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SUMMARY 

Hydraulic testing using packers in single boreholes is one of the most important 
sources of data to safety assessment modelling in connection with the disposal 
of radioactive waste. It is also one of the most time-consuming and expensive. 
It is important that the results are as reliable as possible and as accurate as 
necessary for the use that is made of them. There are many causes of possible 
error and inaccuracy ranging from poor field practice to inappropriate inter
pretation procedure. The report examines and attempts to C!J.uantify the size of 
error arising from the accidental use of an inappropriate or inadequate inter
predation procedure. In doing so, it can be seen which interpretation procedure 
or combination of procedures results in least error. Lastly, the report attempts 
to use the previous conclusions from interpretation to propose forms of field 
test procedure where interpretation-based errors will be minimised. 

Hydraulic tests (sometimes known as packer tests) come in three basic forms: 
slug/pulse, constant flow and constant head. They have different characteristics, 
some measuring a variable volume of rock (dependent on hydraulic conductivity) 
and some having a variable duration (dependent on hydraulic conductivity). A 
combination of different tests in the same interval is seen as desirable. For the 
purposes of assessing interpretation-based errors, slug and pulse tests are con
sidered together as are constant flow and constant head tests. The same method 
is used in each case to assess errors. The method assumes that. the simplest 
analysis procedure (cylindrical flow in homogenous isotropic porous rock) will be 
used on each set of field data. The error is assessed by calculating synthetic 
data for alternative configurations (e.g. fissured rock, anisotropic rock, inhom
ogenous rock - i.e. skin - etc.) and then analysing this data using the simplest 
analysis procedure. In this way the error can be quantified as the derived value 
compared to the value used to calculate the synthetic data. The principal value 
of interest is that of hydraulic conductivity (K) with specific storage (S5 of 
minor concern except as the basis of a coherent understanding of the test. A 
further benefit of this approach is that synthetic data can be assessed as to 
whether the particular configuration under examination will yield data curves 
which are distinctive. 

The most likely causes of error in the analysiS of slug/pulse tests are con
sidered to be skin effect, non-cylindrical flow (including packer bypass) and 
fissured rock. It is concluded that skin effect will strongly affect the derived 
value of K either where the effective radius (r e =: the radius of an imaginary 
incompressible tube in which an open water level fluctuates during the test) is 
small (I.e. less than 0.5 mm), the skin is thicker than 10 mm or the ratio of 
the K of the rock to the K of the skin is greater than 100. It was also seen 
that skin effects only resulted in distinctive results when the responses were 
"transi tional" between a skin-only and a rock-only response. Non-cylindrical flow 
will only result in significant errors where the radius of the borehole times the 
component of K parallel to the borehole is greater than the length of the tested 
zone times the component of K perpendicular to the borehole .. Fissured rock 
results in maximum errors in derived K of two times, the derived value always 
being an overestimate. The data curves from fissured rock are not. distinctively 
shaped but yield characteristically low values of specific storage. 
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The principal imiginable sources of error in single boreholes constant flow/head 
tests are skin, well-bore storage, fissuring and non-cylindrical flow. The error 
resulting from skin depends on the method of analysis. Pseudo steady state 
methods such as those of Hvorslev (1951) or Moye (1967) are the most prone to 
error whereas methods which use the rate of change of head/flow are theoretic
ally reliable. They are theoretically reliable only so long as the period of well
bore storage has been correctly identified. Fissuring and non-cylindrical flow 
have already been examined by other authors (see Braester and Thunvik, 1984) 
and found to yield insignificant errors. 

The question of whether constant flow or constant head tests are preferable is 
examined. It is concluded that the most reliable form of test analysis and inter
pretation is based on a test combining drawdown and recovery. This is best 
achieved using the constant flow form of the test but carried out at the same 
approximate head. 

The constraints on the duration of both forms of test (slug and constant flow) is 
examined and it is concluded that the duration should depend on the transmiss
ivity (rock K times zone length) of the tested zone. The control of test duration 
is based on a predetermined amount of pressure recovery after a period of pres
sure disturbance. The report covers other aspects of test design, such as testing 
in patchy rocks, the use of the "gradient method" to analyse slug/pulse tests 
and the interaction between form of the required data set and field practice. 
The report recommends a form of field testing which consits of a pulse test 
followed by a constant flow test which includes a period of recovery. This form 
is thought to provide the best opportunities for discerning possible causes of 
error and allOWing reasonably error- free analysis under the conditions proposed. 
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RESUME 

Les essais hydrauliques réalisés à l'aide d'obturateurs ou "packers" (appelés 
aussi "Packer-Tests"), dans les forages sont l'une des sources de données les plus 
importantes pour l'analyse de sûreté du stockage final des déchets radioactifs. 
Ces tests sont très onéreux et leur réalisation exige beaucoup de soin. Il est 
donc extrêmement important que les résultats soient les plus fiables et précis 
possible, malgré que la durée des essais soit réduite au minimum. D'éventuelles 
erreurs et imprécisions peuvent provenir de causes diverses, par exemple une 
exécution sur le terndn mal adaptée aux conditions hydrauliques ou l'emploi de 
méthodes d'interprétation inadéquates. Le présent rapport se propose d'étudier 
la précision des paramètres hydrauliques calculés lorsque les méthodes d'inter
prétation employées ont involontairement été mal choisies ou sont insatis
faisantes. Il indique les méthodes ou combinaisons de méthodes qui conduisent 
aux erreurs minimales et permet de proposer enfin des types de procédure 
propres à réduire les erreurs issues d'une intreprétation inadéquate. 

L'intérêt principal des tests hydrauliques réside dans le fait que la perméabilité 
hydraulique (K) peut être déterminée; la capacité d'emmagasinement spécifique 
(S5) ne revêt par contre qu1un intérêt secondaire. Il existe trois sortes d'essais 
hydrauliques: les tests dits Slug, les tests dits Pulse et les essais de pompage 
avec écoulement constant ou pression constante. Ces tests ont diverses caracté
ristiques: les uns ont une durée qui dépend de la perméabilité et testent un 
volume rocheux déterminé par les conditions de test choisies, tandis que les 
autres permettent d'évaluer un volume rocheux variable en fonction de la durée 
choisie de la période de pompage. Il s'avère qu'il est toujours désirable de 
recourir, dans le même intervalle d'essais, à une combinaison de ces différents 
types de tests. 

Sur la base d'exemples, ce rapport a permis de quantifier les erreurs d'interpré
tation par la méthode suivante: on a tout d'abord appliqué la méthode d'analyse 
la plus simple (écoulement cylindrique dans une roche homogène et isotrope) à 
chaque ensemble de données de terrain. On a ensuite évalué l'erreur en produi
sant des données synthétiques pour d'autres conditions d'écoulement (par exem
ple roche fissurée, anisotrope, hétérogène, pellicule de boue de forage collée 
sur la paroi du puits = Cake) que l'on analyse ensuite à l'aide de la méthode 
simple. L'erreur peut alors être quantifiée en tant que différence entre la 
moyenne des valeurs ainsi déterminées et la valeur de base utilisée pour le 
calcul des données synthétiques. On obtient non seulement des données concer
nant les erreurs possibles, mais aussi des indications quant au domaine d'appli
cation des méthodes d'interprétations. 

Les erreurs les plus fréquentes observées dans l'analyse des tests Slug/Pulse 
proviennent de la négligence de l'effet "skin" (effet du cake de boue dans ce 
cas), d'écoulement non-cylindrique (y compris le contournement des obturateurs) 
et de la fracturation. Il s'avère que l'effet du cake influence fortement la 
valeur K calculée, (i) si le rayon effectif (déterminé par les tests Pulse) est 
inférieur à 0.5 mm et l'épaisseur du cake supérieure à 10 mm, ou (ii) si le 
rapport K (rocke)/K (cake) est supérieur à 100. Il s'est également avéré que 
les effets "skin" ne peuvent être identifiés que lorsque l'essai a été conçu de 
telle manière que la courbe de pression mesurée durant l'essai soit influencée 
aussi bien par le cake que par la roche. 
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Le fait que l'écoulement ne soit en réalité pas cylindrique ne conduit pas en 
général à des erreurs significatives. La fissuration peut conduire à des erreurs 
dans la valeur K de l'ordre d'un facteur de 2 et ceci toujours dans le sens 
d'une surestimation. 

Les sources d'erreurs constatées lors des essais de pompage proviennent essen
tiellement de la capacité du puits ("weIl-bore storage"), du cake de la fissura
tion et de l'écoulement non-cylindrique. L'erreur résultant du cake dépend de la 
méthode d'analyse. Les méthodes quasi-stationnaires d'interprétation pour écou
lement come celles de Hvorslev (1951) ou de Moye (1967) sont les plus sujettes 
aux erreurs, alors que les méthodes d'écoulement transitoire sont théoriquement 
fiables, dans la mesure où la période influencée par la capacité du puits est 
correctement déterminée et considérée. La fissuration et l'écoulement non
cylindrique, qui ont déjà été étudiés par d'autres auteurs (par exemple Braester 
et Thunvik, 1984), ne semblent causer que des erreurs insignificantes. 

On a également étudié si les essais de pompage fournissent de meilleurs résul
tats selon qu'ils sont réalisés avec débit constant ou pression constante. Il s'est 
avéré que la méthode d'analyse et d'interprétation la plus fiable se base sur un 
test combinant rabattement avec débit constant et remontée du niveau d'eau. 

On propose de recourir en général à un type de 
suivi d'un essai de pompage avec écoulement 
devraient ainsi permettre de discerner des 
réaliser une analyse optimale. 

test comprenant un test Pulse, 
constant. Les valeurs acquises 
causes possibles d'erreurs et de 

Le rapport considère aussi d'autres aspects de la planification des tests, par 
exemple pour des formations hétérogènes, telles que les lentilles calcaires dans 
une roche peu perméable. L'emploi de la "méthode du gradient" pour l'analyse 
des tests Slug/Pulse, ainsi que l'interaction entre exigences posées aux données 
et réalisation sur le terrain sont également brièvement discutés. 
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ZUSAMMENF ASSUNG 

Hydraulische Versuche mit Packern in Einzelbohrlöchern (Packer-Tests) bilden 
eine der wichtigsten Datenquellen für die Sicherheitsanalyse der Endlagerung 
radioaktiver Abfälle. Hydraulische Packer-Versuche sind sehr zeitraubend und 
aufwendig. Deshalb ist es von grosser Bedeutung, dass die Resultate so verläss
lich wie möglich und dabei so präzise wie notwendig sind. Auftretende Fehler 
und Ungenauigkeiten können viele Ursachen haben, z.B. unsorgfältige Versuchs
durchführung im Feld oder die Anwendung ungeeigneter Interpretationsverfahren. 
In diesem Bericht wird untersucht, welches Ausrnass Fehler annehmen können, 
wenn ein ungeeignetes oder unzureichendes Interpretationsverfahren verwendet 
wird. Es wird gezeigt, welches der Verfahren, bzw. welche Verfahrenskombination 
mit den geringsten Fehlern behaftet ist. Basierend darauf, werden Prozeduren für 
Feldversuche vorgeschlagen, welche die Fehler minimieren, die durch die 
Interpretation entstehen. 

