comprise the test sequence, presentation of 
conventional analyses of the individual test events, and the results of simula
tion exercises of the entire test sequence using the borehole simulator, GTFM. 
Detailed discussion of the SB 1-VM19 test interpretation is given in BUTLER & 
WYSS (1992). 

7.2.1 Test Sequence Description 

After flushing the test interval with 5 m3 of trace red fresh-water, the packer was 
inflated (INF). The central tubing was closed at surface prior to packer inflation 
to prevent the drilling fluid in the annulus from pushing the injected fresh water 
back through the central tubing. Inflation of the packer resulted in a pressure 
squeeze of approximately 590 kPa, increasing the test-zone pressure to 9330 
kPa. Thermal expansion of the flushing water and full inflation of the packer 
caused the pressure in the test interval to further increase over the packer 
inflation period. At the end, the pressure was released by opening the surface 
flushing valve. This caused the test interval pressure to drop by 15.4 bar to 
about 8185 kPa. 
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The shut-in valve was then closed, starting the static pressure recovery period 
(PSR). Due to borehole history and thermal effects, the pressure increased 
during approximately 4 hours. After reaching a maximum of 8660 kPa, the 
pressure decreased over the last 14 hours of the period to a final pressure of 
7630 kPa. Downhole temperature increased during the PSR period by 5.2 ae. 

A pulse withdrawal test (PW1) was initiated by opening the shut-in valve, 
causing the pressure to drop by 38 bar. The shut-in valve was then closed and 
the test interval recovered for 22.8 hours. During the first 10 hours, the pres
sure increased to a maximum of 4122 kPa. The pressure then decreased for 
the remainder of the test sequence to a final pressure of 4100 kPa. Downhole 
temperatures increased during PW1 by 0.9 ae. 

The downward pressure trend at the end of PW1 indicated that the static for
mation pressure was below the final pressure. Therefore, a second pulse 
withdrawal test (PW2) was conducted. The water in the tubing was swabbed 
another 100 meters to a depth of approximately 550 meters. Upon opening the 
shut-in valve the pressure dropped by 13.3 bar. After the shut-in valve was 
closed the pressure increased and reached a maximum of 2983 kPa after about 
20 hours. Then the pressure decreased for the remaining 7 hours to a final 
value of 2976 kPa. This corresponds to an upper limit for the static formation 
pressure. The downhole temperature only slightly increased during PW2 by 
0.5 ae. 

A third pulse withdrawal test (PW3) was performed with the objective to bracket 
the static formation pressure from below. For this purpose, the tubing was 
swabbed to a depth of approximately 650 meters. Opening the shut-in valve 
caused the pressure to drop by 11.5 bar. The test interval was exposed to an 
average pressure of 1825 kPa for 10 seconds and the shut-in valve was then 
closed. The test interval recovered for about 23.6 hours to a final pressure of 
2162 kPa. The final rate of pressure change was about +0.8 kPa/hour. 

7.2.2 Conventional Test Analysis 

No conventional analysis of the PSR period was conducted due to the complex 
test response. The early-time PSR pressure data increased in response to the 
over-pressure profile created during borehole history and the temperature in
crease, whereas the later time data decreased in response to the low static 
formation pressure conditions. 

A dimensionless head semi-log plot of the PW1 pressure response data is 
presented in Figure 7-29. The plot was constructed assuming an initial forma
tion pressure of 7630 kPa (final PSR pressure) and accounting for the linear 
pressure trend of -78 kPa/hour that was recorded at the end of the PSR period. 
The data with no trend accounted for are also shown in the figure in order to 
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illustrate the effect of de-trending the data. A COOPER et al. (1967) type curve 
with an alpha value of 2.2E-2 was chosen to match the PW1 data based on an 
assumed storativity, S, of SE-6. A test-zone compressibility value could not be 
empirically determined for PW1 because the swabbing depth was greater than 
could be measured using the water-level indicators available. For this reason, 
a test-zone compressibility of 2E-9 Pa-1 was assumed. The early-time PW1 
pressure response reasonably matches the chosen type curve. At later test 
times, however, the data deviate from the type curve. The deviation most likely 
is due to antecedent borehole pressure history effects, which created a tran
sient pressure profile around the borehole. In addition, temperature effects 
may have also affected the pulse test response. Because of the related uncer
tainties, analysis of the pulse test using type-curve techniques can only provide 
a qualitative permeability estimate. The type-curve match yielded a transmis
sivity of 9E-12 m2/s. 

A dimensionless head semi-log plot of PW2, using the final PW1 pressure 
(4100 kPa) as initial formation pressure and accounting for the linear pressure 
trend of -6 kPa/hour, recorded at the end of PW1, is presented in Figure 7-30. 
The data when no trend is accounted for are also shown in order to illustrate 
the effect of de-trending the data. The trend effect is not significant. For 
consistency, the same storativity and test-zone compressibility values that were 
assumed for analyzing PW1 were used to analyze PW2. As shown in Figure 7-
30, the COOPER et al. (1967) type curve can be matched to only the early-time 
data, yielding a transmissivity of 2.4E-10 m2/s. After 200 seconds, however, 
the recovery data exhibit a distinct decrease in the rate of pressure recovery. 
This type of response could indicate a composite system with lower perme
ability for increasing radius of investigation. Borehole history effects (e.g., 
large over-pressure) are another possible reason for the observed pressure 
response characteristics. Due to the uncertainty associated with the controlling 
flow model, borehole pressure history effects and the qualitative nature of the 
analysis, the transmissivity provided is considered a qualitative estimate. 

A dimensionless head semi-log plot of PW3, using the final PW2 pressure 
(2977 kPa) as initial formation pressure and accounting for the linear pressure 
trend of -0.9 kPa/hour, recorded at the end of PW2, is presented in Figure 7-
31. The data with no trend accounted for are also shown in order to illustrate 
the effect of de-trending the data. The same storativity and test-zone com
pressibility assumptions that were made when analyzing PW1 and PW2 were 
used to analyze PW3. The type-curve match shown in Figure 7-31 yields a 
transmissivity of 4.8E-1 0 m2/s. The recovery data look similar to the recovery 
data of PW2 (Figure 7-30) and exhibit two to three changes in slope. This type 
of response may be indicative of a composite system with "rings" of progre~
sively lower permeability. Effects of borehole pressure history may be another 
reason for the observed phenomenon. The uncertainty associated with the 
controlling flow model, borehole pressure history effects and the qualitative 
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nature of the analysis make only a qualitative estimate of the transmissivity 
possible. 

7.2.3 GTFM Simulation Analysis 

The low transmissivity and head of the test interval combined with borehole 
pressure history and temperature effects make conventional analysis of 
individual test events difficult. For this reason, the GTFM well simulator was 
utilized to perform additional analyses on the SB 1-VM19 test sequence be
cause it provides the possibility to incorporate borehole pressure history and 
temperature effects. The sequence of events used in GTFM were: 

1. Estimated borehole pressure history HISO 
2. History period 1 (measured pressures during packer inflation) HIS1 
3. Packer inflation pulse (shut-in) INF 
4. History period 2 (average pressure reduction from opening the 

flushing valve) HIS2 
5. Static pressure recovery (shut-in) PSR 
6. History period 3 (average pressure reduction for PW1) HIS3 
7. Pulse withdrawal test PW1 
8. History period 4 (average pressure reduction for PW2) HIS4 
9. Pulse withdrawal test PW2 
10. History period S (average pressure reduction for PW3) HISS 
11. Pulse withdrawal test PW3 

The borehole history was included due to the formation's low transmissivity and 
the indicated low static formation pressure. Temperature effects were included 
due to the extent of the temperature increase and the response of the P2-pres
sures, particularly during INF and PSR. 

Attempts were made to simulate the measured data with a homogeneous radial 
flow model. GTFM simulation analysis resulted in a test interval transmissivity 
of about 4E-12 m2/s and an approximate static formation pressure of 1300 kPa 
(best-fit solution, Figure 7-32). The input parameter values used for the best-fit 
match are listed in Table 7-3. The best-fit simulation reasonably matches most 
of the SB1-VM19 test sequence. However, the sharp early-time pressure 
recoveries observed during the pulse withdrawal tests were not as closely 
matched as the rest of the SB 1-VM19 pressure responses. These rapid early
time recoveries may be caused by: 

• a small skin zone around the borehole with increased transmissivity and/or 
storativity conditions (possibly created by drilling activities), 

• a non-linear test-zone compressibility during early shut-in times, or 
• a combination of the above. 
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Additional GTFM simulations were performed in an attempt to improve the 
early-time pressure response matches during the pulse withdrawal tests by in
troducing a skin zone. This skin zone can be described as a radial zone 
around the borehole with altered formation conditions (composite model) and is 
defined by the following parameters: 

• radial thickness of skin zone (dskin) 
• transmissivity ofsk.in zone (T skin) 
• storativity of skin zone (Sskin). 

It should be noted that these parameters were not directly measured during 
SB 1-VM19 testing and therefore must be assumed. Introducing a skin zone in
creases the number of parameters that define a simulation response. Because 
a number of different parameter combinations can result in similar simulation 
responses, the ambiguity of the analysis is increased to a certain degree. 
Simulation results using a skin zone are presented in Figures 7-39 to 7-42 and 
are discussed further below. 

Temperature effects were significant throughout the SB 1-VM19 test sequence. 
The temperature increased from 27.0 °C to 37.1 °C from the beginning of 
packer inflation to the end of PW2. The impact of the temperature increase 
was most significant during INF and PSR when the pressure increased despite 
the significantly lower formation pressure (Figure 7-27). The temperature 
increased by 3.5 °C and 5.2 °C during the INF and PSR test sequences, 
respectively. The temperature increases were less during the PW1 and PW2 
test sequences (by 0.9 °C and 0.4 DC, respectively) but, based on GTFM 
simulation, were still significant enough to increase final PW2 pressure by 
approximately 100 kPa. 

The radius affected by the borehole history and the radius investigated by the 
SB1-VM19 test sequence were investigated with GTFM. Figure 7-33 shows 
the radial pressure profile after the different test events for the best-fit 
parameter values, given in Table 7-3 (homogeneous radial flow model, without 
skin zone). The development of the pressure profile during SB1-VM19 testing 
was a combination of the borehole over-pressure history and the SB1-VM19 
test sequence. The simulations indicate that, prior to SB1-VM19 testing, the 
antecedent borehole over-pressure history affected the formation pressure to a 
distance of about 1.6 meters away from the borehole. During the entire SB1-
VM19 testing, the pressure profile further dissipated into the formation, in
creasing the radius affected by the borehole history over-pressure. At the end 
of SB1-VM19 testing, the total pressure disturbance had dissipated approx
imately 2.5 meters into the formation. The SB1-VM19 testing sequence is 
superimposed on the pressure disturbance created by the borehole history. At 
the end of SB 1-VM19 testing, the PW3 recovery pressure was still increasing 
even though the end pressure was above the estimated static formation 
pressure. This is because the SB1-VM19 test sequence was not long enough 
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to allow the transient pressure profile to fully dissipate, and because the radius 
affected by pulse tests is relatively small. Figure 7-33 demonstrates how criti
cal antecedent borehole pressure history effects are with respect to the 
evaluation of the SB 1-VM19 test sequence. 

7.2.4 Sensitivity Analysis 

A qualitative sensitivity analysis was performed for the SB1-VM19 GTFM 
simulation, as described in Section 7.1.4. Figure 7-34 shows the effect of 
varying the formation transmissivity by an order of magnitude (1 E-12 m2/s to 
1 E-11 m2/s). The simulation is very sensitive to the formation transmissivity 
during the PSR and PW1 sequences when the difference between the borehole 
pressure and the static formation pressure is at its greatest. The sensitivity 
decreases as the pressure profile, caused by the borehole history over
pressure, dissipates. 

Because of the low transmissivity of the test interval, the low static formation 
pressure, and the transient over-pressure profile caused by the borehole pres
sure history, the duration of the SB 1-VM19 tests and the magnitude of the 
pressures used in the pulse withdrawals do not allow accurate determination of 
the static formation pressure. Figure 7-35 shows the effect of varying the static 
formation pressure from 500 kPa to 2000 kPa. The plot shows the limited 
sensitivity of the GTFM simulation to the static formation pressure throughout 
the entire test. 

No measurement of the test-zone compressibility value was possible during 
SB 1-VM19 testing due to the large swabbing depths. Test-zone compressibility 
values measured in SB1 before SB1-VM19 testing, using a single-packer test 
configuration, were in the range of 1 E-9 to 2E-9 Pa-1. This range was also 
used in the SB 1-VM19 sensitivity simulations (Figure 7-36). The simulations 
are sensitive to the test-zone compressibility and a value of 1 E-9 Pa-1 was 
used for hydraulic property characterization based on this sensitivity analysis. 

Simulation runs were performed with GTFM to investigate their sensitivity to the 
duration and magnitude of the antecedent borehole pressures. Runs were 
made with a maximum duration which started the borehole history at the time 
when the top of the testing interval was drilled (48.9 hours), an average 
duration which started at the time when the midpoint of the interval was drilled 
(38.8 hours) and a minimum duration which started when the bottom of the test 
interval was drilled (32.4 hours). The effects of varying the borehole history 
duration are shown in Figure 7-37. The pressure at the P2-pressure 
transducer depth that would be exerted if the borehole were filled with a drilling 
fluid with a density of 1079 kg/m3 (last reported drilling fluid density, GEMAG, 
1992) is about 8800 kPa. To investigate the sensitivity to the borehole history 
pressure magnitude, the pressure during the 38.8-hour borehole history was 
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varied (7800 kPa, 8800 kPa and 9800 kPa). The simulation results of this 
sensitivity analysis are shown in Figure 7-38. Although the borehole pressure 
history is critical to the results of the SB 1-VM19 testing analysis, the impact of 
the probable range of the antecedent borehole pressure history (duration and 
pressure magnitude) were not significant in the sensitivity analyses, as is il
lustrated in Figures 7-37 and 7-38. 

Runs were performed to investigate the sensitivity of the simulations to storativ
ity. Based on available information obtained from core analyses and SB 1 dilat
ometer tests, a range of 3E-6 to SE-6 was used for the storativity. The sim
ulations (not presented) were not significantly impacted over this range. The 
storativity value used to determine the formation transmissivity and static 
formation pressure ranges was S.SE-6. 

An attempt was also made to improve the early-time simulation responses of 
the pulse withdrawal tests by adding a thin skin zone (composite model) in the 
simulations. The simulations could be slightly improved using a composite 
model with the skin-zone parameters listed in Table 7-3. The best-fit simulation 
using a small skin zone is shown in Figure 7-39. The simulation sensitivity to 
the skin-zone parameters dskin, Tskin and Sskin is shown in Figures 7-40 to 7-42. 
It should be noted, however, that a number of different skin parameter com
binations can result in similar simulation results. The parameters are unknown 
and must be assumed, thus increasing the ambiguity of the analysis using a 
skin zone. On the other hand, "reasonable" values for the skin-zone para
meters only affect the early-time pressure responses of the pulse test events, 
but do not cause significant changes in the overall SB 1-VM19 test simulation. 
For this reason, the composite model is not critical for the final best-estimate 
hydraulic property determination of the SB1-VM19 test interval. 

7.2.5 Test Results Summary 

The following section presents a summary of the hydraulic property estimates 
obtained from hydrologic characterization tests conducted for test interval SB 1-
VM19. Included in the discussion is the basis for the "best-estimate" value that 
is aSSigned for the various hydraulic properties. Table 7-4 provides a summary 
listing of the hydraulic property and parameter estimates obtained from test 
analysis and GTFM simulations. 

A transmissivity estimate for the SB 1-VM19 test interval was obtained through 
simulations with GTFM. A best-estimate transmissivity was determined to be 
4E-12 m2/s with an order of magnitude confidence range from 1 E-11 m2/s to 
1 E-12 m2/s. This range is consistent with the qualitative initial transmissivity 
estimate from the early-time PW1 type-curve analysis (T = 9E-12 m2/s). 
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Data from fluid logging did not indicate any discernible contributing zones 
within the SB 1-VM19 test interval. For this reason, an equivalent hydraulic 
conductivity is calculated for the SB1-VM19 test interval. Based on an 11.15-
meter test section length and best-estimate transmissivity value, an equivalent 
hydraulic conductivity of 3.6E-13 mls is indicated. 

Based on available information obtained from core analyses and SB 1 dilato
meter tests, a storativity range of 3E-6 to 6E-6 was estimated for the SB 1-VM19 
test interval. Sensitivity analysis performed with GTFM over this storativity 
range showed no significant impact on the simulated data. The storativity 
value used to determine the formation transmissivity and static formation pres
sure ranges was 5.5E-6. The corresponding specific storage value for an 11.5-
meter test section length is 4.8E-7 m-1. 

The primary test objective for SB 1-VM19 was to estimate static formation pres
sure (freSh-water head). A best-estimate range is concluded from the GTFM 
sensitivity analyses. A static formation pressure range between 1000 kPa and 
1600 kPa is considered representative of the interval. A best-estimate fresh
water head of 148 m asl ± 30 m is the average value of the above range with a 
confidence level that corresponds to upper and lower limits of the range. 

The radius investigated during SB1-VM19 testing was very small. This is due 
to the low formation transmissivity and the test types, since pulse tests have a 
relatively small area of investigation. The development of the pressure profile 
during SB 1-VM19 testing was a combination of the borehole history over
pressure and the SB1-VM19 test sequence. Simulations with GTFM suggest 
that the individual pulse tests investigated less than 1 meter into the formation. 

GTFM simulation analyses assuming a homogeneous radial flow model 
resulted in a reasonable match of the SB1-VM19 test sequence. Introducing a 
skin zone (composite system model) slightly improved the rapid early-time 
pressure responses that were observed during the pulse withdrawal tests, but 
did not significantly change the hydraulic property estimates for the outer zone. 
Pulse test analyses using standard COOPER et al. (1967) type-curves which 
assumes the same basic flow model (homogeneous, radial flow), however, did 
not provide satisfactory type-curve fits. The main reason for this is that the 
transient pressure profile that had developed around the borehole during the 
antecedent borehole history period was not accounted for in the type-curve 
analyses. 



NAGRA NTB 93-38 - 89-

Table 7-3: Best-Fit GTFM Input Values for Test Interval SB 1-VM19 

Formation thickness 

Static formation pressure 

Formation conductivity 

Formation porosity 

Formation compressibility 

Fluid compressibility 

Fluid density 

Fluid thermal expansion coefficient 

Test interval radius 

Test-zone compressibility 

Outside grid radius 

Number of radial nodes 

Number of skin nodes 

Radial thickness of skin 

Skin conductivity 

Skin specific storativity 

11.5 m 

1300 kPa ±300 kPa 

3.6E-13 mls 

0.02 

4E-11 Pa-1 

4.41 E-1 0 Pa-1 

1000 kg/m3 

3.1 E-4 °C-1 (at 34 °C) 

0.0794 m 

1.0E-9 Pa-1 

50 m 

50 

10 

15 mm 

9.0E-11 mls 

1.0E-5 m-1 

Table 7-4: Summary of Test Analyses and Comparison of Results for SB1-VM19 

Test Event General Analysis Transmissivity Storativity Initial Fresh-
Method T S Pressure VVater 

Pi Head 
[m2/s] [ -] [kPa] Hfw 1) 

[m asl] 

PW1 type curve <9.0E-12 SE-6 3 ) - -
Cooper et al. (1967) 

PW2 type curve (2.4E-10) 2) SE-6 3) - -
Cooper et al. (1967) 

PW3 type curve (4.8E-10) 2) SE-6 3) - -
Cooper et al. (1967) 

SB1-VM19 GTFM 4) 4E-12 S.SE-6 5) 1300 148±30 
Simulation composite 6), infinite ±300 

1) fresh-water head related to P2-transducer depth (820.4 m b.R.P) 
2) early-time match, based on assumed storativity 
3) assumed; calculated from fluid/formation compressibility and porosity information/assumption 
4) including 38.8 hours borehole pressure history (annulus pressure) 
5) calculated from GTFM input parameters 
6) skin zone parameters: radial thickness of skin zone: 10 mm; transmissivity of skin zone: 1 E-9 

m2/s; specific storativity of skin zone: 1 E-S. These skin zone parameters are assumed. Different 
parameter combinations could provide an equally good simulation match. 
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Figure 7-30: SB 1-VM19: PW2 - Pulse Withdrawal Test Analysis 
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Figure 7-31: SB 1-VM19: PW3 - Pulse Withdrawal Test Analysis 
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Figure 7-32: SB1-VM19: Best-Estimate Simulation Plot (no Skin Zone) 
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Figure 7-33: SB 1-VM19: Radial Pressure Profile After Different Events 
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Figure 7-34: SB1-VM19: Sensitivity Plot for Formation Transmissivity 
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Figure 7-35: SB1-VM19: Sensitivity Plot for Static Formation Pressure 
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Figure 7-36: SB 1-VM19: Sensitivity Plot for Test-Zone Compressibility 
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Figure 7-37: SB 1-VM19: Sensitivity Plot for Borehole History Duration 
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Figure 7-38: SB 1-VM19: Sensitivity Plot for Borehole History Pressure 
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Figure 7-39: SB 1-VM19: Best-Estimate Simulation Plot including Skin Zone 
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Figure 7-40: SB 1-VM19: Sensitivity Plot for Transmissivity of Skin Zone 
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Figure 7-41: SB1-VM19: Sensitivity Plot for Storativity of Skin Zone 
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Figure 7-42: SB 1-VM19: Sensitivity Plot for Radial Thickness of Skin Zone 
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7.3 Test Interval SB2-VK2 

SB2-VK2 is an example of a test sequence conducted in a higher-transmissive 
formation. In addition, the test responses exhibited negative boundary charac
teristics as well as two-phase flow in the surface discharge. SB2-VK2 was a 
142-meter-long, single-packer test interval located at the bottom of the SB2 
borehole at an apparent depth of 435.0 m - 577.0 m. The test interval con
sisted of units within formations of the Lower Kieselkalk (270.7 - 448.5 m, 
Hauterivian), Graue Mergelschiefer (448.5 - 493.0 m, Valanginian) and 
Dipho'ldeskalk (493.0 - 577.0 m, Valanginian). Borehole pressure history for 
the midpoint of the 142-meter-long test interval was a total of 7.1 days and in
cluded conditions during drilling, equipment installation operations and previ
ous hydraulic testing of SB2-VK1. 

The primary objective for SB2-VK2 testing was to obtain a transmissivity 
estimate. A secondary objective was to estimate static formation pressure. A 
summary of the SB2-VK2 testing sequence is provided below: 

1. Packer inflation 
2. Compliance period 
3. Static pressure recovery (shut-in) 
4. Pulse withdrawal test 
5. Slug withdrawal test 
6. Pressure recovery after slug withdrawal test 
7. Constant rate withdrawal test 
8. Pressure recovery after constant rate withdrawal test 
9. Packer deflation 

INF 
COM 
PSR 
PW1 
SW1 
SWS1 
RW1 
RWS1 
DEF 

The composite pressure response (test interval pressure, P2, and annulus 
pressure, P3) and the temperatures at the T2-temperature transducer are 
shown in Figures 7-43 and 7-44. The following sections contain a description 
of the various test events that comprise the test sequence, presentation of 
conventional analyses of the individual test events, and the analysis results 
obtained with the well test analysis software Interpretl2. A detailed discussion 
of the SB2-VK2 test interval is contained in SONDEREGGER & WYSS (1993). 

7.3.1 Test Sequence Description 

After SB1-VK1 testing was completed, the test system was moved uphole to the 
desired depth. The top 10 meters of the interval were circulated with tracered 
fresh water before the packer was inflated (lNF). To minimize pressure effects 
due to thermal expansion of the flushing fluid during the following shut-in 
period, the shut-in valve was left open for 90 minutes to allow downhole 
temperature equilibration (COM). The test interval pressure during this com
pliance period remained almost constant, whereas the downhole temperature 
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increased by 2.4 ac. During the COM period, fluid flowed out of the tubing at a 
rate of approximately 145 mllmin. 

To reduce the antecedent borehole pressure history effects on the test interval 
pressure response, an equilibration period was implemented (PSR). The static 
pressure recovery phase was initiated following the COM period by closing the 
shut-in valve. The test interval pressure recovered for 11.4 hours prior to 
initiation of hydraulic testing. During this period downhole temperature in
creased from 19.5 to 21.9 ac. 

A pulse withdrawal test (PW1) was conducted with a designed underpressure 
of approximately 8 bars. A wellbore storage coefficient, C, of 1.6E-8 m3/Pa was 
calculated based on the measured volume change in the central tubing and 
associated pressure change (Equation 4-19). The corresponding test zone 
compressibility value is 5.7E-9 Pa-1 (Equation 4-25). It is likely that fluid flowed 
from the formation into the test interval during the 60 seconds that the shut-in 
valve was open. Therefore, the wellbore storage and test-zone compressibility 
values are probably overestimated. 

Due to the relatively high transmissivity indicated by the pulse test, a slug 
withdrawal test (SW1) was conducted to provide better hydraulic property 
estimates for the test interval. SW1 was started with an initial pressure change 
of 9.5 bar. The formation fluid filled the central tubing string while recovering to 
static formation pressure. After 4.4 hours the interval pressure had recovered 
to about 89% of the pre-test pressure and the shut-in valve was closed, 
initiating the slug recovery period (SWS1). 

A constant rate withdrawal test (RW1) was conducted to better characterize the 
hydraulic characteristics of the SB2-VK2 interval. The 5.7 -hour-long period 
commenced with a discharge rate of approximately 5 I/m. Gas was observed in 
the discharge after about an hour of pumping, after which the gas separator 
was used to split the water and gas flow streams for separate measurement. 
Malfunction of the gas separator resulted in unsteady water and gas flow rate 
data for the time period between approximately 1 and 4 hours. The pump 
speed was constant during this period; therefore, the water flow rate is 
assumed to have been relatively constant. After the problems with the gas 
separator were corrected, an average gas flow rate of 3.43 In/min was 
recorded. The measured water and gas flow rates during RW1 are shown in 
Figures 7-45 and 7-46. To evaluate phase conditions within the interval, the 
producing gas-water ratio (GWR) was compared to the solution gas-water ratio 
(Rs) as described in section 4.3.4. A GWR of 0.69 was calculated assuming a 
water flow rate of 5 I/min and a gas flow rate of 3.43 In/min. An Rs of 0.93 was 
estimated based on an interval pressure of 2916 kPa, a temperature of 21.7 °c 
and an assumed total solids content of 2500 mg/1. Comparison of the GWR 
and Rs suggested that the gas was in solution within the test interval during 



NAGRA NTB 93-38 - 100-

RW1. Therefore, single-phase conditions were assumed for the pump test 
analysis. 

Subsequent to RW1 a pressure recovery period (RWS1) was initiated by 
closing the shut-in valve and stopping the Moineau pump. The pressure re
covery was monitored for 11.3 hours. Then the packer was deflated, 
terminating the SB2-VK2 test sequence. 

7.3.2 Conventional Test Analysis 

A rough transmissivity estimate was obtained from the pressure and flow 
conditions during the COM period using the steady-state approximation 
presented in Equation 5-5. The measured flow rate of 145 mllmin, an 
associated head change, i\H, of 4.1 m, and an assumed radius of influence of 
10m were utilized for calculation. The head change corresponds to a pressure 
drawdown of 40 kPa, which is the difference between the end pressure of the 
PSR period and the average pressure during the COM period. This steady
state approximation resulted in a qualitative transmissivity estimate of 4.5E-7 
m2/s. 

A log-log diagnostic plot of the test interval pressure change and its derivative 
during the PSR period is presented in Figure 7-47. A short wellbore storage 
period is indicated. Infinite-acting radial flow conditions were not clearly estab
lished. For this reason, the PSR data can only provide qualitative estimates for 
transmissivity and initial (static) formation pressure by Horner plot technique. A 
Horner plot was constructed assuming a flowing time of 171 hours, which is the 
approximate time since the midpoint of the test interval was drilled. The flow 
rate measured during the previous COM period, 145 mllmin, was used for 
analysis. Pertinent details of the Horner plot analysis are shown in Figure 7-
48. The straight-line fit corresponds to a transmissivity of 2.0E-7 m2/s. The 
projected static formation pressure is 4437 kPa. The wellbore-storage-dom
inated portion of the log-log diagnostic plot (i\t < 80 seconds) allows estimation 
of the wellbore storage coefficient C using the relationship presented in 
Equation 5-12. The resulting wellbore storage constant is 1.6E-7 m3/Pa. 