Grundsätzlich gibt es drei verschiedene Arten von hydraulischen Packer-Tests: 
Pumpversuche mit konstanter Förderrate, mit konstantem Druckspiegel und 
"Slug/Pulse"-Tests. Diese Tests haben unterschiedliche Eigenschaften: die einen 
messen ein variables Gesteinsvolumen bei einer vorgegebenen Testdauer, während 
bei den anderen das Volumen durch die Konfiguration gegeben ist, die Dauer 
jedoch variabel ist (eine Funktion der Durchlässigkeit). Es zeigt sich, dass es 
wünschenswert ist, immer eine Kombination von verschiedenen Tests durch
zuführen. In allen Fällen wurde die gleiche Methode zur Beurteilung der Fehler 
angewendet. Die Methode setzt voraus, dass in allen Fällen das einfachste 
Analysenverfahren (zylindrische Strömung in einem homogenen, porösen Gestein 
unterstellt) auf die Feld-Datensätze angewendet wird. Zur Abschätzung des 
Fehlers werden synthetische Daten für alternative Konfigurationen erzeugt (z.B. 
für geklüftetes, anisotropes oder inhomogenes - d.h. mit Belag von Filterkuchen 
- Gestein), die anschliessend mit dem einfachsten Verfahren analysiert werden. 
Der Fehler ergibt sich durch den Vergleich der gemessenen Werte mit denjeni
gen, welche den synthetischen Daten zugrunde gelegt wurden. Das Hauptinteresse 
liegt in Werten für die hydraulische Leitfähigkeit (k), während der Speicherkoef
fizient (Ss) nur untergeordnet und für das allgemeine Verständnis von Interesse 
ist. Ein weiterer Vorteil des Verfahrens besteht darin, dass die synthetischen 
Daten auf die Eindeutigkeit des Interpretationsverfahrens hin untersucht werden 
können. 

Die häufigsten Fehlerursachen bei der Analyse von "Slug/Pulse"-Tests sind die 
Vernachlässigung des "Skin"-(d.h. Filterkuchen-)-Effekts, nicht-zylindrischer 
Strömung (ink!. hydraulischer Kurzschluss durch Packer-Umstr6mung) und die Ver
nachlässigung von Klüften. Es zeigt sich, dass der "Skin"-Effekt den abgeleiteten 
k-Wert dann stark beeinflusst, wenn entweder der effektive Radius (re = der 
Radius einer imaginären, inkompressiblen Röhre, in der sich der Wasserspiegel 
während des Versuchs frei bewegen kann) klein ist, d.h. kleiner als 0.5 mm, 
wenn der Filterkuchen dicker als 10 mm ist,oder wenn das Verhältnis der k
Werte von Filterkuchen zu Gestein grösser als 100 ist. Es zeigt sich auch, dass 
"Skin"-Effekte nur dann eindeutig als solche identifiziert werden können, wenn 
der Versuch so ausgelegt wird, dass die Druck-Reaktion in einem Uebergangs
bereich zwischen dem Fall des reinen Filterkuchens und dem des reinen Gesteins 
liegt. Nicht-zylindrische Strömung führt nur dann zu signifikanten Fehlern, wenn 
das Produkt aus Bohrloch-Radius und der Komponente des k-Wertes in Bohrloch
Richtung grösser ist als das Produkt aus der Länge der getesteten Zone und der 
Komponente des k-Wertes senkrecht zur Bohrloch-Richtung. Nichtberücksichtigung 
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der Gesteinsklüftung führt maximal zu einem Fehler von einem Faktor 2 in den 
abgeleiteten k-Werten, aber immer zu einer Ueberschätzung. Die Kurven aus 
Versuchen an geklüftetem Gestein haben keine charakteristische Gestalt, ergeben 
aber typischerweise niedrige spezifische Speicherkoeffizienten. 

Hauptsächlich vorstellbare Fehlerquellen bei Pumpversuchen mit konstantem Fluss 
/konstantem Druckspiegel in Einzelbohrlöchern sind "Skin"-Effekte, Brunnen
entleerung (weIl-bore storage), Klüftung und nicht-zylindrische Strömung. Der 
vom "Skin"-Effekt herrührende Fehler hängt vom Analysenverfahren ab. Pseudo
stationäre Verfahren, wie die von Hvorslev (1951) oder Moye (1967) sind eher 
fehleranfällig, während instationäre Methoden theoretisch zuverlässig sind. Sie 
sind aber nur dann zuverlässig, wenn der Zeitabschnitt des Einflusses der 
Brunnenentleerung richtig bestimmt wurde. Der Einfluss der Klüftung und der 
nicht-zylindrischen Strömung wurde bereits von anderen Autoren untersucht (vgl. 
Braester und Thunvik, 1984) und als signifikant angesehen. 

Es wurde untersucht, ob Pumpversuche besser mit konstanter Fördermenge oder 
besser mit konstantem Druckspiegel gefahren werden. Es zeigte sich, dass die 
zuverlässigste.Methode der Pumpversuchsauslegung und -interpretation auf einer 
Kombination der Auswertung von Absenkung und Wiederanstieg basiert. Die 
besten Resultate werden erzielt, wenn versucht wird, bei konstantem Fluss den 
Druckspiegel möglichst ebenfalls konstant zu halten. 

Der Einfluss der Versuchsdauer auf beide Arten - "Slug"-Test und konstante 
Pumprate wurde untersucht und eine Abhängigkeit von der Transmissivität 
(Produkt aus dem k-Wert des Gesteins und der Länge der untersuchten Zone) 
festgestellt. Die Festlegung der Versuchsdauer basiert auf der Messung der 
Erholungszei t des Druckes nach einer Periode induzierter Druckänderung. 

Der Bericht behandelt darüberhinaus weitere Aspekte zur Planung von Pump
versuchen, z.B. in heterogenen Formationen mit Kalklinsen, den Einsatz der 
"Gradienten-Methode" bei der Auswertung von "Slug/Pulse"-Tests und die 
Wechselwirkung zwischen Anforderungen an die Daten und Praxis der Versuchs
durchführung im Feld. Der Bericht empfiehlt eine Form der Versuchsdurchfüh
rung, bestehend aus einem Puls-Test gefolgt von einem Pumpversuch mit kon
stanter Förderrate, wobei anschliessend der Wiederanstieg beobachtet wird. Diese 
Form sollte die besten Grundlagen zur Identifikation möglicher Fehlerursachen 
liefern und eine weitgehend fehlerfreie Interpretation bei Wahrung der vor
geschlagenen Veruschsbedingungen ermöglichen. 
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1. INTRODUCTION 

NAGRA are due to investigate potential sites for their suitability as low and/or 

intermediate level radioactive waste repositories. A detailed programme of measurement 

of hydrogeological properties is planned at these sites. In an attempt to constrain these 

projects N AGRA have approached the Fluid Processes Research Group of the British 

Geological Survey for advice on the effects which might influence the results of 

hydraulic testing. 

This report is a brief summary of some of the considerations which should underly the 

choice of test configuration and their sensible duration. These considerations include the 

effects on the test-derived parameters of packer bypass, non-radial flow and skin. The 

aim ofNAGRA is to acquire a large, reliable and relevant data set for safety assessment 

modelling in as short a time as possible for the minimum cost. 

This report attempts to outline the nature of the link between the result interpreted from a 

test and the testing configuration so that practical decisions can be made concerning 

testing practice. In order to achieve consistent decisions a clear understanding of the 

needs and uses of the interpreted results is required. For some aspects (ie "reliability 

scaling", parameter priorities, etc) an explicit statement of programme policy is needed. 

2 TEST TYPE CHOICE AND UNDERLYING CONSTRAINTS 

2.1 Choice of test type 

The testing programmes are designed primarily to measure hydraulic conductivity (K) 

and environmental head (H) but not specific storage (Ss) of the rocks surrounding the 

boreholes drilled at the sites. Porosity will be measured by laboratory and geophysical 

methods and is not included directly in the testing programme. 

Effectively there are three types of hydraulic test which have the characteristics below: 
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tt~ of test volume of magnitude of duration 

tested rock head disturbance of test 

slug/pulse test fixed fixed variable 

constant rate test fixed variable fixed 

constant head test variable fixed fixed 

The assumptions made in drawing up this table are that the slug/pulse test uses the same 

head difference in every test within a test programme. Also the storage of the rock is 

assumed to be the same for every test and that the term "constant rate test" means that the 

same rate is used in a programme of constant rate tests. In reality this last assumption is 

not met and most programmes applying constant rate testing are carried out using the 

same head disturbance. This means that most constant rate testing has the characteristics 

of the constant head method. This is the assumption made throughout the rest of this 

report. The constant head/flow test has an additional feature in that the volume of tested 

rock (of constant storage) is directly proportional to its permeability. 

After some consultation with NAGRA, it has been decided that the optimum arrangement 

of tests in any given packered-off section of borehole will consist of a "pulse test" 

(termed a modified slug test by Neuzil, 1983) followed by a constant rate or a constant 

head test (either abstraction or injection). This second test would include a subsequent 

period of recovery. The reasons for this choice of tests result from different objectives 

behind each test. 

The first test, the pulse test, is designed to enable a quick measurement of the hydraulic 

conductivity (K) of the rocks surrounding the test section. The test should also provide a 

reliable measurement of environmental head. The environmental head is the equilibrium 

head which an isolated section of the borehole will attempt to achieve and is often similar 

to the head which pertained in a region before the borehole was drilled. The second test 

is aimed at measuring K for a much larger volume of rock around the borehole and 

assessing whether the first result from the pulse test was affected by a "skin" (rock of 

abnormal properties close to the borehole). 

2.2 Underlying constraints 

The combination of tests should aim at a reasonable compromise between conflicting 

interests. These conflicts are summarised below: 
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1) reduce test duration 

2) decrease straddle 
interval 

3) increase test duration 

4) increase packer length 

- 3 

aim or benefit 

reduces time & cost, 
reduces problems of 
fluctuating background 
pressures 

increases location 
accuracy of important 
fissures, 
increases number of 
results 

ensures reasonable 
average, 
reduces skin effects, 
increases confidence 
in detecting skin 

decreases packer 
bypass & leakage 

disadvantage 

reduces volume of 
rock investigated 

increases importance 
of spherical flow 

increases time and 
cost 

increases time and 
cost, 
increases importance 
of non-radial flow 

increases packer 
inflation time, 
increases likelihood 
of stuck packers 

It is clear that improving one aspect of testing results in another adverse effect elsewhere. 

The aim of this brief summary is to assess how these factors interact quantitatively. It is 

assumed that whoever manages the testing has the ability to adapt the testing programme 

(e.g. change the duration of the tests). 

An inescapable aspect of hydraulic testing is that, to achieve results of equal reliability, 

tests of low permeability (K) rock take longer than high K rock. More strictly, tests of 

low transmissivity (T = permeability x test zone length) rock take longer than tests of 

high T rock. The question of how "reliable" a test should be is a matter of policy. It is 

however impossible in a reasonably priced programme to achieve equal reliability over 

the whole range of permeabilities. In the absence of explicit policy, hydraulic testing 

programmes around the world have effective "reliability scales" imposed by testing 

practice. Hence in a programme where up to 2 hours is allocated for testing each unit 

length of borehole, a data set of equal reliability is derived from tests completed in less 

than 2 hours. These" completed" tests are those where the rock has a higher permeability 

than some arbitrary threshold which results from the testing configuration. Where the 

test was incomplete the reliability decreases rapidly and proportionately with 

transmissivity. For a testing programme using a constant test zone length reliability 

decreases proportionately with hydraulic conductivity (or permeability).This is possibly 

undesirable since permeability appears to be roughly log-normally distributed. It might 

be better practice for reliability to decrease proportionately with the log of the 
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permeability. The question of reliability scaling and testing configuration is covered in 

more detail in Appendix II. 