For analysis of PW1, a dimensionless-head semi-log plot was constructed 
(Figure 7-49). A COOPER et al. (1967) type curve was used to match the 
pulse test data based on an assumed storativity value of 7.1 E-S. During early 
time, the PW1 pressure response reasonably matches the type curve. After 80 
seconds, the data deviate from the type curve, indicating a heterogeneous 
formation. For this reason, analysis of the pulse test can only provide a 
qualitative transmissivity estimate. The type-curve match shown in Figure 7-49 
yielded a transmissivity value of 3.6E-7 m2/s. Because the pressure data 
deviate from the chosen type curve for intermediate and late time, this 
transmissivity estimate is expected to represent a maximum value. 
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A dimensionless head semi-log plot of the SW1 pressure response data is 
shown in Figure 7 -so. The COOPER et al. (1967) type curve chosen to match 
the SW1 data was based on the same storativity value as was used for the 
PW1 analysis. Only during early time do the SW1 data reasonably match the 
chosen type curve. After 100 seconds the data deviate from the type curve, 
indicating a heterogeneous formation with a decrease in transmissivity for 
increasing radius. For this reason, the calculated transmissivity value, 2.1 E-6 
m2/s, represents an upper limit for the overall transmissivity of the test interval. 
The pressure data exhibit a similar response pattern to that observed during 
PW1. A number of heterogeneous formation conceptual models and flow 
conditions can produce a slug test response similar to that of SW1. 
Identification of the correct model, however, is difficult. This is mainly because 
pulse and slug test analysis methods are relatively insensitive for distinguishing 
between various operable flow models. A relatively simple flow model that 
produces a response characteristic similar to that observed during SW1 (and 
also PW1) is that of a radial composite system or finite-thickness skin model 
(MOENCH & HSIEH, 1985). This is shown in Figure 7 -S1. The two solid lines 
in the figure represent homogeneous formation conditions; the type curves in 
between (dashed lines) correspond to a radial composite system. The 
definitions and input parameters used to generate the type curves are given 
below: 

T 1 = Tinner zone = 2.1 E-6 m2/s 
S1 = Sinner zone = 7.1 E-5 
T2 = Touter zone = 2.1 E-7 m2/s 
S2 = Souter zone = 7.1 E-6 m2/s 
r1 = radius to discontinuity 

(from early-time type-curve match, Figure 7-S0) 
(assumed, equal to analysis in Figure 7-S0) 
(assumed => T2/T1 = 0.1), 
(assumed => S1 /S2 = 10), 
(varied: r1 = rw (no inner zone), 1 m, 2 m, 3 m, 

4 m, 6 m, infinite (all inner zone)) 

The type curves for a composite formation model provide a significantly better 
match than do type curves that assume a homogeneous model. F or the 
composite model, the type curve with the transmissivity and storativity input 
values defined above and a discontinuity radius of approximately 3 meters 
reasonably matches the observed SW1 pressure response data (Figure 7 -S1). 

If the radial composite model is viewed as a finite thickness skin, a skin factor, 
s, can be calculated according to EARLOUGHER (1977): 

(7-1) 
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where: 
K = hydraulic conductivity of formation [m/s] 
Ks = hydraulic conductivity of skin zone [m/s] 
rs = skin radius [m] 
rw = borehole radius [m] 

For a radius rs (r1) of 3 m and the parameters given above, the skin factor, s, 
obtained is -3.3. It should be noted, however, that the above composite system 
analysis does not provide unique results. Other parameter combinations may 
produce similar results. Also, with other flow models similar type-curve results 
may be obtained. 

Conventional Horner plot straight-line analysis of the slug pressure recovery 
period SWS1 is not presented. Horner plot technique requires a constant flow 
rate and the establishment of infinite-acting radial flow conditions prior to shut
in. These criteria were not fulfilled during SW1. Also, the slug test response 
exhibited formation characteristics that significantly departed from a homo
geneous, infinite-acting radial flow system. 

For the constant rate pumping test RW1, a log-log diagnostic plot is presented 
in Figure 7-55. A wellbore-storage-dominated period is indicated by a unit
slope line during the first 200 seconds. After a short transition period the 
pressure data plot close to a straight line with a slope of approximately 3/5. 
The data show a disruption after about 10'000 seconds, which is due to 
manipulation of the gas separator. Infinite-acting radial flow conditions did not 
develop during the RW1 test sequence. A distinct flow model cannot be clearly 
identified from the diagnostic plot. The observed pressure response, however, 
could be explained by a no-flow boundary, if the boundary is very close to the 
borehole. A nearby no-flow boundary could explain why a transition to infinite 
acting radial flow did not occur, as would be expected for the apparent 
transmissivity and the test duration. Other models, however, such as a multi
layer formation, may also explain the observed response characteristic of the 
RW1 drawdown data. To demonstrate that the tested formation did not act like 
an infinite-acting radial flow system, a type-curve bounding analysis was 
conducted. The pressure and derivative responses for a homogeneous, 
infinite-acting radial flow system for a transmissivity range between 1 E-7 m2/s 
and 1 E-6 m2/s are illustrated in Figure 7-53. A storativity value of 7.1 E-5, a 
we"bore storage coefficient of 1.5E-7 m3/Pa and a constant flow rate of 5 IImin 
were used for generating the type curves. 

A log-log diagnostic plot of the pressure recovery period RWS1 is presented in 
Figure 7-54. To account for the pump period prior to shut-in, the data were 
plotted using equivalent time (Equation 4-33) as recommended by AGARWAL 
(1980). The log-log diagnostic plot exhibits a we"bore-storage-dominated 
period during the first 30 seconds. After a short transition period, the pressure 
data fa" on a straight line with a slope of about 2/3. For late recovery time both 
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the pressure and the derivative data exhibit an upward trend. The nature of 
this pressure recovery is consistent with the findings of RW1 (where possible 
interference of a no-flow boundary was indicated). No further conventional 
analysis (e.g., Horner plot) was conducted for the RWS1 period. A wellbore
storage coefficient of 1.9E-7 m3fPa was calculated from the wellbore-storage
dominated portion of the log-log diagnostic plot (Equation 5-12). This value is 
similar to that obtained during the PSR period (1.6E-7 m3fPa). 

7.3.3 Interpretl2 Analysis 

Additional analysis of the RW1 drawdown and the RWS1 recovery data was 
performed using the well test analysis software Interpretl2. The basic analysis 
procedure for each constant rate test event is (1) identification of the 
appropriate reservoir interpretation model, (2) determination of hydraulic for
mation parameters and (3) validation of the reservoir interpretation model by 
simulation of the entire test sequence (i.e., all drawdown and recovery phases). 

Interpretl2 uses standard oil field units. Hydraulic property analysis requires 
the input of a number of parameters. The input parameters and the parameter 
values used in the Interpretl2 analyses are listed below: 

Matrix porosity <p (assumed) = 0.02 [-] 
Reservoir thickness L = 142.0 [m] 
Wellbore radius rw = 0.0794 [m] 
Water formation volume factor B = 1 [ -] 
Water viscosity !-1 = 1.0E-3 [Pas] 
Total compressibility ct (assumed) = 2.55E-9 [Pa-1] 

The assumed porosity, total system compressibility and a water density of 1000 
kgfm3 correspond to a specific storage value, Ss, of 5.0E-7 m-1 and an 
associated storativity, S, of 7.1 E-5 (Equations 4-13 and 4-14). As an analysis 
result, the permeability-thickness product kh is obtained, where; 

k = intrinsic permeability [mOl (millidarcies) 
h = formation thickness (equals L) [m] 

One (1) milidarcy equals 0.987E-15 m2 . To transfer the permeability-thickness 
product kh to transmissivity T the following equation was used: 

T = O. 987E -15 x (kh)pg 
f.-l 

where; 
r = water density: 
g = gravitational acceleration: 
m = water viscosity 

(7-2) 

1000 [kgfm3] 

9.81 [ms-2] 

1.0E-3 [Pas] 
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According to the above relationship and assumptions, a permeability-thickness 
product of one mOm (1 milidarcy-meter) corresponds to a transmissivity of 
9.7E-9 m2/s. 

The analytical model utilized for analysis of both the RW1 and RWS1 periods 
is a homogeneous formation with a linear no-flow boundary including wellbore 
storage and skin. A static formation pressure of 4350 kPa was assumed for the 
analysis with Interpretl2. The log-log type-curve match, the semi-log 
superposition type-curve match and the simulation plot of both the drawdown 
and the recovery periods for the RW1 test analysis are shown in Figures 7-55 
to 7-57; the corresponding plots for the RWS1 test analysis are shown in 
Figures 7-58 to 7-60. As illustrated in these figures, the type curves and the 
simulation curves closely match the measured data. In addition, derived 
hydraulic parameter estimates for both analyses are consistent. Analysis 
results are summarized in Table 7-5. The corresponding type curves and a 
simulation plot, generated with I nterpretl2 , for an infinite-acting radial flow 
system are presented in Figures 7-61 to 7-63. These plots are added for 
comparison purposes and illustrate the theoretical pressure responses for an 
infinite-acting, homogeneous formation including wellbore storage and skin 
effects for the same hydraulic parameters derived from the RW1 analysis, 
discussed above. The simulation plot emphasizes that an infinite-acting radial 
flow model does not adequately describe the SB2-VK2 test interval. 

The distance to the boundary, according to the Interpretl2 analysis, is approx
imately 3 to 4 meters away from the borehole. The influence of a no-flow 
boundary so close to the borehole makes distinct identification of the boundary 
difficult. The presence of a nearby boundary also explains why infinite-acting 
radial flow conditions did not develop during the RW1 and RWS1 test periods. 

Results obtained with Interpretl2 are based on automatic type-curve fit 
procedure. Optimizing the data fitting process is a powerful capability of 
Interpretl2 that helps to improve the analysis process. It should be noted, 
however, that the quality and reliability of the results obtained depend on the 
appropriateness of the flow model on which the analysis is based. For complex 
flow conditions, the optimized fits and corresponding results may not be 
unique. Therefore, other flow models and system geometries may produce 
similar results. 

7.3.4 Test Results Summary 

The following section is a summary of the hydraulic property estimates 
obtained from analysis of tests conducted in test interval SB2-VK2. Included in 
the subsection discussion is the basis for the "best-estimate" value that is 
assigned for the various hydraulic properties. Table 7-5 provides a summary 
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listing of the hydraulic property and parameter estimates obtained for the 
respective hydrologic tests. 

The test responses observed during the SB2-VK2 test sequence are indicative 
of a heterogeneous system. The transmissivity estimates obtained from an
alyses of the various test events range from 1 E-7 m2/s to 1 E-6 m2/s. Within 
this range, however, are values obtained assuming various flow models, 
including: homogeneous infinite-acting system (PSR, PW1), radially composite 
system (SW1), and linear no-flow boundary model (RW1, RWS1). The RW1 
and RWS1 test periods are the most suitable for flow-model identification 
because of the controlled nature of the tests, their relatively large radii of 
influence and the suitability of constant rate testing for performing diagnostic 
analysis. Therefore, the transmissivity estimate obtained using Interpretl2 for 
the RW1 and RWS1 test sequence, 1.2E-7 m2/s, is considered to best 
represent the transmissivity of the test interval. 

An equivalent hydraulic conductivity for the SB2-VK2 test interval of 8.SE-10 
m/s is calculated based on a 142-meter test section length and a best-estimate 
transmissivity value of 1.2E-7 m2/s. Results of fluid logging indicate a clearly 
discernible inflow zone within the SB2-VK2 test interval at an apparent depth of 
about 443 m and a minor zone at approximately 524 m. Quantitative analysis 
of the zone at 443 m, assuming a homogeneous formation, indicate a trans
missivity in the range from 3E-8 to 7E-8 m2/s (GUYONNET & LOW, 1993). 
This suggests that the hydraulic conductivity is not uniformly distributed within 
the test interval, and that zones of higher hydraulic conductivity exist. The 
thickness of the contributing sections is not well defined, but is assumed to be 
on the order of 0.01 to 1 meter. The actual hydraulic conductivity of the major 
contributing zone may, therefore, be up to four orders of magnitude larger than 
the equivalent hydraulic conductivity value reported above. 

The specific storativity value used for the SB2-VK2 analysis, 5E-7 m-1, is an 
assumed value based on formation porosity and formation/fluid compressibility 
information. The corresponding storativity value for a 142-meter test section 
length is 7.1 E-S. 

The well test analysis software Interpretl2 automatically calculates a skin 
factor. Values of -3.9 and -4, respectively, were determined from the constant 
rate drawdown and recovery/build-up test phases (RW1/RWS1). This skin 
factor corresponds to an infinitesimally-thin skin with no storativity. If the skin is 
viewed as a zone of finite thickness, as was done in the analYSis concept of the 
slug withdrawal test (SW1), using a composite system model, the skin factor 
can be described according to Equation 7-1. Using this equation, a skin"factor 
of -3.3 was calculated for the parameters obtained from the slug withdrawal test 
(SW1) analysis. 
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A static formation pressure value for the SB2-VK2 test interval was obtained 
from the PSR period. The corresponding fresh-water head value was 543 m 
asl. Antecedent borehole pressure history may have slightly influenced the 
pressure response at the beginning of SB2-VK2 testing, and the equivalent 
fresh-water head value obtained from the PSR Horner plot, therefore, is 
regarded to represent an upper-limit value. The static formation pressure value 
used in the InterpreU2 analyses corresponds to an equivalent head of 534 m 
asl. For the SB2-VK2 test interval a best-estimate equivalent fresh-water head 
value of 535 m asl with an uncertainty range of ±8 meters is considered 
appropriate. 

The test responses observed during the SB2-VK2 test sequence are indicative 
of a heterogeneous formation. Analysis of the RW1 and RWS1 periods with 
InterpreU2 was conducted assuming a homogeneous flow model with a linear 
no-flow boundary. Consistent and satisfactory results were obtained using this 
model. As was shown, however, other heterogeneous system flow models, 
such as a radially composite model, reasonably describe the observed pres
sure response during the pulse- and slug-withdrawal test events. Therefore, 
the suggested flow model is not necessarily unique. 



Table 7-10 Summary of Test Analyses and Comparison of Results for SB2-VK2 
~~-- ~-- --- -- -~---

Test General Analysis Flow Model T S kh Skin distance to 
Event Method Factor discontin. 

[m 2/s] [-] [m3] [-] [m] 

COM 
steady-state homogeneous 

4.5E-7 - - - -approx imation 

PSR 
straight-line homogeneous, 

2.0E-7 Horner (1951) infinite extent - - - -

PW1 
type curve homogeneous, 

<3.6E-7 2) 7.1 E-5 3) - - -Cooper et al. (1967) infinite extent 

SW1 
type curve homogeneous, <2.1 E-6 2) 7.1 E-5 3) - - -Cooper et al. (1967) infinite extent 

SW1 
type curve radial composite, 2.1E-74) 7.1 E-6 4) - -3.3 3 Novakowski (1990) infinite extent 

SWS1 
straight -Ii ne homogeneous, 

(2.4E-8) Horner (1951) infinite extent - - - -

RW1 
type curve homogeneous, 1 E-6 

7.1E-5 3) Novakowski (1990) infinite extent - 2E-7 - - -

RW1 Interpretl2 
homogeneous, 

1.2E-7 7.1 E-5 5) 12.6 -3.9 -lin. no-flow bound 

RW1 Interpretl2 
homogeneous, 

1.2E-7 7.1 E-5 5) 13.2 -4.0 -lin. no-flow bound 

1) fresh-water head related to P2-transducer depth (432.5 m b.R.P) 
2) early time match (inner zone parameter) 
3) assumed, based on fluidlformation compressibility and porosity information/assumption 
4) outer zone parameter 
5) calculated from Interpretl2 input parameters 
6) final PSR pressure; possibly influenced by antecedent borehole history pressure 
7) from Horner plot 
8) final PW1 pressure; possibly influenced by antecedent borehole history pressure 
9) final SWS1 pressure 

10) assumed 

--------------- -- -----
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Figure 7-43: SB2-VK2: Composite Pressure Response 
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Figure 7-44: SB2-VK2: T2-Temperature Response 
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Figure 7-45: SB2-VK2: RW1 - Water Flow Rates 
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Figure 7-46: SB2-VK2: RW1 - Gas Flow Rates 
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8 GAS OCCURRENCE AND ASSOCIATED EFFECTS 

Gas played an important role in the SB 1 and SB2 testing program for two 
reasons. First, identification of zones containing free gas was a specific objec
tive of the hydrogeologic characterization. Secondly, the presence of gas, 
whether produced from the. formation, or trapped within the test system, can 
profoundly affect test responses. Therefore, it is not only important to identify 
gas producing zones, but also to understand how the presence of gas affects 
test responses and results. The following sections discuss the occurrence of 
gas within SB 1 and SB2 and the implications of the presence of gas with 
respect to performance and interpretation of hydraulic tests. 

8.1 Gas Occurrence in SB1 and SB2 

Gas that was encountered during testing in SB 1 and SB2 can be categorized 
as either: 1) gas that was in solution at initial formation conditions and ex
solved during testing because of decreasing pressure and temperature con
ditions, or 2) free gas (i.e., gas that was present in a gaseous phase under 
static formation pressure and temperature conditions). Tests in which gas was 
observed are summarized in Tables 8-1 and 8-2. The tables also contain test 
intervals where gas was not physically observed but, based on test responses, 
was suspected to have an influence. These instances are rather speculative. 

Free gas was clearly present at static formation conditions in SB1-MF3 (SB1-
MF1) and probably present in SB2-VMS (SB2-VM6 and SB2-VM9), both of 
which are near the bottoms of the boreholes. Other intervals that may have 
included zones containing free gas include SB1-VM1S (SB1-VM16), SB1-
VM23, and SB1-VM26 (SB1-VM27); the nature of the gas at static formation 
conditions was not conclusively determined for these intervals. 

Exsolved gas was encountered during a number of tests in the higher
permeability zones within SB1 and SB2, even at shallow depths. For example, 
exsolved gas was observed during a constant rate withdrawal period in a test 
interval from 63 to 78 meters depth in SB 1 (SB 1-VMS). The rate at which gas 
was produced from any particular zone was dependent on the composition of 
the gas, the saturation-level of the gas, and the production conditions (i.e., 
water flow rate, drawdown and temperature). The water within the lower
permeability zones was, presumably, also highly gas saturated. However, test
ing methods in the low-permeability zones did not include sustained withdrawal 
periods in which exsolved gas was observed. A method for estimating whether 
or not free-phase gas was present in the test interval and formation from 
sustained withdrawal tests is discussed in Section 4.3.3. 
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8.2 Effects of Gas on Hydraulic Testing in SB1 and SB2 

The presence of free gas can have a profound effect on hydraulic test 
responses. In a low-permeability environment, the effects are most significant 
for tests that include shut-in periods, such as pulse tests and pressure build-up 
(or fall-off) tests. Even small volumes of free gas that are not physically ob
served during testing can have a significant impact on test responses because 
of the overall increased compressibility of the fluid in the test interval. In 
higher-permeability environments, free gas can affect test responses due to the 
higher mobility of the gas in comparison to water. Some of the possible gas 
effects and intervals in which they were observed are listed below: 

• Increased test-zone compressibility: (SB1-VM17), SB1-VM23, SB1-VM26; 
• Phase re-distribution during shut-in build-up periods after sustained produc

tion: SB1-VM13, SB2-KK2; 
• Inhibited pumping with Moineau Pump due to gas lock: SB1-VM23, SB1-

VM26, SB1-0K1; 
• Water column "air-lifting" during slug withdrawal tests: SB 1-VM26, SB 1-

MF3, SB2-VM6; 
• False surface water flow rate measurements during rate withdrawal periods 

due to "air-lifting": SB1-VM15, SB2-VM5; 
• Unique pressure build-up response following gas-flow period: SB1-MF3, 

SB2-VM5. 

The term "air-lifting" describes the effect that occurs when free gas and water 
are mixed in a fluid column. The gas/water mixture, having a lower density 
than water alone, must rise to a greater elevation in order to exert a given fluid
column pressure. If the elevation of the gas/water column exceeds that of the 
tubing column, the fluid mixture is then essentially pumped as discharge. A 
more detailed description of how gas affected particular test types is presented 
in the following sub-sections. 

8.2.1 Fluid Withdrawal Testing 

Fluid withdrawal testing in SB1 and SB2 included constant rate withdrawal, 
constant head withdrawal and slug withdrawal tests. Drawdown, or 
underpressure, applied during these periods often brought the fluid to the 
bubble point at some point in the test system. The location in the system at 
which the bubble point was reached controlled the degree to which the test 
period was affected. If the bubble point was reached in the tested formation, 
the test response would be affected by two-phase flow conditions in the 
formation. In the case of a constant rate test, the formation of a gas lock 
beneath the pump was possible if the bubble point was reached somewhere 
below the Moineau pump, thus terminating the production of fluid. In the case 
where the bubble point was reached above the Moineau pump, exsolved gas 
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may have caused false water flow-rate measurements at surface due to "air
lifting" effects. Free gas in the surface flow precluded water flow measure
ments using the MicroMotion mass flow meters and caused unsteady flow 
measurement using the inductive flow meters. In certain cases, the flow-rate 
measurement reliability could be increased by using a gas separator. 

Observations during slug withdrawal tests were made in which the downhole 
P2-pressure was decreasing or remained stable while the water level in the test 
tubing increased. This phenomenon was observed when gas was mobilized. 
The effect can be explained by the release of gas into the tubing and/or the 
exsolution of gas from the downhole fluid, thus decreasing the fluid density. At 
the same time, the gas moves uphole, raising the fluid column without increas
ing the effective pressure in the test interval ("air-lifting" effect). The pressure 
responses observed in these cases are anomalous and cannot be analyzed. 

8.2.2 Pulse Testing 

The presence of gas below the shut-in tool has a direct effect on the isolated 
wellbore storage coefficient. Even a small volume of gas can greatly increase 
the wellbore storage coefficient because the compressibility of gas is much 
greater than that of water, the formation, and the test system. This fact is im
portant in the case of a pulse test because the wellbore storage coefficient is 
necessary for estimating transmissivity. This simply reinforces the fact that a 
physical measurement of wellbore storage during a pulse test is critical. 

When gas is present within the formation immediately adjacent to the test inter
val, pulse tests are rendered almost useless because of the extremely high 
storativity of the gas compared to the low volume capacity of a pulse test. 

8.2.3 Shut-In Periods 

Shut-in periods following gas flow events, such as were conducted in SB 1-MF3 
(RWS1-period) and SB2-VMS (RWS1-period), exhibited a distinct pressure re
sponse characteristic on a log-log diagnostic plot. The two pressure responses 
are shown in Appendix A. The response is characterized by a steep (fast) 
decrease of the pressure derivative data after the initial wellbore-storage-dom
inated period. Other tests were conducted in which free gas in the test interval 
was not clearly identified, but showed similar pressure responses that may 
indicate that free gas actually was present in the test interval. 
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Table 8-1: Test Intervals in SB1 with Observed or Suspected Gas Occurrence 

Test Test Gas Water GWR 1) Rs2) Dissolved (D) or Comments 
Interval Event Rate Rate Free (F) Gas in 

[In/min] [llmin] the Formation? 

test 3) initial 4) 

VMS RW1 <0.14 2.25 - - 0 0 decreasing gas flow 

VM13 RW1/RW2 - 0.1/0.07 - - O-F? 0 no gas observed 

VM15 RW1 ~30-40 <0.1 - - O-F? O-F? "ai r -I ifti ng" 

VM16 SW1 ~20 5) - - - O-F? O-F? 

VM23 RW1 - 0.38 - - F? F? gas lock 
SW1-SW3 ? - gas flow observed 

VM26 SW1/SW2 >20 5) - - - O-F? O-F? "air-lifting" 

VM27 O? O-F? 
no gas observed but 

- - - - - VM27 included VM26 

TK1 HW1c 9.0 5.8 1.6 2.0 0 0 

VTK1 HW1 19 11.6 1.6 2.0 0 0 

TQ1 RW1c 3.4 3.3 1.0 1.4 0 0 

TQ1 RW1c 3.3 3.5 0.9 2.0 0 0 

MF1 GFS 0-3000 - - - F F 

MF3 GFS ~2000 - - - F F gas test 

1) producing gas-water ratio 
2) solution gas-water ratio 
3) duringtestcond~ons 
4) at initial formation conditions 
5) punctual measurement 
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Table 8-2: Test Intervals in SB2 with Observed or Suspected Gas Occurrence 

Test Test Gas Water GWR 1) Rs2) Dissolved (D) or Comments 
Interval Event Rate Rate Free (F) Gas in 

[In/min] [I/min] the Formation? 

test 3) initial 4) 

KK2 RW1a+b <1; <2 ~5;~8 - - D-F? D no continuous gas 
flow measurement 

VK2 RW1 3.4 5 0.69 0.93 D D -

KK4 RW1b 6.1-4.6 4.8-3.5 1.40 1.55 D-F? D 

GMS1 RW1 2.6 1.9 1.37 1.31 D-F? D-F? 

GMS2 RW2b-c 10-4 5.6-2.8 ~1.6 ~2.0 D D 

VM5 RW1 >45 5) - - - F F "air-lifting" 

VM6 SW2 60-90 - - - F F "air-lifting" 

VM9 SW1 195 - - - F F "air-lifting" 

1) producing gas-water ratio 
2) solution gas-water ratio 
3) during test conditions 
4) at initial formation conditions 
5) last measurement, increasing gas flow rates 
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9 SUMMARY OF RESULTS 

The hydraulic testing carried out in S81 and SB2 yields information regarding 
the hydraulic characteristics of the geologic units encountered in the boreholes. 
The properties that were evaluated include transmissivity, (equivalent) hydraul
ic conductivity, fresh-water head, temperature, and fluid type (Le., water or 
gas). The purpose of this section is to provide a summary of the results of the 
hydraulic testing conducted in SB 1 and SB2. A discussion regarding the for
mation fluid types (Le., gas or water) encountered during testing is presented in 
Chapter 8 and will not be repeated here. A brief summary for each test 
sequence that was conducted is provided in Appendix A. 

The results are presented in tabular form (Tables 9-1 and 9-2) and on a 
borehole profile with borehole depth along the vertical axis and the hydraulic 
property of interest along the horizontal axis (Figures 9-1 to 9-6). A simplified 
geologic log is also provided on each profile for reference. On the right-hand 
side of each profile, arrows have been placed at points that were identified as 
inflow zones from fluid logging results (GUYONNET & LAVANCHY, 1992; 
GUYONNET & LOW, 1993). Fluid logging responses are also briefly pre
sented in Appendix B. It is important to recognize the following points regard
ing the fluid logging information presented on the profiles: 

• Fluid logging was not conducted over the entire lengths of S81 and S82. 
The inflow points are presented as corroborative information and are not 
intended to fully represent the conditions in the boreholes. 

• Arrows were placed for each inflow point identified by the fluid logging, 
regardless of the relative contribution. 

The reader should keep the following in mind when considering the results 
presented in th is document: 

• This report is the Final Field Report and, therefore, all field results, regard
less of uncertainty, are presented for completeness. Also, various intervals 
received different levels of analysis (see Section 1.2). The level of analysis, 
IR or QLR, is noted for each interval on Tables 9-1 and 9-2. On the profiles 
(Figures 9-1 to 9-6), test intervals that received only QLR-Ievel analysis are 
presented in parentheses. Preliminary QLR analysis results may differ from 
the more comprehensive IR analysis for some intervals. This is particularly 
the case with respect to the static formation pressure for intervals within the 
low-permeability and low-head sections of the Valanginian marl in SB1, 
where borehole pressure history effects were important. Uncertainty ranges 
are provided for the intervals that are subjects of IR-Ievel analysis. Un
certainty ranges were usually not evaluated at the QLR-Ievel. 
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• Some of the test sequences included in this report have been subject to re
analysis (DOMSKI et aI., 1993; DOMSKI & LAVANCHY, 1993), the results 
of which may differ from those presented here. 