3. BACKGROUND THEORY 

3.1 Introduction 

The basic geometry of a packer test is given in Figure 1. 

straddle 
interval (L) 

K = hydraulic conductivity 
of surrounding rock 

5s = specific storage of 
surrounding rock 

(

effective radius (re) appropriate to 
test type 
i.e. open tubing radius 
for slug test 

r-- -

.....----.1 packer length d 

I r--rbh = radius of borehole 

~ 
I 
I 

Figure 1. The basic geometry of a packer test 

Two types of test are discussed: slug/pulse tests and constant head/rate tests. Since the 

same mathematics underlie slug tests (for which there is a growing literature) and pulse 

tests, we do not differentiate between them. The device of "effective radius" is 

introduced to provide direct equivalence between slug and pulse tests. 

Additionally there are two types of interpretation of constant head/rate test depending on 

whether they are analysed as having reached steady state (Bank's formula, Moye's 
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formula, [Braester and Thunvik, 1982 and 1984]) or as being transient (drill stem test 

[DST], Homer plot, etc). 

3.2 Slug and pulse tests 

3.2.1 Effective radius 

The amount of water which flows into (or out of ) the packered-off section of a borehole 

for a unit change in head determines the duration and radius of influence of both slug 

tests and pulse tests. For a slug test this is obviously proportional to the radius of the 

tubing in which an open water level fluctuates (rc of Cooper et aI., 1967) plus the 

compliance of the system. The compliance of the system is usually negligible compared 

to rc' For a pulse test, where the test zone is shut-in, the amount of water involved in a 

unit change in head is the volume of water in the borehole (between the shut-in valve and 

the responding section) multiplied by the compressibility of water, plus the compliance 

of the system. This gives the equation of Bredehoeft and Papadopulos (1980) where: 

where v w is the enclosed volume of water (e.g. m3) 

Cw is the compressibility of water (e.g. Pascals-1) 

Pw is the density of water (e.g. kg m-3) 

g is the acceleration due to gravity (e.g. m sec-2) 

[1] 

In Black (1985) the concepts of the specific storage of water (Ssw) and the effective 

radius of a slug/pulse test were introduced where: 

Ssw = CwPw g [2] 
~ 5 x 10-6 m-1 

and [2a] 

where re is the "effective radius" of a slug/pulse test 

sc is the volume compliance of the system per unit head change 

Hence, if the pressure on the enclosed water in the test zone is changed by a metre of 

water head, the amount of water involved in flowing into or out of the test zone will be 

V wSsw -+ sc; which is equivalent to water movement within a fine incompressible tube 
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whose radius is reo For a 2m long straddle in a borehole of 76mm diameter and without 

system compliance, the value of re will be about 0.12 mm (assuming that the shut-in 

valve is at the end of the test zone and the packers and tubing are rigid). This should be 

regarded as a theoretical minimum. In practice, system compliance alone is usually 

equivalent to an effective radius of at least 0.1mm so that values for the total system less 

than 0.2 mm are not likely. In general compliance increases with borehole diameter and 

decreases with increasing packer inflation pressure. When slug tests are carried out in 

tubing in vertical boreholes then it is difficult to envisage an re exceeding 50mm. Thus re 

is constrained within 3 orders of magnitude. 

When carrying out an actual testing programme, it is desirable to have a direct measure 

of reo When testing in a mine this is comparatively easy since the pulse test will be 

carried out by reducing the pressure in the tested section by opening and shutting a 

shut-in valve. In so doing a small volume of water will be drained into the instrument 

drift. This water can be collected and its volume divided by the pressure drop in the test 

section (i.e. Ho) multiplied by 1t yields re 2. This is very similar to the method suggested 

by Neuzil (1982). 

Where the test is carried out in a borehole, the procedure will depend on the 

configuration of the equipment. The method of Neuzil (1982) is one way which involves 

knowing directly the volume of water injected into the zone. When equipment is used 

which depends on evacuating tubing above a shut-in valve (i.e. Holmes, 1981) then the 

volume-head relationship can be ascertained by opening and shutting the shut-in valve at 

the end of the test. The volume involved in the test can then be deduced either as the rise 

up an open tubing (as would be the case in the "northern Switzerland" testing) or the 

water evacuated from a flU tube" system (i.e. Holmes, 1981). 

3.2.2 Duration 

After the sudden change in head at the beginning of a slug/pulse test, the head in the test 

zone returns to equilibrium approximately proportionally to the logarithm of the time 

since the change occurred. There are various versions of the same equations to describe 

the change in head but they are all essentially equivalent to that of Cooper et al. (1967), 

ie: 
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2 
00 -'tU 

H 8a J -;- 8u 
Ho = 1t2 0 e u il(u) [3] 

where H = head in casing at time t after sudden change 

HO = head in casing at t = 0 

a 2 S 2 = rbh L sire [4] 

=LK t/re2 * [5] 

(* nomenclature of Barker and Black, 1983; 

directly equivalent to B of Cooper et aI., 1967) 

rbh = radius of packered-off borehole 

L = length of straddle 

Ss = specific storage of surrounding rock 

K = hydraulic conductivity of surrounding rock 

t = time since sudden change occurred 

il(u) = [uJo(u) - 2a J 1 (u) ]2 + [u Yo(u) - 2aY 1 (u) ]2 

This equation is not readily evaluated in the field but for chosen values of H/Ho a 

simpler set of approximate equations can be derived. These relate the time taken to 

achieve some chosen amount of equilibration to the dimensionless groups ex and T. 

Hence: 

= (-0.135 logl0[ a ] -0.067) re 2/LK [6] 

[7] 

= (-0.48 log10[ a ] +0.13) te 2/LK [8] 

where complete equilibration is represented by t 100%' 
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3.2.3 Skin effect 

The idea of a borehole giving direct access to virgin unaltered rock is practically a 

theoretical concept. In reality, either the hydraulic properties of the rock in the immediate 

vicinity of the borehole will have been altered by the drilling process or a film of drilling 

debris will have been deposited on the borehole wall (see Fig. 2.). This is commonly 

envisaged as a "skin" and its effect on flow into or out of the borehole is termed "skin 

effect". It has a number of definitions. Originally in the oil industry it was treated as 

being the extra (or reduced) drawdown in a flowing well compared with the drawdown 

predicted by a knowledge of the formation properties. For mathematical convenience it 

was seen as being the result of an infinitesimally thin ring of changed properties. The 

sign convention adopted (since it was the additional drawdown due to skin effect) meant 

that a zone of reduced K resulted in a positive skin and vice versa. 

It should be mentioned that similar pressure responses can be caused by other 

circumstances such as partial penetration or non-laminar flow within the testing string. 

Although these particular circumstances are unlikely in the testing envisaged by NAGRA 

it is nonetheless advisable to have some concept of skin and its cause before including it 

as an extra variable within test analysis. 

The analytical solution for a slug test in a borehole surrounded by an infinitessimally thin 

skin was originally published by Ramey and Argarwal (1972) and Ramey et al. (1975) 

in the oil industry literature and used oil industry terminology. They treated the altered 

zone around a borehole as a skin of infinitessimal thickness, whose hydraulic behaviour 

is characterised by a proportionality constant (Sf)' the "skin factor", relating the head 

differential across the skin to flux across the skin. To develop a practical method for data 

analysis, they incorporated the skin factor into the storage term (the a of Cooper et al. 

[1967]). This produced a single set of type-curves of approximately the same form as 

those of Cooper et al.(1967) but with a replaced by a e-2sf. In order to determine skin 

factor using the approach of Ramey et al. (1975), it is necessary to calculate a (i.e. by 

assuming that you know Ss' re and rbh) and then compare this with the type-curve 

matched value of a e-2sf. 

It can be seen that the effect of a positive skin (i.e. reduced hydraulic conductivity in the 

vicinity of the borehole) will be to reduce the apparent a value of the match which will 

have the result of raising the deduced value of T (for the formation). This effect of 
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Figure 2. Schematic of a slug /pulse test with "skin" 
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"compensating" for the skin by altering the a value is the one desired by the inventors 

of the method but has two possible problems. Firstly it assumes that the only cause of 

deviation from the calculated type curve results from skin effects. This is not the case; 

for example, the fissured analysis of Barker and Black (1983) produces similar effects. 

The determination of skin relies on the value of the type-curve match which, as pointed 

out by Cooper et al. (1967), has "questionable reliability". More seriously perhaps, the 

infinitessimal thickness skin analysis neglects storage and hence has no delaying effect 

on the propagation of the source pulse. Whilst this is insignificant in continuous 

pumping tests it can be highly important in pulse tests where re (a measure of the amount 

of flow involved in a test) is small. In recent work, Faust and Mercer (1984) used a 

finite difference model to outline some of the instances in which a skin with real 

thickness (rs-rbh)' hydraulic conductivity ( Ks)' and specific storage (Sss)' would lead to 

significant errors not envisaged by the Ramey et al. (1975) approach. This work has 

been somewhat superceded by the semi-analytical treatment reported by Moench and 

Hsieh (1985) in which the authors roughly define the range of applicability of the Ramey 

et aI. (1975) approach together with two new types of response. The new types of 

response are tests where the re is so small compared to the skin storage (LSss) that only 

skin properties are measured, and tests where the responses are transitional between skin 

and normal rock properties. When translated into the nomenclature of this report their 

conclusions are that skin-only properties are derived from tests where a is large and 

virtually unaffected results from tests where a is small. This concept is described in 

Figure 3. The Ramey et al. (1975) approach applies to Figure 3d. 

The problem with the Moench and Hsieh (1985) work is that, whilst they demonstrate 

some combinations of dimensionless groups which result in significant deviations from 

existing type-curves, they do not rigorously examine the errors in derived values from all 

possible combinations. Also they do not examine the resulting error from matching a 

"transitional" response ( Figure 3c.) with a standard type-curve. This is what will 

happen in practice. In a similar problem with fissured responses (Barker and Black, 

1983 and Black, 1985), it was shown that the maximum error in derived T (KL) would 

not exceed a factor of 2. 

In some respects the problem of skin is easier than fissured porous media because 

transitional responses between skin and unaltered rock produce data curves which are 

unlike those for any homogeneous medium (i.e. Cooper et aI., 1967) type-curve. 

However they would still be matched by homogeneous type curves, albeit with 
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Figure 3. Schematic of skin effect on slug test pressure response curves 
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erroneous values of a, and so the following method for error assessment has been 

adopted. The basic idea of this form of error assessment is to find out what errors in 

deduced parameters result when a "simple" homogeneous medium analysis is applied to 

a test which was affected by skin. This is achieved by generating synthetic "data curves" 

using the analysis which includes skin, matching these data curves with Cooper et al. 

type curves, and then comparing the derived formation parameters with those used in 

generating the synthetic curves. 

The semi-analytical method of Moench and Hsieh (1985) can correctly produce synthetic 

data curves from basic properties so is used for that purpose here. However it's 

nomenclature is based on Ramey et al. (1975) and its dimensionless groupings are 

inappropriate for the groundwater environment and are unwieldy. New groupings are 

proposed (see Figure 2.) which are simpler and consistent with previous notation. Using 

this model it is possible to generate data curves and then find the best match between the 

standard type curves and this synthetic data curve. If the values derived from the match 

are compared with the values which underlay the data curve, a value for error is 

produced. The standard technique of type-curve matching however is inappropriate for 

these simulations so the "gradient method" (see Appendix 1) has been devised. As yet a 

comprehensive study of all possible combinations of skin property, rock property and 

borehole configuration has not been undertaken. A few initial appraisals of combinations 

relevant to this study have been completed and are reported in Section 4.5. 