F or double-packer tests, the zone beneath the lower packer (P 1-zone) was 
analyzed with regard to fresh-water head. The results of the P1-zone analyses 
are presented on Figures 9-2 and 9-5 and are designated as "P1-(interval 
name)". 

Hydraulic conductivity profiles are not presented in this summary because, as 
was discussed in Section 4.2.1, calculation of this parameter for a fractured 
rock without knowledge of the actual thickness of the producing zone(s) can 
produce misleading results. Transmissivity is considered a better parameter 
for describing and comparing permeability information of the various test inter
vals because its calculation is independent of the contributing zone's thickness. 
Equivalent hydraulic conductivity, which is the transmissivity divided by the 
entire interval length, was generally reported in the QLR's and IR's (Appendix 
A). The values are included in the test results summary Tables 9-1 and 9-2 for 
reference. Where flow does occur in an equivalent porous medium rather than 
in single fractures or flow channels and the absence of such discrete flowing 
features is known, calculation of equivalent hydraulic conductivity is useful for 
description and comparison of the permeability of different formation zones. 

9.1 581 Results 

Thirty-seven intervals were tested in SB1; 21 with a single-packer system and 
16 with a double-packer system. Groundwater and/or gas samples were ob
tained from 8 test intervals. Results of the sampling activities are presented in 
STEIGER & STEFFEN (1992). The hydraulic testing results are presented in 
the following sub-sections. 

9.1.1 Transmissivity 

The Valanginian marl was encountered from approximately 60 to 1100 meters 
depth in SB 1. The transmissivity characteristics of the Valanginian marl and 
non-Valanginian marl formations are discussed separately because of the ex
tent of the Valanginian marls in SB 1. 

Transmissivity estimates for intervals tested within the Valanginian marl in SB1 
range between 1E10-12 m2/s and 1E10-7 m2/s (Table 9-1 and Figure 9-1). The 
highest T-value in SB1 is estimated for SB1-VM4 (SB1-VM5), which is quite 
near the upper contact of the Valanginian marl and contains a major inflow 
zone. Below a depth of 200 meters, the estimated T's are ~ 1 E-9 m2/s, with the 
exceptions of SB1-VM11, SB1-VM13 and SB1-VM23. These zones exhibit 
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anomalous high T-values that are not consistent with the T-estimates of longer 
test intervals in which they are included (i.e., SB1-VM12 and SB1-VM16). The 
reader should note that the uncertainty ranges for SB 1-VM11, SB 1-VM12 and 
SB 1-VM13 overlap. An increase in transmissivity was observed during an 
injection test in SB 1-VM16, possibly due to re-opening of a healed fracture( s); 
this may also explain the increased T estimated for SB 1-VM23. 

In general, transmissivity estimates for test sections within the Valanginian marl 
with similar interval lengths decrease with depth. The relatively higher T ob
served in SB1-VM26 and SB1-VM27 is attributed mainly to a zone within SB1-
VM26 which appears to control the T of both intervals and is located within a 
geological transition zone. With the exceptions of SB1-VM11, SB1-VM13 and 
SB 1-VM23, the equivalent hydraulic conductivity of the intervals between 200 
and 1100 meters range between 1E-13 and 1E-10 mls (Table 9-1). 

Transmissivities ranging from 1 E-1 0 to 1 E-5 m2/s are estimated for the non
Valanginian marl formations encountered between approximately 1100 m depth 
and the bottom of the borehole (1670 m depth). The most permeable zones lie 
between 1100 and 1400 m depth. The transmissivities estimated for SB1-MF1 
and SB 1-MF3 are attributed to a gas-producing zone. 

9.1.2 Equivalent Fresh-Water Head 

Field measurements and analyses produced estimates of static formation pres
sure for the various intervals tested within SB 1. The static formation pressure 
estimates were converted to equivalent fresh-water head values, as described 
in Section 4.2.4, in order to compare the values to a common datum. The re
sulting equivalent fresh-water head estimates and confidence ranges are pre
sented in Table 9-1 and Figure 9-2. 

The estimated equivalent fresh-water head values in SB 1 can be summarized 
as follows: 

o - 200 m depth: 
200 - 850 m depth: 

950 - 1100 m depth: 

1100 - 1500 m depth: 

1500 - 1670 m depth: 

Head values near land surface 
Head values decrease linearly with increasing depth, 
from near surface elevation (845 m asl) to approx
imately 150 mas!. 
Transition zone where head values increase to about 
1000 m as!. This head increase is coincident with a 
change from low to high transmissivity geologic units. 
Zone exhibiting head values approximately 1000 m 
asl (- 150 m above land surface). 
Head levels fall again below land surface to a range 
near 600 mas!. 
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9.1.3 Temperature 

Temperatures measured at the downhole TSSP during testing in SB 1 are 
shown in Figure 9-3. The temperatures presented are the values recorded 
near the end of each testing sequence. No anomalous temperature charac
teristics were observed within SB 1. Linear regression of the measured values 
defines a temperature gradient of approximately 3.5°C/1 00 m depth. 

9.2 582 Results 

Twenty-one intervals were tested within SB2. The testing included 13 single
packer tests, 6 double-packer test and 2 open-hole tests. Groundwater and/or 
gas samples were obtained from 5 intervals in SB2. Discussion and results of 
the sampling activities are presented in STEIGER et al. (1993). 

The Valanginian marl was encountered in SB2 from 602.4 to 755.0 m depth, 
898.9 to 904.4 m depth and again from 1496.8 to 1870.4 m depth. Test 
intervals SB2-VM1 and SB2-VM2 were conducted within the upper section of 
Valanginian marl (602.4 to 755.0 m depth) and test intervals SB2-VM3 through 
SB2-VM10 were conducted in the lower section of Valanginian marl (1496.8 to 
1870.4 m depth). The 5 m section between 898.9 to 904.4 m depth were not 
isolated as an exclusive Valanginian marl interval because of its limited 
thickness. 

9.2.1 Transm issivity 

The T-values estimated in SB2 range between 1 E-11 and 1 E-3 m2/s (Table 9-2 
and Figure 9-4). The Valanginian marl was tested in intervals SB2-VM1 
through SB2-VM10. The T-estimates for these intervals range between 1 E-11 
and 1 E-9 m2/s, with the exception of SB2-VM9 which yields a slightly higher T
value of 4E-9 m2/s. The result for SB2-VM9, however, is presented with a great 
deal of uncertainty because gas effects during the test sequence make the re
sults very ambiguous. Equivalent hydraulic conductivity values for the Valan
ginian marl range between 1 E-13 and 1 E-1 0 m/s. 

Three relatively long intervals (>400 m) were tested in SB2, two of which (SB2-
VK3 and SB2-FL2) were open-hole tests to assist fluid logging. The highest T 
was observed within the upper 400 m of the borehole which consists mainly of 
limestone. Other discrete zones in SB2 that exhibit relatively high T include: 

• SB2-GMS1 and SB2-KK4, which account for the total T observed in the 
SB2-VKK1 test interval. 

• SB2-GMS2, which. accounts for the total T observed in the SB2-FL2 test 
interval. 
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The non-Valanginian marl sections in SB2 were not extensively tested. How
ever, as illustrated above and indicated from fluid logging results, features 
possessing relatively higher T appear to be isolated to a few discrete zones, 
such as contained in SB2-GMS1, SB2-KK4 and SB2-GMS2. Test intervals in 
the limestone units that did not include high-T features exhibited low transmis
sivity. Test interval SB2-KK3, for example, exhibits a T of approximately 1 E-11 
m2/s. 

9.2.2 Equivalent Fresh-Water Head 

Equivalent fresh-water head estimates and confidence ranges for the tests 
conducted in SB2 are presented in Table 9-2 and Figure 9-5. Estimated 
equivalent fresh-water head values range from approximately 475 m asl to 750 
m asl. These elevations correspond to a range of approximately -57 m to 218 
m with respect to the surface elevation of the borehole. Zones that exhibit 
lower transmissivity tend to exhibit higher fresh-water head values (SB2-VM1 
through SB2-VM10 and SB2-KK3). Notable is that this is the opposite of what 
was observed in SB1, where the low-transmissivity zones exhibited lower 
heads. 

The head distribution within the lower section of Valanginian marl (1496.8 to 
1870.4 m depth) appears quite complicated and contradictory. A sharp tran
sition to higher fresh-water heads appears to be present between SB2-VM3 
and SB2-VM8. Below SB2-VM8, there is a great variation in fresh-water head 
estimates. This variation is related to the presence of a gas-bearing zone that 
was encountered during SB2-VM5, SB2-VM6, and SB2-VM9 testing. A plaus
ible explanation for the observed pressure responses is as follows: 

• A gas-bearing zone of finite extent was encountered as the borehole was 
advanced. 

• The pressure in the gas zone progressively decreased through the testing 
period as gas was produced, but was not replenished (the above tests were 
conducted in ascending order). 

The above explanation is supported by comparing the estimated fresh-water 
head values from the various events: Hfw-vM5 > Hfw-vM6 > Hfw-vM9 (Figure 9-5). 
Therefore, the earliest fresh-water head estimate, that from SB2-VM5, would be 
the value closest to the original head and may represent a minimum estimate of 
the initial fresh-water head of the gas-bearing interval. 
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9.2.3 Temperature 

Temperatures measured at the downhole TSSP during testing in SB2 are 
shown in Figure 9-6. The temperatures presented are the values recorded 
near the end of each testing sequence. No anomalous temperature character
istics were observed within SB2. Linear regression of the measured values 
defines a temperature gradient of approximately 3. 7°C/1 00 m depth. 

9.3 Long-term Monitoring 

Long-term head monitoring systems were installed in SB 1 and SB2 when the 
boreholes were completed with the objective to monitor the head in discrete 
intervals over a long observation period (KUPFER & MARSCHALL, 1992; 
KUPFER, 1993). Presentation of a full interpretation of the long-term monitor
ing data is beyond the scope of this document. However, because no formal 
interpretation is available to date, a cursory evaluation of the data (as of 
December, 1993) was conducted to compare the fresh-water heads estimated 
from hydraulic testing with the most recent information from the long-term 
monitoring. 

A multi-packer system was installed in SB1 with the objective to monitor head 
levels in 7 discrete intervals. Pressure measurements have been recorded 
from the system since March of 1992 and continue to be recorded. The most 
recent data available at the time of writing from the long-term monitoring sys
tem and observation zone specifications are presented in Table 9-3. The data 
are also presented on Figure 9-2 for comparison to the results of hydraulic 
testing conducted in SB 1. The following conclusions can be made regarding 
the long-term head measurements from SB 1 to date: 

• With the exception of Z7, which is probably hydraulically interconnected 
with Z6, the zones seem to provide representative and reliable hydraulic 
head data. 

• In the high-permeability zones, Z1 and Z6, the heads are essentially the 
same as those estimated from testing of SB 1-VMS and SB 1-TO 1, re
spectively. 

• The heads in the low-permeability zones (Z3, Z4 and ZS) are still in a state 
of transition after 21 months of recovery. The tendencies of the head 
values compare well with the results of the hydraulic tests conducted during 
drilling. 

A multi-packer system was installed in SB2 when the borehole was completed 
with the objective to monitor the pressure in 4 intervals (Z1 through Z4) over a 
long observation period. In addition, a shallow borehole, PB07, was installed 
nearby and completed with a piezometer (ZO) to a depth of 130 m. Pressure 
measurements have been recorded from the system since March of 1993 and 
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continue to be recorded. The most recent data available at the time of writing 
from the long-term monitoring system and observation zone specifications are 
presented in Table 9-4. The data are also presented on Figure 9-5 for 
comparison to the results of hydraulic testing conducted in SB2. The following 
conclusions can be made regarding the long-term head measurements from 
SB2 to date: 

• Data appear to be reliable. 
• Zones ZO, Z2, Z3 and Z4 compare reasonably with the head estimates from 

hydraulic testing. 
• The head in Z1 is near the lower bound given for the SB2-VM2 test interval 

(Figure 9-5). It is interesting to note, however, that the head in Z1 
increased over the first three months to a maximum fresh-water head value 
of 566 m asl and then decreased to its present level. This was probably a 
response to borehole pressure history. 

Overall, the heads from the long-term monitoring systems compare reasonably 
well with those estimated during hydraulic testing in both SB1 and SB2. This 
tends to support the methods employed for estimating head from short-term 
testing. The fact that the heads in the low-permeability zones are still in 
transition illustrates the value of conducting a hydraulic testing program during 
drilling. The ability to produce relatively good head estimates in a few days, as 
opposed to waiting months, or perhaps years, can expedite the hydrogeologic 
characterization process. 
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Table 9-1: Summary of Hydraulic Test Results in SB1 

Test Report Apparent Interval Test Equivalent (Equivalent) 
Interval level Depth length Type Fresh-Water Head Transmissivity Hydraulic Conductivity 

[masl] [m2ls] [mls] 
min best max min best max min best max 

VM1 alR 100.15-115.14 15.0 DP 854< 855 < 856 2.2E-08 - 4.5E-08 1.5E-09 - 3.0E-09 
VM2 alR 100.15-215.8 115.7 SP 853 < 854 <855 4.0E-08 3.1 E-10 

VM3 alR 81.45-96.44 15.0 DP 853 < 854 <855 4.7E-09 - 5.8E-09 3.1E-10 - 3.9E-10 

VM4 IR 63.1-215.8 152.7 SP :> 855 4.5E-07 < 9.0E-07 < 1.8E-06 3.0E-09 < 5.9E-09 < 1.2E-08 

VM5 IR 63.1-78.1 15.0 DP 856< 857 <858 3.0E-07 < 6.0E-07 < 1.2E-06 2.0E-08 < 4.0E-08 < 8.0E-08 
VM6 alR 241.1-304.5 63.4 SP - - -
VM7 alR 241.1-256.0 15.0 DP - - -
VM8 IR 216.7-304.5 87.8 SP - - -
VM9 alR 216.7-231.3 15.0 DP - - -

VM10 IR 227.5-242.5 15.0 DP < 821 < 1.0E-09 <7.0E-11 
VM11 alR 426.2-435.1 8.9 SP < 674 6.0E-09 7.0E-10 
VM12 IR 31604-435.1 118.7 SP - 7.0E-11 < 7.0E-10 <7.0E-09 5.9E-13 < 5.9E-12 <5.9E-11 
VM13 IR 406.5-410.1 4.3 DP :> 669 3.0E-09 < 6.0E-09 < 1.2E-08 7.0E-10 < 104E-09 <2.8E-09 
VM14 alR 334.7-338.95 4.3 DP :> 820 (8.5E-11 ) (2.0E-11 ) 
VM15 alR 564.4-570.2 5.6 SP 493 < 588 < 683 - -
VM16 IR 435.3-570.2 134.9 SP 659 < 685 < 711 1.5E-10 < 3.0E-10 < 1.5E-09 1.1E-12 < 2.2E-12 < 1.1E-11 
VM17 alR 682.2-703.7 21.5 SP 394 < 464 < 534 1.6E-12 < 4.0E-12 < 1.0E-11 8.0E-14 < 2.0E-13 < 5.0E-13 
VM18 IR 567.9-703.7 135.8 SP 497 < 537 < 577 7.5E-11 < 1.5E-10 <3.0E-10 5.5E-13 < 1.1E-12 <2.2E-12 
VM19 IR 825.2-836.3 11.2 SP 118 < 148 < 178 2.0E-12 < 4.0E-12 <2.0E-11 1.8E-13 < 3.6E-13 < 1.8E-12 
VM20 IR 701.4-836.3 134.9 SP 294 < 394 < 494 1.0E-10 < 2.5E-10 <4.0E-10 704E-13 < 1.9E-12 < 3.0E-12 
VM21 alR 976.0-1000.5 24.5 SP < 528 1.5E-11 6.0E-13 
VM22 IR 835.5-1000.5 165.0 SP 241 < 341 < 441 1.0E-11 <6.0E-11 <1.0E-10 6.1 E-14 < 3.6E-13 < 6.1 E-13 
VM23 IR 521.6-533.0 11.4 DP 580 < 610 < 640 5.0E-09 < 1.0E-08 < 2.0E-08 404E-10 < 8.8E-10 < 1.8E-09 
VM24 alR 716.6-728.0 11.4 DP < 565 2.0E-13 < 2.0E-12 <2.0E-11 1.8E-14 < 1.8E-13 < 1.8E-12 
VM25 alR 963.5-974.9 11.4 DP < 662 304E-12 < 3.4E-11 <304E-10 3.3E-13 < 3.3E-12 <3.3E-11 
VM26 alR 1098.9-1108.6 9.8 SP 790 < 890 < 990 2.5E-10 < 5.0E-10 < 2.5E-09 2.5E-11 < 5.1E-11 <2.5E-10 
VM27 IR 1003.7-1108.6 104.9 SP 917 < 977 < 1037 3.5E-10 < 7.0E-10 <3.5E-09 3.3E-12 < 6.7E-12 < 3.3E-11 
TK1 IR 1147.0-1211.5 64.5 SP 1006 6.0E-07 - 4.0E-06 3.6E-08 - 2.6E-07 * 

VTK1 IR 1107.3-1211.5 104.5 SP 1006 3.0E-06 - 4.0E-06 2.9E-08 - 3.7E-08 
Ta1 IR 1340.0-1385.2 45.2 DP 1 003 < 1 004 < 1 005 1.0E-07 < 2.0E-07 < 1.0E-06 2.2E-09 < 404E-09 < 2.2E-08 
OZ1 IR 1281.3-1336.4 55.1 DP 989 < 994 < 999 5.0E-09 < 1.0E-OB < 2.0E-08 9.0E-11 < 1.BE-10 <3.6E-10 
OK1 IR 1224.3-1279.4 55.1 DP 997 < 1000 < 1003 3.0E-07 < 6.0E-07 < 1.2E-06 5.4E-09 < 1.1 E-OB < 2.2E-OB 
MF1 OlA 1552.0-1633.0 81.0 SP '" 663 5.0E-08 - 1.0E-06 6.0E-10 - 1.0E-08 
M1 IR 1459.2-1489.4 30.2 DP 857 < 937 < 1017 < 1.0E-10 < 3.3E-12 
M2 IR 1528.6-1550.0 21.4 DP 513 < 553 < 593 1.0E-10 < 6.0E-10 <2.1E-09 5.0E-12 < 3.0E-11 < 1.0E-10 

MF3 IR 1550.8-1670.3 119.8 SP '" 535 4.7E-09 < 1.4E-08 < 4.2E-08 4.8E-10 - 404E-09* 

• Equivalent hydraulic conductivity calculated based on length other than total interval length; see Appendix A 
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Table 9-2: Summary of Hydraulic Test Results in SB2 

Test Aeport Apparent Interval Test Equivalent (Equivalent) 
Interval Level Depth Length Type Fresh-Water Head Transmissivity Hydraulic Conductivity 

[m asl] [m2fs] [mfs] 

min best max min best max min best max 

KKl IR 92.0 -112.6 20.6 SP 526 < 527 < 528 1.0E-05 < 2.0E-05 < 4.0E-05 5.0E-07 < 1.0E-06 < 2.0E-06 

KK2 IR 346.9-358.2 11.3 SP 531 < 533 < 535 2.5E-06 < 5.0E-06 < 1.0E-05 2.2E-07 - 1.0E-04· 

VKl aLA 564.8-577.0 12.2 SP 590 < 610 < 630 < 2.5E-09 < 2.0E-10 

VK2 IR 435.0-577.0 142 SP 527 < 535 < 543 4.0E-08 < 1.2E-07 < 3.6E-07 4.0E-08 - 3.6E-05 • 

VK3 aLA 55.9-577.0 521.1 OH 527 == 4.0E-04 2.0E-06 

VM1 aLA 716.0-732.1 16.1 SP < 593 1.0E-l1 - 1.0E-l0 6.2E-13 - 6.2E-12 

VM2 IR 581.5-732.1 150.6 SP 507 < 607 < 707 1.0E-11 <4.5E-ll < 1.0E-l0 6.6E-14 < 3.0E-13 < 6.6E-13 

KK3 IR 1115.5-1151.5 36 SP 608 < 658 < 708 4.0E-12 < 1.4E-11 < 4.0E-ll 1.1E-13 < 4.0E-13 < 1.1E-12 

VKK1 IR 732.1-1151.5 419.4 SP < 534 == 4.0E-07 -
KK4 IR 958.0-982.0 24 DP > 506 < 9.5E-07 < 4.0E-08 

GMSl IR 858.5-882.5 24 DP 385 < 485 < 527 1.0E-07 < 3.6E-07 < 1.3E-06 4.2E-09 - 1.3E-05 • 

GMS2 IR 1408.0-1420.3 12.3 SP 439 < 489 < 539 3.6E-08 < 7.1E-08 < 3.6E-O? 2.9E-09 - 3.6E-06 • 

VM3 IR 1670.5-1703.5 33 SP 452 < 492 < 532 1.0E-l0 < 6.6E-10 < 1.0E-09 3.0E-12 < 2.0E-l1 < 3.0E-11 

VM4 IR 1841.S-1870.4 28.9 SP 711 < 751 < 791 1.5E-11 < 3.0E-l1 < 1.5E-l0 5.0E-13 < 1.0E-12<S.OE-12 

VMS IR 1707.0-1870.4 163.4 SP > 644 5.0E-l1 < 5.0E-10 < 5.0E-09 5.0E-12 - 5.0E-08· 

VM6 aLA 1783.3-1799.7 16.4 DP 464 < 600 < 730 3.0E-12 - 2.1E-08 1.8E-13 - 1.3E-09 

VM7 aLA 1726.6-1743.0 16.4 DP > 567 3.4E-11 - 6.0E-l0 2.1E-12 - 3.7E-l1 

VM8 aLA 1703.5-1728.0 24.5 DP == 750 1.SE-10 - 5.2E-l0 6.1 E-12 - 2.1E-11 

VM9 aLA 1768.9-1870.4 101.5 SP == 572 4.1E-10 - 4.3E-08 4.0E-12 - 4.2E-l0 

VM10 IR 1739.0-1741.6 2.6 DP 618 < 633 < 648 1.lE-11 < 2.2E-11 < 1.1E-l0 4.2E-12 < 8.6E-12 < 4.2E-ll 

• Equivalent hydraulic conductivity calculated based on length other than total interval length; see Appendix A 
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Table 9-3: Data from Long-Term Monitoring System in SB1 (December 1993) 

Zone Interval Depth Head measured Comments 
[m below ground surface (845.5 m asl)] [m asl] on 

Z1 perforation: 66 - 69; 71 - 74 858.6 16.12.93 stable head 

Z2 perforati on: 405 - 414 846.6 9.12.93 stable head 

Z3 perforation: 517 - 520; 565 - 568 519.5 9.12.93 decreasing head 
open borehole: 508 - 575 

Z4 perforation: 827 - 836 507.1 9.10.93 decreasing head 

Z5 perforation: 961 - 967; 980 - 986 279.7 9.12.93 decreasing head 

Z6 open borehole: 1384.7 - 1457.4 1000.8 9.12.93 stable head 

Z7 open borehole: 1458.7- 1495.0 982.9 9.12.93 i ncreasi ng head, possi bl y 
interconnected Vv'ith Z6 

Table 9-4: Data from Long-Term Monitoring System in SB2 (December 1993) 

Zone I nterval Depth Head measured Comments 
[m below ground surface (532.2 m asl)] [m asl] on 

ZO piezometer: 100 - 130 522.0 13.12.93 stable head 

Z1 perforation: 675 - 678; 680 - 683 535.0 9.12.93 decreasing head * 

Z2 perforation: 965 - 971 524.1 9.12.93 d ecreasi ng head 

Z3 perforation: 1415 - 1421 529.6 9.12.93 stable head 

Z4 open borehole: 1703.5 - 1739.1 661.0 9.12.93 increasing head 

head in Z1 was original increasing, reaching a maximum value of 566 m asl (probably 
borehol e pressure history effects) 



NAGRA NTB 93-38 - 134-

Table 9-5: Geologic Symbols and Abbreviations for SB1 and SB2 Profiles 
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Schimberg Schiefer 

VM 
Vitznau Mergel 

M 
Melange 

KH-Fm 
Klimsenhorn-Formation 

GMS 
Graue Mergelschiefer 

GML 
Gemsmattli-Layer (equivalent) 

ON Drusberg-Nappe 
M-IH Melange Infrahelvetic 

WF-OB Wissberg-Firrenberg Overthrust Block 
PA Parautochthon 
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Kiesel-Kalk 

BK 
Bettlis-Kalk 
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Oehrli-Formation 

GPL 
Graspass-Layer 

TK 
Tros-Kalk 

OAS 
Dachschiefer-Altdorfer-Sandstone 

KK 
Kiesel-Kalk 

OK 
Diphyoides-Kalk 
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Figure 9-5: Equivalent Fresh-Water Head Profile for SB2 (including Long
Term Monitoring Data) 
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NOMENCLATURE 

Parameter 51-Unit 

C wellbore storage constant m3/Pa 

c compressibility Pa-1 

cf formation compressibility Pa-1 

cfl fluid compressibility Pa-1 

cr rock (bulk) compressibility Pa-1 

csc test zone compressibility Pa-1 

ct total (formation) compressibility Pa-1 

cT thermal expansion coefficient °c 
Cw water compressibility Pa-1 

dSkin radial thickness of skin zone m 

g gravitational acceleration (9.81) m/s2 

GWR producing gas-water ratio 

Hfw equivalent fresh-water head m asl 

~h dramoWl m 

h hydrauliC head m 

K hydraulic conductivity m/s 

KSkin hydraulic conductivity in skin zone m/s 

k absolute (intrinsic) permeability m2 

L formation thickness m 

r radial distance from borehole m 

rc tubing radius m 

re effective radius for slug/pulse test (BLACK, 1985) m 

ri radius of influence, radius of investigation m 

rs skin radius m 

rw wellbore radius m 

ry radius of visibility m 

p, P pressure Pa 

Patm atmospheric pressure Pa 

Pstat static pressure at transducer depth Pa 

Pi, Pi initial pressure Pa 

q flow rate m3/s 

qe last flow rate m3/s 

Q totalized flow, cumulative flow m3 
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Parameter SI-Unit 

Rs solution gas-vvater ratio 

S storativity 

SSkin storativity of skin zone 

Ss specific storage m-1 

SsSkin specific storage of skin zone m-1 

s (mechanical) skin factor 

time s 

~t elapsed time s 

~te equivalent time (AGARWAL, 1980) s 

~tH Horner time 

tp production time s 

t * p modified production time s 

to dimensionless time 

T transmissivity m2/s 

TSkin transmissivity of skin zone m2/s 

Vb bulk volume m3 

V~ pore volume m3 

Vi total interval (shut-in) volume m3 

Z reference elevation m asl 

a dimensionless storativity parameter 

p dimensionless time parameter 

/J. viscosity Pas 

~ porosity 

P fluid density kg/m 

Pfwsc fresh-vvater density at standard conditions (999.104) kg/m 
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Appendix A - Summary of SB1 and SB2 Test Results. 

The results of each of the tests conducted in SB1 and SB2 are presented in 
Appendix A.1 and A.2, respectively. Each test is described in a two-page 
summary, of which the first page is a graphical presentation of the test 
sequence and the second page is a written summary that describes the test 
interval, the testing sequence and analysis results. Detailed descriptions and 
analyses for the hydrogeologic tests performed in SB1 and SB2 are provided in 
separate Nagra internal reports. 

Reporting for the individual tests was conducted on two different levels. Quick 
Look Reports (QLRs) were prepared for each interval to provide preliminary 
test results in a short turn-around time. More detailed analyses were 
conducted for selected intervals in Interval Reports (NIBs). It is important for 
the reader to recognize that the degree of analysis that was performed for each 
test sequence is dependent on whether the interval was the subject of only a 
QLR, or if further analysis was performed for a NIB. Most QLR analyses were 
performed using the simplest flow model possible (i.e., wellbore storage and a 
homogeneous formation with infinite-acting radial flow, assuming single-phase 
water-saturated conditions). When appropriate, the NIB-level analyses 
considered more com plex flow models and extraneous effects, such as 
borehole pressure history and temperature changes. 