3.2.4 Non-radial flow (spherical flow) 

Slug test theory was originally devised for tests in layered sedimentary rocks where the 

boundaries of the formations constrained flow in a cylindrical pattern. The use of slug 

tests in packer testing has eroded this assumption so it may no longer be sufficiently 

accurate. It is particularly important in low K rocks where a finite length of packer 

separates the test interval from the rest of the borehole which is effectively an infinite 

reservoir of extremely large equivalent hydraulic conductivity. 

There has been no relevant work published on either partially penetrating slug tests (the 

study of Bouwer and Rice (1976) concerned water table tests without storage and is not 

appropriate) or slug tests with spherical flow. In order to assess the gross effects of 

spherical flow a new analysis with "pseudo-spherical" flow has been devised. It is 

similar in concept to the analysis of constant rate tests in a single fissure (Barker,1981) 

and is shown schematically in Figure 4. 
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Figure 4. Schematic of a slug/pulse test with1!pseudo-spherica11! flow. 



NAGRA NTB 87-03 - 14-

The solution of the general flow equation and the initial and boundary conditions is 

approached by taking Laplace transforms with respect to time. To obtain values of the 

head in the borehole, the Laplace transform function is inverted numerically since 

analytical inversion is not feasible. The solution is in terms of three dimensionless 

parameters: 

=L K tfr 2 --par e [9] 

a [10] 

[11] 

With these dimensionless parameters an infinite number of type curves could be 

produced but it is obviously more important to delimit the magnitudes of possible errors 

resulting from pseudo-spherical flow. The same approach as in the case of skin has been 

adopted where a wide spectrum of possible combinations of real parameters is used to 

create synthetic data curves. These are then matched using standard "Cooper et aL" 

curves. The difference between the value of hydraulic conductivity perpendicular to the 

borehole (Kper[inp]) which was used to create the synthetic curve and the value derived 

using the homogeneous analysis (Kper[der]) is expressed as the ratio 0 e. 

0 e = ~r[der]f ~er[inp] [12] 

Hence if 0e is greater than 1 then spherical flow has resulted in a measurement of ~er 

which is too large, and vice versa. The results of some preliminary cases using this 

approach are shown in Figure 5 where it can be seen that derived values (Kper[der]) are 

always overestimates of real Kper' The results show a distinctive trend in that 

configurations where the transformed dimensions (i.e. times ...J~ar f ...JKper) of the zone 

(i.e. rbh f L ) are greater than 1, yield results which are in error by a factor less than 2. 

Where the zone is effectively "wider than it is long" the derived results can be 

considerable overestimates where large 0: is associated with largest errors. This is in line 

with the findings of Braester and Thunvik, (1984) for constant rate tests in anisotropic 

media where the maximum discrepancy was a factor of 3.9 .. 
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Figure 5. The dependence of error in derived K value on the storage parameter (a) 

and hydraulic conductivity anisotropy (~) for a slug test with spherical flow. 

3.2.5 Packer bypass 

It seems natural to assume that flow during a slug test will travel around the packer with 

some of the water flowing back into the borehole. This flow pattern obviously depends 

on vertical flow so the previous section on the vertical component of flow in a 

pseudo-spherical flow system is effectively an assessment of the effect of packer bypass. 

However it is valuable, from the point of view of planning a test, to know the 

approximate time of onset of packer bypass. This should not be misinterpreted as the 

onset of either significant flow or significant error. It is simply the diffusion of the 

pressure signal to the other end of the packer and is described thus: 
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3.2.6. 

tdiff 

where 

[13] 

tdiff = the time for a pressure signal to diffuse the length of the packer 

Ss = the specific storage of the rock 

d = the length of the packer 

~ar = the hydraulic conductivity of the rock in a direction parallel to the 

borehole 

Packer bypass does not cause any error in the derived results if tdiff is greater than the 

duration of the test. However, it is not necessarily true that significant error results from 

tdiff being less than the duration. 

Fissured rock 

The analysis of slug/pulse tests in fissured rocks is covered in detail in Barker and Black 

(1983) and Black (1985). However it may be useful to summarise some of the 

conclusions here, especially those concerning the magnitude of likely errors. 

The analysis is in terms of four dimensionless parameters and is a solution for which that 

of Cooper et al. (1967) is a special case. It is not really a solution which can be used 

directly on test data since it is comparatively unwieldy and there are too many unknowns 

to derive easily applicable type-curves. Hence it is expected that the analysis of Cooper et 

al. (1967) will be used. The errors resulting from carrying out this procedure in a wide 

range of configurations and rock types was evaluated. The most significant result is that 

the error in transmissivity derived using the homogeneous analysis is unlikely to exceed 

the real value by a factor greater than three, and more usually by a factor greater than 

two. In contrast, errors in derived storage coefficient can be much larger than would be 

anticipated from a consideration of the specific storages of the two components of the 

system. Under most circumstances they are underestimated (up to 106) with respect to 

total storage and overestimated (up to 105) with respect to fissure storage. However, 

under certain special conditions the slug test will produce a storage estimate up to 104 

less than fissure storage. 

The paper by Black (1985) shows how it is possible to construct a diagram, for a 

particular testing configuration, which represents the relationship between actual fissure 
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and matrix properties and the results derived from testing. In this way results from a 

whole programme of tests (with the test configuration always being the same) can be 

assessed together. The paper concludes that it is almost essential to know what values to 

expect in terms of matrix properties and fissure specific storage before deciding how a 

particular test should be interpreted. 

3.3 Constant head/flow tests 

3.3.1 The form of the test 

A hydraulic test of the constant head/rate type consists of a period of injection or 

abstraction followed by some period of recovery. In water resource hydrogeology it is 

usually assumed that full recovery is effectively achieved in a recovery period equal to 

the pumping period. This is not the case in low permeability rocks. 

3.3.2 Transient or equilibrium analysis 

Regardless of whether the single-borehole packer test is based on constant rate (injection 

or abstraction) or constant head (injection or abstraction), the test can be interpreted in 

three ways. The first and simplest way is to analyse the "steady-state" value of head or 

flow at the end of the injection/abstraction phase. This is commonly known as the 

"steady-state" method and examples are outlined in Braester and Thunvik, (1982). 

Secondly, the results can be derived by analysing the change of head or flow rate with 

time. This is sometimes called the "transient" method and most well test analysis is of 

this type. Usually, the injection/abstraction phase and the recovery phase are analysed 

separately. Lastly, both the injection and recovery phases can be analysed together as a 

single test. This is usually in the form of numerical modelling using a "well simulator". 

However, a simple analytical method was given by Ramey, (1980). The interpretation 

method has a bearing on the duration of the test since the recovery phase is only of 

interest if it is being analysed. The advantages and disadvantages of the first two 

approaches can be seen in the reports of Carlsson and Olsson, [1985a) and 1985b)]. In 

general, more information is obtained from the more complex analysis approaches but at 

the cost of increased testing and interpretation time. Also the more complicated integrated 

approach yields results which have greatest reliability. 
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3.3.3 Duration 

The duration of a constant head/flow test depends on the method of analysis: transient or 

steady-state. 

If the analysis is steady-state then injection or abstraction need only last until the flow 

(for a constant head test) or the head (for a constant rate test) stops varying by more than 

a minimum amount. Preferably this amount should be a fraction of the value at 

equilibrium because then the derived transmissivity (T [= KL]) value would be in error 

by no more than the predetermined fraction. Since a strictly cylindrical flow system does 

not (in theory) reach a steady equilibrium this is difficult to put into practice and hence a 

certain fraction should always be allowed for. 

A way round this problem is to set a minimum rate of change which can be perceived by 

the measurement system. Once this rate is reached then for steady-state analysis the test 

has reached its end and pumping can be stopped. For a constant rate test a formula for 

the rate of change of drawdown with respect to KL was given by Robinson and 

Skibitzke (1962). This can be modified to yield the rate of change of drawdown with 

respect to time: 

dH/dt = CQln rbh2 L Ss) ue-u 

where Q = pumping rate 

l/u=4Kt/rbh2 Ss 

t = time since pumping began 

All other parameters are as previously defined. 

[14] 

Whilst equation (14) describes the rate of change of drawdown for a constant rate test, it 

does not apply to the constant head test (Jacob and Lohman, 1952). The equation 

relating flow rate to time and draw down for such a test can be written in the form: 

dQ/dt = 21th L K2 G' (u) 

rbh2 Ss 

where all variables are as previously defined. 

[15] 

In order to show the dependence of the rates of change on time, the second parts of 
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equations [14] and [15] (i.e. u EXP(u) and 0' (u) have been plotted in Figure 6. This 

shows the fundamental difference between constant rate and constant head tests in that 

the maximum rate of change for a constant head test occurs when the test begins whereas 

for a constant rate test it occurs later during the test. This in tum means that there is less 

variation within the test: a feature which is evident when a Theis type-curve is compared 

with a lacoblLohman type-curve. It also means that a constant head test is likely to come 

to apparent equilibrium before a constant rate test. 

+- rate of change of head 
during a constant rate test 

rate of change of flow-rate 
during a constant head test 

dimensionlesstime~ (Yu) 

Figure 6. The variation of the rate of change of head and flow rate against 

dimensionless time for constant rate and constant head tests. 

For the transient analysis method the accuracy of the determination of K depends, like 

the slug test, on the amount of equilibration for which the testers are prepared to wait. In 

general if a zone is disturbed by a period of pumping then recovery will take as long as 
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the period of disturbance. The recovery after a period of pumping (duration = d) can be 

approximated by the Theis recovery method (see Krusemann and de Ridder, 1970) 

(which assumes that the Jacob approximation is valid): 

2.3 Q [l+d] 
sr = 41t K L 10gIO t 

where sr = the residual drawdown 

Q = the pumping rate 

t = duration of recovery period 

[16] 

The maximum drawdown at the end of pumping (again using the Jacob approximation) 

is written: 

2.3Q (2.25 KLdJ 
s =--10 2 
max 41tKL glO rbhLSs 

[17] 

Since it is assumed that the accuracy of parameters derived from a constant rate test is 

proportional to amount of equilibration, then the fractional recovery ( I-sr / smax ) is a 

useful index. Additionally if it is assumed that some specific value of fractional recovery 

is desirable then the duration of the recovery period( tree ) necessary to achieve this can 

be written: 

t 
ree 

d 

s 

S 
r 

[ 

2.25 K L d] max 

2 -1 
rbhL Ss 

[18] 

Equation [18] has been evaluated for a set of typical parameters (Le. packer spacing = 
10m, borehole diameter = 76mm and whole rock specific storage = Ix 10 -6 m -1 ) and 

with a pumping duration of 2 hours. The results depicted in Figure 7 show that at least 

60% equilibration is achieved within a period equal to the pumping time (ie tree = d). For 

all but the lowest values of K equilibration is greater than 80% within this period. 

It should be noted that the latter description of test duration is independent of injection or 

abstraction rate whereas the steady state formula depends on that value. 
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pumping duration + recovery duration [ i.e. d + trec 1 
pumping duration d 

pumping time = 2hrs 

zone length = 1 Om 

b/h diameter = 76mm 

specific storage =1 X 10 -6 m -1 

K= 1 X 10-12 m /sec 

1X 10-10 

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

.. 