The graphical presentation consists of up to six plots for each test. The first 
plot is always the composite pressure response during the entire test period. 
For single packer tests, the P1- and P2-transducers monitor the test interval 
and the P3-transducer monitors the annulus. For double packer tests, the P1-
transducer monitors below the lower packer, the P2-transducer monitors the 
test interval and the P3-transducer monitors the annulus. The other plots 
presented are those that best represent the analyses performed on the test 
sequence. In most cases, a log-log diagnostic plot of a build-up period is 
presented. Where the entire test sequence was simulated using GTFM or 
analysis and simulation was performed with INTERPRET/2, results of these 
exercises are provided. 

The written summary of each test sequence consists of four basic parts: 

• an upper header area (first four lines) which contains general information 
regarding the test interval, 

• a Test Description section that contains a brief description of the test 
sequence, including problems or occurrences during testing that may have 
affected test results, 

• a Test Interval Specifications section that provides details of the test interval 
and estimated down-hole parameters utilized for test analyses, and 
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• a Test Results section that contains hydraulic parameter estimates, 
potential extraneous effects that (may have) impacted test results, and the 
flow model utilized for the "best-estimate" analysis results. 

The Reference Document designation in the third line of the header section 
provides reference to existing Nagra reports pertaining to a particular test 
sequence. Tests that are the primary subject of interval reports have an "NIB 
91-80_ " or "NIB 92-1 ~O_" report designation for SB1 and SB2, respectively. 
Test intervals that are only the subject of a Quick Look Report have a "QLR 
_" designation. If the interval was a sub-section within an interval covered 
by an NIB, the appropriate Interval Report in shown in parentheses following 
the QLR. 

The test objectives, presented in the fourth line of the header section, are given 
in order of priority for each test. The test objectives were determined by a 
Nagra representative at the outset of each test sequence. 

The test interval specifications include test-interval length and the estimated 
ground-water-contributing thickness. The contributing thickness, which is used 
to calculate hydraulic conductivity (K), can sometimes be estimated from fluid 
logging. When the contributing thickness is not known, it is assumed to be 
equal to the length of the interval; this yields an equivalent hydraulic -
conductivity, which is a minimum K-value. The true K-value can be significantly 
greater than the equivalent K-value. If a specific storage value was assumed 
for analysis, the assumed value is presented in the Test Interval Specifications 
section. No storativity values that were estimated form type-curve matching of 
slug and pulse tests are presented in the Test Results section because of the 
great uncertainty associated with estimating storativity from single borehole 
tests. 

The test results provided are the "best-estimates" from Interval Reports on the 
test sequences, or are the "preliminary" results of Quick-Look analyses, if no 
interval report was written. The fresh-water head estimates in Quick Look 
Reports are based on the apparent depth of the borehole, as no borehole 
inclination information was available at that time. For the following summaries, 
the fresh-water head values that are presented have all been corrected to the 
vertical depth of the borehole. Therefore, the values presented in this 
appendix may differ slightly from those presented in the QLRs. 



Appendix A1 
SB1 Test Summaries 
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Borehole SB1 Interval Depth 100.15mt0115.14m 

Test Interval VM1 Testing Date 4.12.1990 to 5.12.1990 

Test Type Double Packer Reference Document QLR SB1-VM1 (NIB 91-80A) 

Test Objectives Groundwater Sample - Transmissivity_ - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A double-packer test system was installed to a depth of 100.15 meters and the following test sequence 
was conducted: 

INF After the system was installed to depth, the packers were inflated to 67 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 2.4 hours. 
During the period, the P2-pressure increased from 1074 kPa to a final pressure of 1139 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 351 kPa. During the 
0.8-hour period, the pressure increased to a final pressure of 1123 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 351 kPa. During 
the 2.4-hour period, the pressure increased to a final pressure of 1128 kPa. 

PW3 A third pulse withdrawal test was conducted with a starting pressure of 734 kPa. During the 
1.1-hour period, the pressure increased to a final pressure of 1128 kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 1542 kPa. During the 3.0-
hour period, the pressure decreased to a final pressure of 1135 kPa. 

Comments: The result of PW1 indicated that water sampling was not feasible in the time frame 
available. A series of pulse tests was conducted to investigate whether pulse tests conducted under 
different stress conditions would produce similar results. No significant variations in test results were 
observed. 

Test Interval Specifications: 
Interval Length 15 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected 

Factors Affecting Test Results: 

2.2E-8 to 4.5E-8 
1.5E-9 to 3.0E-9 
1139 
855 

11.8 
none 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 100.15 m to 215.BO m 

Test Interval VM2 Testing Date 5.12.1990 to 6.12.1990 

Test Type Single Packer Reference Document QLR SB1-VM2 (NIB 91-BOA) 

Test Objectives Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 

VM2 was initiated by deflating the lower packer after VM1 testing. The P1 and P2 pressures equalized 
0.4 hours after deflation started. However, pressure recovery did not b~gin until the lower packer line 
was closed at the surface; then, the following test sequence was conducted: 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 1.5 hours. 
During the period, the P2-pressure increased from 1091 kPa to a final pressure of 1128 kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 1408 kPa. During the 
1.2-hour period, the pressure decreased to a final pressure of 1135 kPa. 

Comments: The VM2 test results indicate T and H values similar to those observed in VM1. The 
results show that no zones possessing a transmissivity higher than that of VM1 are present between 
115 and 215.8 m depth. This conclusion is consistent with analysis results from the P1-zone during 
VM1 testing 

Test Interval Specifications: 
Interval Length 115.7 [m] Specific Storage (est.) 

Water Density (est.) 
Tubinfl Radius 

Contributing thickness (est.) 
Wellbore Radius 

115.7 [m] 

0.0794 Lm1 
Test Results: 

Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Equipment? (deflated lower packer) 

4E-8 
3.1E-10 
1130 
854 (± 1m) 

11.7 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 I nterval Depth 81.45 m to 96.44 m 

Test Interval VM3 Testing Date 6.12.1990 

Test Type Double Packer Reference Document QLR SB1-VM3 (NIB 91-80A) 

Test Objectives Groundwater Sample - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The double-packer test system that was used for VM1 and VM2 was moved to a depth of 81.45 meters 
and the following test sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 70 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 9.5 hours. 
During the period, the P2-pressure increased from 894 kPa to a final pressure of 950 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 179 kPa. During the 
2.2-hour period, the pressure increased to a final pressure of 930 kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 1561 kPa. During the 
1.0-hour period, the pressure decreased to a final pressure of 1040 kPa. 

Comments: The result of PW1 indicated that water sampling was not feasible in the time frame 
available. No unusual-pressure responses occurred during the test sequence. 

Test Interval Specifications: 
Interval Length 15 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 

4.7E-9 to 5.8E-9 
3.1E-10 to 3.9E-10 
950 
854 (± 1 m) 

10.7 
none 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 63.1 m to 215.8 m 

Test Interval VM4 Testing Date 6.12.1990 to 7.12.1990 

Test Ty[J8 Single Packer Reference Document NIB 91-80A 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The double-packer test system used for VM1 - VM3 was moved to a depth of 100.15 meters. Only the 
upper packer was inflated for VM4 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the upper packer was inflated to 76 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 14.9 hours. 
During the period, the P2-pressure increased from 721 kPa to a final pressure of 772 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 216 kPa. During the 

0.9-hour period, the pressure increased to a final pressure of 772 kPa. 

SW1 Based on relatively high transmissivity indicated by the PW1 test results, a slug withdrawal 
test was conducted with a starting pressure of 229 kPa. During the 1.8-hour period, the 
pressure increased to a final pressure of 703 kPa. 

Comments: No unusual pressure responses were observed during VM4 testing. Data acquisition was 
temporarily halted during PSR, because the frequency counter failed, and during SW1, while the data 
acquisition system was repaired. These interruptions of data collection had no deleterious effects on 

analysis of the events. 

Test Interval Specifications: 

Interval Length 152.7 [m] Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

152.7 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 

Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Equipment? (deflated lower packer) 

9E-7 (± a factor of 2) 
5.9E-9 (± a factor of 2) 
>772 
>855 

10.6 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1E-7 [m-1] 

1000 [kg/m 3] 

0.031 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 

[m] 
[DC] 
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Borehole SB1 Interval Depth 63.1 m to 78.1 m 

Test Interval VM5 Testing Date 7.12.1990 to 10.12.1990 

Test Type Double Packer Reference Document NIB 91-80B 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The VM5 test sequence was initiated by inflating the lower packer after VM4 testing. The following test 
sequence was conducted: 

INF 
PSR 

PW1 

SW1 

The lower packer was inflated to 75 bar. 

The shut-in valve was closed to initiate a pressure recovery period which lasted 0.6 hours. 

During the period, the P2-pressure increased from 737 kPa to a final pressure of 750 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 257 kPa. During the 
0.5-hour period, the pressure increased to a final pressure of 749 kPa. 
A slug withdrawal test was conducted with a starting pressure of 263 kPa. During the 
1.6-hour period, the pressure increased to a final pressure of 662 kPa. 

SWS1 A shut-in period was implemented following SW1 by closing the down-hole shut-in valve. The 
pressure increased from an initial value of 662 kPa to a final pressure of 782 kPa. 

Pre-Test A short pumping phase was conducted prior to RW1 to test the operation of the pumping 
system and to adjust pump settings for the target pumping rate. 

RW1 A constant rate withdrawal test was conducted for a total of 97.5 hours with flow rates of 2.3 
and 1.3 I/min. Ground water samples were collected during this period. 

RWS1 A shut-in period following the constant rate period was conducted for 11.3 hours, during 
which the interval pressure increased from 394 to 711 kPa. 

Comments: The PW1 and SW1 pressure responses indicated non-homogeneous formation conditions, 
possibly fracture flow. A sudden increase in the rate of drawdown was observed after approximately 10 

hours of pumping, necessitating a reduction of the withdrawal rate. It is not clear whether this was in 
response to encountering a negative boundary, or related to clogging somewhere within the test system 
or formation. 

Test Interval Specifications: 
Interval Length 15 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 

6E-7 (± a factor of 2) 
4E-8 (± a factor of 2) 
782 to 801 
857 (± 1 m) 
<120 

10.4 
yes (water) 

Boundaries: (Possible negative boundary encountered during RW1) 

5E-7 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium - (Negative Boundary) 
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Borehole SB1 Interval Depth 241.1 m to 304.5 m 

Test Interval VM6 Testing Date 1B.12.1990 

Test Type Single Packer Reference Document QLR SB1-VM6 (NIB 91-BOC) 

Test Objectives Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The objective of the VM6 through VM1 0 testing campaign was to identify a zone suitable for 
groundwater sampling over the Christmas shut-down period. For VM6, a double packer test system 
was installed to a depth of 241 m. Only the upper packer was inflated for VM6. The following test 
sequence was conducted: 

INF The upper packer was inflated to 71 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 11.9 hours. 
During the period, the P2-pressure decreased from 2600 kPa to a final pressure of 2566 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 1830 kPa. During the 
1.2-hour period, the pressure increased to a final pressure of 2369 kPa. 

Comments: VM6 testing was terminated after it was clear, from the PW1 response, that the interval 
did not possess a high enough transmissivity to warrant sampling. A particularly viscous mud was 
present in the borehole during VM6 testing which may have limited hydraulic communication between 
the test system and the formation. No hydraulic parameters were estimated from the VM6 test 
sequence. 

Test Interval Specifications: 
Interval Length 63.36 [m] 
Contributing thickness (est.) 
Wellbore Radius 

63.36 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Sample Collected? 

Factors Affecting Test Results: 
Equipment (deflated lower packer) 

Flow Model: -

15.6 
none 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 241.1 m to 256 m 

Test Interval VM7 Testing Date 19.12.1990 

Test Type Double Packer Reference Document QLR SB1-VM7 {NIB 91-BOC} 

Test Objectives Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The objective of the VM6 through VM1 0 testing campaign was to identify a zone suitable for 
groundwater sampling over the Christmas shut-down period. Following the VM6 test sequence, the 
lower packer was inflated to initiate VM7. The following test sequence was conducted: 

INF The lower packer was inflated to 71 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 2.1 hours. 
During the period, the P2-pressure increased from 1928 kPa to a final pressure of 2023 kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 2710 kPa. During the 
1.2-hour period, the pressure increased to a final pressure of 1830 kPa. 

Comments: High squeeze pressures were observed during inflation (-19 bar) which indicates a 
relatively low transmissivity. Subsequent to the VM6 - VM7 - VM8 - VM9 testing campaign, the steel 
line that connects the P1-transducer to the P1-zone (beneath the lower packer), was found to have 
been damaged. This probably occurred during VM6 testing, and thus would have interconnected the 
P1- and P2-zones. A particularly viscous mud was present in the borehole during VM7 testing which 
may have limited hydraulic communication between the test system and the formation. No hydraulic 
parameters were estimated from the VM7 test sequence. 

Test Interval Specifications: 
Interval Length 15 [m] 
Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Equipment (damaged P1-line) 

Flow Model: -

15.7 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

1000 
0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 216.7 m to 304.5 m 

Test Interval VM8 Testing Date 19.12.1990 to 20.12.1990 

Test Type Single Packer Reference Document NIB 91-80C 

Test Objectives Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The objective of the VM6 through VM1 0 testing campaign was to identify a zone suitable for 
groundwater sampling over the Christmas shut-down period. Following the VM7 test sequence, the test 
system was moved up-hole to 216.7 m depth. Only the upper packer was inflated for VMB. The 
following test sequence was conducted: 

INF The upper packer was inflated to 79 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 6.2 hours. 
During the period, the P2-pressure decreased from 2321 kPa to a minimum pressure of 2131 
kPa and then increased to a final pressure of 2156 kPa. The pressure response was 
influenced by the deflated lower packer. The inflation line was open at the surface during the 
early portion of the test. After the line was closed at surface, pressure in the interval began 
to increase. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 1629 kPa. During the 
1 0.7-hour period, the pressure increased to a final pressure of 2074 kPa. 

SW1 A slug withdrawal test was conducted with a starting pressure of 1630 kPa. During the 
4.0-hour period, the pressure increased to a final pressure of 1692 kPa. 

Comments: The pressure responses recorded during VMB were affected by the presence of the 
deflated lower packer. The effect of the deflated bottom packer was significant because of the low 
transmissivity of the borehole section. A particularly viscous mud was present in the borehole during 
VMB testing which may have limited hydraulic communication between the test system and the 
formation. Because the deflated packer tended to dominate the pressure responses, no reliable 
hydraulic parameters could be estimated from the VMB test sequence. 

Test Interval Specifications: 
Interval Length B7.B [m] 
Contributing thickness (est.) 
Wellbore Radius 

B7.B [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Equipment (deflated lower packer) 

15.7 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[DC] 
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INTERVAL SB1 VM9 
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Borehole SB1 Interval Depth 216.7 m to 231.3 m 

Test Interval VM9 Testing Date 20.12.1990 

Test Type Double Packer Reference Document QLR SB1-VM9 (NIB 91-BOC) 
Test Objectives Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The objective of the VM6 through VM1 0 testing campaign was to identify a zone suitable for 
groundwater sampling over the Christmas shut-down period. Following the VM8 test sequence, the 
lower packer was inflated to initiate VM9. The following test sequence was conducted: 

INF The lower packer was inflated to 71 bar. During inflation, high squeeze pressures developed 
in the test interval, which indicated a quite low transmissivity. When the squeeze pressure in 
the interval approached 6-bar, the pressure was released by opening the shut-in valve. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 3.3 hours. 
During the period, the P2-pressure increased from 1697 kPa to a final pressure of 1901 kPa. 

Comments: High squeeze pressures were observed during inflation (>6 bar) which indicated a 
relatively low transmissivity. Subsequent to the VM6 - VM7 - VM8 - VM9 testing campaign, the steel 
line that connects the P1-transducer to the P1-zone (beneath the lower packer), was found to have 
been damaged. This probably occurred during VM6 testing, and thus would have interconnected the 
P1- and P2-zones. A particularly viscous mud was present in the borehole during VM9 testing which 
may have limited hydraulic communication between the test system and the formation. No hydraulic 
parameters were estimated from the VM9 test sequence. 

Test Interval Specifications: 
Interval Length 15 [m] 
Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Equipment (damaged P1-line) 

Flow Model: -

15.2 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[DC] 
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Borehole SB1 Interval Depth 227.5 m to 242.5 m 

Test Interval VM10 Testing Date 20.12.1990 to 2.1.1991 

Test Type Double Packer Reference Document NIB 91-800 

Test Objectives Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The objective of the VM1 0 testing sequence was to obtain a groundwater sample over the Christmas 
shut-down period. Following two failed attempts to install the test system (once because of the broken 
P1 line and once because of a damaged electrical cable), the test system was installed to a depth of 
227.5 meters. The pressure recovery period and the first pulse recovery period are designated PSR2 
and PW2, respectively, because a PSR and pulse test were conducted during one of the previous 
installation attempts. The following test sequence was conducted: 

INF 
PSR2 

The packers were inflated to 72 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 0.6 hours. 
During the period, the P2-pressure decreased from 2487 kPa to a final pressure of 2063 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 1700 kPa. During the 
3.4-hour period, the pressure increased to a final pressure of 2054 kPa. 

PW2 

HW1 

HWS1 

A constant rate withdrawal test was attempted; however, because of the relatively low 
permeability, the interval head was drawn down to the Moineau pump soon after pumping 
began. Therefore, the test is treated as a constant head withdrawal test. The period, which 
lasted 27 hours, was terminated when the discharge line froze. The interval pressure during 
much of the period was below atmospheric and flow during the entire period was intermittent. 
An unplanned shut-in period_occurred when the discharge line froze. The starting pressure 
of the period was 43 kPa. During the 44.6 hour period, the pressure increased to 741 kPa. 
Pumping resumed for an additional 98.3 hours after the discharge line was thawed. The 
interval pressure during HW2 was also below atmospheric, indicating that drawdown had 
reached the pump. The discharge rate was too low to facilitate collection of representative 
water samples during the period. 

HW2 

HWS2 After the pumping phase, a 1 02.5-hour pressure build-up period was implemented. The 
interval pressure increased from 70 kPa to 450 kPa during the period. 

Comments: The VM1 0 test sequence was an unsuccessful attempt to obtain groundwater samples 
from a relatively low permeability zone during the shut-down period for the Christmas/New Years 
holiday. The HW1 and HW2 periods are quite irregular because drawdown reached the Moineau pump. 
The large underpressure applied during pumping probably caused gas to come out of solution which 
would have increased the test-zone compressibility and affected the HIS1 and HIS2 responses. 

Test Interval Specifications: 
Interval Length 15 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas (?) 

<1E-9 
<7E-11 
<2052 
<821 

16.0 
none 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 
1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 426.2 m to 435.1 m 

Test Interval VM11 Testing Date 5.2.1991 to 8.2.1991 

Test Type Single Packer Reference Document QLR SB1-VM11 (NIB 91-80E) 

Test Objectives Groundwater Sample - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to a depth of 426.2 meters and the following test sequence 
was conducted: 

INF After the system was installed to depth, the packer was inflated to 70 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 48.9 hours. 
During the period, the P2-pressure decreased from 4773 kPa to a final pressure of 2558 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 2403 kPa. During the 
3.0-hour period, the pressure increased to a final pressure of 2535 kPa. 

SW1 A slug withdrawal test was conducted with a starting pressure of 2113 kPa. During the 
15.1-hour period, the pressure increased to a final pressure of 2170 kPa. 

Comments: Groundwater sampling was determined to be unfeasible based on the results of SW1. 
Unsteady pressure responses were observed during SW1; these may have been related to repeated 
clogging and un-clogging within the test system or the formation. A particularly viscous mud was 
present in the borehole during VM11 testing which may have limited hydraulic communication between 
the test system and the formation. 

Test Interval Specifications: 
Interval Length 8.9 [m] 
Contributing thickness (est.) 
Wellbore Radius 

8.9 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 

6E-9 
7E-10 
<2558 
<674 

22.9 
none 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Possible clogging of test system or formation during SW1 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 316.4 m to 435.1 m 

Test Interval VM12 Testing Date 8.2.1991 to 15.2.1991 

Test Type Single Packer Reference Document NIB 91-80E 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The single-packer test system that was used for VM11 was moved up-hole to a depth of 316.4 meters 
for the VM12 test. The following test sequence was conducted: 

INF 

PSR 

SW1 

After the system was installed to depth, the packer was inflated to 71 bar. 

The shut-in valve was closed to initiate a pressure recovery period which lasted 96.3 hours. 
During the period, the P2-pressure decreased from 3108 kPa to a final pressure of 2818 kPa. 

A slug withdrawal test was conducted with a starting pressure of 1482 kPa. During the 
20.1-hour period, the pressure increased to a final pressure of 1868 kPa. 

SWS1 A pressure build-up period was implemented for 46.8 hours following the slug withdrawal test. 
The pressure increased from 1870 kPa to a final pressure of 2079 kPa. 

Comments: The VM12 interval comprised a long test section with complex head conditions. Zones 
possessing significantly different heads were present within the interval. Depending on the stress level, 
certain zones could be exposed to an underpressure while other zones experienced overpressure. A 
particularly viscous mud was present in the borehole during VM12 testing which may have limited 
hydraulic communication between the test system and the formation. Because of the complexity of the 
interval, the test sequence yields only ambiguous results for transmissivity and precludes accurate 
estimation of static formation pressure for the interval. 

Test Interval Specifications: 
Interval Length 118.7 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

118.7 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Commingled Heads 

7E-10 (± 1 order of magnitude) 
5.9E-12 (± 1 order of magnitude) 
not determined (variable) 

19.0 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

4E-7 [m-1] 

1 000 [kg/m3] 

0.031 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 406.5 m to 410.1 m 

Test Interval VM13 Testing Date 23.2.1991 to 27.2.1991 

Test Type Double Packer Reference Document NIB 91-80F 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 

The VM13 interval was chosen for groundwater sampling based on the results of fluid logging. A 
double packer system with a 4.25 straddle interval was installed to a depth of 406.5 meters. The 

following test sequence was conducted: 

INF 

PSR 

RW1 

After the system was installed to depth, the packers were inflated to 69 bar. 

The shut-in valve was closed to initiate a pressure recovery period which lasted 14.2 hours. 

During the period, the P2-pressure increased from 1808 kPa to a final pressure of 2088 kPa. 
A constant rate withdrawal test was conducted for 59.6 hours with an average flow rate of 

100 mllmin. The interval pressure at the end of the period was 256 kPa. 

RWS1 A 9.2-hour long shut-in period was conducted following the constant rate period in order to 

facilitate running in a down-hole sampling device. Based on field electrical conductivity 

measurements, Nagra decided to continue pumping. During RWS1, the interval pressure 

increased to 345 kPa. 

RW2 A second constant rate withdrawal test was conducted for 16.8 hours with an average flow 

rate of 80 ml/min. The interval pressure at the end of the period was 84 kPa. 

RWS2 A 6.4-hour-long shut-in period was conducted following the constant rate period in order to 

facilitate running in a down-hole sampling device. Samples were, again, collected during this 

period. During RWS2, the interval pressure increased to 128 kPa. 

Comments: The VM13 test response appears to have been affected by gas. Although no gas was 

physically observed at the surface, gas would likely have come out of solution during RW1 and RW2 

when the interval was exposed to a significant underpressure. The shut-in periods, RWS1 and RWS2, 

exhibited a much smaller degree of pressure recovery than would generally be expected for a water

saturated system. 

Test Interval Specifications: 

Interval Length 4.25 [m] SpeCific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 

Wellbore Radius 

4.25 [m] 

0.0794 [m] 

Test Results: 

Transmissivity 

(Equivalent) Hydraulic Conductivity 

Static Formation Pressure at P2 

Equivalent Fresh-Water Head 
Radius of Investigation 

Maximum Temperature during testing 

Samples Collected? 

Factors Affecting Test Results: 

Borehole Pressure History 

Gas 

Hydraulic Communication with the P1-zone 

6E-9 (± a factor of 2) 

1.4E-9 (± a factor of 2) 

>2088 

>669 

-47 

22.4 
yes (water) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 

[m asl] 

[m] 
[0C] 
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Borehole SB1 Interval Depth 334.7 m to 33B.95 m 
Test Interval VM14 Testing Date 27.2.1991 to 29.2.1991 

Test Type Double Packer Reference Document QLR SB1-VM14 (NIB 91-BOE) 

Test Objectives Transmissivity - Static Formation Pressure 

Geolog1 LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The VM14 test interval was isolated with a double packer system because it had shown an anomalous 
response during a preceding fluid logging campaign. The following test sequence was conducted: 

INF 

PSR 

SW1 

After the system was installed to depth, the packers were inflated to 69 bar. 

The shut-in valve was closed to initiate a pressure recovery period which lasted 14.3 hours. 
During the period, the P2-pressure decreased from 3304 kPa to a minimum pressure of 
3065, and then increased to a final pressure of 3092 kPa. 

A slug withdrawal test was conducted with a starting pressure of 2365 kPa. During the 
0.9-hour period, no pressure increase was observed. 

SWS1 A pressure build-up period was implemented for 18.4 hours following the slug withdrawal test. 
The pressure increased from 2542 kPa to a final pressure of 2861 kPa. 

Comments: The VM14 test results are somewhat ambiguous because of non-ideal test responses. 
Unusual pressure responses are attributed to borehole pressure history and skin effects caused by 
mud-cake in the interval. A particularly viscous mud was present in the borehole prior to VM14 testing. 
Overall, the results indicate a relatively low transmissivity. 

Test Interval Specifications: 
Interval Length 4.25 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

4.25 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Skin Effects caused by Mud-Cake 

(8.5E-11 ) 
(2E-11 ) 
>3092 
>820 

19.8 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 564.6 m to 570.2 m 

Test Interval VM15 Testing Date 10.3.1991 to 15.3.1991 

Test Type Single Packer Reference Document QLR SB1-VM15 (NIB 91-BOG) 

Test Objectives Groundwater Sample - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to a depth of 564.6 meters because an increase in drilling 
fluid losses was observed while drilling through the section. The following test sequence was 
conducted: 

INF After the system was installed to depth, the packer was inflated to 72 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 47.3 hours. 

During the period, the P2-pressure decreased from 5945 kPa to a final pressure of 4776 kPa. 
PW1 A pulse withdrawal test was conducted with a starting pressure of 3165 kPa. During the 

4.9-hour-long period, the interval pressure increased to a maximum and then decreased to a 
final pressure of 3998 kPa. 

SW1 A slug withdrawal test was conducted with a starting pressure of 2056 kPa. During the 
12-hour period, the pressure increased to 2120 kPa. 

SWS1 A pressure build-up period was implemented for 10.4 hours following the slug withdrawal test. 
The pressure increased from 2120 kPa to a final pressure of 2142 kPa. 

RW1 A constant rate withdrawal test was conducted for 24.7 hours. After 7 hours of pumping at 
approximately 100 milmin, gas started to flow at a rate of approximately 30 to 40 In/min. The 
interval pressure at the end of the period was 1840 kPa. 

RWS1 A 17.2-hour-long shut-in period was conducted following the constant rate period. During 
RWS1, no pressure recovery was observed which indicates that gas was present in the 
interval and, possibly, in the formation. 

Comments: The early portion of the VM 15 test sequence was dominated by borehole pressure history 
because of an apparent low permeability and a relatively low static formation pressure compared to the 
pressure exerted by the fluid column in the borehole. The later portion of the test sequence was 
dominated by gas effects. No transmissivity was estimated from the test results, and only a wide range 
of static formation pressure can be estimated from the test results. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

Test Results: 
Transmissivity 

5.6 [m] 
5.6 [m] 
0.0794 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

2421 to 3998 
493 to 683 

Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas 

Flow Model: -

29.0 

no 

1000 
0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 435.3 m to 570.2 m 

Test Interval VM16 Testing Date 16.3.1991 to 18.3.1991 

Test Type Single Packer Reference Document NIB 91-80G 

Test Objectives Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
After VM15 testing was completed, the test system was moved up to 435.3 meters depth for VM16 

testing. The following test sequence was conducted: 

INF 

PSR 

RI1/RI2 

RIS2 

PW1 

PW2 

SW1 

After the system was installed to depth, the packer was inflated to 73 bar. 

The shut-in valve was closed to initiate a pressure recovery period which lasted 16.5 hours. 
During the period, the P2-pressure decreased from 4238 kPa to a final pressure of 3850 kPa. 
A constant rate injection test was conducted for 10.7 hours. The average injection rate 

during the first 6.6 hours was about 160 mllmin. The injection rate was difficult to maintain 

because the formation transmissivity was lower than expected. The variable injection rate 

resulted in an unsteady interval pressure. During the final 4.1 hours (RI2), a high-pressure, 

low volume pump was used to inject about 90 mllmin into the interval. The interval pressure 

increased steadily to a maximum of approximately 6000 kPa and levelled off. Then, the 

pressure suddenly decreased to about 5100 kPa, possibly due to a sudden change in 
transmissivity (fracture deformation) or because of packer by-pass and/or packer movement. 
The interval pressure began to increase again. The interval pressure at the end of the period 
was 5600 kPa. 

A 16.7-hour-long shut-in period was conducted following the constant rate period. During 
RIS1, the pressure decreased from 5598 to a final pressure of 4604 kPa. 

A pulse withdrawal test was conducted with a starting pressure of 1621 kPa. During the 
2.5-hour-long period, the interval pressure increased to 2918 kPa. 

A second pulse withdrawal test was conducted with a starting pressure of 1292 kPa. During 
the 2.8-hour-long period, the interval pressure increased to 2611 kPa. 

A slug withdrawal test was conducted to verify the presence of gas within the interval. The 

SW1 starting pressure was 683 kPa. Approximately 15 minutes after initiating SW1, gas flow 
was detected at the wellhead at a rate of about 20 IImin. During the 1.2-hour period, the 
pressure increased to 847 kPa. 

Comments: The pressure responses recorded during VM 16 were affected by various extraneous 

factors such as borehole pressure history, fluctuating flow rates (RI1), fracture deformation and/or 
packer by-pass/packer movement (RI2), and gas. 

Test Interval Specifications: 

Interval Length 134.9 [m] Specific Storage (est.) 

Water Density (est.) 

Tubing Radius 

Contributing thickness (est.) 

Wellbore Radius 

134.9 [m] 

0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 

Equivalent Fresh-Water Head 

Radius of Investigation 

Maximum Temperature during testing 

Factors Affecting Test Results: 

Borehole Pressure History 

Gas 

3E-10 (± % order of magnitude) 

2E-12 (± % order of magnitude) 
2750 (± 250 kPa) 
685 (± 26 m) 

23.6 

Fracture Deformation and/or Packer By-pass 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

3E-7 
1000 

0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 

[m] 
[0C] 
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Borehole SB1 Interval Depth 682.2 m to 703.7 m 

Test Interval VM17 Testing Date 29.3.1991 to 3.4.1991 

Test Type Single Packer Reference Document QLR SB1-VM17 (NIB 91-80H ) 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to a depth of 682.2 meters depth for VM17 testing. 
following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 76 bar. 

The 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 27.2 hours. 
During the period, the P2-pressure increased from 6843 kPa to a maximum pressure of 7358 
kPa and then decreased to a final pressure of 7102 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 4082 kPa. During the 
39.8-hour-long period, the interval pressure increased to a maximum pressure and then 
decreased to a final pressure of 4522 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 1987 kPa. During 
the 26.6-hour-long period, the interval pressure increased to a maximum pressure of 2360 
kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 4158 kPa. During the 
19.5-hour-long period, the interval pressure decreased to a final pressure of 3866 kPa. 

Comments: The entire test sequence was strongly influenced by borehole pressure history. The 
pressure increase observed during the PSR period was partially caused by temperature increases in 
the interval. Although an interval report was not written for VM17, a simUlation of the sequence was 
conducted using GTFM and included as Appendix D of NIB 91-H. The results presented below are 
those derived from the simulation exercise. 

Test Interval Specifications: 
Interval Length 21.5 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

21.5 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Gas (?) 

4E-12 (± a factor of 2.5) 

2E-13 
3000 (± 700 kPa) 
464 (± 70 m) 

32.4 

5.8E-7 [m-1] 

1000 [kg/m 3] 

0.031 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 

[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB1 Interval Depth 567.9 m to 703.7 m 
Test Interval VM18 Testing Date 3.4.1991 to 6.4.1991 
Test Type Single Packer Reference Document NIB 91-80H 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The single-packer test system that had been used for VM17 testing was moved up-hole to 703.7 meters 
depth for VM18 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 73 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 13.7 hours. 

During the period, the P2-pressure decreased from 5738 kPa to a final pressure of 5215 kPa. 
PW1 A pulse withdrawal test was conducted with a starting pressure of 3139 kPa. During the 

12.1-hour-long period, the interval pressure increased to a maximum pressure and then 
decreased to a final pressure of 3800 kPa. 

HI1 A constant head injection test was conducted for 8.2 hours with a starting pressure of 6115 
kPa. The injection rate at the end of the period was -8 ml/min. 

HIS1 A pressure fall-off period was implemented following H11. During the 35.2-hour-long period, 
the interval pressure decreased from 6156 kPa to a final pressure of 4762 kPa. 

Comments: The PSR pressure response reflects a strong influence of borehole pressure history upon 
the test sequence. The incomplete recovery and final downward pressure trend observed during PW1 
indicate a static formation pressure below the final PW1 pressure. 

Test Interval Specifications: 
Interval Length 135.8 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

135.8 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Wellbore Damage 

1.5E-10 (± a factor of 2) 
1.1 E-12 (± a factor of 2) 
2600 (± 400 kPa) 
537 (± 40 m) 
<5 
28.2 

5.8E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB1 I nterval Depth 825.2 m to 836.3 m 

Test Interval VM19 Testing Date 17.4.1991 to 21.4.1991 

Test Type Single Packer Reference Document NIB 91-801 
Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - VALANGINIAN; Vitznau-marl 

T est Description: 
A single-packer test system was installed to a depth of 825.2 meters depth for VM19 testing. 
following test sequence was conducted: 

The 

INF After the system was installed to depth, the packer was inflated to 70 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 18.1 hours. 

During the period, the P2-pressure increased from 8281 kPa to a maximum pressure of 8660 
kPa and then decreased to a final pressure of 7630 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 3861 kPa. During the 
39.8-hour-long period, the interval pressure increased to a maximum pressure of 4122 kPa, 
and then decreased to a final pressure of 4100 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 2746 kPa. During 
the 27.0-hour-long period, the interval pressure increased to a maximum pressure of 2983 
kPa, and then decreased to a final pressure of 2976 kPa. 

PW3 A third pulse withdrawal test was conducted with a starting pressure of 1874 kPa. During the 
23.6-hour-long period, the interval pressure increased to a final pressure of 2162 kPa. 

Comments: The VM19 test sequence was strongly influenced by borehole pressure history and 
temperature effects. The zone exhibits the lowest static formation pressure observed during field 
testing in SB 1. 

Test Interval Specifications: 
Interval Length 11.15 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

11.15 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Borehole Damage 

4E-12 (± Yz order of magnitude) 
3.6E-13 (± Yz order of magnitude) 
1300 (±300 kPa) 
148m(±30m) 
<2.5 
37.9 

4.8E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB1 Interval Depth 701.4 m to 836.3 m 

Test Interval VM20 Testing Date 22.4.1991 to 24.4.1991 

Test Type Single Packer Reference Document NIB 91-80J 

Test Objectives Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 
- VALANGINIAN; Vitznau marl 
- TERTIARY; Schimberg-schist I Melange 

Test Description: 
The single-packer test system that had been used for VM19 testing was moved up-hole to 701.4 meters 
depth for VM20 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 72 bar. 
COM A compliance period was implemented for 0.8 hours to allow time for temperature equilibrium 

and dissipation of equipment compliance effects. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 9.8 hours. 

During the period, the P2-pressure decreased from 6973 kPa to a final pressure of 6405 kPa. 
PW1 A pulse withdrawal test was conducted with a starting pressure of 2711 kPa. During the 

21.2-hour-long period, the interval pressure increased to a final pressure of 3453 kPa. 
HI1 A constant head injection test was conducted for 7.7 hours with a starting pressure of 7450 

kPa. The injection rate at the end of the period was -15 ml/min. 
HIS1 A pressure fall-off period was implemented following H11. During the 24.9-hour-long period, 

the interval pressure decreased from 7486 kPa to a final pressure of 5725 kPa. 
PI1 A pulse injection test was conducted with a starting pressure of 6968 kPa. During the 

1.9-hour-long period, the interval pressure decreased to a final pressure of 6498 kPa. 

Comments: The early portion of the VM20 test sequence was strongly affected by borehole pressure 
history and temperature. A leak in the shut-in valve, due to worn o-rings, also impacted the test 
responses. 

Test Interval Specifications: 
Interval Length 134.9 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

134.9 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Equipment (a leak in the shut-in valve) 
Wellbore Damage 

2.5E-10 (± % order of magnitude) 
1.9E-12 (± 12 order of magnitude) 
2500 (± 1000 kPa) 
394 (± 100 m) 
<10 
32.7 

4.8E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB1 Interval Depth 976.0 m to 1000.5 m 

Test Interval VM21 Testing Date 11.5.1991 to 14.5.1991 

Test Type Single Packer Reference Document QLR SB1-VM21 (NIB 91-80K) 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to 976.0 meters depth for VM21 testing. 
sequence was conducted: 

The following test 

INF After the system was installed to depth, the packer was inflated to 72 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 15.1 hours. 

During the period, the P2-pressure increased from 9661 kPa to a maximum pressure of 
10566 kPa and then decreased to a final pressure of 10435 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 5020 kPa. During the 
34.1-hour-long period, the interval pressure increased to a final pressure of 6620 kPa. 

PI1 A pulse injection test was conducted with a starting pressure of 7433 kPa. During the 
23.1-hour-long period, the interval pressure decreased to a final pressure of 7209 kPa. 

Comments: The VM21 test sequence was strongly affected by borehole pressure history and 
temperature. The cause of the unsteady pressure response observed during PW1 is not known. The 
static formation pressure may be less than the end pressure of PW1 (6620 kPa), which is equivalent to 
528 m as!. In the QLR, the head-value was reported to lie above 528 m asl; however, based on GTFM 
analysis of similar responses (VM18,VM19, VM20 and VM22), the head is probably below the final 
measured pressure during PW1. 

Test Interval Specifications: 
Interval Length 24.5 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

24.5 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 

1.5E-11 
6E-13 
<6620 
<528 

42.2 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 



10.5k 

9.5k 

8.5" 

7 .5k 

6.5k 

5.5k 

4.5k 

3 5k 

NAGRA NTB 93-38 A1-43-

INTERVAL SB1 VM22 
835.5 m - 1000.5 m 

581 VM22 
Compos i te Pressure Response 

PWI I HI1 HISl 

A, ....... ______ } ..... ~ __________ ,-"---.. ~' ----. .. -----.1'..-.0 __ ---..-..1.'--__ ..,......-... 

10 20 30 AO 50 

T) me (Hours) 

Start Time, 00' 29, 00 on 15/05/91 

S81 VM22 - HI1 
Injection Rates 

TrIole P2 
Triole Pi 
Triple P3 

60 70 

S81 VM22 - HI1 
P2-Pressures 

9400 -+~ ____________ ~H~Il~ _______________ -L-

~ 
9300 

9200 

9100 

-- Triple P2 

9000 -t~-.--r--.---.--r--.--.--r---r---r--.--~---
33.0 34.0 35.0 36.0 37.0 38.0 39.0 

T1lne (Hours} 

Start n... 00: 29: 00 on 15/05/91 

581 VM22 - HIS1 
Log-Log Diagnostic Plot 

100 -+~~ _____________ ~H~r~I _____________ ~ 
10k 

90 

> 
80 

70 lto4ea!lured -=tate!! <-
0 

60 ., 
'" c 

50 '" I: 
U ., 

40 <-
:l 

'" 
30 <-a. 

20 

10 

33.0 34.0 35.0 36.0 37.0 38.0 39.0 

T 1-.e (Hours] 

Oeri vat i ve L-Spa- ~lng, 0.05 

~ 

100 
~ 

i>.~~-Y' 
10 

~ .. 
: 

~ 
: 

0.1 

10 100 II< 

EQulvalent T.me (to'oU/lto'oU 

Start T,me 17,25, 49 on 16/05191 

/ 

.. c~:.;::. 
'?/ 

Trl0le P2 
Oeriv 

i 
'I 

10" 

ISecondsl 

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

lOOk 

S81 VM22 - HI1 
GTFM SimulaUon 

33.0 3':: 0 35.0 36.0 37.0 

Time (Hours} 

Start Tlme 00: 29: 00 on 15/05/91 

Stat iC Format i on 
Pressure 
P • A300 kPa 
P • 3300 "Pa 
P • 2300 kPa 
Measured O~ta 

38 0 39 0 



NAGRA NTB 93-38 A1-44-

Borehole SB1 Interval Depth 835.5 m to 1000.5 m 

Test Interval VM22 Testing Date 15.5.1991 to 18.5.1991 

Test Type Single Packer Reference Document NIB 91-80K 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 
- VALANGINIAN; Vitznau marl - TERTIARY; Schimberg Schiefer 

Test Description: 
The single-packer test system that had been used for VM21 testing was moved up-hole to 835.5 meters 
depth for VM22 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 71 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 8.7 hours. 

During the period, the P2-pressure increased from 8778 kPa to a maximum pressure of 8360 
kPa and then decreased to a final pressure of 8078 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 4443 kPa. During the 
24-hour-long period, the interval pressure increased to a maximum pressure of 5231 kPa and 
then decreased to a final pressure of 5221 kPa. 

HI1 A constant head injection test was conducted for 6.0 hours with a starting pressure of 9220 
kPa. The injection rate at the end of the period was -5 ml/min. 

HIS1 A pressure fall-off period was implemented following HI1. During the 22.6-hour-long period, 
the interval pressure decreased from 8270 kPa to a final pressure of 7131 kPa. Technical 
problems were experienced while closing the shut-in valve which caused the pressure to be 
released from the tubing before the valve was completely closed; this resulted in an initial 
pressure for HIS1 that was lower than the injection pressure. 

PI1 A pulse injection test was conductedwith a starting pressure of 8342 kPa. During the 
9.9-hour-long period, the interval pressure decreased to a final pressure of 7446 kPa. 

Comments: The VM22 test sequence was strongly affected by borehole pressure history and, 
possibly, temperature. Reliable temperature measurements were not obtained because of interference 
from the pressure signal in the triple probe. The difficulty experienced during shut-in of HI1 precludes 
analysis of HIS1 as a single test event. The entire test sequence was simulated using GTFM. 
Pressure fluctuations were observed in the annulus (P3-pressure) measurements during VM22. 
Similar P3-responses were also observed during VM19, VM20 and VM21 and were shown to be caused 
by gas flow into and up the annulus above the upper packer. 

Test Interval Specifications: 
Interval Length 165.0 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

165.0 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Wellbore Damage 

6E-11 (± ~ order of magnitude) 
3.6E-13 (± Yz order of magnitude) 
3300 (± 1000 kPa) 
341 (± 100 m) 
<4 

4.8E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB1 Interval Depth 521.6 m to 533.0 m 

Test Interval VM23 Testing Date 25.5.1991 to 30.5.1991 

Test Type Double Packer Reference Document NIB 91-80L 

Test Objectives Transmissivity - Groundwater Sam~le 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: A double-packer test system was installed to 521.6 meters depth for VM23 testing. 
The following test sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 74 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 8.3 hours. 

PW1 

HI1 

HIS1 

RW1 

During the period, the P2-pressure increased from 5232 kPa to a maximum pressure of 5315 
kPa and then decreased to a final pressure of 5235 kPa. 

A 17. 9-hour pulse withdrawal test was conducted (Pstart=1280 kPa). The pressure increased 
to 2927 kPa, dropped to 2846 and, after 4.1 hours, increased to a final pressure of 2865 kPa. 
A constant head injection test was conducted for 9.4 hours with a starting pressure of 6000 
kPa. The injection rate at the end of the period was -45 ml/min. 
A pressure fall-off period was implemented following H11. During the 36.6-hour-long period, 
the interval pressure decreased from 6078 kPa to a final pressure of 4260 kPa. 
A constant rate withdrawal test was conducted for a 7.3 hours with an average flow rate of 
380 ml/min. Discharge stopped after 7 hours because a gas lock formed at the pump. 

RWS1 A shut-in period following the constant rate period was conducted for 10.4 hours, during 

SW1 

SWS1 

SW2 

which the interval pressure increased from 2046 to 2524 kPa. 
A slug withdrawal test was conducted for 8.1 hours in order to produce additional fluid for 
water sampling. The pressure increased from the starting pressure of 565 kPa to a final 
pressure of 1418 kPa. Water samples were collected using a down hole sampling device. 
A 9.1-hour-long shut-in period was conducted in which the pressure increased from 1418 kPa 
to a final pressure of 1492 kPa. 
A second slug withdrawal test was conducted (8.1 hrs) for water sampling. The pressure 
increased from 268 kPa to a final pressure of 645 kPa. Water samples were collected. 

SWS2 A shut-in period was conducted for 8.0 hours after SW2. The pressure increased from 645 
kPa to a final pressure of 711 kPa. 

SW3 Gas samples were obtained during SW3; Pstart = 270 kPa, Pend = 436 kPa, t = 1.6 hrs. 

Comments: After HI1/HIS1, which indicated a relatively high transmissivity, ground water sampling 
became an additional test objective. During RW1, the flow rate dropped to 0 because a gas lock 
formed beneath the Moineau pump. The VM23 test response was strongly affected by gas. 

Test Interval Specifications: 

Interval Length 11.4 [m] Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

11.4 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

Maximum Temperature during testing 

Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas 

1 E-8 (± a factor of 2) 
8.8E-10 (± a factor of 2) 
2865 (± 300 kPa) 
610 (± 30 m) 

28 
yes (water & gas) 

5E-7 
1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium - No-floW Boundary 
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Borehole SB1 Interval Depth 716.6 m to 728 m 

Test Interval VM24 Testing Date 30.5.1991 to 2.6.1991 

Test Type Double Packer Reference Document QLR SB1-VM24 (NIB 91-80J) 

Test Objectives Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The double-packer test system that had been used for VM23 testing was moved down-hole to 716.6 
meters depth for VM24 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 71 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 8.7 hours. 

During the period, the P2-pressure increased from 6935 kPa to a maximum pressure and 
then decreased to a final pressure of 6011 kPa. The pressure fall-off response was 
disturbed by re-pressurization of the packers and, possibly, un-clogging of the P2-port. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 2691 kPa. During the 
22.3-hour-long period, the interval pressure increased to a maximum pressure of 4423 kPa 
and then decreased to a final pressure of 4339 kPa. 

HI1 A constant head injection test was conducted for 5.9 hours with a starting pressure of 7850 
kPa. The injection rate at the end of the period was <2 ml/min. 

HIS1 A pressure fall-off period was implemented following H11. During the 19.1-hour-long period, 
the interval pressure decreased from 7807 kPa to a final pressure of 5458 kPa. After shut-in, 
the valve re-opened, which caused the pressure to drop to -7200 kPa. The valve was then 
closed again. 

PI1 A pulse injection test was conducted with a starting pressure of 7196 kPa. During the 
4.3-hour-long period, the interval pressure decreased to a final pressure of 6045 kPa. 

Comments: The VM24 test sequence was affected by borehole pressure history, temperature and an 
apparent complex flow system (composite system). Early-time pulse test responses indicated a higher 
permeability inner zone in comparison with the outer zone. 

Test Interval Specifications: 
Interval Length 11.4 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

11.4 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Wellbore Damage 

2E-12 (± 1 order of magnitude) 
1.8E-13 (± 1 order of magnitude) 
<4339 
<565 

1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium - No-floW Boundary 
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NAGRA NTB 93-38 A1-50-

Borehole SB1 Interval Depth 963.5 m to 974.9 m 

Test Interval VM25 Testing Date 2.6.1991 to 6.6.1991 

Test Type Double Packer Reference Document QLR SB1-VM25 (NIB 91-80K) 

Test Objectives Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The double-packer test system that had been used for VM24 testing was moved down-hole to 963.5 
meters depth for VM25 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 73 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 11.8 hours. 

During the period, the P2-pressure increased from 9529 kPa to a maximum pressure of 
10176 kPa and then decreased to a final pressure of 9883 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 6554 kPa. During the 
24.5-hour-long period, the interval pressure increased to a maximum pressure of 7740 kPa 
and then decreased to a final pressure of 7686 kPa. 

RI1 A three-step constant rate injection test was conducted for 11.0 hours. The last flow rate 
was 5 ml/min and the final pressure was 10977 kPa. 

RIS1 A pressure build-up period was implemented following R11. During the 41.6-hour-long period, 
the interval pressure decreased from 11138 kPa to a final pressure of 9006 kPa. 

Comments: The VM25 test sequence was affected by borehole pressure history, temperature and by 

a slight degree of hydraulic communication with the zone beneath the lower packer (P1 zone). 

Test Interval Specifications: 
Interval Length 11.4 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

11.4 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Hydraulic Communication with P1-Zone 

3.4E-11 (± 1 order of magnitude) 
3.3E-12 (± 1 order of magnitude) 
<7686 
<662 

42 

3.9E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage and Skin - IARF in a Homogeneous Porous Medium - No-Flow 
Boundary(ies) 
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NAGRA NTB 93-38 A1-52-

Borehole SB1 Interval Depth 1098.9 m to 1108.6 m 

Test Interval VM26 Testing Date 13.7.1991 to 17.7.1991 

Test Type Single Packer Reference Document QLR SB1-VM26 (NIB 91-80M) 

Test Objectives Groundwater Sample - Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation - TERTIARY; Melange 

Test Description: A single-packer test system was installed to 1098.9 meters depth for VM26 testing. 
The following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 79 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 23.7 hours. 

PW1 

RW11 
RWS1 

SW1 

SWS1 

SW2 

During PSR, the P2-pressure increased from 10924 kPa to a final pressure of 12051 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 9294 kPa. During the 
25.6-hour-long period, the interval pressure increased to a final pressure of 12253 kPa. 
A constant rate withdrawal test was conducted for a 7.3 hours with an initial flow rate 
of ranging from 400 to 900 mllmin. Discharge stopped because a gas lock formed at the 
pump. The pump rotor was removed twice (PW2 and PW3) to release gas lock. The final 
pressure during the period was 11513 kPa. 
A slug withdrawal test was conducted with starting pressure of 8196 kPa. No pressure 
increase was observed down-hole during the 2.8-hour-long period; however, the water level 
in the tubing increased about 90 meters, indicating gas flow. 
A 3.0-hour-long shut-in period was conducted in which the pressure increased from 8212 kPa 
to a final pressure of 9651 kPa. 
A second slug withdrawal test was conducted (2.5 hrs) to facilitate gas sampling. The 
pressure increased from a starting pressure of 5940 kPa to a final pressure of 5929 kPa. 

SWS2 A shut-in period was conducted for 4.1 hours after SW2. The pressure increased from 5929 

HI1 

HIS1 

PW4 

kPa to a final pressure of 8419 kPa. 
A constant head injection test was conducted for 4.5 hours with a starting pressure of 11264 
kPa. The injection pressure increased during the course of the test to 13613 kPa. The 
injection rate at the end of the period was 11 ml/min. 
A pressure fall-off period was implemented following H11. During the 16.0-hour-long period, 
the interval pressure decreased from 13647 kPa to a final pressure of 11367 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 9201 kPa. During the 
2.0-hour-long period, the pressure increased to a final value of 10867 kPa. 

Comments: VM26 was affected by gas, which precluded fluid production with the Moineau pump. Gas 
was produced during SW1 & SW2 and appears to have been present as a free phase in the formation. 
Static formation estimates from VM26 test events were inconsistent because of gas effects. 

Test Interval Specifications: 
Interval Length 9.75 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

9.75 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas (!) 

5E-10 (± % order of magnitude) 
5.1 E-11 (± % order of magnitude) 
[11300] (± 1000 kPa) 
[890] (± 100 m) 

47.3 
yes (gas) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A1-54-

Borehole SB1 I nterval Depth 1003.7 m to 1108.6 m 

Test Interval VM27 Testing Date 17.7.1991 to 19.7.1991 

Test Type Single Packer Reference Document NIB 91-80M 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

- TERTIARY; Melange 

Test Description: 
The single-packer test system that had been used for VM26 testing was moved up-hole to 1003.7 

meters depth for VM27 testing. The following test sequence was conducted: 

INF/COM After the system was installed to depth, the packer was inflated to 78 bar. A compliance 

period was conducted for 2.6 hours with the shut-in valve open to allow time for temperature 

equilibration and equipment compliance. Pressure during COM was about 9900 kPa. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 13.6 hours. 

During the period, the P2-pressure increased from 9906 kPa to a final pressure of 10581 

kPa. 
PW1 A pulse withdrawal test was conducted with a starting pressure of 7392 kPa. During the 

12.5-hour-long period, the interval pressure increased to a final pressure of 10547 kPa. 

PW2 During PW1, the shut-in valve opened with no manipulation from the surface. This resulted 

in an unplanned and uncontrolled pulse withdrawal test. The shut-in valve was re-closed and 

the interval pressure increased to 10315 during the 2.3-hour period. 
HI1 A constant head injection test was conducted for 4.9 hours with a starting pressure of about 

11400 kPa. The injection rate at the end of the period was 5 ml/min. 
HIS1 A pressure fall-off period was implemented following H11. During the 14.5-hour-long period, 

the interval pressure decreased from 11493 kPa to a final pressure of 11186 kPa. 

PW3 A third pulse withdrawal test was conducted with a starting pressure of 7800 kPa. During the 
2.1-hour-long period, the interval pressure increased to a final pressure of 10493 kPa. 

Comments: The VM27 test responses were probably affected by gas; although no gas was physically 
observed during VM27, it was observed during testing of the VM26 interval which is located within the 

VM27 interval. The test was also affected by technical problems experience while closing and opening 

the shut-in valve. 

Test Interval Specifications: 

Interval Length 104.9 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 

Wellbore Radius 

104.9 [m] 

0.0794 [m] 

Test Results: 
Transmissivity 

(Equivalent) Hydraulic Conductivity 

Static Formation Pressure at P2 
Equivalent Fresh-Water Head 

Radius of Investigation 

Maximum Temperature during testing 

Factors Affecting Test Results: 

Borehole Pressure History 

Gas 

7E-10 (± % order of magnitude) 

6.7E-12 (± Yz order of magnitude) 
11170 (± 600 kPa) 

977 (± 60 m) 
<2.5 

43.4 

4.3E-7 [m-1] 

1000 [kg/m3] 

0.031 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 

[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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NAGRA NTB 93-38 A1-56-

Borehole SB1 Interval Depth 1147.0 m to 1211.5 m 

Test Interval TK1 Testing Date 1.8.1991 to 4.8.1991 

Test Type Single Packer Reference Document NIB 91-80N 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology TERTIARY; Klimsenhorn formation I Schimberg-schist I Hohgant formation 
LOWER CRETACEOUS - HAUTERIVIAN; Kiesel-Kalk 

Test Description: 
A single-packer test system was installed to 1147.0 meters depth for TK1 testing. The following test 
sequence was conducted: 

INF/COM After the system was installed to depth, the packer was inflated to 79 bar. A compliance 
period was conducted for 1.6 hours with the shut-in valve open to allow time for temperature 
equilibration and equipment compliance. Pressure during COM decreased from 12324 kPa 
to 11932 kPa. 