1 X 10-8 

1 X 10-6 

O~----__ ------r-----~----__ ------r-----~----~------~----~----~ 
o .1 .2 .3 .4 .5 .6 .7 .8 .9 

Fractional recovery (complete recovery = 1 ) 

Figure 7. The tetal duration of a constant flow test plus recovery as a function of 

fractional recevery and K value. 

3.3.4 Skin 

Skin effects will disturb the values of formation K derived from constant head/flow tests 

depending on the method of analysis. This can be seen in the simplest analysis of skin in 

a cenfined aquifer eflarge areal extent which is written (Allen et al. 1983, Appendix 1): 

[19J 

where saf = skin factor (petroleum) 

= (~ock / Kskin -1) loge(rskin / rbh) [20J 

(N.B. from Earlougher, 1977) 

This form of taking skin effect into account is the approach used in the petroleum 

literature and implicitly assumes that the extra (or reduced) head 10'ss in the immediate 

vicinity of the borehole is directly proportional to flow rate (Q). It ignores any non-linear 

flew lesses (e.g. due to' turbulence) which are assumed to apply in the hydrogeological 

view ef skin. Hence Allen et al. (1983) write down the relationship between 

"hydrogeological" and "petroleum" skin factors as: 
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[21] 

where sf = the head loss near a borehole proportional to flow rate 

C = the constant of proportionality between the head loss near a 

borehole and the flow rate squared (the 'coefficient of non-linear 

well-loss'). 

In tests concerned with waste repository host rocks rather than aquifers, the flow rates 

should be relatively small and therefore there should be negligible extra head loss due to 

turbulence (i.e. C - 0). In other words the petroleum industry approach should be 

adequate in most circumstances. 

It can be seen from equation [19] that the draw down measured in a borehole should be 

the sum of the drawdown due to the "well function" (in this case the Theis well function) 

and the drawdown due to skin. Since Saf is a constant and the well function changes with 

time the proportion of the total drawdown caused by skin also changes with time. 

However, as is the essence of the steady state analysis method, the rate of change of the 

well function approaches zero. Thus a "steady-state" analysis of a test affected by skin 

yields (using Moyes formula -see Braester and Thunvik, 1982): 

h total = Q ( 1 + loge( L/ 2 rbh) + saf ) / 21t T [22] 

Hence the relative error in derived T would be: 

(T-T der) / Tder = saf / v 

where v = 1 + loge (L/ 2 rbh ) 

[23] 

[23a] 

Since the second term in equation [23a] has a value, under common packer-testing 

circumstances, of about 3 to 5, skin factors of 3 or 4 lead to 50% underestimates whilst 

negative values can cause large errors. The problem of skin and its effect on steady state 

analysis means that in circumstances where skin is suspected the steady state analysis 

should not be used. 

The method of transient analysis does not have the same problem assuming that the 

storage of the skin is small in comparison to the volume of water flowing during the test. 

After a reasonable time the well-bore storage effects will have disappeared and skin will 

represent a constant error in addition to the drawdown as a result of abstraction/injection 

out of/into the unaffected rock. As can be seen in equation [19] the well function varies 



0.4 

0.3 

0.2 

0.1 

NAGRA NTB 87-03 - 23 -

withtime whilst the skin factor is a constant. If the transmissivity is derived from the rate 

of change of drawdown then the result is unaffected by skin. This is standard petroleum 

and hydrogeological practice. However, unless the properties of the skin are known it is 

impossible to derive a meaningful value of specific storage from a single-borehole test 

affected by skin. 

3.3.5 Non-cylindrical flow 

Q 

The flow field in real tests is not strictly cylindrical. This is particularly so when the 

straddle length is small or the component of hydraulic conductivity parallel to the 

borehole is greater than the radial component. The phenomenon has been investigated by 

Braester and Thunvik (1984) and found to be comparatively unimportant. The results 

[adapted from Braester and Thunvik, (1984)] are reproduced in Figures 8 and 9 and 

show that even the steady state solutions (at least those of Moye,1967 and Hvorslev, 

1951) adequately account for a small fraction of spherical flow. Errors due to spherical 

flow result in the derived K being an overestimate. When the flow from such a test is 

allowed to re-enter the source borehole beyond the packered-off section, extra error 

results. 

2nKLh 

1 NUMERICAL SOLUTION (BRAESTER & THUNVIK) 
2 DAGAN (1978) 
3 HVORSLEV (1951) 
4 MOVE (1967) 

Dimensionless flow 
from borehole 

~ 

2 ~~1 
3-.... , ~~ 

-..........:::..... ~ 

4~ ... ~~ 
~ ... 
~ ... .....:::::::---::::::--..::::::- .::.:::::---..:::::=:.=::= - ---s-:_~ __ 

_______ Iong term radial solution _______ -:-:...:---=---=----

o~--------------~------.-------r--------r-------r----~ 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Log L/rbh 

Figure 8. Spherical flow effects as a function of borehole radius and test zone 

length for constant head tests (after Braester and Thunvik, 1984). 
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Figure 9. Typical flow patterns in homogeneous formations: a) cased borehole b) 

uncased borehole (after Braester and Thunvik, 1984). 

4. SPECIFIC SLUGIPULSE DURATION CONSIDERATIONS 

4.1 Introduction 

In Section 3 the theory behind various aspects of test analysis is described. Often it is 

presented in terms of dimensionless groups. The aim of this section is to apply those 

theoretical considerations to tests of specific interest to the NAGRA programme of 

investigations of potential sites for low and intermediate level waste. Hence the 

boreholes are assumed always to be of 76mm diameter. Also it is assumed that the rocks 

to be tested will fall within a range of hydraulic conductivity of 1x10- l2 mlsec to lxlO-6 

mlsec. For most considerations the specific storage of the rock is assumed to be lxlO-6 

m-l. 

It should be noted that most of the specific calulations of slug test duration are based on 
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equations [6], [7], and [8]. 

4.2 Hydraulic conductivity 

It is clear from equations [6] to [8] that test duration is inversely proportional to the 

transmissivity (T =KL) of the surrounding rock. Where the straddle length(L) is kept 

constant then test duration is inversely proportional to hydraulic conductivity (K). This is 

shown in Figure 10 together with the time for the pressure signal to diffuse along the 

packer which is dependent in exactly the same manner. It can be concluded that errors 

due to flow along the packer are not dependent on rock K. 

In this simple analysis the rock is assumed to be homogeneous (i.e. Kper = Kpar )' 

Strictly speaking the flow along the packer will be controlled by ~ar whilst the duration 

of the test will primarily respond to ~er So long as the anisotropy ratio does not exceed 

10 then the statement above still holds true (i.e. that errors due to flow along the packer 

are not dependent on rock K). The problem of high anisotropy ratios is considered 

specifically in Section 4.6. 

4.3 Effective radius 

Since the effective radius (re) controls the amount of water which flows into the 

formation around the test zone for unit change in head it is clear that, for a given amount 

of equilibration, it will control the duration of the test. However since re appears twice in 

equations [6] to [8] its role is not obvious. The dependence of test duration on effective 

radius is plotted in Figures 11, 12 and 13 for differing values of K. These are K = 

lxl0-7 mlsec (Fig. 11), K = lxl0-9 mlsec (Fig. 12) and K = lxl0-11 mlsec (Fig. 13). 

The presence of re in the equations within the term a does not appear to have any effect 

except at high values of a. This effect is seen as the curve in the lines in the lower left of 

Figure 13. 

Once again the time to diffuse along the packer is given and it can be seen that the onset 

of potential packer bypass always occurs around an effective radius of 5mm. Hence 

pulse tests are likely to be unaffected whereas open hole slug tests may be affected in 

their later stages. These effects could be reduced to a negligible level by adjusting the 

pressure in the rest of the borehole so that it was the same as the test zone. However, 

this would be a considerable undertaking which would not be justified given the size of 
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possible error involved. 

It is also apparent that an effective radius greater than 10mm results in tests which last in 

excess of a day for all but the most conductive rock. In summary, the duration of a 

slug/pulse test, within the circumstances envisaged, is proportional to the square of the 

effective radius. It is thus a powerful control on slug test duration. 

4.4. Specific storage 

Specific storage is included in equations [6] to [8] within the loge a ) term. Hence 

duration is not strongly affected by it except where a rises to values around 0.1. The 

dependence of test duration on specific storage is given in Figures 14 and 15 for two 

values of effective radius. The increased curvature of the lines in Fig. 14 results from the 

higher values of a involved since a = rbh 2 L Ss Ire 2 and Fig. 14 has the smaller reo In 

summary, specific storage is not an important control on slug test duration. 

4.5 Skin effect 

There are two aspects to skin effect and slug tests. The first aspect is the recognition of 

skin effect in a slug test pressure response curve, and the second aspect is the evaluation 

of the magnitude of a skin effect from a slug test. However it is should be mentioned that 

skin effect cannot be properly quantified from a single slug test result. 

Recognition of skin effects in slug-test pressure response curves is only possible if the 

data curves exhibit the transitional behaviour shown in Figure 3. This transitional 

behaviour itself may be analysed using standard type curve matching and hence result in 

errors. These matching errors have been quantified for a couple of examples using the 

"gradient method" (Appendix 1). The first example (Fig. 16a) considers the effect of 

varying the thickness of the skin. It concerns a pulse test (re = O.5mm) in a 10 m section 

of a 76 mm diameter borehole in a rock with a specific storage of 1x10-6 m- 1. The error 

is plotted in terms of 0, which is the ratio of the conductivity derived (assuming 

homogeneous rock) to the conductivity of the rock beyond the skin. The ratio of the 

hydraulic conductivity of the rock to that of the skin forms the x axis. For cases where 

the K of the skin is greater than that of the surounding rock there is virtually no error, 

whilst for decreased K skin the errors rise rapidly with the ratio. For a skin with an 

increased hydraulic conductivity the analysis, strangely, yields results which are small 



NAGRA NTB 87-03 - 27 -

underestimates. In cases where the hydraulic conductivity of the skin is reduced, 

applying the "homogeneous analysis" yields small overestimates at small positive values 

of 10glO( K/Ks ) which change to large underestimates as 10glO( K/Ks) becomes 

larger. This behaviour is a result of the nature of slug test type curve matching in which 

the value of derived K is increased by effects which "steepen" the pressure response 

curve, and vice versa. 

The second case considers the effect of changing the effective radius ( re ) of the test or, 

in other words, the relative sensitivity of slug or pulse tests to skin. Tests in a system of 

similar properties to the example above have been evaluated (fig 16b). A skin thickness 

of 10 mm has been chosen together with various values of re (0.2 mm = pulse test, 1 

mm = approximately minimum size slug test ). It is apparent that slug tests will be 

virtually unaffected by skins of 10 mm thickness unless the skin K is more than two 

orders of magnitude less than the rock K. Pulse tests will be considerably more sensitive 

to errors resulting from skin and, apart from a small region where 10glO( K/Ks ) is 

between 0 and 1, will yield underestimates in all circumstances. It is clear that, under the 

circumstances envisaged, the combination of pulse tests and skin effects will result in 

large errors even with comparatively thin skins. Slug tests, on the other hand, are 

apparently not sensitive to skin effects. It should be remembered that in these 

considerations the skin has been assumed to have the same specific storage as the 

unaltered surrounding rock. This may not be a valid assumption and increased storage in 

the skin would probably have a quite marked effect. 