PSR 

HW1 

The shut-in valve was closed to initiate a pressure recovery period which lasted 9.7 hours. 
During the period, the P2-pressure increased from 11932 kPa to a final pressure of 12838 
kPa. 
A constant head withdrawal test was conducted for 47.7 hours by letting the well flow. During 
the course of the test, the surface configuration was changed twice to facilitate gas 
measurement and sampling; this caused variable back-pressure and thus variable flow rates 
of 6, 7, and 5.5 I/min. Gas flow was observed during the entire test period at rates greater 

HWS1 
than 9 In/min. Water sampling and gas-extraction sampling was conducted during the period. 
A pressure build-up period was implemented following HW1. During the 6.3-hour-long 
period, the interval pressure increased from 11630 kPa to a final pressure of 12839 kPa. 

PW11 
PW2 

Two pulse withdrawal tests were conducted in order to obtain a test-zone compressibility 
measurement. However, no useful information was gained from the exercise due to the high 
permeability of the interval. 

Comments: Pressure responses observed during HW1 were somewhat unsteady due to gas and 
sampling activities. 

Test Interval Specifications: 
Interval Length 64.5 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

<16.5 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Gas 

6E-7 to 4E-6 
3.6E-8 to 2.4E-7 
12840 
1006 

50.3 
yes (water & gas) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 Interval Depth 1107.3 m to 1211.5 m 

Test Interval VTK1 Testing Date 4.8.1991 to 6.8.1991 

Test Type Single Packer Reference Document NIB 91-800 

Test Objectives Transmissivity - Static Formation Pressure 

Geology TERTIARY; Klimsenhorn formation / Schimberg-schist / Hohgant formation 
/ Melange LOWER CRETACEOUS - HAUTERIVIAN; Kiesel-Kalk 
- BERRIASIAN; Palfris formation 

Test Description: 
The single-packer test system that was used for TK1 was moved up-hole to 1107.3 meters depth for 
VTK1 testing. The following test sequence was conducted: 

INF After the system was installed to depth, the packer was inflated to 79 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 9.2 hours. 

During the period, the P2-pressure increased from 11652 kPa to a final pressure of 12456 
kPa. 

HW1 A constant head withdrawal test was conducted for 12.7 hours by letting the well flow. 
Instantaneous constant head conditions were not established because of pressure variations 
in the gas separator. Relatively constant water (11.6 I/min) and gas (18.1 In/min) flow rates 
were established during HW1. 

HWS1 A pressure build-up period was implemented following HW1. During the 7.7-hour-long 
period, the interval pressure increased from 11718 kPa to a final pressure of 12456 kPa. 

Comments: Instantaneous constant head conditions were not established because of pressure 
variations in the gas separator; this did not severely impact the test results. A constant head-type 
boundary was observed during the HW1 period, resulting in steady-state flow conditions. 

Test Interval Specifications: 
Interval Length 104.5 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

104.5 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Gas 

3E-6 to 4E-6 
2.9E-8 to 3.7E-8 
12546 
1006 

49.5 

1000 
0.031 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium - Constant Head Boundary 
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Borehole SB1 Interval Depth 1340.0 m to 1385.2 m 

Test Interval TQ1 Testing Date 8.9.1991 to 13.9.1991 

Test Type Double Packer Reference Document NIB 91-80P 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology JURASSIC - MALM - UPPER TITHONIAN; Tros-Kalk I Graspass layer 

Test Description: 
The T01 zone was the bottom 45.2 meters of the borehole (at the time of testing). A double-packer 
test system was installed in order to separate a major inflow zone (1183 m depth) and an unstable zone 
(1120 to 1140 m depth) with the upper packer. This was done to maintain borehole stability above the 
test interval. The system was configured such that the tested interval was below the lower packer 
(P1-zone) instead of the P2-zone, as is normally the case. The following test sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 77 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 4.9 hours. 

SW1 

SWS1 

RW1 

During PSR, the P1-pressure increased from 12766 kPa to a final pressure of 12780 kPa. 
A slug withdrawal test was conducted for 4.1 hours with a starting pressure of 8659 kPa. 
The pressure increased to 10076 kPa during the course of the period. 
A 6.6-hour-long shut-in period was conducted in which the pressure increased from 10076 
kPa to a final pressure of 12505 kPa. 
A three-step constant rate withdrawal test was conducted for a total of 84.8 hours. Water 

flow rates for the steps (RW1a,b and c) were 1.5, 2.2 and 3.3 IImin, respectively. A gas flow 
rate of 3.4 In/min was measured during RW1 c. During the course of the test, the interval 
pressure increased and then later decreased; this indicates either a temporary change in 
transmissivity or in well loss, probably the latter. 

RWS1 A pressure build-up period was implemented following RW1. During the 5.6-hour-long 

SW2 
period, the interval pressure increased from 5379 kPa to a final pressure of 12771 kPa. 
A second slug withdrawal test was conducted for 10.3 hours with a starting pressure of 
11105 kPa. The pressure increased to 11276 kPa during the course of the period. 

SWS2 An 11.9-hour-long shut-in period was conducted in which the pressure increased from 11277 
kPa to a final pressure of 12777 kPa. 

Comments: The T01 test interval could not be flushed with fresh water because of a blockage in the 
test system that allowed extraction of fluids from the interval, but prevented injection. 

Test Interval Specifications: 
Interval Length 45.2 [m] Specific Storag e (est.) 

Water Density (est.) 

Tubing Radius 
Contributing thickness (est.) 
Wellbore Radius 

45.2 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Samples Collected? 

Factors Affecting Test Results: 
Gas 
Borehole Pressure History 

2E-7 (± % order of magnitude) 
4.4E-9 (± % order of magnitude) 
12786 
1004 (± 1 m) 

49.9 
yes (water & gas) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m3] 

31/25 [mm] 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB1 I nterval Depth 1281.3 m to 1336.4 m 

Test Interval OZ1 Testing Date 22.9.1991 to 24.9.1991 

Test Type Double Packer Reference Document NIB 91-800 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Oehrli formation 
JURASSIC - MALM - UPPER TITHONIAN; Graspass layer 

Test Description: 
A double-packer system with a 55.1 m straddle was installed to a depth of 1281.3 m The following test 
sequence was conducted: 

INF After the system was installed to depth, the packers were inflated to 71 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 4.0 hours. 

During PSR, the test interval pressure increased from 12766 kPa to a final pressure of 14338 
kPa. 

SW1 A slug withdrawal test was conducted for 6.1 hours with a starting pressure of 9469 kPa. 
The pressure increased to 10078 kPa during the course of the period. 

SWS1 A 6.3-hour-long shut-in period was conducted in which the pressure increased from 10078 
kPa to a final pressure of 13920 kPa. 

RW1 A 4-step constant rate withdrawal test was conducted for 9.3 hours with water flow rates 
ranging from an initial rate of approximately 700 ml/min to a final rate of 190 ml/min. The 
interval pressure at the end of the period was 9311 kPa. 

RWS1 A pressure build-up period was implemented following RW1. During the 7.2-hour-long 
period, the interval pressure increased from 9311 kPa to a final pressure of 13897 kPa. 

PW2 A pulse withdrawal test was conducted for 3.2 hours with a starting pressure of 10505 kPa. 
The pressure increased to 13930 kPa during the course of the period. 

Comments: A relatively large positive skin value of 10.5 was obtained from Interpret/2 analysis of the 
RW1/RWS1 periods. No unusual pressure responses were observed. 

Test Interval Specifications: 
Interval Length 55.1 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 

Wellbore Radius 

55.1 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 

1 E-8 (± a factor of 2) 
1.8E-10 (± a factor of 2) 
14025 (± 50 kPa) 
994 (± 5 m) 
52 
52.0 

Flow Model: Wellbore Storage and Skin - IARF in a Homogeneous Porous Medium 

1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C) 
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Borehole SB1 Interval Depth 1224.3 m to 1279.4 m 

Test Interval OK1 Testing Date 24.9.1991 to 26.9.1991 

Test Type Double Packer Reference Document NIB 91-80Q 

Test 0 bjectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - HAUTERIVIAN I VALANGINIAN I Kiesel-Kalk I 
Bethlis-Kalk - BERRIASIAN; Oehrli fm 

Test Description: 
The double-packer system that had been used for OZ1 was moved up-hole to a depth of 1224.3 m for 
OK1 testing. The following test sequence was conducted: 

INF 
PSR 

SW1 

After the system was installed to depth, the packers were inflated to 71 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 2.1 hours. 
During PSR, the test interval pressure increased from 12049 kPa to a final pressure of 13612 

kPa. 
A slug withdrawal test was conducted for 2.3 hours with a starting pressure of 8614 kPa. 
The pressure increased to 11861 kPa during the course of the period. 

SWS1 A 2.6-hour-long shut-in period was conducted in which the pressure increased from 11861 
kPa to a final pressure of 13553 kPa. 

RW1 

RWS1 

A two-step constant rate withdrawal test (RW1 a & b) was conducted for 30.5 hours with 
water flow rates of 4.4 and 3.0 I/min. Gas flow rates during the period were 5.8 and 2.8 
In/min, respectively. The interval pressure at the end of the steps was 10203 and 11484 kPa, 
respectively. Near the end of RW1 a, an attempt was made to increase the pumping rate; 
however, this resulted in the formation of a gas lock beneath the pump, a decrease in the 
pump rate and an increase in interval pressure. Water samples were collected during RW1. 
A pressure build-up period was implemented following RW1. During the 4.3-hour-long 
period, the interval pressure increased from 11484 kPa to a final pressure of 13549 kPa. 

SW2 A slug withdrawal test was conducted for 1.7 hours with a starting pressure of 8612 kPa. 
The pressure increased to 10829 kPa during the course of the period. 

SWS2 A 1.5-hour-long shut-in period was conducted in which the pressure increased from 10829 
kPa to a final pressure of 12651 kPa. 

Comments: The pressure response during RW1 was affected by gas flow and by sampling activities. 
Increasing the pump rate at the start of RW1 b also increased the rate of gas production below the 
pump (exsolution of gas in the tubing), which created a gas lock beneath the pump. 

Test Interval Specifications: 
Interval Length 55.1 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

55.1 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 

Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 

Gas 

6E-7 (± a factor of 2) 
1.1 E-8 (± a factor of 2) 

13530 (± 30 kPa) 
1000 (± 3 m) 

51.8 
yes (water) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

9E-7 
1000 
0.031 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 

[m] 
[DC] 
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Borehole SB1 Interval Depth 1552.0 m to 1633.0 m 

Test Interval MF1 Testing Date 8.11.1991 to 11.11.1991 

Test Type Single Packer Reference Document QLR SB1-MF1 (NIB 91-80S) 
Test Objectives Static Formation Pressure - Transmissivity 

Geology TERTIARY; Nordhelvetic Flysch I Melange 

Test Description: 
A single-packer system was installed to a depth of 1552.0 m for MF1 testing. 
sequence was conducted: 

The following test 

INF After the system was installed to depth, the packer was inflated to 72 bar. 
PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 15 hours. 

During PSR, the test interval pressure decreased from 15116 kPa to a final pressure of 
14669 kPa. 

PW1 A pulse withdrawal test was conducted for 23.5 hours with a starting pressure of 12434 kPa. 
The pressure increased to 13735 kPa during the course of the period. 

PW2 A pulse withdrawal test was conducted for 5.1 hours with a starting pressure of 10999 kPa. 
The pressure increased to 13488 kPa during the course of the period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 11108 kPa. A "normal" slug 
test response was observed for the first 8 minutes of the period, after which, the pressure 
began to decrease rapidly and gas flow was observed at the wellhead. The final pressure of 
the period was 10296 kPa. 

GFS The shut-in valve could not be completely closed after SW1 because the o-rings in the valve 
were abraded by sand during the gas flow portion of SW1. During GFS (Gas-Flow 
Sequence), various attempts were made to close the valve, but were not successful; gas 
continued to flow through the shut-in valve. The well was shut-in at the wellhead twice during 
the period. Gas flow was measured at rates up to 4000 In/m during GSF. 

Comments: The MF1 test interval included a significant gas-bearing zone that probably impacted all of 
the test events that were conducted. The hydraulic parameters estimated from the period should be 
considered rough estimates, at best. 

Test Interval Specifications: 
Interval Length 81.0 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

81.0 [m] 
0.0480 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas 

5E-8 to 1 E-6 
6E-10 to 1 E-8 
13488 
663 

61.7 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m3] 

25 I 12 [mm] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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INTERVAL SB1 MF2 
1458.9 m - 1633.0 m 

No Figures are Presented for MF2 
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Borehole SB1 Interval Depth 145B.9 m to 1633.0 m 

Test Interval MF2 Testing Date 11.11.1991 to 12.11.1991 

Test Type Single Packer Reference Document QLR SB1-MF2 (NIB 91-BOP) 

Test Objectives Annulus Flow 

Geology TERTIARY: Nordhelvetic Flysch I Melange 

Test Description: 

Following MF1, the test system was moved uphole to 1458.9 m depth and the packer was re-inflated. 
The objectives of the test were 1) to test the shut-in valve to see if it was operable after moving the 
system (the valve was not operable at the end of MF1), and 2) to measure the artesian outflow from the 
annulus before and after packer inflation to evaluate whether or not a major flowing artesian zone was 
present within the MF2 interval. 

Prior to packer inflation, flow from the annulus ranged from 14.3 to 14.7 I/min. After inflation, the 
annular flow increased to about 15.4 I/min. The increase in flow indicates that a major flowing artesian 
inflow zone exists above the packer seat (1459 m depth) and that a zone possessing a lower head, 
located below the packer seat, was accepting a portion of the flow prior to packer inflation. It cannot be 
concluded that no flowing artesian zone was present below the packer; it can only be concluded that the 
most transmissive zone within the MF2 interval possesses a head below land surface. The shut-in 
valve did not function during the MF2 test period. Later inspection of the shut-in valve revealed that the 
o-rings in the valve had been abraded by sand during the preceding test, MF1. 

Comments: No estimates of hydraulic parameters were obtained form the MF2 testing sequence. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

Test Results: 
Transmissivity 

173.6 [m] 
- [m] 
0.0480 [m] 

(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 

Flow Model: -

Specific storage (est.) 
Water Density (est.) 
Tubing Radius 

- [m-1] 

- [kg/m3] 

25 I 12 [mm] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A1-70-

Borehole SB1 Interval Depth 1459.2 m to 1489.4 m 

Test Interval M1 Testing Date 2.12.1991 to 8.12.1991 

Test Type Double Packer Reference Document NIB 91-80R 

Test Objectives Static Formation Pressure - Transmissivity 

Geology TERTIARY; Melange 

Test Description: 
A double-packer system was installed to a depth of 1459.2 m for M1 testing. The following test 
sequence was conducted: 

INF 
PSR 

PW1 

SW1 

After the system was installed to depth, the packers were inflated to 80 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 18.4 hours. 
During PSR, the test interval pressure increased from 14314 kPa to a final pressure of 14839 
kPa. The pressure build-up response exhibited uncharacteristic perturbations, the cause of 
which is unknown. 
A pulse withdrawal test was conducted for 7.0 hours with a starting pressure of 13025 kPa. 
The pressure increased to 14459 kPa during the course of the period. 
A slug withdrawal test was conducted for 1.5 hours with a starting pressure of 12950 kPa. 
The pressure did not increase during the course of the period. 

SWS1 A 20.6-hour-long shut-in period was conducted in which the pressure increased from 13050 
kPa to a final pressure of 14407 kPa. 

Comments: Uncharacteristic pressure build-up responses were observed during PSR and PW1. 
These responses may have been related to borehole pressure history or, possibly gas (no gas was 
observed during testing). Only a maximum value for transmissivity was estimated from the test 
sequence. 

Test Interval Specifications: 
Interval Length 30.2 [m] Specific Storag e (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

30.2 [m] 
0.048 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas (?) 

<1E-10 
<3.3E-12 
15190 (± 800 kPa) 
937 (± 80 m) 
-0.3 
58.9 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

6.6E-7 [m-1] 

1000 [kg/m 3] 

25 I 12 [mm] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A1-72-

Borehole SB1 Interval Depth 1528.6 m to 1550.0 m 

Test Interval M2 Testing Date 9.19.1992 to 11.1.1992 

Test Type Double Packer Reference Document NIB 91-80R 

Test Objectives Static Formation Pressure - Transmissivity - Gas Presence 

Geology TERTIARY; Nordhelvetic Flysch 

Test Description: 
A double-packer system was installed to a depth of 1528.6 m for M1 testing. 

sequence was conducted: 

The following test 

INF 
PSR 

PW1 

SW1 

After the system was installed to depth, the packers were inflated to 83 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 22.1 hours. 
During PSR, the test interval pressure increased from 15114 kPa to a maximum pressure of 
15492 kPa and then decreased to a final pressure of 14334 kPa. 
A pulse withdrawal test was conducted for 3.8 hours with a starting pressure of 13220 kPa. 
The pressure increased to 13973 kPa during the course of the period. 
A slug withdrawal test was conducted for 1.2 hours with a starting pressure of 11173 kPa. 
The pressure increased to a final pressure of 11184 kPa during the course of the period. 

SWS1 An 11.8-hour-long shut-in period was conducted in which the pressure increased from 11193 
kPa to a final pressure of 13635 kPa. 

Comments: The M2 test sequence was preceded by a relatively long (-76 days) borehole pressure 
history. The long pressure history, coupled with the apparent low permeability, make the estimated 
static formation range a rough estimate. No indication of gas was observed during M2 testing. 

Test Interval Specifications: 
Interval Length 21.4 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

21.4 [m] 
0.052 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 

6E-10 (± ~ order of magnitude) 
3E-11 (± ~ order of magnitude) 
12100 (± 400 kPa) 
553 (± 40 m) 
<8 
62.9 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 [m-1] 

1000 [kg/m3] 

25 112 [mm] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 



lB.OI<: 

17.0k 

16.0k 

15.01<: 

-;;; IA.Ok 

~ 13.01<: 

12.0k 

11.01<: 

10.0k 

9.0k 

B.Ok 

7.0k 

6.0k 

5.0k 

A. Ok 

3.0k 

1b 

100m 
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INTERVAL SB1 MF3 
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NAGRA NTB 93-38 A1-74-

Borehole SB1 I nterval Depth 1550.8 m to 1670.3 m 

Test Interval MF3 (Gas Test) Testing Date 12.1.1992 to 26.1.1992 

Test Type Single Packer Reference Document NIB 91-80S 

Test Objectives Gas Test - Gas Sample 

Geology TERTIARY; Nordhelvetic Flysch I Melange 

Test Description: 
The MF3 test sequence was conducted in order to further evaluate the gas-producing zone that was 
encountered previously during MF1. A single-packer test system was installed to a depth of 1550.8 m 
depth. Deeper installation was not possible because of blockage in the borehole. The following test 
sequence was conducted: 

INF 
PSR 

PW1 

SW1 

RW1 

After the system was installed to depth, the packers were inflated to 83 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 4.8 hours. 
During PSR, the test interval pressure increased from 15360 kPa to a final pressure of 15581 
kPa. 
A pulse withdrawal test was conducted for 14 hours with a starting pressure of 13450 kPa. 
The pressure increased to 14728 kPa during the course of the period. 
A slug withdrawal test was conducted for 8.9 hours with a starting pressure of 10544 kPa. 
During SW1, gas began to flow at the wellhead. The gas was allowed to flow until the water 
in the tubing was removed. The end of SW1 includes various manipulations that were 
performed in preparation for the subsequent constant rate withdrawal period. 

RWS1 

A constant rate gas withdrawal test was conducted with an average flow rate of 1.44 kg/min. 
During the course of the period, the interval pressure decreased from 9734 kPa to 5677 kPa. 
A pressure build-up period was implemented for 75.7 hours following RW1. The interval 
pressure increased from 5678 kPa to 11456 kPa during RWS1. 

Comments: The pressure response during RW1 reflects an apparent steady-state condition which was 
attributed to critical flow within the test system, rather than a true constant-head boundary in the 
formation. No indication of no-flow boundaries were observed during the test period. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

119.8 [m] 
11-119[m] 
0.052 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Test Results: 
Permeability-Thickness Product 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected? 

Factors Affecting Test Results: 
Borehole Pressure History 

7.7E-16 
*1.4E-8 (± a factor of 3) 
*3.9E-11 to 3.8E-9 
12150 
535 
15 to 51 
61.7 
yes (gas) 

variable [m-1] 

1000 [kg/m3] 
25/12 [mm] 

[m3] 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Flow Model Determination not Possible (Wellbore Storage - IARF in a Homogeneous 
Porous Medium was assumed) 

*Calculated from permeability estimates 
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NAGRA NTB 93-38 A2-2-

Borehole SB2 Interval Depth 92.0 m to 112.6 m 

Test Interval KK1 Testing Date 14.4.1992 to 19.4.1992 

Test Type Single Packer Reference Document NIB 92-100A 

Test 0 bjectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - HAUTERIVIAN; U~per Kiesel-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 92.0 meters and the following test sequence 
was conducted: 

INF 
PSR 

PW1 

SW1 

After flushing the tubing and interval with fresh water, the packer was inflated to 79 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 6 hours. The 
final P2-pressure of the period was 941 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 427 kPa. The complete 
PW1 pressure response was not recorded because the signal from the triple probe was 
interrupted due to an electrical problem. 
In order to continue testing without the triple probe, a slug withdrawal test was conducted and 
pressure was measured by hanging a transducer in the central tubing from surface. Pressure 
in the interval prior to the test is unknown. 

SWS1 After closing the shut-in valve, the signal from the triple probe was re-established. The final 
pressure of the period was 925 kPa. 

SW2 A second slug withdrawal test was conducted in order to gain full information regarding the 
slug withdrawal response. The starting pressure was 598 kPa and the final pressure of the 
period was 854 kPa. 

SWS2 The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. Final pressure of the period was 925 kPa. 

RW1 A 3-step constant rate withdrawal test (RW1 a,b and c) was conducted for a total of 97.5 
hours with flow rates of 1.2, 7.1 and 11.5 IImin. Well development was observed during the 
early portions of RW1 band RW1 c. A steady-state pressure of 818 kPa was established 
during RW1 c (11.5 I/min). Ground water samples were collected during this period. 

RWS1 A shut-in period following the constant rate period was conducted for 11.7 hours, during 
which the interval pressure increased to 922 kPa. 

Comments: Data collection during PW1, SW1 and SWS1 was affected by a loss of signal from the 
triple probe that was associated with movement of the shut-in valve. Well development occurred during 
RW1, which resulted in a transient test interval transmissivity during the early portion of the test. 

Test Interval Specifications: 
Interval Length 20.6 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

20.6 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Obtained 

Factors Affecting Test Results: 
Well Development 
Boundary Effects (Constant Head) 

2.0E-5 (± a factor of 2) 
1.0E-6 (± a factor of 2) 
922 (± 10 kPa) 
527 (± 1 m) 
-100 
11.1 
yes (water) 

5E-7 [m-1] 

1000 [kg/m 3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[DC] 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium - Constant Head Boundary 



NAGRA NTB 93-38 A2-3-

INTERVAL SB2 KK2 
346.9 m - 358.2 m 

S82 - KK2 
Compos 1 te Pressure Response 

4400 

4000 

3600 

3200 

~ 2800 

~ 2400 

o.
~ 2000 

1600 

1200 

800 

400 

10 20 30 

AWlb AWS1 

40 50 60 70 

Time (Hours) 

Start Time: 05: 37: 25 on 06/05/92 

SB2 KK2-RW1 
Water Flow Rate 

AWla 

10.0 
, AWlll 1 

9.0 - Gas Separator Bypassed --> ". : . 

4.0 -
3.0 -

2.0 -
1.0 -

0.0 
I 

0.0 4.0 
I 

8.0 12.'0 16.
1
0 20,10 24.10 28,10 32.10 36,10 40.

1
0 44.

1
0 48.

1
0 

Time (Hours) 

Start Tlme: 00: 24: 00 on 07/05/92 

SB2 KK2-RWS1 
Horner Plot 

4000 

3600 -

3200 -
~.-- - ---- - ---- ---- ----- ---- -- -----

2800 -

~ 2400 -

2000 

I
/Stra19nt Llne Analysis / 

1600 - ~·:·O .71'8
5
3 I:"'a.,.tm 

T • 5. lE-6 m'/sec 
1200 --1,---------' 

Fit range: (tp+dt) Idt - 29 to 214 800 -IIStra19nt Une Fit 

400 - m. 43.7 kPa/log cycle' 4.46 m/log cycle 
p""t • 3~87 kPa 

"I 
10 

'" 
100 

'I 
lk 

(tp+dt) lelt 

Triole P2 

_ ..... . 

'I 'I 
10k lOOk 1m 

S82 KK2-RWS1 
Log-Log Diagnostic Plot 

10k 

'" lk 

'" 
t. 

0 

100 

'" 0> 
C 

'" t:. 
Ll 

'" t. 

" III 10 
III 

'" t. 
a. 

10 100 lk 10k lOOk 

Time (SeCOnds) 

Start TIme: 00: 33: 23 on 09/05/92 

3500 Solexperts 

3000 I-

2500 _ 

2000 _ 

1500 _ 

1000 I-

SB2 - KK2 
"LO" ~CilltOO .. 
(8 .. 't ..... l» 

-

-

-

-

-

, "i5\,_ ~"ll">'!,o 0 PRESSURE 

'1'; 0 "- ~ -

~ 0 ~ IFiQure: I 
500 I-

o 

10 20 

\,,; Test Simulot iO':' 
(Constant Skin) 

30 40 50 60 70 
Time (hours) 

80 

-0 

In 

C 

ro 

"'" -0 
0 



NAGRA NTB 93-38 A2-4-

Borehole SB2 Interval Depth 346.9 m to 358.2 m 

Test Interval KK2 Testing Date 6.5.1992 to 9.5.1992 

Test Type Single Packer Reference Document NIB 92-100B 

Test Objectives Transmissivity - Static Formation Pressure - Groundwater Sample 

Geology LOWER CRETACEOUS - HAUTERIVIAN; Lower Kiesel-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 346.9 meters and the following test sequence 
was conducted: 

INF After flushing the tubing and interval with fresh water, the packer was inflated to 73 bar. 
PSR The shut-in valve was closed to fnitiate a pressure recovery period which lasted 7.8 hours. 

During the PSR period, the P2-pressure decreased to a final value of 3504 kPa. 
PW1 A pulse withdrawal test was conducted with a starting pressure of 2573 kPa. The P2-

pressure increased to 3458 kPa during the 1.4 hour period. 
SW1 A slug withdrawal test was conducted with a starting pressure of 2573 kPa. The P2-pressure 

increased to 3450 kPa during the 2.7 hour period. 
SWS1 The shut-in valve was closed in order to start installing sucker rods for the subsequent 

constant rate withdrawal test. Final pressure of the period was 3460 kPa. 
RW1 a, b A 2-step constant rate withdrawal test was conducted for a total of 48.2 hours with flow rates 

of 5.1 and 7.5 I/min. Well development was observed during the early portions of both steps. 
Gas flow was observed at an estimated rate of less than 2 In/min. A final pressure of 861 
kPa was established during RW1 b (7.5 I/min). Samples were collected during this period. 

RWS1 A shut-in period following the constant rate period was conducted for 7.5 hours, during which 
the interval pressure increased to 3492 kPa. 

Comments: The KK2 test responses were affected by well development and, possibly, gas. A strong 
positive skin, possibly a pseudo-skin caused by gas in the interval or test system, was indicated from 
analysis of the RW1. The gas observed during RW1 probably came out of solution in response to the 
underpressure applied during pumping. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

11.3 [m] 
0.1 to 11.3 [m] 
0.0794 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Obtained 

Factors Affecting Test Results: 
Well Development 
Gas 

5E-6 (± a factor of 2) 
2.2E-7 to 1.0E-4 
3473 (± 20 kPa) 
532.5 (± 2 m) 
650 - 850 
19.4 
yes (water) 

Flow Model: Well bore Storage and Skin - IARF in a Homogeneous Porous Medium 

2.3E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A2-6-

Borehole SB2 Interval Depth 564.8 m to 577.0 m 

Test Interval VK1 Testing Date 24.5.1992 to 26.5.1992 

Test Type Single Packer Reference Document QLR SB1-VK1 (NIB 92-100C) 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - VALANGINIAN; Diphyoides-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 564.8 meters and the following test sequence 

was conducted: 

INF 
PSR 

PW1 

SW1 

After flushing the tubing and interval with fresh water, the packer was inflated to 76 bar. 
The shut-in valve was closed to initiate a pressure recovery period which lasted 9.7 hours. 
During the PSR period, the P2-pressure initially decreased to 5816 kPa and then increased 
to a final value of 5876 kPa. 
A pulse withdrawal test was conducted with a starting pressure of 4886 kPa. The P2-
pressure increased to 6031 kPa during the 6.3 hour period. 
A slug withdrawal test was conducted with a starting pressure of 4888 kPa. The P2-pressure 
increased to 4903 kPa during the 0.7 hour period. 