Not only the magnitude of the error but also the perception of whether skin effect is 

present depends on the value of u. This is directly related to re and the duration of the 

test. Therefore if a skin is suspected then the duration of the test should be adjusted 

either: 

1) to measure the properties of the skin only 

or 2) to perceive clearly the presence of a skin 

or 3) to measure the rock properties by accounting adequately 

for the effects of the skin (i.e. by knowing or measuring 

its properties) 
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Figure 10. The dependence of slug test duration on the hydraulic conductivity of the 

rock. 



NAGRA NTB 87-03 - 29 -

en 
u 
OJ 
t/) 

OJ 

E 
+oJ 

0 .... 
0) 
0 

...J 

8 

7 

6 

5 

4 

3 

2 

straddle length = 10m 

packer length = 1 m 

Specific storage = .000001 m-1 

borehole diameter = 76mm~ 
K = 1 E-07 m/sec 

/ / // 

/ / // 

/ // / 

/ 
/ 

o~---------------------~----------------------------------------------~ 
-4 -3 -2 ·1 

Log 10 effective radius (m) 

Figure 11. The dependence of slug test duration on effective radius 

[ K = 1 x 10-7 m sec· l ]. 



(j) 
() 
Q.) 
en 
Q.) 

E 
+-' 

0 ..... 
C) 

0 
......J 

NAGRA NTB 87-03 - 30 -

8 

7 

6 

5 

4 

3 

2 

straddle length = 1 Om 

packer length = 1 m 

Specific storage = .000001 m-1 

borehole diameter = 76mm 

K = 1 E-09 m/sec 

full length packer diffusion 

/ / 
/ 

/ / 

/ 

/ / 
/ / 

/ // 
/ / 

/ / 
/ // 

/ / 
'/ / 
/ / 

/ // 
/ 

/ 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 

O~--------------------~------------------~--------------------. 
-4 -3 -2 -1 

Log 1o effective radius (m) 

Figure 12. The dependence of slug test duration on effective radius 

[ K = 1 x 10-9 m sec-1 J. 
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a) Dependence of error on skin thickness 
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effect [fixed parameters: - borehole dia. = 76 mm, Ss of rock and skin = 1x10-6 m- I, 
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4.6 Non-cylindrical flow 

The general fonn of error resulting from non-cylindrical flow was depicted in Fig. 5 

where comparatively small errors result except where the 10glO f) exceeds 0 (ie f) > 1). In 

order to determine the importance of error due to this cause the likely parameter ranges 

underlying f) need to be examined. Hence: 

[11] 

where ~ar = the hydraulic conductivity of the rock measured 

parallel to the borehole 

~er = the hydraulic conductivity of the rock measured 

perpendicular to the borehole 

In reality, the borehole radius (rbh) is unlikely to exceed 0.1 metre whilst the zone length 

will always exceed 2 metres. This means that the K parallel to the borehole has to be 

more than 1000 times larger than that perpendicular to the borehole in order that 

significant error would result. Under most circumstances this will not be the case and 

errors should be small. Some care should probably be exercised in situations where 

boreholes are drilled parallel to strong prevailing bedding or schistosity. 

The duration of a slug test will be primarily controlled by varying r which will in tum 

alter the a. of the data curve. Since changing a. has only a minor influence on error, 

non-radial flow is not a consideration in test duration. 

4.7 Fissured rock 

The general effect of fissured rock on the results from slug/pulse tests is considered in 

Section 3.2.6 where it is stated that (based on Black, 1985) errors in specific storage 

will be much larger than errors in hydraulic conductivity. 

The data curves for slug tests in fissured rock are of the same form as those for 

homogeneous rock. However, they are displaced in the time axis and towards shapes 

indicative of low values of specific storage. The error caused by these transformations 

can be evaluated by considering the three dimensionless variables of Barker and Black 



NAGRA NTB 87-03 - 36 -

[1983] (i.e. af' ~f and 'Yf ). 

[4a] 

[4b] 

1 Ssm 
'Yf =- . S 

~f sf 

[4c] 

where subscript lit refers to the properties of the fissures (or fissured analysis) 

subscript II mil refers to the properties of the matrix 

all variables as previously defined 

This has been carried out for four cases: a slug test and a pulse test in a clay and in a 

granite (see Figures 17 and 18). The results are presented in the form of derived values 

of hydraulic conductivity and specific storage. If the values of derived specific storage 

are compared with those of the matrix (10-5 m-1 for clay and 10-6 m-1 for granite) then it 

can be seen that both test types will yield considerable underestimates. In all cases the 

maximum errors in derived Kf occur in association with maximum error in Ss' that is in 

the lower left quadrant of each diagram (i.e. the same as Black 1985). Maximum error in 

K f is an overestimate of two times. When the pulse tests (Figs. 17a and 18a) are 

compared with the slug tests (Figs. 17b and 18b), then it is apparent that: 

1) pulse tests of this type in these environments do not yield the specific 

storage of the matrix. 

2) slug tests yield values of specific storage close to matrix values where 

fissuring is frequent and the fissures have effective combined hydraulic 

conductivity less than 10-10 m sec-I. 

3) pulse tests yield values of specific storage which are usually slightly 

closer to the specific storage of the fissures than the slug test derived 

values. 

Overall the considerations concerning fissured rock show that if the rock being tested is 

fissured then slug and pulse tests (and by inference, tests with intermediate "re") will 

yield results characterised by low derived values of specific storage. 
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a) Pulse test - effective radius = O.5mm 
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Figure 17. Properties derived from hydraulic testing in a granite 

(matrix K = 1x10-I4 m sec-I, matrix Ss = 1x10-6 m-I ) using a straddle length of 

5 m in a 76 mm dia. borehole: a) pulse test - re = 0.5 mm b) slug test - re = 5 mm . 
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a) Pulse test - effective radius = O.5mm 
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Figure 18. Properties derived from hydraulic testing in a clay 

(matrix K = lxlO-12 m sec-I, matrix Ss = lxlO-5 m-I ) using a straddle length of 

5 m in a 76 rom dia. borehole: a) pulse test - re = 0.5 rom b) slug test - re = 5 nun . 
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5. SPECIFIC CONSIDERATIONS CONCERNING THE DURATION OF CONSTANT 

HEADIFLOW TESTS 

5.1 Constant head or constant flow tests 

Regardless of whether the analysis is of the steady state or transient variety, there is the 

need to fix a testing method which is practicable in the field. In general it is easier to 

measure head rather than flow. However, most testing equipment is limited to working 

reliably and safely within pressure limits rather than flow limits. Hence if you have to fix 

one and measure the other it is easier to fix pressure and measure flow rate in the 

knowledge that the test is unlikely to exceed flow limits. 

Considering constant rate tests first, the pumping rate, Q, will be fixed by the desire to 

create a predetermined head difference in the borehole section being tested. The flow rate 

to create a defined head difference at equilibrium is approximated quite well by Moye's 

formula (Braester and Thunvik, 1982). Hence: 

Q = 21tKLH/(1+loge[L/2rbhD [24] 

substituting equation [24] into equation [14]: 

[25] 

Equation [25] has been evaluated for a chosen injection head of 10 m above initial head, 

a 76mm diameter borehole, a 10m straddle and a specific storage of 1x10-6 m-1. The 

results are shown in Figure 19 for a range of rock hydraulic conductivities together with 

a measurement limit of about 50 mm.hour- 1(=0.14 Pa.sec-1)for the rate of change. It 

can be seen that in all cases the measurement limit is reached in about 4 days. This is a 

product of the choice of a constant head difference of about 10m in each case, resulting 

in much greater flow rates for the higher K results. If a single flow rate was chosen to be 

the same for all tests then, for the higher K tests, the head difference would be very 

small but would have reached measurement limit quite rapidly. 

It is also clear that the Jacob semi-log approximation is valid for all tests where K is 

greater than 1x10-12m/sec as long as the test exceeds 10,000 seconds (about 3 hrs). 

Equation [25] combines a steady state formula for spherical flow with the transient Theis 

equations for cylindrical flow, and is therefore not self-consistent. The consequence is 

the rates of change observed in practice will be smaller than suggested by Figure 19. A 

similar approach is given in the appendix of Braester and Thunvik,(1982). However a 

full consideration of parameter ranges is not undertaken. 
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Figure 19. The variation of rate of change of drawdown against time for a constant 

flow test in rock of varying hydraulic conductivity (K) [long term applied head = 10m, 

Ss = lxl0-6 m-1, straddle length = 10 m, borehole dia. = 76 mm]. 
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Figure 20. The variation of rate of change of flow against time for a constant head 

test in rock of varying hydraulic conductivity (K) [long term applied head = 10 m, Ss = 

lxl0-6 m-1, straddle length = 10 m, borehole dia. = 76 mmJ. 
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In the case of constant head tests the same considerations are made and are shown in 

Figure 20. As can be seen different flow rates are needed to give rise to the stipulated 10 

m head difference. It is also clear that the tests reach the flow measurement limit within 

1000 secs for all the configurations considered. This is the combined result of the more 

slowly changing parameter which is being measured and the higher relative measurement 

limit involved in flow. The measurement limit of 1x10-9 m3sec-1 is based on Carlsson 

and Olsson, (1985b). 

It is clear that the constant rate test is the more sensitive of the two configurations. It is 

also more difficult to manage and is more affected by fluctuations in the background 

pressure. 

5.2 Skin effect 

It is apparent from the considerations in Section 3.3.3 that skin effect will not 

significantly alter the derived results from a constant head/flow test if the test is analysed 

by a transient approach. However, perhaps of more interest is whether constant rate/head 

tests can be used to identify and assess skin effect in real situations. 

The identification and evaluation of skin effect in the responses of constant rate/head 

tests requires information in addition to that derived directly from the well test itself. In 

order to gain an idea of its likely influence it is useful to have some idea of its 

approximate geometry. In oilfield experience this is often obtained from geophysical 

logging of the borehole. Additionally the performance of the skin is deduced by knowing 

the drawdown that there ought to be by virtue of the rock properties ( i.e. storage values 

measured on core material) and ascribing any additional measured drawdown to the skin. 

Whatever the method of evaluating the details of the skin, it is necessary to ensure that 

the value of T is derived from a later part of the test, which is unaffected by wellbore 

storage. For this purpose the log-log methods of type curve matching are often useful in 

determining whether a chosen analysis is appropriate. The log-log type curves of t~ese 

sorts of tests are presented commonly within the oilfield literature (see for example 

Agarwal,1970). The same considerations apply as those that underlie tests in patchy 

rocks (see section 6) so are not considered in detail here. 

The detailed evaluation of the hydraulic performance of the skin is best performed by a 

series of constant rate tests commonly referred to as "step-testing". Since the definition 

of skin relates the head loss in a skin to the flow through the skin it is intuitively correct 

to measure skin by conducting a series of tests at different flow rates. However at least 

three steps are required and each step should run for long enough to approach pseudo 
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steady state. This is not particularly easy in rocks which may take considerable periods 

of time to reach "pseudo steady state" though, in general, situations in which it is useful 

to carry out detailed evaluations will be limited to the higher K zones. Details of the 

method of step testing to determine skin effect in more detail is given in Allen et aL 

(1983). 

6 SINGLE BOREHOLE TESTING IN PATCHY ROCK 

6.1 Introduction 

It is anticipated that some of the boreholes within the NAGRA programme will penetrate 

"patchy" rock. In many ways this is similar to tests with skin except that the properties 

and geometry of the inner region are of particular interest (see Figure 21). The question 

is whether some optimum form of testing can be envisaged. 

ANOMALY 

HOST ROCK 

Figure 21. Schematic of testing in "patchy" rock. 

6.2 Slug/pulse tests 

Using a result given by Barker and Black, (1983, Eq. 27), it can be estimated that the 

range of influence of a slug test, ri' for cylindrical flow, is about re'(LSs)o.s. Typically re 

=O.Olm, L=lm and Ss = 1x10-6m-l giving ri = 10m. For spherical flow this range will 

be significantly reduced. It therefore appears that slug testing within the anomaly could 

be used to determine the hydraulic parameters Kl and SSl provided re is kept small and 

Ss is reasonably large. 
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6.3 Steady-state tests 

Now consider a steady-state test within the anomaly. By definition steady-state tests 

reach equilibrium. This can be observed in the theory underlying tests in a spherical flow 

regime where: 

where 

* Hoo - Ho = QI 41t rbh K 

Hoo = the equilibrium head in the source borehole at t = 00 

Ho = the initial head in the source borehole at t = 0 

l/K* = l/Kl + rbhlR ( l/K2 - l /Kl ) 

[26] 

[27] 

The question that the test designer wishes to answer is whether a particular test will come 

to equilibrium and yield the parameter values appropriate to the patch or the host rock 

(see Fig. 22). If Kl and K2 are known, it appears that such a test will provide 

information on the geometry of the anomaly (the value of R in this simple case). 

However, a steady-state test is in reality a transient (constant rate) test which has reached 

apparent equilibrium. The criterion for equilibrium will depend on a number of factors 

such as background noise and instrument sensitivity. What is important is that a test 

should have proceeded long enough for an apparent equilibrium of the injection head to . 

have been reached, but not so long as to cause significant head changes in the host rock. 

If that is so, then the value of K* derived from Eq. [26] will approximate the K of the 

patch. However, no accurate value of R can be found from Eq. [27]. 
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Figure 22. Spherical flow out of a spherical anomaly. 
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Equation [25] will only be vq1id when the time for hydraulic diffusion over distance R 

(Ssl R2/K1) is small in comparison to the time for the test to approach equilibrium; i.e. 

[28] 

or [29] 

where E is the tolerance criterion for equilibrium. 

For example, using R = 10m, rbh = 0.5m and E = 0.01 the left hand side of Eq.[29] 

becomes 0.13; so the criterion, (Eq. [29]) is not met and Eq. [28] is not valid. In that 

case the steady state test can be used to give an estimate of Kl (patch), but no 

information on K2 and R will be derived. 

6.4 Transient tests 

The criterion expressed in Eq. [29] can also be used to indicate the conditions under 

which a transient test is likely to reveal information about the shape of an anomaly. It 

clearly suggests that rbh should be large. Since the analysis assumes basically spherical 

flow, rbh is an equivalent spherical wellbore radius (i.e. rbh ~ rbh(sphere) ). The 

equivalence between real boreholes and spherical sources is considered by Raghavan and 

Clark, (1975) who present the relationship: 

rbh(sphere) = L ( loge[ P+0.5] - loge[ P-0.5] ) -1 [30] 

where [31] 

In order that rbh(sphere) should be as large as possible both the packered interval as well 

as the borehole diameter should be as large as is practicable. 

Let us assume that the packered interval is totally within the anomaly, but not much 

shorter than it. The fonn of response that would be expected for a constant rate test is 

shown in Fig. 23. There will be an early period during which the test response will be 
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identical to that for a homogeneous medium with properties Kl and Ssl' At time tx the 

boundary of the anomaly begins to have an effect, and by time ty the whole of the 

anomaly will be in quasi-steady state flow. After time fy the shape of the response curve 

will be characterised by the parameters K2 and Ss2' although it will be vertically 

displaced from the response curve for a homogeneous medium with those properties. 

Therefore all of the information contained in Fig. 23 relating to the anomaly geometry is 

contained within the region tx < t < fy. It seems reasonable to assume that, given good 

test conditions, this transient section of the curve could be characterised by just one or 

two parameters. The question then becomes one of what geometrical parameters might 

be derived from a constant rate test. 

The simplest assumption would be that the anomaly is of spherical shape, characterised 

by a single parameter: the radius. The orientation of the centre of the sphere could not, of 

course be determined. Two parameters would be sufficient to describe an ellipsoid with 

its axis of symmetry parallel to the borehole. 

drawdown 
between 
packers 

-------:--"t:'"'---
........ -: "-homogeneous response (K1,SSl) 

t~ ty 

time 

Figure 23. Schematic of a data curve from a patchy rock 

6.5 Practical Summary 

Slug and steady state tests, using short packered-off intervals, can be used to determine 

the local properties within an anomaly. Steady-state tests should not be too long. 

Information on the geometry of an anomaly can only reasonably be obtained using 
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transient tests with packered-off intervals of the same order of size as the anomaly. A 

simple anomaly shape would have to be assumed. However, the orientation of that shape 

cannot be determined. 

Any heterogeneity or anisotropy of either the anomaly or host rock (which is quite likely) 

will make data analysis very difficult. Data analysis procedures will have to be devised 

and may involve significant computational effort. 

It must be concluded that any attempt to determine anomaly geometry from a single 

borehole should be regarded as a research exercise, which may reveal little meaningful 

information. 

7. CONCLUSIONS 

The following general conclusions can be made regarding the mechanisms which 

influence the error in the results derived from hydraulic testing in single boreholes. 

7.1 Packer bypass and non-cylindrical flow 

Packer bypass is not a problem which can be separated from non-cylindrical (spherical) 

flow. Except where boreholes are aligned parallel to strong bedding (or schistosity), 

spherical flow does not result in significant errors in derived hydraulic conductivity. It 

may however have a significant influence on the form of the field response and should 

be taken into account where detailed interpretations are required. 

7.2 Skin effect 

Skin effects result in significant errors for all forms of test but not for properties derived 

from all methods of analysis. The interpretation procedure which is most dangerous is 

the steady-state analysis of constant rate or constant head tests. That which is least 

affected is the transient interpretation of the constant flow/head method. Skin effects 

need first of all to be identified and then to be quantified. They are best identified by 

well-test simulations where skin effects can be included directly with possible conceptual 

flow models. This can be done for both slug/pulse as well as constant head/rate tests 

with recovery. 
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For slug/pulse tests there are three possible types of response: 

1) tests which are affected only by the K and the Ss of the skin affected 

zone. These test responses are identical in form to standard homogeneous 

type curves. 

2) tests which are affected by the K and Ss of both the skin and the unaltered 

rock. These "transitional" test responses are characteristic of skin effect 

and are unlike any other slug test type curve. 

3) tests which are affected by the K of the skin and the K and S s of the 

unaltered rock. Unaltered rock parameters are only obtained if the 

properties of the skin are known. 

The second "transitional" type of response is diagnostic of skin effect in the test zone. If 

an effective radius is chosen which is less than the effective radius with which a 

transitional response was observed then the resulting test will only yield skin parameters. 

These can be used to correct subsequent tests. 

In order to identify and account for skin effect in constant flow/head tests they need to 

be treated as transient tests. That is the variation of head or flow throughout all the test 

needs to be interpreted as a whole. If the tests can be analysed as a continuous 

abstraction/injection phase followed by recovery so much the better. The step test 

method of skin effect evaluation is cumbersome and only really necessary where highly 

permeable zones of specific interest are concerned. 

7.3 Constant flow or constant head tests 

The most preferable form of test is one which is sensitive to those effects which are of 

most interest in the circumstances envisaged. In the testing programme envisaged by 

NAGRA, parameters which need to be identified are primarily those of the skin, the 

average rock properties and any boundaries. 

During abstraction (or injection) at constant rate, skin will contribute an extra drawdown 

(either positive or negative) in addition to that resulting from pumping water from (into) 

the surrounding rock. During recovery after such a period of pumping extra drawdowns 

due to skin effects will rapidly become negligible resulting in a clear manifestation of 

skin effect. Hence pumping followed by recovery is the most preferable form of test 

arrangement. This has the additional benefit of effectively extending the duration of the 

test beyond the period of pumping and up to the finish of recovery monitoring. During 

this time it is most likely that boundaries might be observed. 
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Monitoring the recovery period can only be done by monitoring the change of zone 

pressure with time since pumping rate is zero. Hence, since it is considered better to 

interpret both the pumping and recovery portions of the test as one continuous test, it is 

better to carry out a constant rate test. That is to say, a test in which pumping is kept at a 

steady rate and pressure is monitored. However, in choosing a constant rate test as the 

more preferable option another question arises. This concerns whether all the tests within 

a given programme should be carried out at a fixed rate (with accompanying variable 

heads) or at varying rates designed to achieve a predetermined head difference by the end 

of the pumping period. These two variants have the implicit attributes of either a fixed 

volume of investigation or a volume of investigation proportional to the value of 

hydraulic conductivity (K). It is considered that it is most appropriate to vary the size of 

the volume tested in accordance with the value of hydraulic conductivity since features 

with higher hydraulic conductivity are important over larger scales than their lower K 

counterparts. 

An additional benefit of constant rate tests are the better sensitivity limits associated with 

the measurement of pressure, although this is becoming less the case when recent 

equipment developments are considered. Another advantage is the greater number of 

existing analysis methods available for the constant rate method. 

The major drawback of the constant rate approach is an equipment one. It is much easier 

to organise and control a constant head test since most test equipment is rated (for saftey 

purposes) according to pressure. With a constant rate test the pressure which is going to 

be attained by the end of the test will only be known if the hydraulic conductivity of the 

rock is known beforehand. Hence, a programme based on constant rate tests must 

assume that the testing follows previous hydraulic reconnaissance and that tests are 

continuously monitored. From an equipment viewpoint, the only advantage of the 

constant rate test is that the equipment and approach necessary for rate tests is the same 

as that required for step testing. 

7.4 Patchy rocks 

Patchy rocks should be approached in exactly the same manner as skin effect. First of all 

the inner region needs to be assessed using small scale tests. These tests can be made 

small scale either by using small effective radii (re), short pumping times, low 

differential heads or short test zones or a combination of all four. Secondly the outer 
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region can be evaluated by reversing the choice of test configuration (i.e. long test zones, 

long pumping times, high differential heads and large re's). The geometry of such 

patches will probably never be particularly well-defined. 

8. RECOMMENDATIONS 

As a standard procedure for evaluating hydraulic conductivity and head from single 

boreholes, a pulse test followed by a constant rate test seems the best combination. The 

pulse test should initially have an re of about 0.5mm and if the response is too rapid a 

larger re should be used. This test should be followed by a constant rate test whose 

pumping period should be about 2-3 hours followed by a period of recovery. This 

recovery period should either extend for about 2 hours or result in at least 50% 

equilibration, which ever is the shorter. The amount of recovery should be proportional 

to the log of the deduced hydraulic conductivity in line with the proposals in Appendix 

II. 

All tests should be interpreted as transient tests and preferably as coupled flow and 

recovery phases. The form of the response should be checked against expected 

responses from a variety of conceptual flow models. To this end, type curves for 3D 

flow and skin effect are a necessary addition to the standard series of type curves, 

especially for slug tests. 

There should be an ability to vary widely the effective radius of the slug/pulse method. 

In particular small re's should be possible in order to assess skin properties. 

In order to carry out constant rate tests there should be an on-site ability to interpret the 

pulse/slug test to derive a suitable injection or abstraction rate to remain within equipment 

constraints. 