SWS1 The shut-in valve was closed in order to conduct a pressure build-up test. During the 8.8 
hour period, the pressure increased to 5978 kPa. The rate of recovery decreased abruptly 
after about 6 hours, probably due to a leak in the test system. 

HI1 

HIS1 

A constant head injection test was conducted at an injection pressure of approximately 7170 
kPa for 6.6 hours. The injection flow rate at the end of the period was approximately 40 
ml/min. 
A shut-in period following the constant head injection period was conducted for 11.2 hours, 
during which the interval pressure decreased "normally" for the first hour and then exhibited 
an abrupt decrease in the rate of pressure change. The final pressure was 6578 kPa. 

Comments: The VK1 test responses were indicative of a leak in the test system. Following removal of 
the test-string, a small leak was detected at one of the joints between the packer and the shut-in valve. 
The presence of a leak imparts a degree of ambiguity to the test results; the transmissivity is reported 
as a maximum value and the static formation pressure is reported with an error band of ± 20 m. 

Test Interval Specifications: 
Interval Length 12.2 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

12.2 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Leak in test system 

< 2.5E-9 
<2.0E-10 
6370 (± 200 kPa) 
610 (± 20 m) 

26.5 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A2-8-

Borehole SB2 Interval Depth 435.0 m to 577.0 m 

Test Interval VK2 Testing Date 26.5.1992 to 28.5.1992 

Test Type Single Packer Reference Document NIB 92-100C 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - HAUTERIVIAN; Lower Kiesel-Kalk, 
- VALANGINIAN; Graue Mergelschiefer and Diphyoides-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 435.0 meters and the following test sequence 
was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 75 bar. 

When inflation was complete, a compliance period (COM) was conducted for 1.5 hours with 
the down-hole shut-in valve open to allow time for temperature equilibration and equipment 
compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 11.4 hours. 
During the PSR period, the P2-pressure decreased to a final value of 4410 kPa. 

PW1 A pulse withdrawal test was conducted with an absolute starting pressure of 3711 kPa. The 
P2-pressure increased to 4357 kPa during the 2.6 hour period. 

SW1 A slug withdrawal test was conducted with an initial slug pressure of 3419 kPa. The P2-
pressure increased to 4254 kPa during the 4.3 hour period. 

SWS1 The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. Final pressure of the period was 4341 kPa. 

RW1 A constant rate withdrawal test was conducted for 5.7 hours with a flow rate of 5 I/min. Gas 
flow-rate measurement was hindered because the gas flow separator did not function 
correctly. The methane flow rate at the end of the period was estimated to be 3.4 In/min. A 
final pressure of 2916 kPa was established during the period. 

RWS1 A shut-in period following the constant rate period was conducted for 11.3 hours, during 
which the interval pressure increased to 3988 kPa. 

Comments: The VK2 test responses indicated no-flow boundary effects. Pressure drawdown during 
RW1 clearly exhibited a non-infinite acting response. 

Test Interval Specifications: 
I nterval Length 

Contributing thickness (est.) 
Wellbore Radius 

Test Results: 

Transmissivity 
Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

142 [m] 
0.01 - 1 [m] 
0.0794 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

1.2E-7 (± a factor of 3) 
4.0E-8 to 3.6E-5 
4359 (± 80 kPa) 
535 (± 8 m) 
5 to 157 

Maximum Temperature during testing 

Distance to Boundary 
21.7 
-3.5 

Factors Affecting Test Results: 
Borehole Pressure History 

Gas 
Boundary Effects 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
[m] 

Flow Model: Wellbore Storage and Skin - IARF in a Homogeneous Porous Medium - Linear No-flow 
Boundary 
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NAGRA NTB 93-38 A2-10-

Borehole SB2 I nterval Depth 55.9 m to 577.0 m 

Test Interval VK3 Testing Date 29.5.1992 to 30.5.1992 

Test Type Open Hole Reference Document QLR SB2-VK3 (NIB 93-12) 

Test Objectives Assist Fluid Logging - Transmissivity 

Geology LOWER CRETACEOUS - HAUTERIVIAN; Upper and Lower Kiesel-Kalk, 
- VALANGINIAN; Graue Mergelscheifer I Diphyoides-Kalk 

Test Description: 
VK3 was an open-hole test to facilitate fluid logging (performed by COLENCO and GEOTEST). A four
inch Grundfos pump was installed to a depth of 44 m. Drawdown was measured by installing a 
pressure transducer to a depth of 22 m. 

RW1 For the first drawdown phase, the well was pumped for 12.3 hours at the maximum rate 
possible for the given pump and well conditions (-106 I/min). Total drawdown during RW1 
was about 7.4 m. 

RWR1 A build-up period was conducted for 2 hours following RW1. The water level recovered back 
to the pre-pumping water level. 

RW2 A second drawdown period was conducted for 2.7 hours to obtain further fluid logging 
information. The flow rate during RW2 was, again, approximately 106 11m and the resulting 
drawdown was about 6.4 m. 

Comments: No unusual or unexplainable pressure responses were observed during VK3. 

Test Interval Specifications: 
Interval Length 521.1 [m] 
Contributing thickness (est.) 
Wellbore Radius 

unknown 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 

4E-4 

527 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Multi-layered system with constrasting static formation pressures 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[masl] 
[m] 
[0C] 
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NAGRA NTB 93-38 A2-12-

Borehole SB2 Interval Depth 716.0 m to 732.1 m 

Test Interval VM1 Testing Date 12.8.1992 to 14.8.1992 

Test Type Single Packer Reference Document QLR SB2-VM1 (NIB 92-1000) 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to a depth of 716.0 meters and the following test sequence 
was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 69 bar. 
When inflation was complete, a compliance period (COM) was conducted for 2.4 hours with 
the down-hole shut-in valve open to allow time for temperature equilibration and equipment 
compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 14.8 hours. 
During the PSR period, the P2-pressure decreased to a final value of 7683 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 6286 kPa. The P2-
pressure increased to 7099 kPa during the 4.8 hour period. 

HI1 A constant head injection test was conducted for 2.6 hours with an injection pressure of 9265 
kPa. The injection flow rate at the end of the period was less than 2 ml/min. 

HIS1 A shut-in period following the constant head injection period was conducted for 13.4 hours, 
during which the interval pressure decreased to 8024 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 7061 kPa. The P2-
pressure increased to 7228 kPa during the 4.8 hour period. 

Comments: Borehole pressure history and temperature changes affected the PSR and PW1 test 
responses. An abnormal pressure response was observed during PW1. 

Test Interval Specifications: 
Interval Length 16.1 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

16.1 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 

1E-11 to 1E-10 
6.2E-13 to 6.2E-12 
7683 
<593 

33.3 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 581.5 m to 732.1 m 

Test Interval VM2 Testing Date 14.8.1992 to 16.8.1992 

Test Type Single Packer Reference Document NIB 92-1000 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris Formation 

Test Description: 
A single-packer test system was moved up from the VM1 test section to a depth of 581.5 meters and 
the following test sequence was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 69 bar. 
When inflation was complete, a compliance period (COM) was conducted for 2.2 hours with 
the down-hole shut-in valve open to allow time for temperature equilibration and equipment 
compliance. The P2-pressure during the period was approximately 5800 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 11.2 hours. 
During the PSR period, the P2-pressureincreased to a final value of 6198 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 5383 kPa. The P2-
pressure increased to 5950 kPa during the 5.6 hour period. 

HI1 A constant head injection test was conducted for 6.9 hours with an injection pressure of 8275 
kPa. The injection flow rate at the end of the period was approximately 2.5 ml/min. 

HIS1 A shut-in period following the constant head injection period was conducted for 13.5 hours, 
during which the interval pressure decreased to 7735 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 5424 kPa. The P2-
pressure increased to 5909 kPa during the 2.9 hour period. 

Comments: The VM2 test responses indicated a composite system with greater permeability near the 
borehole. The PW1 response was consistent in form with a composite system because the pressure 
exhibited a relatively slow late-time response in comparison to the early-time response. However, a 
reasonable simulation was not achieved that matched PW1 and the rest of the test sequence. 

Test Interval Specifications: 
Interval Length 150.6 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

150.6 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Wellbore Damage 

4.5E-11 (± Ii order of magnitude) 
3E-13 (± Ii order of magnitude) 
6500 (± 1000 kPa) 
607(±100m) 
<1 
27.4 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB2 Interval Depth 1115.5 m to 1151.5 m 

Test Interval KK3 Testing Date 11.9.1992 to 13.9.1992 

Test Type Single Packer Reference Document NIB 92-100E 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - VALANGINIAN; Sichel-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 1115.5 meters and the following test sequence 
was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 75 bar. 
When inflation was complete, a compliance period (COM) was conducted for 3.2 hours with 

the down-hole shut-in valve open to allow time for temperature equilibration and equipment 
compliance. The P2-pressure during the period was approximately 10990 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 15.2 hours. 
During the PSR period, the P2-pressure increased to a final value of 11907 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 10341 kPa. The P2-
pressure increased to 11165 kPa during the 7.0 hour period. 

HI1 A constant head injection test was conducted for 4.6 hours with an average injection 
pressure of approximately 13975 kPa. The injection flow rate at the end of the period was 
approximately 1.5 mllmin. 

HIS1 A shut-in period following the constant head injection period was conducted for 19.3 hours, 
during which the interval pressure decreased to 13352 kPa. 

PW2 A second pulse withdrawal test was conducted with a starting pressure of 10950 kPa. The 
P2-pressure increased to 11143 kPa during the 1.4 hour period. 

Comments: No unusual or unexplainable pressure responses were observed during KK3. 

Test Interval Specifications: 
Interval Length 36 [m] Specific storage (est.) 

Water Density (est.) 

Tubing Radius 
Contributing thickness (est.) 

Wellbore Radius 

36 [m] 

0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 

1.4E-11 (range: 4E-12t04E-11) 
4E-13 (range:1.1E-13 to 1.1E-12) 
12200 (± 500 kPa) 
658 (± 50 m) 
<1 
47.3 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 732.1 m to 1151.5 m 

Test Interval VKK1 Testing Date 13.9.1992 to 14.9.1992 

Test Type Single Packer Reference Document NIB 92-100E 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN I VALANGINIAN; Palfris formation 
I Diphyoides-Kalk I Graue Mergelschiefer I Sichel-Kalk I GemsmaUli layer I 
Kiesel-Kalk 

Test Description: 
A single-packer test system was installed to a depth of 732.1 meters and the following test sequence 
was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 75 bar. 
When inflation was complete, a compliance period (COM) was conducted for 2.5 hours with 
the down-hole shut-in valve open to allow temperature equilibration and equipment 
compliance. The P2-pressure was about 7266 kPa during the COM period. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 15.5 hours. 
During the PSR period, the P2-pressure initially increased to a maximum pressure of 7304 
kPa and subsequently decreased to a final value of 7298 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 6572 kPa. The P2-
pressure increased to 7255 kPa during the 1.5 hour period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 6619 kPa. The P2-pressure 
increased to 7035 kPa during the 1.8 hour period. 

SWS 1 The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. Final pressure of the 3.7-hour period was 7228 kPa. 

RW1 A constant rate withdrawal test was conducted for 2.3 hours with a flow rate of 1.2 IImin. The 
period and test sequence were terminated when packer failure occurred. The final P2-
pressure during RW1 was 5722 kPa. 

Comments: The VKK1 interval comprised a long test section with varied and complex conditions. The 
observed pressure responses represent a composite response that may be affected by producing 
zones possessing different static formation pressures and various boundary conditions. Failure of the 
packer terminated the VKK1 test prematurely. The transmissivity estimate from VKK1 is considered a 
minimum because borehole development was observed during the subsequent fluid logging campaign 
which included the VKK1 interval. 

Test Interval Specifications: 
I nterval Length 419.4 [m] 
Contributing thickness (est.) 
Wellbore Radius 

unknown 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Boundary Effects (negative boundary) 

4E-7 

<7255 
<534 

35.0 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - (possible positive skin) - Heterogeneous Formation (decreasing 
transmissivity with increasing radial distance from well). 
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Borehole SB2 Interval Depth 958 .. 0 m to 982.0 m 
Test Interval KK4 Testing Date 18.9.1992 to 22.9.1992 

Test Type Double Packer Reference Document NIB 92-100F 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - VALANGINIAN; Sichel-Kalk 

Test Description: 
A double-packer test system was installed to a depth of 958.0 meters and the following test sequence 
was conducted: 

INF/COM After inflating the lower packer to 71 bar and flushing the tubing and interval with fresh water, 
the upper packer was inflated to 71 bar. When inflation was complete, a compliance period 
(COM) was conducted for 1.2 hours with the down-hole shut-in valve open to allow time for 
temperature equilibration and equipment compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 3 hours. 
During the PSR period, the P2-pressure decreased initially to 9155 kPa and then increased 
to a final value of 9163 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 8492 kPa. The P2-
pressure increased to 9164 kPa during the 0.5 hour period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 8525 kPa. The P2-pressure 
increased to 9148 kPa during the 2.3 hour period. 

SWS1 The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. Final pressure of the 5.2-hour-long period was 9173 kPa. 

RW1 a,b A two-step constant rate withdrawal test was conducted for 57.9 hours with flow rates of 1.4 
and 3.8 IImin; gas flow was measured during RW1 b at a rate of 5.1 In/min. A final pressure 
of 6855 kPa was established during the period. 

RWS1 A shut-in period following the constant rate period was conducted for 18 hours, during which 
the interval pressure increased to 8664 kPa. 

Comments: Hydraulic interconnection with the P1-zone was observed during KK4 testing; this makes 
only a maximum transmissivity estimate possible because the contribution from the P1-zone cannot be 
quantified. Two-phase flow conditions may have been established in the test interval during RW1 b. 

Test Interval Specifications: 
Interval Length 24 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est) 
Wellbore Radius 

Unknown 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Obtained 

Factors Affecting Test Results: 
Hydraulic Communication with P1-zone 
Borehole Pressure History 
Gas 

<9.5E-7 
<4.0E-8 
>9173 
>506 

43.9 
yes (water & gas) 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

2.6E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 858.5 m to 882.5 m 

Test Interval GMS1 Testing Date 22.9.1992 to 24.9.1992 

Test Type Double Packer Reference Document NIB 92-100E 

Test Objectives Transmissivity - static Formation Pressure - Groundwater Sample 

Geology LOWER CRETACEOUS - VALANGINIAN; Graue Mergelschiefer 

Test Description: 
A double-packer test system was moved from the KK4 test-interval to a depth of 858.5 meters and the 
following test sequence was conducted: 

INF After inflating the lower packer to 76 bar and flushing the tubing and interval with fresh water, 
the upper packer was inflated to 76 bar. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 8.7 hours. 
During the PSR period, the P2-pressure decreased from an initial of 8472 kPa to a final 
pressure of 8421 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 7437 kPa. The P2-
pressure increased to 8414 kPa during the 0.6 hour period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 7428 kPa. The P2-pressure 
increased to 8109 kPa during the 1.7 hour period. 

SWS1 The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. Final pressure of the 7.7-hour-long period was 8306 kPa. 

RW1 A constant rate withdrawal test was conducted for 14.1 hours with an average flow rate of 2.3 
IImin; gas flow was measured during RW1 at a rate of approximately 3 In/min. A final 
pressure of 5700 kPa was established during the period. 

RWS1 A shut-in period following the constant rate period was conducted for 11.4 hours, during 
which the interval pressure increased to 6776 kPa. 

Comments: The GMS1 test responses are characteristic of a composite (radially heterogeneous) 
formation with a higher permeability inner zone and a lower permeability outer zone. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

Test Results: 
Transmissivity (inner zone) 
Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

24 [m] 
0.1 to 1 [m] 
0.0794 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

3.6E-7 (± a factor of 3.5) 
1.0E-7 to 1.3E-5 
8000 (+ 414, -1000 kPa) 
485 (+42, -100 m) 
- 22 

Maximum Temperature during testing 40.2 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas 

5E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Radially Composite Reservoir with Decreasing Transmissivity Away from Well 
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NAGRA NTB 93-38 A2-24-

Borehole SB2 Interval Depth 1408.0 m to 1420.3 m 

Test Interval GMS2 Testing Date 10.11.1992 to 16.11.1992 

Test Type Single Packer Reference Document NIB 92-100G 

Test Objectives Groundwater Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - VALANGINIAN; Sichel-Kalk I GemsmaUli layer 

Test Description: 
A single-packer test system was installed to a depth of 1408.0 meters and the following test sequence 

was conducted: 
INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 74 bar. 

PSR 

RW1 

RWS1 

When inflation was complete, a compliance period (COM) was conducted with the down-hole 
shut-in valve open to allow temperature equilibration and equipment compliance. A high flow 
rate was observed at the beginning of the period; after 12 minutes the shut-in valve closed 
without manipulation due to thermal expansion of the test string. 
After the shut-in valve closed, a pressure recovery period was implemented which lasted 3 
hours. During the PSR period, the P2-pressure initially increased to 14318 kPa and 
subsequently decreased to a final pressure of 14249 kPa. 
Because of the flowing artesian pressure and high flow rates observed during COM, a 
withdrawal test was conducted without pumping (by simply letting the well flow) in an attempt 
to collect water samples. The flow rate quickly dropped below a level acceptable for 
sampling. The period was terminated after 3.4 hours. 
The shut-in valve was closed in order to start installing sucker rods for the subsequent 
constant rate withdrawal test. The pressure initially increased from 14025 kPa to 14039 kPa 
and then decreased to a final pressure 14028 kPa. 

RW2a,b,cA three-step constant rate withdrawal test was conducted for a total of 72.7 hours with flow 
rates of 3.2, 5.3 and 2.8 I/min; gas flow was measured during RW1 band RW1 c at a rates of 
8.9 and 4.1 In/min, respectively. A final pressure of 10298 kPa was established during RW2. 

RWS1 A shut-in period following the constant rate period was conducted for 44.3 hours, during 
which the interval pressure increased to 11547 kPa. 

PI1 A pulse injection test was conducted to determine test-zone compressibility. The starting 
pressure was 12352 kPa for the 0.8-hour-long test. The final pressure was 11583 kPa. 

Comments: A number of unusual pressure responses were observed during GMS2; these include a 
strong influence of Borehole Pressure History on the COM, PSR and RW1 periods, and a variable rate 
and pressure response during RW1 that may be have been caused by friction loss somewhere in the 
system. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Wellbore Radius 

Test Results: 
Transmissivity 
Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

12.3 [m] 
0.1- 12.3 [m] 
0.0794 [m] 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

7.1 E-8 (± % order of magnitude) 
2.9E-9 to 3.6E-6 
13400 (± 500 kPa) 
489 (± 50 m) 
-120 

Maximum Temperature during testing 
Samples Collected 

58.8 
yes (water) 

Factors Affecting Test Results: 
Borehole Pressure History 
Gas 

2.6E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 

[m/s] 
[kPa] 
[m asl] 
[m] 
[DC] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole SB2 Interval Depth 16~0.5 m to 1703.5 m 

Test Interval VM3 Testing Date 15.12.1992 to 17.12.1992 

Test Type Single Packer Reference Document NIB 92-100H 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A single-packer test system was installed to a depth of 1670.5 meters and the following test sequence 
was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 79 bar. 
When inflation was complete, a compliance period (COM) was conducted for 2.5 hours with 
the down-hole shut-in valve open to allow temperature equilibration and equipment 
compliance. The P2-pressure during COM was about 16375 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 12.2 hours. 
During the PSR period, the P2-pressure increased to a final value of 16572 kPa. The 
pressure build-up was intermittently interrupted by sudden pressure drops, after Which, the 
pressure would resume build-up. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 15189 kPa. The P2-
pressure increased to 16077 kPa during the 8.4 hour period. 

HI1 A constant head injection test was conducted for 2.6 hours with an injection pressure of 
18325 kPa. The injection flow rate at the end of the period was ~ 30 ml/min. 

HIS1 A shut-in period following the constant head injection period was conducted for 11.6 hours, 
during which the interval pressure decreased to 16900 kPa. 

Comments: The VM3 test sequence included a number of non-ideal test responses, including the 
intermittent pressure drops observed during PSR and an apparent increase in transmissivity during H11. 

Test Interval Specifications: 
Interval Length 33 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

33 [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 

6.6E-10 (range: 1 E-1 0 to 1 E-9) 
2E-11(range: 3E-12 to 3E-11) 
16000 (±400 kPa) 
492 (±40 m) 
-5 
67.3 

3E-7 [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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NAGRA NTB 93-38 A2-28-

Borehole SB2 I nterval Depth 1151.5 m to 1703.5 m 

Test Interval FL2 Testing Date 5.1.1993 to 7.1.1993 

Test Type Open Hole Reference Document QLR SB2-FL2 (NIB 92-100G) 

Test Objectives Assist Fluid Logging - Transmissivity_ 

Geology LOWER CRETACEOUS - VALANGINIAN; Sichel-Kalk IGemsmatlli Layer I 
Graue Mergelschiefer - BERRIASIAN; Palfris formation 

Test Description: 
FL2 was an open-hole test to facilitate fluid logging (performed by COLENCO and GEOTEST). A 4-
inch Grundfos pump was installed to a depth of 253 m. Drawdown was measured using a triple probe 
that was installed in-line above the pump at a depth of 223 m. The P3 transducer, which was open to 
the annulus was used for drawdown measurement; P1 and P2 measured pressures inside of the 
discharge tubing, and, thus, reflect friction loss within the discharge system. 

RW1 a For the first drawdown phase, the well was pumped for 0.9 hours at a rate varying from 60 to 
15 IImin in order to minimize wellbore storage effects. Total drawdown after RW1 a was 
about 49 m. 

RW1 b A second drawdown period was conducted for 20 hours. The average flow rate during RW1 b 
was approximately 3.3 11m and the resulting drawdown was about 115 m. 

RWR1 A build-up period was conducted for 13.6 hours following RW1. The water level recovered to 
about 20% of the pre-pumping water level. 

Comments: Pressure and temperature signals from the triple probe were affected by the Grundfos 
pump. This problem was remediated by using a separate power source for the data acquisition system. 
No unusual or unexplainable pressure responses were observed during FL2. 

Test Interval Specifications: 
Interval Length 552 [m] 
Contributing thickness (est.) 
Wellbore Radius 

- [m] 
0.0794 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
None 

SE-S 

Specific Storage (est.) 
Water Density (est.) 
Tubing Radius 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m 3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 I nterval Depth 1841.5 m to 1870.4 m 

Test Interval VM4 Testing Date 12.1.1993 to 30.1.1993 

Test Type Single Packer Reference Document NIB 92-1001 

Test Objectives Static Formation Pressure - Transmissivity 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

T est Description: 
A single packer test system was installed to a depth of 1841.5 m to test bottom 28.9 m of the borehole 
(final SB2 depth was 1870.4 m). 

INF/COM The packer was inflated to approximately 80 bar, following which, a compliance period (COM) 

was conducted for 2.9 hours with the down-hole shut-in valve open to allow time for 
temperature equilibration and equipment compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 31 hours. 

The pressure build-up during PSR exhibited perturbations that cannot be explained easily. 
The final P2-pressure of the period was 19952 kPa. 

HW1 A constant head withdrawal test was conducted by opening the shut-in valve and letting the 

well flow because the interval exhibited flowing artesian pressure during PSR. The flow rate 
was sporadic and below the measurement limit of the available flow meters. The test was 
terminated after 43 minutes. 

HWS1 Shutting in the well to terminate HW1 initiated a pressure build-up period that lasted 6.9 
hours. The nnal P2-pressure of the period was 19519 kPa. 

HI1 A constant head injection period was conducted for 3 hours at an injection pressure of 20600 

kPa. A final injection flow rate of 0.9 mllmin was achieved using an HPLC pump. 
HIS1 The shut-in valve was closed to initiate a pressure fall-off period that lasted 14 hours. A 

pressure squeeze of about 240 kPa was observed when the shut-in valve was closed. The 
pressure decreased to a minimum pressure of 20025 kPa and then started an increasing 
trend toward the end of the period. The final P2-pressure of the period was 20047 kPa. 

PW1 A pulse withdrawal test was conducted at the end of the test sequence to obtain a physical 

measurement of test-zone compressibility. 

Comments: The VM4 test sequence was influenced strongly by extraneous effects such as borehole 

pressure history, temperature, pressure squeeze and other effects that could not be clearly identified. 
A GTFM simulation was performed to account for some of the effects; however, not all pressure re

sponses could be simulated. No equipment-related problems were identified that could account for the 

pressure perturbations. 

Test Interval Specifications: 

Interval Length 28.9 [m] Specific Storage 
Water Density (est.) 

Tubing Radius 
Contributing thickness (est.) 

Wellbore Radius 

28.9 [m] 
0.0504 [m] 

Test Results: 

Transmissivity 

(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 

Equivalent Fresh-Water Head 

Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 

Temperature 

Gas? 

3E-11 (± ~ order of magnitude) 

1E-12 (± ~ order of magnitude) 
20220 (± 400 kPa) 

751 (± 40 m) 

- 1 
76.2 

5E-7 [m-1] 

1000 [kg/m 3] 

0.0253 [m] 

[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Flow Model: Wellbore Storage - Skin Zone - IARF in a Homogeneous Porous Medium 
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Borehole S82 Interval Depth 1707.0 m to 1870.4 m 

Test Interval VMS Testing Date 31.1.1993 to 1.2.1993 

Test Type Single Packer Reference Document NIB 92-1001 

Test Objectives Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The test system was moved up from the VM4 Test Interval to 1707.0 m depth for VM5 testing. 

INF/COM The packer was inflated, following which, a compliance period (COM) was conducted for 2.7 
hours with the shut-in valve open. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 3.3 hours. 
The pressure build-up during PSR occurred rapidly during early time, after which the 
pressure response exhibited an abrupt decrease in the rate of recovery. The final P2-
pressure of the period was 17783 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 16565 kPa. The pressure 
recovery response was similar to the PSR period in that a fast rate of pressure recovery was 
observed during early-time, followed by a much slower late-time pressure response. The 
final P2-pressure of the period was 17817 kPa. 

RW1 A constant rate test was performed at approximately 100 ml/min by letting fluid from the 
flowing-artesian interval discharge through a constant-rate-control device. Significant gas 
flow was observed after about 12 hours. At this point, the objective of qualitatively evaluating 
gas conditions within the interval was added to the test plan (i.e., to evaluate if fluid logging 
would be feasible). Gas flow rates of up to -45 normalliters/min were observed during the 
period. 

RWS1 The test interval was shut in for approximately 10 hours after the RWS period. The pressure 
response, again, exhibited an abrupt decrease in the rate of pressure build-up after an initial 
rapid pressure increase. The interval pressure increased to a final pressure of 17675 kPa. 

Comments: Significant gas flow was observed during RW1. The presence of gas strongly influenced 
the VM5 pressure responses. Exact gas and water conditions down-hole could not be determined 
because the flow exceeded the capacity of the gas separating equipment. The test was terminated for 
safety reasons because alternative gas handling equipment was not readily available. 

Test Interval Specifications: 
Interval Length 
Contributing thickness (est.) 
Well bore Radius 

Test Results: 
Transmissivity 1 

Hydraulic Conductivity 1 

Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

163.4 [m] 
0.1-10[m] 
0.0504 [m] 

Specific Storage (est.) 
Water Denisty 
Tubing Radius 

5E-10 ± 1 order of magnitude 
5E-12 to 5E-8 
>17859 

Maximum Temperature during testing 

>644 
-47 
69.4 

Factors Affecting Test Results: 
Gas in formation and well bore 
Borehole Pressure History 

Flow Model: Wellbore storage - IARF in a Homogeneous Porous Medium. 