A test site where procedures can be tested in detail before commitment to a full scale 

investigation programme would be advantageous. 
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APPENDIX I 

Gradient method for analysing slug/pulse tests 

1. MOTIVATION· 

We introduce a new method for analysing slug/pulse tests. This method could be applied 

to real data although in this report we are only concerned with the problem of analysing 

(model-generated) pseudo-data. 

The normal method for analysing slug test data is to fit (by eye) a plot of observed head 

against the logarithm of time to a set of type curves. Each type curve is characterised by a 

dimensionless storage coefficient, u. This technique is not suitable for our purposes 

because it is subjective and cannot be implemented on a computer. 

An alternative technique (Barker and Black, 1983) is to use a least-squares fit of the 

slug-test well function to the data. We could employ this technique but it is 

computationally slow and often uses a weighting procedure to influence the results. The 

gradient method does not have these aspects. 

2. THE GRADIENT METHOD 

The new method for analysing slug/pulse tests, which we shall refer to as the gradient 

method, is based on the following observation. For the standard model of Cooper et al. 

(1967), the slopes of the type curves (H/Ho versus ln't ) at any particular recovery level 

(eg H/ Ho = 0.5) is uniquely related to u and also to the dimensionless time, 'tTl say, at 

which this recovery level is reached. Since we can calculate this dimensionless slope 

from real data we can directly obtain values of u and 'tTl (eg using Figure A 1) and hence 

calculate Ss and K respectively. 

This process can be described by the following algorithm: 

(1) Estimate the time ~ such that 
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(2) Estimate the dimensionless gradient at time ~: 

g1'} = [d :01 
dInt 

t=t 
1'} 

[AI] 

[A2l 

(3) Use Figure Al (which was generated from the standard model) to 

determine values of 't
1l 

g and a
ll 

g from gll. (Figure A 1 could be extended to 

values of 11 other than 11 = O.S). 

(4) Calculate the specific storage from 

[A3] 

(5) Calculate the hydraulic conductivity from 

[A4] 

3. ANALYSIS OF NON-STANDARD PSEUDO-DATA USING THE STANDARD 

MODEL 

When the effects of skin or non-cylindrical flow are included in a model of a slug/pulse 

test, the derived head (pressure) variation in the borehole can be described by 

lA5] 

where F p is the non-standard well function, 't and a are as for the standard model (see 

Eqs. A4 and A5), and p represents all additional parameters. Equation AS can be used to 

generate pseudo-data for the non-standard model, and the problem of interest is that of 

analysing this data using the standard model: 

H (t) / Ho = F ('t, a) [A6] 

where F is the well function given by Cooper et al. (1967). 

The gradient method as described in the previous section is applicable to real data to 
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produce values of Ss and K. For the model-comparison problem, where only 

dimensionless parameters are utilised, a variation on that technique is appropriate: 

(1) For the non-standard model compute, for given values of u and p, the 

dimensionless time, 'to.5' such that 

Fp ('to.5' u, p) = 0.5 [A7] 

(2) Compute the gradient at this time 

[A8] 

(3) From a computer-function representation of Figure AI, evaluate 'tgO.5 (ex is 

not considered here). 

(4) Form the ratio 

<I> = 'tgO.5 / 'to.5 [A9] 

which, as explained below, represents the ratio of the permeability that 

would be derived using the standard model to the "real" value. 

Suppose that the non-standard model represents reality, and that a test is performed 

during which the head drops to HO / 2 in time ta.5. The true hydraulic conductivity 

must be given by 

[AID] 

where 'to.5 is given by Eq. A 7. If, however, the data from this test were analysed 

according to the standard model, using the gradient method, the derived hydraulic 

conductivity would be 

Kg = 't
g

O.5 re 2 / (L ta.5) [All] 

So taking the ratio of Eqs. All and AID gives 

Kg / K = 'tgo.s / 'to.5 = <I> [AI2] 

so </> is the ratio of the derived to the true hydraulic conductivity. 
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4. RANGE OF THE GRADIENT 

For the standard model the quantity gTt can only assume a limited range of values for 

a given 11. For example, when 11 = 0.5 it can be shown that 

grnin < gO.5 < 0.5 In 2 

where grnin = x / 2 = (x / 1t )0.5 

and x is a root of 

2 eX erfc x0.5 = 1 

i.e. x = 0.591484 ...... and gmin = 0.1381649 

[A13] 

[A 14] 

[A15] 

When analysing data which do not conform to the standard model it is possible to 

obtain values of gO.5 which are outside the range indicated in Eq. A13. The gradient 

method cannot - and, of course, should not - then be applied. 
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AI. The relationship between the gradient ( g ) of a slug test data curve and the derived 

dimensionless parameters ('t and ex) at H / Ho = 0.5. 
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APPENDIX II 

STRUCTURED PACKER TESTING 

1. INTRODUCTION 

Straddle packer testing has become the standard method for gathering hydrogeological 

data for radioactive waste repository site assessments. Whilst there has been some 

debate over the methods adopted within the test interval (ie steady state versus 

transient) there has been little or no consideration of the general approach. Since 

straddle packer testing originated from engineering needs (ie how much water will 

need to be pumped out of the prospective shaft, etc) it is not necessarily the most 

appropriate approach to gathering data for safety assessment models. For instance, is 

there equal interest in all values and in all regions? The idea of "structured" testing is to 

examine the data needs and to propose a more cost effective method for gathering the 

relevant data. 

2. CONCEPT 

Fissured rock consists of low permeability rock dissected by transmissive fissures. 

These occur in sets and transmissivity is confined to relatively narrow zones within an 

otherwise low permeability background. Site assessment modelling, regardless of 

whether it is deterministic or probabalistic, requires two pieces of information. These 

are the transmissivity of an identified zone and its location. Implicit within the 

framework of safety assessment modelling is the concept that we are more concerned 

about the more highly transmissive zones than about the lower. 

This can be seen in terms of accuracy/reliability/reproducibility. We set higher 

standards for accuracy for the more highly transmissive zones in terms both of the 

value of transmissivity itself and the location of the zone. Some structuring of accuracy 

already occurs in that it takes longer to attain the same measurement accuracy in low 

permeability packer intervals as in high ones. Hence if tests last a preset time the low 

permeability measurements are less reliable than the higher ones. This structuring of 

accuracy needs to be recognised and planned-for so that it is consistent with the 

concepts of the safety assessment model. Also it should preferably be a smooth 

function of transmissivity rather than a discontinuous function of contractual 

conditions. 

The accuracy of transmissive zone location is a function of straddle packer interval and 
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the number of times the packers are moved. Test time is directly influenced by both 

these considerations and for the most part packers are seldom placed to overlap. Hence 

location is invariably a function of straddle length. Since this is generally fixed once a 

packer string enters a borehole there is usually equal location accuracy for all values of 

transmissivity . 

Structured packer testing addresses both these considerations. 

3. A POSSIBLE APPROACH 

It seems possible to propose a possible approach which covers the two aspects of 

accuracy. The first aspect is value accuracy. If it is accepted that lower values of 

hydraulic conductivity can have reduced accuracy/reliability then the next problem is 

how to organise tests so that the results from zones of lesser permeability are of lesser 

accuracy than the results from zones of higher permeability. There is also the question 

of zones with a permeability below the minimum measurement limit where accuracy is 

effectively zero. Value accuracy is therefore a question of test organisation, of 

procedure. The same basic approach applies to location accuracy: how to organise the 

configuration of the tests so that regions containing lower values of hydraulic 

conductivity are measured with less precision. 

3.1 Value accuracy 

Different types of test have different criteria but essentially the longer the duration of a 

test, the more reliable is the derived value of hydraulic conductivity. This is most 

clearly seen in a consideration of slug/pulse tests. 

The amount of equilibration attained in a slug/pulse test is a measure of the reliability 

of the parameters derived from it. Hence at low permeabilities the test does not fully 

recover during a reasonable period and results are based on partial recovery. If there is 

some maximum time that the testers are prepared to wait then there is a lower 

measurement limit followed by a rapid increase in reliability up to a plateau. At this 

value full recovery begins to take less time than the maximum allocated and tests 

become shorter (whilst maintaining constant accuracy) until they become so short that 

flow losses and data sampling frequency start to reduce their accuracy. All but the 

upper range decline are shown in Figure A2. Since T is apparently log-normally 

distributed (e.g. Gale, 1986) this does not seem a sensible arrangement. The 

alternative arrangement of Fig.A2 is proposed where, for values in excess of the 
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measurement limit, the test is curtailed in a structured way so that the increase in 

accuracy/reliability occurs more smoothly over a wider range of values. 
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Figure A2. The dependence of recovery on the accuracy/reliability of results derived 

from hydraulic testing using "fixed testing time" and "structured testing". 

The constant head/flow test can be organised in a similar way. The test should be seen 

as being a transient test. It is not sensible to analyse it only by steady state methods in 

any case. As a transient test, the recovery after the preset period of injection should be 

viewed as part of a single test. A portion of equilibration after the flow or injection 

period is extremely useful in recognising features such as skin and testing the accuracy 

of the interpretation. Hence an amount of recovery can be specified (say 50%). If this 

is allowed to occur in a preset period then the pumping period can be adjusted (within 

reason) to make the recovery period last this amount of time. With decreasing 

transmissivity, the pumping period would become shorter and shorter until it 

amounted to simply a sudden pulse: a slug test. This would then represent the lower 

measurement limit. The uppe~ limit is set at the maximum duration that the tester is 

prepared to allocate and determines the size of the region whose parameters are derived 

from the test. 
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3.2 Location accuracy 

The basic approach to location accuracy is that low K rock should be measured with a 

large straddle interval while high K rock should be measured with a small interval. 

Since test duration is directly proportional to zone transmissivity the longer the zone 

the shorter the test duration. Hence it is sensible to start testing with a large straddle 

interval and gradually shorten it in those zones which are most transmissive. A 5 

packer string is envisaged ( see Fig A3.) which would start with only the end packers 

inflated. If the value of transmissivity exceeded a preset amount then the interval 

would be divided in two by inflating the central packer. This process could be repeated 

once more with a 5-packer string with only the most transmissive zones being 

measured at the finest detail. 
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Figure A3. The possible use of independently inflatable packers to achieve 

"transmissivity-dependent" straddle interval lengths. 

The proposed packer assembly (referred to here as an "active packer string") would 

differ from standard assemblies in that it would be a string of packer isolated intervals 

which could be joined or isolated at will. A string of 5 equally spaced packers is 

envisaged which could be inflated or deflated individually. The pressures in the 
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intervals and the water flows into those individual intervals would be measured and 

controlled by computer at the surface. The surface computer would also contain 

interpretation software so that the tests were analysed whilst in progress and the most 

likely value (together with its error) computed. 

4. CONCLUSIONS 

Measuring the hydrogeological properties of rocks for safety assessment requires a 

structured approach. A suitable structured approach is outlined above which defines 

accuracy in terms of value and location. A practical method to apply this approach in 

the field has been outlined in terms of an "active packer string" coupled with on-site 

analysis. 

To apply the approach requires decisions to be made regarding the desired relationship 

between accuracy and value. This has then to be translated into a set of field 

procedures relating the value of transmissivity being measured by an ongoing test to 

how long the operator should allow it to continue. This requires complex field 

equipment and highly competent operators. 

Although the cost of such an approach is quite high, both in terms of equipment and 

personnel, the potential savings in time and cost are substantial. Coupled with this 

approach, a decision-making procedure to assess the time and cost implications of 

different configurations should be applied. Such an approach could equally as well 

save time and money as well as increasing accuracy and reliability where desirable. 
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