1 Analysis approach: Single-Phase Gas Flow 

_ 1 [m-1] 

_ 1 [kg/m3] 
0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 1783.3 m to 1799.7 m 

Test Interval VMS Testing Date 5.2.1992 to 7.2.1993 

Test Type Double Packer Reference Document QLR SB2-VMS (NIB 92-1001) 

Test Objectives Transmissivity - Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A double-packer test system was installed following the VM4 and VM5 testing campaign to a depth of 
1783.3 meters and the following test sequence was conducted: 

INF/COM After inflating the lower packer to 78 bar and flushing the tubing and interval with fresh water, 
the upper packer was inflated to 78 bar. When packer inflation was completed, a compliance 
period (COM) was implemented for 2.9 hours with the down-hole shut-in valve open to allow 
temperature equilibration and equipment compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 8.7 hours. 
During the PSR period, the P2-pressure increased to a final pressure of 19492 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 18013 kPa. The P2-
pressure increased to 18408 kPa during the 4.6 hour period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 16885 kPa. The P2-
pressure increased to 17288 kPa during the 8.7 hour period. 

SWS1 The shut-in valve was closed to initiate a pressure build-up period. Final pressure of the 5.7-
hour-long period was 17315 kPa. 

SW2 A second slug withdrawal test was conducted with an initial slug pressure of 15111 kPa. The 
pressure response was "normal" for the first portion of the test and then the pressure 
increase stopped; subsequently, gas started to flow and the pressure started to decrease. A 
final pressure of 14737 kPa was established during the period. 

SWS2 A shut-in period following the slug test was conducted for 1.4 hours, during which the interval 
pressure increased to 16787 kPa. 

Comments: The VM6 test responses were affected, to varying degrees, by temperature, borehole 
pressure history and the presence of gas in the formation. Estimation of hydraulic parameters for the 
interval can only be given over wide ranges of values 

Test Interval Specifications: 
Interval Length 16.4 [m] Specific Storage (est.) 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

16.4 [m] 
0.0504 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected 

Factors Affecting Test Results: 
Gas 
Borehole Pressure History 
Temperature 

3.0E-12 to 2.1E-8 
1.8E-13 to 1.3E-9 
>16878 to >19492 
>464 to >730 

73.8 
none 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

5E-7 [m-1] 

- [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 1726.6 m to 1743.0 m 

Test Interval VM7 Testing Date 9.2.1993 to 10.2.1993 

Test Type Double Packer Reference Document QLR SB2-VM7 (NIB 92-1001) 

Test Objectives Transmissivity - Groundwater Sample 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
A double-packer test system was installed following the VM6 testing campaign to a depth of 1726.6 
meters and the following test sequence was conducted: 

INF/COM After inflating the lower packer to 80 bar and flushing the tubing and interval with fresh water, 
the upper packer was inflated to 80 bar. When packer inflation was completed, a compliance 
period (COM) was implemented for 4.6 hours with the down-hole shut-in valve open to allow 
temperature equilibration and equipment compliance. 

PSR The shut-in valve was closed to initiate a pressure recovery period. After 0.7 hours, the 
signal from the triple probe was interrupted because of a short in the system. During the 
PSR period, the P2-pressure increased to a final pressure of 17289 kPa. 

SW1 To continue hydraulic testing without the triple probe, a transducer was installed in the central 
tubing from the surface in order to monitor water level recovery from slug tests. The water 
was swabbed out of the tubing to a depth of approximately 200 meters. A slug withdrawal 
test was conducted by opening the shut-in valve and observing the water level increase in 
the central tubing. The water level in the tubing increased approximately 0.4 meters during 
SW1. 

SWS1 The shut-in valve was closed and the pressure transducer was removed in order to swab the 
water out of the tubing to a greater depth for SW2. No interval-pressure data were recorded 
during this period. 

SW2 A second slug withdrawal test was conducted after the water was swabbed out of the tubing 
to a depth of approximately 325 meters. The water level in the tubing increased 
approximately 1.1 meters during SW1. 

Comments: The signal from the triple probe was interrupted during the PSR period because of an 
electrical short in the transmission line. The hydraulic characterization was subsequently carried out by 
installing a transducer in the tubing and conducting slug tests. This provided data for transmissivity 
evaluation; however, excepting the short PSR period, no shut-in periods were recorded that allow 
evaluation of static formation pressure. The final pressure during the PSR period provides an estimate 
of the minimum static formation pressure; however the short PSR period was, most likely, strongly 
affected by borehole pressure history and temperature-induced pressure changes. 

Test Interval Specifications: 
Interval Length 16.4 [m] Specific Storage 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

16.4 [m] 
0.0504 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 
Samples Collected 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 

3.4E-11 to 6E-10 
2.1E-12 to 3.7E-11 
>17289 
>567 

69.4 
none 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 

- [m-1] 

1000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 



10k 

~ 

11< 

~ 
~ 
0 

lOa 

10 

0.1 

~ 
.; 
to 
0 
oJ 

0.01 

NAGRA NTB 93-38 A2-37-

19.5k 

16.51< 

17.51< 

~ 16.51< 

~ 
~ 
~ 

15.51< 
III 

~ 
a. 

I~ .51< 

13.51< 

12.51< 

INF (Ll 
Flush 

INTERVAL SB2 VM8 
1703.5 m - 1728.0 m 

SB2 VMS 
Compos i te Pressure Response 

INF (U) 
I I~OM PSR I PWI I SWI I SWSI DEF 

-
" 
" 
" -

~+ I 

-

-

-

-

0.0 

___ J 

TSSP PI 
TSSP P2 
TSSP P3 

., 
i ____________ / 

, 
, 

2.b 4.b 6.b B.b 10.
1
0 12.10 14.10 16.

1
0 16.

T
O 20:0 22.10 24.10 26.

1
0 

Time (Hours) 

Start Time: 15: ~6: 07 on 15/02/1993 

SB2 VMS - PSR SB2 VMS - PW1 
Log-log Diagnostic Plot 

TSSP P2 
Oeriv. 

L .... ~ ... EY\ 
PSR 

q = 21 rnVrnin 
at = 1008 
ap = 44000 Pa 
VI = 0.26 rn3 

1.00 

0.90 

~ 0.80 

~ 0.70 

I 0.50 

III 

" § 0.50 

.~ 0.40 

o 0.30 

RESULTS 
T • 1.9E-IO in'/sec 
S • 2.9E-5 

Pu 1 se W, thdrawa 1 Tes t 

•........•. ,r. ................................................ · .. 1 

C = ~ = 5.6E-10 m3Pa·1 

~ 

. ·c .. " .. 2. 7E-10"ni'/Pa 
C.c - 1.0E-9 Pa'j 
.A •... ~ .. 9.2E-4. m .. 0.20 

c.., = * = 2.2E-9 

0.10 

0.00 

10 lOa Ik 10k lOOk 10 100 11< 

Time (Seconds) Time (Seconds) 

Start Time: 19: 04: O~ on 13/02/1993 Start Time: 05; 11: 04 on 14/02/1993 

SB2 VMS - SW1 SB2 VMS - SWS1 
Slug Test Early-Time AnalysIs Log-log Diagnostic Plot 

10K lOOk 

10K~------------~----------~----------------------~ 

p, - 16329 I<Pa 
P. - 12745 kPa 

R. - O. 054 m 
R. - 0.025 m 

Alpha - IE-5 
6eta - 1.0 
t .. tc" • 2 x 10' sec 

RESULTS 

TSSP P2 

T - 3.2 E-IO ~/sec 
• ·"S· .. -···ot; .. 4···e~6...... !... ............................. :, .............................. ······· .. ······· .. · .... 7.....,: 

Ik 10K 

Time (Seconds] 

Start Time: 15: 46: 07 on 13/02/1993 

lOOk 

'" > 

10 

~ 

'" o 

11< 

'" I 100 

'" ~ 
" <Jl 

"' k 10 

L-space • O. 05 . 
t .... .-u ..... 349 m1n~ 

Q • 21 ml/min • 3.5E-7 ~/s 
dt • 100 s : 
dP • 50000 Pa 
C • q at / dP • 7.0E-IO m'/Pa 
e.c .. 2. 7E-9 ~a·1 

10 100 

Equivalent Time (tpwdt) 1 (tp+dt) 

Start Time: 14: 39: 59 on 14/02/1993 

........... ,L. 
./ .... 

TSSP P2 
Oeriv 

11< 

(Seconds) 

10k 



NAGRA NTB 93-38 A2-38-

Borehole SB2 Interval Depth 1703.5 m to 172S.0 m 
Test Interval VMS Testing Date 13.2.1993 to 14.2.1993 

Test Type Double Packer Reference Document QLR SB2-VMS (NIB 92-1001) 

Test Objectives Gas Presence - Transmissivi!y - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The main objective of VM8 was to evaluate if the gas produced during VM5 and VM6 testing came from 
the interval between 1703 and 1728 m depth. A double-packer test system was installed following the 
VM7 testing campaign to a depth of 1703.5 meters and the following test sequence was conducted: 

INF/COM After inflating the lower packer to 57 bar and flushing the tubing and interval with fresh water, 
the upper packer was inflated to 57 bar. When packer inflation was completed, a compliance 
period (COM) was implemented for 1.7 hours with the down-hole shut-in valve open to allow 
temperature equilibration and equipment compliance. The interval pressure during COM was 
approximately 16650 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 10.1 hours. 
During the PSR period, the P2-pressure increased to a final pressure of 18814 kPa. 

PW1 A pulse withdrawal test was conducted with a starting pressure of 16571 kPa. The P2-
pressure increased to 18329 kPa during the 3.6 hour period. 

SW1 A slug withdrawal test was conducted with a starting pressure of 12745 kPa. The P2-
pressure increased to 12781 kPa during the 5.8 hour period. 

SWS1 The shut-in valve was closed to initiate a pressure build-up period. Final pressure of the 3-
hour-long period was 15644 kPa. 

Comments: To evaluate whether or not a gas-producing zone was present in the interval, a 60-bar 
underpressure was applied to the interval. No gas was mobilized in response to the applied stress. A 
slight hydraulic interconnection was observed between P2 and P1 during SW1; the interconnection has 
no impact on the evaluation of gas conditions in the interval and makes the transmissivity estimate from 
SW1 a maximum value. 

Test Interval Specifications: 
Interval Length 24.5 [m] Specific Storage 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 
Wellbore Radius 

24.5 [m] 
0.0504 [m] 

Test Results: 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 
Temperature 
Packer Bypass (slight, only during SW1) 

1.5E-10 to 5.2E-10 
6.1E-10 to 2.1E-11 
18814 
750 

69.8 

Flow Model: Wellbore Stora9_e - IARF in a Hom09_eneous Porous Medium 

- [m-1] 

1000 [kg/m3] 
0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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Borehole SB2 Interval Depth 1768.9 m to 1870.4 m 

Test Interval VM9 TestinQ Date 14.2.1993 to 16.2.1993 

Test Type Single Packer Reference Document QLR SB2-VM9 (NIB 92-1 DOl) 

Test Objectives Gas Sample - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The main objective of VM9 was to obtain a gas sample. The double-packer test system from VM8 was 
moved to a depth of 1768.9 meters. The lower packer was damaged during the move and could not be 
reinflated; therefore, the upper packer was inflated to 60 bar and the following test sequence was 

conducted: 

INF/COM After flushing the tubing and interval with fresh water, the upper packer was inflated to 60 
bar. When packer inflation was completed, a compliance period (COM) was implemented for 
3.8 hours with the down-hole shut-in valve open to allow temperature equilibration and 
equipment compliance. The interval pressure during COM was approximately 17316 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 12.7 hours. 

SW1 

During the PSR period, the P2-pressure increased to a maximum pressure of 17752 kPa, 
then decreased to 17228 kPa and then started to increase again to a final pressure of 17657 
kPa. 
A slug withdrawal test was conducted with a start pressure of 13465 kPa. The P2-pressure 
increased "normally" for the first 2.8 hours and then started to level off. After 5 hours, gas 
flow was observed at surface. A gas flow rate of 195 In/min was established near the end of 
the period. The final pressure of the 9.6-hour period was 14324 kPa. Gas samples were 
collected by GEMAG during SW1. 

SWS1 The shut-in valve was closed to initiate a pressure build-up period. Final pressure of the 1.8-
hour-long period was 15503 kPa. 

Comments: The VM9 test sequence was strongly influenced by gas. The uncharacteristic pressure 
response during PSR may be related to gas-phase redistribution or to the effects of the lower 
(uninflated) packer. The gas-flow portion of SW1 was interrupted several times because the manifold, 
through which the gas was routed to the flare, froze. 

Test Interval Specifications: 
I nterval Length 
Contributing thickness (est.) 
Wellbore Radius 

Test Results: 

101.5 [m] 
101.5 [m] 
0.0504 [m] 

Specific Storage 
Water Density (est.) 
Tubing Radius 

Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 

4.1 E-1 0 to 4.3E-8 
4.0E-12 to 4.2E-10 
-17752 

Maximum Temperature during testing 
Samples Collected 

Factors Affecting Test Results: 
Gas 

-572 

73.3 
yes (gas) 

Possible Influence from the Un inflated Packer 
Borehole Pressure History 
Temperature 

Flow Model: Well bore Storage - IARF in a Homogeneous Porous Medium 

_ [m-1] 

1 000 [kg/m3] 

0.0253 [m] 

[m2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 
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INTERVAL SB2 VM10 
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Borehole SB2 Interval Depth 1739.0 m to 1741.6 m 

Test Interval VM10 Testing Date 18.2.1993 to 20.2.1993 

Test Type Double Packer Reference Document NIB 92-100J 

Test Objectives Gas Threshold Pressure - Transmissivity - Static Formation Pressure 

Geology LOWER CRETACEOUS - BERRIASIAN; Palfris formation 

Test Description: 
The main objective of VM1 0 was to estimate the gas threshold pressure for the interval. A double
packer system was installed to a depth of 1739 m and the following test sequence was conducted: 

INF/COM After flushing the tubing and interval with fresh water, the packer was inflated to 59 bar. 
When inflation was complete, a compliance period (COM) was conducted for 4.1 hours with 
the down-hole shut-in valve open to allow temperature equilibration and equipment 
compliance. The P2-pressure during COM was about 17030 kPa. 

PSR The shut-in valve was closed to initiate a pressure recovery period which lasted 13.2 hours. 
During the PSR period, the P2-pressure increased to a final value of 17089 kPa. 

PW1 A pulse injection test was conducted with a starting pressure of 17649 kPa. The P2-pressure 
decreased to 17150 kPa during the 3.2 hour period. 

HI1 A constant head injection test was conducted for 0.4 hours with an injection pressure of 
17858 kPa. The injection flow rate at the end of the period was less than 1 ml/min. 

HIS1 A shut-in period following the constant head injection period was conducted for 10.8 hours, 
during which the interval pressure decreased to 17781 kPa. 

DISP The water in the gas injection tubing (%" steel line) and in part of the interval was displaced 
by nitrogen in preparation for the ensuing gas injection test. 

GRI1 A 195-hour-long constant-rate gas injection test was conducted with an injection rate of 1.5 
In/min. The pressure response was dominated by wellbore storage during the 15.7 hours, 
after which the rate of pressure change decreased as the gas began to move into the 
formation. The final pressure of the period was 21804 kPa. 

GRIS1 A pressure fall-off period was implemented for 5.7 hours following the injection period. The 
final pressure during the period was 20846 kPa. 

Comments: The PSR and PI1 pressure responses were not characteristic of shut-in periods. These 
test may have been affected by the %" gas injection line which was open from the interval to the 
surface; this effectively increased the interval volume, and, if not completely saturated, may have 
affected test results. Otherwise, no unexplainable pressure responses were observed during VM1 0 
testing. 

Test Interval Specifications: 
I nterval Length 2.6 [m] Specific Storage 

Water Density (est.) 
Tubing Radius 

Contributing thickness (est.) 

Wellbore Radius 

2.6 [m] 
0.0504 [m] 

Test Results: 
Gas Threshold Pressure 
Transmissivity 
(Equivalent) Hydraulic Conductivity 
Static Formation Pressure at P2 
Equivalent Fresh-Water Head 
Radius of Investigation 
Maximum Temperature during testing 

Factors Affecting Test Results: 
Borehole Pressure History 

34.4 
2.2E-11 (± Y; order of magnitude) 
8.6E-12 (± Y; order of magnitude) 
18050 (± 150 kPa) 
633 (± 15 m) 
<2 
71.9 

5E-7 [m-1] 

1000 [kg/m 3] 

0.0253 [m] 

[bar] 
[m 2/s] 
[m/s] 
[kPa] 
[m asl] 
[m] 
[0C] 

Equipment: Possible anomalous effects due to the 2000 m-Iong %" gas injection line being shut-in 

at surface 

Flow Model: Wellbore Storage - IARF in a Homogeneous Porous Medium 
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APPENDIX C Glossary of Test Events 

A test sequence consists of a series of individual test events. The following is 
a glossary of the various test periods employed while testing at SB1 and SB2. 
The purpose of the glossary is to provide an explanation of why and how the 
most commonly implemented test periods were conducted in the field. Theo
retical aspects of the hydraulic test methods utilized in SB1 and SB2 are pre
sented in Section 5. 

INF Packer Inflation: INF is the time period during which the packer or 
packers are inflated. This period is normally conducted with the down
hole shut-in valve open, but with the flushing valve at the top of the test 
string closed to prevent displacement of the flushing fluid by the more 
dense drilling fluid in the borehole. For single-packer tests, the tubing 
and test interval are flushed by pumping tracered fresh water through 
the test system to displace the drilling mud prior to packer inflation. For 
double-packer tests, flushing is conducted after the lower packer is 
inflated, but prior to inflating the upper packer. 

COM Compliance Period: After inflation, the packers continue to adjust to the 
packer seat and to being inflated for a certain time period. Also, the 
practice of flushing the test interval with fresh water prior to testing 
causes a temperature gradient to be established within the borehole. In 
low-permeability test intervals, the interval volume change due to 
compliancy of the packer(s) and the fluid volume change due to warming 
of the flushing fluid to ambient downhole temperature can cause 
significant pressure perturbations when the interval is isolated (i.e., the 
shut-in valve is closed). To minimize these effects, a COM period was 
sometimes conducted between INF and PSR, during which the shut-in 
valve remains open; this allowed the majority of temperature and packer 
compliance changes to occur without affecting the ensuing test events. 
Experience gained during the borehole testing program indicates that 
the temperature effects due to flushing can cause significantly greater 
pressure perturbations than does equipment compliance. Flow rates 
can be measured during the COM period, giving a rough indication of 
the flow rate prior to shut-in. In certain cases, a steady-state approx
imation can be performed on the COM period to provide a preliminary 
transmissivity estimate. 

PSR Pressure Static Recovery: A shut-in period was conducted at or near 
the beginning of each test sequence to reduce the effects of the 
antecedent borehole pressure history on the ensuing test events. The 
test interval is isolated by closing the down-hole shut-in valve. The 
ultimate goal of this period is to reach near static formation pressure 
conditions prior to initiating the "active" portion of the test sequence. 
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PW Pulse Withdrawal Test: A pulse withdrawal test is conducted by 
exposing the test interval to a short period of under-pressure and 
monitoring the pressure build-up response. To initiate the test, the fluid 
is swabbed out of the central tubing (with the shut-in valve closed) to a 
depth corresponding with the desired under-pressure relative to the 
interval pressure. The interval is exposed to the under-pressure by 
momentarily opening and closing the downhole shut-in valve. The water 
level in the tubing is measured before and after manipulation of the shut
in valve. Under the assumption that no flow from the formation occur
red, the change (increase) in water level in the tubing for a given 
pressure change provides a means for estimating the well bore storage 
coefficient (Equation 4-18). 

PI Pulse Injection Test: A pulse injection test is the same as a PW, except 
that the interval is exposed to an over-pressure instead of an under
pressure. If the interval pressure exhibits flowing artesian conditions, an 
additional pressure source, such as compressed gas, must be applied at 
the surface. 

SW Slug Withdrawal Test: A slug withdrawal test is conducted by exposing 
the test interval to an instantaneous under-pressure and monitoring the 
pressure build .. up response as fluid flows from the formation to the 
central tubing. To initiate the test, the fluid is swabbed out of the central 
tubing (with the shut-in valve closed) to a depth corresponding with the 
desired under-pressure relative to the interval pressure. The interval is 
exposed to the under-pressure by opening the downhole shut-in valve. 

SWS Slug Withdrawal Recovery Test: An SWS period was generally 
performed following an incomplete slug withdrawal test. An SWS test 
event is conducted by closing the down-hole shut-in valve to reduce the 
weI/bore storage coefficient, which accelerates pressure recovery. 

SI Slug Injection Test: A slug Injection test is the same as a slug with
drawal test, except that the interval is exposed to an instantaneous over
pressure, instead of an under-pressure. 

SIS Slug Injection Recovery Test: An SIS is the same as an SWS, except 
that it is a pressure fall-off period following a slug injection test. 

RW Constant Rate Withdrawal Test: Constant rate withdrawal tests were 
utilized to characterize higher-permeability intervals and to collect 
groundwater samples. The tests were generally conducted using a 
Moineau pump system. A typical equipment layout for a constant rate 
withdrawal test is presented in Figure 3-1. 
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RWS Constant Rate Withdrawal Recovery Test: A pressure build-up test 
event was normally performed following a constant rate withdrawal test. 
An RWS period is conducted with the down-hole shut-in valve closed to 
minimize the test interval volume, therefore reducing wellbore storage 
effects and recovery time of the build-up period. 

RI Constant Rate Injection Test: Constant rate injection tests were rarely 
used because of the distinct advantages of constant head injection 
testing, which include minimal wellbore storage and ease of operation. 
Constant rate injection testing is conducted by injecting water at a 
constant rate into the test interval while monitoring the associated 
pressure response. 

RIS Constant Rate Injection Recovery Test: A pressure fall-off test event 
was normally implemented following a constant rate injection test. An 
RIS period is conducted with the down-hole shut-in valve closed to mini
mize the test interval volume, thereby reducing wellbore storage effects 
and test time. 

HW Constant Head (Pressure) Withdrawal Test: Constant head withdrawal 
tests were utilized to characterize higher-permeability test intervals and 
to collect groundwater samples from zones exhibiting artesian flowing 
conditions. The tests are conducted by opening the shut-in valve and 
letting the well discharge freely. Water flow rates (and gas, when 
present) are measured at surface. 

HWS Constant Head (Pressure) Withdrawal Recovery Test: A pressure build
up test event was normally performed following a constant head 
withdrawal test. An HWS period is conducted with the down-hole shut
in valve closed to minimize the test interval volume, therefore reducing 
well bore storage effects and test time. 

HI Constant Head (Pressure) Injection Test: Constant head injection tests 
were used to characterize low-permeabi I ity zones. Constant head 
injection tests are conducted by injecting water into the test interval from 
a partially water-filled vessel, which is under a constant-pressure gas 
head. A typical equipment layout for a constant head injection test is 
shown schematically in Figure 3-2. Injection flow rates are measured at 
the surface between the injection vessel and the wellhead. Prior to 
initiating the test, the test system from the pressure vessel to the down
hole shut-in valve is pressurized to the target injection pressure. This is 
done to check for leaks in the injection system and to minimize wellbore 
storage effects at the beginning of the test period. The test period is 
initiated by opening the down-hole shut-in valve. 



NAGRA NTB 93-38 C-4-

HIS Constant Head (Pressure) Injection Recovery Test: A pressure fall-off 
period was normally performed following a constant head injection test. 
An HIS test event is conducted with the down-hole shut-in valve closed 
to minimize the test interval volume, therefore reducing wellbore storage 
effects and test time. 

GFS Gas Flow Sequence: Gas flow sequences were conducted in intervals 
that contained gas-producing zones. A GSF period was initiated by 
performing a slug withdrawal test to mobilize the gas. The GFS periods 
are irregular because they are often a transition period between water
saturated and gas-saturated test conditions. 


	NTB 93-38 Cover
	Titlepage inside
	Copyright
	ABSTRACT
	RESUME
	ZUSAMMENFASSUNG
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	1 INTRODUCTION
	1.1 Objectives
	1.2 Scope of Work

	2 GENERAL INFORMATION
	2.1 SB1
	2.2 SB2

	3 TEST EQUIPMENT
	3.1 Subsurface Test Equipment
	3.1.1 Packer Assem bly
	3.1.2 Downhole Pressure and Temperature Probe
	3.1.3 Control Line System
	3.1.4 Pump System
	3.1.5 Central Tubing

	3.2 Surface Test Equipment
	3.2.1 Data Acquisition System
	3.2.2 Flow Meters
	3.2.3 Gas Flow Separator
	3.2.4 Surface Pressure and Temperature Sensors
	3.2.5 Injection Test System
	3.2.6 Packer Control System


	4 THEORETICAL BASIS FOR HYDRAULIC PARAMETER ESTIMATION
	4.1 Conceptual Framework
	4.2 Definition of Hydraulic Property Terms
	4.2.1 Hydraulic Conductivity, Intrinsic Permeability and Transmissivity
	4.2.2 Specific Storage and Storativity
	4.2.3 Static Formation Pressure and Fresh-Water Head
	4.2.4 Radius of Investigation

	4.3 Factors Affecting Test Responses
	4.3.1 Skin Effect
	4.3.2 Wellbore Storage and Test Zone Compressibility
	4.3.3 Two-Phase Conditions


	5 ANALYSIS METHODS
	5.1 Diagnostic Analysis
	5.2 Test Types
	5.2.1 Constant Rate Test
	5.2.2 Constant Pressure Test
	5.2.3 Slug and Pulse Tests
	5.2.4 Pressure Recovery Tests
	5.2.5 Numerical Simulation

	5.3 Analysis Software
	5.3.1 Solexperts DH
	5.3.2 Miscellaneous Computer Codes
	5.3.3 Interpretl2


	6 TEST STRATEGY
	6.1 General Testing Strategy
	6.2 Test Sequence Strategy
	6.2.1 Test Strategy for Estimating Head
	6.2.2 Test Strategy for Estimating Transmissivity
	6.2.3 Test Strategy for Groundwater Sampling
	6.2.4 Test Strategy to Evaluate Gas Conditions
	6.2.5 Test Strategy for "Lawn-Permeability Intervals
	6.2.6 Test Strategy for "Medium"- and "High"-Permeability Intervals


	7 SELECTED TEST EXAMPLES
	7.1 Test Interval SB2-KK3
	7.1.1 Test Sequence Description
	7.1.2 Conventional Test Analysis
	7.1 .3 GTFM Sim ulation Analysis
	7.1.4 Sensitivity Analyses
	7.1.5 Test Results Summary

	7.2 Test Interval SB1-VM19
	7.2.1 Test Sequence Description
	7.2.2 Conventional Test Analysis
	7.2.3 GTFM Simulation Analysis
	7.2.4 Sensitivity Analysis
	7.2.5 Test Results Summary

	7.3 Test Interval SB2-VK2
	7.3.1 Test Sequence Description
	7.3.2 Conventional Test Analysis
	7.3.3 Interpretl2 Analysis
	7.3.4 Test Results Summary


	8 GAS OCCURRENCE AND ASSOCIATED EFFECTS
	8.1 Gas Occurrence in SB1 and SB2
	8.2 Effects of Gas on Hydraulic Testing in SB1 and SB2
	8.2.1 Fluid Withdrawal Testing
	8.2.2 Pulse Testing
	8.2.3 Shut-In Periods


	9 SUMMARY OF RESULTS
	9.1 581 Results
	9.1.1 Transmissivity
	9.1.2 Equivalent Fresh-Water Head
	9.1.3 Temperature

	9.2 582 Results
	9.2.1 Transm issivity
	9.2.2 Equivalent Fresh-Water Head
	9.2.3 Temperature

	9.3 Long-term Monitoring

	REFERENCE LIST
	Appendix A
	Appendix A1
	Appendix A2
	Appendix B
	Appendix C



